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CONFIDENTIAL

INTRODUCTION

The new classification guide of the Atomic Energy Commission 
places the majority of information on reactor technology and related 
subjects in the “Confidential” category. Much of the material in back 
issues of the Journal of Nuclear Science and Technology and its prede­
cessors, the Journal of Metallurgy and Ceramics and the Journal of Re- 
actor Science and Technology, falls into this category. In order to make 
such information readily available to those possessing a suitable clear­
ance, articles from these earlier issues are being reissued as Gray 
Area Journals as follows:

TID-2501 JMC, Issues 1 thru 6 (TID-65 thru 69), July 1948 - January
1951

TID-2502 RST, Vol. 1, Issues 1 thru 3 (TID-71 thru 73), April 1951 -
December 1951

TID-2503 RST, Vol. 2, Issues 1 thru 4 (TID-2001 thru 2004), April
1952 - December 1952

TID-2504 RST, Vol. 3, Issues 1 thru 4 (TID-2008 thru 2011), March
1953 - December 1953

TID-2505 RST, Vol. 4, Issues 1 thru 4 (TID-2012 thru 2015), March
1954 - December 1954

TID-2505A Cumulative Index to all “back issue” JMC and RST Gray 
Area material

TID-2506 NST, Vol. 1, Issues 1 thru 3 (TID-2016 thru 2018), Febru-
Vol. 1A, ary 1955 - June 1955 
Issue 1

Due to the many changes which have taken place on the editorial 
staff of the Journal during its history, it has been considered inadvisable 
to specify individual credits for material from early issues. In this re­
gard, the present editors would like to acknowledge the fine work of 
former editors, Bruce S. Old, George L. Weil and Frank R. Ward, 
through whose efforts most of the material was originally obtained.

vii-viii
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The Reactor Program
By George L. Weil

Special Assistant to the Director, Division of Reactor Development 
U. S. Atomic Energy Commission

with Foreword by L. R. Hafstad

Director, Division of Reactor Development 
U. S. Atomic Energy Commission

FOREWORD
It is a truism that no one ever seems to learn anything from history. 

Yet history has many lessons to teach, and the tuition is free. In our 
field—the field of atomic energy in general and reactor development in 
particular—a striking fact is that, in spite of much talk about how new, 
different, and revolutionary this field is, the actual events are retracing 
in almost tedious detail the pattern set by other major technical devel­
opments such as steamships, railroads, airplanes, and submarines.

In early stages when the facts are few, there is the period of violent 
clash of opinion. Real and self-appointed experts are indistinguishable. 
A running battle rages between optimists and pessimists, with emo­
tional oscillations from religious fervor to deepest ridicule. Then, 
with an increasing investment of technical man-years, facts accumu­
late. They act as a damping coefficient on the oscillations which in due 
course are reduced to a ripple, and the new development gradually takes 
its proper place in our society alongside—but not in place of—devel­
opments of the past.

In the reactor program we seem to have lived through several cycles 
of the initial oscillations. We are definitely in the stage of accumulating 
facts. We are better supplied now with scientific facts than with engi­
neering facts. The latter can be acquired only by building and operating 
reactors of promising types. At this stage it is clear that we have an 
immediate and continuing need for production reactors of increasingly 
improved performance. To be able to make the improvements we need a 
vigorously developing reactor technology. As long as we are building 
reactors for any purpose, we are developing a reactor technology. 
Hence we need not be too concerned about the specific uses for which 
reactors are proposed. Furthermore, history teaches that new uses for 
reactors will be found—indeed, will find themselves—once the tech­
nology is well developed.

Therefore, let us strive for both perspective and tolerance in this 
controversial activity in which we are engaged. Let us focus our best 
efforts on completing the long-overdue first generation of reactors now 
under construction. Then let us make certain that our best collective 
thinking, based on lessons learned from operating reactors, is incor­
porated in succeeding generations of reactors so that they will make 
maximum contribution to our technology and to national strength in the 
period of desperate trial which lies ahead.

CONFIDENTIAL V* X. *
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2 GEORGE L. WEIL

Part I*

INTRODUCTION

Reactor Science and Technology Journal

The primary purpose of the new journal, Reactor 
Science and Technology, is to provide a medium for 
dissemination of ideas and of information on activi­
ties, technical problems, and progress in reactor 
development. It is hoped that the journal will advance 
the reactor art by stimulating new ideas and activi­
ties, particularly among those not closely associated 
with design problems or with specif ic reactor projects.

Unfortunately, the interchange of ideas among re­
actor design groups is difficult under the circum­
stances in which the Commission’s program must 
proceed. The lack of contact of many chemists, met­
allurgists, physicists, engineers, and other special­
ists with the reactor program is particularly serious 
for they could contribute substantially to the work of 
the reactor designers. It is being recognized more and 
more that the development of reactors requires close 
coordination with and contributions from practically 
all technological fields. This journal will be devoted 
primarily to promoting such coordination and to en­
couraging opportunities for contributions to the reac­
tor program from all groups.

The purpose of this article is to present briefly an 
over-all picture of the Commission’s reactor pro­
gram. With this picture as a background it is planned 
that other articles in the current and future issues 
will take up broad phases of the program such as ma­
terials production (including breeding), power produc­
tion (mobile and stationary), and specific projects 
(homogeneous reactors, reactors for submarine and 
aircraft propulsion, etc.). In the detailed papers em­
phasis will be on the technical and design problems 
that must be solved if reactors are to be developed to 
meet efficiently the specifications established for each 
application.

General Features of the Reactor Program

It should be recognized that the current reactor 
program is composed of two distinct elements having

•Editors’ Note: The second and concluding part of this 
article will appear in the second issue of this journal. Part 
II will discuss the AEC Reactor Development Program as it 
relates to mobile and stationary reactors for the production 
of power and to reactors for research and miscellaneous 
purposes.

The Reactor Data Chart at the end of this issue tabulates 
essential data on, and the status of, reactors and reactor de­
signs in the U.S.A. and abroad.

different antecedents. On one hand, we have a program, 
now rapidly maturing, which was to a large extent de­
termined when the atomic energy business was under 
the Manhattan Engineer District. In the interest of 
continuity the MED program was more or less ac­
cepted by the Atomic Energy Commission when it as­
sumed responsibility in January 1947. Although some 
redirections of effort have been instituted by the Com­
mission, the broad features can be readily recognized 
today. On the other hand, we have a program, still in 
the early stages, which has been determined entirely 
under the auspices of the Atomic Energy Commission. 
For the past several years it has been the Commis­
sion’s policy to bring the so-called “first generation 
of reactors” to a successful completion as rapidly as 
possible. This has demanded a major effort on the 
part of the staffs of the Commission and its contrac­
tors. Today the first generation of reactors is well 
along in development — in three cases, in various 
stages of construction.

With regard to the projects which have been re­
directed, a general guiding trend can be identified, 
namely, the objectives have been sharpened and es­
tablished on the basis of short-range needs. For 
example, the High Flux Reactor has been converted 
into the Materials Testing Reactor (MTR).

Of the major re­
actor projects existing in January 1947 the Experi­
mental Breeder Reactor (EBR) is the only one that has 
survived as originally conceived. The reason for this 
trend should be clear in the light of the large devel­
opment and construction costs of major reactor proj­
ects and the commitment of the efforts of large, highly 
trained groups of engineers and scientists over long 
periods of time. To achieve the long-term stability 
desirable in a major reactor project requires that the 
project objective be clearly recognized and accepted 
by the Commission and the participating contractor 
groups as one that has an importance commensurate 
with the anticipated expenditure and commitment of 
personnel. If this criterion is satisfied, then it is 
hoped that under “normal” national and international 
conditions a major project will be redirected only If 
such a step is called for by the development of new 
technical information.

With the acceptance of the guiding philosophy dis­
cussed above and with the growth of perspective 
among the Commission’s staff, the second and third 
generations of reactors are now emerging under a 
considerably better coordinated and planned program 
than was the case for the first generation. With the 
first-generation reactors nearing completion, more 
time is available to the Commission and contractor

• • • • •



THE REACTOR PROGRAM 3

staffs for consideration of long-range objectives and 
the design and selection of future reactors to meet 
these objectives.

The current reactor program is presented and dis­
cussed in the following section in a framework based 
on objectives.

General Discussion of Program Planning
The over-all long-range objective of the Commis­

sion’s reactor-development program may be stated as 
follows: to investigate, evaluate, and develop all po­
tentially useful applications of atomic energy through 
operation of reactors. These potentially useful appli­
cations can be discussed in three broad categories, 
namely, (1) production of materials, (2) production of 
power, and (3) miscellaneous (including research).

Category 1 includes reactors developed primarily 
for the production of materials. Such reactors produce 
neutrons available for capture in UJ" to produce plu­
tonium, in Th2” to produce Ua”, in Li* to produce tri­
tium, and so forth. Useful power may or may not be a 
by-product. The basic types of reactors considered 
for such application include converters* and breeders, 
homogeneous and heterogeneous reactors, thermal-, 
intermediate-, and fast-neutron-energy reactors, and 
reactors designed to use all types of fuel.

Category 2 includes reactors developed primarily 
for the production of useful power for military and in­
dustrial purposes. This category also covers reactors 
designed to supply relatively low-temperature heat for 
central heating plants or similar applications. Pro­
duction of fissionable or other materials may or may 
not be provided as a by-product. Again, as in cate­
gory 1, all basic types of reactor designs are consid­
ered.

Category 3 includes general research reactors, 
materials-testing reactors, and other reactors de­
signed for special purposes. The types of reactors 
developed in this category will not, in general, have 
the potential large-scale uses of those in categories 
1 and 2.

Before discussing the individual projects it would be 
helpful to outline briefly the steps in the develop­
ment of a reactor and to provide a framework in which 
the relation of each project to the over-all program 
and long-range objectives can be viewed. The develop­
ment of a full-scale reactor from Its original concep­
tion through its construction can be broken down into 
a number of phases. A useful breakdown is as follows:

*In this article a converter is defined as a reactor that 
burns one fissionable isotope and produces another, for ex­
ample, U1” burned to produce PuJw. A breeder is defined as 
a reactor which burns and produces the same fissionable 
isotope, for example, UM> burned to produce U“s.

Phase L Through conceptual design (little, if any, 
specific component or mock-up work). General feasi­
bility indicated and qualitative performance and cost 
estimates made.

Phase II: Through preliminary design of prototype 
or full-scale operating unit (based on program of com­
ponent studies, heat-transfer measurements, mock- 
ups, critical assemblies, small-reactor experiments, 
etc.). Sufficient to provide reasonably firm evaluations 
of engineering feasibility, performance characteris­
tics, and construction costs.

Phase HI: Through detailed design (architect-engi­
neering construction drawings) of prototype or full- 
scale operating unit, based on extensive experimental 
program. Firm estimates of cost and performance 
made.

Phase IV: Through construction of prototype or 
full-scale operating unit.

In proceeding from phase I through phase IV the 
number of projects in each phase will obviously di­
minish rapidly and the required expenditures per 
project increase rapidly. In phases I and n the many 
possible concepts for reactors to meet a specific need 
will be evaluated and weeded out on the basis of engi­
neering feasibility, anticipated performance, cost, and 
other criteria. Other projects will be terminated in 
one of the early phases, to be revived if a need de­
velops which would justify assigning the technical 
effort and the relatively large expenditure of funds 
required to carry through to more advanced stages.

The phase to which a particular project Is to ad­
vance will be determined by the relation of the project 
to other projects and by the importance of its objec­
tive. The following is presented as a guide to indicate 
the major criteria used for establishing the extent of 
development planned for a project:

Development through Phase I
1. No immediate need for full-scale operating units 

and little probability that a need will develop in 
the near future.

2. One of several alternate designs to be evaluated 
for further development.

Development through Phase n
1. No immediate need for full-scale operating units 

but a reasonable probability that a need will de­
velop in the near future.

2. Back-up design for projects in more advanced 
stages of development.

3. One of several alternate designs to be evaluated 
for further development.

Development through Phase in
No immediate need for full-scale operating units
but a strong probability that a need will develop in
the near future.

r* -* r ^ n tt
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4 GEORGE L. WEIL

Development through Phase IV
1. An immediate need for full-scale operating units.
2. A strong probability that a need for full-scale 

operating units will develop. Information re­
quired for proper evaluation of performance can 
be obtained only by operating a full-scale unit.

THE REACTOR DEVELOPMENT PROGRAM 

Production Reactors

The most extensive use of reactors to date has been 
in the production of plutonium for weapons. In the light 
of the present world situation it would appear that this 
use will continue to be important for some time to 
come. However, the possible large-scale military 
requirement for other materials, such as tritium, 
emphasizes the fact that, basically, production reac­
tors are designed to produce large quantities of neu­
trons. The particular design of a reactor determines 
how these neutrons will be utilized. Al­
though flexibility of performance has become a desir­
able characteristic, it can be obtained only at the ex­
pense of maximum efficiency of operation.

1. Converters, (a) Plutonium Production (Natu­
ral-uranium Fuel). Reactors designed primarily for 
the purpose of converting U*55 into other fissionable 
isotopes (plutonium and USM) are referred to as con­
verters. In cases in which production of plutonium is 
desired, it turns out that the ratio of U*” to U,s* which 
occurs in natural uranium is in the range that makes 
natural uranium a convenient and efficient combina­
tion of fuel material (U2M) and producer material (U2*). 
However, the use of natural uranium as a fuel ele­
ment In plutonium-production converters is not neces­
sarily the optimum choice from the point of view of 
over-all economy and efficiency of operation. With 
the availability of large quantities of uranium having 
various degrees of enrichment in the range from less 
than the natural 0.7 per cent to over 90 per cent, it is 
no longer necessary to attach to natural uranium a 
uniqueness other than that determined by its cost. 
Furthermore, since the fraction of the contained U22* 
that may be consumed per pase of the fuel through the 
reactor is now limited to only a few per cent by re­
quirements imposed by the weapons’ use of the plu­
tonium, consideration must be given to developing the 
effective utilization of raw materials through com­
bined operation of gaseous diffusion plants and re­
actors. Thus the uniqueness of natural uranium as a 
feed for plutonium-producing converters, from the 
point of view of isotopic mixture, vanishes. However, 
for a number of reasons all converter reactors for 
production purposes, both existing and planned, are 
designed to use natural uranium as fuel.

In contrast to the stringent requirements with re­
gard to neutron economy which are demanded in the 
design of breeder reactors, the requirements to 
achieve acceptable performance in the case of U,M 
converters are much less severe. This follows from 
the fact that the conversion of U2M to some other fis­
sionable isotope such as plutonium or U*” is an irre­
versible process. A few per cent improvement in the 
conversion ratio, i.e., ratio of number of atoms of new 
fissionable isotope produced to the number of atoms of 
If22 destroyed, can influence the long-range availabil­
ity of fissionable material only by the same percent­
age. On the other hand, a few per cent improvement 
In the breeding ratio will have very significant effects 
on the long-range fissionable-material picture and 
may make the difference between having a fairly con­
stant, or even slowly diminishing, world supply of 
fissionable material or a rapidly increasing supply. 
In the long term, of course, the availability of urani­
um and thorium raw materials will limit the over-all 
supply of fissionable material.

It is, of course, highly desirable from the point of 
view of efficiency of operation to design converters 
that have neutron economies as favorable as possible. 
However, with converters one reaches a point of di­
minishing returns from effort at a much earlier stage 
than is the case in the design of breeders. It is also 
highly desirable to extract useful energy from con­
verter reactors.

Hanford Reactors. At the present time all our plu­
tonium-production facilities, those in operation and 
those planned, are of the thermal-neutron-energy con­
verter type. The Hanford plants are charged with 
natural uranium in a graphite moderator and cooled 
with ordinary water. The choice of the Hanford de­
sign was originally dictated by the urgent require­
ment to achieve large-scale production in the shortest 
possible time. Although some major improvements in 
performance have been made and can be anticipated 
through design changes, these refer principally to in­
creasing the power level per reactor and minimizing 
operating problems. The fundamental limitation in the 
Hanford type reactor is the relatively low value of the 
reproduction factor, k, which can be achieved with the 
materials of construction and natural uranium as fuel. 
This limitation determines the degree of flexibility 
available in design and the maximum utilization of the 
U225 consumed in terms of plutonium produced and ex­
cess neutrons available for production of other mate­
rials. It is worth pointing out, however, that the Han­
ford reactors can be successfully operated with en­
riched uranium by the substitution of aluminum-U222 
alloy fuel slugs for the natural-uranium slugs. This 
substitution greatly increases the excess reproduction

CG1-'
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THE REACTOR PROGRAM 5

factor of the lattice through the removal of the absorb­
ing, nonfissionable uranium isotope U238. Although 
large quantities of excess neutrons are thus made 
available for production of materials such as tritium, 
this is accomplished by sacrificing plutonium produc­
tion. The General Electric Company at Hanford is 
continuously engaged in a program to improve the 
performance of existing reactors and to make avail­
able, if and when needed, the most advanced design.

Savannah River Reactors. The new production re­
actors, which are being designed by the E. I. du Pont 
de Nemours & Company and which will be constructed 
and operated by that company at the Savannah River 
plant near Augusta, Georgia, will also be of the con­
verter variety. However, since at this time the re­
quirement is not only to produce plutonium but also to 
provide large quantities of excess neutrons for the 
possible production of tritium, the new reactors are 
being designed to provide a much greater degree of 
flexibility through better neutron economy than the 
Hanford reactors have. Although the new reactors 
will be designed to operate with natural uranium as 
fuel, the greater flexibility is obtained through the use 
of heavy water as both moderator and coolant and by 
varying the amount of natural uranium in the reactor. 
Fuel rods of different sizes can be used, depending on 
the desired relative production capacities for plutoni­
um and tritium.

The basic design selected for the new converter 
production reactors was developed at the Argonne 
National Laboratory. Development work in coopera­
tion with the Du Pont company is continuing at this 
laboratory. Another basic design using natural-ura­
nium fuel is being developed by the Atomic Energy Re­
search Department of North American Aviation, Inc. 
This design uses heavy water as a moderator and 
ordinary water as a coolant. The project is being car­
ried through phase H to provide an alternate back-up 
design in the event that difficulties arise in proceeding 
with the heavy water-cooled Argonne-Du Pont design. 
Although the use of light water complicates the struc­
tural design and, because of the less favorable neutron 
economy compared to use of heavy water, provides 
less flexibility in engineering design, it may offer a 
more effective utilization of the heavy water invest­
ment.

Homogeneous Plutonium-Production Reactor. A 
third and different type of basic design using a natu­
ral-uranium salt or slurry in heavy water is being 
investigated at the Oak Ridge National Laboratory. 
This is a longer range project than the two mentioned 
above in that the design being studied is homogeneous, 
as opposed to heterogeneous. The homogeneous type 
reactors, i.e., those in which the moderator and fuel 
are intimately mixed instead of being segregated, of­
fer a number of potentially attractive features as plu­

tonium producers. The most noteworthy feature is the 
potentially highly favorable neutron economy. The 
term “potential” will be used frequently when refer­
ring to homogeneous reactors to emphasize the fact 
that a number of imposing developmental, chemical, 
and engineering problems exist, and, until these are 
satisfactorily solved, performance will remain in 
doubt. To date, the only homogeneous reactor that has 
been operated is the relatively low-power research 
reactor at the Los Alamos Scientific Laboratory. As 
the first major step in investigating and evaluating the 
problems associated with high-power-density homo­
geneous reactors, ORNL is proceeding with the design 
and assembly of the Homogeneous Reactor Experi­
ment (HRE). This experiment is designed primarily 
to provide information with regard to the design and 
operating problems of homogeneous reactors in gen­
eral. It is not intended to provide information as to 
performance of reactors in achieving any particular 
objective such as plutonium production. As a matter 
of fact, the HRE will use highly enriched fuel in the 
form of a uranyl sulfate dissolved in light water, 
whereas an efficient plutonium producer would re­
quire a solution or slurry in heavy water of natural, 
or very slightly enriched, uranium. It is anticipated 
that the HRE will be in operation early in the summer 
of 1951.

Because a homogeneous reactor containing natural 
uranium in heavy water would necessarily be quite 
large, it is probable that the use of slightly enriched 
uranium would be preferred.

(b) Plutonium Production (Slightly Enriched Urani­
um. As pointed out, there is nothing sacred about the 
use of uranium having the isotopic content found in 
nature as a combined fuel and producer material in 
converter reactors for the production of plutonium. 
Large quantities of depleted uranium are available as 
the result of operation of the gaseous diffusion plants. 
Also, it is feasible, from the point of view of plant 
operations, to bleed from the diffusion plants material 
having almost any desired enrichment. After use in a 
reactor the material can be fed back into the diffusion 
plant at a lower point in the enrichment process as 
determined by the extent of U2” burn-up in the reac - 
tor. Such combined operations do have their effect on 
the efficiency of operation of the diffusion plant and on 
the over-all production of fissionable material. The 
important point is that one can, in principle, design 
re ;tors for operation with a wide range of uranium 
ei richments and make a selection on the basis of the 
over-all economics of operations.

Light Water - mo .lerated and-cooled Reactor. A 
reactor design based on the,use of ordinary water as 
moderator and coolant and using slightly enriched 
uranium has been developed through phase I by the 
Atomic Energy Division of the H. K. Ferguson Co. The

MO



6 GEORGE L. WEIL

neutron economy of a reactor containing ordinary wa­
ter as moderator and coolant is not good compared to 
that in heavy water - or graphite-moderated reactors. 
However, a light water reactor offers the advantages
(1) that most of the external pumping and heat-ex­
change equipment is standard and (2) the over-all 
costs of the reactor plant might be considerably less 
than for other types. Moreover, since there is no ne­
cessity for separating the moderator and coolant and 
since the fuel-rod lattice spacing in light water can be 
made very close, it appears that highly efficient heat- 
transfer conditions might be obtained, providing high 
performance, in terms of plutonium and excess-neu­
tron production, for the capital invested and fuel con­
sumed. This type of reactor also provides an oppor­
tunity for simplicity in design. It should be kept in 
mind, however, that the fuel for such reactors is more 
costly than natural uranium, and, furthermore, their 
operation is tied to the operation of a uranium-iso­
tope-separation plant.

In view of the potential advantages of the Ferguson 
company design, it will be modified to produce power 
as well as plutonium and neutrons and will be devel­
oped through phase n in order to provide an alternate 
and back-up design to the main line selected by the 
Du Pont company.

Homogeneous Reactors. Potentially, homogeneous 
reactors can be applied to the same purposes as het­
erogeneous reactors. This is true not only for opera­
tion in the thermal region but also, if the proper fuels 
are developed, for operation in the high-intermediate 
region. The technical and engineering problems asso­

ciated with the development of homogeneous reactors 
are quite different from those encountered with het­
erogeneous reactors. To some persons, homogeneous 
problems loomed more difficult than heterogeneous 
problems. That is why today we find ourselves in a 
world of heterogeneous reactors. Because of this 
emphasis of past efforts, we are not in a position to 
evaluate, on the basis of comparable soundness of 
technical information and experience, the perform­
ance of homogeneous reactors against heterogeneous 
reactors.

With regard particularly to plutonium production, it 
appears, on the basis of calculations, that the use of 
slightly enriched-uranium(0.8 per cent) salt or slurry 
in heavy water would result in better over-all per­
formance than the use of natural uranium. Studies 
along these lines will be continued at least through 
phase H.

Modified MTR for Neutron Production. The fuel
element developed for the Materials Testing Reactor 
appears, on the basis of all tests, to satisfy these re­
quirements. In fact, with relatively little redesign the 
MTR can be modified to operate as an efficient con­
verter reactor for the production of large quantities 
of neutrons. Such a design modification has been 
studied by ANL and ORNL through phase H. The 
design flexibility and efficiency of enriched reactors 
is not nearly so dependent upon whether heavy water 
or light water is used as in the case of natural-urani­
um reactors.

January 1951
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ABSTRACT

The advantages of powder metallurgy in certain applications are dis­
cussed, and the methods that have been developed for making, pressing, 
and sintering powders of uranium, beryllium, and zirconium are out­
lined. Special applications of these methods in the production of fuel 
elements, in the control of grain size and orientation, in the introduction 
of discrete particles in a metallic matrix, and in research on phase dia­
grams, diffusion, homogenization, and alloy development are reviewed.

1

INTRODUCTION

During the past decade the development and utiliza­
tion of powder-metallurgy techniques has progressed 
to a degree where such methods play an important 
part in the general field of metallurgy. In some re­
spects the properties of material produced by powder 
metallurgy are not superior to those produced by con­
ventional methods, and it is only in certain cases that 
it offers unique advantages as compared with stand­
ard metallurgical procedures. Some of these advan­
tages are of particular significance to specific prob­
lems associated with the AEC programs. As a matter 
of fact, in many cases powder metallurgy is the only 
method by which certain technical objectives may be 
feasibly attained, e.g., the fabrication of metals with 
controlled porosity.

As its name implies, powder metallurgy is con­
cerned with the forming of dense homogeneous bodies 
from metal powders. There are many methods by 
which densification or sintering maybe accomplished: 
cold-pressing the powder into the desired shape, fol­

lowed by heat-treating or sintering at elevated tem­
peratures; hot-pressing, in which the pressing and 
sintering operations are carried out simultaneously; 
and pulse sintering, in which an electric current is 
passed through the metal powder which is under pres­
sure, thereby heating the powder and resulting in den­
sification. In all cases, however, the principal mech­
anism involved, that of sintering or homogenization, 
is essentially a solid-state reaction.

In the cases where it may be employed, powder 
metallurgy offers one or more of the following ad­
vantages:

1. Since the material is always in the solid state, 
much smaller amounts of impurities are added as 
compared with techniques involving melting. Thus 
metals or alloys of higher purity can be made using 
the same base materials. This is of great importance 
where the minimization of contamination is a pre­
requisite, such as in the manufacture of the high melt­
ing point metals, tungsten, molybdenum, tantalum, etc.

2. When dies of the proper dimensions are used, 
parts can be formed to very close tolerances, and

7
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little or no finishing is required. This results in very 
small material loss and is particularly important 
where base materials are costly or are of strategic 
value. Thus one of the chief advantages of powder- 
metallurgy processing is the very high efficiency in 
material utilization.

3. Since the metals are never completely molten, 
no segregation of lighter or heavier elements results, 
as would be the case in conventional metal-melting 
procedures. For example, in the production of alloys 
of beryllium and uranium or zirconium and uranium 
for fuel elements, it is important to prevent segrega­
tion such as may occur during freezing, and this 
may readily be done by employing powder-metallurgy 
methods.

4. Since diffusion is greatly limited in the solid 
state as compared with the liquid or vapor state, it is 
possible to incorporate and maintain bodies of pre­
determined size and composition in a matrix of a dif­
ferent composition or nature.

It is believed that one method of minimizing radia­
tion damage in fuel elements would be to position the 
active material in the form of particles or masses of 
discrete size in a matrix of inactive material. By 
such a method the fission products could damage only 
a small area in close proximity to the active bodies, 
leaving the matrix substantially unharmed.

5. Grain size may be controlled by either of two 
methods. One, which is used for grain-size control in 
tungsten, involves the addition of insoluble oxides 
such as Th02, which act as inhibitors to grain growth. 
The other method involves the pressing of the powders 
at a temperature high enough to allow complete densi­
fication but not high enough for grain growth. In the 
latter method, the grain size is usually equal to or 
smaller than the particle size of the metal powders. 
In either method no preferred orientation results.

In connection with dimensional stability of fuel ele­
ments, where grain size and degree of preferred ori­
entation have proven to be significant factors, powder- 
metallurgy techniques have allowed the development 
of uranium compacts of optimum grain size with an 
absence of preferred orientation. These have shown a 
minimum amount of dimensional instability and sur­
face roughening.

One rather unique application of powder metallurgy, 
which illustrates many of its inherent advantages, is 
in the preparation of canned uranium slugs. A com­
pletely jacketed slug may be made in one operation by 
hot-pressing uranium powder at 600°C in an aluminum 
or zirconium can. By this method the completely den- 
sified uranium is firmly bonded to the can and the 
core is composed of randomly oriented fine-grained 
uranium. The utilization of the expensive uranium is 
practically 100 per cent, thereby making available 
considerable savings in scrap and reprocessing. The 
bond between the uranium and the can is formed with­

out the use of alloy interfaces put on by dipping meth­
ods. From a quality standpoint, the matrix, being 
randomly oriented and of optimum grain size, should 
be in a most favorable condition for resisting dimen­
sional changes.

The above advantages may be considered as being 
of prime importance from a standpoint of production 
or utilization purposes. In addition to these, there are 
many instances where powder-metallurgy techniques 
may be used to advantage as a research tool. Several 
of these aspects will be brought out subsequently. It 
should be emphasized that powder metallurgy is a 
specialized technique which has certain inherent ad­
vantages, chiefly associated with specific objectives 
and of particular value where the materials involved 
are costly or strategic in nature. It cannot compete 
with conventional methods in the production of large 
objects of low-cost materials such as iron or copper.

In the following sections we will outline the methods 
of making and sintering powders of beryllium, ura­
nium, and zirconium and consider some applications 
in more detail.

THE POWDER METALLURGY OF BERYLLIUM,
ZIRCONIUM, AND URANIUM

Powder Preparation

On account of the brittleness of beryllium, mechani­
cal comminution methods can be easily applied for 
the production of beryllium powders. Vacuum-cast 
beryllium billets are chipped, and the chips are ground 
in an attrition mill in an atmosphere of purified nitro­
gen. During the grinding procedure the material picks 
up some oxygen, and the amount of the oxygen deter­
mines the quality of the powder. Beryllium powder 
used for powder-metallurgy purposes usually contains 
1 percent BeO or more. The powder leaving the attri­
tion mill passes a 200-mesh screen, and the particles 
vary in size from approximately 1 to 74 p. Many of 
the larger particles, however, are agglomerates of 
smaller particles which break up during pressing.

Zirconium and uranium are very ductile and do not, 
therefore, permit mechanical comminution. Both met­
als, however, form hydrides when they are heated in 
a hydrogen atmosphere. The brittle hydrides can be 
ground to powders and decomposed to the respective 
metals. Zirconium hydride (ZrH^) is formed at ap­
proximately 800°C and uranium hydride (UH,) at ap­
proximately 250°C. The ZrR, powder particle size 
can be controlled by the degree of mechanical com­
minution, whereas UH,, as formed, is so fine that no 
grinding is required. It seems that the fine particle 
size of UH, is characteristic of its formation, and 
little change in size can be obtained by varying the 
method of formation of the hydride. The average 
particle size of the uranium powder is about 0.5 p.

r* x. x
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The powder contains a large fraction of particles as 
fine as 0.1 p and many larger particles which were 
usually found to be agglomerates of fine particles as 
shown in the electron micrograph (Fig. 1). We have 
made spherical uranium powders of larger particle 
size by atomizing liquid uranium.

Uranium, zirconium, and beryllium powders are 
extremely reactive in air and precautions must be 
taken in their storage and handling to prevent contam­
ination. Precautions must also be taken from a safety 
and health standpoint.

Pressing

Although many factors can influence the pressing 
behavior of metal powders, usually the most impor­
tant factor is the compacting pressure, and it is im­
portant to determine its effect on the pressed density 
and sintering behavior.

Figure 2 shows the effect of compacting pressure 
on the density of the pressed compact for powders of 
uranium, zirconium, and beryllium. The density of a 
pressed compact, however, is not exclusively a func­
tion of the material and of the compacting pressure but 
also depends on the size and shape of the part, or 
more specifically, on the ratio of the pressing area to 
the area of the compact which is in contact with the 
die walls (wall area). Because of the smaller die wall 
friction, thin samples can be pressed with a lower 
compacting pressure than samples having the same 
pressing area but greater height.

The compacting of ordinary metals such as copper 
and nickel is usually done in air. Uranium powder, 
however, must be compacted in a protective atmos­
phere such as argon. In order to avoid oxidation, 
beryllium also should be handled in an inert atmos­
phere. Zirconium and zirconium hydride powders can 
be pressed in either air or argon with no apparent 
differences, although the inert atmosphere is used to 
avoid contamination.

Sintering

As might be expected, the extent of sintering or 
densification and most of the physical properties of 
the sintered compact are strongly affected by the 
sintering temperature, time, and atmosphere.

The sintering atmosphere is chosen to prevent un­
desired reactions and consequent contamination or to 
promote the reduction of surface oxides, removal of 
adsorbed gases, etc. It was found that beryllium, 
zirconium, and uranium are advantageously sintered 
in vacuum.

The effect of sintering temperature on the density 
of the sintered compacts of these metals is shown in 
Fig. 3, where a curve for nickel is shown for com­
parison.

Zirconium-metal powder compacted at 50 tons/sq 
in. sinters to its theoretical density at a temperature 
of approximately 70 per cent of the melting tempera­
ture of zirconium, whereas uranium and beryllium do 
not sinter effectively until the temperature is about 
90 per cent of their melting temperatures. It is in­
teresting to note that pressed ZrH2 powder sinters to 
dense zirconium metal at a temperature slightly lower 
than that required for zirconium powder. It seems 
that the formation of the metal by decomposition of 
the hydride during the sintering heat treatment in­
creases the reactivity of the material and facilitates 
sintering. Besides the ease in sintering, ZrH2 powder 
has the advantage of being easier and cheaper to man­
ufacture than zirconium powder, and, furthermore, it 
is less pyrophoric.

The grain growth that accompanies sintering is 
shown in Fig. 4 for beryllium and in Fig. 5 for zirco­
nium. Beryllium powder compacts can be sintered in 
argon or in vacuum, although there is a substantial 
difference in the results obtained by sintering in these 
two atmospheres. Grain growth is slightly less in 
vacuum than in argon. Figure 6 shows a comparison 
of a beryllium compact sintered at 1220°C for 3 hr 
in vacuum and in argon. Besides this difference in 
grain size, it was found that beryllium compacts sin­
tered in argon are extremely brittle, whereas vacuum- 
sintered beryllium compacts show some indications 
of ductility. The latter could be cold-rolled 8 to 10 
per cent without cracking and then, after annealing, 
could be further reduced a similar amount.

Uranium powder, as produced by the hydride method, 
never densities to more than 92 to 93 per cent of the 
theoretical density when ordinary pressing and sinter­
ing is applied. Repressing the sintered specimen at 
pressures as high as 100 to 150 tons/sq in. increases 
the density slightly but never leads to a completely 
dense material. In order to obtain a completely dense 
uranium by powder-metallurgy methods, the hot- 
pressing technique is employed. The densification 
of uranium during ordinary sintering takes place in 
the gamma range, and the resulting material has a 
very coarse grain size (Fig. 7).

The Powder Metallurgy of Materials with Two or 
More Components

The powder-metallurgy preparation of a zirconium- 
uranium alloy may be given as an example of com­
pacting and sintering of two alloying components. Al­
loys of this type containing high percentages of ura­
nium cannot be made easily by ordinary melting. 
Mixing uranium and zirconium or uranium and ZrH, 
powders results in a uniform dispersion with no seg­
regation during pressing. Heating these compacted 
mixtures results in homogenization and densification. 
Figure 8 shows sixteen microphotographs of a com­
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pacted mixture of zirconium plus 1 wt. % uranium 
pressed at 50 tons/sq in. and sintered at various tem­
peratures and times. The process of homogenization 
can be followed easily.

The powder-metallurgy method of pressing and 
sintering mixtures of two or more components which 
do not form an alloy can be applied to metals and also 
to mixtures of metals and nonmetals. The method of 
pressing and sintering nonalloying metals has been 
used for several years for the production of the so- 
called “compound metals” which are used for elec­
trical contacts. Figure 9 shows a compound metal 
consisting of a mixture of molybdenum and silver. 
This mixture, when sintered, combines the good wear 
resistance of molybdenum with the good electrical 
conductivity of silver. The same method can be ap­
plied in the production of materials which consist of 
discrete particles of some metal or metal compounds 
in a matrix of another metal. Figure 10 shows a 
microphotograph of a pressed and sintered mixture of 
uranium carbide particles and zirconium powder. The 
carbide, after sintering, remains in the form of dis­
crete particles the zirconium matrix.

Hot Pressing

The two processes, described above, of pressing 
and sintering can be done in a single operation which 
is called hot-pressing. Hot-pressing of beryllium 
powder produces a nonporous beryllium, although this 
material is brittle (Fig. 11). Hot-pressing of zirco­
nium powder is easily accomplished (Fig. 12), although 
it offers no improvement in properties over the two- 
stage pressing and sintering described above. Hot- 
pressing of uranium in the alpha range results in a 
dense material of small, randomly oriented grains 
(Fig. 13). Uranium powder made by the hydride meth­
od is used for this purpose; it is compacted at a pres­
sure of approximately 30 tons/sq in. and at a temper­
ature between 600 and 660°C.

SOME APPLICATIONS OF POWDER METALLURGY
OF INTEREST TO THE AEC

In the following section, some of the problems of 
interest to the AEC which are now being investigated 
In the Metallurgical Laboratories at Sylvania using 
the powder method will be described.

Production of Fuel Elements

The principal reason for attempting to develop pow­
der-metallurgical methods of producing fuel elements 
is that there are possible economies to be gained over 
the methods currently used. We have successfully 
produced plate-type elements of zirconium-uranium 
alloys in a sheath of zirconium by first pressing

the zirconium-uranium alloy powder into the desired 
shape and subsequently pressing a zirconium powder 
cladding onto this. [A new die has recently been com­
pleted which will simplify this operation (Fig. 14).] 
The sandwich is then sintered, and a good alloy bond 
is formed at the zirconium-uranium interface (Fig. 
15). These specimens are currently being given fur­
ther tests to determine their ability to withstand dam­
age due to radiation and thermal cycling.

We are also attempting to develop methods of mak­
ing Hanford type fuel elements in a one-stage opera­
tion by hot-pressing uranium powder into zirconium 
or aluminum cans at 600°C. This results in a uranium 
structure that should be ideal from the standpoint of 
dimensional changes and should allow appreciable 
economies in manufacture. The aluminum can is de­
formed slightly by pressing at 600°C, and the bond is, 
in fact, too good, for uranium actually penetrates to 
the outside of the aluminum can. This excessive dif­
fusion can be minimized by anodizing the inside of the 
aluminum can. An excellent bond, with very little dif­
fusion, is obtained by hot-pressing uranium powder 
onto zirconium (Fig. 16).

Introduction of Discrete Particles

In a study being made by the Westinghouse physics 
group on the range of damage of fission products, it 
was desired to introduce U23* particles in a matrix of 
U238 or zirconium. For this purpose, it was first nec­
essary to make the U235 in the form of a compound 
which would not decompose during the sintering of the 
matrix. After investigating several compounds it was 
found that UC and UN were stable in a zirconium 
matrix (Fig. 10) but that UN, U02, and UC were not 
sufficiently stable In a uranium matrix to withstand 
high-temperature sintering. However, any of these 
compounds are stable in a uranium matrix which is 
hot-pressed at 600°C.

It is certainly feasible to introduce metallic parti­
cles of U235 into a matrix of U238 and to avoid extensive 
interd if fusion by using the hot-pressing technique.

This is an ideal example of some of the unusual 
combinations, obtainable by using powdered metals, 
that cannot be obtained by other methods of fabrication.

Control of Grain Size and Orientation of Uranium

We have spent considerable effort in developing a 
fine-grained uranium with random orientation. Such 
material should exhibit little or no dimensional change 
on thermal cycling. In these studies we initially fol­
lowed the techniques that have proven successful in 
controlling grain growth in tungsten, i.e., the addition 
of a small amount of insoluble impurity which would 
form a grain-boundary film and thus inhibit grain 
growth. Uranium powder was coated with several dif­
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ferent oxides before compacting and sintering. Al­
though some grain refinement was obtained, it was 
inadequate. Presumably the high sintering tempera­
tures required resulted either in the decomposition 
or dissolution of the added oxides, so that they were 
no longer effective in restricting grain growth. An 
example of the effect of ThO, in uranium is shown in 
Fig. 17.

We have abandoned these attempts upon finding that 
a fine-grained, randomly oriented uranium can be 
readily produced by hot-pressing uranium powder in 
the alpha range at 600°C. (The small deformations in­
volved in pressing metal powders do not result in any 
marked preferred orientation.) The low temperature 
and short time involved in this operation did not cause 
grain growth, as can be seen in Fig. 13. Upon ther­
mal cycling in the alpha range, this material retains 
a smooth surface and undergoes little dimensional 
change.

The Use of Powder Metallurgy as a Research Tool

There are many research problems involving studies 
of the constitution of alloys, grain growth, reactions 
in the solid state, diffusion, and homogenization that 
can be attacked conveniently by using powdered met­
als. The use of powder metallurgy in research on 
structure-sensitive properties has certainly not been 
explored adequately. The wide variety of structural 
variations and the control over them that can be had 
by using powdered metals and alloys makes it far 
superior to other methods of sample preparation for 
this kind of study.

Phase Diagrams. The difficulty of avoiding con­
tamination from the atmosphere and crucible while 
melting alloys of zirconium and beryllium, for ex­
ample, has been avoided in a preliminary study we 
have made of the phase diagram of this binary system. 
The alloy specimens were made using the zirconium 
and beryllium powders obtained by the methods de­
scribed in the last section. The small size of these 
powder particles led to rapid homogenization upon 
heating for short times at temperatures higher than 
about 700°C. By selecting ten different compositions 
and annealing each at three different temperatures, 
the principal features of the zirconium-beryllium 
phase diagram were determined. By making speci­
mens from powders, we could obtain much more uni­
form and accurate concentrations in less time than by 
melting. The microstructures of some of these alloys 
are shown in Fig. 18. There are many other phase 
diagrams involving zirconium, beryllium, and uranium 
that could be more conveniently studied by this method 
than by any other. The ease of making specimens 
suggests that further work be done not only on binary

systems but on ternary and polynary systems using 
this method.

Diffusion. It has been demonstrated in this labora­
tory that the rates of self-diffusion in solids may be 
obtained from measurements of the rates of sintering 
of metal powders. A convenient method of making 
such studies is to make specimens from closely packed 
spherical powder particles or, more readily, from 
closely wound wire specimens. An example of the 
changes that occur on heating the latter type of speci­
men is shown in Fig. 19. We have found that the rate 
of sintering in such specimens is directly proportional 
to the rate of self-diffusion of the metal. Studies of 
this kind are providing much information concerning 
the mechanism of sintering itself. When these speci­
mens are made by alternately winding layers of dis­
similar metals, their relative rates of sintering are 
clearly demonstrated, as can be seen in Fig. 20. Such 
studies show that when a mixture of two different 
metal powders is sintered, the bonding is almost ex­
clusively due to the one with the higher rate of self­
diffusion.

It is convenient in some measurements of interdif­
fusion of different metals to use one in the form of a 
powder, e.g., by embedding solid copper in brass pow­
der, a constant zinc concentration can be maintained 
at the surface of the copper by volatilization of zinc 
from the brass powder. This method avoids the ne­
cessity of forming a welded interface as is customary 
in making specimens for the measurement of inter- 
metallic diffusion. In this way we are studying the 
diffusion of zinc into copper single crystals (Fig. 21). 
The dimensional changes that accompany diffusion are 
also being investigated by studying the bonds formed 
between dissimilar metal particles (Fig. 22).

Homogenization. The use of powder mixtures is 
about the only way that specimens can be made that 
will be suitable for quantitative studies of the rate of 
homogenization where it is necessary to have a pre­
determined concentration distribution. An example of 
a qualitative study of homogenization in a uranium- 
zirconium alloy is shown in Fig. 8. This could be 
done quantitatively by starting with uniformly sized 
powders and by measuring property changes such as 
hardness or resistivity as a function of homogeniza­
tion time.

Alloy Development. Powder metallurgy is a most 
convenient method of adding highly volatile elements 
such as zinc or magnesium to a base metal having a 
high melting point. Although we have only made pre­
liminary attempts to make some alloys of this type, 
e.g., zirconium and magnesium (Fig. 23) and zirco­
nium-beryllium-uranium (Fig. 24), it may prove prof­
itable to investigate more thoroughly the properties of
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Fig. 1 — Electron micrograph (10,000 x) of uranium powder 
produced by the hydride process. It can be seen that most of 
the particles are smaller than 1 p and that there is a tend­
ency for agglomeration.
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COMPACTING PRESSURE, TONS/SQ IN.

Fig. 2 — The effect of compacting pressure on the density of 
powders of uranium, beryllium, zirconium, and ZrH2. For 
good sintering behavior it is neither necessary nor desirable 
to use pressures in excess of about 50 tons/sq in.

SINTERING TEMPERATURE, % MELTING TEMPERATURE

Fig. 3 — The effect of sintering temperature on the density 
of compacts which have been pressed at 50 tons/sq in. Notice 
that zirconium sinters to its maximum density at a relatively 
low temperature compared to beryllium and uranium.

Compact Sintering
pressure, time,

Metal tons/sq in. hr Remarks

Zr 50 3 ZrH2 powder used
Be 50 3 Mechanically comminuted Be
U 50 3 Made by the hydride method
Ni 2 Carbonyl nickel

yl
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Fig. 4 — The microstructures of beryllium compacts after various sintering treatments. The 
powders were pressed at 50 tons/sq in. and sintered in argon for half an hour. The white 
areas, which become spherical at the higher temperature, are BeO. (Magnification 250 X.)
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Fig. 5 — The effect of sintering time and temperature on the grain growth of zirconium. 
Compacts pressed at 50 tons/sq in. from -325 mesh zirconium hydride powder and sintered 
in vacuum. (Magnification 250 x, reproduction reduced one half.)
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Fig. 6 — A comparison of the structures of beryllium sintered (a) in vacuum and (b) in argon. 
In each case the specimens were sintered for 3 hr at 1220°C. A slightly larger grain size 
results upon sintering in argon, although the vacuum-sintered specimen was slightly ductile. 
(Magnification 250 x.)
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Fig. 7 — (a) The specimen has been pressed at 70 tons/sq in. and sintered 3 hr at 1090°C. 
The density is about 91 per cent of the theoretical density of uranium, (b) The specimen had 
received the same treatment as (a) and was subsequently repressed at 140 tons/sq in. and 
annealed for 1 hr at 500°C. This resulted in a slight increase in /density. (Magnification 
200 x.) •
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Fig. 8 — The effect of sintering time and temperature on the microstructure of 1 per cent 
uranium-zirconium alloys. Compacts pressed at 50 tons/sq in. from a mixture of -325 mesh 
zirconium hydride and-325 mesh uranium powders and sintered in vacuum. (Magnification 
250 x, reproduction reduced one half.)
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Fig. 9 — Microstructure of a mixture of molybdenum and 
silver powders which were pressed at 30 tons/sq in. and 
sintered for 2 hr at 920°C. (Magnification 200 x.)

(W

Fig. 10—Dispersion of UC particles in a zirconium matrix. Pressed at 80 tons/sq in. and 
sintered 10 min at 1200°C in vacuum. Microchemical analysis has shown that no uranium has 
diffused more than a few microns into the zirconium matrix, (a) Magnified 100 x. (b) Magni­
fied 350 x. •
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Fig. 11 — Microstructure of beryllium powder hot-pressed at 600°C for 15 min at 25 tons/sq 
in. (Magnification 250 x.) (a) Bright field, (b) Polarized.

Fig. 12 — Microstructure of zirconium powder hot-pressed 
at 600°C for 15 min at 25 tons/sq in. (Magnification 250 x.)

C.
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Fig. 13 — The structure of uranium powder hot-pressed at 600”C, 25 tons/sq in., for 15 min. 
The density of this material is 18.77 g/cc. (a) Bright field, as pressed. (Magnification 500 x.) 
(b) Polarized light, as pressed. (Magnification 2p0x.) (c) Polarized light, annealed 10 sec at 
680“C after pressing. (Magnification 200 x.) (d) Polarized light, annealed 100 sec at 680"C 
after pressing. (Magnification 200 x.) (e) Polarized light, annealed 1000 sec at 680°C after 
pressing. (Magnification 200 X:) It can be seen that the fine grained material obtained by hot- 
pressing in the alpha range (b) attains a much larger grain size after a short time anneal in 
the beta range (d) and (e).

•••••• •
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P-press H-hold

Die is filled with zirconium hydride powder 
and two-piece multiple plunger moves down 
together to press lower layer.

Inner plunger remains in place, picture 
frame plunger is lifted, zirconium hydride 
powder placed in picture frame cavity, and 
picture frame plunger presses perimeter.

Picture frame plunger remains in place, 
zirconium hydride-uranium mixture powder 
inserted and inner plunger presses core.

Both plungers move up, die is filled with 
zirconium hydride powder, both plungers 
move down simultaneously and press top 
layer.

Fig. 15—Microstructure of the bond formed between a zir­
conium-10 per cent uranium core and a pure zirconium clad. 
The powders were pressed at 60 tons/sq in. and sintered 
3 hr at 1260oC in vacuum. (Magnification 100 x.) There is 
no evidence of the original interface, and a perfect diffusion 
bond has formed.

Fig. 16 — Microstructure of the bond formed between pure 
zirconium and pure uranium by hot-pressing the powders for 
15 min at 600°C and 25 tons/sq in. (Magnification 500 x.)

Fig. 14 — Schematic representation of the pressing operation 
in the production of fuel-element sandwiches.
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Fig. 17 — Microstructure ot uranium powder which has been 
pressed and sintered after the addition of 0.02 percent Xh02. 
By comparing the grain size here with that shown in Fig. 7, 
it can be seen that the addition of Th02 resulted in a some­
what smaller grain size. (Magnification 200 x.)

Fig. 18—The microstructure of alloys obtained by mixing, 
pressing, and sintering powders of beryllium and of ZrH2. 
These specimens were sintered 2 hr in vacuum at 1100°C. 
(Magnification 200 x.) (a) 90 Zr- 10 Be. (b) 98 Zr-2 Be.
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Fig. 19 — Cross section of a bundle of 5-mil copper wires after sintering for various times 

at 1075°C. The change in size and shape of the voids shows the progress of sintering. (Mag­

nification 200 x, reproduction reduced one fourth.)
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Fig. 20—Cross section of a bundle of alternate layers of 5-mil copper and iron wires after 
sintering 48 hr at 1000°C. Note that the bonds formed between adjacent copper and copper, 
and copper and iron wires are approximately equal, while the bond formed between iron and 
iron is very small or nonexistent after this treatment. (Magnification 200 x.)

Fig. 21—The surface of a copper single crystal which has been heated in an atmosphere 
of brass powder 16 hr at 865°C. The diffusion of zinc into the copper has set up stresses 
resulting in recrystallization. (Magnification 200 X.)

X'jt C2H
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Fig. 22—Micrograph showing the cross section of a 10-mil copper 
1 wire in contact with a pure zinc surface after heating 1 hr at 367°C. 

(Magnification 250 x.) Note the formation of intermediate phases and, 
especially, the grooves formed in the zinc surface.
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Fig. 23 — The structure of a 90 per cent Zr-10 atomic per 
cent Mg alloy formed by powder metallurgical methods. 
(Magnification 200X.)

Fig. 24—-A ternary alloy consisting of approximately 15 per 
cent uranium, 15 per cent beryllium, and 70 per cent zir­
conium, formed by sintering a pressed mixture of the pow­
ders 2 hr at 1100°C. (Magnification 200 x.)

Fig. 25—Microstructures ot some zirconium-uranium alloys formed by powder metallurgi­
cal methods. (Magnification 350 x.) (a) 85 U-15 Zr, 4 hr at 1350”C. (b) 50 U-50 Zr, 4 hr at 
1350°C.

C30
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some of these alloys or of pseudoalloys or of mixtures 
of zirconium, beryllium, and uranium with immiscible 
components such as ceramics or certain compounds. 
It is difficult to prepare zirconium-uranium alloys 
containing large percentages of uranium by melting, 
presumably because of segregation during freezing. 
Such alloys are readily made, however, by pressing 
and sintering the powders at much lower tempera­
tures (Fig. 25).

Grain Growth. One of the outstanding accomplish­
ments of powder metallurgy has been the development 
of thoriated tungsten wire. The addition of a small 
amount of thorium oxide to tungsten powder leads to 
the formation of a grain-boundary film which can in­
hibit grain growth. It is surprising that very little

study has been made of the effect of similar additions 
to other metals in order to investigate the principles 
of this kind of grain-size control. For example, It 
would be interesting to see how various small addi­
tions affect the grain growth of the pure metals as 
shown in Figs. 4 and 5.
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Some Long-range Aspects of 
Homogeneous Reactors

By J. A. Lane

Oak Ridge National Laboratory

Report ORNL-946 (Del.)

ABSTRACT

If homogeneous reactors can be made to work, they offer many worth­
while possibilities for the production of power and fissionable material. 
Consequently, a solution of the technical problems associated with ho­
mogeneous systems is extremely important for the long-range reactor 
program. The construction and operation of the proposed Homogeneous 
Reactor Experiment is the first major step in this direction, and the 
success of this experimental reactor will pave the way toward fuller 
utilization of the advantages of homogeneous or fluid systems.

The problem of reducing the cost of power from nuclear reactors is 
essentially one of reducing the capital cost of the reactor and its asso­
ciated equipment. For this reason homogeneous reactors, by virtue of 
their fundamental simplicity and high possible power output, offer the 
best chance of achieving competitive industrial power.

The importance of initiating studies directed toward the development 
of a suitable thorium system should be emphasized, since a U233-thori­
um thermal power breeder is potentially the most attractive possibility 
for economic power of the many systems considered.

INTRODUCTION

The following discussion is an attempt to assess the 
long-range future of certain types of homogeneous 
reactors on the basis of their utility as producers of 
power and fissionable material rather than from the 
standpoint of their technical feasibility. While such 
an economic viewpoint can be criticized as being un­
realistic as long as fundamental problems associated 
with the operability of homogeneous systems remain 
unsolved, it does indicate the possible rewards of suc­
cessful development work in this field. In view of the 
recent emphasis given to the experimental phases of 
the homogeneous-reactor program, it is hoped that a 
firm analysis of the scientific and technical aspects

of this type of reactor can be presented in the not too 
distant future.

It has long been realized that homogeneous reactors 
are ideal from the standpoint of neutron economy, high 
heat removal, fuel handling, and simple internal struc­
ture and are therefore well suited to the purpose of 
power and fissionable material production. However, 
the practicability of such reactors, particularly those 
involving aqueous systems, necessarily depends on 
the solution of the many technical problems generally 
associated with homogeneous systems. Problems of 
chemical stability, nuclear control, and corrosion re­
main as barriers to the development of this type of 
reactor. The question of feasibility is particularly 
dependent on the nuclear behavior of the reactor in
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the presence of gas bubbles. This can be demon­
strated only through operation of an experimental 
prototype reactor.

In addition, the problems associated with the circu­
lation of active fuel solutions require considerable 
study. The difficulty of maintenance of contaminated 
pumps and heat exchangers, for example, possibly en­
hanced by the corrosive nature of the fuel solution, 
emphasizes the importance of developing extremely 
reliable equipment for this purpose.

In spite of the advantages of homogeneous systems, 
little progress has been made in the design and con­
struction of large-scale units because of the afore­
mentioned technical difficulties. In addition to the 
bubble problem, which has been previously considered 
almost insuperable, the requirements of large amounts 
of heavy water moderator or enriched fuel necessary 
for criticality were believed to be difficult to achieve 
in the initial phases of the atomic energy program.

Studies at ORNL1 now make it evident that the solu­
tion of the technical problems of stability, control, and 
maintenance of homogeneous reactors is worth a con­
siderable effort because the successful development 
of this type of reactor offers the possibility of achiev­
ing many of the long-range objectives of the reactor- 
development program such as thermal breeding with 
the Th-U233 cycle, more economical plutonium pro­
duction, and competitive industrial nuclear power. 
Also, the use of homogeneous reactors for mobile 
power is an attractive possibility.2

There are a number of recent developments which 
make prospects for achievement of success brighter 
than before. Some of these may be listed as follows:

(1) By increasing the pressure on the reactor, the 
bubble problem, previously considered almost insu­
perable, becomes theoretically manageable.

(2) The phase diagrams of the U02S04 and the U02F2 
systems in water3’4 show adequate chemical stability 
of these systems up to temperatures sufficient for 
good power output (250 to 300°C).

(3) Corrosion rates of zirconium or 347 stainless 
steel by 250“C U02S04 solutions seem to be tolerable.4

(4) The recent decision to manufacture large quan­
tities of heavy water will ultimately eliminate the 
bottleneck on this material.

(5) The possible expansion of isotope-separation 
facilities to process depleted wastes from reactors 
and increase the production of highly enriched mate­
rial reduces the objection to the use of enriched fuels.

(6) A more recent estimate of the neutron losses in 
thermal breeders indicates an improved situation re­
garding the breeding gains. It now appears more 
likely than ever that a successful homogeneous ther­
mal breeder, utilizing the Th-U233 cycle, is feasible. 
This would mean an increase in the potential supply 
of fissionable material as well as the possibility of

power production at a cost comparable to existing 
steam-power plants.

The first major step toward the development of 
large-scale homogeneous reactors will be the opera­
tion of the Homogeneous Reactor Experiment5 (HRE) 
at ORNL late in 1951. The importance of this experi­
mental prototype reactor to demonstrate the nuclear 
and chemical stability of homogeneous systems and to 
study problems of operation and maintenance of asso­
ciated equipment can not be overemphasized because 
a clearer insight into these questions is essential be­
fore large-scale units can be considered.

PROMISING TYPES OF HOMOGENEOUS REACTORS

By definition, nomogeneous reactors include all 
types in which there is a homogeneous mixture of nu­
clear fuel and moderator and thus include a wide va­
riety of mixtures of gases, liquids, and solids. Of the 
many possible combinations of fuel and moderator, 
however, only a few show promise of practical appli­
cation. These are aqueous solution or slurry systems, 
which are best suited for the large-scale production 
of plutonium and power or for thermal breeders, and 
liquid-metal or molten-salt-solution reactors for 
small high-temperature mobile power units. The pres­
ent emphasis of the homogeneous-reactor program is 
on these most promising types with only minor con­
sideration being given to the many other possibilities.

The advantages of homogeneous systems are in 
general those attributable to the fluid nature of the 
fuel and to a lesser degree to the fluid moderator. 
For this reason heterogeneous arrangements of liquid 
fuel and solid or liquid moderator, which possess most 
of the advantages of homogeneous systems, may be 
equally applicable for many of the stated uses of ho­
mogeneous reactors. It may be that the proper path 
of development of large-scale reactors should be de­
fined more by the physical nature of the nuclear sys­
tem rather than by the distribution of fuel and mod­
erator.

ADVANTAGES OF AQUEOUS HOMOGENEOUS
REACTORS

High Specific Power

Homogeneous reactors may be operated at specific 
power levels of 200 megawatts per ton of uranium, 
whereas natural-uranium heterogeneous reactors op­
erate in the range of 2 to 5 megawatts per ton. The 
high specific power is particularly important if the 
total amount of uranium available is limited. Also this 
low fuel inventory combined with high burn-up per­
mits the economic production of power from an initial 
fuel charge, impractical with heterogeneous type re­
actors.

»'■
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High Power Output

In a heterogeneous system, the temperature rise 
within the fuel elements limits the maximum heat flux 
and consequently the total power output of the reactor. 
In a homogeneous reactor, because of intimate contact 
of fissionable material and coolant, the heat transfer 
inside the reactor does not limit the possible power 
output. Assuming that the gas generation can be han­
dled adequately, the only limitation on ultimate power 
output is the maximum fuel circulation rate which can 
be achieved. This means that a single homogeneous 
reactor can produce considerably more power and 
plutonium than a practical size heterogeneous reac­
tor; this should result in lower fixed costs and lower 
operating costs per unit of power output or gram of 
plutonium produced.

High Possible Burn-up

In a heterogeneous reactor radiation damage re­
sulting in distortion of solid-fuel elements limits the 
irradiation time of a given fuel charge. Although this 
is relatively unimportant for the production of pluto­
nium with a minimum isotopic concentration of Pu240, 
high burn-up is essential if it is desired to produce 
economical power without plutonium production. In 
addition to radiation damage the build-up of fission- 
product poisons gradually reduces the reactivity of a 
heterogeneous system. In a homogeneous reactor 
essentially complete burn-up of the fuel in a given 
charge is possible since the fuel suffers no permanent 
radiation damage and the fission-product poisons may 
be continually removed.

Radiation damage to the solid moderator in a het­
erogeneous reactor may limit the useful lifetime of 
the reactor, whereas the moderator decomposition in 
the homogeneous system is handled on a continuous 
basis. If corrosion problems can be met, homogene­
ous reactors should have a considerably longer life 
than the heterogeneous type.

High Neutron Economy

Homogeneous reactors have the highest neutron 
economy, since there are no structural materials or 
coolants in the core and the fission-product poisons 
may be continually removed. This feature, combined 
with high specific power, makes thermal breeding 
most attractive in homogeneous systems.

Simple Fuel-reprocessing Systems

Homogeneous systems require no metallurgical 
processing and possibly less chemical processing by 
virtue of lower decontamination requirements. The 
holdup in the chemical plant Is lowered and the re­
quired cooling period is decreased for homogeneous 
fuel solutions. Off-gas problems during dissolving are

eliminated. The possibility exists of continuous de­
contamination and recovery of plutonium with a negli­
gible Pu240 concentration.

Less Complicated Control System

Referring to Fig. 4, it is seen that the critical size 
of aqueous homogeneous reactors varies with concen­
tration, i.e., D20/U ratio. Thus, unlike heterogeneous 
reactors, it is possible to control a homogeneous re­
actor by varying the concentration of the fuel solution. 
Moreover, if the size of the reactor core is fixed, the 
reactor will operate at an equilibrium temperature, 
corresponding to a given fuel concentration. At tem­
peratures above this equilibrium value the density of 
the moderator will be too low to support the nuclear 
chain reaction. This highly sensitive negative tem­
perature coefficient of reactivity thus serves to keep 
the pile stable at a given temperature independent of 
power output. Since the power output is proportional 
to the temperature rise of the fuel solution within the 
reactor, control of the power may be achieved by 
varying the temperature of the fuel solution leaving 
the external heat exchanger, which in turn depends on 
the demands from the turbogenerator unit. This meth­
od of control is achieved without the use of mechanical 
shim or regulating rods, which are objectionable from 
the standpoint of neutron economy.

Inherent Safety

It has been pointed out that the greatest potential 
hazard of thermal reactors depends on the amount of 
long-lived fission products present in the reactor at 
any time. In a homogeneous reactor there is the pos­
sibility that these may be continually removed to 
eliminate the danger.

Utilization of Recombination Energy

The recombination of the hydrogen and oxygen 
formed in the dissociation of moderator provides 
heat in convenient form for superheating steam and 
increasing plant efficiencies.

Simple Internal Structure

Since the core of a homogeneous reactor consists 
merely of a pressure shell, the design of this type of 
reactor is fundamentally less complicated than that of 
a heterogeneous reactor with its compl ex cooling sys­
tem and moderator structure.

Easier Fuel Handling

The fuel solutions may be charged or discharged on 
a continuous basis without the difficult handling prob­
lems of solid-fuel reactors.

t
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DISADVANTAGES OF AQUEOUS HOMOGENEOUS
REACTORS

High Cost of Moderator

Because of its nuclear properties the use of an HjO 
moderator, highly desirable from the standpoint of 
economy and chemical reprocessing of fuel solutions, 
is only possible in systems using enriched uranium 
containing about 3 per cent or greater concentration 
of U235. The critical size of such reactors, moreover, 
is too small to permit the extraction of large quanti­
ties of heat, since pipe sizes and heat exchangers 
must be kept subcritical. In natural-uranium or slight­
ly enriched-uranium homogeneous systems large 
amounts of D20 or possible mixtures of HjO and DzO 
are required. The availability of D2G may well be one 
of the most important limitations to the development 
of large-scale natural-uranium or slightly enriched- 
uranium homogeneous systems.

Induced Activity of Pumps and Heat Exchangers

The delayed neutrons in the fuel solutions circulated 
through pumps and heat exchangers cause induced ac­
tivity and increase problems of maintenance of equip­
ment.

Corrosive Nature of Pile Solutions

Owing to the corrosive nature of the fuel solutions 
the expected lifetime of equipment in the fuel-recircu­
lation system will be less than that with conventional 
coolants. Slurries will be more advantageous from 
this standpoint than aqueous solutions.

High Cost of Pressure Shell

To be efficient power producers, homogeneous re­
actors must operate under moderately high pressures 
and temperatures. A large pressure shell to meet 
these requirements is difficult to design and fabricate 
and is somewhat beyond ordinary engineering prac­
tice. For this reason the size, and thus the operating 
conditions of a large-scale homogeneous reactor, may 
be selected on the basis of what is a feasible pressure 
shell rather than from purely economical considera­
tions.
Gas Problems from Decomposition of Moderator

It is not yet clear whether the formation of bubbles 
in a homogeneous reactor presents a severe control 
problem or actually contributes to the stability of the 
reactor. This unknown more than any other has hin­
dered the development of this type of reactor. Under 
certain conditions the gases form explosive mixtures 
which are considered to be a potential hazard. It is 
expected that experiments in the prototype reactor 
will throw light on the complex bubble problem.

PREVIOUS INVESTIGATIONS OF AQUEOUS
SYSTEMS

Aqueous-solution reactors for the production of plu­
tonium were suggested in the early phases of the 
Manhattan Project but were rejected in favor of the 
heterogeneous type because the requirements of en­
riched fuel or large amounts of heavy water would 
delay the plutonium-production program.

Proposals for slurry reactors, fueled with natural 
uranium and moderated with heavy water, were ini­
tially investigated at Columbia University under the 
direction of H. C. Urey and C. F. Hiskey.6 Late in 
1943 most of the group working on this problem was 
transferred to the Metallurgical Laboratory in Chicago 
where the work was continued for about a year, at 
which time the press of problems connected with Han­
ford interfered.7

Most of the early work on slurries was directed to­
ward finding a suitable slurry and proper materials 
of fabrication, with major emphasis on uranium oxide 
systems. Extensive plans were made to measure the 
relative amounts of abrasion and erosion by the slur­
ries on heat exchangers, pumps, and valves, but no 
large-scale experiments were actually completed.

However, a number of static and dynamic corrosion 
and abrasion tests were made on a laboratory scale. 
In addition, work was started on fundamental studies 
of the variation in particle size and chemical compo­
sition of different slurries with time.

In 1945 work was started at Oak Ridge National 
Laboratory on the design of a low-temperature low- 
pressure homogeneous-solution pile operating at
30,000 kw to serve as an experimental tool and a 
breeder pilot plant. Enriched uranyl sulfate and ura- 
nyl carbonate solutions were considered as fuels. 
Several designs were studied8 but the project was 
discontinued when no clear solution was found to the 
problem of reactor stability in the presence of gas 
bubbles formed by radiation-induced decomposition 
of the moderator. Operation at low temperatures and 
low pressures, while simplifying engineering prob­
lems of design and corrosion, magnifies the difficulty 
of nuclear control.

Two low-power water boilers have been built and 
operated successfully at Los Alamos.9 The one of 
significant power output has been operated at 30 kw 
with a 12-in.-diameter core, containing an ordinary 
water solution of uranyl nitrate enriched to 89 per 
cent U235 and reflected by beryllium oxide. At this 
power level little or no difficulty with gas formation 
is experienced other than the explosive hazard of the 
large volume of H2 + 02. A reactor of this type has 
been approved for construction at North Carolina State 
College which will be the first to be operated by pri­
vate enterprise.

The most recent attempt to attack the problems as­
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sociated with homogeneous systems is represented by 
the Homogeneous Reactor Experiment, recently ap­
proved for construction at the Oak Ridge National 
Laboratory. Construction of the building is now under 
way and operation of the reactor is scheduled for Au­
gust 1951. The fuel will be highly enriched U235 as 
uranyl sulfate dissolved in light water contained in an 
18-in.-diameter core. This core is surrounded by a 
heavy water reflector. The reactor will operate at 
250°C and 1000 psi pressure and produce up to 1000 
kw of heat. These operating conditions, it is believed, 
will substantially eliminate the bubble problem since 
the high temperature serves to accelerate the recom­
bination of hydrogen and oxygen in the core and the 
high pressure reduces the volume of bubbles to a tol­
erable point.

Although the Homogeneous Reactor Experiment is 
designed for the initial investigation of the uranyl sul­
fate solution reactor, the equipment is flexible enough 
to permit the study of other promising systems. This 
is important because so much depends on the results 
of future development work that the selection of the 
most promising homogeneous system from the long- 
range standpoint is impossible at the present time.

GENERAL DESIGN CONSIDERATIONS

There are a large number of promising combina­
tions of the variables which must be thoroughly in­
vestigated before establishing a valid direction for a 
large-scale homogeneous-reactor program. These are 
discussed briefly In the following paragraphs.

Choice of Fuel

From the standpoint of neutron economy and the 
production of fissionable material, the thorium-U233 
system is more advantageous than the U235-!!238-plu­
tonium system. In addition, the use of thorium in­
creases the potential supply of nuclear fuel. Unfor­
tunately no suitable thorium solution is known at the 
present time except the nitrate with the N15 isotope, 
and the use of thorium may be limited to slurry-type 
reactors.

Choice of Moderator

While D20-moderated reactors have the advantage 
of higher neutron economy and greater latitude with 
respect to size and degree of enrichment, the use of 
HjO provides a cheap moderator and possible reduc­
tion in the size of the reactor. The chemical reproc­
essing of depleted wastes from HaO-moderated sys­
tems is simplified. Light water reactors may have 
application as mobile power units but are less attrac­
tive for the production of fissionable material owing 
to their low neutron economy.

Choice of Solution

The phase diagrams of aqueous solutions of uranyl 
sulfate and uranyl fluoride shown in Figs. 1 and 2 in­
dicate that the chemical stability of these systems is 
satisfactory up to 250°C. The sulfate system is less 
corrosive than the fluoride system but has the disad­
vantage of lower neutron economy due to the parasitic 
absorption of thermal neutrons by the sulfur. The 
nitrate system using the N15 isotope for satisfactory 
neutron economy may be applicable for operating tem­
peratures up to 180°C.

The use of a slurry of an insoluble uranium or 
thorium compound offers the advantage of higher neu­
tron economy and no corrosion problems and may 
ultimately be more attractive than a fuel solution. The 
major problems introduced by this system involve the 
preparation of a stable slurry and the development of 
pumps suitable for slurries. Attempts to prepare sta­
ble slurries are thus far encouraging,10 and work in 
this direction is continuing on an expanding scale. 
Studies of the fundamental behavior of solid-liquid 
systems are being initiated.

Degree of Enrichment

There is a whole spectrum of homogeneous reac­
tors depending on the equilibrium concentration of 
fissionable material at which the reactor runs. At one 
end there is the highly enriched reactor for producing 
power; at the other end, the low-enriched plutonium 
producer or thermal breeder. In between there are 
slightly enriched-U235 systems which make use of ma­
terial from the intermediate stages of an isotope-sep­
aration plant such as K-25. If, for a particular appli­
cation, the size of the reactor must be held within 
certain limitations, the required enrichment depends 
on the permissible concentration of the fuel solution. 
If the size of the reactor is not fixed, the degree of 
enrichment depends on a balance of the lower cost and 
engineering advantages of the smaller highly enriched 
machines against the cost and use of enriched fuel. 
Since in all cases of reactors producing plutonium for 
military use the depleted wastes must be returned to 
an isotope-separation plant for reprocessing, no par­
ticular prejudice in favor of natural-uranium reactors 
exists and the question of proper enrichment becomes 
a purely economic one.

Reactor Configuration

The simplest configuration consists of a spherical 
reactor core which may or may not be surrounded by 
a reflector or blanket. Attempts to design the reactor 
core so that the reactivity is essentially independent 
of density changes and thus eliminate the bubble prob­
lem usually result in large core volumes and shapes 
difficult to fabricate. Certain features of the design of
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the reactor core are influenced by the method of re­
moving heat and gas bubbles as discussed in the fol­
lowing section.

In the so-called “boiling reactor,” heat is removed 
by vaporization of the liquid in the core. The vapor is 
subsequently condensed in the external system and

TWO LIQUID PHASES

o zoo
SOLUTION

U02S04, WT. %

Fig. 1 — Phase diagram for system uranyl sulfate-water.

Method of Heat Removal

In the most conventional system the heat is re­
moved by pumping liquid through the reactor core and 
heat exchangers as proposed in the HRE. By introduc­
ing the liquid through inlets tangential to the reactor 
core, a circular motion of the liquid is produced which 
drives bubbles toward a vortex in the center and re­
duces the volume of gas present at any time. Figure 3 
shows a photograph of circulating liquid and gas bub­
bles in a plastic sphere.

returned to the core by gravity or pumps. In this 
manner the holdup of active fuel in the external sys­
tem is reduced or eliminated, the activity of pumps 
and heat exchangers decreased, and the pumping pow­
er reduced. Since the condensate is less corrosive, 
problems of equipment maintenance are considerably 
reduced. The main objections to this system are the 
questionable feasibility of control in the presence of 
large amounts of bubbles and the difficulty of provid­
ing adequate surface for the release of the large vol­
ume of vapor generated. The decrease in the density
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of the moderator due to the presence of the vapor sub­
stantially increases the critical size of the reactor.

A modification of the boiling reactor involves re­
moval of the heat by flash vaporization of the fuel

possibly of different size, for a stationary mobile 
power unit; and a slurry type homogeneous thermal 
breeder using thorium and U233. These reactors are 
described in the following sections.

SOLID + VAPOR

Z - SOLID + LIQUID I

\ Z-SOLID 
V+ SOLUTIONLIQUID I + LIQUID JI

W-SOLID^^q. 
+ SOLUTION

o 200

SOLUTION

iso -

X- SOLID 
SOLUTION

K ICE + SOLUTION

ICE + X-SOLID

URANYL FLUORIDE, WT. %

Fig. 2 — Phase diagram for the system uranyl fluoride-water.

solution external to the reactor core. The heat ex­
changers in a conventional system are replaced with 
flash vaporizers which may be smaller, less complex, 
and more reliable. Since a large pressure drop is re­
quired to release the necessary amount of heat, the 
power consumed by pumps is increased by at least a 
factor of 3 over the conventional system.

On the basis of our present knowledge of aqueous 
homogeneous systems three specific types of reactors 
look promising from the long-range standpoint. These 
are: a large D20-moderated uranyl sulfate reactor 
for producing plutonium and power; a similar reactor,

THE PLUTONIUM-PRODUCER POWER REACTOR

Although the ultimate design of the most suitable 
large-scale homogeneous reactor foi the simultaneous 
production of plutonium and power may well involve 
other chemical systems and reactor configurations, 
the use of a solution of uranyl sulfate in D20 appears 
to be feasible. Both chemical stability and radiation 
stability of uranyl sulfate up to temperatures suffi­
cient for good power output (250°C)seem assured, and 
zirconium, titanium, or 347 stainless steel can be used 
as the material of construction.

A-'J; C3«
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The plutonium-producer-power reactor described 
in Report ORNL-855 operates at 10® kw and uses an 
0.8 per cent U235 fuel as a solution of uranyl sulfate in 
D,0. This affords an excellent compromise between

exit pipes located at the top and bottom of the reactor 
and circulates through tubes of a number of evapo­
rator type heat exchangers. These produce steam at 
194°C and 200 psi pressure which is superheated by

Fig. 3 — Bubble tracks.

the conflicting demands of fuel cost and size of reac­
tor. In the proposed design the reactor core consists 
of a 24-ft-diameter spherical shell, 5% in. thick, with 
a 347 stainless steel liner. The fuel solution is intro­
duced through tangential inlets in the shell at the rate 
of 100,000 gal/min. The circular motion of the liquid 
in the core drives the gas bubbles toward a vortex in 
the center and reduces gas holdup. The reactor oper­
ates at an equilibrium temperature of 250°C and 1000 
psi pressure. The fuel solution leaves the core through

heat from the D2 + Oz recombination reaction. The 
steam operates a conventional low-pressure extrac­
tion turbine with an electrical generator unit. The net 
power output will amount to about 230,000 kw. Since 
the available heat from the recombiner is limited, an 
auxiliary oil- or gas-fired superheater may be de­
sirable to reduce the amount of water vapor in the 
turbine exhaust.

One of the most interesting features of the reactor 
is the possibility of a greatly simplified control sys-
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UJ 0 »«

(fit — INTEGRATED FLUX DAYS

Fig. 6 — Time variation of multiplication constant for homogeneous UO, S04-D,0 solutions at
250°C.----- , 0.8 per cent IF*, 22-ft spherical core.------ , 1.54 per cent U*”, 9-ft spherical
core.

tem. Instead of mechanical shim rods, over-all 
changes in reactivity are compensated for by varying 
the concentration of uranium in solution. Also the reg­
ulating controls for minor fluctuations in reactivity 
may be unnecessary since the sensitive negative tem­
perature coefficient of reactivity makes the reactor 
self-stabilizing at any given operating temperature, 
dependent on the ifranium concentration. An increase 
in reactivity which tends to produce higher tempera­
tures is offset by the increased volume of gas and the 
decrease in density of the moderator. The power out­
put of the reactor may therefore be controlled by the 
temperature of the fluid returning from the heat ex­
changers. This means the power output in the core 
will respond to the heat removed in the heat ex­
changers or to the demands of the turbogenerator

unit. Emergency shutdowns are effected by discharg­
ing a part of the fuel solution in the core to dump 
tanks.

THE AQUEOUS POWER UNIT

If the solubility of plutonium sulfate in D20 is suffi­
cient under the desired operating conditions, it may 
be possible to operate the reactor described in the 
previous section for power alone by allowing the plu­
tonium to accumulate and burn along with the U*55. In 
such a system continual removal of the gaseous and 
solid fission products would be necessary to prevent 
the long-term build-up of poisons. Two alternate 
methods of fueling are possible. Either the entire

• ••• • ••••••• ••
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fuel charge can be replaced at regular Intervals de­
termined by the variation of reactivity with time as 
shown in Fig. 6 for two enrichments and reactor sizes, 
or small amounts of U255 can be added continually to 
make up for the conversion loss.

heat exhangers by suitable pumps. The system is 
somewhat analagous to a conventional steam-power 
plant, with the heat exhangers for the core solution 
replacing the boilers and the heat exhangers for 
the blanket corresponding to the feed-water heaters.

Table 4—Comparison of Current Estimated Neutron Losses with Old Estimate

Cause
g = 500 
cc/g

Losses, %

New estimates

g = 1000
cc/g

g = 1500 
cc/g

Old estimates

g = 100
cc/g

Foreign atoms in core 4.0 8.0 13.0 1.5
Tank absorption 1.0 0.9 0.9 1.0
Delayed neutrons 0.5 0.5 0.5 2.0
Poison absorption 1.7 1.7 1.7
Isotope absorption 0.6 0.6 0.6 1.5
Chemical processing 0.3 0.3 0.3 3.5
D20 in blanket 0.3 0.3 0.3 1.0
Escape 1.0 1.0 1.0 1.5
Absorption by Pa 0.8 0.8 0.8 1.5

Total 10.1 14.1 19.1 13.5

THERMAL POWER BREEDER

An important aspect of the future success of indus­
trial nuclear power is the possibility of converting 
fertile material to fissile material by breeding and 
thereby increasing the total available supply of fis­
sionable material. A homogeneous U233 -thorium unit 
offers an excellent means of realizing this, since re­
cent estimates indicate that breeding gains of the 
order of 0.2 are possible. In addition, significant 
amounts of power can be produced as a by-product. 
The electrical output of such a system would be about
1,250,000 kw. An important advantage of the breeder 
is that it is a combination producer of power and fis­
sionable material which is independent of an isotope 
enrichment plant, since the separation and recovery 
process is chemical in nature. It may well be that the 
U233-thorium breeding system, by avoiding the costly 
enrichment cycle via diffusion-plant operation, will be 
more attractive than the plutonium and power system 
based on slightly enriched or normal uranium.

The thermal breeder considered in Report ORNL- 
855 is a 500,000 kw aqueous power reactor similar to 
the HRE unit but with necessary modifications to han­
dle the considerable increase in power. The reactor 
consists of an enriched core containing a solution of 
U2SSinD20, presumably as uranyl sulfate, surrounded 
by a D20 slurry of thorium oxide. The D20 slurry can 
be replaced by Li for tritium production. Both the 
core and the blanket material are circulated through

Steam from the core heat exhangers drives a standard 
turbogenerator unit. The usual condensers, feed-water 
pump, and other auxiliaries are required as in any 
steam-power station.

From the breeding viewpoint, the success of such a 
reactor hinges largely on the neutron losses. Using 
the above system as a basis, with the reactor core at 
250°C and the blanket at 200°C, the neutron losses 
have been computed for three values of g (the ratio of 
D20 to U2SS) and the estimates compared with those 
previously given by Wigner, Weinberg, and Young.11 
This comparison is shown in Table 4.

The important aspect of the data shown in Table 4 
is that the neutron losses may be held to about 14 per 
cent with one-tenth the U233 concentration previously 
considered. With the lower concentration the inven­
tory of uranium in the reactor is reduced, materially 
decreasing the doubling time. In addition, there are 
several other developments which make thermal 
breeding look attractive. These are summarized as 
follows:

(2) Chemical processes such as Redox which in­
volve losses per cycle of less than 0.1 per cent have 
been routinely demonstrated. At the time of the Wig­
ner report there was grave doubt about the feasibility 
of a chemical cycle with less than 1 per cent loss.

(3) The capture of D20 (aa = 0.0008b) is less and the 
available purity (99.84 per cent) is greater than Wig­
ner assumed. This makes a breeder at only 1 or 2 g



SOME LONG-RANGE ASPECTS OF HOMOGENEOUS REACTORS 37-38

U/liter, instead of 10 g U/liter, a possibility, and thus 
drastically reduces the doubling time.

(4) Delayed neutrons from 23 are only 0.24 per cent 
instead of 0.8 per cent as given by Wigner. This com­
plicates control but improves breeding.

(5) Zirconium has appeared on the scene as a fea­
sible tank material of low-absorption cross section 
and good mechanical properties.

(6) Aqueous uranyl sulfate appears to be a feasible 
reactor fluid.

It is thus evident that the outlookfor thermal breed­
ing is much better now than it was in 1945.

before embarking on a full-scale enterprise. Crucial 
problems of corrosion, chemical stability, and control 
must be thoroughly understood before the actual de­
signing of large-scale reactors. Since many of the 
problems can be answered only by actual operation of 
a homogeneous reactor, it seems evident that the 
proper path of development involves the construction 
of a sequence of small and cheap experimental proto­
type reactors. The successful operation of these re­
actors will demonstrate the feasibility of homogeneous 
systems and provide the most direct and coherent 
solutions to the many design problems.

The Homogeneous Reactor Experiment described in

Fig. 7—Homogeneous-reactor experiment, simplified flow diagram.

THE ROLE OF THE HRE IN HOMOGENEOUS-
REACTOR DEVELOPMENT

The previous sections of this paper have indicated 
that successful aqueous homogeneous reactors may be 
capable of producing power and fissionable material 
very much more economically than any heterogeneous 
systems which have been proposed thus far. It is 
therefore probable that aqueous homogeneous reactors 
may be the main line of development for large-scale 
stationary power and Pu- or U233-producing reactors. 
In addition, nonaqueous homogeneous reactors may be 
very attractive for highest performance mobile power 
systems.

Although the long-range future of aqueous homoge­
neous reactors looks promising, the inherent diffi­
culties of homogeneous systems must be overcome

Reports ORNL-730 and ORNL-731 is conceived as the 
first in this sequence of experimental reactors. Fig­
ure 7 shows a flow diagram of the proposed operation 
and Fig. 8 is a layout of important components. Es­
sentially, the reactor consists of an 18-in.-diameter 
core containing a solution of 30 g per liter of highly 
enriched uranium as U02S04 in H2G. The core is sur­
rounded by a D20 reflector contained in a steel pres­
sure shell. The reactor operates at 250°C and 1000 
psi pressure and produces a maximum of 1000 kw of 
heat. This is removed by pumping the fuel solution 
through an evaporator type heat exchanger. Steam 
produced in the evaporator will drive a turbogenera­
tor unit producing about 150 kw of electrical power.

The most significant aspect of the HRE is the pos­
sibility of closely duplicating the actual operating con­
ditions of large-scale reactors. This is true not only
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1 Core tank

2 Reflector vessel

3 Control-rod drive

4 Soup boiler

5 Condenser

6 Soup condenser

7 Soup pump

8 Recombiner

9 Weight tanks

10 Condenser

11 Silica gel absorbers

12 Circulating pump

13 Instrument tubes

14 Charcoal adsorbers

15 Silica gel absorber

16 DjO dump tanks

17 Soup tanks

18 Concentration heater

19 Dump valve

20 D20 cooler

21 Removable plug

22 Outer shield

23 Pressurizer

• • •• • ••
• • •

Fig. 8 — Homogeneous-reactor experiment. General arrangemeit of equipment.
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with respect to temperature and pressure but also for 
the fission density in the fuel solution as shown in 
Table 6. The reduction in size is made possible by 
substituting a light water highly enriched-uranium 
system for the heavy water moderator and slightly 
enriched fuel. Thus, conditions of bubble formation 
and control stability can be reproduced on a small 
scale.

Table 6 — Comparison of Power Densities of Proposed 
Homogeneous Reactors

U2” power 
breeder

Plutonium
producer HRE

Grams U/liter 1 90 30
Power density, kw/liter 100 5 5-20
Total power, megawatt 500 1000 0.25-1

Actually the HRE is almost a scale model of a U233 
power breeder rather than the aqueous plutonium- 
producer reactor, and for this reason extrapolation 
from the HRE to the very large-scale reactors will 
not be completely reliable. It may well be that the 
design and construction of a moderately sized reactor 
operating at about 50,000 kw will be necessary before 
considering the construction of large-scale machines.

The emphasis of the proposed experimental program 
for the HRE will be on questions of over-all opera­
tional feasibility of homogeneous reactors which are 
not susceptible to component research. These are 
summarized below, roughly in the order of relative 
importance.

(1) Kinetics of gas production in the reactor core 
and the effect of bubbles on control stability.

(2) Methods of suitable reactor control and reli­
ability and maintenance of reactor material and equip­
ment.

(3) Chemical and radiation stability of the fuel solu­
tion.

(4) Methods of gas removal, recombination of H2 + 
02, and disposal of fission-product gases.

(5) Operability and maintenance of the power-gen­
eration system.

In general, the successful operation of a circulating- 
fuel fairly high-power nuclear reactor will provide a 
wealth of over-all experience and information which 
can never come from component experimentation and 
which will establish with some assurance the proper 
direction for the development of large-scale reactors.

NONAQUEOUS SYSTEMS

Although the aqueous systems described previously 
are generally applicable to many of the long-range

• • • • . ; ; • •••• • • • . •

objectives of the reactor program, such systems are 
limited by the temperatures which can be achieved be­
cause of the increasing difficulties of corrosion and 
chemical stability at the higher temperatures. Since 
the efficiency of the power-generating system in­
creases with the temperature of the fuel solution, 
nonaqueous nuclear-fuel systems operating at rel­
atively high temperatures offer the possibility of 
improved power cycles.

Not all the promising types of high-temperature 
nonaqueous reactors involve the homogeneous ar­
rangements of fuel and moderator to which this dis­
cussion is limited. Many heterogeneous arrange­
ments of liquid fuel and/or liquid moderator have 
considerable merit and may be more applicable for 
some uses than purely homogeneous systems. Conse­
quently, it is realized that a consideration of homoge­
neous reactors alone does not present a complete 
picture of possible future types of nuclear reactors. 
However, a true assessment of the over-all program 
depends strongly on decisions and development work 
now in progress and therefore must be deferred.

In the following paragraphs, proposals involving 
nonaqueous types of homogeneous reactors are re­
viewed briefly.

Gaseous Systems

Pure gaseous reactors using UFe as a fuel, as sug­
gested by Hull,*3 are not practical because of the large 
critical size. However, mixed solid and gas systems 
using a beryllium moderator are reasonable in size 
and have the advantage of gaseous systems, i.e., no 
radiation damage, simple chemical reprocessing, and 
certain safety features. Disadvantages are the corro­
sive nature and low heat capacity of the UF6.

Solid-core Homogeneous Reactors

Numerous suggestions for solid-core reactors in 
which both the fuel and moderator are solid have ap­
peared in the literature. One of the first of these 
consisted of a homogeneous mixture of graphite and 
uranium oxide pellets cooled by helium or bismuth- 
lead alloy. The original Daniels’ pebble pile was sim­
ilar in nature, using a mixture of BeO plus uranium 
oxide cooled by helium.14 Recently Daniels has pro­
posed a high-temperature experimental power reac­
tor made of graphite bars impregnated with uranium 
oxide and cooled by nitrogen or helium.15 Thermal 
and intermediate reactors consisting of uranium or 
plutonium-beryllium alloy cores, cooled by helium or 
liquid metal, have been studied.18 At least one sug­
gestion proposes the use of fluidizpd beds similar to 
those involved in catalytic cracking units common to 
modern oil refineries.17

A low-power research reactor consisting of a homo­
geneous arrangement of graphite blocks impregnated
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with enriched-uranium oxide and cooled with heavy 
water has been proposed by Thompson and Fahrner of 
North American Aviation, Inc.19 This reactor has the 
advantage of low cost and high inherent safety. At the 
proposed operating level fuel depletion and poisoning 
rates are low enough to permit operation for 10 years 
without fuel replacement so the fuel-handling difficul­
ties usually associated with solid systems are not par­
ticularly objectionable.

Solid-core type homogeneous reactors do not gener­
ally possess the advantages of fluid and fluidized re­
actors. The fuel and moderator are ’ easily removed 
only if they are in pebble or powder form. Solid fis­
sion products are retained in the core. Enriched fuel 
is usually required. However, such reactors are par­
ticularly well suited to high-temperature operation 
and do not require a particular pattern of fuel materi­
al. The active material is kept in the core, facilitating 
the maintenance of external equipment.
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On the Hazard Due to 
Nuclear Reactors

By M. M. Mills

Atomic Energy Research Department 
North American Aviation, Inc. 

Downey, California

Report NAA-SR-116 (Del.)

ABSTRACT

A major hazard associated with any nuclear reactor is the possible 
contamination of the atmosphere or water supply by the accidental re­
lease of the radioactive materials contained within the core. This 
problem can be considered in two stages: (1) the technological se­
quence of events leading to the hazardous release of radioactive mate­
rials from the reactor, and (2) the distribution of this radioactivity by 
meteorological and hydrological mechanisms. The second problem is 
not considered here since it is treated adequately elsewhere.1"21

The possible mechanisms of reactor catastrophe are mechanical 
disruption, cooling failure, and reactor runaway. Sabotage seems to be 
the most probable cause of mechanical disruption. On the basis of the 
theoretical studies which have been carried out, cooling failure and 
reactor runaway seem to lead to the same type of behavior. This is the 
gradual, nonexplosive release of volatilized substances containing ra­
dioactive products, and the quantity so released is usually small enough 
to be contained within an adequately sealed building. Some experimental 
studies are needed to substantiate these theoretical conclusions.

It appears likely that for the reactors which have been built or are 
presently contemplated an adequately gas-tight reactor building can re­
move the public hazard. The absence of mechanical shock, external to 
the shield, makes this possible. Some development in building con­
struction may be needed to attain this goal.

Studies, both theoretical and experimental, leading to intrinsically 
safe designs would be very desirable. The possibility of building a re­
actor which is intrinsically safe because of a large negative transient 
temperature coefficient is demonstrated with an example.

INTRODUCTION contained in the core of a power reactor can amount 
to more than a billion curies of fission products, and 
there may be also substantial amounts of other mate­
rials such as plutonium.

Scope

A radically new hazard has come with the technical 
development of nuclear reactors. The radioactivity

For example,1 if all the radioactivity in a 250- 
megawatt reactor were released, a surrounding area

f -L Jl

43



44 M. M. MILLS

10 miles in diameter might be subject to such intense 
irradiation that some 15 per cent of the population 
would receive a fatal dose. The catastrophic nature of 
such a release of radioactivity in the center of a large 
city is obvious. Similarly, if 1 million curies of ra­
dioactivity is released into the waters of a major wa­
tershed [the flow of the Missouri River at Sioux City, 
Iowa, (see Appendix D of reference 1)] over the period 
of a year, the resulting water will have just about tol­
erance radioactive contamination. Only 750 grams of 
plutonium is enough to contaminate one square mile 
of watershed to the tolerance limit for 30 years (see 
Appendix C of reference 1). The important point here 
is the public hazard; an accident with one reactor 
could force the evacuation of a large city or the tem­
porary abandonment of a major watershed.

This problem of public hazard may be considered 
in two steps: (1) the mechanisms by which radioactive 
or other poisonous materials are released from the 
reactor and (2) the manner in which these materials 
might be dispersed over the surrounding areas. One 
viewpoint, which is conservative but, in the writer’s 
opinion, is unduly pessimistic, is to assume that the 
radioactive material within any reactor will always 
somehow be released. The problem of examining the 
hazard presented by the reactor is then simply to 
study the meteorological and hydrological conditions 
at any proposed reactor site, taking note of the prox­
imity of major population centers or strategic instal­
lations. A substantial amount of study has been given 
this problem of radioactive dissemination (references 
1, 8, 13, 14, 16, and 18), and no additional study is 
contemplated here. The main interest in the following 
discussion will be to investigate mechanisms by which 
radioactive materials might be released from the 
core of a nuclear reactor and to discuss design tech­
niques which will eliminate or minimize this possi­
bility.

Operations hazards such as danger to the operating 
crew or strategic cost if a reactor is destroyed will 
not be considered. The operational hazards of a more 
or less conventional type, chemical and fire danger, 
mechanical failure, and corrosion, will not be dis­
cussed in detail. They are important and difficult 
problems in any reactor design but are not of primary 
interest here since they fall in or near fields of con­
ventional technology. These problems are discussed 
elsewhere.16

Possible Accidents

The technological sequence of events leading to the 
escape of radioactive material from the core of a nu­
clear reactor will be referred to as “reactor catas­
trophe.” There are several ways in which this may 
happen:

(1) Mechanical disruption in which the reactor struc­
ture may be damaged by accident, sabotage, or acts 
of God, e.g., earthquake. There are adequate design 
techniques known to protect against acts of God, ex­
cept, perhaps, the very unlikely possibility of a direct 
hit on a reactor by a large meteor. This leaves only 
accident and sabotage to be seriously considered.

(2) Cooling failure in which the reactor structure 
may be sufficiently damaged by overheating due to 
failure of the cooling system to allow fission products 
to escape. Because of delayed power production due 
to fission-fragment decay activity, this may happen 
even if the reactor is shut down at the instant of cool­
ing failure. The problem is more serious if cooling 
failure follows runaway behavior of the reactor.

(3) Reactor runaway in which, if‘the control system 
fails or accident or sabotage occurs, a release of ex­
cess reactivity (excess k) may lead to a rapid power- 
level increase, which may only stop after self-induced 
melting, disruption, or mutilation of the reactor. In 
some instances intrinsic temperature or power coef­
ficients may be adequate to prevent serious damage 
of this sort. Techniques designed to incorporate such 
protective coefficients in the behavior of the reactor 
are desirable.

REACTOR CATASTROPHE

Sabotage and Disruptive Accidents

At this point, the problems of sabotage and disrup­
tive accidents may be discussed briefly. A serious 
treatment will require much more study than is con­
templated here.

The problem of sabotage is serious, and study by 
the Reactor Safeguard Committee1 has indicated that 
during wartime sabotage and attempted sabotage are 
quite prevalent. However, effective sabotage of a nu­
clear reactor is not easy. There are essentially three 
methods: (l)The saboteur may induce a reactor runa­
way. The analysis of the behavior of a runaway reac­
tor will be studied in detail below and will not need 
further technical consideration here. To effectively 
initiate a disruptive runaway the saboteur would have 
to be someone with considerable technical competence 
in a position of trust. Designing the reactor so that 
the efforts of many people, under skilled technical 
guidance, for an extended period of time would be re­
quired to initiate a runaway would minimize the pos­
sibility of sabotage of this sort. (2) The saboteur may 
make use of materials present in the reactor to cause 
disruption of its structure. Getting water into a sodi­
um-cooled reactor can serve as an example. Here the 
result of sabotage will be similar to what might hap­
pen if an ordinary accident were to occur. Such ac­
cidents are briefly discussed below. (3) The saboteur 
may attempt to disrupt the reactor by means of ex­
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plosives. The massive shield (10 ft thick) of steel and 
concrete will require a substantial quantity of explo­
sive for effective disruption, and the possibility of 
bringing this to the reactor without detection would 
seem unlikely. A more extended discussion of reactor 
sabotage may be found in references 1, 3, and 4.

A saboteur may also take radioactive or fissionable 
material from the reactor to be used as a weapon. 
After a short period of operation, the radioactive level 
of materials within the reactor would make such re­
moval without detection quite difficult.

Disruptive accidents which occur because of cooling 
failure or reactor runaway will be discussed later. 
A brief mention of possible accidents from other

A nuclear reactor differs from conventional machines 
in that there is substantial power production even 
after the reactor is shut down. This is due to the en­
ergy production from the radioactive decay of fission- 
product nuclei. Some details of radioactivity compu­
tations, based on a simplified formulation of Way and 
Wigner,25’28 are given in Appendix A. The radioactiv­
ity may be expressed in power units, or, on the as­
sumption made here that one decay event corresponds 
to 1 mev of energy, it may be expressed in curies. 
The magnitude of this radioactivity, following normal 
shutdown of a nuclear reactor, is indicated in Table 1.

If a reactor runaway were to occur just before shut­
down, the radioactivity indicated in Table 1 would be

Table 1 —Radioactivity After Normal Shutdown*

Radioactivity from a Radioactivity from a
previous steady power previous steady power

Time after of 300 kw of 250,000 kw

shutdown, Power, Activity, Power, Activity,
sec kw curies kw curies

10 12.9 2.1 x 106 11,000 1.8 X 10s
102 (1.7 min) 8.0 1.3 x 10“ 6,800 1.1 X 10“
10s (16.7 min) 5.2 8.4 x 10“ 4,300 7.0 x 10“
10* (2.8 hr) 3.3 5.3 x 10“ 2,700 4.4 x 10“
105 (28 hr) 2.0 3.3 x 10“ 1,700 2.8 x 10“

‘This includes only effects due to fission products) see Appendix A.

sources, such as chemical reaction, is appropriate 
here. Although the total energy release from such ac­
cidents could be quite large, the rate of energy gen­
eration will probably be slow relative to the rate 
which would occur with conventional explosives. The 
materials now being used or planned for use in reac­
tors might lead to behavior which would correspond 
to a serious chemical fire, but this behavior would 
hardly correspond to an explosion. This problem must 
be studied for each reactor in detail. Furthermore, 
although this is not an easy problem, the fundamental 
background of conventional technology can be drawn 
upon. However, some of the materials, as well as 
their conditions of utilization, are novel and will re­
quire detailed study and development.

The use of sodium coolant represents a problem of 
this kind, and one safeguard has been the elimination 
of water from the reactor building. A number of de­
tailed discussions of problems of this type for specific 
reactors may be found in references 13 to 21.

Cooling Failure

One way in which the reactor structure might fail 
and perhaps lead to the release of radioactive mate­
rial is by overheating subsequent to cooling failure.

temporarily augmented up to a time given by the en­
ergy burst in the runaway divided by the normal 
power.

W. H. Zinn and his staff7 have prepared an excellent 
condensed summary indicating the temperature rise 
in the reactor structure which would follow the com­
bined event of simultaneous cooling failure and shut­
down of the reactor. This temperature rise is due to 
the fission-product activity. In their study it was as­
sumed that the fission-product energy would all re­
main within some appropriate portion of the reactor. 
This was done to take into account the facts that the 
heat will be largely produced in the fuel elements and 
that the fuel elements may have poor thermal contact 
with portions of the structure of large heat capacity. 
The heterogeneous reactors at Hanford and Chalk 
River are examples of this. The result of the analysis 
is given in Fig. 1. Some details of the study are indi­
cated in Appendix A. As would be expected, rapid 
radioactive heat production and small heat capacity, 
which lead to rapid temperature rise, are associated 
with reactors of high specific power and high power 
density. For example, Fig. 1 indicates that the Mate­
rials Testing Reactor (high flux) will melt down within 
10 min after cooling failure even though normal power 
production is shut down.
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Evidently, the consequences of cooling failure can 
be quite serious. It would certainly be a great loss 
and serious catastrophe if such an accident were to 
occur. However, it is probable that such an event still 
can be subject to enough control so as not to repre-

if suitable equipment is ready in stand-by condition. 
However, even if cooling failure does occur, it does 
not have to represent a serious public hazard.

Structural failure following cooling failure will not 
be an event of explosive violence, although it may lead
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Fig. 1—Temperature rise after normal shutdown.

sent a public hazard. Normal safeguards would in­
clude stand-by pumping power for the coolant circu­
lating pumps, quantities of coolant available under 
gravity feed, and an integral, natural convection cool­
ing system adequate to handle delayed power produc­
tion. The latter arrangement is especially attractive. 
In addition, the time scale is long enough (10 min or 
more) so that some protective measures can be taken

to the production of steam or it may induce serious 
secondary effects due to chemical reactions. As in 
the case of disruptive accidents, these secondary ef­
fects will be more like a bad chemical fire than an 
explosion. Furthermore, they can be studied before 
the reactor is built, and in some cases less reactive 
materials may be selected. If no disruptive secondary 
effects follow cooling failure, then the problem is
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easier. It is very unlikely, in any case, that there will 
be serious mechanical disruption of the shield. Mod­
erate redesign of the shield, which is a massive 
structure for other reasons, should make it possible 
to prevent any major mechanical violence from es­
caping into the region external to the shield. If this is 
done, the provision of a suitable gas-tight reactor 
building should be adequate to prevent escape of radi­
oactivity. This will be discussed in more detail below.

Reactor Runaway

A reactor runaway may occur if a nuclear reactor 
becomes supercritical by accident, negligence, or 
sabotage. The analysis of such problems must con­
sider the degree of supercriticality that is likely to 
occur, factors that tend to accelerate or decelerate 
the runaway, and at what power level and total energy 
release the runaway is likely to stop. It turns out that 
accidents of this kind can be classified as dynamical 
or quasi-static, depending upon the reactor charac­
teristics.

There are no direct or very complete indirect ex­
perimental studies which are applicable to the prob­
lem of reactor runaway.* The main result of theoret­
ical studies, which will be outlined below, may be 
anticipated here. In no case does the runaway be­
havior of a nuclear reactor even remotely resemble 
the violence of an atomic bomb explosion. Further­
more, the description of a runaway as equivalent to so 
many pounds of TNT is also extremely misleading. 
Even the most violent runaway behavior of a fast- 
neutron-spectrum reactor is considerably less dis­
ruptive than a TNT explosion. In every case, in so 
far as violence arising from a runaway nuclear reac­
tion is concerned, it appears that by proper attention 
to design of the shield no serious mechanical disrup­
tive effects will propagate to the region external to 
the shield. Secondary effects such as chemical reac­
tions and release of stored energy may still present 
serious problems but probably will produce effects 
nonexplosive in character.

There have been some rather detailed theoretical 
studies (references 1 to 5 and 15 to 17) of the problem 
of reactor runaway which will not be reproduced here. 
However, enough discussion will be given so that the 
meaning and scope of these studies may be under­
stood.

(1) Initiation and Time Scale. A reactor runaway 
may be initiated by removal of the control rods (or 
insertion of reflector control rods), by addition of fis­
sionable material or withdrawal of parasitic material 
from test facilities, by more effective assembly of the

*The atomic bomb is not included in the nuclear reactors 
considered here. The reactors of immediate concern are. 
those described in references 1 to 21.

reactor (compression of the Los Alamos Fast Reac­
tor), and by a sudden large decrease in coolant tem­
perature in reactors with negative reactivity temper­
ature coefficients. In the case of very-fast-spectrum 
U235 reactors, it appears that a thermal fluctuation 
could set off a spontaneous runaway. In this last case, 
local heating of the fuel may cause an improved fis­
sion absorption of neutrons through Doppler broaden­
ing of the resonance absorption lines. The details are 
rather intricate. Harvey B^ooks1,,:,0 has given a cri­
terion for such accidents and a brief discussion of the 
Doppler effect. A more detailed discussion of ways in 
which a runaway might be initiated may be found in 
references 5 and 17.

Granting that a runaway has started, the pertinent 
question is how rapidly and how much excess reac­
tivity (excess k) is released. This question must be 
answered for each reactor in detail. Bethe15 has esti­
mated that the KAPL West Milton Area (KAPL WMA) 
Reactor under its fast loading could achieve an excess 
k of 0.01 essentially instantaneously and that 0.02 is 
probably an upper limit. For large thermal reactors 
(Hanford, X-10 at Oak Ridge, the Brookhaven Reactor) 
normal operating conditions seem to be such that only 
1 to 2 per cent excess k is available. The Oak Ridge 
Reactor cannot exceed prompt critical (0.73 per cent), 
and by loss of coolant water Hanford might achieve 
about 2 per cent excess reactivity. For these large 
reactors it is difficult to visualize how reactivity 
changes can occur in less than a second or so. A de­
tailed analysis5 indicates that it makes little differ­
ence in these particular cases if an instantaneous or 
more gradual release of excess reactivity takes place. 
For reactors with xenon over-ride requirements and 
large excess reactivity available in the controls, a 
crude estimate indicates that, if about 0.02 excess k 
is reached, the runaway will be so rapid that no fur­
ther motion of the control rods can take place.

For other reactors it seems plausible to assume 
the excess reactivity available in the controls is a 
measure of the maximum excess k which may be 
made suddenly available. This amounts to 1 or 2 per 
cent in many cases. Instantaneous release is a con­
servative assumption which does not seem to lead to 
unduly pessimistic results.

As a rough general criterion, an excess k of 2 per 
cent made instantly available seems to be satisfactory 
as a basis for estimating the behavior of runaway ac­
cidents.

After the runaway has been initiated, the power lev­
el of the reactor will increase approximately as e'A 
where r is the e-folding time for power rise. As a 
rough approximation it is given by
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where Ak is the excess reactivity (in fractional units, 
not in per cent) and r0 is the neutron generation time 
(the time it takes the average neutron to be absorbed 
or leak from the reactor). For reactors of rather low 
multiplication, say low k.., a fairly general function 
giving r as a function of r0 and Ak may be computed 
taking into account the effect of delayed neutrons. The 
results of computations22 based upon U235 delayed neu­
trons* are shown in Fig. 2. The value of t0 may vary 
from a few milliseconds for large thermal reactors 
to microseconds for fast-neutron-spectrum reactors. 
Typical values of the e-folding time for 0.02 excess k 
are 0.04 sec for the
Argonne CP-3 Reactor, 0.004 sec for the Los Alamos 
Water Boiler, and 20 psec for the KAPL WMA Reac­
tor (fast loading). These times are all short compared 
to human reaction times. If the automatic control and 
safety devices do not function, the runaway will run 
its course.

(2) Runaway Behavior. After a runaway has been 
initiated, the energy which accumulates in the reactor 
may serve to further accelerate or retard the rate of 
power rise. Temperature coefficients, poison deple­
tion, and, in liquid-core reactors, bubble formation 
are such effects. If these changes in reactivity are 
large and negative, the runaway may stop itself with­
out serious harm to the reactor or danger to the sur­
rounding area. Such large negative transient reactiv­
ity coefficients would furnish valid intrinsic protection 
of the reactor and are very desirable. If coefficients 
do not stop the runaway, it will continue until self- 
disruption or mutilation of the reactor stops it. If the 
reactivity changes induced by the runaway are positive, 
the reactor will be called “autocatalytic.” Clearly, 
autocatalytic reactors are particularly unsafe.

Reactivity Coefficients. The problem of runaway 
analysis is further complicated by the fact that the 
reactivity coefficients during the transient conditions 
of runaway will usually be different from those cor­
responding to steady-state operation. In some cases 
it is quite difficult to estimate appropriate transient 
coefficients from steady-state measurements. Tem­
perature coefficients may serve as an example.

In a reactor there are usually a variety of temper­
atures such as fuel, moderator, structure, and coolant 
temperature. In thermal reactors the temperature of 
thermal neutrons may also be considered. Even under 
steady-state conditions all these temperatures may 
be, and usually are, different. Under transient power 
rise, the fuel may heat up with only a minor change in

'The fraction of delayed neutrons, which may be taken as 
an indication of the division between delayed critical and 
prompt critical, is 0.0073 for U235, 0.0047 for Pu3", and 
0.0024 for U233. The larger fraction of delayed neutrons for 
U233 makes it more attractive from the viewpoint of control 
and safety.

other temperatures. For the KAPL WMA Reactor the 
time for the fuel to achieve thermal equilibrium with 
the coolant is about 0.02 sec. However, the e-folding 
time for runaway power rise may be as short as 20 
psec, and it must be concluded that essentially all 
the heat generated in the fuel elements will remain 
there.

Only in truly homoge­
neous reactors such as the Los Alamos Water Boiler 
will the temperature rise of fuel and moderator be the 
same.

The
temperature coefficient for the Low Power Research 
Reactor* has been estimated to be about -2 x 10-4 
k/°C, due mainly to increased leakage from increased 
neutron temperature. Because this reactor is homo­
geneous, the coefficient should be effective during 
transient conditions. Details are given in Table 7.

The major poisons are produced as decay products 
of rather long-lived (lifetime on the order of 1 hr) 
mother nuclei. A runaway accident will last only a 
few seconds. Consequently, during a runaway poisons 
will not be in equilibrium and will usually undergo 
depletion leading to an autocatalytic effect. The mag­
nitude of this effect has been estimated for a number 
of cases,5 and fortunately it seems to be small. How­
ever, this must be reconsidered for new reactors.

The effect of bubble formation in liquid homogene­
ous reactors seems to furnish an intrinsic negative 
protective coefficient. Whether or not these bubbles 
are truly effective under transient conditions will de­
pend upon their rate of nucleation and growth. The 
information available on this problem is largely theo­
retical,3®’37 although studies being made in connection 
with the Homogeneous Reactor Experiment should 
help to clarify this.20'21 Experiments with transiently 
heated solutions would give direct information on this.

Experiments to determine the transient fuel tem­
perature coefficient of enriched fast-spectrum reac­
tors will require careful interpretation. A laboratory 
experiment which might employ a critical assembly 
and electrical heating of the fuel will lead to thermal 
expansion which can affect the statistical weight and 
degree of self-shielding of the fuel. Fast-spectrum
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reactors can have such a short e-folding time that 
heating of the fuel during runaway can take place 
without the same type of expansion of the fuel, since 
expansion of the core structure can take place only

Tft" *000 MICROSECONDS

0.0001 0-01 CM
EXCESS REACTIVITY K-1

Fig. 2 — Variation of rising period, re , with excess reactivity from the inhour equation
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after the surrounding structure (blanket and reflec­
tor) has been pushed back. Expansion during a runa­
way is essentially limited by the speed of sound.

The reactivity coefficients are discussed in more ~ ■_____ ;
detail in references 2, 5, and 16. (3) Termination of the Runaway. The violence and

total energy release of the nuclear reaction up to the 
termination of the runaway is of immediate concern
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here. The character of the stopping mechanism de­
pends upon the relation between the nuclear and me­
chanical time scale of the reactor and may be classi­
fied as dynamical or quasi-static.

(a) Dynamical Accidents. The analysis of dynami­
cal accidents and the detailed reasons for the classi­
fication are given in Appendix B. In general, the runa­
way will be dynamical in character if

R > cr (2)

where R is a representative length associated with the

core of the reactor. In spherical reactors it would be 
the core radius, and in reactors of compact design it 
may be taken as the radius of an equivolume sphere. 
The quantity c is the speed of sound in the reactor 
core, and t is the e-folding time for power rise. The 
value R/c may be recognized as a mechanical time 
scale of the reactor core; Eq. 2 indicates that dynam­
ical characteristics are the important controlling fac­
tors if the e-folding time is much shorter than the 
mechanical time scale. In particular, pressure gen­
eration and expansion of the core structure will not 
be able to keep step with the nuclear reaction.

The detailed analysis indicates that the fuel or core 
material will be vaporized or even partly ionized and 
that pressures large compared to the strength of core 
material will be encountered. Consequently, the de­
tailed analysis of structural behavior need not be at­
tempted when making estimates of energy release in 
a dynamical runaway. This makes it possible to de­
rive the general formulas (cf. Appendix B) given below 
to describe the accident.

The maximum expansion velocity at the core-re­
flector interface is approximately given by

u = — Ak — a —— (Ak)2 (3)
n r n t0

where u = the expansion velocity
R = the effective core radius 
t = the e-folding time 
t0 = the neutron generation time 

Ak = the excess reactivity 
n = a numerical factor on the order of unity 

(range from 0.5 to 2.0)
The maximum pressure generated by the runaway 

is approximately

P = ^Ak P(?) ^ (4)
where p is the pressure generated in the core and p 
is the density of the core material.

The nuclear energy released is then estimated from

where E is the energy released, p is the pressure 
(Eq. 4), and y is the ratio of specific heats for the va­
porized fuel or vaporized core material if the reactor 
is homogeneous.

The volume term, V, is the volume occupied by the 
expanded vaporized fuel or core at the end of the run­
away, not the volume under normal conditions. If only 
the fuel is vaporized, it may occupy twice the fraction 
of core volume taken up under normal conditions. If 
the core is vaporized, in a homogeneous reactor, this 
factor will amount to about 10 per cent at most. For 
vaporized ionized uranium fuel the factor l/(y-l) 
may amount to 4.5.

Bethe17 has given a detailed discussion of a possible 
runaway that might be encountered with the KAPL 
WMA Reactor and which may be taken as an example 
of a dynamical accident. Important points are that: (1) 
Spontaneous runaway (see criterion given by Brooks18) 
and runaway induced by control-rod motion will be 
about the same. The reason for this is that the runa­
way proceeds so rapidly after prompt critical is 
reached that essentially no further control-rod motion
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can take place. (2) Only in the fastest neutron-spec­
trum fuel loading would the WMA Reactor have both a 
positive transient fuel temperature coefficient and a 
positive net change in reactivity on going to high tem­
perature. With other loadings, even if the temperature 
coefficient starts out as positive, it changes sign as 
the temperature increases so that eventually it exerts 
a slowing effect.

than an explosion. The concept of the equivalent 
amount of TNT is misleading and should be abandoned.

Bethe17 has studied the consequences of the runa­
way in some detail and has come to the conclusion 
that piastic deformation of the biological shield struc­
ture will absorb all the energy and will prevent me­
chanical shock from being transmitted to the reactor 
room. This is easy to see when it is realized that an

CORE
<8 IN. ACROSS FLATS X 48 IN. HIGH 
469 FUEL RODS 4.Z IN. DIA.
40 Kg U-235
40 ATOMS Ba/U; 7Na, 5-40 Fa

REFLECTOR-CONTROL
402 8a RODS 4.3 IN. OIA.
2.4 IN. EFFECTIVE THICKNESS

BREEDER BLANKET 
44 IN. THICKNESS 
426 RODS 4.2 IN. OIA. 
HALF U-HALF Ba 
240 RODS 2 IN. OIA. 
U IN Ba MATRIX

Fig. 4—General arrangement of the KAPL WMA Reactor.

The general arrangement of the KAPL WMA Reac­
tor is indicated in Fig. 4. The violence estimate for 
runaway behavior of this machine is listed in Table 2. 
The results indicate a nuclear energy development of
44,000 kcal, a maximum pressure of 20,000 atm, and 
a maximum expansion velocity of about 44meters/sec 
(98 mph).

The pernicious practice of describing nuclear acci­
dents in terms of the equivalent amount of TNT has 
grown. This equivalence is based upon the energy 
generated in the accident and is completely mislead­
ing as a description of the violence. This is clearly 
shown in Table 2 where characteristics of a TNT ex­
plosion and the reactor accident are compared. The 
TNT pressure is greater than the reactor pressure by 
a factor of 9, and the TNT expansion velocity is greater 
than the reactor expansion velocity by a factor of 30. 
Indeed, the expansion velocity in the case of the reac­
tor, 98 mph, looks much more like an auto accident

average shield-temperature rise of 1°C or an average 
shield velocity of about 40 meters/sec is sufficient to 
absorb all the nuclear energy.

It is probable that a sodium fire will follow the ac­
cident. The energy that may be generated from the 
sodium in this way is about 30,000 kcal. It should be 
possible to install an automatic fire-control system 
to minimize the effects of such secondary fires.

The final outcome of a dynamical runaway of this 
kind will certainly be disagreeable. The reactor will 
be destroyed, the interior portion of the shield will be 
damaged, and there may be a serious chemical fire in 
the reactor room. This is indeed a serious event, and 
it is not the intention to minimize it here. The main 
concern here is possible hazard to the public. The 
theoretical conclusions that the runaway does not re­
semble an explosion and that no mechanical shock 
penetrates the shield are certainly very encouraging. 
The reactor room can be made gas-tight to control
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the spread of radioactivity, and the installation of au­
tomatic and auxiliary fire-control equipment should 
be effective, since the equipment would not be subject 
to serious mechanical shock.

Before considering quasi-static accidents, an esti­
mate of the maximum possible nuclear-reactor runa­
way violence will be given. The results are listed 
in Table 3. This estimate was the outgrowth of an

small, and the reactor will fail by “a weakest link” 
depending upon details of its design and structure. 
The mechanical shock from the nuclear reaction will 
be negligible, but the total energy release may be 
quite large, resulting from the heating of a large re­
actor mass. The equations (Eqs. 3 to 5) describing a 
dynamical accident may not be applied to quasi-static 
accidents. The energy analogy with TNT is even more

Table 2—Estimate of Runaway Violence for KAPL WMA Reactor 
(Fast-spectrum loading)

Assumptions

Neutron generation time, r0 0.4 psec
Excess reactivity (mainly due to high temperature of fuel), Ak 0.01 
Reactor e-folding time, r 40 psec
Velocity of sound in core, c 2 x 105 cm/sec
Effective core radius, R 27 cm
Density of core, p 4 g/cc
Stopping parameter, n 1.5
Fraction of core volume occupied by expanded fuel 0.25
Specific heat factor, l/(y - 1) 4.5

From this R/ct = 3 (just barely a dynamical accident)

Results*

Reactort Equivalent TNT

Nuclear energy to termination 
Equivalent quantity of TNT 
Maximum pressure 
Expansion velocity 
Heat of oxidation of the 6.8 kg of Na 

in core at 100 kcal/mole

44.000 kcal 
100 lb

20.000 atm
44 meters/sec

44,000 kcal 
100 lb

180,000 atmt
1,340 meters/sec

30,000 kcal

•Compare Eqs. 3, 4, and 5.
tThe values given correspond to reference 17 for Ak - 0.01.
(This includes impact pressure = density x (expansion velocity)3, which amounts 

to about 30,000 atm.

attempt to put an upper limit on the violence of a 
runaway for any nuclear reactor which produces ap­
preciable power in normal operation. Because of the 
pessimistic nature of the assumptions, the runaway 
performance does resemble an explosion. It is un­
likely that a reactor of this character will be built in 
the near future.

(b) Quasi-static Accidents.
In general, the runaway will be quasi-static if

R •« cr (6)

The symbols used here have been defined under Eq. 2. 
Under the conditions indicated by Eq. 6, mechanical 
effects may be treated by lumped parameters and by 
quasi-static methods. The pressures will usually be

misleading here than for the case of dynamical acci­
dents. In most cases pressures will not exceed 10 
atm.

The detailed estimates given in reference 5 and 
summarized below are probably as reliable as can be 
obtained without some experimental work. The anal­
ysis involves interactions between physical, chemical, 
mechanical, and nuclear systems, and the results 
must be considered tentative and approximate.

The probable stopping mechanisms for the reactors 
considered, Los Alamos Water Boiler, ORNL X-10 
Reactor, and Argonne CP-3
Heavy Water Reactor, are listed in Table 4. The 
variety of mechanisms is apparent and may be con­
trasted with the simple expansion mechanism oper­
ating in the case of dynamical runaway.
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There are obviously no general formulas available 
which summarize the estimated runaway behavior for 
quasi-static accidents. Summarized results for the

Table 3 —Maximum Possible Nuclear Reactor 
Runaway Violence*

Assumptions

Neutron generation time, t0 10"7 sec
Excess reactivity, Ak 0.03
Approximate e-folding time, r 3 x 10"* sec
Speed of sound in core (sodium and ura­

nium), c 10s cm/sec
Radius of core, R 15 cm
Core density, p 10 g/cc
Stopping parameter, n 1.0
Specific heat factor, l/(y- 1) 5
Fraction of core volume occupied by ex­

panded fuel 0.5

R/cr = 50 (well into the dynamical region)

Results

Nuclear energy to termination 2.12 x 10s kcal
Maximum pressure 2.5 x 10" atm
Maximum expansion velocity 1500 meters/sec

Equivalent TNT = 465 lb (analogy may be satisfactory)

'The assumptions were made by H. A. Bethe2 and corres­
pond to a very compact, heavily loaded U2” and sodium re­
actor.

three reactors are given in Table 5.
In the examples given, initiation by a step-function 
increase in reactivity was assumed with Ak = 0.02. A

the following order: A, probable; B, probable maxi­
mum; and C, improbable extreme. The theoretical 
estimate indicates that the runaway will stop between 
A and B, and rather nearer A. The values under C 
are believed to represent an upper limit.

Although the results so far available are theoretical 
and tentative, some conclusions may be given. De­
tailed studies5 indicate that the quasi-static runaway 
is never of explosive violence. Secondary effects such 
as stored-energy release or chemical reaction will 
usually be a larger source of energy than the nuclear 
reaction. In reactors containing large quantities of 
water, there may be a fairly rapid pressure build-up 
which will probably be released as escaping steam 
jets before it reaches the magnitude of a steam ex­
plosion. In most cases it appears that there will be 
very little violence external to the shield.

This indicates that a suitable shield design with ade­
quate internal expansion volume and adequate strength 
would serve to protect the reactor room. A sealed 
reactor room would then be a feasible method of pre­
venting the spread of radioactivity and minimizing the 
public hazard.

SAFE DESIGNS

The ideal safe design would result in a reactor 
which is intrinsically safe and which is not dependent 
upon safety gadgets such as control circuits for pro­
tection. This is an important distinction. Teller has 
summarized this distinction by saying that the ideal 
safedesign will be one which only a “Maxwell demon’’ 
can upset, while a mere “gremlin” can upset ordinary

Table 4 — Probable Runaway Termination Mechanisms

Reactor Probable runaway stops

Probable nuclear 
energy release, 

cal

Lqs Alamos
Water Boiler

By expansion of core, due to gas generation from 
fission-fragment decomposition of core fluid

10s

ORNL X-10
Reactor

Probably by change in fuel-rod geometry when the 
uranium fuel rods melt, resulting in increased 
resonance absorption of neutrons

2 x 10*

Argonne CP-3 
Reactor

Mutilation of core structure when fuel rods fall to 
bottom of reactor tank after melting

10*

detailed step-by-step analysis of the runaway was 
then made. The probable energy and gas volume re­
leased by the nuclear reaction and by secondary reac­
tions triggered by the nuclear reaction are listed in

safety gadgets. Examples of such intrinsically safe 
characteristics are chemically nonreactive reactor 
components and large negative transient reactivity 
coefficients.
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Table 5—Summary of Quasi-static Reactor Runaway Accidents

ORNL Argonne Los Alamos
Remarks X-10 CP-3 Water Boiler

Status Built Built Built
Type Thermal Thermal Thermal
Moderator Graphite 0,0 H,0

Weight, g 2.24 x 10* 6.40 X 10* 1.36 x 104
Reflector Graphite Graphite BeO

Weight, g 4.10 x 10' 3.26 x 10’ 2 x 10*
Total uranium, g 4.41 x 10’ 2.87 X 10' 4.05 x 10s
Uranium 235, g
Enrichment, % (0.71% is natural

3.15 x 10s 2.05 X Iff* 5.80 x 101

isotope mixture) 0.71 0.71 14.3
Power, kw 3.4 x 10s 3 x 102 5.0

Cai/sec 8.14 x 10s 7.17 x 104 1.2 x 10s
Neutron generation time, sec 10-s 5 x 10'4 5 x 10-5
Assumed excess reactivity

Corresponding e-folding time for
0.020 0.020 0.020

power rise, sec 0.080 0.040 0.004
Assumed excess reactivity

Corresponding e-folding time for
0.016 0.017

power rise, sec
Gross descriptions of catastrophe 

estimates
Case A (probable)

Energy generated in nuclear

0.112 0.051

reaction, cal
Energy generated in chemical

2.34 x 10’ 0.15 x 10* 1.02 X 105

reaction, cal
Release of stored energy

5.00 x 10* 
6.72 x 10*

1.74 x 10*

Total energy
Gas volume released at NTP,

14.1 x 10* 1.89X 10* 1.02 x 105

cc
Case B (probable maximum) 

Energy generated in nuclear

2.07 x 1010 6.34 x 10* nil

reaction, cal
Energy generated in chemical

1.07 x 1010 0.82 x 10* 6.8 x 10s

reaction, cal
Release of stored energy

5.00 x 1010 
6.72 x 10*°

1.74X 104

Total energy
Gas volume released at NTP,

12.79 x lO*0 2.56x 10* 6.8 x 10*

cc
Case C (improbable extreme) 

Energy generated In nuclear

2.07 x 10l° 8.46x 10* nil

reaction, cal
Energy generated in chemical

3.06 X lO** 1.99 x 10* 1.0 x 10*

reaction, cal
Release of stored energy

5.00 x 1010 
6.72 x 1010

1.74 x 10*

Total energy
Gas volume released at NTP,

14.78 X 10l° 3.73 x 104 1.0 x 10*

cc
Effective catastrophe parameters 

(Case A, step function, ik, only) 
Number of generations to end of 

catastrophe, g = In [P(max)/P

2.07 X 1010 11.23 x 10* 8.5 x 104

(normal)]
Effective value of rt e* = E(nucle-

10.2 12.3

ar)/P(normal), sec
Effective value of r, - E(nuclear)/

2.88 x 10* 2.1 xlO4 78

P(max), sec 0.105 0.009

.4 C57
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Safe Design Techniques

A number of design techniques which should mini­
mize reactor hazards come readily to mind.5 They 
may be classified according to possible catastrophic 
events: accident or sabotage, cooling failure, and re­
actor runaway. The brief discussion of sabotage which 
has been given will not be amplified here.

The possibility of accidents which are due to the 
chemical reactivity of reactor components, either with 
themselves or with the atmosphere, can be minimized 
by careful attention to design and construction of the 
reactor. Problems of this type can be adequately 
studied before the reactor is built, and they fall into 
the realm of chemical-engineering technology. Even 
pertinent radiation effects can be pretty well evaluated 
beforehand.

The ideal solution is the utilization of chemically 
nonreactive materials or materials which have al­
ready reacted (water and metal oxides).

The disastrous effects of cooling failure may be 
controlled by having suitable stand-by emergency cool­
ing equipment available. Independently powered cir­
culating pumps and large quantities of coolant availa­
ble under gravity feed would give additional protection.

An attractive arrangement would be a natural con­
vection coolingsystem since it is not subject to pump­
ing power failure. In any case, the rate of temperature 
rise following shutdown is slow enough so that time 
(10 min or more) for some emergency measures will 
be available.

The effects of reactor runaway may be minimized 
by providing a suitable expansion volume inside the 
reactor shield, designing the shield as a physical 
barrier as well as a radiation barrier, and arranging 
automatic fire-fighting equipment in the reactor room. 
It should be possible to seal the reactor room to pre­
vent the escape of radioactive products.

Intrinsic stability of the reactor, owing to large 
negative transient reactivity coefficients, is the ideal 
safeguard. Such a reactor cannot run away. An ex­
ample of this type will be discussed below.

The possibility of achieving such an intrinsically 
safe design is dependent upon obtaining favorable re­
activity coefficients. Some of these problems have 
been discussed in connection with reactor runaway. 
A systematic discussion of both reactivity coefficients 
and safe design techniques is given elsewhere.5

Example of Intrinsically Safe Design

The Low Power Research Reactor® is an example of 
a reactor designed to be intrinsically safe because of 
a large negative transient temperature coefficient. 
The reactor consists of an enriched-uranium-impreg- 
nated graphite core evacuated and filled to a few centi­
meters of helium pressure and contained within an 
aluminum tank. The core is surrounded by a graphite

reflector. Cooling is accomplished by assembling the 
core from individually cooled fuel elements which are 
hexagonal blocks of graphite assembled on an alumi­
num tube through which coolant passes. The coolant 
is heavy water and was selected so the reactor would 
lose reactivity if the coolant were lost. The reactor 
is sketched in Fig. 5.

The general safety features of the reactor include: 
(1) Low power design so the build-up of radioactive 
fission products will be small. Through the use of 
enriched material, the flux is kept high at low power 
so the reactor is useful for research. (2) The reactor 
is thermal so the neutron generation time, t0, and 
therefore the time scale during an accident, is fairly 
long. (3) Impregnated graphite was selected rather 
than some homogeneous liquid arrangement so that 
the core would not have the dangers of fluid mobility 
or the problems of handling an efflux of radioactive 
fission-fragment gas. The gas can be absorbed in the 
graphite or contained in the evacuated core. (With a 
water-boiler arrangement the chemical decomposi­
tion products from fission-fragment bombardment of 
the solution constitute a large volume of gas which is 
difficult to dispose of, since it also contains radio­
active gases.) The water-boiler arrangement does 
have the attractive feature of intrinsic stability (ref­
erences 20,21, 36,and 37). (4) Experimental facilities 
come up to, but not into, the core tank. This will re­
duce the statistical weight of these facilities and should 
improve the reliability of reactor control.

The essential safety feature is the large negative 
temperature coefficient originating in the homogeneous 
thermal character of the arrangement. In order to 
have a large temperature coefficient, the effect of l/v 
absorption cross sections is exploited. As a matter 
of fact, the U255 fission cross section near thermal- 
neutron energy is believed to fall off somewhat more 
rapidly than l/v. The neutron velocity is adjusted by 
heating the moderator. For transient effects to be 
controlled in this way, the fuel must be closely coupled 
to the moderator so that changes in power level will 
have an immediate effect on moderator temperature. 
This is accomplished by the homogeneous arrange­
ment.

The characteristics of the reactor are listed in 
Table 6, and an indication of the basis of the tempera­
ture-coefficient estimate is given in Table 7.

The transient behavior has been estimated on the 
basis of a single-energy-group, one-delay period as 
follows:

dn Ak - ^k«. c
aT =—^--------n + -r '7>at r0 rd

dc _ 0k„ _ c
dt ~ t0 n Td

Ak = Ak(initially) - raTfo - l] dt'

(8)

(9)

r* -< #•
< -L jf CSS

• •• • • • •
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FUEL ELEMENT DETAIL

Fig. 5—General arrangement of the Low Power Research Reactor.

1. Pneumatic-tube terminal (3) 11. Top of core tank 20. Bottom of core tank
2. Multiple-specimen irradiation tube (6) 12. Core tank (aluminum) 21. Bottom shield
3. Concrete shield (high density) 13. Rod operating mechanism 2?. I-beam supports
4. Steel shield 14. Graphite reflector 23. Pump-out plug
5. Lead shield 15. Core (showing fuel elements of 24. Lifting lug
6. Graphite thermal column stacked graphite-U308 fuel blocks 25. Graphite-U308
7. Bismuth shield canned in aluminum 26. Inner aluminum tube
8. D20 coolant out 16. Universal experimental hole (5) 27. Aluminum can
9. D20 coolant in 17. Control safety rod sheath (4) 28. Direction of flow

10. Iron-masonite shield (removable) 18. Instrument hole (2)
19. Rod stop

29. Outer aluminum tube
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Table 6—Characteristics of the Low Power Research Reactor

Core data Mass, g Volume, cc

U335 3.2 x 10s
Graphite (fuel elements) 2.65 X 10“
Aluminum (fuel elements) 0.104 x 10“

1.67 x 10“ 
3.84 x 10“

Core contained within Vs in. thick aluminum can
Total heat capacity (fuel elements, no water) = 7.13 x 10“ cal/°C
Power = 160 kw = 3.83 x 10* cal/sec
Power density = 50 kw/kg (U13') = 95.8 kw/cubic meter = 2.29 X 10"2 (cal/sec)/cc
Uncooled, normal power level, rate of average temperature rise, r = 5.37 x 10"2 °C/sec
Normal average operating core temperature = 100°C
Multiplication constant, k„ = 1.75
Neutron generation time, r0 = 1.33 m sec
Temperature coefficient of reactivity (see Table 7)

Reflector effect factor = 0.737 
Factor for k„ = 0.430 
Factor for transient = 1.15 
dk/dT due to:

Change in buckling by thermal expansion = +0.047 x 10~t/°C 
Change in L2 by thermal expansion = -0.064 x 10-*/°C
Change in r by thermal expansion - —0.087 X 10~4/°C
Change in L2 by change in neutron 

temperature:
Absorption = -1.830 X lO^Ac 
Scattering = -0.272 x 10~*/oC 

Change in r by change in neutron
temperature = +0.189

Total steady state, aT = -2.017 x 10~‘/°C 
Total transient, aT = -2.34 x 10"*/“C

Table 7 —Temperature Coefficient for the Low Power Research Reactor

The steady-state temperature coefficient is computed from

6k/k L2 6L2
L5-

T 6x\ 

L2 + T T /

XR = factor for reflector effect = (r—-— + ;—-rrs) - 0.737
" VL„ + a L» + a X + x2!^/

a = equivalent spherical core radius = 70 cm
L„ = effective relaxation length in reflector [includes a correction: tanh (thickness/true re­

laxation length)] = 45 cm 
x2 = effective core Laplacian = (0.032/cm)2 

Xk_ = factor for k. = (1 - l/k_) = 0.430 
6x2/x2 = -1.57 x 10-“/oC from thermal expansion 

6L2/L2 = +4.72 x 10"“/”C from thermal expansion
= +2.02 x 10~*/°C from change in scattering with neutron temperature 
= +1.35 x 10-3/°C from change in absorption with neutron temperature 

Jt/t = +4.72 x 10"“/°C from thermal expansion
= -1.03 x 10~V°C from change in age with neutron temperature 

L2 = 278.2 cm2, in core 
t = 387 cm2, in core

The transient coefficient will be larger in absolute value than the steady-state value as cal­
culated above since the center of the core, a region of larger statistical weight, will undergo a 
larger temperature rise. This is given by a transient factor X,

X, = core volume x (nv)3 dvoi
J (nv) dvol J (nv)2 d>0l

C60

= 1.15



58 M. M. MILLS

In these equations n is the number of neutrons in the 
core and is proportional to the power density, and c 
is the number of latent neutrons contained in fission

heating rate (see Table 6) and the temperature coef­
ficient, respectively. The integral in the last equation 
times aTis the average temperature rise of the core.

O » RELATIVE NEUTRON DENSITY 
b = RELATIVE DENSITY OF LATENT NEUTRONS 

Alt = EXCESS REACTIVITY 
AT = AVERAGE TEMPERATURE RISE OF CORE

(CORE TEMPERATURE - lOO'C + AT) ____

INITIATION

0.02

200

100

O

P
I-"
<1

Fig. 6—Transient behavior of the Low Power Research Reactor.

fragments. The latent neutrons are emitted with a 
delay period Td and constitute a fraction (i of all neu­
trons; Tq is the neutron generation time; k„ is the 
intrinsic multiplication of the core; and Ak is the ex­
cess reactivity. The numbers r and arT are the base

Judicious selection has yielded Td = 6 sec and fi = 
0.0065 as appropriate values to approximate the com­
plex five-delay periods. The equations have been inte­
grated by numerical'methods, and the results are 
shown in Figs. 6 and 7.
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In Fig. 7 the variation of average core temperature 
with time after supercriticality is shown for step- 
function reactivity release of 2, 4, and 6 per cent. The 
initial core temperature was assumed to be 100°C. It 
is encouraging to note that even with 6 percent excess 
reactivity runaway initiation, the average core tem­
perature remains less than the melting point of alumi-

ly that radioactive material will escape from the core.
For the 2 per cent runaway it is unlikely that the 

cooling system will fail, and the reactor should even­
tually reach steady operating conditions. For the 4 
and 6 per cent runaway examples, some of the heavy 
water in the cooling system may be vaporized. This 
may result in a pressure rise sufficient to cause

A SYMP70TE 
AT TIME > 60 SEC

6 %K-EXCESS

ASYMPTOTE 
AT TIME i 60 SECIT 400

4 %K-EXCESS

O 300

ASYMPTOTE 
AT TIME > 60 SEC

2% K-EXCESS

o 4.0 2 0 3.0

TIME AFTER SUPERCRITICALITY, SEC

Fig. 7—Temperature rise after supercriticality of the Low Power Research Reactor.

num. The reactor core is contained within an alumi­
num can (Fig. 5). Even at the maximum temperature 
achieved in an event of this type, the pressure of gases 
within the core will remain well below atmospheric 
pressure (the core was initially evacuated and filled 
with helium to a pressure of 1 cm or so), and, although 
the can may soften, it should still prevent escape of 
radioactive material from the core. The 6 per cent 
runaway initiation can certainly be considered an ex­
treme example, and even in this case it is quite unlike-

minor damage to the coolant circulating system, but, 
in the event of loss of cooling water, the reactivity 
should decrease by about 1 per cent and supply an 
additional slowing effect on the runaway. The reactor 
arrangement is such that cooling-system failure will 
not lead to radioactivity release.

It may be concluded that this reactor is essentially 
safe against runaway owing to its large transient nega­
tive temperature coefficient. This is a fundamental, 
gremlin-proof protection not a safety gadget.

ty -n i
• -L _t C62
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CONCLUSIONS

Reliability of the Conclusions

A number of studies of reactor hazards have been 
made1'21 in an attempt to assess the potential dangers 
and to seek remedial measures. Most of these studies 
are theoretical in character, and, therefore, the final 
conclusions which will be summarized below must be 
considered as tentative and in need of some experi­
mental verification.

There are many inexpensive experimental studies 
which would have a large effect on the reliability of 
the theoretical conclusions. The rate of bubble forma­
tion and growth in a boiling liquid heated throughout 
its volume,37 the rate of chemical reaction of large 
lumps of molten uranium with water, and the rate of 
heat transfer across a solid-liquid interface under 
transient conditions are all examples of key studies 
which could be carried out on a laboratory scale with­
out the need of a nuclear reactor. Recent results for 
the reaction of molten aluminum in water (see recent 
Argonne Quarterly Reports) give very encouraging 
results in that the reaction is apparently so slow as 
to present no chemical hazard.

In relation to reactor runaway, the most important 
and most obscure reactor characteristics are the 
reactivity coefficients.

Questions concerning reactivity 
coefficients could be clarified by further theoretical 
study and by carefully managed “flight-test” experi­
ments in which a nuclear reactor is flashed and its 
performance is noted. These runaway experiments 
need not be carried to the point of damage to the re­
actor. It is probable that a full-dress destructive 
runaway experiment would never need to be run if the 
results of the other experiments can be successfully 
analyzed. Such a destructive test should certainly be 
postponed until some of the preliminary experiments 
outlined above have been completed. A systematic out­
line for combined analytical and experimental studies 
of reactor hazards is given elsewhere.8

In any case, reactor runaway behavior will usually 
involve complex interactions between nuclear, macro­
scopic physical, dynamical, and chemical systems. 
Conclusions given here on this problem must be re­
garded as tentative and approximate.

Conclusions

A nuclear reactor may be destroyed or damaged 
by sabotage, accident, cooling failure, or reactor run­
away. Such dangerous and disagreeable behavior as 
structural failure by melting or vaporization of por­
tions of the reactor core during runaway seem to be 
possible. An event of this type is serious enough in 
itself, involving the loss of a major reactor, but It

may lead to the spread of radioactive fission products 
or other radioactive core material and constitute a 
hazard to a wide area.

In the studies relating to this problem, destructive 
accidents due to events other than reactor runaway 
can be considered as analogous to a serious chemical 
fire. They will be nonexplosive in character.

For the nuclear reactors which are now contem­
plated, the most violent reactor runaway will be an 
order of magnitude less violent than the explosion of 
TNT. In every case, suitable design of the shield with 
internal voids and adequate strength would prevent 
the transmittal of mechanical shock from the core 
Into the reactor room. Secondary events triggered by 
the runaway nuclear reaction may lead to large energy 
generations from chemical reactions or stored energy 
(graphite) release. Although these secondary events 
may release more energy than the nuclear runaway, 
they will be nonexplosive in character.

The absence of mechanical shock external to the 
reactor shield suggests that it should be possible to 
prevent the spread of radioactivity by designing the 
reactor room or building so that it can contain any 
effluent from the reactor. The design of a sealed 
building, subject to some internal pressure, does not 
seem to represent an insuperable engineering prob­
lem.
The present reactor building, if sealed, would have to 
withstand a pressure rise of about 0.2 atm. This 
would require a stronger engineering structure than 
the present building. Construction practice indicates 
that for Internal pressures of a few tenths of an atmo­
sphere a surface structure is feasible, but for internal 
pressures exceeding 1 atm underground location will 
be more economical. The design and construction of a 
structure of this type will require a certain amount of 
development.

The utilization of a sealed reactor room, although 
not an intrinsic design characteristic, has been em­
phasized because it is very general and may be em­
ployed to palliate the potential hazard associated with 
any reactor. It can reasonably be expected that this 
approach will supply a considerable reduction in haz­
ard, by minor engineering adjustment of the reactor 
structure and building, for even the high-power reac­
tors planned for the future.

The possibility of achieving an Intrinsically safe 
design has been Illustrated by the Low Power Re­
search Reactor. This ideal goal can probably be 
achieved for other reactors, but It is difficult to gen­
eralize on this point. A summary of the types of 
studies needed to develop and improve the safety of 
reactors is given elsewhere.8 An important body of 
fundamental information could be obtained with simple, 
inexpensive studies. From the point of view of public 
hazard such an effort may not be needed if it Is con-

'1 v*
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venlent or necessary to place the reactors at a remote 
site for other reasons. However, remote location has 
nearly always resulted In impairment of technological 
development.
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APPENDIX A

RADIOACTIVITY AND COOLING FAILURE 

Radioactivity

The quantity of plutonium or special radioactive 
material in a reactor will depend primarily upon the 
type of fuel used (natural uranium, enriched material, 
or plutonium) and the amount of exposure of this ma­
terial to the neutron flux. This problem must be con­
sidered separately for each reactor. On the other 
hand, fission-fragment radioactivity and the character 
of fission products are largely independent of the fuel 
used and may be determined conveniently by simple 
expressions, depending on the power history of the 
reactor. An analysis, due to Way and Wigner,25’28 
indicates that the production of sensible power by 
fission fragments can be described by the expression

p = PoJ^(r) ~10<t<1°7sec (10)

where p is the power released by fission fragments 
which were produced at time t = 0, with energy pro­
duction E. The constants in this equation are p0 = 
1.37 x 10'a kw, E0 = 1.0 kw-sec, and r = 1.0 sec. 
Assuming the reactor has been operating for a long 
time at power level P and is shut down at t = 0, the 
production of power subsequent to shutdown may be 
found by integration to be

or (ID

I - 0.<K® (()" '

If the reasonable but arbitrary assumption is made 
that radioactive energy production of 1.0 mev corre­
sponds on the average to one decay event, then ex­
pressions analogous to Eqs. 1 and 2 may be written in 
which p is replaced by the activity a in curies and p0 
is replaced by a0 = 2.23 x 10s curies.

If a reactor has been operating for a long time at 
power level P followed by a very short period at very 
high power producing energy E just before shutdown, 
then Eqs. 1 and 2 may be combined to give

or (12)

| = 0.069 ({j0 2 [l+(0.2)5££]

The additional activity due to the burst of energy, E, 
decays away much more rapidly than the long-lifetime 
stored activity from long-term steady operation. At 
the end of a time E/P the radioactive power produc­
tion is within 20 per cent of the radioactivity following 
normal shutdown .

Some numerical consequences of these expressions 
are listed in Table 1 of the text.

Cooling Failure

The analysis of W. H. Zinn and his staff7 indicating 
the temperature rise which might follow cooling fail­
ure of a reactor even if accompanied by immediate 
shutdown is straightforward; the temperature rise is 
given by

Temperature rise =
radioactive decay energy release — heat losses 

appropriate heat capacity

The somewhat pessimistic assumption is made that 
the heat losses are negligible. The heat capacity in­
volved may be less than the heat capacity of the entire 
reactor structure since for some reactors the fuel 
elements in which the fission-fragment energy is 
released may have only a weak thermal coupling to 
the large heat capacity of structural or moderating 
materials.

The radioactive decay energy released up to a time 
t after shutdown is given by integration of Eq. 11, 
and the final result for the temperature of the fuel 
element is

i't C 6 4
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T(t) = T(0)+O6(¥)?T°-2t0-8 (13)

where C is the appropriate heat capacity, and T(0) is 
the temperature at the instant of shutdown. The tem­
perature rise is proportional to the normal power 
level and inversely proportional to the heat capacity; 
it proceeds at a rate somewhat less than linear.

The results of an analysis of this type applied to a 
number of reactors have been given by Zinn7 and are 
shown in Fig. 1.

APPENDIX B

MECHANICAL ANALYSIS OF REACTOR RUNAWAY

It is helpful to study the mechanics of a reactor 
accident in moderate detail in order to determine the 
severity of external effects.

The mechanical character of a reactor runaway 
may be qualitatively classified as (1) dynamical and 
(2) quasi-static.

(1) Dynamical accident requires a dynamical anal­
ysis with proper cognizance of the effect of sound 
velocity and other physical parameters. Stresses will 
generally exceed the strength of most or all of the 
materials from which the reactor is constructed, 
and a moderately reliable generalized formulation 
of a measure of the violence of the accident can be 
derived.

(2) Quasi-static analysis may be used in case the 
rate of power generation is slow relative to the ve­
locity of sound in the reactor core. Pressures and 
stresses involved in this type of accident are usually 
quite low, smaller than the strength of many of the 
materials from which the reactor is constructed. The 
actual nature of the stresses will be determined by 
the engineering details of the reactor design. The 
failure of the structure, which stops the runaway, will 
be determined also by engineering detail and will 
occur by failure of the weakest link. The mode of 
failure cannot be described in general terms, but 
each reactor must be considered in some detail.

Dynamical Accidents

The discussion of dynamical accidents given here 
is due to H. A. Bethe,2 who has studied also a number 
of refinements of the analysis.17

(1) Model and Analysis. In order that a general 
feeling for the character of dynamical accidents be 
gotten, a simple model consisting of a spherical core 
of radius R surrounded by an infinite incompressible 
reflector will be studied. Initially, both the core and 
reflector have the same and a uniform density (Fig. 8). 
The space variation of power density across the core

will be neglected; a realistic estimate indicates that 
this is a reliable approximation.

The analysis may be broken into (1) the determina­
tion of the necessary expansion to stop the runaway, 
(2) the calculation of the rate of expansion and asso­
ciated dynamical effects at the point where the run­
away stops, and (3) the evaluation of total energy re­
lease and violence external to the reactor structure.

REFLECTOR

CORE

PRESSURE AND 
PRESSURE GRADIENT 
CONTINUOUS AT 
INTERFACE

DENSITY, p

Fig. 8—Schematic reactor for runaway mechanics analysis.

(2) Required Expansion. The reactivity of the re­
actor will be measured by a parameter k denoting 
effective multiplication of the reactor assembly. This 
will depend upon k„, the intrinsic multiplication of 
the core material, a mean migration distance for 
neutrons, M, and t.,e reactor size, R, by an expression 
of the form

k =----------------------- (H)

1 + A ^ M2

where A is a constant depending on the detailed fea­
tures of the reactor. Now

M2 ~ j-2 (15a)

where p is the density of the reactor material so that 
conservation of mass implies

(15b)

Combining Eqs. 14 and 15a and b results in
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Differentiating Eq. 16 yields

Ak AR
R

AR
(17)

The value k«, will be of the order of 1.5 or perhaps 
even 2 which gives

n ~ 1 to 2 (18)

P = Po e«'T [5 + omitted (?)'] in the reflector (21b)

Boundary conditions have been imposed in selecting 
the form of Eqs. 21a, b, and c. The continuity con­
ditions at r = R yield

X = Vj

Po =VjP0
(21c)

This n corresponds to the factor 3n in KAPL-294, 
Eq. 4.

(3) Dynamical Accident: Case I. (Pressures » 
strength, R < cr.) Here the type of accident to be 
considered will be defined by the condition that the 
pressure generated should be large relative to the 
strength of the core and reflector materials and that 
sound should be able to cross the core many times 
during an e-folding period of power rise. The first 
condition makes it possible to neglect the strength 
(and therefore to a certain extent the details) of the 
materials in the reactor structure. The second makes 
it possible to assume that the generation of pressure 
and the expansion of the core and reflector material 
will proceed “in phase,” the time variation being 
separable by a factor, approximately, et/T. It turns 
out that these two conditions are almost incompatible, 
so that Case I is a limiting case.

Let x(r,t) = the position of a point, initially at the 
position r,at the time t(the Lagrangian coordinates*). 
The equation of motion is then

d2x__ 1 dp
dt* p dr (19)

where p is the density of material, and p is the pres­
sure at the point r. In writing Eq. 19, explicit use 
has been made of the assumption that pressure 5> 
strength; otherwise, additional terms would enter.

The boundary conditions are that the pressure 
should drop to zero at locations in the reflector far 
from the core and that at the core-reflector inter­
face (r = R) the pressure and the pressure gradient 
(acceleration of a fluid particle) shall be continuous.

The main dependence may be estimated by splitting 
off solutions of the form

x = rf(t) in the core (20)

Note that p0 et/T =pc(t) = the pressure at the center 
of the core. The equation of motion is now

g = +Apc(t) 2A Jp (22a)

at the core-reflector interface r = R, and using the 
notation x = X, the equation becomes

d^
dt5"

1 2X m + p R Pc(t) (22b)

Because of the exponential dependence, time integra­
tion merely multiplies by a factor r. This gives

X - R = ^ pc r2 (23)

Equation 23, true as a function of time, may be com­
bined with the stopping condition (Eq. 17) by setting 
X - R = AR* This gives for pc(max) at the stop of 
the runaway

pc (max) = 2^ Akp (| (24)

Now

1 Ak
T0 (25)

where t0 is the neutron generation time (the effects of 
delayed neutrons are omitted). Inserting Eq. 25 into 
Eq. 24 gives

P'(max) =2^ P(!)2(Ak)3 (26)

This gives for the pressure variation

p = p0 et/r [l - X\~^J ] ln the core (21a)

*This is the terminology of H. Lamb. Continental hydro- 
dynamiclsts often reverse the terminology and refer to these 
coordinates as Eulerlan.

Equation 26 gives the “standard” result that the 
violence is proportional to the cube of the excess 
reactivity.

‘This assumes that the expansion of the reactor has no 
effect on reactivity until the runaway stops. It may be shown 
that this approximation introduces an error of about 15 per 
cent.

C6GK * -a / 
4 JL6b
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The validity of Eq. 24 may be checked by recalling 
that in a qualitative way strength is about 0.001 of the 
elastic modulus of a material. The elastic modulus 
is approximately pc2; Ak will be approximately 0.01; 
and 2Xn is approximately unity. These assumptions 
combined with the two inequalities defining Case I and 
Eq. 24 give

O.OOlpc2 «r p(max) « O.Olpc2 (27)

Combining* this with the stopping conditions (Eq. 17) 
yields

p =4-Ak pc 5 (3i)
n r

Utilizing Eq. 25 gives

«321

This indicates the marginal character of the assump­
tions utilized in the derivation of Eq. 24. It is likely, 
in many cases, that, if R/r < c, pressures will be 
small compared with the strength. In the cases for 
which this is true, the detailed engineering features 
of the reactor must be known, although a quasi-static 
analysis may be followed.

(4) Dynamical Accident: Case II. (R cr, pres­
sure » strength.) As in Case I, the assumption of 
pressures large relative to strength of the core and 
reflector materials indicates that a fluid mechanical 
analysis may be used. The assumption that sound 
cannot cross the core during the e-folding time for 
power rise indicates that pressures and displace­
ments will not be in phase throughout the reactor 
structure, and explicit consideration of the time nec­
essary for effects to propagate will have to be made. 
It will be assumed that the pressures will be small 
enough so that sound-wave, rather than shock-wave, 
analysis may be used.

From sonic theory the velocity of a fluid particle, 
u, is related to the excess pressures, p, by

p = pcu (28)

where p and c are the density and speed of sound, 
respectively, in the reactor structure. The reactor 
will be assumed to shut down when an expansion, AR 
(Eq. 17), of the core actually does take place. The 
pressure at the edge of the core, r = R, will be some­
what less than the pressure in the center of the core. 
This factor will usually lie between % and unity and 
will be neglected in the present analysis. Since the 
pressure is rising exponentially, integration with 
respect to time merely introduces a factor r. Inte­
grating Eq. 28 yields

| udt = AR = (29)

This indicates that the violence of a fast accident 
increases approximately as the square, rather than 
the cube, of the excess reactivity.

Equations 31 and 32 neglect the fact that the reac­
tivity changes depend upon the average expansion of 
the core rather than expansion in the vicinity of the 
core-reflector interface. Since R » cr, it may be 
expected that only a part of the core has had time to 
expand so that Eqs. 31 and 32 are somewhat opti­
mistic. The fraction of the core radius that has 
undergone expansion is cr/R, and this amounts to a 
volume fraction of 3cr/R. Consequently, the change 
in reactivity corresponding to AR (Eq. 29) is smaller 
by this fraction than the value estimated in Eq. 17. 
The pressure generated may then be estimated to be 
greater by the reciprocal ratio giving

■"s (3UI

- K p (!)' (4k»' <32>>

These results are nearly the same as in Case I but 
with a somewhat lower coefficient (‘An ~ Vi) rather than 
V4 An ~ %.

(5) Energy Generation. The energy generation 
may be estimated by the perfect gas equation

E p 
V “ (y - 1) (33)

where E = the energy
V = the volume occupied by fuel at the end of the 

runaway [and may be quite different (larger) 
than the volume occupied by fuel under 
normal conditions]

y = the ratio of specific heats, constant pres­
sure/constant volume, of the vaporized 
fuel

or

p = pc AR

‘Equations 31 and 32 assume (1) no change in reactivity 
until reactor runaway stops and (2) an expansion AR at the 
edge of the core is sufficient to stopthe runaway. The former 
introduces a 15 per cent error; the latter is discussed in the 
text.

r C67
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p = the maximum pressure that is generated in the 
accident

The effect of fuel ionization on the energy (or the ef­
fective value of y) must be considered if the estimated 
fuel temperature exceeds 10,000°K.

Quasi-static Accidents

In most cases, the conditions necessary for a quasi­
static accident will be present if R <t: cr. Under this 
condition, the mechanical effects may be treated by 
lumped parameters and semistatic methods. The 
reactor will ultimately fail by a weakest link depend­
ing upon the details of its design and structure. The 
mechanical shock (except for possible chemical or 
stored-energy release) will be less than in the case 
of dynamical accidents, but the total energy release 
may be quite large, resulting from general heating of 
a large reactor mass. Here, the energy comparison 
with TNT, when used to estimate violence, is even 
more misleading than it is in the case of dynamical 
accidents. In most cases pressures do not exceed 
10 atm.

Because the quasi-static accident depends upon the 
details of the reactor behavior, reliable estimates are 
difficult to make. The behavior of the reactor under 
runaway conditions depends upon an intricate inter­
action of complex nuclear, dynamical, physical, and 
chemical systems, and estimates are rough. Accurate 
estimates will probably require model studies and 
critical experiments.
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ABSTRACT

The recovery of uranium from Witwatersrand gold ores has received 
special attention both because of the probable future importance of 
these ores as a source and because of the difficulty caused by their 
very low grade (about 0.02 per cent U3Oj. Several methods are de­
scribed for the retreating of the low-grade precipitates from leaching 
solutions. These methods include (1) acid digestion, resulting in a 10- 
to 50-fold increase in uranium concentration, followed by peroxide 
precipitation, (2) carbonate leaching followed by acidification to remove 
carbonate and then by neutralization to precipitate a high-grade prod­
uct, and (3) leaching with nitrated ether followed by neutralization with 
NH3 to precipitate uranium hydroxide and ammonium nitrate and by a 
water leach to remove the latter.

Various methods are described for the removal of uranium directly 
from the leach liquor, the most promising being (1) reduction and 
pyrophosphate precipitation and (2) adsorption on strong-base anion- 
exchange resins. Pilot plants using the ion-exchange method are now 
in operation on the Rand.

INTRODUCTION

In a previous article1 the early work of this labora­
tory on the recovery of uranium from low-grade ores 
was described. It was found that uranium minerals 
can be dissolved from low-grade ores or concentrates 
by dilute unheated solutions of sulfuric acid plus 
ferric sulfate if primary minerals or phosphates are 
present. The dissolved uranium may then be re­
covered by neutralization of the leach solution with 
lime, magnesia, or mixtures of them. The major 
impurities in the precipitate are iron oxides, alumina, 
silica, and gypsum, to the extent that lime is used. 
The proportion of these impurities can be decreased

by partial neutralization of the pregnant solution be - 
fore precipitation of the uranium. Air plus sulfur 
dioxide (from the pyrite in the ore) can be used for 
economical production of leaching reagents, although 
an auxiliary oxidant such as manganese dioxide is 
required.

The uranium precipitates obtained by neutralization 
were usually low grade and several methods were 
developed to retreat them. The most promising of 
these methods were (1) acid digestion and peroxide 
precipitation, (2) carbonate leaching, and (3) leaching 
with nitrated ether. Attention was also given to the 
selective removal of the uranium directly from the 
leach liquor, and the most promising methods were
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(1) reduction and pyrophosphate precipitation and
(2) adsorption of uranium on strong-base anion-ex- 
change resins.

The purpose of this article is to describe these 
methods and another selective precipitation method 
involving copper and phosphate and to outline the 
steps leading to their development. Some of the lines 
of investigation which did not prove profitable will 
also be mentioned. Thus the previous article dealt 
largely with getting the uranium into solution or into 
a hydroxide precipitate while this article deals with 
methods of producing a medium-to-high-grade ura­
nium product from these impure precipitates or leach 
solutions. Both articles are concerned mainly with 
the gold ores of the South African Witwatersrand be-

from leach liquors of Congo ores (feed 2 to 3 per cent 
f^sOg) and from the cupriferous uranium ores (feed 
1.6 per cent U,Og) from Capitol Reefs, Utah, assay 
30 to 40 per cent UjOa* These higher grade products 
are suitable refinery feeds, but the Rand precipitate 
must be upgraded or a more selective method must 
be used to recover uranium from the leach solutions.

RETREATMENT OF PRECIPITATES 

Early Investigations

Attempts were made to redissolve Rand hydroxide 
precipitates in various acids in order to leach out the 
uranium and to obtain a more concentrated solution

Table 1-—Analysis of Rand Leach Liquors* and Precipitate Assay

Material
Before neutralization, 

g/Hter
After neutralization, 

g/liter
Precipitate,

%
Barren solution, 

g/liter

u3o. 0.328 0.320 3.10 0.004
Fe 7.1 4.2 4.4 3.3
Mn 8.9 9.0 1.8 8.1
Aip, 2.0 1.5 8.9 0.1
Si02 1.9 1.1 9.2 0.03
CaO 0.75 0.58 13.7 0.96
MgO 4.1 3.6 5.4 5.6
so4 59.4 42.5 34.8 37.7

‘Cyanidation residue from the Blyvooruitzicht gold mine (0.024 per cent U308) was leached 
with 55 pounds of H2S04 and 10 pounds of MnOj per ton of residue at pH 1.2, neutralized with 
25 pounds of limestone per ton to pH 3.5, filtered, and washed with barren solution and then 
with water to minimize rejection of impurities in residue. The wash solution was used to re­
pulp the next batch of ore. The pregnant solution was neutralized to pH 6.2 with 5 pounds of 
calcined dolomite per ton of residue. The precipitate, amounting to 10 g/liter of solution was 
filtered and dried. The build-up of impurities was intentionally made higher than normal by 
leaving only 10 per cent of the barren liquor in the residue filter cake. Under normal conditions 
a product containing 5 per cent U3Oe would be obtained.

cause (1) these ores are extremely important and 
promise to provide a major source of uranium, (2) the 
problem of recovering uranium from leach solutions 
or precipitates is more difficult for these materials 
than for most other materials because the ores are 
very low grade (about 0.02 per cent UaOg), and (3) the 
major part of the effort of this laboratory has been on 
the Rand problem. However, examples obtained in the 
treatment of other ores will be included where avail­
able and pertinent. Discussion is restricted to sulfate 
leach solutions and precipitates obtained from them.

The analysis of a Rand leach liquor with and with­
out partial neutralization (pH 3.5), a precipitate ob­
tained from the partially neutralized liquor by further 
neutralization with calcined dolomite (pH 6.2), and the 
resultant barren solution are given in Table l.a

It may be noted that this precipitate contains only 
3.1 per cent U,08. For comparison the precipitates

from which the uranium might be selectively precipi­
tated. It was found that the uranium was easily dis­
solved in sulfuric, nitric, or hydrochloric acids but 
so were the iron and aluminum. Silica and gypsum 
were left largely undissolved. The silica in these 
solutions was in a gelatinous form so that the uranium 
solution could not be separated from the insoluble 
material by filtration; in fact, when strong acid was 
used, a gel was produced.

However, if the precipitate was treated with ex­
cess strong sulfuric acid and then heated to 250°C 
for half an hour, when the resulting cake was leached 
with water, the iron, aluminum, and uranium all dis­
solved and could be easily separated by filtration

*To obtain this grade of precipitate from Capitol Reefs 
leach liquor the copper must first be removed by cementa­
tion or electrolysis.
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from the calcium sulfate and dehydrated granular 
silica. Roasting with inadequate quantities of acid 
resulted in some of the iron and aluminum being ren­
dered water-insoluble along with a lesser, but appre­
ciable, proportion of the uranium, but the filtration of 
this material was difficult. Roasting of the precipitate 
and subsequent leaching with acid allowed some se­
lectivity in dissolving uranium away from the other 
impurities, but these pulps were also unfilterable, 
even though roasting had dehydrated the silica.

It was then found that, if the precipitate was leached 
with dilute sulfuric acid at pH 3.5 and digested for 
several hours near boiling, selective uranium ex­
traction could be obtained and the impurities could be 
converted into a filterable form.3 This was developed 
into the acid-digestion process described below.

While this method of selective dissolution of ura­
nium from precipitates was being developed, experi­
ments were run on some of the solutions obtained by 
less selective treatments using an alkali orthophos­
phate as a precipitant for the uranium. Before phos­
phate is added, ferric iron is removed by neutraliza­
tion to pH 3.5. If ferrous iron is in the precipitate, it 
is oxidized with air before acid treatment. Tests on 
pure solutions33 showed that uranyl phosphate could 
be precipitated at low pH, and British workers re­
ported that on iron-free solutions obtained from low- 
grade precipitates the uranium could be precipitated 
at a pH of 1.8 if ammonia and sufficient orthophosphate 
to react with the uranium and to complex the alumi­
num were added. Four days were required for this 
precipitation.4

In the MIT precipitation work an attempt was made 
to improve the selectivity of the precipitation of ura­
nium from aluminum by reducing the uranium to the 
tetravalent state. Tetravalent uranium is chemically 
similar to thorium; it forms precipitates in solutions 
too acid for uranyl compounds to precipitate. Uranium 
was selectively precipitated with phosphate from re­
duced solutions obtained by acid-leaching Rand pre­
cipitates, but the separation was not sharp, as an 
appreciable fraction of the aluminum accompanied 
the uranium. At this time one test was run on these 
solutions with pyrophosphate. Results were so much 
better that we were encouraged to try pyrophosphate 
precipitation of the whole leach liquor.5 This was 
quite successful as will be described in the section of 
this paper dealing with selective precipitation.

Another likely method of getting the uranium from 
a low-grade precipitate involved leaching it with so­
dium carbonate. Preliminary tests gave encouraging 
results. Extractions were usually over 50 per cent 
and sometimes over 95 per cent, but results were not 
reproducible and variation of carbonate leaching con­
ditions seemed far less important than the uncon­
trolled variation in precipitate composition.6 Good 
extractions were obtained by acidifying the precipitate

and running the slurry into a carbonate solution,7 but 
further investigation showed this to be impractical.6

Meanwhile it was found that, while a large number 
of variables affected the amount of uranium extracted 
from precipitates with a single carbonate leach, good 
extractions were easily obtained under many condi­
tions if multiple leaches were used.® This was devel­
oped into the carbonate leaching process described 
below.

Acid-digestion Upgrading Process

When a Rand hydroxide precipitate is agitated with 
enough sulfuric acid to give a pH of 3.5, most of the 
uranium is dissolved but the slurry is unfilterable 
because of gelatinous silica. If, however, this slurry 
is heated to 90 °C and agitated at this temperature for 
8 to 16 hr, recrystallization of some constituents 
seems to take place so that the slurry becomes read­
ily filterable. This heat treatment therefore has two 
useful effects, rejection of silica and improved de­
watering characteristics. Furthermore, at pH 3.5, of 
course, all the ferric iron is rejected to ensure com­
plete rejection of iron. The ferrous iron which is 
present in the precipitate should first be oxidized by 
air. This air oxidation proceeds readily above pH 5.5, 
but it is disappointingly slow in acid mediums. There­
fore since the oxidation of ferrous iron produces acid, 
care must be taken, and some alkali added if neces­
sary, to maintain the pH above 5.5 during this oxida­
tion step. If this is done properly, the digestion step 
removes all the iron. An unexpected dividend from 
the acid digestion was the rejection of most of the 
alumina. It is not known whether the aluminum forms 
a basic sulfate or a silicate.

The solution obtained from acid digestion is 10 to 
50 times more concentrated in uranium than the orig­
inal Rand leach liquor, and the total amount of other 
impurities has been greatly reduced. Practically all 
the iron and silica, and most of the aluminum, is 
rejected, but traces of other impurities like zinc and 
copper are concentrated with the uranium. An am­
monia precipitation of this solution will give a product 
assaying about 30 per cent U308.

A number of other precipitants may be used with or 
without reduction, including phosphate, fluoride, and 
oxalate, but we preferred to use peroxide precipita­
tion. Peroxide precipitation is reasonably complete 
at pH 2.5 to 3, a reduction is not needed, and the re­
sulting precipitate contains over 90 per cent UsOs. 
Unlike the precipitates obtained with fluoride or phos­
phate, it required no further treatment.

In order to make peroxide precipitation complete it 
is necessary to make the solution 0.2M in peroxide. 
To do this precipitation economically therefore it is 
necessary to minimize the solution volume by recir­
culating wash solutions and by carrying out the acid
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digestion in a relatively thick pulp. If this is done, the 
solution to be precipitated contains about 5 g of U308 
per liter, and at this concentration the cost of perox-

and on precipitates obtained after oxidizing all the 
ferrous iron before partial neutralization the loss 
was less than 2 per cent.10

PRECIPITATE 
FILTER CAKE

OXIDATION 
OF Fe++

FILTRATION

SOLUTION OF 
URANIUM

DIGESTION

FILTRATION

DEWATERING

DRYING

PRODUCT

Fig. 1—Flow sheet for acid-digestion upgrading process using peroxide as final precipitant.

ide is reasonable. A flow sheet for the process is 
shown in Fig. 1.

The metallurgical results obtained are dependent 
on the composition of the primary precipitate treated. 
Typical results are summarized in Table 2.

On precipitates from simple leach liquors the ura­
nium loss in the Al-Si-Fe product was 10 per cent,

Multiple Carbonate Leach

Carbonate leaching studies have indicated that the 
extraction of uranium from low-grade Rand precipi­
tates is affected greatly by the conditions of the pre­
cipitation and the leaching. However, when three or 
four successive leaches were used on the same feed
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with enough carbonate, over 95 per cent of the ura­
nium was extracted from any precipitate. It was also 
found that the pregnant leach solutions from the sec­
ond and subsequent leaches retained considerable dis­
solving power. Countercurrent leaching tests showed 
that only half as much carbonate is required to give 
adequate recovery as is required if no countercurrent 
procedure is used. As might be expected, the car­
bonate consumption was affected by the proportion 
of gypsum in the precipitate, but the gypsum was con­
verted to calcium carbonate only in part. The carbon­
ate consumption was also affected by the amounts of 
iron and aluminum present, presumably because they

Table 2—Acid-digestion Upgrading Process Using Peroxide 
as Final Precipitant*

Amount, Assay, Distribution,
Material g/kg of ore % UA, %

Al-Si-Fe precipitate 5.07 0.09 3.9
Final U product 0.131 86.8 96.1

‘Precipitates estimated to weigh 0.7 per cent of the pri­
mary feed to leaching. The feed to upgrading assayed 2.3 
per cent and was obtained in a locked-batch cyclic test on 
Western Reefs cyanide residue (0.018 per cent UjOs) leached 
with reagents made by the S02-air process, neutralized with 
limestone to pH 3.5, filtered, and precipitated with calcined 
dolomite.

were partly present as basic sulfates. For best ex­
traction it was found necessary to maintain a pH be­
tween 9.5 and 10. Essentially the amount of carbonate 
required was constant per unit of precipitate treated, 
and accordingly the economics of the process are 
directly dependent upon the grade of precipitate.

Studies were made of variations in leaching con­
ditions, and it was found that in cyclic tests primary 
precipitates containing over 5 per cent U308 could be 
obtained if the pulp after leaching and before separa­
tion of the solution by filtration was neutralized to 
pH 3.6 to 3.8. In noncyclic operation neutralization 
could not be carried above pH 3.5 without appreciable 
loss of uranium.

Equivalent extractions in carbonate leaching of 
precipitates were obtained by using either a 24-hr 
leach at room temperature or a 0.5- to 1-hr leach at 
90°C. If a hot leach is used, it is necessary to use 
pressure filtration, whereas at ambient temperature 
vacuum filtration may be used.

To remove uranium from the pregnant liquors they 
can be acidified to evolve carbonate as CQ, and then 
can be neutralized with a hydroxide to give a high- 
grade-uranium product containing at least 40 per cent 
U308. Attempts were made to precipitate the uranium 
from the carbonate solution by raising the pH without

intermediate decarbonation. This was tried with NaOH 
and with lime. Although the results, even with lime, 
were good on synthetic solutions, the precipitation 
required excessive reagent or gave a low-grade prod­
uct on the actual solutions obtained from upgrading 
primary precipitates.

PRECIPITATE 
FILTER CAKE

Naz C03 MAKE UP 
pH 9.0 —9.5

.CAKE
LIQUOR

ELUTING
SOLUTION

ANION
EXCHANGE
RESIN

eg. IRA-400

RESIDUE
DISCARDFINAL UjO, 

PRODUCTBARREN
ELUATE

TO WASTE OR RECYCLE

Fig. 2—Carbonate upgrading process using anion-exchange 
for final purification.

It is believed that the uranium might also be re­
moved by an ion-exchange step, although no tests with 
ion-exchange resins were made on carbonate solu­
tions obtained from upgrading primary precipitates.

Rand primary precipitates obtained with dolomite 
can be leached countercurrently with 20 to 30 pounds 
of NajCOj per pound of U308 to extract over 95 per 
cent of the uranium if acid-leaching conditions are 
controlled to give a calcined-dolomite precipitate 
containing 5 per cent UsOs- A flow sheet for the proc­
ess is given in Fig. 2. This flow sheet assumes that 
ion exchange will be used to recover the uranium 
from the carbonate solution. Metallurgical results of

• * ••
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carbonate leaching of various types of Rand calcined- 
dolomite precipitates are given in Table 3.9,11

Lyometallurgical Upgrading

“Lyometallurgy” is a term coined by this labora­
tory to describe the use of leaching processes which 
do not use water as a solvent. The results of this

trate solution may be decomposed thermally to give 
nitric oxides, which are made into nitric acid for 
reuse.

Tests indicate that recovery of ether will exceed 
99 per cent and that recovery of the nitric acid and 
ammonia will exceed 90 per cent. On this basis it 
appears that the process is likely to be as economical 
as the other retreatment processes, but it requires

Table 3—Carbonate Upgrading of Various Primary Precipitates

Primary precipitate*
Assay,
% u,o.

Na2C02 required, 
lb/lb U,0,

No. of 
leaches

Uranium extraction 
in carbonate 

pregnant liquor, %

Pulps neutralized to pH 3.5 3.3 43.0 2 85.9
before filtration 4.9 17.5 2 89.1

5.2 32.5 2 94.2
Extra MnOz added to primary 6.4 9.5 2 96.5

leach liquor to oxidize all 5.6 20.5 2 92.2
the iron; pulp neutralized 
to pH 3.5 before filtration

5.1 12.0 4t 96.0

*The primary precipitates used as feed were obtained from Blyvooruitzicht cyanide residues 
leached with H2S04 and MnOj, and the primary liquors were precipitated with calcined dolomite. 
If magnesia is used for precipitation, better products and better results are obtained, but 
magnesia of suitable grade is too expensive to use on Rand solutions. 

tCountercurrent carbonate leach.

method on many materials will be described in a 
subsequent issue of this journal.12

The lyometallurgical work done on Rand precipitate 
involved the use of ether and nitric acid. Several 
methods were tried. In the first method the precipi­
tate was digested with nitric acid, dried, and leached 
with diethyl ether containing little or no nitric acid. 
This method was supplanted by a simpler one in which 
the precipitate was leached directly with ether con­
taining nitric acid. The second method was more 
selective, required less nitric acid, and eliminated 
one operation as well as the need for recovering 
nitrates from the residue. Acid leaching of these 
precipitates in water gave unfilterable slurries, but 
the ether pulps filtered with no difficulty. The filtra­
tion rate with ether was several hundred times greater 
than with water.

Neutralization of the pregnant ether solution with 
ammonia gas precipitated uranium hydroxide and 
ammonium nitrate.

This mixed granular precipitate filters readily. 
The ether, after uranium precipitation, is available 
for reuse, and what remains with the residue and the 
uranium precipitate may be recovered by vacuum­
flashing. The ammonium nitrate may be removed 
from the uranium precipitate with a water leach, and 
the concentrated nitrate solution may be treated with 
lime to evolve ammonia for reuse. The calcium ni-

special equipment and additional development work. 
The flow sheet for the process13 is given in Fig. 3, 
and metallurgical results are summarized in Table 4.

SELECTIVE PRECIPITATION

Preliminary Precipitation

The first attempts at selective precipitation on 
Rand leach liquors involved differential neutraliza­
tion. It was found that ferric iron could be precipi­
tated14 (probably as a basic ferric sulfate) by neutral­
ization to pH 3.5 with a loss of only one or two per 
cent of the uranium in the iron-bearing discard. 
Further neutralization brought down ferrous iron, 
silica, and alumina along with the uranium. Ferrous 
iron could be oxidized by the addition of stoichiomet­
ric amounts of Mn02 and acid so that almost all the 
iron in solution could be eliminated15 at pH 3.5, but 
even in the absence of iron uranium precipitates were 
still of low grade because of alumina, silica, and 
gypsum.

Some high-grade precipitates were obtained by re­
ducing leach liquors and precipitating uranous hy­
droxide by neutralization to pH 3.5, but the recovery 
of uranium was poor. On the reduced solutions iron 
did not precipitate below pH 6, and, when precipitation 
did occur, the precipitate was white ferrous hydroxide

r1 r - 'T Sr i °
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Fig. 3 — Flow sheet for lyometallurgical upgrading.

ROAST

Table 4 —Typical Lyometallurgical Upgrading of Rand Precipitates

Precipitate
Assay,
% u3o.

Leach
time,
min

u3o,
extracted,* %

Reagent consumption, 
lb/lb U308 extracted

Ethert Nitrict

(2.07 10 92.51
12.32 20 96.2 J

Bt 2.6 20 95.3 2.2 2.2

‘The method used to evaluate the recovery involved analysis of the liquor for 
uranium. The grades of final products are therefore not available in the tests 
reported in this tabulation. Other tests have given final products assaying con­
sistently above 90 per cent U,0,.

tAssuming 99 per cent recovery of solvent.
t70 per cent HN03, assuming 90 per cent recovery of nitrate.
§Precipitate A obtained with calcined dolomite from partly neutralized Rand 

leach liquor, air-dried, leached with ether containing 5 per cent HNOj by volume, 
and washed with plain ether.

IPrecipitate B similar to A but digested with HNOj at 50 per cent solids, dried 
at 80°C, and leached with ether containing 2 per cent HN03.

C76r* * /
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rather than the green ferroso-ferric hydroxide which 
starts to precipitate at pH 5. Further neutralization 
beyond pH 3.5 gave complete recovery of uranium, 
but the precipitates were diluted with alumina and 
silica.16 The final precipitates usually did not assay 
appreciably over 5 per cent U308.

Addition of orthophosphate was tried both with and 
without reduction of the uranium. Complete precipi­
tation was obtained by neutralizing to pH 3.5. This 
precipitate also contains alumina and silica and (if 
not previously removed) ferric iron.17 Addition of 
fluoride to reduced solutions was attempted, but, per­
haps because of the silica present, the insoluble UF4 
did not precipitate when reasonable amounts of fluo­
ride were used unless the solution was neutralized to 
pH 3.5, and then the results obtained were similar to 
those obtained with uranous hydroxide precipitation.16

Various organic reagents were tested as precipi- 
tants. Encouraging results were obtained only with 
long-chained amines. A large quantity of amine was 
required, although it could be recovered because ura­
nium is leached from the amine with acid so that the 
amine can be returned for reuse. However, the slight 
solubility of these chemicals in the barren solution 
was sufficient to make the process uneconomical.18

Pyrophosphate Precipitation

As mentioned in the section on precipitate retreat­
ment, it was found that pyrophosphate was a more 
selective precipitant for uranium than orthophosphate 
in the concentrated liquor derived from acid leaching 
of Rand precipitate. Pyrophosphate was then tried 
directly on reduced dilute leach liquors. It was found 
that addition of pyrophosphate in an amount equal to 
1.5 to 2 times the stoichiometric amount needed for 
uranium would precipitate at least 90 per cent of the 
metal from reduced leach liquors containing as little 
as 0.1 g/liter of U308.

Pyrophosphate precipitation was tried on both the 
unneutralized leach liquor at pH 1.5 and on liquor 
which had been neutralized to pH 3.5. The unneutral­
ized liquors still contained ferric iron and required 
much more reducing agent than neutralized liquors. 
However, the neutralized liquors consumed additional 
acid because the pH had to be lowered below 2 for 
reduction. Reduction commonly was accomplished 
with powdered iron, although other reducing agents 
and electrolytic reduction19 could be used.

On the unneutralized liquors part of the uranium 
separated out on the iron during reduction. This 
phenomenon, termed “pseudocementation,” was en­
couraged by a large iron surface and by the presence 
of minor quantities of orthophosphate derived from the 
ore. On liquor neutralized to pH 3.5 this phenomenon

was not encountered, presumably because orthophos­
phate is removed with ferric iron before reduction.

Excellent results were obtained by pyrophosphate 
precipitation, using liquors neutralized to pH 3.5 be­
fore the filtration that precedes reduction. The amount 
of iron required for the reduction is about 1 pound 
per pound of U308. Ground cast iron can be used pro­
vided a sixfold excess is added. Excess iron can be 
recycled until completely consumed.

The uranous pyrophosphate precipitate is a tur­
quoise-green gelatinous substance which flocculates 
and settles leaving a clear solution. The thickened 
precipitate is so fluffy that it contains less than 1 per 
cent solids. It can be further dewatered in a centrifuge 
to about 10 per cent solids.

As any phosphate is an undesirable compound in a 
refinery feed, its removal is necessary. This can be 
accomplished by digesting the centrifuge cake with 
solid sodium hydroxide (about 2 pounds per pound of 
U3Ob). The uranium is converted to sodium uranate 
which can be filtered, washed, and ignited to give a 
product containing about 70 per cent U3Ob with about 
1 per cent P205. Although the amount of pyrophos­
phate is small, it might be recovered from the sodium 
hydroxide leach for reuse. The flow sheet for this 
process is given in Fig. 4, and typical metallurgical 
results20 obtained with partially neutralized leach 
liquors are given in Table 5.

A preliminary fundamental study has been made of 
the uranous phosphates. Uranium pyrophosphate pre­
cipitate is not crystalline unless heated to 600°C, and 
its composition is not constant. Uranous pyrophos­
phate is less soluble than uranous orthophosphate not 
only in pure solutions but also in leach liquors, pro­
vided the amount of alkali pyrophosphate added is not 
greater than twice the stoichiometric amount needed 
to form UP207. With an excess of pyrophosphate the 
uranium is complexed and precipitation is incom­
plete.21 Tracer studies have shown that, if uranous 
sulfate is added to a solution containing a little pyro­
phosphate and up to twenty times as much orthophos­
phate, the pyrophosphate is completely and preferen­
tially precipitated.

Excess pyrophosphate left in the barren solution is 
removed on the residue if this solution is recycled 
and the pyrophosphate does not build up.22

Pseudocementation Process

As mentioned before, it was found that uranium is 
removed during the reduction of simple leach liquors, 
and its removal is facilitated by a high surface on the 
iron and by the presence of phosphate. The Govern­
ment Metallurgical Laboratory in South Africa has 
found that the presence of copper ions in solution is 
advantageous in that it allows the iron to be fully
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Fig. 4 — Selective precipitation process using pyrophosphate as precipitant.

Table 5 — Typical Results Obtained by Selective Precipitation Process 
Using Pyrophosphate as Precipitant*

Ore source Product
Amount 

per kg of ore U,0, assay
Recovery,

% of dissolved U

Western Reefs U precipitate 0.258 g 47.2 %t 98.5t
Phosphate solution 5.0 ml 0.150 g/liter 0.3

Bylvooruitzicht U precipitate 0.208 g 69.8 % 98.7t

*In Western Reefs test the iron used for reduction was recirculated. In other tests the re­
covery figure assumes reuse of iron. Both results are from locked-batch cyclic tests.

TThe excess iron is removed by settling and decantation, therefore uranium is contaminated 
with fine iron and carbon (ground cast iron used).

IThe balance of the dissolved uranium reports in the interstitial liquor discarded with the 
residue filter cake. It is a true soluble loss chargeable to this precipitation process.



76 A. M. GAUDIN ET AL,

consumed, gives good precipitation of the uranium, 
and gives a precipitate which can be easily handled. 
With or without copper, removal of uranium can be 
obtained by electrolytic reduction, and the uranium

It is assumed that the mechanism involved is a 
precipitation of uranous phosphate or hydroxide in the 
thin layer of electrolyte which assumes a relatively 
high pH because of dissolution of iron or directly by
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COPPER
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pH 3.3|

WASTE

BARREN
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H-SO,
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FINAL U30B 
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DISSOLVE COPPER

PRECIPITATION

THICKENING

LEACHING

FILTRATION

REMOVAL OF 
CARBONATE

PRECIPITATION
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Fig. 5—Pseudocementation process using copper and phosphate, as developed by the Govern­
ment Metallurgical Laboratory of the Union of South Africa.

appears on the cathode, probably as an oxide or phos­
phate, mixed in the metallic deposit of iron or copper.

Uranium can be recovered by a carbonate leach of 
the iron-uranium phosphate or the copper-uranium 
phosphate precipitate or deposit, and a high-grade 
final product can be obtained from the carbonate 
solution.

electrolysis. Precipitation is selective for uranium 
providing the pH does not rise too high.23 The flow 
sheet used in the 1-ton-per-hour pilot plant in South 
Africa is given in Fig. 5.

Full reports on metallurgical results are not yet 
available, but the process has removed up to 95 per 
cent of the uranium using 4 to 5 pounds of ground cast

-i. It C70
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iron and 1 to 2 pounds of phosphoric acid per pound of 
uranium recovered. Consumption of other reagents is 
not known except that the copper has been recycled 
for periods of over one month without any addition. 
The trace of copper present in the leach liquors pro­
vides sufficient make-up.

A preliminary test on a leach solution of copper 
uranium ore from Hite, Utah, gave promising results. 
Addition of slightly over the stoichiometric amount of 
phosphate resulted in the precipitation of over 90 per 
cent of the uranium and all the copper when the solu­
tion was agitated with powdered iron. The uranium 
was leached from the precipitate with carbonate.

ADSORPTION 

Preliminary Experiments

Some experiments were run in an attempt to re­
move uranium from leach liquors by adsorption on 
activated charcoal. Uranium removal in these ex­
periments was slight unless the solution was neutral­
ized to pH 3.5, where uranium is almost ready to 
start precipitating. Under these conditions uranium 
was removed by the carbon but alumina, silica, and 
ferrous iron were also removed. The carbon could be 
regenerated by leaching in strong acid, but precipita­
tion of this acid solution gave a low-grade product. 
The removal of uranium with a long-chain amine, 
mentioned in the section on selective precipitation, 
may also have involved some form of adsorption.

Experiments were also run with cation-exchange 
resins. The cation resins adsorb uranium completely 
from leach liquors, but they also pick up the iron, 
aluminum, calcium, and magnesium. Only the silica 
and water were rejected. Accordingly, the degree of 
purification obtained was less than that obtained by 
simple neutralization. No useful degree of selectivity 
between the various metals was shown by the resins, 
but removal of water and silica might be useful if 
uranium could be easily precipitated selectively or 
solvent-extracted from the concentrated eluate. How­
ever, the few experiments which were run showed no 
appreciable advantage.24

Anion Exchange

Uranium forms complex ions with many organic 
and inorganic acids. Experiments at other labora­
tories have shown that the new strong-base anion- 
exchange resins have a high affinity for complex 
anions and that uranium can be adsorbed from sul­
furic, hydrochloric, and phosphoric acid solutions.25 
Our experiments have shown that uranium is selec­
tively adsorbed from sulfuric acid leach liquors of 
each ore tested.

Various anion-exchange resins have been tested in 
these solutions, and Amberlite IRA-400, a strong- 
base bead-form exchanger, manufactured by Rohm & 
Haas Co., was found to be best. With a single resin 
column the leach liquor is passed through the resin 
until some uranium appears in the effluent. Alter­
nately, several resin columns can be used in series 
and the solution passed through until uranium appears 
in the effluent of the last column. By this time the 
resin on the first column is saturated, that is, it is 
unable to adsorb any more uranium.

Uranium is then eluted from the resin with a chlo­
ride or nitrate solution, approximately 1M, which 
contains 0.1M of acid to prevent precipitation of the 
uranium and ferric iron in the column. Uranium can 
then be precipitated from the eluate with ammonia. 
The resulting precipitate filters well and does not 
have to be washed because the ammonia salts in this 
product are removed by heating. The barren eluate 
can be reused, but chloride or nitrate must be added 
in an amount equal to that adsorbed by the resin dur­
ing elution. Normally this represents about 10 per 
cent of the total and is made up by the addition of acid 
which not only restores the chloride or nitrate con­
centrations but gives the eluate the proper acidity for 
reuse. The amount of eluting solution needed per unit 
of resin is constant regardless of how much uranium 
is on the resin.

The choice between the use of a single and a multi­
ple column depends on many factors. The use of mul­
tiple columns requires less resin and small amounts 
of eluting reagents, gives a purer product, but re­
quires more equipment and more labor. The flow 
sheet for the general process is given in Fig. 6, as­
suming, for simplicity, that a single column is used.

By limiting the flow rate and the amount of solution 
treated per unit of resin, it is possible to make ura­
nium recovery 100 per cent complete on all leach 
solutions. For commercial operation some loss will 
be accepted in the interest of production. This loss, 
however, need not be as much as 1 per cent.

Locked-batch cyclic tests have been run using the 
flow sheet shown. In these tests a minimum amount 
of resin was used in order to emphasize any diffi­
culties that might be encountered from recycling 
barren and eluting solutions. With this procedure 
losses of several per cent were sometimes obtained. 
Table6 summarizes the results obtained on Rand ores 
using one, two, or three columns in series, simple 
leach liquors or partly neutralized leach liquors, and 
thickeners or filters for dewatering. The results ob­
tained with three domestic ores are also given. Other 
laboratories have used anion-exchange resin to re­
cover uranium from sulfate leach liquors of shales,” 
carnotites,27 and Canadian pitchblende ores28 from 
carbonate leach liquors29 and from phosphoric acid.30
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Under proper conditions the precipitate assays 
over 50 per cent U3Ob with iron as the principal im­
purity. On richer solutions and solutions low in iron, 
precipitate grades of 90 per cent U3Ob are frequently

factors affecting the selective adsorption of uranium 
on ion-exchange resins. The main ions adsorbed have 
been sulfate, bisulfate, and the complex sulfate anions 
of uranium and iron. Of these the uranium complex is
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Fig. 6 — Flow sheet for uranium recovery with anion-exchange resins.

Table 6—Summary of Results from Locked-batch Cyclic Tests Using Ion-exchange Resin

Ore
Assay
% uso.

Dilution 
ratio of 
solution
to ore PH

No. of 
columns

U,0,recovery, %
Dissolved' Total

Resin,
cu ft/ton/day

Rand 396-63 0.025 2.00 1.3 1 93.0 79.0 0.242
0.025 0.50 1.2 1 97.9 77.6 0.184
0.026 0.663 1.2 2 96.0 76.1 0.104
0.025 0.663 1.2 3 94.0 74.3 0.095

Marysvale,
0.025 0.50 3.4 1 90.1 70.8 0.115

Utah, Q3
White Canyon,

0.20 1.6 0.9 1 98.8 90.0 0.96

Utah, R-4 
Sunshine, Idaho,

0.32 1.0 1.2t 1 91.5 85.0 0.95

K2+5 0.46 0.8 0.9 1 99.2 89.1 2.31

'Unrecovered uranium due to poor washing and/or overloading columns. 
tOriginal pH 0.7; pH adjusted with limestone.

obtained.’1 IRA-400 resin has been tested in Rand 
solutions through 500 cycles without substantial loss 
in capacity. Estimates indicate that the ion-exchange 
process will recover uranium from Rand solutions at 
about half the cost of the other methods.

From our empirical tests of the method on various 
leach liquors some idea has been obtained of the

most tightly held. The amounts of these ions adsorbed 
at equilibrium depend on the concentration of each 
ion. The concentration of the uranium and iron com­
plex ions depends on additional factors including pH. 
In plant operation, of course, nonequilibrium condi­
tions are used, and here the flow rate and tempera­
ture are factors. To understand the reactions involved

f'
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and the quantitative effects of the different variables 
requires a considerable amount of further research. 
A few such investigations are now under way. These 
matters may be dealt with in a future article.

Nevertheless the results with ion exchange are so 
promising that pilot plants are now in operation on 
the Rand and full-scale plants are being designed. 
It is also likely that new plants to treat domestic 
materials will include the ion-exchange step.

Use of Ion-exchange Resins in the Ore Pulp

Although ion exchange does offer a general method 
of recovering uranium from ore leach solutions, there 
are some ores which contain slimes whose quantity 
or quality makes separation of a leach solution from 
the residue difficult or even impractical.

Consideration has been given to the use of resins 
in the pulp to pick up the dissolved uranium so that 
thickening or filtering will not be needed. Prelimi­
nary experiments have shown that the resin does 
work in a pulp, but separation of normal bead-form 
resin is difficult, and confining the resin in porous 
containers slows the reaction. Pieces of resin in 
sheet form which are easily separated from the pulp 
have been obtained from Rohm and Haas. Promising 
results were obtained.52 Considerable development 
work remains to be done before this process can be 
applied in a plant. When our work on the use of resins 
in the pulp is nearer completion, we may be able to 
present it in this journal.

SUMMARY

For ores that can be dewatered ion exchange pre­
sents a general, flexible, economical method of re­
covering uranium from dilute impure leach liquors 
into a high-grade product suitable for refinery feed. 
Several other practical recovery processes have been 
developed. While they are less economic than ion 
exchange for treating Rand solutions, they should be 
considered in comparison with ion exchange for new 
problems.
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ABSTRACT

The primary objective of the subject survey has been the evaluation of separation 
processes, for future installations, for recovering and decontaminating plutonium 
and uranium from irradiated natural uranium and concentrating the residual radi­
oactive waste. In addition, processes have been considered for treating enriched 
uranium and for handling the cores and blankets of plutonium and U233 breeders. 
Processes are evaluated from the standpoints of efficiency of recovery and de­
contamination of plutonium and uranium, concentration of fission products, proba­
bility of success on a production scale, capital cost, operating cost, and hazard.

INTRODUCTION

In accordance with the provisions of Contract AT- 
(30-D-697,* Hydrocarbon Research, Inc., has made a 
survey of processes for separating the principal prod­
ucts of the irradiation of uranium and thorium by 
neutrons.

Instructions from the Atomic Energy Commission 
have made the primary objective of this survey the

•Editors’ Note: In early June of 1949 Hydrocarbon Re­
search, Inc. was requested by the Division of Research to 
undertake a survey of chemical processing problems associ­
ated with the operation of nuclear reactors. The contract, 
negotiated and administered by the New York Operations 
Office, extended from June 1949 to early July 1950. The 
scope of the contract is stated, in part: “The Contractor ... 
shall undertake engineering studies and evaluations of proc­
esses for separation of the principal substances remaining 
after irradiation of fissionable and source materials by neu­
trons in a nuclear reactor ... . The surveys will not be re­
stricted by precedent but will evaluate processes in terms of

evaluation of separation processes for recovering and 
decontaminating plutonium and uranium from irradi­
ated natural uranium and concentrating the residual 
radioactive waste. The survey has been concerned 
with the intrinsic merits of separation processes for 
new installations rather than with the possible modifi­
cation of existing facilities at Hanford.

When the survey was started, no new separation 
plants were immediately in prospect, and the primary

inherent merit. Process evaluation will include consideration 
of the efficiency of recovery and decontamination of fission­
able and source material, the degree of concentration of fis­
sion-product residue, the probability of successful operation 
on a production scale, estimated capital and operating cost, 
potential hazard, and waste-disposal difficulties ... . Al­
though the primary emphasis will be on processes in which 
the starting material is irradiated natural-uranium metal, 
the studies may also consider processes in which the feed 
material is enriched uranium or uranium in compounds or 
alloys ... The final report was dated July 12, 1950 and, 
after minor revisions, appears as this article.
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utility of the survey was expected to be the guidance 
it would offer in formulating programs for research 
and development on separation processes. But while 
the survey was in progress, the construction of new 
reactors and a new separation plant away from Han­
ford became imminent, so that this survey has an 
immediate applicability over and above the initial ex­
pectation. It is hoped that the conclusions of this re­
port will be helpful in selecting the process to be used 
in this new separation plant.

In addition to this primary objective the survey has 
also considered processes for treating enriched ura­
nium and for handling the core and blanket of pluto­
nium and U233 breeders.

The results of the survey are presented in this re­
port. To the extent of available information, processes 
are evaluated from the standpoints of efficiency of 
recovery and decontamination of plutonium and ura­
nium, degree of concentration of fission-product resi­
due, probability of successful operation on a produc­
tion scale, capital cost, operating cost, and hazard. 
Detailed descriptions and flow sheets are not included 
since this information is adequately presented and 
readily available in the AEC literature.

The production of fissionable materials consists 
broadly in three operations: (1) preparation of the 
fuel elements, (2) nuclear conversion of the fuel in 
the reactor, and (3) separation and decontamination of 
the reactor products. Reactor engineering thus has 
an important influence on the nature and magnitude of 
the associated separation processes, and it must be 
considered in a proper evaluation of separation proc­
esses. For example, the Hanford reactors require the 
many costly operations of forming fuel rods, canning 
slugs, irradiating the slugs, dissolving the irradiated 
slugs, recovering and decontaminating plutonium, re­
covering and decontaminating uranium, and, if the 
latter is returned to the reactor after enrichment, 
converting the uranium to metallic form.

The high cost of the chemical and metallurgical 
operations at Hanford is typical of most of the nuclear - 
conversion processes now visualized by the AEC. 
Similar high costs are anticipated, for example, in 
reprocessing the fuel elements of an enriched reactor 
or in extracting bred material from a breeding blanket 
and reworking the source material of the blanket. 
These high costs are largely a consequence of the 
present practices of (1) recycling the source or fis­
sionable material many times through a reactor be - 
fore it is completely used up, (2) completely reproc­
essing unconverted as well as converted material, 
and (3) the need for extensive metallurgical operations 
and fabrication of intricate reactor parts. In this con­
nection the various nuclear-conversion processes now 
under consideration by the AEC have been examined 
to see if one or more of these practices can be dis­
pensed with in order that the cost added to the prod­

ucts of nuclear conversions by chemical and metal­
lurgical operations may be reduced.

Also adding to the cost of the separation processes 
are the inherently difficult separations required, the 
essential high purity of the recovered materials (plu­
tonium and uranium in the case of the plutonium- 
production reactor), the high degree of recovery de­
manded by the value of the materials being recovered, 
the hazards involved in handling radioactive materials 
(which necessitate many operations by remote con­
trol), and the hazards and expense of storing large 
volumes of radioactive wastes.

It is thus obvious that any separation and recovery 
process, whether it be precipitation, solvent extrac­
tion, fluorination plus distillation, liquid metallurgy, 
etc., will be costly. Hence any simplification or re­
duction of the separation and recovery required, by 
modification of reactor design, e.g., nature of fuel 
element, neutron economy, and yield of plutonium, can 
possibly lead to larger savings than selection between 
different separation processes once the reactor design 
is set. An over-all development program integrating 
reactor design and separation processes would almost 
certainly lead to simplification of the separation proc­
esses and, possibly, of the reactor design.

The more important conclusions and recommenda­
tions for full-scale application and further develop­
ment of the various processes studied, based upon the 
present state of the art, are presented in the following 
section. A comparison in some detail of the various 
processes for the simultaneous separation and re­
covery of plutonium and uranium is found in the sec­
tion on separation processes for reactor products. 
This section also compares processes for recovering 
uranium from stored waste at Hanford. A discussion 
of those processes still in the early stages of develop­
ment which offer promise of surpassing presently 
contemplated processes in certain applications is 
found in the section on development of new separation 
processes. The relation of reactor engineering to the 
type of processes needed for separating reactor prod­
ucts is discussed in the section on joint development 
of reactors and separation processes.

RECOMMENDATIONS AND PRINCIPAL
CONCLUSIONS

Joint Development of Reactors and Recovery 
Processes

Prior to the successful operation of the first Han­
ford reactor it was sound judgment to design a reactor 
which appeared to have the highest probability of 
success and to accept the separation and recovery 
problems which such a design entailed. However, now 
that considerable experience has been acquired in the 
operation of the Hanford production reactors and the
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various experimental reactors, the time has come to 
examine integrated reactor designs, whether for the 
production of fissionable materials or for power, 
which balance the economics and dependability of all 
operations. Particular emphasis is directed to the 
need for integrated design of breeder reactors. It now 
seems probable that very high recoveries of fission­
able material will be required at least in the initial 
low—burn-up reactors and that such high recoveries 
will be realized only with great effort. Thus it is con­
ceivable that the entire success of the initial breeder 
reactor may depend upon the selection of a type of 
fuel which will minimize the separation and recovery 
problem. Direct collaboration between reactor de­
velopment and recovery-process development is not 
in evidence at the present time to the extent required 
to produce integrated designs.

It is therefore strongly recommended that present 
liaison between these two fields be replaced by close 
coordination so that the problems confronting the 
group designing the reactor and the problems con­
fronting the group developing recovery processes will 
receive mutual consideration. This necessarily re­
quires that both groups be part of a single, closely 
knit organization. Such joint development will result 
in better over-all processes at lower cost.

Precipitation Processes

In the present state of the art none of the precipi­
tation processes tried or suggested appears to merit 
further consideration nor does there now appear to be 
any justification for spending further time or money 
in the development of new processes of this type.

Solvent Extraction Processes

The Purex process is by far the best of the solvent 
extraction processes which have been developed. Its 
principal advantages are effectiveness of decontami­
nation, low cost of solvent, use of volatile and easily 
recoverable salting agent, and compact packaging of 
fission-product waste.

The Purex solvent, tributyl phosphate, appears to 
be a generally suitable solvent in other extraction ap­
plications such as those of a breeder reactor, the de - 
contamination of enriched-uranium fuel elements, and 
the separation of U233 from irradiated thorium.

The Purex process is yet to be demonstrated in a 
reasonably sized pilot plant. It is strongly recom­
mended that such a demonstration, which has been 
scheduled, be made without delay.

The Purex process is not the perfect solvent ex­
traction process, but it is the end result of a large 
amount of work by a number of different investiga­
tions, and it appears almost certain that the point of 
diminishing returns has been reached in the develop­
ment of this type of process. Therefore, unless pre­

liminary estimates Indicate a worth-while improve­
ment over the present Purex process, further work 
on the development of new solvent extraction proc­
esses or new solvents is not recommended.

Fluorination Processes

Of the separation processes which have not been 
thoroughly studied experimentally, the class of proc­
esses which convert the reactor products to fluo­
rides, which are subsequently separated by distilla­
tion, seems most promising for further investigation. 
Sufficient additional experimental work, on the lab­
oratory scale, should be carried out to provide the 
basic physical data needed to evaluate these proc - 
esses. This work would include a determination of the 
physical properties of fluorides of plutonium and fis­
sion products and interhalogen compounds and phase- 
equilibrium studies on mixtures of these substances 
with each other and with UF,. The corrosion rate of 
materials of construction for handling these materials 
and fluorine under the conditions of the process should 
be determined. We understand that such laboratory 
work is in progress.

When sufficient basic data have been secured, a 
preliminary engineering design and an economic anal­
ysis of a separation plant using this type of process 
should be made to establish the approximate eco­
nomics of the process relative to the Purex process.

If the process continues to look promising after 
such a preliminary study and if full-scale application 
appears attractive, pilot-plant investigation of the 
process would be indicated.

Liquid-metal Processes

Liquid-metal processes have been suggested on the 
basis of certain calculations, and a few small-scale 
experiments have been made. However,no such proc­
ess has yet been demonstrated even on a laboratory 
scale.

A successful liquid-metal process would result in a 
large reduction in the size of equipment and in the 
elimination of a large number of chemical-conversion 
steps which are required in present processes since 
the uranium would be processed entirely as a metal. 
Such a process would be particularly advantageous 
when applied to a plutonium reactor using fortified or 
enriched uranium as fuel. Then the recovered ura­
nium could be used directly as the metal. Less ad­
vantage would result for applications to plutonium 
reactors using only natural uranium as fuel for then 
it would probably be desirable to convert the re­
covered metallic uranium to the hexafluoride for proc­
essing in the diffusion plant.

It is recommended that limited development work 
be conducted on a liquid-metal process for handling 
slugs from a plutonium-production reactor. However,
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no large expenditure of time or money should be made 
until an application for such a process exists and until 
available data indicate that such a process can com­
pete with other known processes.

Separation Processes for Breeder Reactors

Since breeding is primarily a process for making 
nuclear power available in increasing quantities, the 
economic aspects of the development of breeders and 
their associated separation plants are of paramount 
importance. In view of the extremely costly develop­
ment program which is involved before a breeder re - 
actor can be built to compete with a conventional 
power plant, we believe that present emphasis should 
be placed primarily on (1) securing the basic physical 
data needed to set the conditions under which breeders 
and their recovery plants might be operated and (2) 
carrying out preliminary engineering designs of a 
breeder reactor from which an estimate of the cost of 
power produced in such a reactor could be made.

Suggestions have been made of the directions to be 
followed in reducing the cost of the recovery plant 
associated with a breeder:

1. The fraction of fissionable material burned up 
per pass through the core should be made as high as 
possible.

2. In a breeder whose main objective is to produce 
power economically rather than to achieve a high net 
rate of production of fissionable material, the maxi­
mum amount possible of breeding should be done in 
the core in order to minimize the rate of separation 
processing.

3. Production of power in a thorium-U233 breeder 
seems to have potentialities of simplified chemical 
processing which have not been fully appreciated. 
There is a good prospect of achieving a high rate of 
breeding in the core, and the separation of U233 from 
thorium can be effected by taking advantage of the dif­
ference in volatility between UF6 and ThF4.

4. The process under development at Brookhaven 
which seeks to extract U233 continuously, in the form 
of UF,, from the ThF4 blanket of a reactor would be 
an attractive feature of a U233 breeder. The laboratory 
program to secure the basic data on reaction rates 
needed to set the operating conditions for such a proc - 
ess should be completed. Investigation of the process 
on a larger scale should await favorable engineering 
appraisal of the economics of producing power in a 
thorium-U233 breeder.

SEPARATION PROCESSES FOR REACTOR
PRODUCTS

The production of fissionable materials by nuclear 
reactions is conducted in two distinct phases: (1) ac­
tual production in the nuclear reactor and (2) separa­

tion of the fissionable material from the source ma­
terial in which it is formed. This report is concerned 
primarily with the latter phase, and in the following 
paragraphs consideration will be given to each of the 
many processes which have been proposed to effect 
the desired separations. The various processes are, 
in general, well known and have been fully described 
elsewhere; hence in the interest of brevity, no effort 
is made herein to provide descriptions of the proc­
esses. Rather, an effort will be made to appraise each 
process in terms of its relative merits.

Precipitation Processes

Bismuth Phosphate Process. The bismuth phosphate 
precipitation process has long been used at Hanford 
to effect the separation of plutonium from uranium 
and fission products. This process, utilizing the phe­
nomenon of coprecipitation, was chosen largely be­
cause the early work on plutonium chemistry, con­
fined to minute amounts of the element, made great 
use of precipitation reactions, a familiar technique in 
the field of radiochemistry. At the present time the 
principal consideration behind the choice of a precipi­
tation process has disappeared since the physical and 
chemical properties of plutonium in bulk are now well 
known.

The great disadvantage of the bismuth phosphate 
process is that it does not recover the unconsumed 
uranium, and as a result additional equipment is now 
urgently needed at Hanford to recover uranium from 
stored wastes as well as from current production.

Other disadvantages of the bismuth phosphate proc­
ess are as follows:

1. The waste volumes from the process are large, 
requiring extensive and expanding storage facilities. 
Such large waste volumes are to be expected from 
precipitation processes which require the handling of 
large amounts of material containing the desired prod­
uct in low concentrations.

2. While the plutonium losses of this process are 
not very great (about 2 to 3 per cent in current pro­
duction), the losses are not so low as to be negligible.

3. The waste solutions from the bismuth phosphate 
process contain so much material other than uranium 
and fission products that the recovery of uranium from 
these solutions is made additionally complicated.

4. The operating cost is high owing to the high raw- 
material and high waste-disposal costs and partly 
owing to relatively high labor costs.

Uranyl Ammonium Phosphate Process. The uranyl 
ammonium phosphate process (UAP) has been pro­
posed to effect the recovery and decontamination of 
uranium from Hanford waste. Although there is little 
doubt that this process can achieve the intended sepa­
ration, it is not so attractive as solvent extraction for 
this purpose.
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Several disadvantages of the UAP process may be 
noted as follows:

1. The decontamination of uranium is poor.
2. The process is more costly with regard to both 

capital cost and operating cost.
3. The process is inflexible as regards feed com­

positions. The ionic composition of the feed must be 
closely controlled, and it seems unlikely that the 
process could be rapidly adapted to accommodate 
waste material from current plutonium production.

4. The waste volumes are approximately 20 per 
cent greater than presently produced by the bismuth 
phosphate process.

Electrochemical Precipitation Process. The elec­
trochemical precipitation process, like the UAP proc­
ess, is intended to effect the recovery and decontami­
nation of uranium stored underground. While insuf­
ficient development work has been done to date to 
permit an evaluation of its operating performance, 
this process has one significant advantage over other 
precipitation processes in that it does not require the 
use of large amounts of precipitation agents. This 
feature would reduce significantly the chemicals costs 
for such a process and reduce the dilution of fission 
products by other solids. Nevertheless it seems un­
likely that an electrochemical process can be de­
veloped which will be able to compete with solvent 
extraction.

Solvent Extraction Processes

General. Solvent extraction was first considered 
in 1943 as one of several alternatives for effecting 
the plutonium-isolation step at Hanford. Although not 
adopted for installation, the successful operation of a 
pilot plant indicated the feasibility of utilizing solvent 
extraction to effect the entire chemical-separation 
operation. At that time the process offered many ad­
vantages over the bismuth phosphate process, and a 
development program was initiated. During the past 
few years the program has been greatly expanded.

Redox Process. The Redox process was the first 
practical solvent extraction process to be developed. 
It has been amply demonstrated in the pilot plant, and 
it showed, for the first time, the following advantages 
over its predecessor, the bismuth phosphate process:

1. Process materials are essentially all liquid, and 
material handling is simple and compact.

2. In general, the corrosiveness of the solutions en­
countered is not severe.

3. The equipment used is of a conventional and re­
liable type and can reasonably be expected to operate 
for long periods of time without mechanical failure.

The following are disadvantages of the process:
1. The solvent used, hexone, has a low flash point.
2. The raw-material cost, particularly that of alu­

minum nitrate, is high. The cost of the chemicals

varies from $1000 to $2000 per ton of uranium, de­
pending upon the number of cycles employed.

3. The waste volume Is quite high, 2960 gal/ton of 
uranium for a 2-cycle uranium process.

Purex Process. The recently developed Purex sol­
vent extraction process has the following advantages 
over the Redox process:

1. The use of a volatile salting agent, e.g., nitric 
acid, makes the recovery of this material quite sim­
ple, thereby reducing raw-material cost.

2. The waste volumes can be markedly reduced by 
simple evaporation.

3. Raw-material costs are low, e.g., nitric acid,
2.5 cents per lb ($ 1.58/lb-mole) as compared with 
aluminum nitrate, 12.0 cents per lb ($45.00/lb-mole).

Very minor disadvantages of the Purex process 
compared to the Redox process are as follows:

1. The acidity is higher, about 5N, thus possibly 
aggravating corrosion.

2. Larger columns are required for the same ura­
nium throughput.

Butex Process. Insufficient information was ob­
tained on the Butex process, developed by the Cana­
dians at Chalk River and the British at Harwell, to 
make a firm comparison with the Redox and Purex 
processes. It is very similar to the Purex process, 
using dibutyl carbitol as the solvent in place of tri- 
butyl phosphate. On the basis of limited information 
it appears to be superior to the Redox process but 
slightly less attractive than the Purex process. The 
reported completeness of decontamination of pluto­
nium is less than the observed decontamination with 
Purex, so more cycles may be required to effect the 
same degree of decontamination as Purex. Also at 
last report the Canadians were experiencing difficulty 
in separating ruthenium, and it may be necessary to 
include a preliminary step to eliminate ruthenium or 
to render it nonextractable with the solvent.

Chelate Process. Chelation has been applied to the 
simultaneous recovery and decontamination of pluto­
nium and uranium on a small scale, but it appears 
that considerable work is required before a specific 
process can be devised. The only obvious disadvantage 
of such a process is the cost of the chelation agent, 
TTA, although the separation of certain trace com­
pounds such as zirconium may prove troublesome. 
Otherwise, it is simpler than the Purex process, pos­
sibly requiring only a single cycle for plutonium de­
contamination and a single cycle for uranium decon­
tamination.

Comparison of Extraction Processes. In making a 
comparison of the four processes, it is necessary to 
evaluate each of the advantages and disadvantages In 
terms of the factors (1) capital cost, (2) operating 
cost, and (3) safety.

The material and labor cost of an extraction plant 
is largely a fixed cost due to buildings, retention
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basins, laboratory, etc., and only a relatively small 
portion (about 25 per cent in the case of Redox) is a 
material and labor cost for process equipment. As a 
consequence the capital cost will not vary greatly for 
the four processes. Nevertheless, the capital cost can 
undoubtedly be reduced if the required number of 
cycles is low and if the number of preliminary treat­
ments is low.

In the case of the Redox and Purex processes it is 
probable that two uranium and three plutonium cycles 
will be required; the Butex process will probably re­
quire at least this many cycles and possibly more; 
the Chelate process possibly may effect the required 
decontamination in one uranium cycle and one pluto­
nium cycle.

With regard to required feed pretreatment, all proc­
esses undoubtedly will require that the solution be 
filtered to remove silica. Both the Purex and Chelate 
processes require that the plutonium be reduced to the 
trivalent state prior to a quantitative oxidation to the 
tetravalent state. The Chelate process may, in addi­
tion, require a zirconium-removal step. The Redox 
and Butex processes require a feed containing pluto­
nium in the hexavalent state, with the latter probably 
requiring a step specifically aimed at the removal of 
ruthenium.

Operating cost is comprised primarily of the fol­
lowing factors: (1) direct labor (dependent upon the 
complexity of the process), (2) raw materials, and 
(3) waste volume (the cost of providing waste storage 
capacity is considered an operating expense at Han­
ford).

The direct labor cost is thus dependent upon the 
same factors as is the capital cost. The Purex proc­
ess is preferable in this respect to Redox and Butex, 
and the Chelate process, while difficult to evaluate, is 
probably comparable to Redox.

In regard to raw materials, the Redox process is 
highly disadvantageous because of the high aluminum 
nitrate consumption. The Chelate process suffers a 
serious disadvanatge because of the costly chelation 
agent. There is little discernible difference between 
Purex and Butex. The former probably requires more 
nitric acid, whereas the latter utilizes a more expen­
sive solvent, dibutyl carbitol, and some salt. In 
view of the facts that Purex will probably require 
fewer cycles, and hence less chemicals, and that nitric 
acid is an inexpensive chemical, it seems that Purex 
has a slight advantage over Butex in this respect.

In regard to the waste volumes, Redox is at a great 
disadvantage, with the other three processes rated 
approximately equal.

From the safety viewpoint the use of low-flash-point 
solvent, as in the Redox and Chelate processes, is a 
disadvantage. The Butex process uses a small quan­
tity of ammonium nitrate which may be considered 
hazardous.

In summarizing the relative merits of the several 
solvent extraction processes each has been rated with 
respect to six separate characteristics as shown in 
Table 1. It can be seen that the Purex process rates 
equal to or better than the other processes in all re­
spects except the questionable possibility of attaining 
adequate decontamination in the Chelate process with 
single plutonium and uranium cycles.

Table 1 —Relative Rating of Solvent Extraction Processes

Purex Butex Redox Chelate

Capital Cost
Required cycles 2 3 2 M?)
Preliminary treatment 1 2 1 3

Operating Cost
Direct labor 1 3 2 2
Raw materials 1 2 4 3
Waste volume 1 1 2 1

Safety 1 3 2 2

Ion Exchange
Ion-exchange methods have been investigated ex­

tensively for the recovery of plutonium from irradi­
ated uranium metal. However, the application of ion- 
exchange methods must be regarded as being in the 
developmental stage from an engineering point of view.

There are two advantages associated with ion-ex­
change processes as they have been contemplated thus 
far:

1. Ion-exchange adsorbents possess marked selec- 
tivities for certain ionic species.

2. Certain chemical operations, such as oxidation- 
reduction, which are usually time-consuming, may be 
eliminated.

The disadvantages inherent in ion-exchange proc­
esses are low capacity of the exchange medium, rela­
tively low flow rates of the process streams to the 
absorbent, batch processing, large quantities of chem­
icals required for wash solutions, incomplete separa­
tion so that additional purification is required, and 
possible poor radiation stability of the resins.

Many of the foregoing disadvantages are not im­
portant for certain limited applications. For example, 
if sufficient selectivity were attainable in a continuous 
process, it might be advantageous to concentrate the 
bulk of fission products from future plutonium- and 
uranium-free waste streams on ion-exchange resins 
and then to elute these resins to provide a concen­
trated stream of fission products.

This type of application is illustrated partly by the 
use of ion-exchange resins to scavenge radioactive 
materials from laboratory wastes at ORNL. Approxi­
mately 98 per cent of the activity in these wastes is 
removed after passage through a column of Dowex-50 
resin.
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An example of another potentially Important separa­
tion process employing ion exchange is the quantitative 
separation of uranium and protactinium from thorium. 
Using anion-exchange resins, it has been found pos­
sible to remove quantitatively trace amounts of ura­
nium and protactinium from gram amounts of thorium. 
This specificity is precisely what is needed in a re­
covery process for materials formed in a thorium 
blanket of a breeder reactor. If solutions of uranium 
or thorium can be found which can be circulated 
through a breeding blanket without excessive decom­
position or neutron loss and then passed through an 
ion-exchange column for recovery of bred material, 
the attractive possibility of continuous reprocessing 
of a breeding blanket may be attainable.

DEVELOPMENT OF NEW SEPARATION PROCESSES 

Introduction

In the preceding sections separation processes which 
have been thoroughly investigated were evaluated. In 
the present section attention is shifted to more novel 
methods of separation about which less is known but 
which ultimately may be more desirable than any of 
those considered heretofore.

Progress in developing new methods of separation 
has been slow because of the necessity for gearing 
most of the past activity in this field to the require - 
ments of the Hanford reactor and because of the great 
emphasis which has been placed on using water solu­
tions as mediums for the isolation and decontamination 
of reactor products. When these restrictions are re­
laxed, two new types of processes appear potentially 
of interest: (1) the dissolution of irradiated slugs in 
fluorinating agents and the separation of the resultant 
fluorides by distillation and (2) the separation of the 
constituents of an irradiated slug while in the form of 
liquid metal.

Enough is known about the basic chemistry of fluo­
rides of uranium, plutonium, and associated elements 
to sketch the outlines of several possible fluorination 
and distillation processes. Development of a feasible 
and economic process for separating reactor products 
in the metallic state is more of a gamble but could be 
desirable when metallic fuel elements are used in a 
reactor. With such a process chemical costs might be 
reduced, present metallurgical steps eliminated, and 
fission-product-waste disposal simplified.

Separation by Fluorination and Distillation
Processes for separating reactor products by fluo­

rination and subsequent distillation are being actively 
investigated at the Argonne and Oak Ridge National 
laboratories and at the K-25 plant. Work at these 
installations has shown that irradiated uranium metal 
can be converted to a mixture of fluorides by either

gaseous fluorine or interhalogen compounds such as 
OF,, BrF,, or BrFs. The basic physical chemistry of 
the fluorides of uranium, plutonium, and the fission 
products has been under study at these laboratories 
and at Los Alamos. Many properties of the inter- 
halogen compounds and their mixtures with one an­
other and with inorganic fluorides have been deter­
mined at both Argonne and K-25 as well as by workers 
abroad.

Although knowledge of these mixtures is still far 
from complete, it is apparent that the chemistry of 
solutions of inorganic fluorides rival aqueous solu­
tions in versatility and give promise of being mediums 
in which efficient and economical separations may be 
carried out. Because of the probability that desirable 
separation methods using these substances can be 
developed, we strongly endorse the continuation and 
extension of these investigations by AEC. With ag­
gressive continuation of such a development, we be­
lieve that it might be possible within two years to 
demonstrate that a fluorination and distillation proc­
ess for separating and decontaminating uranium and 
plutonium from irradiated uranium is cheaper and 
more desirable than any of the aqueous processes now 
known. The demonstration of a fluorination process 
in the event that additional Hanford type reactors are 
to be built would be most advantageous.

Four main advantages of fluorination-plus-distilla- 
tion processes compared with aqueous processes are:

1. The equipment should be smaller, simpler, and 
cheaper than in aqueous processes. Fewer columns 
should suffice for the same degree of decontamination.

2. Operating costs, including the cost of chemicals, 
should be lower for the fluorination processes.

3. Uranium would be recovered as UF8, which would 
be available for direct use in the K-25 plant, instead 
of as an aqueous solution of UOj(NO,)2, which requires 
several additional chemical operations for conversion 
to UF8.

4. Fission products would be recovered in more 
concentrated form in the fluorination processes so 
that storage costs would be lower.

Discussion of fluorination processes in this section 
will assume the same objectives as those currently 
set at Hanford, i.e., recovery and decontamination 
of plutonium, recovery and decontamination of ura­
nium, and safe and economical disposition of fission 
products.

In considering fluorination processes the following 
general requirements should be kept in mind:

1. The fluorination reaction should be carried out 
at moderate temperatures. This is desirable from the 
point of view of imposing a minimum of restrictions 
upon materials of construction.

2. The reaction should be carried out at pressures 
above the triple point of UF8, 22 psia and 147°F, un­
less the UF8 is soluble in the fluorinating agent.
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3. The reaction must be controllable in view of the 
hazardous character of the materials. The rate of 
reaction should be sufficiently rapid to eliminate the 
need for unduly large equipment.

4. Inasmuch as the fluorination of uranium metal is 
extremely exothermic, provision must be made for a 
cooling system to dissipate the heat of reaction, main­
tain temperature control, and thus control the reac­
tion rate.

5. The fluorination of the stripped slugs should be 
conducted in such a manner that the products formed 
are gases or solvent-soluble substances.

6. Reactants should be radiation-stable, although 
minor decompositions yielding products which do not 
interfere with operation can be tolerated.

As the work at Argonne has shown, interhalogen 
compounds as fluorinating agents, particularly BrF3 
and BrF5, have the advantage that the dissolution of 
the slug takes place in a liquid medium at low temper­
ature and at a moderate rate of reaction. Their most 
important disadvantage is the requirement that facili­
ties for the regeneration of the interhalogen compound 
must be provided and materials of construction must 
withstand corrosion both by fluorine and other halo­
gens.

Although the use of fluorine in place of interhalogen 
compounds is free from these disadvantages, it has 
others. Experiments conducted at K-25 and elsewhere 
have shown that the reaction is highly exothermic and 
may be difficult to control. The uranium slugs may 
become coated with metallic fluorides, which may 
hinder the reaction. Nonvolatile fission-product fluo­
rides may remain in the reactor. To circumvent these 
difficulties the reaction of uranium slugs with gaseous 
fluorine might be carried out in the presence of a 
liquid solvent for metallic fluorides which is inert 
to fluorine. If such a dissolving procedure could be 
worked out, it would have the advantages of providing 
better heat transfer, preventing formation of fluoride 
crusts, and providing a carrier for residual plutonium 
and heavy fission-product fluorides.

To be suitable for this purpose the solvent should 
have a boiling point in the neighborhood of the temper­
ature at which fluorine attacks metallic uranium and 
should have a freezing point below room temperature. 
The possibility is suggested that SbF5, with a boiling 
point of 150°C and a freezing point of 7°C, may be a 
suitable solvent for this process. It is known that 
SbF5 forms a compound with UF4 and thus may act as 
a solvent for it.

The value of a practical fluorination process for 
the separation and decontamination of uranium and 
plutonium is dependent on the over-all requirements 
and program of the AEC, and recommendation here 
can only be made on the basis of technical considera­
tions. It is believed that a research and development

program should be supported for the purpose of dem­
onstrating the practicability of a fluorination process.

Research programs should be continued and should 
cover the following points: (1) determination of the 
rate of reaction of uranium and lower uranium fluo­
rides with fluorine and BrF3 and other interhalogens 
as a function of temperature, (2) determination of 
solubility data for mixtures of such substances as 
UF8, UF5i UF4j SbFs, BrF5, BrF3, C1F3, C1F, Br2, F2, 
and the more abundant fission-product fluorides, (3) 
determination of the properties of the plutonium fluo­
rides, (4) determination of the chemical and radiation 
stability of SbFs and similar substances and the ex­
tent of their reaction with the metal and fluorides of 
uranium, (5) decontamination of UF6 by fractional 
distillation, with and without the addition of a stripping 
agent such as Freon, (6) reaction of PuF4 with C1F3 to 
produce PuF9, and (7) vapor-liquid-equilibrium data 
for UF6 and fission products.

Some of the above-cited research projects are either 
in progress or are contemplated at various AEC lab­
oratories.

Liquid-metal Processes

A separation and decontamination process which 
maintains uranium in the metallic state would greatly 
simplify processing and make possible a large reduc­
tion in the size of equipment. Such a process would 
comprise melting of the slugs, separation of pluto­
nium, decontamination of the uranium, and recasting 
of uranium. Project literature (Report UCRL-314) 
suggests various methods, the most promising of which 
consists in the following steps: (1) melting of slugs 
and removal of volatile fission products, (2) treatment 
of molten uranium with a small amount of an oxide, 
sulfide, or halide of uranium to form a floating layer 
containing plutonium and rare earth elements, and
(3) treatment of molten uranium with carbon to re­
move zirconium and columbium.

This scheme has been proposed from thermody­
namic considerations and requires experimental evi­
dence to determine its feasibility.

A liquid-metal process could be of great benefit in 
the development of a breeder reactor. The most criti­
cal requirement of a breeder reactor is high recovery 
in separation processing. Should it be demonstrated 
that the only possible fuel element for such a breeder 
is a metallic one and that burn-up is fairly low, then a 
liquid-metal decontamination and recovery process 
may be essential. This conclusion is based on the 
assumptions that very high recovery is probably at­
tainable only with great difficulty if the metal must be 
converted to a compound and reconverted to metal 
and that a metallic process possibly could attain the 
necessary recovery because of the fewer processing 
steps involved in decontamination.
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At some time it may be necessary to convert U236 
to plutonium by the use of an enriched fuel element 
and a blanket of U238 instead of by the Hanford type 
operation using natural uranium. Under these cir­
cumstances it may be possible to produce plutonium 
at lower cost by using a liquid-metal separation and 
decontamination process instead of the aqueous proc­
ess presently used.

The fuel element, consisting of enriched U235 ob­
tained from the K-25 plant, would be melted, and de­
contamination would be accomplished by a combination 
of steps such as volatilization of low-boiling point 
fission products, slagging of others by addition agents, 
or extraction with another metal.

Processing of the blanket would be somewhat sim­
pler since the predominant component present in the 
uranium is the bred plutonium.

If feasible, such liquid-metal processes would elim­
inate many of the costly operations presently used in 
production of plutonium from natural uranium.

In view of the uncertainties involved in a metallic 
process and recognizing the possible advantages of 
such a process if metallic fuel elements are to be 
used, it is recommended that limited development be 
undertaken along such lines that will establish the 
fundamental characteristics of metallic systems. No 
large-scale development is recommended until the 
need for such a process is established or unless 
fundamental information obtained indicates that such 
a process has a good probability of competing with 
other established separation processes.

JOINT DEVELOPMENT OF REACTORS AND
SEPARATION PROCESSES

Introduction

Previous sections have considered separation proc­
esses devised to suit the requirements of reactors 
which have been designed without attempting to sim­
plify the associated chemical or metallurgical opera­
tions or reduce their cost. In the present section, 
consideration will be given to the manner in which 
reactor design and separation-process design may be 
adapted to one another with a view to reducing their 
combined cost.

For purposes of this discussion it is convenient to 
classify nuclear reactors under the three headings 
“Natural-uranium Reactors,” “Enriched Reactors,” 
and “Breeders.” This section will be organized under 
these three principal headings.

Natural-uranium Reactors

All reactors using natural uranium as fuel are nec­
essarily characterized by a low conversion of uranium 
per pass through the reactor. This arises because the

reactor ceases to be critical when the ratio of U235 
and Pu239 to U238 drops much below the natural abun­
dance of U235 in U238 and when the concentration of 
fission products with large capture cross sections for 
slow neutrons builds up. This limits the conversion 
of uranium to the order of one part per thousand 
per pass. When the reactor produces plutonium for 
weapons use, the allowable conversion per pass is 
even lower because of the build-up of undesirable 
higher isotopes.

With such a low conversion per pass the chemical 
processing plant for a natural-uranium reactor nec­
essarily handles large quantities of uranium relative 
to the small amount of fissionable material consumed. 
It would thus be most desirable to design the reactor 
and the chemical-processing plant so that the mini­
mum number of operations is needed to convert ura­
nium from one into a form suitable for processing 
in the other.

It is hard to imagine a combination of reactor and 
chemical-processing plant which comes further from 
meeting this condition than does the Hanford installa­
tion. The use of canned metallic fuel elements in the 
reactor and aqueous processes in refining uranium 
for the reactor and separating the reactor products 
calls for many costly intermediate operations. There 
is, of course, good historical precedent for this un­
fortunate state of affairs. The use of metallic fuel 
elements for a nuclear reactor has the advantages of 
minimizing neutron capture by extraneous elements, 
maximizing the density of the nuclear fuel, facilitating 
heat transfer, and eliminating chemical-decomposition 
problems. At the time the Hanford reactors were de­
signed, the difficulties of the nuclear process seemed 
so formidable that it was essential that the reactor 
design be facilitated by the use of metal fuel elements, 
even though chemical processing was to be done in 
aqueous solution. Nevertheless, this is not a desirable 
ultimate solution for natural-uranium reactors.

Should additional natural-uranium reactors be built 
for power production, plutonium production, or both, a 
strong effort should be made to adapt the requirements 
of the reactor and the chemical and metallurgical 
plants to one another. So much more is now known 
about these two elements of the process that such an 
effort might well be fruitful. We have considered 
several alternatives and offer recommendations on 
some lines of investigation which appear promising 
and others which do not.

Objectives of Separation Plant for Natural-uranium 
Reactor. Before considering these alternatives it is 
important to analyze briefly the objectives of the sepa­
ration plant associated with a natural-uranium reac­
tor. Whether the reactor be operated primarily to 
produce power or plutonium, the plutonium will be the 
most important product of the separation plant. It 
should be recovered in good yield and withdecontami-
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nation adequate for the uses to which the plutonium is 
to be put. If it is to be used for weapons, the high de­
gree of decontamination now specified will be needed. 
If it is to be used as reactor fuel, a lower degree of 
decontamination would suffice if remote fuel prepara­
tion methods could be employed.

Recovery of the uranium in good yield and with ade­
quate decontamination is the second objective of the 
separation plant. If the uranium is to be converted to 
UFS feed for a diffusion plant, the extreme decontam­
ination now specified will be required. If the ura­
nium is to be used in a reactor, either as fuel element, 
after fortification with enriched U235 or plutonium, or 
in a breeder blanket, a lower degree of decontamina­
tion would suffice if remote fabrication methods could 
be employed.

The third objective of the separation plant is to 
concentrate the fission products into a form suitable 
for cheap, safe disposal. This objective is independent 
of the uses to which the plutonium and uranium are to 
be put.

Remote Fabrication of Contaminated Reactor Parts. 
The use of remote methods for fabricating contami­
nated plutonium or uranium into reactor parts has 
been mentioned as one possibility for reducing the 
complexity and the cost of chemical-separation meth­
ods. It has been visualized, for example, that the ura­
nium in an aqueous solution of spent slugs could be 
recovered with only partial decontamination and then 
converted into metal, formed into slugs, and canned 
by remote methods. This proposal does not seem 
attractive to us for two reasons. First, the proposal 
seeks to simplify only one link in the chain of proc­
esses while making several others much more com­
plex and difficult. It seeks to simplify decontamina­
tion, which with a good process is already satisfactory, 
while adding greatly to the cost of preparation of 
metal and machining and canning of slugs. Second, in 
the present state of nuclear technology it seems un­
likely that a reactor will be run in such a way that 
both plutonium and depleted uranium would be returned 
to the reactor; decontamination of one or the other 
(or both) is likely to be required, and, if one of these 
reactor products is to be fully decontaminated, the 
second can be fully decontaminated with little addi­
tional trouble or cost. The bases for the opinion that 
it is unlikely that both plutonium and depleted uranium 
would be returned to the reactor are that plutonium 
is more effective than U235 as a nuclear explosive, 
whereas it is substantially on a par as a source of 
power, and that more efficient use is made of the U235 
in depleted uranium by separating out the U235 by dif­
fusion than by bringing the U235 content back to the 
natural value by the addition of separated U235.

In summary, the development of remote methods 
of fabricating uranium or plutonium contaminated by 
beta- and gamma-active material into metal reactor

parts is not considered an attractive means of sim­
plifying processes for separating the products of a 
natural-uranium reactor if aqueous chemical-separa­
tion processes are used.

Alternative Fuels. In line with seeking to eliminate 
chemical and metallurgical operations between the 
preparation of fuel for a natural-uranium reactor and 
the separation of the irradiated fuel into plutonium 
and UF6, it is evident that there would be a consider­
able simplification if metallic fuel elements presently 
used could be replaced by any of the compounds in the 
normal conversion chain between uranium ores and 
UF6. Compounds which should be considered from this 
standpoint are aqueous solutions of uranium salts, 
molten uranium salts, solid uranium oxides, UF4, or 
UF6 itself. We have concluded that the solid UF4 or 
the solid uranium oxides are the most promising fuels 
for this purpose.

Aqueous Solutions. The use of an aqueous solution 
of a uranium salt as a fuel element suggests the at­
tractive possibility of a homogeneous reactor but would 
give rise to a number of engineering difficulties, 
mostly associated with the need to use heavy water as 
solvent and the decomposition of water and salt by 
radiation. We are informed that at the natural U235 
concentration use of heavy water as the solvent for 
uranium salts is necessary if a chain reaction is to 
be maintained in a homogeneous reactor and that it is 
probably necessary in a heterogeneous reactor. Ex­
perience with the Los Alamos water boiler indicates 
that a reactor operating at the Hanford level would 
produce around 100,000 cu ft (standard) of gas per 
hour by decomposition of the water. Very high re­
coveries would be required to avoid excessive costs 
for heavy water make-up.

Another difficulty in using heavy water is the prob­
lem of preventing contamination by light hydrogen. If 
an organic solvent were used in separating uranium 
and plutonium from a heavy water solution, it would 
be necessary to guard against exchange of hydrogen 
between solvent and heavy water.

A third difficulty with such a reactor, common to 
all reactors using aqueous solutions, is fluctuations 
in reactivity caused by density fluctuations due to gas 
bubbles. This can be made less serious by operating 
under pressure but is troublesome in any event. A 
serious hazard associated with gas formation is the 
possibility of explosion of the oxy-hydrogen mixture 
formed by decomposition of the water.

Taking all these difficulties into account, we have 
concluded that a normal-uranium reactor using aque­
ous solutions is not a desirable development venture 
for the purpose of simplifying the separation of reac­
tor products.

Molten Salts. The number of uranium salts which 
might be used in the molten state as reactor fuels is 
severely limited by considerations of melting point,
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chemical stability, and neutron-capture cross section. 
The fluorides appear to be the only compounds of this 
type which have low enough neutron absorption to be 
used in a normal-uranium reactor. The melting points 
of the three principal fluorides are UF4, 980°C; UFS, 
about 400°C; and UF8, 55°C.

Unless a solvent for UF4 can be found, use of this 
compound in the molten state is ruled out because of 
its high melting point. UF5 is undesirable because of 
its high dissociation pressure into UF4 and UF6, which 
is around 10 atm at the triple point.

UF8. UFe as a reactor fuel has been the subject of 
several reports.1 Use in the liquid form has the seri­
ous difficulty of decomposition into UF4 and fluorine. 
Recombination of UF4 and fluorine is too slow at tem­
peratures below the critical point of UF8.

Use in the gas phase, at temperatures above the 
critical, gives rise to other difficulties. It is neces­
sary to use very high pressure in a normal-uranium 
reactor to obtain a sufficient density of uranium to 
maintain a nuclear chain reaction. Early experiments 
have indicated that plutonium, the desired product of 
the reaction, does not remain in the gas phase and is 
largely deposited out as solid within the reactor. It is 
probable that some of the fission products which 
formed nonvolatile fluorides would also remain in the 
reactor.

For these reasons we have concluded that the pro­
posal to use molten uranium salts as fuel in a natural- 
uranium reactor is not an attractive means of simpli­
fying the separation problem.

Solid Uranium Compounds. There is much more 
promise in considering the use of solid uranium com- 
pounds in a normal-uranium reactor than in any of the 
alternatives considered thus far. The most suitable 
substances appear to be UF4, U02, or Us08 because 
oxygen and fluorine have desirably low neutron-capture 
cross sections. Moreover, use of powdered solids 
permits greater burn-up because of the lesser prob­
lem of mechanical deterioration of fuel elements.

Three ways in which these solids could be used are 
in sealed cans, in tubes from which they could be in­
termittently discharged, and in suspension in a gas or 
liquid which is circulated through the pile. All these 
alternatives have the advantage of eliminating the 
need for metal production. An oxide of uranium would 
be readily adapted to an aqueous separation process. 
UF4 would lend itself to the fluorination and distillation 
type of separation process.

Use of these compounds in place of metal would ad­
mittedly change radically the design of a normal- 
uranium reactor, but this does not seem to be an in­
superable difficulty. It might be advantageous to use 
heavy water as a moderator to keep the reactor from 
becoming too large. Heat-transfer problems would 
depend on how the solid was held in the reactor, but 
they do not appear to be insoluble.

Of the methods proposed for containing the solid in 
the reactor, the use of a sealed can gives rise to the 
least number of reactor engineering problems but 
complicates chemical processing by requiring that the 
powder be canned before irradiation and the can re­
moved afterwards. An alternative to this would be to 
contain the solid in vertical tubes, built permanently 
into the reactor, which could be loaded and unloaded 
pneumatically or by gravity. It would be necessary to 
establish the maximum temperature at which such a 
fuel element could be used without sintering into a 
mass which could not be discharged from the reactor. 
It would also be important to establish the proper dis­
tribution of solid throughout the tube. A third possi­
bility would be to circulate the fuel continuously 
through the reactor in suspension in a gas or liquid 
as a fluidized solid. This is the most radical of the 
three alternatives and brings with it some troublesome 
problems in ensuring proper solid distribution and 
preventing spread of radioactive gases or solid parti­
cles.

In summary, it is felt that substitution of UF4 or 
uranium oxide for metallic uranium in a natural- 
uranium reactor would permit desirable simplification 
in the associated chemical processing without neces­
sarily giving rise to insuperable difficulties in reac­
tor engineering. Should additional natural-uranium 
reactors be contemplated, we would recommend that 
studies be made of the use of these solids as fuel ele­
ments, considering the alternative methods of con­
taining the fuels which have been suggested.

Enriched Reactors

Separation-process requirements for a reactor 
whose fuel is concentrated fissionable material are 
entirely different from those of a natural-uranium re­
actor. The fractional burn-up of uranium per pass for 
such a reactor is limited more by physical deteriora­
tion of fuel elements than by depletion of fissionable 
material or nuclear poisoning by reaction products. 
It is hoped that the Materials Testing Reactor can be 
run at a burn-up of 10 to 20 per cent of the uranium 
per pass in place of the 0.1 per cent or less which is 
possible in a natural-uranium reactor. In the proposed 
West Milton reactor an equally high burn-up goal has 
been set. If such high burn-ups are obtained, the rate 
at which fuel material need be reprocessed is greatly 
reduced compared to a natural-uranium reactor at the 
same power level, and the cost of the chemical sepa­
ration per unit of power is correspondingly reduced. 
Chemical reprocessing of fuel becomes more of a 
laboratory operation and less of an engineering prob­
lem, and a greater number or complexity of opera­
tions is permissible. It has been indicated that high 
burn-up may be obtained by the expedient of alloying 
the fissionable material in the fuel element. Under
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such circumstances metallurgical processing of the 
fuel material is not reduced to the same extent as 
chemical processing. However, the metallurgical op­
erations will still be considerably smaller than those 
required for a natural-uranium reactor of the same 
power level. To this extent the development of eco­
nomical separation processes for an enriched reactor 
is less important than in a natural-uranium reactor. 
However, the recoveries required are higher because 
of the much greater value of the fuel.

The main objectives of the chemical-separation 
plant for an enriched reactor are the recovery, de­
contamination, and fabrication of fissionable mate­
rial for reuse in the reactor and the packaging of 
fission products for disposal. The completeness of 
decontamination required depends on the type of fab­
rication methods used in reworking the fissionable 
material.

High Burn-up. The most important means of sim­
plifying separation processing for an enriched reactor 
is to obtain the highest possible burn-up of fuel. An 
ideal fuel element would be one which would permit 
such high burn-up that recovery of fissionable mate­
rial from spent fuel would not be economically justi­
fied. This does not seem to be attaina’ble, but design­
ing for the highest possible burn-up is still of para­
mount importance.

Even if the assumption be granted that enriched re­
actors will be designed for high burn-up per pass, the 
primary requirementof the separation process is high 
recovery. This can be most easily attained by using 
as few process operations as possible and, where re­
actor operation permits, by sacrificing completeness 
of decontamination for higher recovery. Because of 
the low throughput, however, it is not important that 
the separation operations be economical of chemicals.

Fuel Elements. The fuel element of an enriched 
reactor, which is preferred from the standpoint of 
facilitating completeness of recovery, is one employ­
ing a powdered compound. Metallic fuel elements are 
undesirable because reprocessing calls for operations 
which generate considerable scrap such as reduction 
of salts to metal and casting and machining of metal, 
all of which make high recoveries difficult. Moreover, 
the prime factor which made metal fuel elements the 
best for a normal-uranium reactor from the nuclear 
standpoint, namely, high neutron economy, is of less 
importance in an enriched reactor. Liquid fuels are 
of less potential value in an enriched reactor than in a 
normal-uranium reactor because the low throughput 
makes ease of interconverting fuel between reactor 
and separation plant of secondary importance.

The most desirable way of using a powdered com­
pound in an enriched reactor, from the standpoints of 
maximizing burn-up and facilitating recovery, would 
be to contain the powder in the minimum number of 
individual tubes which could be vented, continuously or

intermittently, to discharge gaseous fission products. 
The use of sealed cans to contain the powder, such as 
the pins proposed for the West Milton reactor, would 
be the next most satisfactory way of maximizing 
burn-up and facilitating recovery. The exigencies of 
enriched-reactor design, such as the large heat fluxes 
and necessity for close control of the distribution of 
fissionable material, might dictate the use of pins, 
even though the burn-up would be limited by the pres­
sure built up in the pin.

Recovery vs. Decontamination. For either type of 
fuel element the separation process should consist of 
a minimum of operations, even at the expense of sac­
rificing decontamination in order to secure high re­
covery. It is conceivable that it would be advantageous 
to reload a partially decontaminated product from the 
recovery process into the fuel containers by remote 
means rather than to decontaminate it completely by a 
process which would entail greater losses.

The considerations of minimizing losses become of 
crucial importance in breeders, which are discussed 
in the following section.

Breeders

For purposes of this report a breeder is defined as 
a reactor which operates with no net loss of fission­
able material. The objectives of operating such a re­
actor would be either to produce power by consuming 
source material only and with no net loss of fission­
able material or to obtain a net gain in fissionable 
material, or both.

As a means of producing fissionable material with­
out recovering power, breeding is much more costly 
than a natural-uranium reactor, so that it would not be 
used for the production of fissionable material except 
in the event of an extreme shortage of natural uranium. 
Thus breeding is not likely to be an important opera­
tion unless it becomes possible to produce power 
economically by nuclear fission. Although we are 
skeptical of the imminence of this development, for 
the purposes of this section we will assume that the 
production of power by nuclear fission is economical­
ly feasible, and we will examine the separation- 
process requirements of breeders in relation to this 
assumption.

The conditions for which the chemical process must 
be designed depend primarily on the fraction of the 
fissionable material in the core df the breeder which 
may be burned up per pass through the reactor and on 
the amount of source material which may be converted 
to fissionable material per pass through the reactor.

The degree of conversion in the core which can be 
allowed without physical deterioration of fuel elements 
is a very uncertain quantity. In addition, the limita­
tions that must be put on the conversion to achieve 
good neutron economy are likewise not known reliably.
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As a result widely varying estimates are being offered 
for the allowable core burn-up. The Experimental 
Breeder Reactor, for example, has been designed on 
the basis of a 0.1 to 0.3 per cent burn-up; yet the Idea 
of placing fertile material in the core so that a gross 
burn-up of over 100 percent may be achieved has also 
been discussed. In the face of such uncertainties It Is, 
needless to say, difficult to evaluate the various chem­
ical processes which may be useful In conjunction with 
a breeder.

Nevertheless a start may be made In considering 
separation processes for breeders by reviewing what 
is known about neutron yields for different fission re­
actions since these, at least, are reasonably well 
known.

The theoretical upper limit for the net production 
of fissionable material in a breeder per unit of fuel 
destroyed Is obtained by deducting 2 from the number 
of neutrons released per atom destroyed. For U2SS 
and plutonium these theoretical upper limits are

Fast Slow
neutrons neutrons

U“s 0.56 0.34
Plutonium 0.90 -0.05

In a practical breeder the net production of fissionable 
material per unit of fuel destroyed will be less than 
these by the number of neutrons escaping from the re­
actor, absorbed in structural materials, coolant, con­
trols, etc., or used up in undesirable side reactions. 
One of the purposes of the Experimental Breeder Re­
actor is to obtain a measure of the net production of 
fissionable material in an actual reactor. Until this 
measurement is available, Zinn’s2 estimate of a loss 
of 0.24 neutron per atom destroyed due to escape or 
absorption in structural materials and coolant may be 
used arbitrarily for purposes of orientation. With 
such a neutron loss the net gain in fissionable mate - 
rial per unit of fuel destroyed is reduced to

Fast Slow
neutrons neutrons

U2” 0.32 0.10
Plutonium 0.66 —0.29

From these considerations it is apparent that plu - 
tonium is the better fuel for a fast breeder and that 
U2M is the only fuel available for a slow breeder. In 
this section an attempt Is made to sketch the material 
flow quantities which would be handled in the chemical- 
processing facilities for a fast plutonium breeder and 
a slow thorium breeder.

To derive these material-flow quantities it is nec­
essary to make assumptions regarding (1) the burn-

up per pass through the core, (2) the degree of con­
version of source material to fissionable material per 
pass through the blanket, and (3) the recovery of 
source and fissionable material per pass through the 
recovery plant. The allowable burn-up per pass 
through the core is limited because of the increased 
absorption of neutrons by fission products accumulating 
in the core and because of physical deterioration of the 
corefuel elements. The allowable conversion per pass 
through the blanket is limited because of the absorption 
of neutrons by fissionable material bred in the core. 
So little is now known about these factors that it has 
been necessary to make rather arbitrary assumptions 
about them in order to develop illustrative material 
flow sheets. We have assumed that a recovery of 99.5 
per cent of source and fissionable material can be 
realized in core- and blanket-processing plants.

Material Flow in Breeders. Figures 1 and 2 illus­
trate the flow of source and fissionable material 
which has been hypothesized for a fast plutonium and 
slow U23s breeder, respectively. The basis for each 
flow sheet is 1 mole of fissionable material destroyed 
in the breeder core.

The fast plutonium breeder consists of a plutonium 
core from which the maximum possible yield of fast 
neutrons is extracted for reaction with U238 in a phy­
sically separate blanket. It has been assumed that a 
5 per cent burn-up in the core can be attained through 
the use of powdered fuel contained in sealed pins or 
through some other expedient which will permit so 
high a burn-up without physical damage to the fuel ele­
ment. That so high a burn-up can be achieved without 
undesirable absorption of neutrons by fission products 
remains to be demonstrated.

In the blanket, neutrons react with U238 to produce, 
ultimately, Pu238. One of the greatest uncertainties of 
such a breeder is the level to which the concentration 
of Pu239 can be allowed to build up before fission of 
Phi239 and conversion of Pu239 to Pu240 constitute so 
heavy a drain on neutrons that the net production of 
fissionable material is seriously lowered. That the 
0.05 per cent level shown in Fig. 1 may be permissi­
ble is indicated by the capture cross sections for slow 
neutrons, which are shown in Table 2. If the situation 
for fast or intermediate neutrons is more favorable, 
the Pu239 concentration in the blanket may be increased 
to a higher level without excessive loss of neutrons.

In any case it is probable that the blanket-proces­
sing plant will have to handle much more material 
than the core-processing plant and will add more to 
the cost of the installation. The requirements of the 
core-processing plant are stricter, however. Because 
it handles the bulk of the fissionable material, it is 
more important that high recoveries be attained here 
than in the blanket-processing plant.

The slow U233 breeder that is shown in Fig. 2, de­
signed for a more optimistic burn-up of 20 per cent,
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should make much less exacting demands of its chem­
ical and metallurgical facilities than would the fast 
plutonium breeder shown in Fig. 1. To this end, the 
core fuel elements would consist of U233 diluted by 80 
times its weight of thorium. Since the relative quan­
tities of these elements are in the inverse ratio of 
their neutron-capture cross section, there will be no

It has been assumed that a burn-up of 20 per cent 
of the U233 per pass through the core can be achieved, 
owing to the considerable dilution of fissionable mate - 
rial by thorium. The concentration of U233 in thorium 
at which it will be desirable to reprocess the blanket 
is much less critical than in the case of the fast plu­
tonium breeder because of the more favorable ratio

Power equivalent to 1 
mole destroyed in core

Pu239 
20 moles

Pu239 
19 moles

Pu239
18.905 moles

Neutrons 
1.66 moles

3320 moles 
Pu239

1.54 moles

3303.4 moles
U239

3321.66 moles18.2 moles
Pu239

1.533 moles

Fast reactor 
core

5% burn-up

0.05% Pu239 
in product

Reactor
blanket

Core­
processing plant

99.5% recovery

Blanket­
processing plant

99.5% recovery

0.12 moles Pu239 
lost by fission 

in blanket

Net recovery 

Pu239
0.438 moles

Fig. 1 —Material flow in fast plutonium breeder.

net gain or loss of U233 in the core because it will be 
produced from thorium as fast as it is burned up. For 
every atom of U233 undergoing fission, about 0.1 slow 
neutron will be available for reaction with thorium in 
the blanket, the remainder having reacted with thori­
um in the core. In this type of breeder the blanket is 
a relatively unimportant component, acting as an 
economizer for neutrons instead of being the main 
site of production of fissionable material, as in the 
fast plutonium breeder previously considered.

of neutron-capture cross sections for the formation 
of U233 compared to its destruction (see Table 3).

In any event the blanket-processing plant would be 
only a minor auxiliary to this type of U233 breeder in­
stead of being the major facility, as in the fast pluto­
nium breeder. The core-processing plant, on the other 
hand, treats more total material than the core-proc­
essing plant of a fast plutonium breeder but less fis­
sionable material. All factors considered, the proces­
sing plants of a U233 breeder are much smaller and

714 C97r
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less exacting than those of a fast plutonium breeder 
designed to produce the same amount of power. When 
the comparison is made for the same net rate of 
breeding, the processing plants of the two types of 
breeder are of the same order of magnitude.

In concluding this discussion of material flow it 
may be of interest to compare these two breeders

breeding in the core has much smaller processing 
facilities than either a Hanford reactor of the pluto­
nium breeder operated at the same burn-up rate.

It should be emphasized that any favorable repre­
sentation of these two breeder schemes is based upon 
the optimistically high core burn-ups which were 
assumed for them.

Power equivalent to 1 
mole destroyed in core

5.0 moles 
Th

399 moles
4.975 moles5.0 moles

Th
397 moles

Th
400 moles

Neutrons 
0.1 moles

3.6 moles

Th
99.5 moles

0.0962 moles 
Th

100 moles
Th

100.1 moles
U233

0.0957 moles

Reactor
core

20% burn-up 
(based on U233)

0.1% U233 
in product

Reactor
blanket

processing plant

99.5% recovery

Core-

Blanket- 
recovery plant

99.5% recovery

0.0038 moles U233 
lost by fission 

in blanket

Net recovery 

U233
0.0707 moles

Fig. 2—Material flow in slow U2M breeder.

with a Hanford type reactor in which fissionable mate - 
rial is burned up at the same rate. Table 4 brings out 
the fact that a Hanford type reactor produces more 
plutonium than the fast plutonium breeder at a given 
rate of burn-up, but, of course, it uses up much more 
source material. The chemical processing facilities 
of a breeder producing^ plutonium handle about the 
same amount of uranium as a Hanford reactor, but 
they handle more plutonium and must attain a higher 
recovery. The slow thorium reactor doing most of its

This discussion of material flow in breeders will 
have served to bring out the importance of designing 
such reactors for the maximum possible burn-up per 
pass of fissionable material through the core and for 
the maximum amount of breeding in the core and the 
use of core materials and associated recovery plants 
which facilitate the high recovery of fissionable mate­
rial needed for successful breeding. It has been our 
observation that insufficient emphasis in breeder de­
velopment has been given to these factors, while at-
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tention has been concentrated on the problems of the 
reactor itself without regard to the feasibility of the 
recovery operations. On the following pages we seek 
to point out the advantages of certain types of core or 
blanket elements and certain separation processes in 
facilitating recovery operations in breeders. The fast 
plutonium breeder is taken up first, followed by the 
slow U233 breeder.

Table 2—Capture Cross Sections for Slow Neutrons

Reaction
Cross section, 

barns

U238 - U239 (Pu239) 3
pu239 _ fission 750
Pu239 _ Pu290 350

Table 3—Capture Cross Sections for Fast Neutrons

Cross section,
Reaction barns

Th232 - Th233 (U233) 7
U233 * * - fission 500
U233 _ u239 50

Fast Plutonium Breeder. For the use of a fast plu­
tonium breeder the same general principles apply to 
recovery processes as apply to an enriched reactor, 
discussed in the section on enriched reactors. It is 
imperative that the maximum possible burn-up per 
pass consistent with neutron economy, be secured. 
The burn-up of 0.1 to 0.3 per cent anticipated in the 
Experimental Breeder Reactor is undesirably low, 
since it would call for recoveries of 99.97 per cent in 
the core-processing plant to keep plutonium losses 
below 10 per cent of the plutonium burned up. The use 
of an oxide or fluoride in place of metal in the core of 
such a breeder would greatly simplify the core-re­
processing process by eliminating reduction to metal 
and casting and machining operations.

The principal novel separation-process require­
ments introduced by the fast plutonium breeder are in 
the blanket-processing plant. Any meas­
ures that can be taken to run this separation plant at 
a low plutonium concentration, and thus at a higher 
uranium throughput, add to the efficiency of the breed­
ing process by reducing the amount of plutonium de - 
stroyed by fission or converted toPu240 in the blanket.

These requirements of returning uranium to the
blanket in the same form in which it was withdrawn
and seeking to operate at the lowest possible concen­
tration of plutonium point to the desirability of de­
vising a process in which the plutonium could be con­

tinuously extracted from the material of the blanket 
without chemically changing the uranium. The ideal 
process would be one which distilled or leached the 
plutonium from the blanket as fast as formed without 
removing the uranium, but a feasible process of this 
type has not been suggested. Another practicable pos­
sibility would be to have the uranium in the blanket in 
the form of a liquid solution and to continuously or in­
termittently extract the plutonium from it. The use of 
a liquid alloy of uranium in a low-melting metal cou­
pled with an extraction process which transferred plu­
tonium selectively to a second liquid phase would be a 
desirable means of processing this material. On the 
other hand, the use of aqueous solutions or molten 
salts to carry uranium in the blanket gives rise to the 
same problems of chemical decomposition as were 
mentioned in connection with the use of these liquids 
in a natural-uranium reactor.

A less radical proposal to simplify blanket proces­
sing in a phltonium breeder is to use UF, in the blan­
ket coupled with a fluorine separation process or 
uranium oxide coupled with an aqueous separation 
process. These measures would have the same ad­
vantages as were noted for the normal-uranium re­
actor, i.e., eliminating the need for reduction of salt 
to metal and the casting and machining of metal. In a 
breeder blanket, when a higher recovery is desirable, 
the use of these compounds in place of metal would be 
even more advantageous than in a normal -uranium re - 
actor.

U233 Breeder. We have seen that the recovery oper­
ation in a U233 breeder designed for power production 
only may be greatly simplified by doing as much 
breeding as possible in the core and aiming for the 
highest possible burn-up in the core. If these objec­
tives can be attained, the requirements of recovery 
operations can be made much less stringent than in a 
plutonium breeder. Nevertheless the same principles 
that have been found advantageous in separation prob­
lems previously discussed apply here also. The use of 
a liquid alloy of thorium and uranium and a low melting 
metal in the core, coupled with partial extraction of 
fission-product poisons by a molten salt would be a 
very desirable way of keeping the core metal clean 
enough to maintain breeding without the necessity for 
converting either the thorium or U233 to other chem­
ical forms.

An alternate way of simplifying reprocessing of fuel 
elements would be to use a solid-metal core and, when 
this deteriorated mechanically or became poisoned 
with fission products, to recast the metal under a flux 
which removed most of the fission products, and to 
refabricate the fuel elements by remote methods. 
Another alternative would be to use tetrafluorides or 
oxides in the core of such a breeder, with the same 
advantages that have been cited for substituting these 
compounds for metals in other reactors.
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The blanket of a U2” breeder lends itself to desir­
able process simplifications more readily than any 
reactor material we have considered heretofore. This 
is because of the great difference in volatility between 
nonvolatile ThF4 and gaseous UF„ which can be taken 
advantage of in a number of reprocessing schemes. 
The simplest method, which would involve the least 
development, would be to use ThF4 as blanket materi­
al, remove it intermittently as the U233 built up, and 
convert the uranium to UFe by fluorine or interhalogen 
compounds. The proposal, which is under investiga­
tion at Brookhaven, to remove the uranium from the 
blanket in place by volatilizing it out with fluorine is 
more radical but is an even more clean-cut way of 
recovering uranium from such a breeder. In fact if 
this process can be perfected so that the uranium can 
be removed before it builds up in the blanket to a con­
centration over a few hundredths of a per cent, the 
simplicity of this operation in a U233 breeder compared 
with the difficult separation job in the blanket of a plu­
tonium breeder may make a fast U233 breeder more 
attractive than a fast plutonium breeder for net pro­
duction of fissionable material despite the lower neu­
tron yield. Because of its potential value, we would 
recommend that small-scale experimental work de­
signed to test the feasibility of this process be con­
tinued and that collaboration be established between 
groups working on this process and those considering 
breeders so that the economic possibilities of a U233 
breeder in which this recovery process is used may 
be evaluated.

Integration of reactor and separation-process de­
velopment is the direction which must be taken to 
establish, if possible, an economical means of pro­
ducing power from nuclear fission.
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ABSTRACT

Lyometallurgy is a metallurgical leaching process in which an or­
ganic solvent, initially free of a separate water phase, is used to leach 
a dry or slightly damp solid. Because of the solubility characteristics 
of uranyl nitrate, most of the test work has been done with ethyl ether 
and nitric acid. Most of the laboratory work to date has been concerned 
with testing the efficacy of lyometallurgical leaching on a large number 
of uranium-bearing raw materials and plant products. Consequently, a 
good deal of study has been devoted to the matter of pretreatment and 
leaching, but not too much effort has been spent on the study of solvent 
stripping, regeneration, and reagent recovery. Results of lyometal­
lurgical investigation have shown that the method is an attractive alter­
native to acid leaching for beneficiation of uranium ores. Various flow 
sheets are given, and some over-all process cost estimates are made.

INTRODUCTION

Most uranium ores, particularly the low-grade do­
mestic ores, are difficult to concentrate by physical 
means, and since uranium is a slag-forming element 
it cannot be separated from low-grade siliceous ores 
by smelting. Most of the work of the MIT Mineral 
Engineering Laboratory on the treatment of uranium 
ores has been devoted to hydrometallurgical leach­
ing,1’2 a well-under stood branch of extractive metal­
lurgy in which water serves as the primary solvent. 
An alternative method that has been tested has been 
termed “lyometallurgy.”

Lyometallurgy is a metallurgical leaching process 
in which an organic solvent, initially free of a separate 
water phase, is used to leach a dry or slightly damp 
solid. The solid may, or may not, have received prior 
treatment by roasting or acid digestion, and the sol­

vent may, or may not, contain a dissolved acid, such 
as nitric acid. Lyometallurgy is a coined word, the 
prefix “lyo-” coming from the Greek word Xvclu 
(lyein) meaning to loose or dissolve.

Unlike hydrometallurgy, lyometallurgy is a rela­
tively new process about which little is known, but it 
has broad potentialities owing to the wide latitude 
available in the selection of solvents. Lyometallurgi­
cal leaching has thus far been almost exclusively con­
fined to the problem of recovering uranium from its 
ores. The process is so versatile, however, that ura­
nium recovery may be only one of many applications.

HYDROMETALLURGY VERSUS LYOMETALLURGY

Lyometallurgy, like hydrometallurgy, involves se­
lective extraction of a solid by a liquid, followed by a

99
1nl



100 A. M. GAUDIN ET AL.

thickening or filtration step to separate the liquid 
from the solid residue. Thickening is the process of 
allowing suspended solids to settle so that the solvent 
can be removed by decanting the clear supernatant 
liquid. The ease with which thickening and filtering 
can be carried out depends upon a number of factors, 
among which are viscosity and surface properties of

It is much easier to separate a polar solid, such as 
a finely divided siliceous uranium ore, from a non­
polar solvent like ethyl ether than it is to separate the 
same solid from a polar solvent like water. In fact, 
the difference is often so marked as to appear to be a 
difference of kind rather than of degree. Filtration 
rates have been compared under conditions of similar

Table 1—Some Properties of Solvents

Water
Ethyl
ether Acetone

Specific gravity 1.00 0.714 0.792
Boiling point at 760 mm Hg, °C 100 34.6 56.5
Viscosity at 20°C, centipoises 1.01 0.23 0.33
Relative polarity High Least Greater than ether
Surface tension at 20°C, dynes/cm 72.8 17.0 23.7
Specific heat at 20°C, cal/g/°C 1.00 0.54 0.53
Heat of vaporization at the boiling 

point and at 760 mm Hg pres­
sure, cal/g

Solubility at 20“C

539 84 125

Solvent in water, g/100 mi 7.5 Infinite
Water in solvent, g/100 ml 1.35 Infinite

State of aggregation of Variable, Usually Usually
suspended solids flocculated 

to dispersed
flocculated dispersed

Table 2—Comparative Filtration Rates of Lyometallurgical and 
Hydrometallurgical Leach Pulps

Ore Type of leach
Over-all filtration 

rate, gal/sq ft/24 hr*
Relative

rate

Marysvale! Hydrometallurgy with H2SO, solution 17.4 i
Marysvale Lyometallurgy with nitric acid-ether 

solution (10 vol. % acid)
4,750 273

Hite! Hydrometallurgy with H2SO, solution 6.63 1
Hite Lyometallurgy with nitric acid-ether 

solution (10 vol. % acid)
4,640 700

Hite Lyometallurgy on damp sulfated ore 
with 1 to 1 acetone-ether solution

10,700 1,610

‘Includes two displacement washes of 1-in. filter cake; vacuum was 20 in. Hg. 
tVanadium Corp. of America partly oxidized ore from Marysvale, Utah. 
(Cupriferous uranium ore from Hite, Utah.

the solvent, dissolved salts present, and the extent to 
which the solids in suspension are attracted to, or 
repulsed by, other suspended particles or the individ­
ual molecules or ions of the solvent. Table 1 is a 
comparison of various properties of water, ethyl 
ether, and acetone, including some of the properties 
which have an effect on thickening and filtration rates. 
The thermal properties of the solvents are also in­
cluded to indicate how readily the organic liquids can 
be recovered through application of vacuum or heat.

cake thickness and similar vacuum (1-in. cake and 
20 in. Hg) on an aqueous sulfuric acid leach, and a 
lyometallurgical leach in ethyl ether (10 vol. % nitric 
acid) on - 20-mesh uranium ore from Marysvale, Utah. 
The data are summarized in Table 2. The ether fil­
tration rate was 273 times faster than the hydrometal­
lurgical filtration rate. In a similar comparison under 
the same conditions of vacuum and cake thickness on 
a - 20-mesh cupriferous uranium ore from Hite, Utah, 
the spread was even greater, being of the order of 700
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to 1. Although no quantitative filtration data have been 
collected for lyometallurgical leaches in which ace­
tone alone was used as the solvent, it has been quali­
tatively observed that the rate is slower than the ether 
rate but not so slow as the water filtration rate. How­
ever, it turns out that when a mixed solvent, 1 to 1 
acetone - ethyl ether, is used to leach a damp sulfated 
sample of the Hite cupriferous uranium ore the fil­
tration is faster than ever, actually 1610 times faster 
than the hydrometallurgical rate and approximately 
twice as fast as the plain ether rate. These data are 
also shown in Table 2. Thickening rates in organic 
liquors are likewise much faster than in aqueous so­
lution, relative rates being of the same order of mag­
nitude as the relative filtration rates shown in the last 
column of Table 2.

In the aqueous leaching of ores that contain finely 
dispersed clay slimes, thickening and filtration can be 
quite slow and expensive. There are no such problems 
in lyometallurgical leaching when solvents such as 
ethyl ether are used.

A glance at Table 1 shows that the specific heat, 
heat of vaporization, and boiling point of ether and 
acetone are considerably lower than those of water. 
These properties are reflected in another advantage 
of lyometallurgical leaching: the ease of recovering 
the solvent for reuse. Lyometallurgical filter cakes, 
for instance, can be stripped of solvent almost com­
pletely merely by vacuum flashing. Actually, the ex­
pense of recovering water for recycling in hydromet­
allurgical operations is much greater than the cost of 
using fresh water; therefore there are no operations 
where water is recovered from leach residues. The 
cost of organic solvents, however, requires almost a 
100 per cent recycling of solvent. Preliminary labo­
ratory tests have shown that well over 99 per cent of 
the organic solvent used can be recovered for re­
cycling.3 Those tests were run on a small-scale labo­
ratory basis, and a large-scale operation would prob­
ably reduce solvent losses even further.

Although the cheapness of water in some areas may 
outweigh some advantages of lyometallurgy outlined 
above, the fact that many domestic uranium prospects 
are located in arid desert regions far from road or 
railhead changes the situation somewhat. In some 
regions a water supply may have to be created at the 
mill, and this is expensive, particularly for small- 
scale operations. Or the mill site would be selected 
on the basis of availability of water, at the expense of 
other factors.

Roads in desert mining regions are rudimentary, 
consisting largely of the beds of dry streams between 
steep canyon walls. No matter what the method of ore 
treatment, haulage costs will be high. The ease of 
solvent recovery in lyometallurgical operations would 
mean that the amount of supplies it would be neces­
sary to haul would be relatively small, consisting of

reagents and fuel consumed in the processing and food 
and water for domestic purposes. The small size of 
the equipment required, because of the ease of filtra­
tion and short leach times, might even warrant use of 
a portable lyometallurgy plant that could travel from 
mine to mine treating stock-piled ore. At any rate, 
under desert conditions with high haulage costs and 
scarcity of water, the ease of solvent recovery and 
the small size of the plant required make lyometal­
lurgy an interesting alternative method for benefiel­
ating uranium ores.

In addition, choice of a suitable organic solvent 
permits a much more selective dissolution of the ura­
nium minerals than occurs in aqueous leaching.

DEVELOPMENT OF LYOMETALLURGY

Early work on lyometallurgy was concerned with 
recovery of uranium from the Witwatersrand (South 
Africa) gold tailings and high-grade Eldorado pitch­
blende concentrates.3’4 Initial work on the Rand ma­
terials was directed toward upgrading alkali precip­
itates from acid liquors obtained by hydrometallurgi- 
cally leaching Rand cyanide residues. The method 
involved digestion of the precipitates with nitric acid 
to convert the uranium to uranyl nitrate, followed by 
leaching of the damp or dried acid-digested residue 
with ethyl ether to extract the uranium. The high cost 
of nitric acid made it imperative that nitrate be re­
covered from leach residues obtained by this method.

Promising results with the prior nitric acid-diges­
tion method on both Rand precipitates and Eldorado 
pitchblende led to experimentation with simultaneous 
nitration-leaching, that is, leaching with a solution of 
nitric acid in ethyl ether. Elimination of both the pre­
nitration and the drying steps simplified the process. 
In this method it was found that the amount of nitrate 
appearing in the tailing was sometimes too small to 
justify its recovery.

The relatively high price of nitric acid makes the 
prenitration method unattractive for many low-grade 
ores, and some of these ores do not respond to direct 
leaching with nitric acid-ether solutions. It is there­
fore gratifying and perhaps useful to find that many 
ores become amenable to leaching with nitrated ether 
after preliminary digestion with sulfuric acid. In ad­
dition, leach residues from this process contain very 
little of the total nitrate in the system, so that good 
economy in the use of nitrate is indicated.

From the standpoint of historical sequence lyomet­
allurgy processes for uranium extraction can then be 
arranged into three categories: (1) leaching after ni­
tric acid digestion, (2) direct leaching with a nitric 
acid-ethyl ether solution, and (3) leaching after sul­
furic acid digestion. Figure 1 contains diagrammatic 
flow sheets showing the three lyometallurgical proc­
esses as they have been used for treating uranium­
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bearing materials, both ores and plant products. Later 
sections of this article include discussions of various 
steps in each process.

URANIUM RECOVERY

After leaching, the pregnant solvent can be sepa­
rated from the residue by filtration or decantation, 
and the cake can be washed until all dissolved uranium

LABORATORY APPARATUS

Figure 3 is a sketch of the glass apparatus in which 
most agitation type leaches have been carried out. 
From 10 to 100 g of solid are placed in the leach 
chamber, and the apparatus is assembled. Solvent is 
introduced through the side arm, and leaching is car­
ried on for the desired period of time. During leach­
ing the air vent and the stopcock below the frit are

PRIOR NITRATION PRIOR SULFATION DIRECT LEACHING

Feed
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Filtrationether
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Fig. 1—Flow sheets of lyometallurgical processes for treating uranium-bearing materials.

is removed. Two displacement washes of the filter 
cake have been found adequate. The uranium in the 
pregnant liquor can be recovered in a number of ways, 
including (1) evaporating the solvent to dryness, (2) 
stripping with water, followed by precipitation from 
the water, or (3) direct precipitation from the solvent 
with gaseous ammonia. The first method may involve 
special hazards because of possible peroxide forma­
tion. It has not been studied. The second method in­
volves several steps as well as the possibility of 
losing solvent by solution in the water, and it negates 
most advantages of the lyometallurgy process. In ad­
dition, it would not be suitable for stripping uranium 
from the mixed solvents used in damp leaching of 
sulfated pulps. It has therefore been disregarded. 
Method 3 is attractive; it has been tested on a small 
scale in the laboratory and is discussed briefly in 
another section. Figure 2 shows in simplified flow 
sheet form these three alternative methods of recov­
ering uranium from the solvent.

closed. The condenser on the side arm, cooled by an 
ice cube, prevents loss of solvent. Agitation is ac­
complished by means of the stainless steel stirrer 
attached through the packing gland to a small electric 
motor. At the end of the leach the agitator is stopped 
and the solvent is withdrawn into the calibrated re­
ceiver by opening the stopcock below the frit. Appli­
cation of a slight vacuum will reduce the time needed 
for filtration to a few seconds. The cake is usually 
displacement washed with plain solvent. The pregnant 
liquor and washes are evaporated over water,and ali­
quots of the water solution are analyzed fluorimetri- 
cally for uranium to determine results of the leaching 
step. The evaporation over water is merely a labo­
ratory convenience, and in a large-scale operation the 
pregnant liquor probably would be stripped of values 
with ammonia gas.

In most tests, including those described in this 
article, the leaching was carried out for 1 hr using
1.5 to 3 ml of solvent per gram of material leached

i J-Ct •• ••• • ••• • •• ••• • •• •• • • •
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and roughly the same amount of wash solvent. Little 
advantage was found in using leach times over 1 hr; 
in fact, satisfactory extractions were often obtained in 
10 to 15 min, as compared to the24-hr leaches usually 
justified in hydrometallurgical operations.

PRIOR-NITRATION METHOD

The nitric acid digestion was usually carried out by 
heating the uranium-bearing material with concen-

ers and a sealed system would keep solvent losses 
at a minimum.

On high-grade materials, such as the pitchblende 
concentrates, recovery of nitrate from the leach resi­
dues looks good. For most low-grade materials, 
where the weight of residue to be heated would be 
large compared to the amount recovered, the re­
covery of nitrate from the tailings does not seem 
practical.

EVAPORATION WATER STRIPPING NH, STRIPPING
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Fig. 2—Flow sheets showing several methods for stripping pregnant solvents of uranium.

trated nitric acid at a temperature of 80 to 90oC for 
1 to 2 hr. The digested material was then dried, pul­
verized, and leached. Some attempts were made to 
leach damp nitrated materials without first drying 
them. Recoveries were good, but it was difficult to 
get proper mixing. Therefore this modification of the 
prior-nitration method was not investigated exten­
sively. More work in this direction might be reward­
ing. In the prior-nitration process the solvent used 
need contain little or no nitric acid.

Typical results3'6 are summarized in Table 3. The 
extractions obtained on pitchblende concentrates, Rand 
precipitates, carnotites, and other materials were 
usually good, but the amount of nitric acid required 
was high since it reacted not only with the uranium 
but also with other oxides and sulfides. The reagent 
consumptions listed are based on the assumption of a 
recovery of 90 per cent of the nitric acid and 99 per 
cent of the solvent for recycling.3 The nitric acid 
would be recovered by a two-step operation consisting 
in decomposition by heat of the nitrate in the tailings 
and that washed out of the ammonia precipitate and 
scrubbing of the evolved gases with water. Condens-

DIRECT LEACHING METHOD

The successful treatment of uranium-bearing ma­
terials by the prior-nitration method led to experi­
mentation with simultaneous nitration leaching using 
a solution of nitric acid and ethyl ether. This method 
is, of course, simpler and in many cases effects 
economies in nitric acid consumption through selec­
tive nitration of the uranium. Consequently, consider­
ably less nitrate appears in the leach residues. Some 
typical results obtained are summarized in Table 4. 
Reagent consumptions are again based on the as­
sumption of 99 per cent ether and 90 per cent nitric 
acid recovery for recycling.

Uranium extractions are generally high from chem­
ical precipitates and from some ores containing sec­
ondary uranium minerals. Extraction of uranium from 
materials containing carnotite, pitchblende, or urani- 
nite is somewhat poorer.

PRIOR-SULFATION METHOD

Materials which were refractory in their response 
to direct leaching and those low-grade ores for which

iv •
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direct leaching resulted in rather high nitric acid 
requirements per pound of U3Oe recovered can be 
leached more economically after digestion with sul­
furic acid. Most tests using the sulfuric acid pre- 
treatment were made on the relatively low-grade car­
notites since these were not leached readily by the 
direct method.

with a nitric acid-ether solution.5’7 However, it was 
found that the sulfuric acid pretreatment was just as 
effective if carried out statically in thick slurries 
containing 80 to 90 wt. % solids. By leaching with a 
mixed solvent, such as acetone-ether or alcohol- 
ether, the drying step could be eliminated. The alcohol 
or acetone picked up moisture from the ore and facil-

Table 3 — Some Typical Prior-nitration Leach Data

Acid
in

Reagent consumption,!
Ib/lb recovered U.O, TT _3 B UsO, extraction, U,Oa in tails,

Material UjO„* % solvent! Nitric acid Ether % %

Wild Steer carnotite 0.35
Eldorado pitchblende

2 4.9 10 89.5 0.041

concentrate 8.0
Congo pitchblende

2 2.0 1.1 94.7 0.42

concentrate 58.4 2 0.20 0.05 98.8 1.43
CX precipitates 32.0
Rand acid leach

2 0.20 0.20 98.0 0.70

precipitate 2.12 0 3.5 7.1 95.3 0.099
Roasted Sunshine oreT 0.37 2 14 21 91.4 0.032

•Before nitration.
tVol. % concentrated nitric acid in ethyl ether
t Assuming recovery of 99 per cent of solvent and 90 per cent of nitric acid for recycling.
§ Congo lime precipitate. 
TSunshine Mine, Idaho.

Table 4-—Some Typical Direct-leach Data

Reagent consumption,!
Ib/lb recovered U.O. Acid in 3 * U,0, extraction, U,Ob in tails.

Material u3o„ % solvent* Nitric acid Ether % %

Wild Steer carnotite 0.35 10 16 7.3 57.2 0.15
Wild Steer carnotite 0.35 5 14 14 34.5 0.23
CX precipitate! 32.1 10 0.19 0.12 99.5 0.25
Congo pitchblende concentrate 58.4 10 0.26 0.16 28.2 54
Rand acid leach precipitate 2.29 5 0.96 2.4 97.2 0.07
Rand cyanide residue
Marysvale, Utah, ore:

0.025 10 130 110 64.0 0.0082

Bullion Monarch, oxidized 0.11 10 23 27 77.6 0.026
VGA, primary ore 0.23 10 10 11 92.0 0.017

Utah Cu-U ore, Hite Mill feed 0.30 10 10 9.7 92.8 0.022

*Vol. % concentrated nitric acid in ethyl ether.
t Assuming recovery of 99 per cent of solvent and 90 per cent of nitric acid for recycling.
tCongo lime precipitate.

Exploratory tests had indicated that, although uranyl 
sulfate was almost insoluble in ethyl ether, good ex­
tractions of uranium could be obtained by leaching the 
sulfate with ether containing nitric acid. In the earli­
est tests with sulfuric acid pretreatment, the solids 
were digested by pulping in a cold dilute sulfuric acid 
solution at approximately 50 wt. % solids for several 
hours. The digested pulp was then dried and leached

• ••• • • •• • • • • • •• •• • • • •• • • • • • •

Stated thorough mixing. If the damp pulp were leached 
with only a single solvent, such as ether, the sticky, 
pasty character of the pulp prevented proper mixing 
and washing. If acetone or alcohol were used alone, 
the leaching was neither as good nor as selective in 
regard to uranium extraction. Also, the filtration 
rates, if acetone and alcohol were used alone, were 
not as fast as the ether rate.

PV .5
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Tests on the carnotites showed that uranium ex­
traction could be increased if lime, or some calcium 
salt, were added to the pulp before leaching. In addi­
tion, if the sulfated carnotites were mixed with solid 
calcium nitrate [Ca(N03)2-4H20] instead of lime, the 
leaching could be done with solvent containing little or 
no nitric acid, and very little nitrate appeared in the 
leach tailings. The calcium nitrate appears to react 
with excess sulfuric acid or uranyl sulfate to form 
gypsum and to liberate nitric acid and uranyl nitrate 
which dissolve in the solvent.

difficulties, however, may exist only when the leaching 
is done in the laboratory on a gram scale. In large- 
scale leaching operations there may be no problem at 
all. Testing of equipment suitable for mixing pasty 
pulps with a single solvent could be carried out on a 
small pilot-plant scale after consultation with proc­
ess-equipment manufacturers. Time has not permit­
ted such a study.

If a cheap, easy method of removing water from a 
barren mixed solvent can be worked out, the damp 
leach with mixed solvent would also appear to be fea-

Table 5 — Some Typical Prior-sulfation Leach Data

Ore
u,(V

%
Type
leach

Reagents added, Ib/ton of ore Reagents used, Ib/lb recovered U308t U.O. 
Extrac­
tion, %

U.O, 
in tails, 

%h,so4 CaO Calcium
nitrate

Nitric
acid Solvent* Ether Acetone Nitrate H^SO, CaO

Indian Reservation 0.18 Dry 126 190 5 16.2 8.7 57.3 61 0.064
carnotite 0.18 Dry 100 190 5 11.0 5.7 37.6 93 0.0059

0.18 Dry 78 190 5 12.2 5.9 30.9 90 0.010
0.18 Dry 126 50 190 5 11.6 5.5 36.4 14.5 96 0.010

Gypsum Valley 0.60 Damp 200 190 5 2.5 1.0 2.0 21.4 78 0.117
carnotite 0.60 Damp 200 50 75 2 2.4 0.8 0.6 17.2 4.3 97 0.016

0.60 Damp 200 50 0 0 2.5 0.7 0.5 20.1 83 0.086
0.60 Damp 200 38 75 2 2.5 0.8 0.3t + 0.78 18.1 92 0.045

Cupriferous U ore. 0.35 Damp 50 50 0 0 3.1 1.4 0.8 7.6 94 0.019
Hite Mill feed 0.35 Damp 50 50 0 0 3.9 0.67 0.8 7.8 92 0.023

Marysvale ore, VGA 0.20 Damp 160 24 38 1 11.9 5.2 0.7t + 1.15 45.5 88 0.022

*Vol. % concentrated nitric acid in solvent. 1 Ca(NOs)2.
tBased on assumption that 99 per cent of solvent and 90 per cent of total SConcentrated nitric acid,
nitrate are recovered and that all CaO and HgSO, are consumed. f Alcohol used in this test.

Table 5 summarizes some typical prior-sulfation 
tests on several carnotites and two Utah uranium 
ores, one from Marysvale and the other from Hite. 
The damp leaches are those in which the digestion 
was done at high per cent solids and in which the ores 
were not dried before being leached with mixed sol­
vent. The dry leaches are those in which the sulfated 
pulps were dried before being leached with a single 
solvent, ethyl ether. The uranium extractions were 
generally quite good. The data on Indian Reservation 
carnotite ore show that when a larger amount of sul­
furic acid is used the leaching is not as effective as 
when smaller amounts of sulfuric acid or lime are 
used. This inhibiting effect of excess sulfate has been 
observed in tests on other ores.5’7’8

DAMP VERSUS DRY LEACHING

The mixing and washing problem encountered when 
water is present in the pulp led to the use of mixed 
solvents in the so-called “damp leach.” The use of 
a solvent like acetone for drying the pulp is a conven­
ient laboratory method but poses the problem of water 
removal from the mixed solvent. Mixing and washing

sible. No study of water removal methods has as yet 
been undertaken.

An alternative to damp leaching, either with mixed 
solvent or with a single solvent if suitable equipment 
is available, is to dry the feed material, whether raw, 
nitrated, or sulfated, before giving it a dry leach with 
a single solvent. The drying need not necessarily be 
complete but may be carried only to the pom* where 
the material is friable and crumbly enough to be 
mixed in a single solvent.

STATIC AND PERCOLATION LEACHING

Most of the laboratory lyometallurgical leach tests 
have been run in the apparatus shown in Fig. 3 and 
have been agitation type leaches. There has, however, 
been some work done on percolation and static leach­
ing. In percolation leaching the solvent is percolated 
through a fixed bed of solid material. In static leach­
ing the solvent merely contacts the solid without mix­
ing or agitation of any kind during the leaching. Leach 
times in static leaching, where extraction depends 
exclusively on diffusion of ions or molecules through 
motionless liquid, are, of course, longer than times

10H
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required for comparable results in agitation leaching 
where mixing aids diffusion. However, smaller quan­
tities of solvent can be used in static leaching. Good 
extractions were obtained by static leaching from a 
number of materials, including the Marysvale ores 
and the cupriferous uranium ores from Hite, Utah.

Percolation leaching is used in hydrometallurgy to 
treat coarse materials that contain few slimes or 
ores from which slimes have been removed. The me­
chanical advantage of organic solvents over water 
is so great that adequate percolation rates can be 
achieved using only a foot or so of solvent head on 
beds of slimy materials up to a foot thick. Figure 4 is 
a graphical record of a percolation leach with nitric 
acid-ethyl ether solution (10 vol. % acid) on an 11-in. 
bed of-20-mesh Marysvale ore.8 The average flow 
rate of solvent through the bed was 0.282 ml/hr/g of 
ore, or in more conventional units, 66.1 gal/sq ft/ 
24 hr. Total percolation time was approximately 7 hr.

;um. •K E*troction

[Effluent Assay

Fig. 4— Percolation leach of Marysvale ore with 10 vol. % 
nitric acid-ethyl ether solution. Charge, 150 g of-20-mesh 
ore; bed depth, 11 In.; average flow rate, 66.1 gal/sq ft/24 hr.

erally not so good, either in uranium extraction or in 
filterability of the pulp. The poorest filtration rates 
were obtained with the more viscous water-avid sol­
vents, such as the tributyl phosphate - kerosene solu­
tion, although engineers of The Kellex Corporation9 
have found mixed solvent to give almost complete 
uranium extraction without filtration difficulty. A con­
siderable amount of research work remains to be 
done on the problem of selecting the proper organic 
solvent to do a certain job.

An investigation has been started to test the ability 
of various solvents to leach an artificial mixture of 
nitrates of uranium and the impurities most frequently 
associated with uranium.10 The nitrate mixture ana­
lyzed as follows:

u,o. 2.4% Co 1.2%
CaO 2.8 Ni 1.2
Fe 8.2 Cu 1.2
AlaO, 11.0 MgO 0.8
Pb 2.3 Cr 0.8

Table 6 summarizes preliminary results of the 
survey. The extractions of elements or compounds 
other than UjO, were generally determined by semi- 
quantitative spectrographic analyses and hence are 
only rough approximations. Many solvents show good 
uranium extractions. The most selective leaching was 
done by some of the nitro compounds, particularly 
nitroethane. Further testing of these promising sol­
vents will be undertaken on natural uranium ores. 
Notwithstanding selectivity considerations, however, 
it now seems that ethyl ether will rank close to the 
top of the list of solvents suitable for treating urani­
um ores when economic factors and over-all ease of 
handling are considered.

EXTRACTION OF OTHER ELEMENTS

Included in Fig. 4 is the holdup liquor which was 
drained out of the bed at the end of the test. The final 
uranium extraction was as high as that obtained in the 
1-hr agitation leach on the same material. Also, rea­
gents were required in roughly the same amount in 
each test.

USE OF OTHER SOLVENTS

A few tests have been run on various materials 
using a solution of nitric acid in solvents other than 
ethyl ether, including acetone, isopropyl ether, ethyl 
acetate, hexone, and tributyl phosphate-kerosene so­
lution.4’6 Compared to ethyl ether, results were gen-

Uranium ores and plant products frequently contain 
other valuable metals which can be extracted either 
with the uranium or in a subsequent step. Proper 
choice of solvent, other reagents, and pretreatment 
will determine whether or not a given element will be 
extracted. The by-product can either be extracted in 
a separate leach before or after selective uranium 
extraction or it can be extracted along with the urani­
um. By proper treatment of the pregnant solvent, 
separation of uranium from other values can be ef­
fected (see the section on “Production of High-purity 
Uranium”). Table 6 has considerable data concerning 
the extraction of elements other than uranium from 
an artificial ore. Presented below are data collected 
during test work on actual uranium plant products and 
raw materials.
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Cobalt and Nickel

The precipitates obtained by the addition of lime 
(CX) and magnesia (MgX) to acid leach liquors from 
Congo pitchblende ores contain appreciable amounts of 
cobalt and nickel. When these materials are leached, 
either by the direct or the prior-nitration process 
using ethyl ether, uranium is extracted rather selec­
tively. If acetone is used, however, cobalt and nickel 
are also extracted. Table 7 shows the results of a

Copper

In the treatment of Congo precipitates some copper 
was also extracted. Copper did not precipitate from 
acetone upon ammonia addition but formed instead a 
blue complex. The copper present in ether solutions 
was found to precipitate with the uranium upon the ad­
dition of ammonia, but it was removed from the pre­
cipitate in the water wash as the soluble copper- 
ammonium complex.

Table 6 — Leaching of Nitrate Mixture with Various Solvents

Solvent* u3o. Ca Fe A1

Extraction, %
Pb Co Ni Mg Cr Cu

Diethyl ether 92 0.2 0.2 0.2 <0.1 10 10 3 <0.1 >20

Nitromethane 100 <0.1 0.2 <0.1 <0.1 10 10 3 <0.1 >20
Nitroethane 100 <0.1 <0.1 2 <0.1 <0.1 <0.1 3 <0.1 <0.1
1-Nitropropane 84 <0.1 15 <0.1 <0.1 <0.1 <0.1 3 2 <0.1
2-Nitr ©propane 100 <0.1 2 <0.1 <0.1 <0.1 <0.1 3 2 <0.1

Acetone 84 78.Ot 4.0t 52.Ot 15.Ot 71t 92.Ot 9t 3.0t >20
Diethyl ketone 86 8t 0.2 <0.1 0.1 54t 35t <1 <0.1 >20
Hexone 92 25t 0.2 2 <0.1 60t 40t 3 2 >20
Dllsopropyl ketone 72 0.1 0.2 <0.1 <0.1 10 10 <1 <0.1 >20
Diisobutyl ketone 63 2 2 <0.1 <0.1 >20 >20 30 <0.1 >20

Methyl alcohol 82 >30 >30 >40 100 100 100 30 100 100
Ethyl alcohol 100 100 15 20 <0.1 >20 20 >50 >30 >20
n-Butyl alcohol 86 >30 15 >20 1 20 20 omA >30 >20
n-Amyl alcohol 100 >30 15 20 <0.1 >20 >20 >50 >30 >20
Frother B-23 72 >30 2 2 <0.1 >20 >20 30 15 >20
n-Hexyl alcohol 99 >30 2 20 <0.1 100 100 >50 15 >20
Benzyl alcohol 50 >30 <0.1 20 <0.1 100 >20 30 2 >20

Acetic acid 73 >30 >30 >40 <0.1 >20 >20 >50 30 100
Propionic acid 96 15 15 20 <0.1 10 10 3 <0.1 >20

Ethyl acetate 100 >30 2 20 <0.1 100 >20 >30 10 100
Isopropyl acetate 52 2 2 0.2 <0.1 10 >20 >50 2 >20
Amyl acetate 82 19 2 2 <0.1 52t 40t 3 2 >20
n-Butyl n-butyrate 52 2 2 0.2 <0.1 10 >20 >50 2 >20

n-Butyl chloride 24 <0.1 0.2 <0.1 <0.1 <0.1 <0.1 1 <0.1 10

•Solvents contain 5 vol. % concentrated nitric acid (70 wt. % HN03).
tChemical analyses. Unless otherwise indicated, all figures for extraction of elements other than uranium represent spectrographic 

approximations only. Uranium extractions determined by fluorimetric assay.

preliminary test in which this effect was observed. A 
sample of CX material was leached first with nitric 
acid-ethyl ether solution (10 vol. % acid) and then with 
plain acetone. The ether liquor and acetone liquor 
were separately stripped with ammonia gas, and the 
ignited precipitates were assayed for uranium, cobalt, 
and nickel. The cobalt and nickel appeared in the ace­
tone solution. In other tests, where acetone and ether 
solutions were combined and stripped with ammonia, 
it was observed that the yellow uranium precipitate 
formed first, followed in order by the pink and then 
the green of cobalt and nickel. A fractional precipita­
tion like this might form the basis of a method of sep­
arating these elements.

The cupriferous uranium ores from Hite, Utah, 
averaged about 2 per cent copper. Copper extractions 
from those ores were poor by lyometallurgical leach­
ing. However, the tests were designed primarily to 
recover uranium and not copper. By suitable modifi­
cation of leaching conditions, copper could probably 
be recovered.

Vanadium

The lyometallurgical methods described have re­
sulted in appreciably higher uranium extractions from 
carnotites than are now being obtained in practice. 
However, the vanadium extractions have been low.
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Although vanadium recovery is not vital, it is a con­
sideration. Treatment of sulfated carnotites by mixing 
with solid calcium chloride crystals either in lieu of 
or after calcium nitrate addition, followed by leaching 
with mixed solvent, gave vanadium recoveries of the 
order of 50 per cent, as good as present plant practice 
on low-vanadium carnotites.7 Even if no nitrate at all 
is present in the system, uranium recoveries, although 
impaired, were as good as achieved in present opera­
tions, that is, over 85 per cent.

before ammonia precipitation has considerably in­
creased the grade of the final product. Assays ex­
ceeding 99.8 per cent U3Ob have been obtained.6 The 
uranium passes readily through the column, and the 
impurities are rather strongly adsorbed by the alu­
mina. This alumina purification is a typical chroma­
tographic phenomenon, the yellow uranium band being 
the fastest moving of several colored bands. The col­
umn can be operated until the first impurity band 
breaks through.

Table 7—Direct Leaching* of CX Precipitate

v,o. Cu Ni Co

Head assay, % 31.0 0.48 1.24 1.58
Total extraction, % 98 68 67 77
Ether product assay, % 99t
Acetone product assay, % 46 6 21

* Charge leached first for 15 min with 3.0 ml/g of 10 vol. % nitric acid- 
ether solution, displacement washed once with plain ether. Charge then re­
leached for 5 min with 1.5 ml/g plain acetone, followed by one displacement 
wash of plain acetone.

tThis product contained 91 per cent of the total uranium extracted.

RECOVERY OF URANIUM

The only uranium stripping method that has been 
studied is the direct ammonia precipitation of urani­
um from the pregnant solvent. Bubbling ammonia gas 
into the pregnant solution precipitates all the uranium 
and most other metallic ions present. Any free nitric 
acid is neutralized with the formation of ammonium 
nitrate. In the case of ethyl ether, when used alone, 
the ammonium nitrate precipitates with the uranium 
and can be washed out of the precipitate with plain 
water. In the presence of mixed solvents, part, if not 
all, of the nitrates remain in solution and could per­
haps be recycled directly.

By washing the ammonia precipitate with water, 
water-soluble nitrates are removed, including water- 
soluble complexes such as the copper-ammonium 
complex. After ignition, the final purity of the urani­
um product depends on the raw material treated since, 
as shown in Table 6, ether will dissolve to a small ex­
tent certain nitrates other than uranyl nitrate. Prod­
uct grades from leaching of low-grade ores have 
ranged from 70 to 90 per cent U308. Occasionally 
products assaying over 90 per cent U3Os have been 
obtained.

PRODUCTION OF HIGH-PURITY URANIUM

Recent studies have shown that passing the preg­
nant solvent through a column of activated alumina

The prospect of producing high-grade uranium di­
rectly from a low-grade ore, simply and at a rela­
tively small cost, is particularly attractive since the 
product might be pure enough to by-pass present re­
fineries. The idea of a chromatographic type purifica­
tion process has not yet been evaluated. The British, 
however, have done some work of this nature.11

RECYCLING OF SOLVENT AND REAGENTS

By using a sealed system and condensers, it has 
been possible in the laboratory to recover over 99 
per cent of the total solvent used. On a larger scale, 
losses could probably be reduced even further. The 
solvent may have to be treated to remove water, by 
rectification, by use of a dehydrating agent, or by a 
freezing process, before being recycled. If the feed 
material was dried or partly dried before leaching, 
water build-up in the solvent could be prevented. The 
study of solvent regeneration is one that remains to 
be examined in detail.

The nitrate used, added either as nitric acid or as 
a salt, can appear in several places: (1) the water 
wash of the ammonia precipitate, (2) the recycled 
barren solvent, (3) the water removed from the sol­
vent in the regenerating step, or (4) the leach residue. 
Nitrate appearing in the directly recycled barren sol­
vent probably will be usable without collection and 
conversion to calcium nitrate or nitric acid. The ni­
trate appearing in the water solution, either from de-

X <Jk 111



110 A. M. GAUDIN ET AL.

hydration of the solvent or from water wash of the 
precipitate, can first be treated with lime to evolve 
ammonia. It has not been determined whether or not 
it would be economic to recover this ammonia for 
reuse. The remaining calcium nitrate solution can be 
evaporated to dryness and the salt can be reused as 
such, or, by further heating, the calcium nitrate can

The study of nitrate economy is another subject that 
requires detailed study at the pilot-plant stage.

OVER-ALL PROCESS AND COST ESTIMATES

Figure 5 is a more complete flow sheet than those 
of Figs. 1 and 2, and it shows various steps in the three

Nitric acid or

calcium nitrate

Washing

Residue

Nitrate

Condenser

storage

storage

Wash

A1.03
column

Water wash
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Solvent
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Fig. 5—Schematic flow sheet for lyometallurgical leaching of uranium-bearing materials.

be decomposed to regenerate lime and nitric acid. 
When treating low-grade ores by direct leaching or 
prior sulfation, it almost always will be unprofitable 
to recover the small amount of nitrate in the tails 
since the quantity of solid to be heated is so large.

lyometallurgical processes suitable for treating ura­
nium-bearing materials. Almost all the low-grade 
domestic uranium ores that have been tested are 
amenable to either direct leaching or leaching after 
sulfuric acid digestion. Leaching after nitric acid

.. ‘>- > >-
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digestion does not appear so attractive as the other 
two methods for treating low-grade western ores.

Some preliminary calculations have been made to 
determine approximately what it would cost to treat 
low-grade western ores by the prior-sulfation method 
using static digestion at high percent solids and mixed 
solvent for leaching. Reagent consumptions were as­
sumed to be 1 per cent of solvent used, 10 per cent of 
the nitrate added, and 100 per cent of the sulfuric acid 
and ammonia. An average recovery of 90 per cent of 
the total uranium was assumed at all grades of ore. 
The lyometallurgical plant was planned to treat 5 tons 
of ore per hour, or 120 tons/day for 300 days a year. 
Reliable equipment costs were obtained from manu­
facturers or from recent literature, and it was as­
sumed that the solvent would be dehydrated by recti­
fication in a bubble-plate tower. The total installed- 
equipment cost amounted to approximately $529,600. 
After adding additional amounts for engineering and 
construction (25 per cent), a size factor (15 per cent), 
and a contingency allowance (30 per cent), the total 
indicated capital investment was $900,000.

In determining the cost per pound of U308 extracted, 
estimates were made of (1) direct costs, including 
operating labor, supervision, record keeping, analysis, 
plant maintenance, operating supplies, payroll over­
head, power and reagents; (2) fixed costs, including 
taxes, insurance, interest, depreciation and amortiza­
tion (investment written off in 10 yr); (3) indirect costs 
or burden, including 50 per cent of each of the labor, 
supervision, record-keeping, analysis, plant-mainte­
nance, and operating-supply costs; and (4) a contin­
gency of 15 per cent on (1), and 10 per cent on (2) and 
(3). Based on percentages these figures turned out to 
be: direct costs, 60.6 per cent; fixed costs, 17.4 per 
cent; indirect costs, 10.2 per cent; and contingencies,
11.8 per cent of the total cost. Results of these pre­
liminary cost calculations are presented graphically 
in Fig. 6 where the estimated cost per pound of ura­
nium extracted is plotted against the grade of ore 
treated.12

A treatment cost of $12.70 per pound of UsO, ex­
tracted from 0.1 per cent U308 ore seems reasonable 
enough considering present costs of treating carno­
tites on the Colorado Plateau. The treatment cost 
drops to $6.40 per pound of U3Oa with a rise in grade 
of ore to 0.2 per cent U308.

SUMMARY

The lyometallurgical process was conceived and 
has been used mainly for treating uranium ores. Be­
cause of the solubility characteristics of uranyl ni­
trate most of the test work has been done with ethyl 
ether and nitric acid. Since studies of solution chem­
istry have been almost wholly concerned with water

and very little is known about the solubility of various 
salts in organic solvents, lyometallurgy is a nearly 
virgin field. We now have only the barest idea of what 
solvent and what inorganic reagent can be used to give 
the most selective and complete extraction of various 
ore constituents.

0 az 0.4 0.6 0.8 ijO
ORE GRADE, PER CENT UjOb

Fig. 6— Estimated cost of treating low-grade western ura­
nium ore by prior-sulfation lyometallurgy process.

Most of the laboratory work to date has been con­
cerned with testing the efficacy of lyometallurgical 
leaching on a large number of uranium-bearing raw 
materials and plant products. Consequently a good 
deal of study has been devoted to the matter of pre- 
treatment and leaching, but not too much effort has 
been spent on the study of solvent stripping, regen­
eration, and reagent recovery. Results of lyometal­
lurgical investigation have shown that the method is 
an attractive alternative to acid leaching for benefici­
ation of uranium ores. Some pertinent topics and 
questions concerning lyometallurgy which still remain 
to be investigated in detail are:

Mechanical considerations
1. Equipment design for damp leaching and dry 

leaching
2. Size reduction of feed; to what extent is it re­

quired
3. Equipment for sulfation at high per cent solids
4. Equipment design for static, percolation, coun­

tercurrent, and cyclic leaching
5. Equipment for nitration

* X 113
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Selection of solvent
1. Further search for useful selective solvents, 

using systematic approach on synthetic feeds
2. Testing of solvents shown in Table 6, plus others, 

on raw materials
3. Use of diluents
4. Combinations for mixed-solvent leaching

Recovery and recycling of solvent and reagents
1. Methods of water removal from barren solvent; 

whether or not required
2. Recovery of solvent from pasty, damp pulps
3. Decreasing solvent loss below 1 per cent in 

large-scale operations
4. Where does nitrate finally appear, and how is it 

best recovered
5. Can nitrate by recycled as ammonium nitrate in 

barren solvent
6. Economics of ammonia recovery

Extension of process to other metals and minerals
1. Suitable solvents, acids, and other reagents for 

specific metals
2. Survey of various ore minerals

Other methods for uranium extraction
1. Pretreatment with acids other than nitric and 

sulfuric, or with bases rather than acids
2. Other methods of nitration and sulfation (NOz or 

SO, gas)
3. Use of other acids in solvent besides nitric

Economic evaluation
1. Upgrade scale of testing to pilot-plant size
2. Substantiate and revise cost estimates already 

calculated
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ABSTRACT

The hot laboratory at Brookhaven National Laboratory has been spe­
cifically designed and built to handle and process multicurie amounts 
of radioactive materials. It is operated by a permanent staff in such a 
way that others can also use the various facilities required for this 
type of work. A wide variety of facilities is available, and use is al­
ready being made of them as indicated by the scope of the research and 
operations program presently under way. The general philosophy used 
in designing the building is outlined and the facilities themselves are 
described in detail.

INTRODUCTION

Early in the planning stages of Brookhaven National 
Laboratory the need was felt for a building spe­
cifically designed to handle and process multicurie 
amounts of radioactive materials, a building which 
would be stocked and maintained by a permanent staff 
and could be used by others when they had occasion to 
handle anything from a few millicuries to hundreds of 
curies of activity. The hot laboratory described in 
this article represents the fulfillment of this need. 
Some of the special facilities of the building will be of 
particular interest because of their radical departure 
from convention.

The building was occupied by the permanent staff in 
the summer of 1950. Already some special handling 
devices have been built for particular jobs, and it is 
expected that in time a stock of such items as tongs, 
manipulators, dry boxes, equipment racks, and special 
valves will be built up so that the proper piece of 
equipment for any particular job will be on hand. By 
now also most of the special features have been put to 
actual use.

RESEARCH AND OPERATIONS PROGRAM

The building is designed for a wide variety of oper­
ations, as will be seen from some of the activities 
presently going on in it. The resident building staff 
operates and maintains the building as a specialized 
research laboratory. In addition to the ordinary duties 
encountered in an operation of this sort, the staff per­
forms such special functions as (1) monitoring the 
building ventilation exhaust to detect, and thereby 
check the spread of, air-borne contamination, (2) mon­
itoring and treating all liquid waste generated within 
the building and most of that dis'charged from the re­
actor building, as well as all the radioactive waste 
generated at other buildings on the site, and (3) advis­
ing and assisting visitors in setting up the proper ex­
perimental equipment. It is planned to add an analyt­
ical service section in the near future to perform the 
many radiochemical analyses required in processing 
radioactive material.

Two projects of general interest were undertaken 
by members of the Hot Laboratory Group, and these 
are now nearly completed. The first is a generator to
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make 2.4-hr I132 available for general research. The 
development of this generator is described in the 
March 1951 issue of “Nucleonics.” The second proj­
ect is the development and construction of a closed- 
cycle dissolver. Uranium dissolved within a few hours 
after irradiation is very active with short-lived vola­
tile isotopes of xenon, krypton, bromine, and iodine. 
The dissolving of even moderate amounts of uranium 
with release of these activities to the atmosphere 
would exceed acceptable tolerance levels. In order to 
do research and development with fresh uranium, a 
control and storage system was developed.

The Extractive Distillation Group has installed 
equipment for relative volatility measurements in the 
systems of MoFe, TeF„ UF6, and BrF3. In addition, 
equipment to test the corrosion resistance of alumi­
num alloys, welds, nickel-aluminum couples, etc., is 
in operation. This group has under construction sev­
eral 3- to 4-in.-diameter columns and associated 
tankage for pilot-plant testing of the efficiency of sep­
aration of TeFg, UF6, and BrF3. This work is being 
done in cooperation with similar work by J. J. Katz at 
the Argonne Laboratory.

The Waste Concentration Group has under test an 
80 gal/hr compression-distillation evaporator manu­
factured by the Cleaver-Brooks Co. This unit was 
modified to include the fiberglass deentrainment unit 
developed at BNL. Operating characteristics and de­
contamination ability have been tested, and studies on 
scaling with general laboratory waste liquids have just 
been started. The work of this group is now changing 
over to the evaluation of waste utilization. Several 
kilocurie sources of tantalum and cobalt are now in 
the Brookhaven reactor, and preliminary studies on 
the shielding and handling of these sources will be 
conducted in one of the semihot laboratories described 
below.

The Metallurgy Division has been measuring the 
changes in the physical properties of invar which re­
sult from neutron irradiation. This work has been on 
an interim basis in a semihot laboratory. For general 
testing (stress-strain, hardness, impact, etc.) of ra­
diation damage of reactor materials, more permanent 
facilities will be needed. Detailed designing will be 
started soon on a series of shielded cubicles. Each 
cubicle will be specifically designed to permit stand­
ard metallurgical testing by remote control.

The Fuel Processing Group has been measuring the 
distribution coefficient of rare earth metal and urani­
um between molten bismuth and the fused eutectic of 
LiCl and KC1. Experimentation thus far has been on a 
laboratory scale since larger scale tests with irradi­
ated uranium require the use of a semihot laboratory.

The Medical Department is using an 80-curie cobalt 
source to irradiate small animals and chicken em­
bryos. The individual sources are arranged in a grid 
to give a fairly uniform field of -1000 r/hr. The grid

is mounted on slides so that the sources can be moved 
into a shield cave while the apparatus for the experi­
ments is being set up and dismounted.

A group from the Physics Department is preparing 
to work with 1 or 2 curies of tritium, and members of 
the Health Physics Division have used the hot labo­
ratory facilities to load a lead pig with 200 curies of 
Co”.

GENERAL PLAN 

Philosophy

The strict control of contamination was axiomatic 
in the design and operation of the hot laboratory. This 
is exemplified by the fact that all exhaust air from 
areas where radioactive material is used is in every 
case filtered through a CWS 6* filter and in some 
cases is also scrubbed, monitored for activity, and 
exhausted through a 325-ft stack. No liquid wastes 
are released from the laboratory which contain more 
than 3 x 10'11 curies/ml, and for a three-month av­
erage this figure must not exceed 3 X 10'12 curies/ml. 
Not more than 1.5 curies of liquid waste may be re­
leased in any 1 yr. All other liquid wastes are stored 
indefinitely. Contamination is further controlled by 
the general practice of using closed systems for 
chemical processing; such techniques as pouring ra­
dioactive liquids from open beakers and flasks are 
strictly avoided.

Thicknesses of shielding walls in general were cal­
culated to attenuate a beam of 2-mev y rays to a radi­
ation level of 6V2 mr/hr.

To facilitate the handling and storage of wastes, 
they are divided at the source into one of the five fol­
lowing types depending on their content:

A. Wastes containing accountable material
B. Wastes of high specific activity which do not 

contain accountable materials
C. Wastes high in chlorides or solvents
D. Wastes of low specific activity
F. Strictly cold wastes.

AU these types are monitored.

Layout

The location of the hot laboratory with respect to 
the reactor building, the fan house, and the stack is 
shown in the aerial view. Fig. 1. Figure 2 shows a 
plan view. With the exception of the Health Physics 
office, which is located in the working area on the 
main floor, all other building offices are located on

*A paper filter of exceptionally high efficiency, developed 
and manufactured by the Chemical Warfare Service, now the 
Chemical Corps of U. S. Army.
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the ground floor, well removed from any possible con­
tamination.

In general, the main floor plan is arranged so that 
the rooms which should be, or will be, the “coldest” 
or “cleanest” are farthest to the east, i.e., farthest 
removed from the hot area. Thus the personnel lock­
ers, the physical-measurements laboratory, and the

hot cell. The equipment-assembly room is provided 
as a place for the construction of equipment. A ma­
chine shop, a glassblowing shop, and the equipment- 
repair room are, for convenience, all located adjacent 
to the equipment-assembly room.

It will be noted that one double locker room is pro­
vided for men and another for women. In the event

Fig. 1—Aerial view showing hot laboratory, reactor building with laboratory wings, stack, 
and fan houses.

counting room, in which there should be no loose ac­
tivity, are all at the east end of the building, whereas 
the equipment-repair room to which contaminated 
equipment will be taken for repair is adjacent to the 
hot area. In this way it is hoped to eliminate or at 
least minimize any cross contamination of areas.

As will be seen later, one of the chief advantages to 
the Brookhaven type of hot cell is the ability to build 
equipment out in the open and later to place it in the

that the building should ever become contaminated to 
the point where it would be necessary for personnel 
to change clothes when going to and from the main 
floor, one locker room will be used for street clothes 
and.the other duplicate locker room will be used for 
protective clothing. A shower room connects the two. 
At present the use of a lab coat is optional in the cold 
area and mandatory in the hot area. Personnel are 
not required to change clothes or shoes in going to or
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from the main floor, and the use of the showers is 
optional. They are, however, required to monitor 
themselves at “sufficiently frequent intervals to en­
sure that they are free of contamination.’’

The building was designed to accommodate a total 
of approximately 80 men and 10 women, including both 
technical and supporting personnel and transients, i.e..

suited in a considerable increase in cost according to 
the contractor, The H. K. Ferguson Co. Therefore, in 
order to keep the construction cost to a minimum, the 
plans allowed only limited room for future external 
expansion, such as an additional analytical laboratory 
on the east. The present building provides space for 
five more laboratories similar to the existing semihot

GltOUNO FLOOR

UNCXCAVATEO

( LCCTRICAL MECHANICAL

COLO AREA

Fig. 2 — Plan view of hot laboratory. 
Ground floor Is located directly below 
cold area. Hot area Is built directly on 
solid ground.

people who use the facilities for only a few days or 
weeks at a time. The total usable floor space is of the 
order of 33,000 sq ft, broken down as follows:

Cold area, ground floor 7,000
Cold area, main floor 14,000
Cold area, attic 1,000
Hot area, main floor 11,000

Total 33,000

In laying out the plan of the building, the main em­
phasis was placed on the proper grouping of the areas 
in accordance with their function and the activity level 
or radiation level expected in each. To achieve this 
result and at the same time provide a building which 
could later be expanded considerably would have re­

laboratories (see “unassigned area’’ Fig. 2), and 
foundations exist for the addition of three more hot 
cells just west of the present three.

Ventilation Pattern

The entire main floor is under forced ventilation, 
and in addition the hot area, analytical laboratory, 
physical-measurements laboratory, counting room, 
and process-development laboratory are air condi­
tioned. In general, the pattern of air flow is always 
from a cold area to a warmer one, speaking in terms 
of potential contamination. No air is recirculated. 
All supply air is filtered as it enters the building to 
remove gross dust. All exhaust air from areas in 
which radioactive material may be present is filtered 
through a CWS 6 filter. Air from rooms such as the

»
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machine shop and the glassblowing shop, where there 
should be no radioactivity, is blown directly out onto 
the roof without filtering.

A small difference in air pressure is maintained 
between the cold area and the hot area so that when a 
connecting door is opened the air flow is always from 
the cold area to the hot area. This is accomplished 
by means of a controller mounted on the common wall.

SPECIAL FACILITIES 

Hot Cells

Three hot cells are provided. These are rooms 4 ft 
wide, 3 ft deep, and 8 ft high, surrounded on the sides, 
rear, and top by 3 ft of ordinary concrete. Two of 
these rooms are shown in Fig. 3. The opening in the

Fig. 3—View of two of the three hot cells. Picture shows hot cell on right with doors closed, 
equipment in place, and operating control panel exposed. Hot cell on left has doors open 
showing interior of cell.

When the pressure difference becomes too small this 
controller actuates roof exhaust fans in the hot area.( 

Equipment in the hot area can be vented through 
pipes which lead to a caustic scrubbing tower to re­
move contaminants such as iodine. This procedure 
will be described below.

frpnt is closed by two solid-steel doors 1 ft thick, 
11 ft high, and weighing 11 tons each. The doors roll 
sideways and are hydraulically actuated. The cells 
were designed to handle 50 curies of a 2-mev y emit­
ting material, and they can accomodate proportion­
ately larger amounts of lower energy isotopes.
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As can be seen from Fig. 3, the doors have stepped 
edges which mesh together when they are closed to 
eliminate the straight-line penetration of radiation. 
Also seen in Fig. 3 is a rectangular opening in the 
doors for the insertion of a special plug or hub around 
which fits the apparatus to be used in the cell. The 
plug is mounted on a stand and is perforated by many 
tubes, some spiral and some straight. On either side 
of the plug there is a pipe rack, one for the remotely 
operated equipment and the other for all the controls. 
Connections between the two racks are made through 
the tubes in the plug.

This type of setup permits all the equipment to be 
assembled and tested in the equipment-assembly room 
rather than in the actual hot cell. The equipment can 
be put through a series of dummy runs using cold 
chemicals and/or tracers. Only after this equipment 
is thoroughly tested and checked is it placed in the 
hot cell. The latter operation is accomplished by 
picking up the entire assembly as a unit on a fork lift 
truck and placing it in a hot cell. The doors are then 
closed around the central block.

A stainless steel diaphragm mounted on the central 
block fits just inside the doors. Around the edge of 
this diaphragm is a large Tygon tube which, when in­
flated, seals the diaphragm to the cell and prevents 
any contaminated liquid or vapor from leaking out the 
front wall in case of an accident inside.

When an experimental run is completed the equip­
ment is rinsed out internally and sprayed down exter­
nally to remove the gross activity. After it has dried, 
the doors are opened, and it is removed and placed in 
one of the equipment-clean-up rooms for further de­
contamination as necessary. Both the overhead crane 
and the lift truck used in moving the equipment can be 
operated remotely from a distance of 20 ft.

Jhe advantages to this type of design and operation 
are manifold. The most significant of these is the fact 
that the hot cell is tied up only during the actual hot 
run, that is, both the assembly and the decontamina­
tion are done in rooms separate from the hot cell. 
Not only does this result in increased hot-cell effi­
ciency but it makes for easier working conditions be­
cause, when the equipment is being worked on, it is 
out in the open where there is easy access to all sides 
of it. Also important is the fact that different appara­
tus can be used consecutively in the same cell without 
having to tear down the first to make way for the sec­
ond. For instance, suppose a setup for separating 
isotope A is in current use in the cell and suppose 
that it is desired to produce, for a short period of 
time, isotope B, which requires an entirely different 
apparatus. Apparatus A can be removed and appara­
tus B can be inserted. When isotope B has been sep­
arated, that apparatus can be removed and the original 
apparatus for use with isotope A reinserted. Such 
flexibility of operation is difficult to achieve in hot

cells where the equipment must be assembled inside 
the cell.

Hot-cell Periscopes

Since, among other reasons, the hot cells are de­
signed to accommodate a variety of equipment (includ­
ing glass vessels), it was felt necessary to incorporate 
some sort of optical viewing equipment.

During the early design stages of the hot-cell struc­
ture, G. S. Monk of the University of Chicago was ap­
proached with the problem of providing improved 
viewing instruments for the cell. The design used for 
other cells already in existence produces a view which 
is always reversed and is more often oblique than 
erect. In this case a design was desired that would 
result in a convenient and realistic view of the cell 
interior.

The design developed by Monk provides the ob­
server with a view which is erect, unreversed, and 
brought to focus in an eyepiece conveniently fixed with 
respect to a process panel board. Only two periscopes 
are required for each cell, instead of possibly three 
or four, and two observers can use them simultane­
ously (see Fig. 4).

The view provided is equivalent to that seen by a 
person looking horizontally into the cell from a front 
corner (left or right) at a particular elevation. If it 
were possible to locate the eye and scan at any eleva­
tion along a front cell corner, the capabilities of the 
instrument would be duplicated. The instrument has a 
field of 25 deg at approximately unity magnification, 
and it is possible by moving a knob to increase the 
magnification with a corresponding reduction of field. 
The use of two periscopes for each cell results in a 
more practical observation system since greater 
coverage is provided, two views of a given object are 
possible, and a factor of safety in event of failure is 
acquired.

Specifications for the instrument were written, and 
a contract was made with Baird Associates of Cam­
bridge, Mass., for further development of the design 
and for construction of a full-scale working model. 
This model was satisfactory and performed as pre­
scribed. However, the Thorne-Brown Co. of Westport, 
Conn., improved the design and built the six peri­
scopes used in the present three hot cells. In general, 
their system is easier to operate, has improved actu­
ating mechanisms, and is more versatile; it also 
contains one, rather than two, traveling optical as­
semblies.

The complete periscope consists of an elevator 
housing assembly, telescope tube assembly, control 
box, and all necessary electrical components. Figures 
shows a right-hand housing assembly, with the cover 
plates removed, and a left-hand telescope tube, with 
its control box. The left-hand edge of the housing
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serves as a sealing surface for the inflatable tube Each periscope is composed of three separate opti- 
carried on the diaphragm which covers the cell open- cal subassemblies, two of which are linked tothe third 
ing. The force exerted by this tube is transmitted to only when the steel doors are closed. The housing

Fig. 4—Close-up of control panel at hot cell 1, showing doors closed 
and equipment in operation.

the steel shielding insert (A)which supports the hous­
ing by thrust girders (B). The housing is also gasketed 
to the hot cell liner and contains long narrow windows 
oriented at 45 deg to the cell corner.

unit contains a horizontal elevator tube (C) which is 
carried on guide rods (D) and is driven up and down 
by means of a small universal motor (E), ladder chain 
(F), and counterweight (G). The end of the tube facing
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the cell Interior carries a scanning head, reversing flip-over mirror and prism are mechanically shifted 
prism, and objective lens, and the opposite end car- to their proper positions by detents as the elevator 
ries a first erector lens, stationary prism, and flip- tubes passes the mirror, and it is here that the sys-

over prism. Fixed to the rear of the housing is a 
flip-over mirror (H) which links the above optical as­
sembly to the telescope tube carried by the door. The

tern has an inherent blind spot; however, the field of 
view is such that each instrument covers the blind 
spot of the other. The telescope tube contains three
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second erector lenses and an eyepiece. The stationary 
prism prerotates the image through the 60-deg angle 
at which the telescope tube is set in the door.

The 25-deg field of view of the instrument is re­
duced to about 15 deg at the top and bottom of the cell. 
This reduction of field was accepted because the nec­
essary optical components were readily available and 
because scanning can partially offset the loss. The 
variable magnification or “zoom” feature of the sys­
tem is achieved by moving as a unit the pair of erec­
tor lenses closest to the eyepiece. This feature was 
incorporated by the Thorne-Brown Co. and has a mag­
nification ratio of 2. When the zoom control (Fig. 4, J) 
is at mid-position, the erector lenses are located as 
In the original design and the field of view is 25 deg. 
Refocusing of the eyepiece is not necessary if the 
control is moved from one extreme to the other. The 
depth of field is such that refocusing of the eyepiece 
is necessary only for objects less than about 12 in. 
from the scanning prism.

The scanning prism is controlled by a pair of Selsyn 
motors (K), and it is the shaft of the motor located in 
the control box that Is used to govern the scanning 
and elevating motions. Rotation of the control knob 
causes the prism to scan to the right or left, and an 
upward or downward motion of the knob raises or 
lowers the elevator tube.

Microswitches add resistance to the motor circuit 
at the extremes of the system to decelerate the ele­
vator tube, and a second pair limit its travel. Resist­
ance is also automatically added to the circuit to de­
celerate the tube as the prism and mirror are turned 
to their new positions. The weight used to counter­
balance the elevator tube actuates all five switches.

Numerous minor modifications have been made in 
the instruments since they were installed, and other 
improvements may be made in order to eliminate 
sources of failure. In actual operation the periscopes 
have readily provided the improved viewing conditions 
originally desired.

Semiworks Area

The semiworks portion of the hot area is used for 
work of an intermediate engineering scale as con­
trasted with the work that can be performed in the hot 
cells. It covers a volume 36 ft wide, 56 ft long, and 
25 ft high, and has an 8-ft-wide central corridor which 
divides it longitudinally. Each half is subdivided into 
four 14- by 14-ft areas called "work stations,” each 
of which has its own mechanical, ventilating, and 
waste-disposal facilities. Some work will undoubtedly 
require the use of more than one station since it is 
difficult to predict the size of a work area suitable for 
many types of experiments. All equipment will be 
surrounded by the amount of shielding material re­
quired rather than by a standard size or type of shield.

The floor is designed to carry a uniform loading of 
750 Ib/sq ft (nominal rating), and it can carry much 
greater loads locally if adjacent areas are not loaded 
fully.

Heavy equipment can be handled by the 3 -ton over- 
jiead crane which serves the entire hot area. Equip­
ment which is less than 8Vi ft high can be transferred 
to the monorail for transport to the decontamination 
cell or for loading on a truck at the hot loading plat­
form. A 12- by 12-ft roll-up door at the west end of 
the semiworks area can be used for other outside 
handling operations.

Figure 6 shows the facilities available at a typical 
work station. Beginning at the left, three types of 
alternating current electrical service are available: 
220 volt, 3 phase; 220 volt, single phase; and 110 volt 
with additional emergency service. Emerging from 
the sheet metal dust cover against the wall are vacu­
um, 100 psi air, 100 psi steam, 15 psi steam, gas, and 
cold water lines. The stainless steel ventilating and 
waste-disposal lines project 1 ft from the floor and 
are laid in a communication trench leading to the op­
posite station.

The liquid wastes from each pair of stations run to 
a header leading to the waste-treatment area under- 
ground tanks. Five of the six smaller lines shown are 
for the five types of waste noted earlier; the sixth is a 
spare. It is intended that the type C waste line (hy­
drochloric acid and/or solvent) contain a plastic tube 
which, instead of leading to the tanks, runs to a port­
able shield having a capacity of 5 gal and a weight of 
2 tons.

Ventilation for both the inside and the outside of the 
equipment is provided. The 4-in. duct projecting from 
the floor can draw a maximum of 100 cfm of air and 
the 12- by 12-in. duct can draw a maximum of 1200 
cfm of air. The former is connected directly to a 
vent on the particular experimental equipment, where­
as the latter is connected to a canopy over or around 
the equipment. Air from the smaller duct is scrubbed 
and filtered in the waste-treatment area and is dis­
charged into a stainless steel pipe running to the top 
of the reactor stack. Air from the larger duct passes 
through a pair of filters in the semiworks filter pit 
and is discharged in the system leading to the base of 
the stack.

The area adjacent to the projecting pipes and ducts 
is shielded by two layers of 3-in. steel slabs, which 
are removable as are the 18-in.-thick concrete trench 
covers.

The area bounded by the shallow steel frame is 
sprayed with G. E. Cocoon to seal up the crevices. 
A plastic floor tile with removable underlayment pro­
tects the concrete floor from spills, and three floor 
drains are provided for nonactive waste, which is 
continuously monitored.

I Jl
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Safety showers are located at each end of the semi- 
works area, and the end constituting the west end of 
the building has an emergency exit door.

Lighting for the area is supplied by ceiling-sup- 
ported incandescent lamp fixtures, which have reflec­
tors which are easy to clean. Several C02 fire extin­
guishers are located throughout the area. ,

At the present time three experiments are set up at 
five of the eight work stations. None has, as yet, pro­
gressed to the stage of requiring shielding.

Each semihot laboratory, of which there are five in 
the Brookhaven Hot Laboratory, consists of an 11- by 
13-ft room, in which there is a shielded bench, simple 
laboratory bench and sink, and necessary laboratory 
utilities, including electric power, compressed air, 
vacuum, and hot, cold, and distilled water.

The semihot bench is essentially a 6-in.-thick steel 
bench top, divided in the center by a loading well 
opening beneath the bench. Extending across the bench 
front is a steel curb 3 in. high on which shielding

t 1 1

STATION 
NO. 6

Fig. 6—View of one of the stations in the semiworks area showing services and drain lines.

Semihot Laboratories

In order to supply facilities for working with inter­
mediate levels of radioactivity up to approximately 
1 curie of 2-mev y radiation, the semihot laboratories 
were developed.

These cells fill the position between the complex, 
heavily shielded hot cells and the small dry boxes.

brick may be piled at will to form a barrier as high as 
6V2 ft above floor level. Necessary manipulations are 
effected by reaching over the shielding wall through 
an 11-in. adjustable opening.

To permit use of the bench as a dry box, to prevent 
contamination of the shielding wall, and to assist in 
ventilation control, a sliding sash is located between
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the bench proper and shielding-wall ledge. This sash 
can be fitted with glove ports. Illumination is provided 
by fluorescent fixtures above the bench which are 
isolated from the working volume by a sloping glass 
ceiling.

The ventilation1 is so arranged that air is always 
flowing into the semihot bench from the room. This 
is accomplished by means of an exhaust blower (one 
for each semihot laboratory), located in a separate 
room behind the cells, which maintains a constant 
suction on the bench volume and exhausts this air 
through CWS 6 filters into a monitored air duct to the 
pile stack.

The air intake to the blower is baffled to eliminate 
dead air pockets in the bench, and adjustable louvers 
in the sash and near the bench top provide additional 
means of adjusting air flow to suit experimental re­
quirements.

To make possible the introduction and removal of 
experimental equipment and materials while a shield­
ing wall is in place, a remotely operated mechanism 
is built into each cell which will elevate stainless 
steel trays from the bottom of the well to bench level, 
traversing the bench horizontally to place equipment 
where it is needed. Up to four equipment trays can be 
accommodated in one semihot bench.

Each bench half contains shielded and coded drain 
lines to receive the different classifications of waste 
solutions. These shielded drains make it unnecessary 
to hold up quantities of liquid waste or to run long 
shielded waste lines.

Figure 7 is a photograph of a test run of the semi­
hot bench mechanism. The operator is using the port­
able electrical control panel to elevate a tray of 
equipment from the well up to bench level where it 
will travel to working position. In an actual experi­
ment additional shielding would be placed between the 
equipment and the operator and viewing would be ac­
complished by means of mirrors.

Figure 8 is a front and side section drawiilg of the 
semihot bench.

The cells were designed to have maximum experi­
mental versatility, and the numerous uses to which 
they are, and can be, put are still being expanded.

Pneumatic-tube Room

The pneumatic-tube room is designed to receive 
carriers, popularly known as “rabbits,” containing 
irradiated material from the pile. Remote-control 
handling equipment is provided for removing the ma­
terial from the rabbit and depositing it in a shielded 
container in which it may be transported to any de­
sired section of the hot laboratory for processing.

On the arrival of the irradiated material at the hot 
laboratory end of the tube system, the pneumatic valve 
is opened and the rabbit falls gently into a special

metal basket directly under the tubes. This basket, 
mounted on tracks, is then moved to a position directly 
under a remotely controlled device which removes the 
screw cap of the rabbit. This device consists of a 
hollow stopper, which fits over the end of the cap, and 
a metal wedge inside this stopper, which fits into the 
screw slot in the cap. It is positioned electrically, 
and it mechanically unscrews and lifts the cap. Re­
motely controlled handling tongs then lift the inner 
container of irradiated material from the rabbit and 
drop it through a hole in the 3-in. floor shielding plate 
into the shielded container or pig. Throughout this 
operation, which require^ about iVi min, the operator 
remains approximately 2Vi ft from the source and is 
further protected by 3 in. of steel. Mirrors are pro­
vided to give adequate visual coverage of this removal 
operation.

Aii* pressures are adjustable to give transit times 
between the pile and the hot laboratory of from sev­
eral seconds to approximately half a minute.

Clean-up Areas

1. Decontamination Cell. The decontamination cell 
is the clean-up area designed to decontaminate large 
bulky apparatus by immersion in an appropriate solu­
tion. This room has two highly polished stainless 
steel floor tanks approximately 3 ft in diameter by 
4 ft deep, protected by walls consisting of 12 in. of 
concrete with 3-in. steel doors. It is serviced by a 
monorail. A "marine” window, consisting of a trans­
parent solution of zinc bromide (sp. gr. 2.5), is in­
stalled in the concrete wall of the decontamination 
cell. Through this window the operator may watch the 
decontamination operation in complete safety.

In order to charge the floor tanks with proper de­
contaminants, auxiliary equipment is required. This 
equipment consists primarily of a make-up tank, into 
which the fresh decontaminant is charged, and a trans­
fer tank, which serves as an intermediate tank in the 
transfer of solutions to and from the make-up tank, 
the floor tanks, and the waste lines. Transfer is ac­
complished by means of air, vacuum, or auxiliary 
pump. A suitable valve manifold, Uquid-level indica­
tor, specific gravity manometer, and vacuum-pres­
sure gauge with proper automatic safety valves are 
also provided. AU potentially radioactive solutions 
are shielded.

2. Equipment-clean-up Room. Associated with each 
of the three hot cells and the semihot cells is an 
equipment-clean-up room. These rooms are intended 
for preliminary disassembly and decontamination of 
apparatus directly as it comes from either of these 
hot areas. To provide both the necessary facilities 
and the space for this operation, a stainless steel sink 
with both hot and cold water and a floor drain are in­
stalled in these otherwise bare rooms. The floor

^ 125
U



124 W. E. WINSCHE ET AL.

slopes upward at the doors to prevent any straight 
through radiation.

If it ever becomes necessary to hose down the ap­
paratus or the floor with a considerable amount of 
water, the raised edge will prevent flow of the result­
ing solution out of the room. As in the decontamina­
tion cell, the doors consist of 3 in. of steel and the 
walls of 12 in. of concrete.

fore they contact any form of animal life. In the popu­
lated locality around Brookhaven this restriction 
would demand the use of an exceptionally high stack 
to dilute the gases below tolerance concentrations, 
and even then under certain weather conditions dis­
solving would be prohibitive.

At Brookhaven it has been decided to attack the off­
gas problem from a fundamental standpoint and to

Fig. 7—Close-up view of shielded bench in one of the semihot laboratories with shielding 
wail removed to show direct view of equipment being moved into place by remote control.

Closed Dissolver System

Very nearly all uranium dissolver systems now in 
operation are open systems in that the noncondensable 
dissolver off-gases are immediately discharged to 
the atmosphere through stacks of varying heights. 
Because of the radioactive gas hazard involved, it is 
imperative that these gases be diluted sufficiently be-

provide a storage and treatment system for the dis­
solver off-gases. Accordingly, a contract was made 
with Arthur D. Little, Inc., in early 1949 to determine 
the feasibility of such a system and to proceed with 
design details later. Their report was favorable and 
was the basis for the system as installed.

Essentially the system collects, absorbs, and stores 
the gases for a period of time sufficient to result in
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atmospheric concentrations well below tolerance under 
all discharge conditions. The discharge of gas from 
this system can be controlled independently of the 
dissolving operation. The admission of air to the sys­
tem is restricted to a practical minimum in order to 
increase the ratio of adsorbable to nonadsorbable gas 
stored. An increase in this ratio results in a longer 
decay period and a correspondingly lower discharge 
concentration. By employing this system of storage, 
it should be possible to reduce the accumulation of 
long-lived daughter activity, having gaseous parents, 
in the vicinity of the laboratory.

The primary function of this system is to furnish a 
uranium solution which can be further processed in

separate system. To recapitulate, the designations 
and definitions of these wastes are

A. Accountable metal waste containing uranium and 
fissionable material

B. Highly active chemical waste containing no ac­
countable material

C. Contaminated waste which, because of volatile 
solvent or HC1 content, cannot go through the 
waste system

D. Large-volume chemical wastes of low activity 
level which do not require shielding

F. Normally uncontaminated waste which is moni­
tored for activity before disposal

mu i i i i ii.-.

Fig. 8—Schematic drawing of shielded bench in a semihot laboratory.

1. Bench top 8. Fixture space 15. Fixture space access panel
2. Loading well 9. Steel door 16. Well baffle vent
3. Curb 10. Baffle 17. Fixture space air inlet
4. Lead- or steel-brick barrier 11. Adjustable vent cover 18. Fixture space exhaust
5. Adjustable opening (main air inlet) 12. Upper baffle vent 19. Tray hoist
6. Sash 13. Lower baffle vent 20. Tray
7. Glass ceiling 14. Sash vent 21. Well air inlet

other equipment for the separation of a specific frac­
tion of fission products. The maximum working ca­
pacity of the dissolver tank is 12 gal of solution con­
taining approximately 25 lb of uranium,j. or 1 to 10 
special slugs. All the critical components in the sys­
tem are fabricated of stainless steel; no glass equip­
ment is used.

The details of design, together with test data, will 
be given in a separate paper in the near future.

Liquid-waste Handling and Storage System

The radioactive-liquid-waste system for the BNL 
reactor complex is designed to handle the liquid 
wastes from the reactor, reactor laboratories, and hot 
laboratory. Contaminated wastes from other groups 
at the Laboratory are processed and stored with the 
reactor waste after delivery to the area in waste pots.

The waste has been divided into five general types 
as mentioned above, each of which is handled by a

< -i 'J

1. Waste Collection and Treatment. AH wastes 
from drains at the reactor faces, floor drains, and 
laboratory sinks run by gravity to F waste holdup 
tanks located at the hot laboratory building. All nor­
mally uncontaminated waste from the hot laboratory 
drains into 8000-gal holdup tanks, where it is sampled 
and monitored before being discharged to the sewer. 
Should a tank of F waste be contaminated, it is pumped 
to a D waste storage tank where it is held for future 
concentration.

The hot area of the hot laboratory is the only area 
which is completely connected to the waste holdup 
area by piping. All the piping is of stainless steel all- 
welded construction and is laid in concrete trenches 
with removable concrete cover slabs. Any pipe leak­
age drains to the waste area where it is collected and 
identified.

Wastes are collected from three main locations in 
the hot laboratory, the hot cells, the semiworks area,

X'C (
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and the semihot cells. The pipe trenches from these where it is held until a batch is ready for transfer to 
three areas have a junction point at the neutralization a neutralization tank. The B waste is collected in one 
cell at the waste holdup area (Fig. 9). The pipes for A 500-gal tank until a sufficient quantity is on hand for

Fig. 9 — Liquid-waste-treatment area. Tanks, transfer lines, and Instrument 
piping in neutralization cell for collection and treatment of highly radioactive 
wastes.

and B waste lead into the neutralization cell where the 
collection tanks for these wastes are located. The A 
type waste is collected in one of two 250-gal tanks,

neutralization. The cell also contains an additional 
250-gal tank that can be used as a spare system for 
either A or B type wastes. Neutralization of the waste
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is carried out in a special 800-gal tank equipped with 
a jacket for either heating or cooling and with a me­
chanical agitator for complete mixing. After neutral­
ization the wastes are transferred to the proper stor­
age tanks.

All equipment in the neutralization cell is operated 
remotely from an instrument panel located above the 
cell. Waste transfers between tanks and from the cell 
to the storage tank farm are made with steam jets. 
Equipment is of stainless construction and is equipped 
with special facilities for decontamination purposes. 
All tanks and waste lines are vented through an off­
gas system described below.

The D waste is collected in one of two 2000-gal 
tanks, where it is sampled and neutralized before 
being pumped to large storage tanks. If the pile canal 
should become contaminated owing to a ruptured slug, 
or from some other cause, the entire canal can be 
pumped directly to a D storage tank which is reserved 
for this purpose.

The F waste from the hot laboratory, before flowing 
into the collection tanks, passes through a drum trap, 
where large particles of solid matter are removed, 
and then through an automatic diversion system. The 
waste flows through a 50-gal tank, where it is mixed 
by means of a baffle. A Geiger-Mueller dipping tube 
is immersed in the center of the tank and connected 
to a low-level count rate meter. When the activity 
level of the F waste goes above a predetermined level, 
it actuates a motorized valve on the bottom of the 
tank, dumping the tank to the D system. The tank con­
tinues to fill and dump until the activity level of the F 
waste stream has returned to normal.

The wastes from' all areas of the laboratory which 
are not connected to the collection system by piping 
are collected in special 5-gal waste pails and are 
trucked to the waste area where they are unloaded 
into the proper collection tank.

2. Waste-storage Tank Farm. The tank farm is 
located 600 ft north of the waste holdup area. All A, 
B, and D type waste is stored here. The tank farm 
is joined to the holdup area by means of pipes carried 
in a covered concrete trench, which prevents leakage 
from getting into the ground and also aids in the de­
tection and location of leaks.

D waste is stored in two 100,000-gal above-ground 
tanks. A third tank is reserved for contaminated ca­
nal water. The tanks are all of mild steel construction 
and are coated on the inside with Amercoat chemical- 
resistant paint to protect them from corrosion. The 
tanks are located in an asphalt reservoir to prevent 
any leakage from getting into the ground undetected. 
It is ultimately planned to process the D waste through 
equipment for the removal of the solids and then by 
means of evaporation to remove the bulk of the water. 
The concentrate will be stored in underground tanks.

Equipment for such a process is at the present time 
in the design and development stage.

The A and B waste is stored in six 8000-gallon 
stainless steel underground storage tanks. The tanks 
are connected by valved overflow lines which can be 
shut off for segregating the two types of waste. Each 
tank is enclosed in a concrete cubicle containing a 
sump, which is periodically monitored for tank leak­
age.

Hot Laboratory Fan House and Monitoring System

The hot laboratory fan house, located just north of 
the pile stack, has several functions in connection 
with the hot laboratory:

1. Exhausting ventilation air, “nonacid,” from the 
hot area and discharging it into the base of the 
pile stack

2. Exhausting potentially acidic off-gases from hot 
laboratory equipment to the top of the pile stack

3. Monitoring ventilation air for radiation level of 
particulates, iodine, and xenon

4. Monitoring acid off-gases for radiation level of 
particulates, iodine, and xenon

The nonacid air originates in the hot laboratory 
from hood ventilation in semihot cells, station venti­
lation in the semiworks, and room and cell ventilation 
in the waste-treatment area. This air passes through 
CWS 6 filters at each of these sources to remove 
particulates and is then carried through a 42-in. con­
crete pipe to the fan house where it passes through 
two Wingfoil fans connected in parallel and is dis­
charged into the base of the pile stack. These fans 
are set to maintain automatically —Vi in. water pres­
sure in the ducts of the hot laboratory by means of 
motor-controlled vanes on the suction side of the 
Wingfoil fans. Either one or both fans will operate 
automatically depending upon the load. Maximum ca­
pacity of both fans is approximately 30,000 cfm.

The acid off-gases are removed from the waste 
tanks, equipment in the semiworks, and hot cells. 
The gases are scrubbed with caustic in the waste- 
treatment area and are carried to the fan house in a 
14-in. stainless steel duct. A 2 500-cfm blower pushes 
the gases to the top of the pile stack. Another blower 
is connected in parallel as a standby and cuts in auto­
matically in case of mechanical failure of the first 
blower.

The fan house is also equipped with a gasoline 
motor-generator set which starts automatically in 
case of power failure. The generator can carry a 
maximum load of the two nonacid fans and one acid 
blower. The circuit breakers, automatic change-over 
relays, vane relays, and switches for the fans are 
located in the fan house.

Two identical monitoring systems are installed in 
the fan house to check the acid and nonacid off-gas

-t
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streams for activity level before release to the at­
mosphere. Constant volume samples are metered by 
four Roots blowers. Two blowers draw off 5-cfm 
samples of the acid and nonacid air, pass it through 
high-efficiency filter papers, and return it to the 
ducts (Fig. 10). The filter papers are continuously 
counted for fi-y particulate activity, as well as a ac­
tivity, with rate meters and scalers. The activity 
level is recorded on a Brown recorder.

Mueller dipping tube connected to a rate meter. The 
build up of iodine activity in the caustic is recorded 
on the Brown recorder. The dipping tubes are located 
in 7-in. lead background shields, through which the 
caustic flows to a solenoid-operated piston recycle 
pump.

The acid and nonacid air leave their respective 
towers and pass through ionization chambers, and the 
air is returned to the main ducts. The ionization cur-

Flg. 10—Hot laboratory off-gas monitoring system. Moving tape filters and counting instru­
mentation for detection of radioactive particulate matter in off-gas streams.

The other two Roots blowers draw off two 3-cfm 
samples, one from the acid air and one from the non­
acid air. Each sample is passed through a caustic 
scrubbing tower to remove the iodine. The caustic is 
continuously recycled through the tower to achieve a 
concentration factor of 4 x 104 on the iodine when it is 
at tolerance levels. The caustic flows past a Geiger-

rent due to xenon radiation is measured on a micro- 
micnoammeter and recorded on the Brown recorder.

Design levels of activity to be recorded by the mon­
itoring system are

1. Iodine, 1 x 10~15 curies per cubic centimeter of 
air

X'-*
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2. Xenon, 1 x 10~13 curies per cubic centimeter of 
air

3. Particulates, 3 x 10~17 curies per cubic centi­
meter of air

The flow rates through both the acid and the nonacid 
systems are measured with Pitot-Venturi meters, and 
they are continuously recorded on a chart.

SUMMARY

The hot laboratory building described in the fore­
going paper is now in operation at Brookhaven Na­

tional Laboratory, and its various facilities have been 
found to perform satisfactorily for the purposes for 
which they were designed.
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ABSTRACT

The general theory of the exponential experiment is discussed, to­
gether with the detailed information available on a series of exponential 
experiments now taking place at Argonne. Data from a typical experi­
ment are presented.

INTRODUCTION

An exponential reactor may be formally defined as 
a small reactor constructed so that leakage prevents 
a chain reaction even if the reproduction factor K is 
greater than 1. The name “exponential experiment” 
probably arose from the fact that the analytical solu­
tions for the diffusion equation in a subcritical as­
sembly always involve expressions of the form etz. 
Such an experiment gives considerable information on 
the behavior to be expected from a reactor. Not only 
does it serve to guide the construction of a particular 
reactor, but it also aids in improving reactor theory.

The fundamental reason for performing the early 
exponential experiments is contained in a quotation 
from a report1 of the Columbia group:

“This report concerns some experiments performed 
to ascertain whether a given lattice of uranium oxide 
lumps embedded in graphite could give a divergent 
chain reaction if its dimensions were made sufficiently
large.”

To be sure, we are no longer involved in determin­
ing whether a chain reaction can be obtained; however, 
the exponential experiment still remains one of the 
simplest methods of obtaining certain parameters 
needed for the design of reactors, and a large number 
of such experiments have been performed.2

The advantages of an exponential experiment are 
derived from the fact that it is a subcritical assembly. 
A source of neutrons must, therefore, be used to 
obtaia a flux for activation measurements. Instru­
mentation and safety devices can be reduced since 
there is no danger of a divergent chain reaction. The 
material requirements are obviously less than those 
for a complete critical assembly.

In the first experiments the sources used were of 
the order of 0.6 to 2 g of radium mixed with beryllium. 
Stronger sources are more readily available now; a 
reactor may be used as a neutron source, or substi­
tutes for radium with higher intensity can be obtained. 
In the experiments which are now being performed at 
Argonne, the CP-2 reactor, a copy of the original 
West Stands reactor, serves as the source.
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Ordinarily an exponential assembly is kept at suf­
ficiently low flux so that extensive shielding is not 
required. This, plus the fact that the assembly need 
not be cluttered with instruments and safety devices, 
provides flexibility in adapting the experiments to 
changes in reactor design.

While the exponential experiment has the advantages 
listed above, it also suffers from a number of disad­
vantages. Since it is fed by a source of neutrons, the 
flux level in the assembly is limited by the source 
strength and by the effective multiplication of the 
reactor. Activation experiments requiring a high flux 
must be performed in a critical experiment or in an 
operating reactor. The limited size of the exponential 
assembly frequently means that the results obtained 
must be extrapolated for application to an operating 
reactor. Finally, numerous effects which appear in 
the operation of a reactor cannot be easily simulated 
in an exponential experiment. These effects include 
such important ones as reactor kinetics, reactor con­
trol, temperature effects, and poisoning by fission 
products.

In general, it is probably correct to say that for 
reactor design an exponential experiment is most 
useful after the basic constituents of a reactor have 
been determined and when the most advantageous 
arrangement in the reactor core is to be found. The 
flexibility permits a relatively easy check of the 
effects of engineering changes on the physics of a 
reactor. Once the engineering of the reactor core has 
been frozen, either a critical assembly or a prototype 
reactor is more useful.

The present exponential experiments at Argonne 
are being performed to answer questions pertinent to 
the lattice design of a heavy water moderated, heavy 
water cooled, natural-uranium production reactor now 
known as CP-6. The experiments were undertaken 
after theoretical studies determined the desired con­
stituents of the reactor core. The accuracy of theo­
retical calculations was not great enough to provide 
adequate performance data. Within several months 
the reactor design will be sufficiently irozen so that 
the exponential experiment can no longer provide 
further useful answers.

A summary of the data desired from the exponential 
experiment on CP-6 is perhaps typical of the range of 
problems which can be solved. First, the multiplica­
tion constant of a series of lattices was required to 
better precision than could be determined by theoreti­
cal estimates.

Second, the exponential experiments give precise 
information on the critical size of the system.

Third, the experiment assembly allows testing of 
the effect of reflectors, which is important in CP-6 in 
determining properties of external breeding blankets.

Fourth, simple control schemes may be tested in 
configurations where theory becomes too complicated.

Fifth, preliminary estimates of temperature coeffi­
cient may be obtained.

Sixth, a good many reactor-theory parameters which 
enter into theoretical calculations (diffusion coeffi­
cients, disadvantage factors, and relaxation lengths) 
may be evaluated by detailed flux traverses.

THEORY

General Theory of the System

The sketch below shows a typical exponential ex­
periment. Neutrons diffusing through the thermal 
column of a reactor enter the pedestal and serve as a 
source for the material under investigation in the 
exponential tank.

EXPONENTIAL
EXPERIMENT

PEDESTAL

THERMAL COLUMN

REACTOR

The theory of exponential experiments is obtained 
from solutions of the diffusion equation with appro­
priate boundary conditions. The differential equation 
for the neutron flux 0 in a nonreproductive medium is

DV2*-Za*= 0 (1)

where D = the diffusion constant 
V2 = the Laplacian operator

= the macroscopic absorption cross section 
The boundary conditions limiting Eq. 1 are that <t> and 
D d<f>/dz be continuous.

The fundamental solution for a finite medium, such 
as the experimental tank, is given by

<t> = AJo sinh a (t - z) (2)

L2, joi/R, and k are related by

where L2 = D/2a
j01 = the first root of J0(x) 

t = height of the system

A more complete discussion of the solutions to Eq. 1 
is given in Appendix A. A measure of the beam atten­
uation in passing through the tank is given in Eq. 2.

In multiplying mediums the thermal diffusion equa­
tion becomes
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V20 + B20 = 0 (4)

The solution of Eq. 4 is similar to that of Eq. 2, except 
that B2 is substituted for -1/L2, so that

B2=j2l-*2 (5)

In general, exponential experiments determine B2 by 
measurements which give R2 and k2. While B2 is 
directly determined from the data, other constants 
of the medium must either be computed from B2 or be 
observed from detailed measurements of the flux 
behavior. The interpretation of B2 is discussed in the 
following section.

The neutron flux in the pedestal is not measured 
during each experiment since the pedestal is not an 
integral part of the lattice. However, the flux in the 
pedestal must be investigated in planning the experi­
ment since the pedestal is used to damp irregulari­
ties in source flux. These irregularities arise from 
changes in the cross-sectional geometry of the system 
in going from the source to the experimental tank, or 
from asymmetries in the source. As a result the flux 
in the pedestal need be measured only once in a search 
for flux irregularities. Detailed calculations showing 
the effect of the pedestal are shown in Appendix A.

The measurements must be made at some distance 
from the boundaries because of the effect of matching 
a thermal source to a multiplying lattice. A treatment 
of this effect is given in Appendix B.

Theory of the Heavy Water Heterogeneous Exponential

The lattices under investigation here consist, basi­
cally, of natural-uranium rods suspended in heavy 
water. The properties of the lattices may be defined 
by the parameters

Tf = the neutron age during that part of the energy 
range (near fission) in which slowing down is 
represented by a Yukawa kernel e/r e~T^

Tel = the neutron age from the initiation of Gaussian 
slowing down to the top of the resonance ab­
sorption level in uranium

Ter = the neutron age in the resonance absorption 
band

re2 = the neutron age from resonance to thermal 
L2 = the thermal diffusion area 
K = the multiplication constant 
p = the resonance escape probability 
f = the thermal utilization factor 

rje = the number of fast neutrons formed by fission 
per thermal absorption in uranium 

tf = the Laplacian of the lattice

It is apparent from Eq. 51 (Appendix B) that B2 is 
identical with k* of a two-group theory. In the energy 
breakdown listed above, with five groups of neutrons

(one fast, three epithermal, and one thermal), B2 is a 
more complicated expression. The Laplacian equation 
is

K = (1 + L2B2)(1 + TfB2) exp [(rel + prer + Te2)B2] (6)

In pure heavy water Tf and rel + rer + re2 = re are 
known and have been evaluated3 as = 48 cm2 and 
re = 79 cm2. It may be shown that the corrections on 
T{ and Te, due to resonance absorption and the pres­
ence of uranium, are small and virtually cancel for 
small volume fractions of uranium. The reasoning is 
as follows:

In general, for energy regions where cross sec­
tions are not varying too rapidly, r « l/(Ztr)(£Zs), 
where 2tr is the macroscopic-transport cross section 
summed over all components of the system and £ZS is 
the slowing-down cross section. In the fast range, ^ 
is very much less than £d,o» being roughly proportional 
to 1/A, where A is the atomic weight. On the other 
hand, 2tr for uranium is almost exactly double that 
for D20. The net effect of adding scattering and de­
creasing moderation is to keep rf virtually unchanged. 
In the epithermal range the scattering cross section 
of uranium does not quite balance the decrease in 
moderation,and hence the age tends to rise. However, 
for the range of Ter we must replace Tgr by pTgr. 
Since 1 - p is roughly proportional to the volume 
fraction of uranium rods, it turns out that this ab­
sorption correction .almost balances the scattering 
correction.

Therefore we may replace Tf and Tei + pTgr + Te2 
by the values for pure heavy water and obtain

K = (I + L2B2)(1 + TfB2) eT'B* (7)

The estimate of K given by Eq. 7 depends on values of 
L2, Tf, Te, and B2, and the error of this estimate is 
dependent on errors in these parameters.

Another method of determining K may be obtained 
from the equation of neutron economy4

K = i?«pf (8)

Let us assume that by addition of thermal.poison to 
the system we have so reduced f that K = 1. This is 
determined by observation at tf = 0. The errors in 
Eq. 7 are given approximately by

<JK =; (L2 + T, + TgJflB2 + B2i(L2 + T, + Te) = M2iB2 (9)

since B2 = 0. Here M2, the migration area, has been 
defined as L2 + Tf + Te. Letting K0 refer to the un- 
poisoned system and Ki to the poisoned, we have
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K0 - 7?0«oPofo

Ki = = 1 (10)

tjo - Vi e0 = Cl Po = Pi

The conditions on the last line state that the properties 
of the system for fast neutrons have remained un­
changed. Then

K0 = 52K1=^ (11)
M I1

is an estimate subject to error in B2 (from K, = 
1 ± M2iB2) and in f0 and f,. In our case, where the 
only foreign elements in the system, heavy water and 
aluminum, have small, easily determined absorptions, 
f0may also be considered known. Equation 11 then 
gives a measure of K, subject to different errors 
from the estimate of Eq. 7.

It is also apparent that intermediate poisoning may 
be used. Combining Eqs. 7 and 10, we obtain for the 
general case

K0 = (1 + L,B2)(1 + TfBj) eT'B‘ £ (12)
*i

Fitting the Experimental Laplacian Data

The estimate of the parameter B2 is the fundamental 
measurement of the exponential experiment. So that 
Eq. 7 may hold, the B2 used must be the Laplacian 
(—V2<t>/<p) measured over that part of a system which 
is far removed from boundaries.

The necessity for this condition of remoteness from 
boundaries lies in the fact that the solution of the 
equation for a subcritical assembly with source is a 
sum over the characteristic solutions of the exact 
reactor equations and exact boundary conditions, B2 
being the smallest eigenvalue. The higher character­
istic functions are physically represented by pertur­
bations of the flux shape and energy spectrum near 
boundaries. These higher-order functions decrease 
rapidly far from boundaries.

In the exponential experiment the flux in the center 
behaves as though it were a solution of Eq. 4. Like­
wise, since the mean free paths of neutrons vary with 
energy, the boundary conditions affecting Eq. 4 are 
energy dependent. The flux at the center conforms to 
some average boundary condition which, in theory, 
could be obtained by a suitable energy average of the 
monoenergetic boundary conditions. In practice, how­
ever, it is simpler to measure the coefficient of the 
Bessel function and the hyperbolic sine to which the 
flux may be fitted.

Although the system behaves as though it were a 
solution of Eq. 4, with solutions given by Eqs. 2

and 5, we do not know in advance the values of «t, R, 
and t. We must therefore make measurements of 4>(r) 
at constant z and ^(z) at constant r, and we must fit 
the experimental points to Eq. 2. In so doing, we must 
take care not to measure too near the boundary, that 
is, within two or three mean free paths, or 5 to 10 cm 
for D20. With these measurements the problem is 
reduced to one of curve fitting.

1. Radial Fit. We are given a set of data f| pro­
portional to the flux for n radial positions ^, and for 
constant z. The relative precision of the points is 
constant, and the relative errors e, have the same 
expectation values for each point. The data are to be 
fitted to a J0 Bessel function of coefficient A and 
argument ar. The constant relative error e is ob­
tained by counting all foils to the same total counts. 
Hence, we may write the equation to be used

fid + e,) =AJ0(ort) (13)

We may divide this equation by J0(aori), where ao is 
the best fit solution of Eq. 13, and obtain, to linear 
terms in differential quantities,

ft AJ0(ofri) =
JotooTi) J(a<>ri) 1 (14)

Equation 14 is a constant-expected-error equation, 
and hence we may, without further weighting, mini­
mize the sum of the squares of eA by variation with 
respect to A and a. Then

' fi
/o(«0ri)

AJ0(aori)j2
Jo(«oTi).

3
3a

fj
JoteoTi)

AJoCa£i)]2
Jo(a0ri) (15)

Performing the indicated operations, eliminating A 
from the equations, and recalling that a = a0 for best 
fit, we get

dU)2ri£(aori)
= y fi
~ Jo(°[ori)

rl V1 (“o1-!)
Jo

(16)

as a transcendental equation to be solved for ao- 
We solve Eq. 16 in the following way: Let a be a 

first guess at the solution. Define

A = . f»...
1 ~ Jo(ar,)

A : 1 V
n Zj J0(ari)

(17)
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Assuming a0 - a to be an infinitesmal, we expand

t l to one term, after substituting Eq. 17 into 
Joi«ori)

Eq. 16. We then get, after some calculation,

2. Axial Fit. The fitting of the axial equations 
involves a fit to a three-parameter system of the 
form

f,(l ± e,) = A sinh x (t - z,) (20)

I AiF-A I F

“° = “ + IT
-2a.fi | L f - Z a.f2

This fitting is tedious if all parameters are to be ob­
tained simultaneously. However, the systems meas­
ured are all of such a sort that for the bulk of the 
points *• (t - zj is large. Under these conditions, an 
approximation to Eq. 20 is

where F = ri T4 (“oTl) 
Jo f,U ± €i) =

A e*1 e-*2! 
2 (21)

This is a first order solution. Replacement of a0 
by a in the summation terms of Eq. 18 does not change 
the order of validity of the approximation nor does 
replacement of At by A in the denominator.

We may then finally write

Er^(ar,) (x'1)
--.r J---------Tr (19)

P‘jt(ari)] ■2[r‘jt(ari)]

To check Eq. 19 we observe thata, « a if, and only if,

S r' J. J^ar,)
-^r. (an) = 0

(an)

which is equivalent to Eq. 16. As a result, we may 
define an iterative process, whereby ao is reinserted 
Into Eq. 19 as a and a new ao is computed, until con­
vergence is attained to within some desired criterion 
of smallness for a0 - a. Mathematically, this process 
is equivalent to solving Eq. 16 by Newton’s method, 
using approximations for the derivative.

The advantages of this method of solution are (1) 
examination of the A. for smoothness leads to the 
observation of any bad experimental points without 
the necessity of plotting; (2) since the r, (J./JoKar.) 
have the force of a weighting function only, they may 
be computed, without loss of precision in the estimate 
of a0, to comparatively few significant figures; (3) the 
precision to which a0 is desired sets a limit on the 
number of places to which A./A must be computed; 
and (4) it Involves a characteristic feature of Newton’s 
method, that the rate of convergence increases at 
every step for a smooth function and that a good guess 
is rewarded by one-step convergence.

While Eq. 21 is not useful in fitting, it demonstrates 
that the best value of x is relatively independent of 
the choice of t; variation of Eq. 21 produces a value 
of k which is completely independent of t.

Moreover, measurements of height of the system 
combined with theoretical studies of extrapolation 
distance give us a good estimate of t. Hence, we may 
use this value and treat Eq. 20 as a two-parameter 
system in A and x. Having obtained x in this way, we 
may, if desired, treat Eq. 20 as a two-parameter 
system in A and t. A reiteration is rarely required.

As in the radial case, we define x0 as the best fit 
value of x, divide Eq. 20 by sinh xo(t - z.) to obtain a 
uniformly weighted system, and vary the sum of the 
squares of the residuals with respect to A and x . 
Eliminating A as before and remembering that x = x0 
is the solution, we get

n EsinhxU-z.) ? (t ~ Ei) COth *°(t ~ Zi)

V Mt~zi)coth xatt-z.) , 
~2j sinh x,(t — z.) (Z2)

The method of solution is the same as for the radial 
fit. Define

Al s i_____
1 sinh x (t - zi)

X-5?Al
(23)

where x is a trial value. Then Eq. 22 becomes

^(t-z.) coth x0(t z.) Ty sinh x(t - z.) 
nZj 1 sinh x0(t - z.)

sinh x(t — zt)l = 0 
sinh x0(t-Zi)J (24)
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We may immediately replace coth *-0(t - Zj) with coth
*(t - Zi) and expand —^7------- ; to linear terms in

sinh *0(t - Zj)
k0 - k . We then solve for k0

IR, (R,- 1)
K0 = K + ------- ^----------------------- r (25)

ER, (R.R,- - Z R.R.)

In general, the reactor or source neutrons are fed 
into the experiment through a thermal column. In 
order to predict the flux level of the exponential 
lattice it is necessary to know the flux level in the 
reactor as well as the attenuation in the thermal 
column and the pedestal. The thermal column in CP-2 
is a square graphite column 5 ft long. This gives an 
axial attenuation constant of

where Rl = (t - Zj) coth x(t - Zi) and IL, = Ai/A.

Approximating Aj/X = 1 in the denominator, we finally 
get

Z R, (R2- 1)

where 2(jt/152.5)2 is the first eigenvalue of the bound­
ary value problem for the x and y directions and 
(1/50)2 = 1/L2 for graphite. Thus the attenuation in a 
5-ft length of this column is approximately

Having obtained k0 by this method, t0 may be ob­
tained from

t0 = t
^*0COth Af^t-Zi) (ff-1)

^ *0 coth (t - Zilj " | *o coth *o(t ~ Z|) (27)

where t is a first approximation to t0 and Bt and B 
are defined by

A = e-0 035xl52.5 = p-4.96 = 0.007 c

This square column feeds a circular graphite pedestal 
5 ft in diameter and 2 ft long. This circular section is 
designed to match the 5-ft aluminum tank used to 
contain the exponential proper and the square column 
which is an integral part of the reactor as originally 
constructed. It is sufficiently long to attenuate higher 
harmonics produced by the square-circle mismatch 
to below 1 per cent of the fundamental. The circular 
column again attenuates the beam according to the 
attenuation constant

B, ft
sinh Xo(t - Zi) (28)

EQUIPMENT

The most useful piece of equipment for an exponen­
tial experiment is a reactor. It may be used to test 
the uranium and to serve as a source of neutrons. 
Strong photoneutron sources might be used as a sub­
stitute for the reactor if necessary. However, the 
reactor is a very convenient source because the 
power level is easily adjusted to give a convenient 
irradiation time.

Any uranium used should be tested for uniformity 
by the danger-coefficient method or some equivalent 
test. Chemical procedures are too lengthy and labo­
rious, and they do not account for possible voids in 
the metal. Also, since only small pieces of the metal 
would be examined in the chemical procedures, these 
methods do not ensure the sampling necessary for 
large quantities of metal.

where 2.4048 = the first root of J0
78.2 = the effective radius of the column (in­

cluding the extrapolated length)
(1/50)2 = 1/L2 in graphite

The attenuation in the pedestal is

Ap = e-0 0366x61 = e*2-23 = 0.11

The flux that could be supplied by CP-2 was ap­
proximately 1.6 x 10° neutrons/sec/cm2/kw at the base 
of the thermal column. When a nonreproducing lattice 
was in the exponential tank, the attenuation produced 
by the thermal column and pedestal reduced the flux 
to about 1.2 x 105 neutrons/sec/cm2/kw. When a re­
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producing lattice was in the tank, the flux levels were 
higher. For example, when single 1-in. rods were 
used with a 4.9-in. square, the multiplication was 
approximately 9 times.

The irradiation time was usually of the order of 
10 to 20 min. The reactor power was chosen so that 
the foils would yield 10,000 counts in 2 to 3 min in the 
counting geometry used. The reactor usually operated 
at 2 to 10 kw, depending on the K of the multiplying 
lattice. For a corresponding nonmultiplying lattice 
the power was raised by a factor of 10. For cadmium 
ratio studies the power level was also raised by this 
same factor. For poison or control-rod studies the 
power had to be raised by a factor that depended on 
the amount of absorber that was added.

A mismatch again occurs at the base of the alumi­
num tank, introducing higher harmonics which serve 
to limit the depth in the tank at which accurate meas­
urements can be made independent of harmonic cor­
rections. A solution of this problem presented in 
Appendix A shows that these harmonics are generally 
well below 1 per cent of the fundamental at a height 
two diffusion lengths above the base of the tank. The 
diffusion length in this case is that of the exponential 
material.

The experimental tank (Fig. 1) was fabricated by 
forming and welding 61S aluminum sheet, 0.25 in. 
thick, into a cylinder 5 ft in diameter and 6 ft high. 
The bottom of the tank was a standard dished end, 
0.25 in. thick, welded to the side wall. The walls were 
reinforced by four xk by 2 in. aluminum rings welded 
to the outer surface and spaced at 1-ft intervals. 
Measurements of the inside diameter, made after the 
tank was in its final position, indicated that its inside 
diameter was uniform to ±0.062 in.

The tank was closed at the top with a flat l-in.-thick 
aluminum cover plate which bolted to the upper tank 
flange. A tight seal was provided by a3/B-by 3/s-in. 
groove type neoprene gasket. The hold-down bolt 
holes on the cover plate were arranged so that the 
plate could be set in positions 90 deg "part.

To provide access to the interior of the tank for 
insertion and removal of measuring foils, a channel 
3i'2 in. wide by 57Vi in. long was cut in the cover plate 
along a diameter. This channel was closed with an 
aluminum housing which was bolted to the cover plate 
and was sealed with a flat neoprene gasket. Eleven 
rectangular slots were cut in the channel housing. 
These secondary openings were closed over with flat 
aluminum plates held down on gaskets with wing 
screws.

The main cover plate also contained a 10-in.-diam­
eter glass window for observation of the interior of 
the tank.

The level of the water in the tank was determined 
by means of a sight glass which extended 42 in. to a 
point 6 in. from the top flange. The DzO entrance and

exit was through a 2-in. flanged aluminum fitting 
welded to the tank bottom near the perimeter.

The tank was located on top of the thermal column 
of the CP-2 reactor. To minimize contamination of 
the D20 by H20 vapor in the air when the cover plate 
was removed, an air-conditioned room 20.5 ft square, 
enclosing the tank, was constructed on top of the 
reactor shield.

Fig. 1 — Exterior view of the experimental tank. The tank is 
covered with 0.030-in. sheet of cadmium to prevent reflection 
of thermal neutrons. On the left side of the tank the DzO re­
lease valve, the water-level indicator, and the He flush line 
can be seen. The metal grating at the bottom of the tank 
covers the lead pan which serves as an emergency container.

In order to permit rapid removal of the from 
the experimental tank, a storage tank was set up on 
the main floor of the CP-2 reactor room. This tank 
was a standard steel 900-gal tank with dished bottom 
and cover plate. It was pressure tested to 100 psi. 
The tank was 5 ft in diameter and 6 ft high and was 
fabricated from 0.50-in.-thick carbon steel. The 
entire inner surface was given a Heresite coating.

The general layout of the experiment is shown in 
Fig. 2. The storage tank was connected to the experi­
mental tank with a 2-in. stainless steel pipeline. This 
line included a system of valves adjacent to each tank, 
which permitted the isolation of the line, as well as a

x-4 13 8
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bellows expansion joint near the outlet from the ex­
perimental tank to remove stresses on the aluminum 
fittings. Transition from stainless steel to aluminum 
pipe was through aluminum-gpsketed flanges.

H« LINE

TANK
EMERGENCY 
CONTAINER 
(LEAD)N

PEDESTAL

PLATFORM

NEUTRON
LINE FLUX

THERMAL
COLUMN

FILTER

PILE

STORAGE
TANK

TO Ht SUPPLY

(NOT TO SCALE )

Pig. 2 — Schematic diagram of the exponential experiment. A 
helium pressure system Instead of a pump is used for trans­
ferring the water from the lower to the upper tank in order 
to avoid contaminating the 0,0.

This line also contained a porcelain thimble type 
filtering unit located adjacent to the lower tank but 
set slightly above the maximum level of water in the 
tank. A set of by-pass valves permitted water to 
ascend the pipe without passing through the filter 
element. When water from the upper tank was draining 
into the lower tank, it could be made to flow through 
the filter. Filter elements could be changed while the 
water was in either tank.

A helium atmosphere was maintained above the D20 
surface in each tank. The helium was fed into the top 
of the storage tank after it had passed through a 
freeze-out trap to remove any HjO vapor present. 
The trap consisted of a 10-turn helix of Vi-in. stainless 
steel tubing immersed in a mixture of dry ice and 
trichlorobenzene. Three traps of this type were con­
nected in parallel.

The storage tank and the experimental tank were 
also connected with a stainless steel pipe which ran

from the top of the storage tank to the cover plate of 
the experimental tank. The purpose of this line was 
to maintain equal gas pressures in the two tanks when 
the DjO was being drained from the upper to the lower 
tank., When closed, a valve in this line above the 
storage tank permitted helium pressure to be built up 
in the storage tank.

After the system had been repeatedly flushed with 
dry helium, the storage tank was filled with approxi­
mately 7000 lb of DaO of 99.82 per cent purity. This 
was accomplished by blowing the DjO from the ship­
ping drums into the storage tank through a %-in. stain­
less steel tube which fed into the top of the tank. Dry 
helium was used to displace the DaO in the drums. 
The valve in the gas line above the storage tank was 
then closed, and the valves in the water line were 
opened. Dry helium was then fed into the storage tank 
at the top, forcing the water to rise and fill the ex­
perimental tank. The displaced helium in the upper 
tank was allowed to escape into the air through a valve 
on the tank cover plate. D20 vapor in this exhaust 
helium was recovered by passing it through a freeze- 
out trap.

The level of the D2Q in the upper tank was deter­
mined by sighting with a cathetometer on the D20 
meniscus. When the desined water level was reached 
the valve on the water inlet was closed and the helium 
was then vented from the lower tank through a freeze- 
out trap. After atmospheric pressure had been reached 
in the lower tank, the valve in the gas line above the 
storage tank was opened so that, when the water was 
drained into the lower tank, a vacuum would not be 
produced in the upper tank.

In order to ensure that the upper tank pressure 
could not vary appreciably from atmospheric pres­
sure, a safety valve in the form of a toy rubber balloon 
was attached to a tube extending from the tank cover 
plate. Any substantial increase or decrease in pres­
sure within the tank caused the balloon to break and 
thus relieved the pressure difference.

The procedure for draining the experimental tank 
was to open the valve in the water line adjacent to the 
tank and allow the water to pass to the storage tank. 
The gas line allowed the helium pressures to equalize 
as the water flowed from one tank to the other.

The experimental tank was mounted upon an exten­
sion of the CP-2 thermal column which was carried 
upward to a point 2 ft above the top of the upper shield. 
The pedestal so formed was built up of graphite blocks 
arranged so that there were three stringers located 
as shown in Fig. 3.

,The entire outer surface of the tank and pedestal 
was covered with a layer of 0.030-in.-thick cadmium 
shteet. The cadmium layer for the top of the tank was 
placed inside the tank. It was made up in the form of 
four quadrants, which were sealed in aluminum envel­
opes and laid on the tops of the uranium-rod handles.
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As a safety precaution, a lead pan 15 ft in diameter 
and 1 ft deep was placed at floor level. The volume of 
this pan was sufficient to hold all the D20 in case a 
leak should develop in the experimental tank. The 
lead pan extended through the graphite pedestal at 
floor level so that it would be impossible for any Da0 
to leak down the thermal column.

A platform of expanded metal grating covered the 
lead pan. This platform was made of removable 
segments to permit access to the stringers in the 
pedestal.

The array of uranium rods rested on the tank bottom 
and was held in a vertical position by two aluminum 
plates through which the rods passed. Holes drilled 
through the plates located the rods in the lattice 
pattern being investigated. These plates were fabri­
cated from 2S aluminum sheet Va in. in thickness and 
5 ft in diameter. The lower plate was supported 1 in. 
above the tank bottom on aluminum blocks spaced at 
eight points around the perimeter of the tank and at 
six other positions nearer the center. The upper plate 
was located 5 ft 2 in. above the bottom of the tank and

E 4 W STRINGERS

N $ S STRINGER

gw

LEAD BLOCK

15 DIA. LEAD PAN

Fig. 3 — Schematic drawing of the graphite pedestal. The removable stringers have foil slots 
for determining the flux in the pedestal. Asymmetry of the source neutron flux is most easily 
checked by pedestal measurements.

The metal loading in the tank was in the form of 
1-in.-diameter uranium rods 5 ft in length. The rods 
were fabricated by the Argonne Metallurgy Division 
from metal obtained from Hanford for this experi­
ment. Aluminum handles in the form of 1-in.-diam­
eter Vi»-in.-waU tubing were attached to the uranium. 
During the early part of the work the uranium was 
left bare. Later it was jacketed with ^2-in. -wall 2S 
aluminum.

Before the bare rods were exposed to D20 all grease 
was carefully removed from them with trichloroben­
zene, and they were passivated with dilute HN03 and 
then rinsed three times in distilled water. After being 
thoroughly dried they were loaded into the experi­
mental tank. After jacketing, the rods were again 
cleaned with trichlorobenzene.

was supported on an aluminum ring which had been 
welded to the inside of the tank wall. The lower plate 
was fixed in position with screws attached to the sup­
porting blocks and the upper plate was clamped to its 
supporting ring. Figure 4 shows the rods assembled 
in the tank.

The foils used for flux measurements must be pure 
enough to give accurate results when saturated activ­
ities are computed after the long waiting periods 
following irradiation. This is true since in some 
irradiations there is a considerable spread in the in­
tensity of activation of the different foils, for example, 
the monitor foil in an experiment involving cadmium- 
covered foils.

The foils should be sufficiently small so that the 
additional absorption introduced does not affect the
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value of flux at the neighboring foil. The actual size 
will depend upon the macroscopic cross section of 
the exponential material. In the lattice of the 1-in.- 
diameter natural-uranium rods and D,0 moderator 
presently being studied at Argonne, indium foils 1 cm 
on a side and 6 mils thick, placed 10 cm apart, repre­
sent about 1 per cent of the cross section present due 
to the uranium.

Argonne studies, a rigid aluminum ladder has been 
used with the foil positions accurately located by the 
machining and calibration of the support (Fig. 5). This 
ladder introduces less absorption per unit volume 
than does the indium foil. The ladder reduces the foil 
loading and positioning time from several hours to 
about 15 min. The position of the foil holders used 
for axial or radial runs in the assembly is determined

Fig. 4 — Interior view of the experimental tank with a square lattice and a clump of four fuel 
rods at each vertex. The circular holes in the top plate position the vertical foil holders. 
The slits near one of the central clumps are used for flux-traverse measurements, and the 
rosette shaped holes are used for control-rod experiments.

In order to obtain results accurate to within about 
1 per cent the relative positions of the foils must be 
known within about 0.5 mm. In some previous expo­
nentials this accuracy has been obtained by taping the 
foils to a wire support and determining the relative 
positions with a cathetometer. However, this is usu­
ally a time-consuming procedure. In the present

by positioning holes in the aluminum plates located in 
the top and bottom of the tank. A key arrangement in 
the bottom plate provides proper radial orientation of 
the foils. An electrical contact on the foil holder de­
termines all positions relative to the surface of the 
D20. As shown by the formulas, lengths t - Zj are 
measured from the extrapolated height. The values of

J- -i •
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t - zj are obtained by adding the extrapolation distance 
to the distances between the foils and the tip of the 
pointer set at the water surface. The positions of the 
foils used for flux traverses are determined from 
the points at which they are suspended from the upper 
aluminum plate.

saturated activities, a single switch controls all four 
counters. The purpose of having four counters is to 
make sure that a defective counter does not invalidate 
a run, as well as to serve as a cross check on possible 
physical damage to the foils. It has been found, in fact, 
that the ratios of saturated activities between counters

SUPPORTING PLATE

WIRE TO TANK

BUSHING FOR 
POSITIONING ON 

TOP PLATE —<

^-POINTER FOR 
DETERMINING 0*0 LEVEL

CUTOUT TO REDUCE Al

FOIL-HOLDER POSITION

CAVITY MILLED 
TO 0.023 DEPTH 10 CM

KEY FOR ORIENTATING 
FOIL HOLDER

'.-L IN. DRILLED THRU

LENGTH OF ROD APPROX. 170 CM

SUPPORTING PINS

CUTOUT TO REDUCE Al

FOIL HOLDER

LENGTH OF ROD APPROX. 60 CM

(a) (b)

Fig. 5 — Schematic diagram of the two types of foil holders used, (a) the foil holder used for 
determining axial and radial bucklings. (b) the foil holder used for flux traverses. The foil 
holders for flux traverses must be long enough to reach the relatively high flux available 
some distance below the surface of D20.

The foils are held vertically in the holders, and the 
Zj values are taken at the centers of the foils. This 
introduces no error since the average value of the 
hyperbolic sine over a given vertical interval intro­
duces the same factor at each position. ^ In the case of 
measurements of K the only restriction is that the 
holder be vertical. For radial measurements in a 
heterogeneous system corresponding lattice positions 
must be used.

The indium foils are counted by thin-wall aluminum 
Geiger tubes which have had previous dead-time cali­
bration. The dead time is determined by least-squares 
fitting of the data obtained by following the decay of a 
very active indium foil. In this case, activation suffi­
cient to require a 2 to 3 per cent dead-time correction 
is obtained initially. The indium mean life is consid­
ered to be known as r = 78.35 min from Wattenberg’s 
measurements.5

Each foil is counted on four separate counters with 
reproducible geometry. Thus four foils can be counted 
simultaneously. In order to simplify computations of

give an immediate indication of errors due to defec­
tive counters, damaged foils, or poor positioning of 
foils, either in the exponential tank or in the counter. 
Each counter has a separate uranium standard and 
a separate foil holder which remain with it. The 
counters are enclosed in lead, giving a background 
of approximately 30 counts/min. Backgrounds and 
standards are run several times daily. If air con­
ditioning is not available, the counters must be pro­
tected against moisture. Each foil is counted for
10,000 counts in each of the four counters to obtain 
a probable error of Va per cent.

EXPERIMENTAL PROCEDURES

The foils are punched from spectroscopically pure 
indium, and identification numbers are scratched on 
each foil. They are then weighed to the nearest ten- 
thousandth of a gram, and a set is made of those foils 
which weigh within Vi per cent of each other. This set 
is then calibrated by exposure in a standard reactor.

142
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Each foil is irradiated in the same slot of the standard 
reactor and counted in each of the four counters to 
give Vi per cent accuracy. It has been found that foils 
are sufficiently uniform so that calibration in a stand­
ard reactor is unnecessary. The weights obtained 
serve to give the Vi per cent accuracy. In fact, if 
weight corrections are included, no foils need be 
eliminated. An error distribution function is obtained 
if the foils are calibrated with a standard reactor.

It has been found that good results, within 1 per cent 
for the Laplacian, can be obtained with about eight 
foils for an axial measurement and six to eleven foils 
for a radial measurement. To increase the number of 
radial measurements per exposure, two or three dif­
ferent heights are used at each run. In some previous 
exponentials it was found that the effective radius 
varied with the height of the measurement; however, 
we have been unable to observe this effect.

For flux traverses as many as 60 positions in a 
cell have been measured using a monitoring foil for 
normalization.

Once the method of analysis has been established 
and the equipment has been checked, it has been found 
that about 45 foils may be irradiated and counted 
easily within an 8-hr working day. Thus as many as 
five or six axial runs and two complete diametrical 
runs at two separate heights, the equivalent of about 
eight radial runs, may be done without excessive 
strain by a team consisting of one computor, one 
counter, one reactor operator, and three loaders. 
The loaders’ job includes loading foil holders, placing 
and removing holders from tank, unloading foils, and 
supervising the experiment.

With this setup the computer will soon become 
overloaded; however, interruptions in the routine 
when the lattices are changed permit a computer, 
working steadily, to just about keep up with the accu­
mulation of data.

All measurements except radials are done three 
times. Radial measurements are done a sufficient 
number of times to give good statistics on the effective 
radius. As will be seen below, what constitutes good 
statistics depends upon the characteristics of the 
material under investigation and the properties to be 
measured.

There are several methods for using an exponential 
experiment to determine the diffusion coefficient of 
a material. Asymptotic transport theory shows that 
the diffusion coefficient, D, is related to the extra­
polation distance d by d = 2.13D. Thus, if one meas­
ures k and fits the observed axial flux to the function 
A sinh x (t - z), the extrapolation distance may be 
determined from the fitted results. A better method is 
to use the relation L2 = D/2a, where 2a is the macro­
scopic absorption cross section. In the case of cylin­
drical geometry Eq..3 holds. L2 may be determined 
by exponential measurements of k and R. If it is pos­

sible to change 2a radically without producing an ap­
preciable change in D, two observations are obtained 
conforming to

L*
hi
D

1 Za, 
H D

(29)

Taking the difference gives

L? ~ L2 = D (2a' “ h) (3°)

Since D has not changed appreciably, R2 is unchanged 
so that

L,2 - L^2 = xf - (31)

D = h ~ h (32)

A measurement of this type can be made, for example, 
with boron in D20. The scattering cross section of 
DaO is so high that the addition of the relatively minor 
amounts of boron needed to make large changes in 2a 
of the mixture produces only small changes in D.

L2 of any mixture is directly determined from axial 
and radial flux measurements and the use of Eq. 3.

On the other hand, if D is known from such meas­
urements, 2a may be determined from L2 = D/Za. 
More accurate determination of 2a is possible by 
using Eq. 32 with a known D since this equation elimi­
nates errors in R. An example of this is an experi­
ment soon to be performed at Argonne to determine 
the proton absorption cross section. A series of 
measurements of L2 will be made with various con­
centrations of H in DjO. These will be compared with 
similar measurements using boron in D20, and the ab­
sorption cross section of H relative to the absorption 
cross section of boron will be determined. In order 
to avoid contaminating the D20 with H, a chemical 
which does not exchange H with D will be introduced.

While the constants referred to above are those of 
a homogeneous mixture, they are applicable to hetero­
geneous systems if proper corrections are applied. 
The heterogeneous system is most frequently com­
puted as a homogeneous system using a flux-weighted 
average for the constants. By performing a series of 
flux traverses throughout the cell of a heterogeneous 
lattice, the proper weighting factors are found.

Although several of the experiments mentioned 
above, in particular, determination of D and 2a, have 
not yet been completed, a number of the experiments 
mentioned have been analyzed and results have been 
obtained which illustrate the exponential technique.
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The complete results for a typical lattice are shown 
below.

A series of 16 radial measurements were completed 
and fitted to the J0 function with the following results:

Effective radius, cm

78.05 77.98 77.51 77.73
77.97 78.00 77.92 77.52
77.94 77.75 77.89 79.10
78.15 77.68 78.17 79.10

From these 16 runs, giving low weight to values far 
from the mean, the effective radius was found to be 
77.96 + 0.06 cm.*

The vertical relaxation constant was determined 
from the average of the three runs 0.00845, 0.00857, 
and 0.00858 tobe 0.00853 ± 0.00005/cm. It will be seen 
that for the determination of B2 the error in k is 
relatively unimportant for small k. The resulting 
buckling of the lattice (in cm-2) is

K = {l + [143(1 ± 0.05)][879(1 ±0.002)10'®]}

(l + 48[879(1±0.002)10'®]} exp {79[879(1±0.002)10'®]}

or
K = 1.258 ± 0.008

The errors in the buckling arise from two factors. 
The lack of precision of the radial measurement 
represents a constant absolute error in B2 for all 
experiments performed in a given tank; the axial 
relaxation length k may be shown to have a constant 
expected error for all k, so long as the distances 
over which the relaxation is measured are kept con­
stant. Hence, the error in B2 is i B2 + 2 k A/c and varies 
only slowly with k; B2 is known within approximately 
a constant absolute error.

Because this error is small, the precision of K — 1 
is highly dependent on the precision of M2 and only 
secondarily on B2, down to K= 1.02, for the sort of 
experiments performed here.

B2 = B? - x2 2.4048 2
77.96(1 ± 0.0008)

-[0.00853(1 ± 0.006)]2

= [952(1 ± 0.0016) - 73(1 ± 0.012)]10'e 

= [(952 - 73) ± (1.52 + 0.92)^] x 10'® = (879 ± 2)x 10'®

The L2 of the system was obtained in the following 
way: A set of 2V4 per cent mercury in lead alloy rods 
was made. The macroscopic absorption and scattering 
cross sections were within 10 per cent of the values 
for uranium, and the dimensions were those of the 
uranium rods. L2 was determined by performing an 
exponential experiment with these rods replacing the 
uranium. At the same time a diffusion-theory calcu­
lation for L2 was made. An empirical correction 
factor was thus found between observed value and 
theory, and this correction was applied to the diffu­
sion-theory calculation of L2 for uranium rods. By 
this means, we arrived at a value of L2 = 143(1 ± 0.05). 
Here the 5 per cent error is an estimate of the un­
certainties due to errors in cross sections, neutron 
temperature, and theoretical naivete'. Assuming rf 
and Te known, K can then be found from a three-group 
calculation to be

K = (1 + L2B2)(1 + rfB2) e*'®2 

where Tf = 48 cm2 and re = 79 cm2

APPENDIX A

Detailed Theory of Flux Harmonics

The eigenfunction given by Eq. 2 is the leading term 
of an infinite number of solutions, each satisfying the 
boundary conditions that flux vanish at radius R and 
height t.

The first problem we consider is that of the radial 
distribution of source neutrons which travel through 
the system. We may write the complete solution of 
the diffusion equation in a cylindrically symmetrical 
system as a Fourier-Bessel expansion in the radial 
coordinate

*= Efi(z) (33)
where joi is the i root of the Bessel functiont of 
order n.

Substituting Eq. 33 into the diffusion equation we 
obtain

-D fj(z) + Dfj'tz) - Vi(z) = 0 (34)

The solutions of Eq. 34 are 

fi(z) = Aj exp Vb * tel
+ Ci exp -VMrJ (35)

•Unless otherwise stated, errors listed are probable 
errors.

tThe first three roots of J0(x) are x = 2.405, 5.520, and 
8.654.
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Since the neutron-source flux is being continually 
attenuated, the derivative of this flux must always be 
negative. Also, the flux itself must always be positive. 
Applying these conditions at z = t, the thickness of the 
region under consideration, the relations obtained 
from Eq. 35 are

Ai < Cj exp

—Aj < Cj exp

(36)

Solving Eq. 36, we may easily show that Cj is positive 
and that therefore

I Ail « Ci exp 21^^

hence the general characteristics of the attenuation 
may be determined by inspecting only the negative 
exponential term in Eq. 35.

Two positions of mismatch occur. They are at the 
junctions of the thermal column with the pedestal and 
the junctions of the pedestal with the tank. From 
Eq. 35 it may be seen that higher harmonics (solutions 
for i > l)are damped out more rapidly than the funda­
mental (i = 1). Hence, if the thermal column or the 
pedestal is long enough, only the fundamental exists 
far from the source. In fact, the pedestal merely 
serves as a cheap method of achieving the above 
damping. If lattice materials were less expensive, 
the same effect could be achieved with a taller lattice 
by making measurements sufficiently high in the lat­
tice so that harmonics have disappeared. We assume, 
therefore, that the thermal column is sufficiently long 
so that at the base of the pedestal we can neglect all 
harmonics and write

<6(z = 0) =AJ0 (37)
Ko

where R0 is the extrapolated radius of the thermal 
column.

Equation 37 assumes the thermal column to be a 
cylinder of radius R0. If you have a square thermal 
column and a round pedestal, the process of deter­
mining the radial harmonic coefficients is similar to 
that of matching two cylinders of different radii. The 
square column is first replaced by a cylinder of equiv­
alent diffusion characteristics. The x2 in a square 
pedestal is

Ro Joib
u V2 (39)

In order to examine the perturbations introduced 
we shall use only the negative exponential terms in 
Eq. 35. This procedure is justified by the argument 
of Eq. 36.

The fact that R0, the equivalent thermal-column 
radius, is different from R,, the pedestal radius, 
introduces harmonics in the pedestal. We may expand

01-«.(&£)-2 («>

Using th orthogonality of the Bessel functions in the 
right-hand side of Eq. 40, we multiply both sides by
J° j r c,r an<l integrate from 0 to R,

A k
2

Jok^iUok)
(41)

An examination of the Ak permits a determination of 
the relative radial harmonic content at the base of the 
pedestal. For any of the modes the axial relaxation 
constants are obtained from

= + £5 (42)

For a good thermal column or pedestal 1/L2 « (j0i/R)2 
and, since the ratio of the Bessel functions is of the 
order of unity, we may write

iifi e 3.12z/R 

A1
(43)

Higher harmonics are damped even more rapidly, 
and, with z = R, the pedestal can be considered black 
to all except the fundamental.

The matching of a square thermal column to a cir­
cular pedestal also introduces angle-dependent terms 
in cos 4n0. We shall examine the solution for the 
terms n = 0 and n = 1 and observe how rapidly the 
angular terms are damped.

For n = 0, we have already shown that the lowest 
harmonic satisfying the boundary conditions is

*0 = Vo (V) exp (44)

where b is the length of a side; hence For n = 1, the corresponding lowest term is
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0, = A,J4 cos 46 eyp |-z-y/^. + J (45)

where j41 is the first root of the Bessel function of 
order 4. Then, omitting the Bessel functions as before 
and remembering that 1/L2 «C (jrs/R)2, we get

^ = cos 46 
<Po

A,
aTxp

 ~ ioi>z
R

( 5.19z\exp ^-----—J (46)

A,/A0 is the relative angular harmonic content at the 
base of the pedestal. From Eq. 46, if z = R, this har­
monic content is less than 1 per cent of that present 
at the base. Here again the damping is so rapid that 
the pedestal is effectively black for higher harmonics.

(48)

The boundary conditions are that </>( and Dt (30(/3z) 
be continuous, <fis and <f>, shall vanish at z = t, and </>s 
be specified at the bottom of the tank (z = 0). This 
latter is, in effect, the inhomogeneous boundary con­
dition required to take into account the presence of a 
driving current into the system. (-00) = 0, corre­
sponding to the source deep in the graphite being 
purely thermal.

PEDESTAL TANK

z = 0

D
APPENDIX B

Multigroup Effect on Neutron Flux in the Lattice

In the previous sections we have considered the 
tank as infinite in determining the properties of per­
turbations near the bottom of the tank. We shall now 
assume that measurements are made sufficiently far 
from the tank bottom so that these harmonic pertur­
bations may be ignored.

In measurements on nonmultiplying lattices, the 
only other perturbation encountered is that caused by 
the finite height of the tank. This perturbation re­
quires the use of the function sinh x (t — z) in place of 
e-*z wherever it appears, t being the (extrapolated) 
elevation of the top of the system.

In dealing with multiplying lattices the variation of 
neutron spectrum throughout the length of the tank 
must be considered. Inasmuch as detection is energy 
sensitive, our measurements are meaningful only in 
regions of constant spectrum. These regions are best 
checked by Cd ratio measurements on .the foils, but 
the qualitative argument given below is useful in esti­
mating their location.

We adopt the two-group theory for a qualitative 
picture. The equations are.

KZS</>S
Df

= 0

where r = the two-group neutron age 
L2 = thermal diffusion area 
D( = the fast diffusion coefficient 
Ds = the thermal diffusion coefficient

(47)

Where the origin has been taken at the base of the 
tank and is positive into the tank, the solutions of the 
problem for the fast flux for the pedestal and tank, 
respectively, are

<f>, = A exp ^zy^-+ B2 j (49)

<£{ = E sinh k(t — z) + C sinh m(t - z) (50)

where rc = the neutron age in graphite
B? = the radial buckling or (j0./R)J 
k2 = B| - k2 

m2 = m2 + B?

The solutions for B2 of the critical equation

K = (1 + L2B2)(1 + rB2) (51)

are k2 and -m2, where k5 < m5.
The slow flux in the lattice is given by

4>s = S,E sinh k(t — z) + SsC sinh m(t — z) (52)

where

S, =

S* =

Zf
zs(i + lV)

2S(1 - L'm5)

(53)

Eliminating constants by using the boundary conditions 
of continuity of fast flux and current at the base of the 
tank and defining

a = (54)

14Gr* -f / 
* JL Jt
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where Dc and Di are the fast diffusion coefficients in 
graphite and the lattice, respectively, we obtain for 
the ratio of thermal to fast flux in the lattice

In general, m » k and m2 = (l/L2) + (l/r) + B2, as 
can be seen from the solutions of Eq. 51. Thus the 
requirement reduces to

Sj G,G3 
= O S, g2g,

*1 1 1 G.G*
g2g4

(55)
exp < i (57)
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ABSTRACT

A particular example, a graphite core homogeneously impregnated with 
U233 as the carbide, is shown to have attractive possibilities as a power 
breeder. A liquid bismuth - cooled design is discussed with a doubling 
time of approximately 300 days. Of prime importance for such an ap­
plication is the chemical-processing cycle, and means whereby this may 
be reduced in duration are described, which apply particularly to the 
type of reactor fuel structure under consideration.

INTRODUCTION

North Amer­
ican Aviation, Inc. (NAA), has been investigating the 
properties of graphite and other refractory materials 
at temperatures up to 2000°C and reactors and power 
plants which might be designed to operate at such ele - 
vated temperatures. This program has reached a 
stage where a review of the utility and the feasibility 
of attaining its objectives is appropriate; 
view is presented in this article.

A high-temperature reactor and its associated pow­
er plant may make it possible to achieve

the following objectives:
1. High-thermal-efficiency stationary power plants 

for production of electrical power
2. High power density reactors which also satisfy 

the nuclear criteria for breeding, making a short 
doubling time possible

The reactor which has received most specific study 
has a graphite core homogeneously impregnated with 
enriched fuel, either U235, or U233 for the power breed­
er. The reactor operates on neutrons of thermal en­

ergies and is cooled by either high-pressure He gas 
or a suitable liquid metal; the metals Bi, Pb, Mg, and 
Sn are possibilities.

The results of the studies, reported in further detail 
in subsequent sections of this article, may be sum­
marized briefly here. The stationary high-efficiency 
power plant has questionable value as a competitor 
with conventional hydrocarbon plants unless it is sub­
sidized by its by-products, for example, plutonium 
production.

The possibilities of this reactor as a power breeder 
appear good. Operation at high temperature has as 
concomitants high specific power and high thermal 
efficiency for the associated power plant. Since the 
high-cross-section poisons produced in fission will be 
released from the hot porous graphite core into the 
coolant and can be removed continually from the cool­
ing system, the breeding gain can be made high. No 
processing of a metallurgical nature is required in 
the refabrication of the core, and, consequently, the 
total inventory of fuel is only a few times that present 
in the reactor. This combination of features leads to 
a doubling time of the order of 300 days, quite attrac-
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tive for a breeding cycle; it is also of importance for 
a naval reactor, in keeping to a minimum the total 
inventory of fuel required for continuous operation of 
the vessel and in reducing the severity of control 
problems having their origin in fission-product-neu­
tron absorbers.

While the original emphasis in this program was on 
the highest attainable temperature, in order to maxi­
mize thermal efficiency, more recent studies have in­
dicated that a reactor operating at lower tempera­
tures may be of equal interest. For the power breeder 
application, in particular, the lowest temperature at 
which it is possible to achieve such necessary operat­
ing conditions as diffusion of fission-product poisons 
out of the core and annealing of radiation damage will 
probably be the most realistically desirable operating 
temperature.

HIGH-EFFICIENCY STATIONARY POWER PLANTS

The relation between maximum operating tempera­
ture and thermal efficiency of power plants has al­
ready received general study,1 and the results are 
given in Report NAA-SR-63. It is concluded there that 
a compounded Na vapor-Hg vapor-steam system op­
erating with a maximum temperature of 1800°C can 
have a thermal efficiency of 50 per cent, about twice 
that of modern steam plants. This conclusion is pred­
icated, of course, on the assumption that it will be 
possible to develop high-efficiency components for the 
power system and also a nuclear reactor capable of 
delivering its heat output near 2000°C.

Under what circumstances is a high-thermal-effi- 
ciency power plantworth while? In hydrocarbon-fueled 
plants designed solely for the production of commer­
cial power the only requirement is the minimum unit 
power cost. In such plants, where fuel costs are of 
the order of one-half (or more) of the total production 
cost, extensive experience has already demonstrated 
the worth, in reduced over-all cost of power, of adding 
to existing plants “topping” turbines and high-pres­
sure boilers operating at higher maximum tempera­
tures. A study of the operations of a large number of 
existing steam power plants reveals the data shown in 
Fig. l,in which the over-all plant efficiency is plotted 
against steam temperature in the plant. The economic 
utility of these high-temperature steam plants arises 
not only from the reduced fuel costs, which Fig. 1 
implies, but also from other reductions in operating 
cost, as shown in Fig. 2, where operating costs, ex­
clusive of fuel, are plotted against steam temperature. 
It should be pointed out, however, that steam tempera­
ture is not a completely independent variable because 
the more modern plants operating at higher tempera­
tures have a greater degree of mechanization and

automatic control, with accompanying reduced labor 
costs, which are not directly tied to plant temperature.

The capital cost of these higher temperature plants 
is not, however, significantly affected by going to high- 
temperature operation. The cost per installed kilo-

PROBABLE FUTURE 
TRENDS

600 800 
STEAM TEMPERATURE, °F

Fig. 1 — Over-all efficiencies of steam-electric plants. Pres­
sure (psig): O, 101 to 300; A, 301 to 500; V, 501 to 700; □, 
701 to 900; 0, 901 to 1100; <!, 1101 to 1300; 0, 1301 to 1500. 
Data from Federal Power Commission, Report S-72 (1947). 
TO, are from “Combustion,” January 1951, p. 40. t^, are from 
“Electrical World,” Apr. 24, 1950.

watt-hour capacity is plotted against steam tempera­
ture in Fig. 3. These plants were built at different 
times; therefore the plant cost is reduced to a single 
base by the use of price indexes. It is apparent that 
no decrease in capital investment arises from the 
utilization of high temperatures. It is evident, there­
fore, that the trend toward higher operating tempera­
ture in modern hydrocarbon ^fuel-fired steam power 
plants has led to reduced fuel and other production 
expenses, but not to reduced capital investment.

All studies to date have indicated that a nuclear 
power plant operated for power alone cannot, in gen­
eral, now compete economically .with hydrocarbon- 
fueled power plants. However, if a portion of the op­
erating cost is borne by the value of by-products, e.g., 
plutonium, then it does appear likely that such a multi­
purpose system can be economically justified. Since 
the plutonium production costs from a high-tempera­
ture (near 2000°C) reactor and the operating costs of 
the associated unconventional power plant will prob­
ably be higher than these costs in the range of con­
ventional power plant practice (near 500°C),it appears
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£ 0.8

STEAM TEMPERATURE, 0F

Fig. 2—Operating costs, not including fuel, of steam-electric 
plants. Load factor (%): +, below 35; O, 36 to 45; A, 46 to 55; 
V, 56 to 65; a, 66 to 75; 0, 76 to 85; <1, 86 to 95; t>, 96 and 
up. Data mainly from Federal Power Commission, Report 
S-72 (1947). Plants smaller than 20 megawatts omitted.

300-MEGAWATT
PLANT

AV. OF PLANTS 40 TO 100 
MEGAWATTS IN SIZE

STEAM TEMPERATURE, *F

Fig. 3—Construction cost of steam-electric plants. All 
costs corrected for the Wholesale price Index at the time of 
construction, referred to 1947 as datum. Data from Fed­
eral Power Commission, Report S-72 and from “Electrical 
World,” Apr. 24, 1950. Numbers beside points indicate the 
number of plants represented by each point.

that a plant operating near 2000°C cannot be justified 
at present. In fact, because of the necessity to keep 
the Pu production cost low, the optimum temperature 
for such a multipurpose reactor may be even lower 
than 500°C.

Our conclusion is, therefore, that while a high- 
temperature power plant will maximize thermal effi­
ciency and conversion of nuclear fuel to useful power, 
it cannot be justified so long as such a plant must be 
subsidized by plutonium production and so long as the 
cost of such production is increased by high-tempera- 
ture operation.

POWER BREEDER REACTOR

An important criterion for a power breeder reactor 
is its doubling time, the time in which the initial in­
ventory of fissionable material is doubled. This time 
is given by

0.69 x 10* days , .
d ” w(l + a) (tj - 2 - L)

where w is the specific power in megawatts per kilo­
gram of fuel invested in the reactor and the fuel proc­
essing plant; L is the fraction of neutrons lost per

fission by parasitic absorption, useless leakage, and 
equivalent loss of product or fuel in the chemical­
processing cycle; 1 + a is the ratio of capture to fis­
sion cross section for the fuel material. For U2“, 
T) = 2.35 for neutrons of thermal energy; since L can 
probably be kept near 0.2 or less, a Th2,2-U2SS breed­
ing cycle is possible.

The specific power wr in the reactor is related to 
the fractional burn-up B during the life of a core and 
to the time tr required for this burn-up by the equation

103B= (tr) (i + «) megawattsAg (2)

where tr is expressed in days. The specific power w 
in the entire reactor complex, including the fuel tied 
up in chemical reprocessing of spent cores, is given 
by

103B
W = (tr + tp) (1 + a) (3)

where tp is the time, in days, required to reprocess 
completely a spent core and prepare it for reinsertion 
into the reactor.

The reactor which is being most actively studied at 
NAA for the power breeder application has a core
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made from conventional reactor-grade graphite im­
pregnated, by chemical means which will be described 
later, with U233 as the carbide. The core has the shape 
of a right circular cylinder of the order of 1.5 meters 
high by 1.5 meters in diameter. It has coolant chan­
nels arranged parallel to its axis, through which high- 
pressure He gas or a suitable liquid metal is pumped. 
The chemical-processing cycle for a core of this type 
is particularly simple, and it appears feasible to 
achieve a processing cycle time tp of four days. The 
relative decrease in doubling time becomes progres­
sively smaller and less worth while when tf-Ctp, 
therefore, we assume tp to be two days. For reasons 
arising partly from control problems and partly from 
the possibility of radiation damage to the core ma­
terial, a reasonable value for the fractional burn-up 
B is probably 0.15.

Using these values of B, tr, and tp in Eq. 2, a spe­
cific power w in the entire system is obtained, w = 
22 megawatts/kg. For the reactor alone,

= 67 megawatts/kg

An important advantage of this reactor core design 
is the fact that the high-cross-section poisons formed 
in fission will rapidly diffuse out of the core and can 
be removed from the system in a continuous fashion. 
It is this fact which makes neutron losses of 0.2, or 
less, realistic; the situation is similar to that dis­
cussed for the homogeneous aqueous reactor in Re­
port ORNL-855. The doubling time td may now be 
estimated from Eq. 1, and the assumption that the 
neutron losses can be kept at L = 0.2

0.69 x 103
td ” (22) (1.1) (0.15) dayS 

= 190 days

The doubling time here estimated is that which the 
system attains when it is in steady-state operation, 
after transient conditions which have their origin in 
the relatively long (compared to the time the core 
spends in the system) half life of Pa233. The transient 
period during which the reactor would have to operate 
on U235 as the fuel, until enough thorium has been con­
verted to U233 to shift over to a true breeding cycle, 
has also been neglected. This system, in common 
with any other 23 breeder cycle of short doubling 
time, will always have tied up in decaying protac­
tinium a considerable amount of latent fuel material, 
so that the concept of doubling time becomes some­
what ambiguous. The doubling time here is that re­
quired to double the amount of fuel in the entire sys­
tem in steady-state operation with a fictitious value

of T^(Pa233) = 0. The long half life of protactinium 
leads to a delayed fuel production, but the fuel is 
always available in latent form; it is not inherently 
tied into the operating system in the same sense that 
the fuel held up in chemical processing is, and it is not 
taken into account in computing the specific power for 
the entire complex. These remarks apply, of course, 
only to steady-state operation. Since the steady state 
is achieved in about one year under the conditions 
considered here, this is not an unreasonable premise.

Thus, a reactor and processing complex capable of 
attaining a specific power of 67 megawatts/kg in the 
reactor and having a total cycle time of six days has 
attractive possibilities as a breeder, and our studies 
indicate that such conditions probably can be attained 
in a homogeneously impregnated graphite thermal re­
actor.

HOMOGENEOUS ENRICHED FUEL IMPREGNATED
GRAPHITE REACTOR

Physical Properties of Graphite Impregnated with 
Uranium

A considerable amount of data on the physical and 
mechanical properties of graphite at temperatures up 
to, and exceeding, 2000°C has been accumulated and 
has been summarized recently.3 The properties of 
importance, such as strength, creep rate, and thermal 
conductivity, appear adequate for the contemplated 
conditions of operation of the reactor; this statement 
is predicated on the assumption that the properties of 
graphite impregnated with about 10 mg/cm2 of UC2 
are not significantly different from those of pure 
graphite. On this point there is little experimental 
information, but recent experiments indicate that im­
pregnation with 10 mg/cm3 of uranium does not change 
the tensile strength. It is clear, however, that much 
more extensive information on the properties of im­
pregnated graphite is required. In particular, the ef­
fect of radiation on the thermal conductivity of this 
material at operating temperatures in the neighbor­
hood of 1500<>C must be determined. Hunter’s4 experi­
ments near 800°C indicate a serious deterioration of 
thermal conductivity, while the "neutron annealing’’ 
experiments on Hanford graphite at350°C would lead to 
the conclusion that high-temperature operation would 
result in little reduction of thermal conductivity by 
radiation. This uncertainty must be resolved in order 
to determine how seriously the design will be affected 
by the phenomenon.

Specific Power, Breeding Gain, and Doubling Time

1. Helium Cooling. Neutron-physics, heat-transfer, 
thermal-stress calculations, etc., have been made 
on a reactor in which the core is a right circular
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cylinder 4 ft in diameter by 4 ft high, impregnated 
with uranium in the form of the carbide. The frac- 
tionai void volume (1 - S) equals '/«, occupied by cylin­
drical cooling channels, V« in. in diameter, parallel to

T» = 4)00°fl ~ 2000°C ----

V3800“R
— T„ ; 3500°R ----

5.6 —

4.4 —

T, = 2400°R = 838°C

^ 2.4 —
Tb = I500°H = 560°C

OS —

At x icr^ *f

Fig. 4 — Total Q as a function of AT. Gas, He; P„ 2000 psi; 
T„ 700°R = 112°C; Mj, 0.459.

the axis of the cvlinder. A two-group-theory calcula­
tion for this core surrounded by a graphite reflector 
and thorium breeding blanket indicates a critical mass 
near 20 kg at 2000°C.

The coolant conditions considered were inlet helium 
pressure, 2000 psi; inlet temperature, 115°C; and exit 
Mach No., 0.46. Curves of the total power Q in the 
reactor, for various reactor wall temperatures, are 
plotted in Fig. 4 as functions of the temperature rise 
of the gas. Calculations were also made on the pump­
ing power W required under these conditions, and 
curves showing the fraction of total heat required for 
pumping power, for various values of power density 
6, are plotted against reactor temperature in Fig. 5.

If we assume that the pump machinery has an effi - 
ciency of 50 per cent and the reactor power plant has 
an efficiency of 33 per cent, then, if W/Q = 1/6, all the 
power output of the reactor goes into pumping; if 
W/Q<l/6,some power is left over for other purposes. 
The curves of Fig. 5 indicate that with a specific 
power of 70 megawatts/kg, which for the reactor core 
size being considered requires a power density S s 1 
kw/cm3, the reactor operating temperature must be 
near 1500°C and even there W/Q = 1/6. It is apparent 
that such a reactor system may still be a power bur­
den rather than a power producer if the power plant

efficiency is as low as 33 per cent, about the maxi- 
mum attainable with conventional steam plants. If we 
wish to produce enough power to at least operate the

Tr. °C
500 (000 (500 2000

g =0.46 KW/CM

1 = 2.6 KW/CM'

4000 48002400

Fig. 5—W/Q vs. reactor temperature.

pumps, the reactor power plant must have an effi­
ciency of at least

(4)

where f is the mechanical efficiency of the pumping 
machinery.

For the reactor to produce net power in addition to 
that required to pump the coolant, the power plant 
must be significantly greater than 33 per cent. This 
can be achieved by operating the reactor at a high 
temperature (near 2000°C)and utilizing unconventional 
power plants, for example, the type of compounded Na 
vapor—Hg vapor —steam plants discussed in Report 
NAA-SR-63.

Under the proposed operating conditions, namely 
2000°C with a specific power of ~70 megawatts/kg, 
and with the core structure described, the maximum 
thermal stresses in the core may be estimated. The 
maximum temperature rise in the graphite webs be­
tween the coolant passages is 500°C; the thermal 
stress is

or = CaE AT

where or is the coefficient of expansion, E is the elas­
tic modulus, and, for the shape under consideration 
here, 0 is about 'A. For graphite at 2000°C, reason­
able values3 appear to be a = 5 x 10-6 and E = 1.5 x 
106 psi. Hence, the maximum local thermal stress at 
75 megawatts/kg is
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a = V4 x 5 x 10-6 x 1.5 x lO6 x 500°C 

a 1000 psi

At 2000°C and 1000 psi stress, the creep rate is 
less than 10"5 per hr. The short-time tensile strength 
at 2000°C is about 3600 psi, so both the creep rate and 
the thermal-stress level are acceptable under the 
conditions considered.

Table 2—Axial-How Helium Compressor

Inlet temperature, °C 115
Inlet pressure, atm 83
Exit pressure, atm 136
Number of stages 25
Rotative speed, rpm 4,000
Power requirement, hp 500,000
Diameter, ft 3
Length, ft 15

These considerations indicate that, with high-pres­
sure helium as the coolant, heat-transfer rates ade­
quate to permit a specific power of 70 megawatts/kg, 
in a structure which appears mechanically reasonable 
and in which thermal stresses are satisfactorily low, 
can be achieved. The pumping power required is quite 
large, however, and, in fact, the design of the helium 
compressor will be a major engineering development 
problem. A preliminary analysis of the compressor 
required indicates that an axial-flow machine can be 
made to meet the needs of the system. The charac­
teristics of such a machine are given in Table 2.

In the reactor core the only materials present are 
graphite and U233, in about the ratio of 2000 carbon 
atoms to 1 atom of 23. The neutron loss per fission 
due to absorption in the graphite is lc = 0.02 for such 
a composition. In Table 3 values of the total neutron 
losses, the breeding gain, and the doubling time for a 
system specific power of 22 megawatts/kg are tabu­
lated for three different values of l0, the neutron 
losses due to causes other than graphite absorption, 
e.g., useless leakage, fission-product-poison absorp­
tion, chemical-processing losses. Since it is not un­
reasonable to assume that l0 can be as low as 0.15, 
particularly since the major fraction of the fission- 
product poisons will be continuously removed from 
the core during operation, an exceptionally favorable 
doubling time of 160 days appears achievable. A major 
problem is the development of a compressor capable 
of pumping the volume of gas necessary to cool the 
reactor.

Other possible core designs, predicated on cooling 
by diffusion through the pores of a graphite plate 
structure rather than by gas flow through parallel

axial holes, may lead to better heat-transfer condi­
tions, lower values of W/Q, but with accompanying dif­
ficulties in reactor arrangement. Such possibilities 
have been studied at Battelle Memorial Institute5 and 
will be examined further for the present application.

2. Liquid Metal Cooling. Since the gas compressor 
for the helium-cooled reactor appears to be a monu­
mental piece of equipment, attention was given to a 
series of reactors in which the coolant is a suitable 
liquid metal. Preliminary corrosion tests indicate 
that graphite behaves satisfactorily in contact with 
liquid Bi, Pb, Mg, and Sn at the contemplated operat­
ing temperature, near 1500°C.

Table 3—Neutron Losses In Helium-cooled Reactor

l0 = 0.05 l0 = 0.10 !„ =0.15

lc 0.02 0.02 0.02
L = l0 + lc 0.07 0.12 0.17
Breeding gain (>; - 2 - L) 0.28 0.23 0.18
td, days 100 125 160

With liquid metals the pumping power is very low, 
and it is possible to use higher values of the solidity 
S than 0.75, the case considered for the helium-cooled 
reactor. Heat-transfer computations were carried out 
on two typical core arrangements (Fig. 6). In case 
(a) the graphite core is homogeneously impregnated 
with fuel, the metal coolant flowing in axial holes; in 
case (b) only the tube is impregnated with fuel, and 
the coolant flows in both the annulus and the hole. In 
each case an average power density throughout the 
core of 750 watts/cm3 and a maximum thermal stress 
of 2000 psi anywheie in the graphite at operating 
temperature were specified. In Table 4 values of hole 
diameters, maximum temperature rise, and other 
relevant parameters are given for these heat-transfer 
conditions with a solidity of 0.9 and 0.8. It is evident 
that a power density of 750 watts/cm3 is quite reason­
able.

With 10 per cent of the reactor core occupied by 
coolant passages and the additional likelihood that the 
porous nature of graphite will permit it to be invaded 
by the coolant to the extent of perhaps another 10 per 
cent of its volume, a satisfactory breeding gain ap­
pears possible only with bismuth or lead, particularly 
the former.

In Table 5 the neutron losses (per fission) to the 
coolant and to the graphite are given for various cool­
ants and for various values of r, the moderating ratio 
Nc/N23. In all cases a solidity of 0.9 is assumed, i.e., 
one-tenth of the core volume is occupied by coolant 
passages.

X *
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(b)

Fig. 6—Two versions of coolant channel layout, (a) graphite 
core homogeneously impregnated with fuel, (b) only tube 
Impregnated with fuel.

Since tj - 2 = 0.35 for U2*’ and since there will be 
other losses due to chemical processing, useless leak­
age, parasitic absorption in structure, etc., it is felt 
that only those cases in which the losses tabulated do 
not exceed 0.15 are of interest, and this implies that 
bismuth should be the choice for the coolant.

Table 4—Heat-transfer Performance for Cooling-channel 
Layouts of Figure 6

(Bismuth cooling; average power density in core, 750 
watts/cm8; maximum stress in graphite, 2000 psi; 

height of core, h cm)

S =

Hole

0.8

Tube

S =

Hole

= 0.9

Tube

d, cm 1.95 6.30 1.55 6.30
do, cm 0.89 3.63 0.49 2.56
d„ cm 2.90 2.06
d2, cm 1.80 1.27
Maximum temperature

rise in graphite,
"C 347 400 332 398

Average power in fuel
element, watts/cm1 938 5,560 833 11,060

Coolant speed,
cm/sec 4.56h 4.56h 9.12h 9.12h

For this reason further calculations on reactor 
critical mass, neutron economy, and, in fact, those on 
heat transfer leading to the data of Table 4 were 
restricted to the use of bismuth as the coolant. Calcu­
lations were made on one of the typical examples, a 
homogeneously impregnated right circular cylinder of 
solidity 0.9. Two cases were considered: (a) the case 
in which the coolant resides only in the coolant pas­
sages and (b) the case in which the coolant invades the 
graphite. In each case nuclear constants and densities 
appropriate to 1500°C were used; the core was con­
sidered bare and no account was taken of possible 
reflector savings. The results for case (a) are given 
in Table 6. The total reactor power W is computed 
assuming a power density of 750 watts/cm5, which 
appears to be a readily attainable value. The column 
labeled tB is the time in days required to achieve 15 
per cent bum-up of fuel, assumed as before to be 
about the maximum permissible. The quantities td0, 
td4, and tdg next tabulated are the doubling times when 
(1) no fuel other than that present in the core is in­
vested, (2) the chemical-processing cycle for a core 
takes four days, and (3) the chemical cycle takes eight 
days, respectively.

Evidently a minimum doubling time for this sys­
tem in the range of 200 to 300 days can be achieved, 
depending on permissible burn-up, neutron economy, 
and chemical-processing cycle time. Going to a so­
lidity of 0.8 does not significantly affect the critical 
mass, and it raises the neutron losses only slightly. 
Therefore, heat transfer will not be a serious limita­
tion to specific power in a reactor of this type. The 
critical mass for the bare core is 27 kg, not unduly 
large; the total power is 2000 megawatts, which may 
be on the large side for a single unit of a power sys­
tem.
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Similar results are given for case (b) in Table 7. 
Experiments to date have indicated that the graphite 
pore volume is partially filled with liquid metal, so 
this may be a more realistic case. It is at first sur­
prising to observe that the critical mass is smaller 
for a given value of r in the case where the graphite 
pores are filled with coolant. This arises from the 
fact that the macroscopic absorption cross section 
of bismuth is nearly the same as that of graphite.

Preparation and Chemical Stability of Impregnated 
Graphite Core

The core is envisaged as a cylinder 1 to 2 meters 
in height and diameter, perforated axially by channels 
through which the coolant is pumped. The graphite is 
impregnated with U*” as UC2. The fertile material is 
thorium and may be located either in the core or in a 
surrounding breeding blanket, more probably in the

Table 5—Neutron Losses Per Fission to Graphite and Coolant vs. r = Nc /NM 
[Core solidity S = 0.9; (a) coolant In cooling channels only; (b) coolant In 

both coolant channels and voids In graphite]

Values of r 20,000 10,000 8,000 5,000 3,000 2,000 1,000 500

Coolant:

Bl (a) 0.22 0.11 0.09 0.05 0.03 0.02 0.01
(b) 0.32 0.17 0.13 0.08 0.05 0.03 0.01

Sn (a) 1.46 0.73 0.58 0.37 0.22 0.15 0.07 0.04
(b) 4.60 2.30 1.90 1.20 0.70 0.47 0.15 0.08

Pb (a) 0.60 0.30 0.24 0.15 0.09 0.06 0.03 0.02
(b) 1.70 0.84 0.67 0.42 0.25 0.17 0.08 0.04

while the macroscopic scattering cross section is 
considerably higher when the graphite voids are filled. 
The decrease in thermal utilization due to the pres­
ence of additional bismuth in the pores is more than 
compensated for by the decrease in migration length 
in the graphite-bismuth mixture, which is a conse­
quence of the strong scattering by bismuth, even though 
it has no slowing-down power by itself. However, 
while the critical mass is significantly reduced, the 
breeding gain is decreased by the presence of addi­
tional bismuth, and the over-all effect on the doubling 
time is to raise it slightly.

A minimum value in the same range, 200 to 300 
days, can still be attained in a system where the 
critical mass is about 20 kg and the total power is 
about 1400 megawatts. It thus appears that, so far as 
fuel inventory, doubling time, and total power are 
concerned, invasion of the graphite by the liquid metal 
coolant is an advantage. In addition, this phenomenon 
may serve to mitigate the probable reduction in ther­
mal conductivity of graphite by radiation during the 
operation of the core. A disadvantage, however, may 
be the possible reduction in the rate of diffusion out of 
the core of the fission-product poisons. Experimental 
work on these points is required, but it appears evi­
dent that this phenomenon is not a major obstacle to 
the use of impregnated graphite directly in contact 
with a liquid metal coolant.

latter. The thorium could be impregnated in the blan­
ket graphite, which is required to thermalize the fast- 
neutron leakage from the core, could be present there 
in a fluidized form* as a Th(OD)4 slurry in DaO, or it 
could be used as ThF4 pellets in a graphite matrix. 
The last-mentioned scheme has been studied exten­
sively at Brookhaven National Laboratories7 and ap­
pears to be the best of the possibilities considered so 
far.

The uranium density required, of the order 10 
mg/cms, can be attained by existing practice, as de­
scribed in detail in Report NAA-SR-36.“ In outline, 
the procedure is to evacuate a vessel containing the 
core and then introduce an aqueous solution of uranyl 
hexahydrate (UNH). The subsequent steps are

1. Pressurize solution with 150 psi air.
2. Drain excess solution, after sufficient time for 

diffusion into the graphite.
3. Introduce NH, at 120 psi, and false graphite tem­

perature to about 150°C.
4. After sufficient time for NH, diffusion, pump out 

vessel and heat gradually to about 300“C.
5. In an atmosphere that is inert, continue heating 

to 2500°C.
The reactions involved are (schematically)

uo2(no,)2 - (nh4)2u2o7 3 00,c r uo, z500'c T uc2
The use of ammonia provides a more uniform dis-
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Table 6—Reactor Performance vs. Moderating Ratio r = Nc/Na
(Bismuth cooling; core solidity S, 0.9; average power density in core, 750 watts/cm’; neutron losses (!0) in chemical processing, useless leakage, parasitic absorption, etc.,

0.15; coolant in cooling channels only)

)~+
cn

r

Neutron 
losses In 
core (!c)

Total
neutron losses

(L -1, ♦ I,)

Critical
mass

(Mc), kg

Volume of 
core (V), 

cm’

Total 
power 

(W = 750V), 
megawatts

Specific power 
in core 

(Wr = W/Mc),
megawatts/kg

Time for 
15% burn-up 

(tB), days

Doubling time 
(td0) for zero 

chemical - processing 
time, days

Doubling time

for four days 
chemical - processing 

time, days

Doubling time 
(‘,,8= tB ‘do)

for eight days 
chemical- processing 

time, days

20,000 0.22 0.37 19.0 1.3 x 10’ 9,700 510 0.27 oo 00 .0
10,000 0.11 0.26 18.0 6.0 x 10* 4,500 250 0.54 28 235 440

8,000 0.09 0.24 19.0 4.8 X lO* 3,600 190 0.71 30 200 370
5,000 0.05 0.20 24.0 5.5 X 10* 2,600 106 1.30 39 160 280
3,000 0.03 0.18 27.0 2.7 X10* 2,000 74 1.80 50 160 270
2,000 0.02 0.17 33.5 2.3 X10* 1,700 51 2.70 69 172 275
1,000 J.01 0.18 52.0 1.8 x 10* 1,350 26 5.20 128 226 325

Table 7—Reactor Performance vs. Moderating Ratio r = Nc/Na,
(Bismuth cooling; core solidity S, 0.9; average power density In core, 750 watts/cm9; neutron losses i0, 0.15; coolant both in cooling channels and in pores of graphite)

r

Neutron 
losses in 
core (ic)

Total
neutron losses

(L)

Critical
mass

(Me), kg

Volume of 
core (V), 

cm9

Total 
power 

(W = 750V), 
megawatts

Specific power 
in core 

(Wr = W/Mc), 
megawatts/kg

Doubling time 
Time for (td0) for zero

15% burn-up chemical-processing 
(tB), days time, days

Doubling time

(■“-tN
for four days 

chemical - processing 
time, days

Doubling time 
(‘d8- tB ‘do)

for eight days 
chemical - processing 

time, days

20,000 0.34 0.49 14.0 9.8 x lO9 7,400 530 0.25 eo eo OO

10,000 0.17 0.32 13.0 4.3 x 109 3,200 250 0.54 84 700 1,330
8,000 0.14 0.29 13.6 3.5 x 109 2,600 190 0.71 55 365 675
5,000 0.09 0.24 15.9 2.5 xlO9 1,900 120 1.1 48 220 395
3,000 0.05 0.20 19.4 1.9 x 109 1,400 72 1.9 58 180 300
2,000 0.03 0.18 24.0 1.65 x 109 1,200 50 2.7 74 185 292
1,000 0.01 0.16 36.0 1.4 XlO9 1,000 28 4.8 120 220 320
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tribution of uranium in the graphite than is obtained 
by direct drying and heating of the nitrate-impreg­
nated material. If such uniformity is not necessary, 
the ammonia step may be omitted.

Core Stability

1. Reaction with Coolants. If helium gas cooling is 
used, erosion is the most likely damaging process 
that could occur. However, experiments discussed9 
in Report NAA-SR-77 show that there is no erosion of 
graphite surfaces at 2000°C by helium gas moving at 
velocities up to Mach 0.5. These experiments were 
made in the absence of radiation.

core into the surrounding structures or into the cool­
ant stream is not significant. This conclusion is based 
on experiments, carried out in the absence of radia­
tion, described in Report NAA-SR-64.12 In these ex­
periments a graphite sleeve was pressed over a cy­
lindrical impregnated graphite core, and the assembly 
was heated at temperatures up to 2500°C. From the 
observed diffusion rates it is calculated that after 
1000 hr at 2000°C the uranium content in the sleeve is 
less than 1 per cent of the core concentration in the 
first millimeter adjacent to the core and 10~4 per cent 
in the second millimeter from the core. These re­
sults show that negligible diffusion of UC2 will take 
place.

Table 8— Behavior of Several Liquid Metals in Contact with Graphite

Liquid
metal

Melting 
point, °C

Boiling 
point, °C

Test tem­
perature,

°C
Time,

hr
Observed
behavior

Stable
carbide

Sn 232 2730 1800 24.0 No attack None
Pb 328 1740 1260 7.0 No attack None
Mg 650 1125 800 7.0 No attack None
Bi 271 1630 1130 7.0 No attack None
A1 659 2330 1580 7.0 Attacked Al,Ca

badly
3.5 Attacked

badly
0.2 Attacked

badly
Na 97 904 900 24.0 Unsatisfactory NajC

Core stability toward possible liquid met.al coolants 
at temperatures up to 2000°C cannot be accurately 
evaluated on the basis of available data,. However, a 
series of preliminary measurements on the behavior 
of a number of liquid metals in contact with graphite 
has been carried out with the results10 to date given 
in Table 8.

These data indicate that Sn, Pb, Mg, and Bi should 
perform satisfactorily as coolants.

There is little probability that the uranium would be 
removed from the core by any of the materials listed 
in Table 8, because of the stability of UC2.

There are no data on the effect of radiation on cor­
rosion in the systems considered here. Although radi­
ation is known11 to retard the corrosion of aluminum 
by water, serious consideration must be given to the 
possibility that the intense radiation in the reactor 
core may adversely affect the corrosion facts indi­
cated in Table 8.

2. Diffusion of UC2 Fuel. Under the contemplated 
conditions of operation, diffusion of the fuel from the

Core Operation

1. Radioactivity Produced. Table 9 summarizes 
the radioactivity of the core as a function of cooling 
time, following operation for two days at 1500 mega­
watts and assuming that no fission products leave the 
core. The activity at zero cooling time is about 90 
per cent of the saturation activity. Calculations were 
based on Report NAA-SR-45.13

2. Diffusion of Fission Fragments from the Core. 
Experimental results given in Report NAA-SR-7214 
show that fission fragments will diffuse out of graphite 
when heated to a high temperature in vacuum. Typical 
results are that (1) practically all the Ba140 and Sr89 
activities diffuse out of graphite within 5 min at 2000°C 
and within 30 min at 1880°C and that (2) more than 95 
per cent of the Zr65 activity remains in the graphite 
even after 5 hr at 2000°C. These observations were 
made, in the absence of radiation, on uranium oxide- 
impregnated graphite specimens % in. in diameter by
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% in. thick, at times of about one to three months after 
removal from a reactor.

The above experimental conditions differ in several 
respects from the situation in the proposed reactor 
core: (1) The samples were allowed to come into con­
tact with air before the diffusion anneal, therefore, 
oxidation of the fission products could have occurred; 
(2) the graphite was impregnated with U02 instead of 
UC2; (3) considerable time elapsed between the irra­
diation and the subsequent diffusion anneals; and (4) 
no radiation was present during the high-temperature 
diffusion. The fact that diffusion from the core can 
occur instantaneously in the reactor following fission 
favors more complete elimination of the fission frag­
ments from the core. This is so because of the high 
percentage of volatile elements which are first mem­
bers of decay chains, e.g., Se, Br, Kr, Rb, Sb, Te, I, 
Sr, and Xe. High ambient coolant pressure in the core 
would retard the diffusion rate, but the actual com­
parison with vacuum conditions would depend on the 
configuration of the core (thickness of graphite be­
tween coolant ducts), the permeability of the graphite, 
and other variables. Finally, the radiation present in 
the core may increase the diffusion rate.15

Table 9—Core Activity as a Function 
of Cooling Time 

(All fission fragments retained)

Cooling time
Activity, 
curies

0 8.0 x 10“
1 hr 1.9 X 10"
1 day 2.8 X 10"
1 week 2.4 X 10T
2 weeks 2.3 X 107

If it is assumed that all the fission fragments ex­
cept those which form nonvolatile carbides will diffuse 
out of the core at 2000°C, the conclusion summarized 
in Table 10 is reached regarding those elements which 
remain.

The activity remaining in the core, as a function of 
cooling time, is shown in Table 11 for the most favor­
able case, namely, that only Zr, Cb, Mo, Y, and Tc 
remain in the core. In the calculation (based on refer­
ence 13), it was assumed that all krypton isotopes with 
half lives shorter than 3 sec will not substantially dif­
fuse away before decay occurs.

3. Distribution of Activity in the Reactor System. 
The fission-product activity remaining in the core, 
and having diffused out of the core, after 15 per cent 
burn-up and after various cooling times following op­
eration is listed in Table 11. The volatile fission

products will be released into the coolant at the op­
erating temperatures contemplated. With helium as 
the coolant these will be removed by condensing on 
cold surfaces in the portion of the system following 
the reactor, and with bismuth as the coolant the gase­
ous products can be removed by a suitable degassing 
process, the others by side-stream oxidation and scav­
enging of the oxides or by a salt-contacting method as 
developed at Brookhaven National Laboratory.18

Chemistry of Core Processing

A major limitation on the doubling time for the 
breeding cycle arises from the chemical-processing 
complex. The power breeder system is only of inter­
est if it operates in a continuous fashion, and the flow 
of fuel through the reactor, separating plant, and core 
refabrication plant must be designed to keep the total 
inventory of fissionable material in the system at a 
minimum. Following operation of the reactor core up 
to the 15 per cent burn-up contemplated, it would be

Table 10—Elements Remaining in Core at 2000°C

Most probable Less probable Least probable

Zr Ru Ce
Cb Rh Pr
Mo Nd
Y Pm
Tc Sm

Eu

removed either as a unit or in part, depending on how 
uniform the burn-up is over the core, and started 
through the reprocessing plant. As soon as the spent 
core is removed, it is replaced with a reprocessed 
core which has just been received from the chemistry 
plant. To reduce the down time of the system, a 
branched coolant flow system and a parallel arrange­
ment of two reactors would probably be used, so that, 
when one goes off the line for reprocessing, the second 
is immediately brought into operation. Meanwhile, the 
spent core is sent through the decontaminating, fuel 
recovery, and reimpregnating cycle.

1. Decontamination by Diffusion and by Cooling. 
During operation the core will lose some fission- 
product activity by diffusion, even though the optimum 
“activity diffused from core” indicated in Table 11 
will probably not be achieved. Despite the large ab­
solute value of the activity diffused away, however, 
Table 11 shows that even in a favorable case, diffusion 
provides a decontamination factor no greater than 14. 
It therefore does not appear worth while to include a 
vacuum-bake step in the uranium recovery procedure. 
Table 11 indicates that there is little advantage in 
cooling times greater than about two days.
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2. Chemical Recovery and Decontamination of Ura­
nium. A two-step process is required to recover the 
unburned uranium in sufficient purity for reimpregna­
tion in another core. The core is first leached to re­
move the uranium, and the uranium is then put through 
any of the accepted procedures17 for decontamination 
and purification.

Experiments with electrolytic leaching of impreg­
nated graphite, performed at NAA,14 have indicated 
a 99.8 per cent recovery of uranium. The graphite is 
immersed in dilute nitric acid; it is made anode 
toward a platinum electrode; and a voltage of about 
10 volts direct current is applied.

The adaptation of one of the well-established re­
covery processes to uranium involves no insurmount­
able obstacles other than high dilution. Since reactor

ing subsequent to a two-day operating period, the 
radioactive power from these fission products is about 
400 watts/g. The fission-product activity per
gram of uranium is greater in the
reactor core considered here than in the case of the 
uranium being chemically processed at Hanford. Ex­
periments early in the Manhattan Project indicated 
that a level of activity several hundred times higher 
than those prevailing in Hanford processes can be 
tolerated. The use of greater dilution may, therefore, 
be all that is reouired to circumvent difficulties in 
chemical reprocessing from the very high specific 
activity of this core.

An experimental program on this problem is now 
being undertaken, with particular emphasis on the 
possibilities of the BrF, fluoride volatility process.

Table 11—Distribution of Activities after Diffusion at 2000°C

Cooling
time

Core activity* 
(zero diffusion), 

curies

Residual 
core activity 

(favorable diffusion), 
curies

Activity diffused 
from core

(favorable diffusion), 
curies

0 8.0 x 10* 3.8 x 10* 4.2 x 10°
1 hr 1.9 X 10* 2.7 x 10* 1.8 X lO*
1 day 2.8 X 10* 4.2 x 107 2.4 x 10*
1 week 2.4 x 10T 5.5 x 10* 3.8 x 107
2 weeks 2.3 X 107 1.7 x 10* 4.0 x US’

• See Table 9.

operation at elevated temperature will provide some 
decontamination by diffusion, the uranium recovery 
process will not have to bear the full burden of de - 
contaminating some of the fission products. Table 10 
indicates that Zr, Cb, Mo, Y, Ru, Rh, and Tc tend to 
concentrate in the core, especially at 2000°C reactor 
operation. It will therefore be necessary to modify 
decontamination procedures for these elements. For 
example, it was found18 that zirconium end ruthenium 
are the elements which limit decontamination in some 
solvent extraction processes. Some special considera­
tion may therefore be given to special scavenging 
agents for these elements. This type of approach 
should be brought to bear on the final selection of the 
recovery process.

An additional factor in regard to processing the 
core is that the levels of activity per unit weight of 
uranium are far higher than usually encountered. This 
may involve problems in the radiation decomposition 
of chemical-processing materials, as well as unusual 
heat-generation problems from the intense radioac­
tivity. The core has a critical mass of about 20 kg, 
and consequently after 15 per cent burn-up it contains 
about 3 kg of fission products. After two days of cool-

Since the uranium is in a graphite matrix, the direct 
application of BrF, to the core may generate large 
amounts of CF4 rapidly. A method for obviating this 
difficulty must be devised. Once this obstacle is over­
come, there is encouraging evidence that the fluoride 
separation of uranium from fission products can be 
utilized.

The important bearing of the chemical-processing 
system on the performance of the reactor complex 
has been very well described in a previous article in 
this journal.10

In general, the uranium recovery attainable from 
decontamination processes14 is at least 99 per cent, 
at decontamination factors of 105. The latter factor 
implies that about 1 part in 100,000 of the fission- 
product elements would be left with the uranyl nitrate 
to be used for reimpregnation of a new core. (Maxi­
mum activity remaining with the uranium after a 
single processing would be about 4 x 104 curies.)

The time required for completion of chemical proc­
essing cannot be accurately estimated. In general, the 
fact that the desired end product is uranyl nitrate solu­
tion will contribute to keeping the time at a minimum.

K< -« /
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3. Estimated Cycle Time. The largest uncertainty 
lies in the uranium reprocessing time. Nevertheless, 
a cycle time of eight days (from the time the core 
leaves the reactor to the reimpregnation of the re­
covered uranium into another core) appears possible 
according to the following estimate: removal and cool­
ing, two days; leaching and filtering, one day; solution 
processing, three days; and reimpregnating, etc., two 
days. The procedures involved in the sequence of 
chemical operations, once the uranium is removed 
from the core, bear many resemblances to those pro­
posed for the homogeneous aqueous-solution reactor. 
The refabrication of the core is itself a chemical op­
eration rather than a metallurgical operation as is the

EXTERNAL POWER SYSTEM

The problems of obtaining useful external power 
have been considered in Report NAA-SR-63,1 where it 
was concluded that the gaseous power plant utilizing 
heat from a source below about 2000°C could not com­
pete for efficiency with the presently available steam 
or mercury liquid-vapor power systems. Considera­
tion of gaseous power systems is hence warranted 
only where, because of extreme local conditions, a 
liquid-vapor medium cannot be made readily available.

Whether or not a power plant using a liquid-vapor 
power medium can produce power in excess of the 
cooling requirements of the reactor is a function of
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Fig. 7—Schematic diagram of proposed reactor and chemical process cycle.

case for all other solid-core reactors hitherto pro­
posed. Hence, the cooling time required for the decay 
of activity of uranium isotopes produced by higher 
order reactions and the degree of decontamination of 
the fuel are far smaller than is usually considered 
necessary. The impregnated graphite-core reactor 
makes possible high specific power per over-all in­
ventory of fuel because of the possibility of rapid 
chemical processing and refabrication, and, in addi­
tion, since it operates at high temperature, makes the 
production of excess power possible.

The proposed reactor and chemical-processing cycle 
are depicted schematically in Fig. 7. The power plant 
for the system is discussed in the following section.

the top temperature available to the liquid-vapor power 
system and of the pumping power required by the re­
actor. For a liquid metal-cooled reactor the pumping 
power required is low (about 1 per cent of the total re­
actor power for conditions discussed here). Since 
temperature drops in heat exchangers also can be 
made extremely low for liquid metal systems, the top 
temperature available to the power plant is little be - 
low that of the liquid metal-cooled reactor; therefore, 
the efficiency, and hence the external power output of 
the liquid metal-cooled reactor and liquid-vapor pow­
er plant system, is limited only by the temperature of 
operation of the reactor. Temperatures within the 
limits of present power plant practice would probably

•? IHs*•biu « V«F
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give over-all plant thermal efficiencies of around 30 
per cent.

The gas-cooled reactor requires both relatively 
large temperature drops across heat exchangers and 
relatively large pumping power requirements (of the 
order of 20 per cent • for the conditions discussed 
here). Although it may be possible to design power 
plants operating with the source temperature provided 
by the gaseous heat exchanger which will provide an 
excess over this 20 per cent power requirement, it is 
probably necessary at the present stage of develop­
ment to consider the power plant based on a gas- 
cooled reactor as a null-work system and to justify it 
on its breeding potentialities alone.

If the supply of fissionable material is limited, even 
including breeding possibilities, and if, as the present 
emphasis on design of power reactors indicates, a 
useful power output from the consumption of fission­
able material is desirable, then it is expedient to 
evaluate the dependence of the efficiency of power 
production on various criteria. As is well known, a 
critical measure of the thermodynamic efficiency of 
a power cycle is the ratio of the top temperature of 
the cycle to the temperature of the ambient atmos­
phere. In order to achieve a high temperature-ratio 
cycle, it is necessary to have both a source of ther­
mal energy at high temperature (reactor) and a high- 
temperature prime mover (turbine). In general, the 
top temperatures used in power plants are limited 
only by the capabilities of available materials for 
withstanding these temperatures.

Analytical studies1 of the thermodynamic charac­
teristics of power plant cycles have been made to de­
termine the over-all thermodynamic efficiency and 
power output as functions of component efficiency and 
cycle temperatures. A typical result of this analysis 
is shown in Fig. 8 as applied to a simple open-cycle 
gas turbine having the component efficiencies: com­
pressor, 80 per cent; turbine, 85 per cent; and com­
bustor, 95 per cent. For comparison, the Carnot effi­
ciency and the efficiency of an idealized ■ liquid-vapor 
cycle are shown, as well as the efficiency for a gas 
turbine cycle having 100 per cent component effici­
ency. From Fig. 8 it can be seen that the benefits to 
be gained from an increase in the temperature ratio 
are many, particularly for a power cycle which is 
initially operating at low efficiency. For a cycle which 
is already in a region of high efficiency, the increases 
in efficiency for further increases in temperature are 
less, although the power output continues to increase 
at a rapid rate.

From the curves of Fig. 8 it can also be seen that 
there is a region of vanishing returns of efficiency as 
the temperature is continuously increased. It becomes 
necessary, therefore, to balance the benefits to be 
gained from high-temperature operation against the

developmental limitations on structural materials and 
working fluids at these temperatures.

For the gas-turbine cycle shown in Fig. 8, increas­
ing the temperature ratio from 3 (about present prac­
tice for gas turbines) to 6 would approximately multi­
ply the thermodynamic efficiency of the cycle by a

TEMPERATURE RATIO (T)

Fig. 8— Power plant performance. —, cycle efficiency. 
-------, power output.

factor of 3.5 and multiply the power output per pound 
of working medium by about 7.5. In a power plant 
designed to give a certain power output, the over-all 
effect of this temperature change would be to decrease 
the fuel consumption to about one -third of its original 
value and to decrease the power plant size and weight 
by an amount dependent on design configuration. It 
can be seen then that, if nuclear materials are eco­
nomic items, or if fuel reprocessing is expensive,

the top temperature of the cycle must be main­
tained as high as possible.

The scope of the materials problem is such as to 
preclude detailed discussion in this article. Briefly, 
results of considerable experimental work on graph­
ite show that this material has attractive tensile 
strength and creep properties at high temperature. 
On a strength-to-weight ratio basis, certain types of 
graphite at temperatures of the order of 2000°C com­
pare favorably with the best gas-turbine alloys op-

i6i
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erating in their applied temperature range of approxi­
mately 1060°C. In addition to graphite, the properties 
of molybdenum, tungsten, and tantalum suggest pos­
sible applications in various components of the high- 
temperature cycle.

SUMMARY AND CONCLUSIONS

A high-temperature reactor based on the use of 
graphite impregnated with enriched uranium appears 
to offer improved characteristics for power breeder 
application.

Table 12—Reactor-system Performance Characteristics

Coolant

Characteristics Helium Liquid bismuth

Reactor power, megawatts 1500 1400
Critical mass, kg 20 20
Burn-up,% 15 15
Reactor operating

time, days 2 1.9
Chemical reprocessing

time, days 4 8 4 8
Reactor specific

power, megawatts/kg 67 67 72 72
Cycle specific

power, megawatts/kg 22 13.5 23 13.8
Doubling time, days 280 450 180 300
Pumping power, megawatts 450 10
External power:

33% plant efficiency.
megawatts 0 470

50% plant efficiency.
megawatts 200 700

A liquid-bismuth-cooled reactor, in which U233 is 
bred from thorium, operating in the re -
gion near 1500°C appears to present no insurmount­
able obstacles, although a large number of develop­
ment problems remain to be investigated and solved. 
These include

1. Methods of fabricating the reactor system from 
graphite alone or from other suitable refractory 
materials

2. The effect of radiation on the thermal conduc­
tivity of graphite at elevated temperatures

3. The design of a pumping system and heat ex­
changer operating with liquid metal near 1500°C

4. The development of a core-reprocessing chemi­
cal cycle which can handle spent fuel rapidly in 
the face of extremely high specific activity

5. The development of a continuous-How breeding- 
blanket chemical cycle

If these problems can be adequately solved, it ap­
pears that the achievement of a thorium-U233 power

breeder system with the characteristics shown in 
Table 12 is feasible.
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PROBLEMS OF RADIATION DAMAGE IN LIQUIDS

By A. 0. Allen
Brookhaven National Laboratory 

Report BNL-1012 (Del.)

ABSTRACT

Current research is surveyed on (1) basic studies of chemical-reaction 
mechanisms, rates of energy transfer, and modes of excitation of mol­
ecules by radiation; (2) materials testing and development, i.e., more 
or less empirical studies of the ways in which properties of materials 
are affected by radiation, development of materials more radiation re­
sistant than those currently at hand, and development of practical uses 
for radiations; (3) reactor-component testing, which is essentially ma­
terials testing under the specific conditions which are to obtain at some 
particular point of a particular proposed reactor. Work on the effects 
of radiation on homogeneous reactor solutions, coolant or moderator 
water, and separation processes is reviewed briefly, and future investi­
gations are recommended.

PURPOSE

This report surveys the state of knowledge 
and research in the field of radiation damage in 
liquids and related topics, with special reference 
to information which may be relevant to the de­
sign of nuclear reactors.

SCOPE

The main intent of this report is to consider 
effects occurring in the liquid phase. However, 
radiation effects on a substance depend not so 
much on the state of aggregation (solid, liquid, 
or gaseous) as on the nature of the bonds holding 
the atoms together, i.e., whether the bonds are 
covalent, ionic, or metallic. Most ordinary liq­
uids are molecular covalent compounds. They 
consist of individual molecules, the atoms within

the molecule being held firmly together by chem­
ical valence forces, while the forces holding the 
molecules together are much weaker. Ordinary 
gases and liquids, such as air and water, are 
covalent compounds, as are the organic mate­
rials. Simple salts, on the other hand, are ionic 
compounds; their crystals consist of a group of 
electrically charged particles held together by 
electrostatic forces. Metals are held together 
by a third type of bond. In the case at least of 
molecular materials, observations show that ra­
diation effects on a given substance in the vapor 
or solid state are similar to the results observed 
in the liquid state. Because of this similarity the 
whole field of radiation effects on covalent com­
pounds has always been regarded as a unit, and 
the singling out of the liquid state for attention 
would be arbitrary. We therefore consider here 
the effects produced by radiation on molecular 
compounds, solid, liquid, or gaseous.
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The phenomena produced by radiation in co­
valently bonded materials are caused essentially 
by the electronic excitation and ionization of the 
individual molecules composing the material. 
The principal phenomena are those which re­
sult from the breaking of the bonds within 
these molecules and the production of chemical 
changes.

In solid ionically bound materials, on the other 
hand, chemical changes are unimportant and the 
chief effects of radiation are to produce abnormal 
states of electrons in the materials, leading to 
coloration and changes in electrical properties. 
The study of radiation effects in such materials 
is essentially a separate field and will be hardly 
touched on here.

In metals, or semimetallic electrical conduc­
tors such as graphite, electronic excitation has 
little or no effect, and changes in such materials 
are brought about only by direct atomic colli­
sions. These effects constitute still another field 
of study within the general topic of radiation 
damage, and researches in this field were sur­
veyed exhaustively in the report of the Slater 
Committee, Report AEC-500. This report took 
the view that radiation effects on insulating ma­
terials or liquids were of minor importance for 
reactor construction and that major emphasis 
should be put on studies of effects of atomic 
collisions. With the present revival of interest 
in homogeneous reactors and further interest by 
reactor-design engineers in using covalent ma­
terials such as lubricants and plastics in radia­
tion fields, the effects of radiation on liquids and 
insulators again assume some practical impor­
tance, and the state of knowledge in this field 
becomes of concern.

PROCESSES OCCURRING ON IRRADIATION OF
MOLECULES

Literature Reviews
The field considered in this report is generally 

known by the name “radiation chemistry.” Its 
primary concern is the study of chemical changes 
brought about by high-energy radiations. Many 
people are under the impression that very little 
is known about this field. Actually a considerable 
amount of literature exists on the subject, and 
probably as much is known about this subject as 
about many other fields of chemistry. No recent

books exist which summarize the status of this 
field, but a number of good unclassified reviews 
have appeared in recent years. A general survey 
of the subject of radiation damage is given by 
the author in “The Science and Engineering of 
Nuclear Power,” edited by Clark Goodman, Vol. 
n, Chap. 13 Addison-Wesley Press, Inc.,Cam­
bridge, Mass., 1949, also issued as Report 
MDDC-962. A review by M. Burton in “Annual 
Reviews of PhysicalChemistry,” Vol. I, pp. 113- 
132, Annual Reviews, Inc., Stanford, Calif., 1950, 
gives a somewhat more detailed discussion of 
the primary physical processes and presents 
more recently published material. Another good 
review with perhaps more emphasis on aqueous 
solutions is given by F. S. Dainton in “Annual 
Reports on the Progress of Chemistry,” Chem­
ical Society, London, Vol. 45, p. 5, 1948. All 
three of these reviews should certainly be read 
by anyone who wishes to become familiar with 
the field. This article will not attempt to cover 
the fundamentals of the subject as thoroughly 
as the above reviews, but it will give a brief 
statement of the nature of the physical processes 
occurring as an introduction to discussion of 
current research.

Absorption of Radiations
The radiations of particular importance to re­

actor design are the gamma rays, fast neutrons, 
and fission recoils which occur in all reactors. 
Gamma rays lose their energy in materials by 
the Compton effect, the photoelectric effect, and 
by pair production, all of which result in the 
production of energetic electrons which traverse 
the material. Fast neutrons lose energy by col­
liding with atoms of material and setting them 
in motion. The resulting fast atoms are ionized 
as a result of their high velocity and gradually 
lose energy as they move through the material. 
Fission recoils are rapidly moving, highly 
charged ions. Thus in all cases the actual trans­
fer of energy to the molecules of the material is 
brought about by the passage of fast charged 
particles.

The loss of energy by charged particles pass­
ing through matter is a well-investigated subject, 
thoroughly discussed in books by Rasetti,1 
Pollard and Davidson,2 and Rutherford, Chad­
wick, and Ellis.3 Details of the processes are 
perhaps best understood for gases. Passage of 
a fast charged particle close to, or through, a

1. 165

T " T7"-



PROBLEMS OF RADIATION DAMAGE IN LIQUIDS 165

gas molecule perturbs the electronic system of 
the molecule, leaving the molecule in an elec­
tronically excited state and possessing excess 
energy. If the amount of energy transferred ex­
ceeds the ionization potential of the molecule, 
the molecule may emit an electron, thus be­
coming a positive ion. The emitted electron, if 
sufficiently energetic, may produce secondary 
ionization and excitation in its turn. If insuffi­
cient energy for ionization goes to the molecule, 
it is left in an electronically excited state, iden­
tical with the excited states formed in molecules 
by absorption of light. About equal amounts of 
energy are expended in most gases by ionization 
and by excitation. The probability of occurrence 
of the various excitation and ionization processes 
depends only on the velocity and electric charge 
of the moving particle, not on its mass. These 
probabilities increase rapidly as the moving 
charged particles slow down, so that the events 
occur much closer together at the end of a 
charged-particle track than they do at the begin­
ning. Since a heavy particle, such as a proton or 
an alpha ray, moves much more slowly than an 
electron of equal energy, the range of electrons 
in matter is much greater than that of heavy 
particles of the same energy.

The rate at which charged particles lose en­
ergy in traversing matter depends almost solely 
on the number and kind of atoms present, irre­
spective of the state of combination of the atoms 
into molecules and of the state of aggregation, 
whether solid, liquid, or gaseous. However, the 
nature of the excited states formed in the mate­
rial is known to be quite different in ionic solids 
than in gases. The condensation of a gas to form 
an ionically bound solid causes most of the ex­
cited states to degenerate and merge with the 
ionized state. A few of the lowest excited states 
may remain as such in the crystal (formation 
of “excitons”) but the majority of excitation 
processes will send an electron into the conduc­
tion band, a state in which the electron is no 
longer bound to the atom but is free to wander 
through the material.4 Most excitation proc­
esses thus become ionizations, and the energy 
required to produce the ionized state is only 
about one-half or one-third that required to pro­
duce an ionized gas molecule.

In liquids and molecular solids the nature of 
the excited states is not at all clear. Liquid 
compounds definitely appear to possess low-
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lying excited nonionized states similar to those of 
vapors, but we may expect that the excited states 
of higher energies are somewhat degenerate and 
that the distinction between excitation and ion­
ization is less clear-cut in the liquid state than 
in the vapor state. Little or nothing is known 
about the higher excited states of any liquid. 
The amount of ionization produced by radiation, 
readily measured in gases, cannot be determined 
in ordinary liquids. Workers in radiation chem­
istry and radiobiology appear very prone to over­
look the essential vagueness of the concept of 
ionization in the liquid state.

When a heavy charged particle approaches the 
end of its trajectory, it will pick up electrons 
from the surroundings and become a fast neutral 
atom. In this state it loses most of its remaining 
energy by “billiard-ball” collisions with other 
atoms.5 Such collisions produce radiation ef­
fects but are important only in materials such 
as metals which are unaffected by excitation and 
ionization. In molecular materials the excitation 
processes are so much more important than the 
atomic collisions that the latter may be 
neglected.

Consequences of Excitation and Ionization

The energy of any electronically excited state 
of a molecule is practically always greater than 
the energy required to dissociate the molecule. 
Any excited molecule is likely to break up; such 
processes constitute the well-known reactions 
of photochemistry. Photochemical dissociations 
of this type certainly occur whenever molecular 
materials are subjected to ionizing radiation. 
In addition, the free ions produced in gases bring 
about chemical reactions in other ways. Positive 
ions have a great tendency to dissociate spon­
taneously.6 They may also react with neighbor­
ing ordinary molecules to yield new types of 
ions, as in the well-known reaction of ionized 
hydrogen7

H2++ Hj - H3+ + H

Ions may also transfer their charge bodily to 
neutral molecules of another kind.8’21

The electrons set free in the ionization proc­
esses may form negative ions, usually by adding 
to the electrophilic part of a molecule and dis­
sociating it,9’38

16G
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e" + H20 = H + OH-

The positive and negative ions eventually neu­
tralize each other. The energy set free on neu­
tralization is nearly equal to the ionization po­
tential of the positive ion (usually over 10 ev),10 
which is sufficient to break two or more chemical 
bonds in the resulting molecules. Thus all sorts 
of dissociation processes are to be anticipated 
as a result of the ionization of molecules by 
radiation.

When a small molecule dissociates, the re­
sulting products must practically always be free 
atoms or free radicals. Thus the dissociation 
of H20 might occur in three ways,

h2o - H + H + O 

h2o - H2 + O 

h2o - H + OH

The last process requires the least reorientation 
of chemical bonds and is thought to occur far 
more frequently than the other two.11 With larger 
molecules, such as most organic compounds, 
dissociation into stable molecules is possible. 
Thus ethane might decompose directly to hydro­
gen and ethylene,

- 0,11, + H2

The dissociation into free radicals would, how­
ever, be expected to occur more frequently,

CjHg - CH3 + CH3 
C.Hg - C2H5 + H

What is actually seen when materials are irradi­
ated depends then on the subsequent behavior of 
the highly reactive free radicals formed in the 
dissociation process. An important part of ra­
diation chemistry is, first, to explain observed 
reactions in terms of the free-radical reactions 
which brought them about and, second, to explain 
the way in which the particular free radicals 
are formed from the original molecules by the 
complex excitation and ionization processes de­
scribed above. The nature of the free-radical 
reactions can be inferred by studying the reaction 
kinetics in particular cases and comparing re­
sults with free-radical reactions known from 
studies of photochemical or thermal reactions.

Although the ionization and excitation proc­
esses are thought to be the same for different 
kinds of radiation in any given material, the 
chemical effects of the different kinds of radia­
tion are found to differ in detail.12’58 The con­
centration of excited molecules or free radicals 
when they are formed in a charged-particle track 
is greater for slower moving particles, and this 
concentration affects the relative rates of the 
subsequent reactions. Thus radiation effects in 
any material are a function of the mean ionization 
density of the radiation; heavy-particle radia­
tions may give different effects from electrons 
or gamma rays. The effect is especially prom­
inent in water, which is decomposed to a much 
greater extent by alpha rays than by beta rays 
or X rays.

An important general problem underlying all 
such reaction mechanisms concerns the charac­
ter of energy transfers which may occur between 
molecules, or from one part of a large molecule 
to another part, prior to the dissociation of the 
molecules.13 If such transfers are rapid, we may 
expect a rather selective breakdown of weaker 
parts of the chemical system or perhaps a con­
centration of energy in those molecules or parts 
of molecules which are able to dissipate energy 
by emission of fluorescence rather than chemical 
dissociation. A good part of current research 
on radiation effects on organic compounds, or 
on macromolecules of biological interest, ap­
pears to be aimed at learning more about energy 
transfer in excited states.

Radiation Yields
The amount of chemical change occurring in 

a material under irradiation is usually expressed 
as the number of molecules reacting per unit 
energy input and is called the “yield.” Complete 
study of a reaction would involve the determina­
tion of the yield as a function of temperature, 
pressure, concentrations, radiation intensity, 
and mean ionization density of the radiation. 
The unit usually employed for gases is the ion- 
pair yield M/N, defined as the number of mole­
cules reacting per ionization produced. The 
preferred unit for liquids is the 100-ev yield G, 
defined as the number of molecules reacting per 
100 ev of energy dissipated in the liquid. Some 
authors use a conventional ion-pair yield for 
liquids; this is the number of molecules reacting 
per 32.5 ev dissipated. Other units found are the

/
'Jk

■i r txt> i
(JZXi-iCro t



PROBLEMS OF RADIATION DAMAGE IN LIQUIDS 167

micromoles per liter reacting per 1000 rep and 
the reciprocal yield, or number of electron volts 
dissipated per molecule reacting.

RADIATION SOURCES FOR RESEARCH

The study of radiation damage requires ex­
pensive sources of intense radiation. The study 
of reactions in solution generally requires doses 
of more than 105 rep, whereas the study of pure 
compounds may require more than 108 rep. 
Valuable auxiliary data can be obtained from 
such sources as electric discharges or ultra­
violet lamps, but work with actual ionizing ra­
diation is necessary. The available sources will 
now be discussed.

Reactors
Reactors are in many ways very poor research 

sources. The fast-neutron flux in a reactor, 
which is in most cases a chief source of radiation 
effects, varies rapidly from point to point within 
the reactor lattice and is generally not accurately 
known.14’15 Moreover, the ratio of energy inputs 
by fast neutrons and by gammas may be an im­
portant factor in determining the amount and 
nature of chemical damage. This ratio is ex­
tremely variable among different reactors and 
is even less well known than the fast-neutron 
flux. The results obtained in one reactor there­
fore cannot be used to predict accurately the 
effects occurring in another reactor or even at 
another point in the same reactor. Most mate­
rials become highly radioactive when put into a 
reactor, and this greatly increases the experi­
mental difficulties. Maintaining the irradiated 
specimen at a desired temperature is also us­
ually more difficult with reactors than with other 
radiation sources. The radiation intensity on the 
specimen, as well as the nature of the radiation, 
can be varied only over rather narrow ranges, 
if at all. For these reasons it is better to use 
other radiation sources whenever possible.

Reactors have the advantage of delivering 
high-intensity radiation to larger volumes of 
material than can be accommodated by most 
other sources. They are useful in making qual­
itative or semiquantitative practical tests of the 
radiation resistance of materials or apparatus. 
The study of fast-neutron effects in solids 
(metals or graphite) requires the use of reactors.

K< •< /

The main use of reactors in the field of radiation 
chemistry is to study processes triggered by 
thermal neutrons, especially the effects of fis­
sion recoils produced within a substance. Since 
the thermal-neutron flux at any point in a reactor 
is readily determined, many of the above objec­
tions do not apply in this case.

Cyclotrons
Cyclotrons are the most convenient source of 

heavy-particle radiation. The range of the cy­
clotron beam in materials is small, of the order 
of milligrams per square centimeter, and the 
area of the beam is generally only a few square 
centimeters, so that the amount of material that 
can be irradiated is always relatively small. 
This need not be a serious drawback if methods 
are available for the chemical analysis of small 
quantities, which is usually the case. Cooling of 
material need not be a serious problem if low 
beam currents are used. Radiation intensities 
can be varied over a wide range, and very large 
radiation doses pan be obtained conveniently. 
Induced radioactivity in bombarded materials 
provides a handling difficulty, but this usually 
seems to be less serious than with reactor 
sources.

Van de Graaff Generators
Van de Graaff generators can be used either 

as sources of heavy particles or as sources of 
fast electrons or X rays. As heavy-particle 
sources they are less versatile than cyclotrons 
and have been used much less for radiation-effect 
studies. In studying the effects of electrons or 
X rays, however, they are unequaled.16 Their 
output can be controlled very accurately over 
an extremely wide intensity range. Used as 
X-ray machines they provide the most intense 
source of hard X rays currently available. Used 
as cathode-ray sources which give radiation ef­
fects equivalent to those of hard X rays, they 
allow radiation intensity to be increased to prac­
tically any desired level.

X-ray Machines

X-ray machines exist in many types, most of 
which are adaptable to radiation-effects re­
search. Their main limitation is in the intensity 
of radiation which can be obtained. They are less 
expensive than the machines described above, but
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their use is restricted to the study of systems in 
which measurable damage is produced by doses 
of less than about 105 rep.

Radioactive Cobalt
Radioactive cobalt is an excellent source 

of gamma radiation for chemical studies.17’18 
Sources of kilocurie strength are now available, 
giving intensities comparable to those of X rays 
from a Van de Graaff generator and higher 
than from most other X-ray machines. These 
sources require much less attention and main­
tenance than a machine, but they are not as suit­
able for problems requiring a wide variation in 
radiation intensities and cannot compete with 
cathode rays in the region of very high radiation 
intensities.

Natural Alpha Rays
Natural alpha rays provided the main radiation 

source for radiation chemical studies in the 
prewar days. Today the cyclotron supplies a 
controllable and versatile source of similar ra­
diations. Multicurie polonium sources would 
provide a very handy high-intensity source of 
heavy-particle radiation for radiation-effect 
studies, and it would be very desirable if these 
sources could be made available to our labora­
tories.

Fission Products
Fission products produced in the large reac­

tors are a potential source of gamma and beta 
rays of very high intensity, but the difficulties 
of preparing this material for siy:h a use have 
hitherto resulted in a preference for radioactive 
cobalt sources.

Capacitrons
The capacitron19’20 is a machine developed by 

A. Brasch and owned by the Electronized Chem­
ical Corporation of Brooklyn. It has the unique 
property of delivering very large doses of 3-mev 
cathode rays, of the order of 108 rep, in pulses 
lasting only 1 psec. The pulses are obtained by 
discharging, in series connection, a bank of con­
densers which had been charged up in parallel.
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The intensity during such a pulse is so great that 
one might expect instructively different chemical 
phenomena to occur with this machine as com­
pared with ordinary sources. The machine is 
being promoted by its owner as a commercial 
device for the sterilization of foods and drugs, 
but its possible use as a research tool to study 
mechanisms of radiation damage should not be 
overlooked. No good basic studies of this sort 
have as yet been made with this machine.

Simulation of Reactor Radiation for Materials 
Testing

Designers of new high-flux reactors often fail 
to appreciate the fact that damage to covalently 
bonded materials proposed for use in their re­
actor can often be studied more effectively in a 
cyclotron beam or other simulated source than 
in a reactor. As appears from the above discus­
sion, the effects of fast neutrons in a reactor, 
in so far as they result from ionization and ex­
citation processes, will be identical to those 
produced from a beam of ions from a cyclotron 
having a velocity comparable to the speeds of 
the ions produced in the material by neutron 
impact. In a reactor we also find gamma rays, 
effects of which can be simulated completely by 
outside sources of gamma rays, X rays, or cath­
ode rays. Such studies with simulated radiation 
are especially desirable when the proposed re­
actor is to operate at a higher flux than any 
available existing reactor. The cyclotron and 
Van de Graaff generator are capable of producing 
radiation intensities very much higher than those 
produced by the fast-neutron and gamma-ray 
flux of any proposed reactor. Moreover, as al­
ready remarked, such simulated radiation tests 
with machines are easier to carry out than tests 
in an actual reactor. Thus the data obtained with 
machines are equally meaningful and extend over 
a much wider range of radiation intensity, and 
also more extensive test data can be obtained in 
a given period of time.

Two kinds of radiation effects cannot be ade­
quately simulated. One is the effect of fast neu­
trons produced through the agency of atomic col­
lisions in materials like metals and graphite. 
These effects can be simulated to some extent
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by cyclotron beams, but the simulation is not 
nearly so adequate as in the case of covalently 
bonded materials where the damage is produced 
by ionization and excitation. The other agent 
which cannot be simulated is the fission recoil. 
These recoils are the most densely ionizing par­
ticles known, and study of their effects can be 
adequately made only toy using actual fissions.

CURRENT RESEARCHES

Considered with respect to their aims, current 
researches in the field seem to fall in three 
categories: (1) basic studies of chemical-reac­
tion mechanisms, rates of energy transfer, and 
modes of excitation of molecules by radiation; 
(2) materials testing and development — more or 
less empirical studies of the ways in which prop­
erties of materials are affected by radiation, 
development of materials more radiation re­
sistant than those currently at hand, and develop­
ment of practical uses for radiations; (3) re­
actor-component testing, which is essentially 
materials testing under the specific conditions 
which are to obtain at some particular point of 
a particular proposed reactor. These categories 
are obviously not very distinct, since materials 
testing always raises fundamental questions 
of mechanism and the reactor-component test 
always brings up questions of effects of chang­
ing conditions on the response of the materials. 
It is convenient, however, to separate our dis­
cussion of current researchers into these three 
categories.

Basic Studies
1. Gas-phase Reactions. The condition of 

molecules and the distribution of energy among 
them are certainly better understood from a 
physical standpoint in a gas phase than in a liquid 
phase. For this reason studies of reaction ki­
netics in the gas phase have always been thought 
of as more conducive to an understanding of basic 
processes than studies of liquid-phase reactions. 
In practice, reaction mechanisms in the gas 
phase have proved to be so complicated that a 
majority of researchers seem to prefer liquid- 
phase studies, in which reaction-rate correla­
tions seem easier to obtain, although less de­

tailed insight into the behavior of the molecules 
during the reaction is possible. The history of 
the study of the kinetics of thermal reactions 
shows that emphasis has gradually shifted from 
gas-reaction kinetics to solution kinetics, and a 
parallel tendency appears in the study of the 
kinetics of reactions brought about by high- 
energy radiations. Early work in this field, sum­
marized in books by Lind21 and Mund,22 was 
largely concerned with the determination of 
products and yields in the reactions produced in 
gases by alpha rays. A large amount of valuable 
data was collected on the ion-pair yields of such 
reactions. Interpretation of all these data was 
originally made by the ion-cluster theory, but 
this proved unsatisfactory, and present-day 
thought on the subject follows lines indicated by 
Eyring, Hirschfelder, and Taylor.23’24 These 
authors succeeded in interpreting ion-pair yields 
of some reactions of simple molecules by con­
sidering (1) the nature of the ions formed in the 
gas, as revealed by mass-spectrographic data, 
(2) the probable chemical reactions of these ions 
and of the excited molecules also formed by the 
radiation, and (3) the subsequent reactions of free 
atoms and radicals formed by dissociation proc­
esses. The kinetics of some simple reactions 
were explained in this way with some success, 
but the mechanisms were clearly so complex 
and the data on the nature of the ion and excited 
molecule reactions were so limited that a great 
deal of guesswork was required. In order to 
understand the processes thoroughly, the deter­
mination of ion-pair yields is clearly not enough. 
This fact seems to have deterred people in recent 
years from continuing to measure ion-pair yields 
in gaseous systems. At present, Mund25’28 seems 
to be continuing such work on one or two reac­
tions of hydrogen at the University of Louvain. 
Some work onUFg has also recently been carried 
out by Davis27 at K-25, though the goal here was 
more to obtain information for engineering pur­
poses than to gain insight into reaction mech­
anisms. To advance the study of reaction mech­
anisms, some attempt must be made to isolate 
the various kinds of processes occurring.

The initial processes of ionization can be 
studied in detail by determining the relative 
quantities of various ions formed in the mass 
spectrometer. A wealth of data is available here,
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and interpretation of the ionization process in 
terms of configurations and dynamics of the ion­
ized molecules is being currently studied at an 
Atomic Energy Commission project at the Uni­
versity of Utah directed by Henry Eyring28 and 
A. L. Wahrhaftig, at Brookhaven by Oliver 
Schaeffer,29 and also in other laboratories.

Direct study of the subsequent behavior of 
these ions is a more difficult problem, to which 
a satisfactory approach has apparently not been 
found. Valuable clues are given in the study by 
Weisz30’31 at the Socony Vacuum Oil Co.,Inc., 
laboratories on the mechanism of discharges 
in Geiger counters. He has been able to deter­
mine the change in mobility of the positive ions 
with time after formation, which tells us some­
thing about the rates of the chemical reactions 
they are undergoing.

An instructive approach to the problem was 
initiated at Syracuse University in the 1930’sby 
Essex,32"36 who studied the effect of applied 
electric fields on the ion-pair yield of several 
alpha-ray-induced reactions. By this method 
some insight can be obtained into the fraction of 
the reaction which is initiated by excited mole­
cules rather than by ions. Essex’s project has 
progressed in understanding of the subject during 
the years, and he has recently shown that his 
method also yields information on the rate of 
production of negative ions in the gas by the elec­
trons. The project is at present being continued 
under the direction of Benjamin Burtt. He ex­
pects to improve the experiments by the addition 
of an electron filter which will separate electrons 
from negative ions in the gas and allow more 
detailed measurements concerning the process 
involved in negative-ion formation.37 This proj­
ect seems to be the only current one in which 
fundamental mechanisms of gaseous radiation 
reactions are being studied experimentally. 
There is no question that more work of this sort 
is required to put discussions of reaction mech­
anisms in the liquid phase on a firmer basis.

A theoretical study of the processes of nega­
tive-ion formation has recently been published 
by Magee and Burton38 of the University of Notre 
Dame. Theoretical work of this kind cannot 
progress very far without corresponding ad­
vances in experimental data, and it is fortunate 
that the experiments of Burtt appear to be pro­
ceeding in a direction to dovetail with the theo­
retical advances of Magee and Burton.

Studies of chemical reactions in a glow dis­
charge have been published in great numbers in 
the past and Burton’s AEG project at Notre Dame 
is currently engaged in studies on ammonia and 
hydrocarbons. The glow discharge is a conven­
ient way of determining in a qualitative fashion 
what chemical products are to be expected under 
radiation, but quantitative interpretation of such 
work is very difficult.

2. Organic Compounds. A vast amount of old 
experimental data exists on the nature of reac­
tions of organic compounds in electric dis­
charges. This work is summarized in a book by 
Glockler and Lind.39 Lind was able to show that 
the reaction products obtained by action of alpha 
rays on organic compounds are at least qualita­
tively similar to those obtained by electric dis­
charge. We therefore know a great deal in a 
general way about what to expect when organic 
materials are irradiated. All organic com­
pounds appear susceptible to chemical change 
by radiation; the products are never simple but 
consist of a mixture of compounds having molec­
ular weights both lower and higher than the 
original material. Any hydrocarbon on pro­
longed irradiation turns into a complicated mix­
ture resembling petroleum in its general char­
acteristics. Formation of hydrogen gas is al­
ways a prominent feature, as is the production 
of materials of high molecular weight often 
called “polymers,” although they appear not to 
have exactly the same elementary analysis as 
the starting material.

Much work has been done at Massachusetts 
Institute of Technology on the effects of alpha 
rays and cyclotron beams on fatty acids and a 
few similar materials by Whitehead, Goodman, 
Breger, and others under an American Petro­
leum Institute project on the origin of petro­
leum.40"46 The object was to determine whether 
or not petroleum originated from the action of 
natural alpha rays in the ground on fatty sea- 
bottom deposits. The work did not succeed in 
making a very good case for this theory but did 
turn up some data of great interest in radiation 
chemistry. Detailed data were obtained on the 
reaction products from numerous fatty acids of 
various carbon-chain lengths. The decarboxyla­
tion reaction RCOOH — RH + C02 was found to be 
very prominent, even when the carbon chain R 
contained twenty or more carbon atoms, and good 
yields of the hydrocarbon RH were isolated.
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Thus, oleic acid yielded heptadecene, stearic 
acid gave heptadecane, etc. The bond combining 
the carboxyl group with the rest of the molecule 
was broken more frequently than any other bond 
in the molecule. This is a valuable indication that 
radiation can be a more specific reagent than was 
formerly thought, and it opens up possibilities 
for useful organic syntheses by irradiation. 
Yields of the various products were essentially 
the same whether the acid was bombarded in the 
solid state or the liquid state. A similar sys­
tematic study of the aliphatic alcohols under the 
cyclotron beam has recently been started by 
Amos Newton at the University of California 
Radiation Laboratory.47 With the aid of such 
modern analytical techniques as mass spec­
trometry, much more complete material bal­
ances in these reactions have been obtained by 
the MIT group and by Newton than was possible 
in earlier investigations of electric-discharge 
reactions. Accumulation of such data will even­
tually lead to a better understandingof the reac­
tion mechanisms and the relative importance of 
the various processes.

It has long been known that aromatic com­
pounds are more resistant to radiation decom­
position than are aliphatic compounds.48 Burton, 
at Notre Dame, is particularly interested in 
studying reactions of benzene and other simple 
aromatics with a view to determining the nature 
of the energy-transfer processes which result 
in the aromatic stability. To this end studies 
have been made of the products formed in 
aromatic-aliphatic mixtures,13 and a compar­
ison has been made of the effects of different 
types of radiation on the aromatics.12 An im­
portant feature in these systems is the migration 
of excitation energy from one 'molecule to 
another.

Studies on liquid scintillation counters have a 
close bearing on this subject. Certain solutions 
of aromatic compounds emit a large fraction of 
the absorbed energy as visible or ultraviolet 
light when they are irradiated with gamma rays. 
Practical development work on scintillation 
counters based on this phenomenon is proceeding 
at several laboratories.49-52 A thorough study 
of the principles of energy transfer involved is 
being made by Kallmann53 at New York Univer­
sity. Excitation energy has to migrate through 
several molecules in the solution before it can 
reach the particular molecule which is able to
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fluoresce. Kallmann’s studies of light emission 
as a function of concentration in these solutions 
are of great value in understanding at least one 
feature of the mechanism of radiation damage 
in liquids.

Studies of the nature of the free radicals 
formed in radiolysis of some simple organic 
compounds have been carried out by Hammill 
and Williams54 at Notre Dame, using a novel 
technique involving radioiodine in identification 
of the radicals. This technique should prove 
valuable in future studies along this line.

Malcolm Dole has initiated a study of the mech­
anism of the action of radiation on plastics.55 
However, this has constituted only a minor part 
of a far-reaching program which Dole hopes to 
carry out on the structure and properties of 
high-polymeric substances. Results to date have 
shown that polyethylene behaves toward radiation 
very much like the paraffin hydrocarbons. It is 
to be hoped that Dole will wish to continue with 
this aspect of his studies, which should comple­
ment the more empirical plastics testing which
O. Sisman is carrying on at Oak Ridge.

Mention might be made here of the work of 
E. Pollard’s group at Yale University on the in­
activation of dry enzyme preparations by the 
cyclotron beam.58 He has shown that nearly 
every time a deuteron passes through a gigantic 
molecule like pepsin the whole molecule is de­
stroyed as far as its enzymatic activity is con­
cerned. This may imply that energy is rapidly 
spread over at least a large portion of this pro­
tein molecule before any bonds are broken. Such 
information, though obtained solely for its in­
terest in radiobiology, is important in the con­
sideration of effects on materials generally.

3. Aqueous Solutions. The major portion of 
the work currently being published on radiation 
chemistry seems to involve the effect of X rays 
or gamma rays on aqueous solutions. One reason 
for the activity in this field is the belief that the 
phenomena of radiobiology are to be ultimately 
explained in terms of solution reactions.57 The 
same subject is of concern to Te?ctor designers 
in connection with aqueous hor gcneous reac­
tors and other types of reactors in which water 
is used as a coolant or heavy water is used as 
a moderator.

In this field of radiation chemistry the details 
of the initial excitation processes occurring in 
the water may be largely ignored because the
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final result of all such processes is believed to 
be simply the dissociation of water to the free 
radicals11 H and OH. The observed reactions 
can then be interpreted in terms of the subsequent 
behavior of these radicals.58

Water decomposes readily when irradiated 
with heavy-particle radiations of high ionization 
density, such as alpha rays or fission recoils, 
the products being oxygen and hydrogen gases 
and, at ordinary temperatures, hydrogen perox­
ide, which remains in solution. The peroxide 
probably is formed initially by the reaction

2H20 - H2 + H202

and oxygen appears, mostly or entirely, as a 
secondary product from the subsequent partial 
decomposition of the peroxide

h2o2 - H20 + ‘/202

X rays, gamma rays, or electrons give very 
little decomposition of water. The decomposi­
tion proceeds to a very small extent and then 
reverses itself, so that under irradiation a steady 
state is soon reached in which only a very small 
amount of hydrogen is present.58 In aqueous so­
lutions all organic and many inorganic solutes 
even at high dilution (10-4M) show oxidation and 
reduction reactions with yield values (based on 
total energy absorbed by the solution) of the 
order expected for pure materials, so that a 
large percentage conversion of the dissolved 
material may be obtained with total doses which 
would produce no observable decomposition on 
pure materials.57 The explanation is that the 
radicals formed by the dissociation of the water 
diffuse through a solution and react with the 
dissolved materials. When pure water is irra­
diated, the oxygen, hydrogen, and peroxide pro­
duced by water decomposition are soon attacked 
by the radicals and are thereby reconverted to 
water, so that very little net decomposition re­
sults. To explain the continuing decomposition 
from the alpha rays and fission recoils, it must 
be assumed that the radicals are initially formed 
so close together in the radiation tracks that 
nearly all of them reactwith one another to form 
the decomposition products, so that very few 
radicals escape into the solution5® to bring about 
recombination of the hydrogen and oxygen to 
water. Irradiated water thus behaves as though

two simultaneous reactions were occurring. The 
reaction

2H20 - H2 + H202

appears to be occurring in regions of high ion­
ization density, whereas the reaction

h2o - H + OH

symbolizes the formation of free radicals and 
their subsequent escape by diffusion into the body 
of the solution. A quantitative study of the de­
composition of water under reactor radiation and 
the back reaction of the products H2 and H202 
has been described in the literature.60 For the 
case where excess hydrogen was present, a sim­
ple scheme of subsequent reactions between the 
radicals H2 and H202 was sufficient to describe 
the experimental results quantitatively. When 
peroxide or oxygen was in excess, the results 
were not very reproducible, and itwas concluded 
that the subsequent reactions of the radicals were 
more complicated. The results show definitely 
that water decomposition is inhibited by excess 
hydrogen and favored by excess oxygen or 
peroxide.

Many papers have been published on X-ray 
effects in aqueous solutions, and much work is 
still being done in this field. Oxidizing agents 
are reduced,81 reducing agents are oxidized,82 
and organic substances in solution are decom­
posed, usually with the formation of hydrogen 
and carbon dioxide.63 The yields obtained63 dif­
fer for different compounds and, in general, are 
likely to vary quite a bit with changes in pH. 
Although in all solutions the same number of 
radicals must be produced from the water by a 
given dose of radiation, the yields vary in dif­
ferent cases because the oxidizing and reducing 
radicals OH and H are formed simultaneously, 
and whatever reaction may be brought about by 
one can be reversed by the other. This reversal 
must proceed to a different extent with different 
solutes, depending upon the specific rates of the 
different free-radical reactions involved. The 
total number of radicals produced in water by a 
given expenditure of energy is thus still not 
firmly established, although attempts are being 
made to establish this number by a study of 
the mechanisms of appropriate solution reac­
tions.84’65 The mechanismsof all these reactions

Id 173



PROBLEMS OF RADIATION DAMAGE IN LIQUIDS 173

are complicated by the formation of molecular 
Hj, and H202, which continues to occur in the so­
lutions along with formation of free radicals. 
The oxidation in air-free solutions of a con­
siderable number of inorganic reducing agents 
was found by Fricke and Hart82 to proceed at the 
same relatively low yield value; this value is 
taken to represent the yield of H202 formed by 
direct water decomposition.58 The H202 subse­
quently reacts with the dissolved reducing agent 
(this reaction perhaps being catalyzed by the 
presence of the radicals), whereas the bulk of 
the free radicals produce oxidation and reduction 
in the solution in equivalent amounts and hence 
give no net effect.

When more than one solute is present, the 
more reactive one will react with radicals in 
preference to the other; the more reactive solute 
is destroyed, and the less reactive solute, which 
would be destroyed in the absence of the first, 
is said to be “protected.”86 The decomposition 
of water observed in solutions of such active 
solutes as bromide ion or copper ion is an ex­
ample of protection. The water-decomposition 
products in this case are protected; they do not 
revert back to water because the radicals which 
would otherwise bring about this reaction are 
used up by reaction with the added solute. For 
this reason decomposition of water under reactor 
radiation may be greatly increased by the pres­
ence of traces of impurities, such as bromide 
ion, copper ion, or even dissolved glass.80 By 
systematic studies of the protection effect, the 
relative rates of reaction of radicals with dif­
ferent substances can be determined.88

The aims in current studies of radiation chem­
istry of solutions are (1) to discover the nature 
and rates of reactions of free radicals with 
solutes of various kinds, (2) to use this informa­
tion to determine the number of free radicals 
formed by radiation in water and to deduce their 
initial distribution and subsequent diffusion be­
havior for radiations of various mean ionization 
densities, and (3) to use the results in interpret­
ing what appears when living things are irradi­
ated or when water or aqueous solutions are used 
in reactors.

Studies along these lines are under way at all 
the AEG national laboratories. At the Chemistry 
Division of the Argonne National Laboratory, 
E. J. Hart has been studying the mechanism of 
decomposition of aqueous formic acid in both the

presence and absence of oxygen and hydrogen 
peroxide and has obtained a number which he 
thinks may represent the absolute number of 
radicals produced in the water.64’85’67 He has 
also studied the oxidation of ferrous sulfate in 
aerated and air-free solutions68 and has obtained 
some results which do not altogether agree with 
those of Krenz and Dewhurst,89 who have made 
a long investigation of the same reaction at 
Chalk River and at the University of Edinburgh, 
Scotland. Sheffield Gordon, working with Hart, 
has been studying the rate of exchange between 
deuterium and water under gamma rays and has 
obtained some interesting results on the pH de­
pendence of the yield. However, as yet these 
results have not been fully explained.**

At Brookhaven, Everett Johnson, working with 
the author, is studying mechanisms of peroxide 
decomposition and hydrogen formation in water 
and solutions of bromide.70 At Oak Ridge, C. J. 
Hochanadel is studying the kinetics of the reac­
tion between hydrogen and hydrogen peroxide in 
solution under gamma rays and related reac­
tions.84’85 Progress jn these studies is perhaps 
not too rapid because of the care required in the 
preparation of absolutely clean and pure air-free 
solutions and because of the laborious processes 
of gas analysis which are necessary to determine 
completely the nature of the reactions occurring.

In the Biology Division at Argonne, Barron71 
has published a long series of papers on X-ray 
effects in solutions of enzymes and other ma­
terials of biological interest. He is currently 
interested in a study of the oxidation of gluta­
thione and its effects on cytochrome. From 
yields obtained in aerated solutions, air-free 
solutions, and solutions to which catalase is 
added, Barron72 believes he has obtained the 
contributions to the reactions on the substrate 
of the entities OH, H02, and H202, respectively. 
Pomeroy has been studying the yields of destruc­
tion of stable free radicals, such as dipicryl- 
hydrazyl, in the hope of obtaining a measure of 
the number of free radicals formed.73 It is hoped 
that he will proceed on this laudable project in 
the face of the great chemical complications. 
Solon Gordon, of the Biology Division at Argonne, 
has been irradiating solutions of indoleacetic 
acid.74 The disappearance of this material is 
an exponential function of the time of irradiation 
instead of the linear function which is attained 
with simpler molecules. The exponential rela­
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tion is always found with very large molecules, 
such as enzyme s, and is taken to mean that a mol­
ecule deactivated by radiation is just as active 
chemically toward radicals as before its deacti­
vation.57 Further work on the mechanism of the 
indoleacetic acid reaction should be instructive.

In the Biology Department at Brookhaven, 
Nims and Scheraga75 are studying the effects of 
X rays on fibrinogen solutions.

At Canisius College, Schuler76 is studying the 
mechanism of the radiation decolor ization of dye 
solutions, which also show exponential reaction- 
dose curves.

Toulis working with Tobias in the Department 
of Medical Physics, UCRL, made a study of the 
decomposition of water by cyclotron radiation,77 
but no further work on these lines is planned at 
that laboratory. Garrison and coworkers78 are 
studying the reduction of carbon dioxide in irra­
diated solutions, in the hope of shedding some 
light on the problem of how life originated in the 
primeval oceans.

From the AEC project at the University of 
California at Los Angeles, a study has appeared 
of chemical changes occurring on the irradiation 
of dilute solutions of the cysteine.79

Work on reaction mechanisms in irradiated 
aqueous solutions, similar to that mentioned 
above, is proceeding actively in Europe. In 
France, Lefort and Bonet-Maury have published 
several papers on the decomposition of water 
and the formation of peroxide in solutions irra­
diated with X rays and alpha rays.80'82 In Eng­
land, Weiss, Stein, and Day are studying the 
formation of phenols in irradiated aqueous solu­
tions of benzene and benzoic acid in the hope of 
shedding new light on the reactions o£ OH radi­
cals.83’84 F. S. Dainton, now at Leeds, became 
interested in radiation chemistry at Chalk River 
during the war and published some work on the 
polymerization of acrylonitrile solutions. He 
hoped to determine the total number of radicals 
formed by the determination of the number of 
combined OH groups in the polymer.11 He is said 
to be continuing these studies and initiating 
others in this field. Amphlett,85 at Harwell, has 
been studying the role of complexes in the study 
of kinetics of radiation reactions of metal salts 
in solution.85 A group at Edinburgh, including 
N. Miller, F. H. Krenz, and H. Dewhurst, all

formerly of Chalk River, are studying the mech­
anism of the ferrous sulfate oxidation and are 
also interested in radiation-induced polymeriza­
tions.86 Interest in radiation chemistry seems 
quite widespread among British physical chem­
ists, and the discussion of the Faraday Society 
in the spring of 1952 will be devoted to radiation 
chemistry.

Robley Evans and C. J. Maletskos, at MIT, 
are studying the possibilities of using magnetic 
or optical methods to obtain a direct measure 
of the lifetimes of free radicals in irradiated 
water.87 This lifetime should, of course, depend 
on the rates of the chemical reactions of the 
radicals.

All these studies of free-radical behavior in 
irradiated solutions can be usefully supple­
mented by studies of free radicals (presumably 
the same radicals) formed in aqueous solutions 
in other ways. To this end, Dainton has studied 
the photolysis of hydrogen peroxide solutions 
and is making a study of other ways in which free 
H or OH may be generated in water.

The OH radical is supposed to be generated 
when hydrogen peroxide reacts with ferrous 
sulfate in aqueous solutions. If organic mate­
rials are added to the solution, they are oxidized 
by these radicals, and useful polymerizations 
may be induced in this way. This oxidation re­
action of organic substances is called the “Fen­
ton reaction,” and detailed studies of the mech­
anism of this reaction are being made by a group 
at Leeds, including Evans and Baxendale,88’89 by 
Waters at Oxford,90 and by Medalia at Brook- 
haven.91'93 Studies of the polymerizations in­
duced in this way are probably going on at a 
number of industrial laboratories; there are 
recent publications by Williams of the Polymer 
Corporation, Ltd., Sarnia, Ontario.94 Work on 
the Fenton reaction is of great interest to radia­
tion chemists.

There has been a recent revival of interest 
in the use of chemical reactions as radiation 
dosimeters. The emphasis has been on finding 
reactions in which a large, evident change in 
some property is produced by a small dose. On 
irradiation, solutions of chlorinated organic 
compounds exhibit chain reactions which result 
in large yields. Taplin,95 of the AEC project at 
UCLA, has proposed a chloroform-water mix­
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ture as a dosimeter; a group at Bethesda prefers 
chloral solutions.96 Davis,97 at New York Uni­
versity, is studying the Eder reaction induced 
by gamma rays. This is a very long chain reac­
tion involving the reduction of mercuric chloride 
with oxalate to calomel. Turbidities are pro­
duced by doses of only a few roentgens, but the 
yield is not reproducible.

Reactions induced in tritium water by the 
tritium radiation are of interest at Los Alamos 
Scientific Laboratory and at the Knolls Atomic 
Power Laboratory. Challenger and Rollefson 
have published a paper from Los Alamos in 
which the kinetics of the reduction of ceric sul­
fate in tritium water are reported.98 Dorfman, 
at Knolls, is studying the combination of tritium 
and oxygen. Studies of tritium water are of par­
ticular interest since the mean density of ioniza­
tion by the slow tritium betas is intermediate 
between the ionization densities of fast electrons 
or X rays and the heavy-particle radiations 
usually employed in radiation chemical studies. 
Hart has been using tritium in this way to sup­
plement his studies of gamma rays on formic 
acid and ferrous sulfate solutions.67

4. Decomposition of Salts. Many solid salts 
containing covalent bonds, such as nitrates, 
bromates, chlorates, etc., decompose under 
high-energy radiation. Very little systematic 
work has been done on this subject.

Chlorates also decom­
pose, but iodates do not. Boyd, at Oak Ridge, has 
studied radiation decomposition of bromate and 
other solid salts in connection with studies on 
the nuclear activation of bromine.100 Davis, at 
NYU, has been interested in radiation decompo­
sition of nitrates97 but is not continuing these 
studies at the present time. This interesting 
field deserves further study.

Materials Testing and Development

Every reactor-design project has always in­
cluded a few tests of the effects of radiation on 
miscellaneous materials, such as plastics, oils, 
and ceramics. These tests have usually been 
sporadic and have often been done by people who 
had no interest in developing a more systematic 
knowledge of the subject, and the results are 
either not reported at all or are mentioned only

briefly in progress reports, where they are dif­
ficult to find. Such tests have often proved mean­
ingless because the conditions of the test were 
not well enough controlled or significant proper­
ties of materials were not measured. A review 
by Richardson and Allen101 of random tests made 
on plastics in the Oak Ridge reactor, in the ear­
lier days of its operation, revealed that much of 
the deterioration reported must have resulted 
from the high temperature of the reactor rather 
than from the radiation, to which the effects had 
been wrongly attributed.

The effects of reactor radiation on plastics of 
various kinds is now, however, being studied 
very thoroughly and systematically at Oak Ridge 
by Sisman.102 A large number of mechanical and 
electrical properties are being investigated as 
functions of the amount of reactor radiation re­
ceived when the temperature of the specimens 
is controlled. Some interesting correlations 
have already emerged between radiation resist­
ance and such characteristics of the plastic as 
the aromatic nature of the material, the char­
acter and amount of filler, and the amount of 
cross linking. Inorganic-filled phenolic plastics 
seem to stand up by far the best. The program 
could be greatly extended in the directions of 
studying effects of different kinds of radiation, 
the effects of temperature, and more elaborate 
studies of electrical properties, during, as well 
as after, irradiation. As far as the author is 
aware, no attempts are under way to develop 
new plastics from the standpoint of radiation- 
damage resistance.

Damage to lubricating oils has been the subject 
of a thorough, systematic study undertaken for 
Fairchild Engine & Airplane Corp. (NEPA) by 
the California Research Corporation.103 Here 
the purpose was not only to test existing mate­
rials for radiation resistance but also to develop 
new oils which would be more radiation resistant 
than any existing. A large amount of data was 
obtained systematically on the change in viscosity 
of various oils with the amount of radiation re­
ceived in the Oak Ridge reactor. Results showed 
that incorporating aromatic rings in the oil 
greatly improved radiation resistance, and the 
addition of a few per cent of certain compounds 
of iodine caused a further large increase in ra­
diation resistance. The project is currently 
being continued under contract with the AEC
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Reactor Division. The California people realize 
the utility of the cyclotron and Van de Graaff 
generator radiations for damage testing and will 
probably find that such bombardments will prove 
more useful than the Hanford reactor exposures 
which they currently have under way. This 
program is by far the best that has yet been 
carried out in the field of materials testing and 
development for radiation resistance.

Some materials testing with gamma rays is 
going on at Westinghouse Electric Corp. and 
General Electric Company but on a smaller scale 
and less systematically than the two projects 
mentioned above.

Studies of possible uses for high-energy ra­
diations have been carried on for some time by 
Trump, Proctor, and others at MIT interested 
in the utilization of cathode rays from the Van 
de Graaff machine16’10'1 and by Brasch and as­
sociates (see references 19, 20, 105-108), in­
terested in the application of cathode rays from 
the capacitron. Both groups apparently soon 
came to the conclusion that the biological field 
was the most fruitful. The reason for this is 
that much lower doses are required to damage 
living things than are needed to affect inanimate 
materials. Sterilization of foods and drugs, kill­
ing weevils and their eggs in wheat, embalming, 
etc., seem to be the most probable uses of ra­
diation in the near future.

Possibilities of chemical syntheses by radia­
tion are being explored by Williams and Mano- 
witz, of Brookhaven. Good polymers can be made 
by radiation from such materials as methyl 
methacrylate, but the advantage of this method 
over conventional polymerization methods is not 
obvious. Brownell and Meinke, at Michigan, are 
interested in using radiation for food preserva­
tion and for improving the performance of jet 
and internal-combustion engines. Selke, at Co­
lumbia, is interested in radiation synthesis of 
ammonia and hydrazine, and Bretton, at Yale, 
proposes to study uses of gas-phase chain reac­
tions initiated by radiation, such as the reactions 
of acetylene. The use of intense radiation sources 
to modify and improve the characteristics of the 
electric discharge in ammonia (used for hydra­
zine production) is under study by Akerlofatthe 
Navy laboratory at Indian Head.109 Another sug­
gested use is the modification of catalytic prop­
erties of solid catalysts by irradiation. Taylor 
and Wethington are looking into this subject at

Oak Ridge.110 Certainly some use should be found 
for the tremendous quantities of fission products 
soon to be available, but as yet no clear line of 
development has emerged, except in the field of 
food and drug preservation.

Reactor-component Testing
1. Homogeneous Reactor Experiment (HRE) 

at Oak Ridge. Problems of radiation chemistry 
are supposed to be especially serious in this 
reactor. Basic work on the decomposition of 
water by fission recoils had been done at Oak 
Ridge by Shapiro and Boyle in the past.111 The 
experiments showed that water containing dis­
solved uranium or plutonium undergoing fission 
decomposed with a yield of 2 molecules per 100 
ev of fission-recoil energy expended. The prod­
ucts, H2 and 02 gases with some H202, did not 
recombine to form water under the radiation 
even at pressures of hundreds of atmospheres. 
Uranium precipitated as the peroxide, U04, in 
neutral solution, but the addition of acid pre­
vented this precipitation. In uranyl sulfate solu­
tion containing H2S04, the uranyl and sulfate ions 
were apparently unaffected by radiation since 
only the water decomposed.

At present, gas production is taken for granted; 
provision is made in the HRE for the removal 
and recombination of the gases, and gas bubbling 
is no longer believed to offer a very serious 
problem in reactivity control.112 Attention is 
centered on the problem of the corrosion of 
metal containers by uranyl sulfate solutions at 
the high temperature proposed (250°C). Radia­
tion has been shown not to accelerate this cor­
rosion, and in fact some indications have ap­
peared that radiation may help to protect the 
metal against corrosion. The biggest problem 
in the HRE at present is not radiation damage 
but is a corrosion problem which has little to 
do with radiation.

The stability of uranyl and sulfate ions in ir­
radiated solutions is in accord with the oxidative 
character of irradiated solutions containing 
oxygen. The reducing radical H readily com­
bines with 02 to yield the radical H02, an active 
oxidizing agent, so that all radicals present are 
oxidizing. It is presumed that whenever U02 + 
and S04 " are broken up by radiation the uranium 
and sulfur are quickly oxidized back to their 
original states by free radicals. With nitrate
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the situation may be less favorable. Data from 
Los Alamos, quoted by Mills,113 show consider­
able quantities of nitrogen coming from highly 
concentrated solutions of uranyl nitrate under­
going fission. Stability of nitrate ion in dilute 
solutions is now being studied at Oak Ridge. 
There is no reason to expect that the hydrogen 
and oxygen yields under fission will differ much 
in dilute nitrate and dilute sulfate solutions,de­
spite Mills’s statements.

2. Other Homogeneous Reactor Systems. 
Aqueous uranium oxide slurries were under con­
sideration for homogeneous reactors at the 
Metallurgical Laboratory in 1944, and interest 
in this type has recently been revived. However, 
no actual radiation tests have ever been made 
on such a system.

Fused uranium fluoride mixed with other fluo­
rides is another proposed fuel for homogeneous 
reactors. A preliminary test indicated no radia­
tion decomposition of the fluoride mixture, but 
further experiments are clearly indicated.114 
Unfortunately no background information exists 
at all on the chemical effects of radiation on 
simple fused salts.

Slurries of uranium oxide in fused sodium 
hydroxide are another proposed homogeneous 
reactor fuel. Fused sodium hydroxide has been 
shown at NEPA to decompose little or not at all 
under intense cathode-ray bombardment.115 The 
effect of fission in an actual slurry has not yet 
been tried.

In any homogeneous reactor the fluid medium 
is penetrated directly by fission recoils. The 
ionization density in the tracks of these particles 
is an order of magnitude greater than for any 
other known radiations; therefore their effects 
cannot be adequately simulated. In water solu­
tion, the only system as yet thoroughly studied, 
the effect of fission recoils seems to be different 
from that of other radiations in that a radiation- 
induced back reaction between the decomposition 
products to re-form water does not occur, even 
at very high product-gas pressures. Tests thus 
have to be made with actual fissions, which means 
exposing fuel materials in reactors. Because 
of handling difficulties, such tests are bound to 
be time consuming and expensive.

In the absence of experimental data on fused 
halides, the main effect of radiation may be 
presumed to be the transfer of an electron from 
a negative to a positive ion, giving neutral atoms,

t X jk

as Na+ + F ” — Na + F. The resulting metal and 
halogen will recombine spontaneously and very 
rapidly to give the original salt; therefore no 
net observable effect is expected. However, 
under turbulent-flow conditions the free halogen 
might sometimes come into contact with the 
wall and react with it before it has time to meet 
and react with the free metal atom, thereby 
producing corrosion. Thus observed radiation 
stability in static tests does not necessarily 
prove the absence of radiation-induced corrosion 
in a dynamic system.

The effect of radiation on sodium hydroxide 
slurry is also an unsolved problem. Of the pos­
sible NaOH decomposition reactions, the only 
one which is not spontaneously reversible would 
seem to be the decomposition to H2 and 02 gases 
and Na20. Stability under cathode rays indicates 
that this reaction may be unimportant, but by 
analogy with water we might expect the decom­
position to gases to be more prominent with 
fission recoils than with cathode rays. Also, the 
presence of uranium might have an unfavorable 
chemical effect, as in the case of anhydrous 
H2S04. This acid when pure is little affected by 
radiation, but in the presence of dissolved hexa- 
valent uranium much decomposition116 occurs 
to S02 and 02. Presumably in the pure liquid any 
S02 formed is quickly reoxidized by free radi­
cals, but the uranium ties up the radicals in 
some way thus allowing the S02 to escape. The 
effect is analogous to the increase in water de­
composition caused by impurities under fast- 
neutron irradiation. Such effects should be 
looked for in NaOH.

Occurrence of fission in the small oxide par­
ticles of a slurry might also produce effects on 
the size and character of the particles them­
selves. Such effects have often been talked about 
but have never been studied experimentally.

To form a stable slurry at all is a complex 
problem upon which much effort has been ex­
pended. The particles must be small enough so 
that they will not settle out, and they cannot be 
allowed to grow with time by recrystallization. 
They must be soft enough so that they do not 
erode the containing pipes when circulated at 
high velocity. Uranium forms several oxides, 
not all of which form satisfactory slurries. 
Whether a given lot of oxide will disperse prop­
erly in water depends on the details of prepara­
tion of the oxide, such as amount of oven-drying
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and the presence of trace impurities of electro­
lytes such as uranyl nitrate.117 The surface con­
dition of the particles is evidently of importance. 
Radiation will have some effect here by altering 
the chemical nature of the environment (which 
may be a great enough effect to oxidize the whole 
particle) as well as by affecting the structure 
of the particle by internal fissions. The vari­
ables involved are so complex that long series 
of empirical irradiation tests on slurries would 
be necessary to develop a satisfactory slurry 
reactor. Because of handling difficulties arising 
from the high fission-product-radioactivity lev­
el, these tests would be unusually prolonged, 
difficult, and expensive.

A solution of uranium in liquid metal offers 
a homogeneous fuel possibility which could 
hardly be subject to any conceivable radiation 
damage. The proposal,118 currently being stud­
ied at Brookhaven, for circulating a solution of 
uranium metal in liquid bismuth is certainly far 
superior to other homogeneous proposals from 
the standpoint of radiation-damage problems.

3. Separation Processes. The separation of 
fission products and plutonium by solvent extrac­
tion might conceivably be affected by radiations 
from radioactive materials contained in the so­
lution. Radiation levels in these solutions are 
generally not high enough to produce important 
amounts of chemical change in the time intervals 
involved. Testing of such effects can be made 
conveniently either by using actual fission prod­
ucts as an internal radiation source or by using 
an external source such as a Van de Graaff ma­
chine. These tests have, in the past, always 
yielded negative results;119 i.e., the' radiation 
levels have not been high enough ip cause any 
trouble. A recent problem in this field concerns 
the proposed use of carbon tetrachloride in the 
Purex process of solvent extraction. It is feared 
that radiation might cause hydrolysis of carbon 
tetrachloride, resulting in the appearance of 
chloride iOn in the acid aqueous phase, with the 
resulting danger of corrosion.120 This suspicion 
seems well founded enough to warrant a study 
of the amount of chloride ion produced by radia­
tion on the system in question. This type of 
problem will not, in general, become of major 
importance unless proposals are made to operate 
extraction processes at very much higher radia­
tion levels than hitherto contemplated. Such a 
proposal is now under consideration at North

American Aviation, Inc., and appropriate radia­
tion tests are planned.121

FUTURE INVESTIGATIONS AND
R ECOMMEND ATIONS

Basic Research
The foregoing review has shown that funda­

mental study in the field of radiation chemistry 
is supported by the AEC to a greater extent than 
many people are probably aware. Considerable 
interest in the field also exists outside the AEC, 
and it is, in fact, a small but active and rapidly 
growing field of physical chemistry.

Research on reaction mechanisms in aqueous 
solution is flourishing at all three national lab­
oratories and in other laboratories in this coun­
try and abroad. Emphasis is being placed right 
now on reactions induced by X rays and gamma 
rays. This is probably because such reactions 
are easier to study and interpret than those in­
duced by radiations of higher ionization density. 
Current researches are reaching the stage in 
which a real understanding of some of the reac­
tions induced by gamma rays may be said to be 
in sight, and it can be argued that detailed work 
in this field with other types of radiation may 
well be postponed until a better understanding 
of the gamma-ray mechanisms is achieved. 
However, further exploration of the influence of 
ionization density of radiation on the mechanism 
of some reactions would not be amiss at this 
time, and program planning in this direction 
should be encouraged.

The topic in the aqueous field on which funda­
mental knowledge seems to be most lacking at 
present is the decomposition of water by fission 
recoils. The radiation chemists at Oak Ridge, 
who understand best the very difficult techniques 
involved in the study of this problem, seem to 
be currently sidetracked into a study of corrosion 
effects in the HRE. Fission recoils are so in­
tensely ionizing that probably all water mole­
cules lying in the immediate neighborhood of the 
particle track will dissociate. Whether any free 
radicals manage to escape from this region of 
extremely high concentration is not known; the 
problem is obscured by the unavoidable presence 
of gamma rays in the solution and by the chem­
ical effects of the uraniumwhich is always pres­
ent. The stability of various substances such as
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nitric acid in the presence of fissioning uranium 
in solution has not been adequately studied and 
is difficult to predict with certainty. Basic re­
searches on this topic might not have much direct 
influence on the development of homogeneous 
reactor systems, but they are well worth while 
in extending our knowledge of the processes oc­
curring in such reactors.

The organic field is less popular than the 
aqueous field because the reaction products are 
always much more complicated and more diffi­
cult to study. Much needs to be done in these 
systems, both on the lines of detailed analysis 
of the products of irradiation of simple pure com­
pounds, as in Newton’s work, and on the lines of 
studying effects in mixtures to gain insight into 
the processes of the intermolecular transfer of 
energy, as in some work of Burton. Progress 
in this field cannot be expected to be rapid, and 
anyone disposed to enter this difficult field of 
work should be encouraged. Practical develop­
ments in the field of radiation effects in organic 
compounds must, in the long run, depend upon 
maintaining a background of fundamental work 
in that field.

Basic work in the field of radiation chemical 
effects in salts is very slight. Homogeneous- 
reactor designers are particularly interested 
in fused salts. To the best of the writer’s knowl­
edge, very little information is available on fused 
salts, with respect either to radiation chemistry 
or to any other physical or chemical properties. 
Intelligent study of the effects of radiation on 
these materials can hardly be made without a 
more complete knowledge of their normal struc­
ture, chemical behavior, and electrical proper­
ties. It would seem most appropriate to develop 
and undertake a broad research program in the 
physical chemistry of fused salts, with the ef­
fects of radiation constituting but one small 
aspect of this study.

The study of radiation decomposition in solid 
salts constitutes a promising field at the present 
time in which work should be pushed. Enough 
is known about the structure and electrical be­
havior of solid salts so that some reasonable 
degree of understanding of their radiation chem­
istry should be possible.

Materials Testing and Development
It is this field in which coordination and direc­

tion have been particularly lacking and in which
-« / i
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effortsto develop a program could be most use­
fully expended. Fundamental research in reac­
tion mechanisms or in any other field is a 
delicate thing and difficult to stimulate artifi­
cially, but a well-rounded and comprehensive 
study of materials testing fills an obvious need 
and could be readily effected simply by an effort 
at the organization and coordination of those 
interested. The efforts of the California Re­
search Corporation on oils and Sisman’s group 
at Oak Ridge on plastics offer a good beginning. 
Many other people would presumably be glad to 
participate if a wider program along these lines 
were formulated and competently coordinated. 
The Oak Ridge work on plastics could be extended 
to cover different types of radiations on the 
same materials; samples and testing methods 
could be standardized by the different labora­
tories, and a sensible picture of the radiation 
resistance of plastics would soon emerge. The 
efforts of the California Research Corporation 
on lubricants could similarly be increased by the 
participation of cooperating laboratories.

The effects of radiation on glass and ceramics 
should be similarly studied by a concerted at­
tack. Little is known about the resistance of 
glass to radiation because few systematic studies 
have been attempted. It has been stated that 
glass vessels used to contain substances which 
emit alpha rays become weakened by the bom­
bardment; on the other hand, glass vessels have 
been exposed in the Oak Ridge reactor for weeks 
without apparent weakening. Effects of radiation 
on the electrical conductivity of glass or ceramic 
insulators seem likewise not to have been sub­
jected to any systematic study. Systematic pro­
grams along these lines could be initiated. The 
experiments would be simple and not too expen­
sive, and the results, if properly coordinated and 
disseminated, would be of great use to reactor 
designers.
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THE EFFECTS OF FISSION RADIATIONS 
ON LUBRICANTS AND LUBRICATION

By R. O. BOLT, J. G. CARROLL, and G. H. DENISON 

California Research Corporation, Richmond, California

Report TID-5045 (Del.)

FOREWORD

In the initial phase, research was conducted on the general effect of fission radiations on organic 
liquids. For the most part small amounts of fluids were exposed in vented containers to combined 
reactor radiations, though in some cases alpha and gamma radiations were used alone. Factors 
such as dosage, flux magnitude, and operating temperature were investigated with organic fluids 
alone and in combination with various additives. The effects, under radiation fluxes, of oxygen, 
metallic surfaces, etc., entered the problem. In subsequent phases oxidation tests were conducted 
since oxidation plays a profound part in the deterioration of organic fluids in air. The major part 
of this functional test work was undertaken outside the reactor, but numerous supplementary and 
supporting tests were conducted in the presence of combined radiations. In general, all these oxida­
tion experiments served as screening tests whereby unsatisfactory materials were eliminated from 
further consideration for use in the final evaluation tests in operating bearings, but the satisfactory 
materials were not graded as to expected service performance. In the final phase of the study the 
fluids which had evidenced the best resistance to reactor radiations, both in static and accelerated 
oxidation tests, were evaluated as finished lubricants in operating bearings. The effect of combined 
radiations on the lubrication process itself was also studied briefly in certain of these functional 
tests.

The functional test work, which is the most important from an 
engineering standpoint, is presented first. “Oxidation Tests” and “Bearing-Lubrication Tests” ap­
pear in the series as Parts I and II, respectively. “Static Irradiations” will appear as Part HI. 
This is of more general interest to the chemist and deals with some effects of dosage, flux type and 
magnitude, and operating temperature on mineral oils and on many other types of organic fluids.

PART I. OXIDATION TESTS 

ABSTRACT

These experiments were undertaken to evaluate the stability of organic fluids to reactor radia­
tions and excess oxygen. The oxidative condition simulated that present in turbojet lubricating sys-
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184 R. O. BOLT, J. G. CARROLL, AND G. H. DENISON

terns, where high-temperature air is present in excess. Many thermal-oxidation tests were con­
ducted in the absence of radiations on selected base oils and base oil. Eleven in-
pile experiments were then performed under comparable conditions on the most promising for­
mulations. Oxidations of previously irradiated fluids were also conducted in the absence of ra­
diations. The results observed are presented as they relate to the stability of various base oils, 
the effect of radiations, and the effect of additives.

Test Procedures
Two basic types of oxidation tests were used 

in the present work. The first employed the 
oxidation cell described in the American Society 
for Testing Materials (ASTM) Method D943- 
47T.2 Oxygen at a rate of about 3 liters/hr was 
passed into the oil, which was contained in the 
large glass test tube fitted at the top with a 
water-cooled condenser. The flow of oxygen was 
held constant throughout the tests since it was 
not established that saturation with oxygen was 
maintained. The test temperature was 140°C, 
and tests were run both with and without the 
copper- and iron-wire catalysts of the ASTM 
method. This procedure was employed in ther­
mal oxidations and subsequent in-pile oxida­
tion tests, thus yielding comparative data with 
and without reactor radiations. In this work 
viscosity increase and acid formation were 
observed as a function of time and radiation 
dosage.

The second type of oxidation test used is par­
ticularly adapted to the use of small quantities. 
Oils which had been irradiated in the X-10 re­
actor were oxidized in a Zeitfuchs3 viscometer 
tube in an oil bath maintained at 210°F. Oxygen 
was oubbled through the material in the tube, 
and it was necessary only to stop the flow of 
oxygen to run a viscosity determinati-on directly. 
In this manner the thickening action of the oxi­
dation could be followed closely. The unavail­
ability of large quantities of irradiated oils made 
necessary the use of this small-scale test.

Thermal-oxidation Tests

Many different types of unirradiated base oils 
were tested by the modified ASTM method, both 
alone and with oxidation inhibitors known to be 
effective in these base materials in conventional 
practice. Only the combinations most resistant 
to thermal oxidation, as well as to combined 
radiations in static tests, were subsequently

proposed for in-pile experiments. In these 
thermal oxidations the criterion of deterioration 
was the increase in acidity of the oil under test, 
since this was found to be more sensitive than 
viscosity increase. The “neutralization num­
ber” (milligrams of KOH per gram of oil) was 
chosen for the index of acidity. The induction 
period is defined as the time required to reach 
a neutralization number of 10. Differences in 
induction periods of less than 100 hr are not 
considered significant in these thermal-oxida­
tion tests.

Approximately 175 individual tests were con­
ducted in this phase of the work. Table 1.1 
summarizes typical data on four of the more 
promising basic types of oils with several of 
the inhibitors used. The data indicate the tre­
mendous importance of chemical additives in 
imparting thermal oxidative stability.

lodobenzene and 1-methylnaphthalene are not 
commonly considered as oxidation inhibitors. 
There is, however, some evidence that these 
materials, particularly in combination with qui- 
nizarin, did increase induction periods. The 
most important reason why compounds of iodine 
and highly aromatic naphthalene derivative were 
employed was that they were shown to be bene - 
ficial in the static irradiation experiments. Qui- 
nizarin was added to the combinations because it 
was found that under conditions of the test this 
material protects metals, especially copper, 
from attack. Even so, it was observed that the 
copper began to darken after about 300 to 400 
hr in the test. This, however, appeared to in­
volve a thin coating which had no noticeable ef­
fect on the induction periods shown in Table 1.1.

1. Alkyl Aromatic Base Oil. Organic com­
pounds of sulfur and selenium were the most 
successful in the inhibition of this type of base 
oil. In static irradiation experiments the sele- 
nide was somewhat more effective in preventing 
viscosity increase than the thiophosphate or the 
polysulf’ _<e. Thus it was preferred for in-pile 
oxidat.on work with this base oil.

i 3,5
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2. Polyether Base Oils. Both poly(propene 
oxide) (one ether and one hydroxyl end group) 
and poly(propene oxide)-B (one ether and one 
ester end group) were evaluated in the thermal- 
oxidation tests, and the results are summarized

binations with mercaptobenzothiazole gave un­
usually high viscosity increases in the static 
reactor tests despite the favorable induction 
periods in the thermal-oxidation tests. The 
selenide-quinizarin combination containing io-

Table 1.1 — Summary of Results of Modified ASTM Turbine Oil Oxidation Tests on Various Base Oils and 
Inhibitors in the Absence of Radiations (Test conditions: temperature, 140°C; copper- and iron-wire

catalysts; oxygen flow, 3 liters/hr)

Induction
Additives period, hr*

Di(2-ethylhexyl) sebacate base oil

Additives

Poly(propene oxide)-B base oil

Induction 
period, hr*

None 20
2% 2,6-di(t-butyl) -4-methylphenol 100
2% zinc dibutyl dithiocarbamate 125
2% phenyl dibutyl dithiophosphate 200
2%dihexacosyl polysulfide 200
2%didodecyl selenide 650
4%didodecyl selenide 1300
10% didodecyl selenide 1300
6.5%didodecyl selenide 1350
4% didodecyl selenide and 1% zinc

dibutyl dithiocarbamate 1700
4%didodecyl selenide, 0.5%zinc 

dibutyl dithiocarbamate, and 2% 
iodobenzene 2000

5%didodecyl selenide and 2%iodo- 
benzene; blend saturated with 
quinizarin 2700

5% didodecyl selenide and 20% 1- 
methylnaphthalene; blend satu­
rated with quinizarin 3400

5%didodecyl selenide, 20% 1-methyl- 
naphthalene, and 2% iodobenzene; 
blend saturated with quinizarin 3500

Poly(propene oxide) base oil

None 10
2% didodecyl selenide 25
2% phenyl dibutyl dithiophosphate 25
2% phenyl-alpha-naphthylamine 50
1% zinc dibutyl dithiocarbamate 75
2% N.N'-diphenyl-p-phenylenediamine 700

None 10
2% dihexacosyl polysulfide 25
2% phenyl dibutyl dithiophosphate 50
2% mercaptobenzothiazole 200
4% didodecyl selenide 200
4% didodecyl selenide and 2% mercapto­

benzothiazole ' 800
5%didodecyl selenide, 2%mercapto­

benzothiazole, and 2% iodobenzene; 
blend saturated with quinizarin 1650

5% didodecyl selenide and 2% iodo­
benzene; blend saturated with 
quinizarin 1700

Mixed alkylbenzene (mol. wt. =350) base oil

None 100
2% 2,6-di(t-butyl)-4-methylphenol 200
2% zinc dibutyl dithiocarbamate 350
2% dihexacosyl polysulfide 550
2% didodecyl selenide 600
2% phenyl dibutyl dithiophosphate 1550
5% didodecyl selenide and 2% mercapto­

benzothiazole 2100
5% phenyl dibutyl dithiophosphate and 

2% iodobenzene; blend saturated with 
quinizarin 2400

5% didodecyl selenide and 2% iodo­
benzene; blend saturated with quinizarin >2450 

5%didodecyl selenide, 2% mercapto­
benzothiazole, and 2% iodobenzene; 
blend saturated with quinizarin >2700

*Time for neutralization number (milligrams of KOH per gram of oil) to reach 10.

in Table 1.1. The poly(propene oxide) displayed 
poor inhibitor response. The diamine, the best 
of the possibilities studied, actually catalyzed 
thickening in the static reactor tests. Poly (pro- 
pene oxide)-B was considerably more receptive 
to the action of inhibitors. The promising com-

dobenzene yielded the highest induction period 
and was subsequently chosen for reactor oxi­
dation tests.

3. Aliphatic Diesters. The selenide, with an 
optimum concentration of between 2 and 4 wt. %, 
was by far the most effective oxidation inhibitor

■* e 
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in the di(2-ethylhexyl) sebacate base fluid. Com­
binations with 1-methylnaphthalene, iodoben­
zene, and quinizarin were particularly promis­
ing and were chosen for oxidation in the reactor. 
Combinations with zinc dibutyl dithiocarbamate 
were shown to yield precipitates in static ir­
radiation tests and were thus discarded.

cause the greatest amount of deterioration in 
the fluids. Indeed, it is probable that fast neu­
trons and/or gamma rays have a greater effect. 
Both gamma and fast-neutron dosages are of 
the order of one-tenth of the thermal-neutron 
dosages received by the samples in the reac­
tor.4'8

Table 1.2 — Summary of Oxidation Tests in the X-10 Reactor 
(Test conditions: temperature. No. 1 at 80 ± 2°C; Nos. 2, 3, and 4 at 
90 ± 2°C; all others at 140 ± 3°C. Flux, Nos. 1 and 2 at 76 per cent of 

maximum; all others at 85 per cent of maximum. Oxygen flow, 3 
liter^/hr for all tests.)

Test
No. Oil identity Additive identity*

1 Alkylbenzene
(mol. wt. =250)

2 Octadecylbenzene
3 Di(2-ethylhexyl) sebacate
4 Poly(propene oxide)-B
5 Di(2-ethylhexyl) sebacate
6 Poly(propene oxide)-B
7 Octadecylbenzene
8 Solvent-refined western

paraffinic lube oil (150N)
9 Octadecylbenzene

10 Poly(propene oxide)-B
11 Di(2-ethylhexyl) sebacate

2% O-l, 4% S-14
2% O-l, (5% more added during test) 
5% 0-1, 2% R-2, S D-2, 20% S-l 
5% 0-1, 2% R-2, S D-2 
5% 0-1, 2% R-2, S D-2, 20% S-l 
5% 0-1, 2% R-2, S D-2 
5% 0-1, 6% R-2, S D-2

5%0-l, 6% R-2, S D-2, 20% S-l 
5% 0-1, S D-2 
5% 0-1, 2% R-2, S D-2 
5%0-1, S D-2, 20% S-l

*Code: 0-1,didodecyl selenide; R-2, iodobenzene;D-2, quinizarin (S for 
saturated, ~0.2 per cent maximum); S-l, 1-methylnapthalene; S-14, poly- 
(lauryl methacrylate).

Accelerated Oxidation Tests in the X-10 Reactor
The best combinations of the various base -oil 

types and additives in both the thermal oxida­
tions and the static irradiation tests were used 
for in-pile oxidation tests. Similar experi­
ments were also conducted to confirm the ef­
fectiveness of the selenide oxidation inhibitor 
and the iodobenzene protective agent and to show 
the performance of the best compounded mineral 
oil developed in the research. Table 1.2 identi­
fies the fluids oxidized in the reactor experi­
ments.

In all the in-pile experiments the radiation 
dosage is expressed in integrated thermal neu­
trons per square centimeter. It is merely con­
venient to use this mode of expression, and it 
is not meant to imply that thermal neutrons

1. Procedure and Apparatus. The in-pile 
procedure followed closely that of the thermal- 
oxidation tests except that temperatures of 80, 
90, and 140°C were used. The two lower tem­
peratures were obtained in hole 12, since this 
facility was cooled by a water jacket for which 
the maximum allowable temperature was about 
90°C. The higher test temperature was obtained 
by placing the apparatus in a special heater in 
hole 54N. High-flux (75 to 88 per cent maximum) 
positions were utilized in both these facilities.

The oxidation cell used for the tests con­
sisted basically of an aluminum cylinder with a 
2yi6-in. I.D. and 275-ml volume. The cell was 
heated', in the 140°C experiments, by means of 
riichrome wire insulated from the metal with 
alundum beads, and the assembly was enclosed 
in a sheet-aluminum box. Inlet and outlet lines

'tW /-



THE EFFECTS OF FISSION RADIATIONS ON LUBRICANTS AND LUBRICATION 187

of aluminum, thermocouples, and aluminum 
heater leads extended from the cell in the re­
actor to the control apparatus outside.

After placement in the reactor, the cell was 
charged by introducing ~150 ml of the test fluid

90°C EXP.

-------CC

</i ur
REACTOR OFF

14(f C EXP.

TIME, HR

,90° C EXP.

fe2l6 —
REACTOR OFF

140°C EXP.

0 200
TIME, HR 

(b)
Fig. 1.1—Variation of viscosity at 100*F in acceler­
ated oxidation tests with, and without, reactor radia­
tions. (a) Octadecylbenzene: 5% didodecyl selenide and 
saturated with quinizarin (no quinizarin in 90°C reac­
tor experiment), (b) Di(2-ethylhexyl) sebacate: 20% 
1-methylnaphthalene (reference tests performed with 
iron and copper catalysts present).

through the inlet tube. Oxygen at the rate of 
3 liters/hr was then bubbled through the oil by 
the use of the same tube. Exhaust gases passed 
through a liquid trap (an alkaline scrubber) and 
were then vented to the reactor air stream. 
Periodic samples of the test oil were taken by

reversing the oxygen flow so that the oil was 
forced out the normal inlet tube under slight 
pressure. Plumbing arrangements were such 
that oxidized samples could be removed, the 
cell could be flushed with a suitable solvent, the 
excess solvent could be removed by flushing 
with nitrogen, and a new sample could be intro­
duced for subsequent oxidation. Catalysts were 
placed in the cell in the first in-pile experi­
ment but were omitted in later experiments 
when it was found that they had little effect on 
viscosity increase in this type of test. The 
absence of catalysts facilitated the reuse of the 
apparatus for repeated oxidation experiments 
without removal from the reactor after each 
test in the series.

2. Tests With and Without Reactor Radiations. 
Figure 1.1 shows typical data on these compar­
isons. The most striking observation about the 
experiments in the absence of reactor radiations 
was the sharp increase in viscosity at the be­
ginning of the oxidation. This is shown in Fig. 
1.1 and occurred only with those formulations 
containing 1-methylnaphthalene and/or iodoben­
zene, whose boiling points are 240 and 189°C, 
respectively. It seems likely that this effect 
was caused by evaporation and/or decomposition 
of these relatively low boiling materials in the 
early stages of the test.

Despite the initial viscosity increase in the 
reference experiments, the thickening effects 
due entirely to thermal oxidation are quite minor 
when compared with those which occur in the 
presence of reactor radiations. The same holds 
true for the formation of nonvolatile acids. 
Figure 1.2 illustrates the latter point graphically 
with atypical fluid, compounded di(2-ethylhexyl) 
sebacate. At first glance it seems unusual that 
the 140°C curve, as illustrated, shows less acid 
formation than the 90°C curve. However, at 
140°C a larger percentage of total acids was 
volatilized. Thus, when total acidity is con­
sidered (total acidity was not available for the 
reference test), the situation is changed and the 
140°C test yielded more acid than the 90°C 
experiment because of greater volatile-acid 
formation.

3. Tests at 80 to 90°C. Figure 1.3 presents 
the changes in 100°F viscosity and in acidity of 
the four oils subjected to in-pile oxidations

-7/ V- t S’?



188 R. O. BOLT, J. G. CARROLL, AND G. H. DENISON

at 80 to 90°C.* The effect of the continuation of 
oxygen flow during periods of reactor shutdown 
is important. In Fig. 1.3 vertical displacements 
in the curves occur during such periods, and 
the slopes of the curves after these periods tend 
to decrease slightly. These vertical displace­
ments are due to a combination of two factors: 
(1) degradation continued at a lesser rate in the 
absence of combined flux but in the presence 
of the existing gamma flux and (2) the oils were 
more easily oxidized after irradiation. Similar 
displacements, but in a horizontal direction, 
can be noted in Fig. 1.1, where viscosity is 
plotted vs. time.

The test with alkylbenzene (mol. wt. as250) is 
peculiar in that a viscosity indext improver- 
thickener was included in this sample. The low 
viscosity of the alkyl aromatic was increased 
by adding the improver-thickener. Theviscosity 
results given in Table 1.3 show the effect of this 
additive.

The improver-thickener depolymerized as a 
result of bombardment with reactor radiations

100 200 300 400 500 600 700 800 900
TIME, HR

Fig. 1.2 — Variation of nonvolatile acidity in acceler­
ated oxidation tests with, and without, reactor radia­
tions. Di(2-ethylhexyl) sebacate: 20% 1-methylnaph­
thalene , 5% didodecyl selenide, 2% iodobenzene; blend 
saturated with quinizarin. A, reference test at 140°C. 
O, reactor test at 140°C. □, reactor test at 90°C.

Table 1.3—Effect of Adding V.I. Improver to Mixed Alkylbenzene 
(Mol. wt. =250)

Viscosity 
in centistokes

At 100°F At 210°F V.I.

Alkylbenzene (mol. wt. =250) containing 
2% didodecyl selenide 6.6 1.8 25

Alkylbenzene (mol. wt. =250) containing 
2% didodecyl selenide and 4% poly(lauryl 
methacrylate) 14.1 3.8 185

in the oxidation test (thermal-oxidation tests 
gave no obvious depolymerization). The effect 
of this is noted in Fig. 1.3, which shows a de­

*The radiation dosage is expressed as N = (ther­
mal neutrons/cm2) x lo-Ul.

t Viscosity index (V.I.),a term used by the petroleum 
industry, is related to the viscosity-temperature char­
acteristics of an oil between 100 and 210°F. The 
original concept ascribed a V.I. of 100 to a Pennsyl­
vania paraffinic oil and a V.I. of 0 to a less paraffinic 
Gulf Coast oil. Some extrapolations are permissible 
on either side of the 0 to 100 scale provided the fluids 
involved do not differ widely in viscosity.

crease in viscosity near the start of the test. It 
is very significant that the viscosity increase 
due to radiation damage was such that the oil 
received a dose of 0.5 x 1018 neutrons/cm2 be­
fore the original viscosity value was regained. 
This supports the feasibility of the idea of mak­
ing a “constant viscosity” fluid with the use of 
suitable base oils and polymers. The depoly­
merization shown in Fig. 1.3 is also illustrated 
by a decrease in viscosity index, as shown in 
Fig. 1.4.

In the test with the octadecylbenzene base 
oil, an additional 4 per cent of didodecyl selenide
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EXTRAP

4% DIDODECYL 
SELENIDE ADDED,

DOSAGE, 1018 NEUTRONS/CM'

4% DIDODECYL SELENIDE ADDED

DOSAGE, 10’8 NEUTRONS/CM2

Fig. 1.3—Variations in acidity and viscosity at 100°F in reactor oxidation tests at 80 to 9G°C. 
A, alkylbenzene (mol. wt. s 250): 2% O-l, 4% S-14. •.octadecylbenzene: 2% 0-1, iron and 
copper wires. O, di(2-ethylhexyl) sebacate: 5%0-l, 2% R-2, 20% S-l, S D-2. □, poly(propene 
oxide)-B: 5%0-l, 2%R-2,SD-2. *, reactor shutdown period. (See footnote to Table 2 for 
additive code.)

J- U 190



190 R. O. BOLT, J. G. CARROLL, AND G. H. DENISON

> -10

0.4 0.6 0.8 1.<
DOSAGE, 1048 NEUTRONS/CMz

Fig. 1.4—Variation of viscosity index in reactor oxi­
dation test at 80“C. Alkylbenzene (mol. wt. - 250): 2% 
didodecyl selenide, 4% poly(lauryl methacrylate).

was added after the initial break in the vis­
cosity-dosage curve. This had the effect of 
decreasing appreciably the slope of both the 
viscosity and the total-acid curves on contin­
uation of the test.

In Fig. 1.3 the relative thickening of the four 
compounded oils can be pictured by comparing 
the percentage of viscosity increase at a specific 
dosage of N = 0.5. The octadecylbenzene is the 
best of these four with an increase of 36 per 
cent. The oxide polymer is next with 45 per 
cent, followed by the diester which exhibited 
an increase of 100 per cent over the original 
viscosity. The behavior of the viscosity index 
improved oil is difficult to compare on the 
same basis since the viscosity at N = 0.5 is the 
same as the starting viscosity. The curve 
passes through a minimum at N = 0.175, after 
which the controlling factor is the thickening, 
due to the action of radiations, hi the base 
fluid. For a AN of 0.5 beyond the minimum,
i.e., from N = 0.175 to N = 0.675, the viscosity 
increased from 10 to 17.6 centistokes at 100°F. 
This represents an increase of 76 per cent; 
this value may be considered with the percent­
ages already cited for purposes of rough com­
parison.

Consideration of the acidity-dosage curves in 
these tests gives a slightly different story. The 
octadecylbenzene exhibited the least acid for­
mation followed in order by the diester, vis­
cosity index improved alkylbenzene, and poly- 
(propene oxide). The last is seen to have given

off three times the amount of acids evolved by 
the compounded octadecylbenzene. In comparing 
the two alkylbenzene derivatives, it is apparent 
that the less branched octadecylbenzene (mainly 
2-phenyloctadecane) is superior to the mixed 
alkylbenzene (mol. wt. »250).

Of the catalysts used in the octadecylbenzene 
experiment, the iron was still bright while the 
copper had a black coating. The latter points 
to the need for a metal deactivator such as 
quinizarin.

I sere exp.
REACTOR DOWN 

Og FLOW 
CONTINUED7

<8 -

£ 16 —
15 — .140* C EXP
14 —

90* C EXP

C EXP

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0l4 0.45 0.5
DOSAGE, 1018 NEUTRONS/CM2

Fig. 1.5—Comparisons of viscosity and acidity varia­
tions in reactor oxidation tests at 90 and 140°C. Di- 
(2-ethylhexyl) sebacate: 5% didodecyl selenide, 2% 
iodobenzene, 20% 1-methylnaphthalene; blend satu­
rated with quinizarin.

4. Tests at 90 and 140°C. Figure 1.5 depicts 
theviscosity increase at 100°Fand the total-acid 
formation for a compounded di(2-ethylhexyl) 
sebacate oxidized at the two temperatures. For 
the 140°C oxidation, the sebacate oil exhibited a 
KXFF viscosity increase which is about twice 
that observed for the 90°C test. The acidity 
curves also follow this trend. The approxi­
mately doubled rate of deterioration is some­
what less than would be expected, strictly from 
the standpoint of a thermal process, from the
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4.0 —

Ej 3.0

9 1.0

16 —

15 —

13 —

12 —

17 —

REACTOR DOWN 
~ 13 HR IRREGULAR 

— 0, FLOW

IRREGULAR 
07 FLOW — 26

REACTOR DOWN 
13 HR

— 22

— 21

DOSAGE, 1018 NEUTRONS/CIW

Fig. 1.6 — Comparisons of viscosity and acidity variations in reactor oxidation tests at 140°C. 
(a) Octadecylbenzene: 5% O-l, S D-2; •, 6% R-2; O, no R-2. (b) Di(2-ethylhexyl) sebacate: 
5% O-l, S D-2, 20%O-l; •, 2% R-2; O, no R-2. (c) •, solvent-refined western paraffinic lube 
oil (150N): 5% O-l, 6% R-2, SD-2, 20% S-l; A, 0-poly(propene oxide)-B: 5% O-l, 2% R-2, 
S D-2. (See footnote to Table 7 for additive code.)
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50oC increase in oxidation temperature. How­
ever, the change in rate seems within the varia­
tion expected from a photochemical process.

5. Tests at 140°C. Figure 1.6 summarizes 
the data obtained for viscosity increase and 
acidity in the six tests at this temperature. The 
compounded octadecylbenzene oil, either with or 
Without iodobenzene, is the best of the fluids, 
both from the viscosity increase and the acidity 
standpoints. Apparently iodobenzene was inef­
fective in decreasing the rate of deterioration of 
the octadecylbenzene fluid in this test. It is 
likely that iodobenzene, which boils at 189°C, 
volatilizes off and/or decomposes into volatile 
products in a short time at this temperature. 
Again, with the compounded di(2-ethylhexyl) 
sebacate oil, the presence of iodobenzene did 
not reduce the rate of viscosity increase, al­
though its presence effected a. reduction of 50 
per cent in the amount of acids formed. The 
loss of fluid in these tests is undoubtedly of 
some importance. However, in all the reactor 
experiments where much mechanical handling 
was necessary, it was impractical to measure 
these losses.

The poly(propene oxide)-B tests are not con­
clusive because of the operational difficulties 
which caused plugging of the exit lines. In these 
tests it can be noted that very little viscosity 
increase occurred up to a dose of N = 0.14. 
However, the rate of increase after this point 
was greater than that observed for any of the 
oils oxidized at this temperature except for the 
mineral oil. The latter was the worst oil in this 
respect. The mineral oil even with near maxi­
mum compounding is thus demonstrated to be 
unsuited for application in the presence of reac­
tor flux and excess oxygen.

Thermal Oxidation of Irradiated Fluids
Figure 1.7 summarizesthe data on the oxida­

tion work conducted in Zeitfuchs viscometers 
with small samples of irradiated oils. These 
oils had been exposed in vented ampoules for 
four weeks in the X-10 reactor. Unirradiated 
fluids were oxidized in the same manner for 
comparison with the irradiated materials. In all 
cases the irradiated oils thickened much more 
rapidly than the original fluids. This difference 
ranged from negligible for the amylbiphenyl to a 
great amount for the sebacate in the following

400 ----

i 300

200

100 200 300 400 1000 1100
TIME, HR

Fig. 1.7—Special oxidation tests inZeitfuchs viscom­
eter. Viscosity variations of original and irradiated
oils.---- , original oil. ----- , oil irradiated for four
weeks at 75% maximum X-10 reactor flux. A, di(2- 
ethylhexyl) sebacate with 2% didodecyl selenide. a , 
16,19-dioxa-13,22-dithitetratriacontane. O, solvent- 
refined western paraffinic lube oil (SAE 30). A, amyl­
biphenyl with 2% didodecyl selenide. Test conditions: 
210°F, excess oxygen, and no catalysts.

increasing order: amylbiphenyl < paraffinic 
mineral oil < sulfur-linked polyether < aliphatic 
diester. The following two reactions probably 
were occurring in this test:

1. Accelerated distillation of volatile matter 
formed in the reactor and still in solution

2. Oxidation of more reactive materials 
formed in the reactor

Poly(propene oxide) fluids showed small 
changes in viscosity until the samples were 
blown with nitrogen. Much larger differences 
then became apparent as volatile matter was 
removed. Such large volume losses were en­
countered that the experiments with this base 
oil could not be completed because insufficient 
liquid remained to conduct viscosity determina­
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tions. This is directionally the same as was 
noted with the sulfur-linked polyether. The ex­
tremely high rate of thickening of the sebacate 
on oxidation after irradiation is further indica­
tion of the radiation instability of this base oil 
alone or lightly inhibited.

Conclusions

1. Increases in the viscosity and acidity of 
fluids in accelerated thermal-oxidation tests 
outside the reactor are minor when compared 
with these same changes which occur in the 
presence of reactor radiations.

2. In oxidation tests in the reactor the rate 
of fluid damage is much less during reactor 
down periods. However, oils are more suscep­
tible to thermal oxidation after irradiation than 
before, although individual oils vary widely in 
this respect.

3. Alkyl aromatic compounds are the most 
promising of the compounded base oils tested. 
The aliphatic diesters are next in order, with 
the oxide polymers third, and mineral oils a 
poor last.

4. Highly branched chain structures appear 
to be oxidized more rapidly in the reactor than 
less branched materials.

5. The most promising oxidation inhibitors

for general use with the types of base oils 
studied are organic compounds containing sulfur 
or selenium. When injected during an oxidation 
run, a selenide inhibitor showed a positive ef­
fect in the reactor by causing a decrease in the 
rate of deterioration.

6. Viscosity index improver-thickeners, such 
as poly(lauryl methacrylate), depolymerize in 
reactor oxidation tests. As a result of this, one 
oil was found to possess the same viscosity at 
100°F after a dose of 0.5 x 1018 thermal neu­
trons/cm2 as at the start of the oxidation.
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PART II. BEARING-LUBRICATION TESTS

ABSTRACT

These tests were conducted to investigate the effect, in open systems, of reactor radiations on 
the lubrication process and on lubricants operating in standard bearings, bushings, and gears. 
Lubricants from three basic types of synthetic oils were employed in experiments designed to dem - 
onstrate the feasibility of using such materials in functional equipment. The base oils and additives 
had been demonstrated to be superior in static irradiations and oxidation tests in the X-10 reactor. 
Three units in which ball bearings were driven with air turbines were operated in the reactor for 
300 hr at 10,000 rpm and 140°C. Three motor-driven units in which ball bearings, journal bearings, 
and gears were used were also operated in the reactor for 100 hr at 80 rpm and 140°C. Each of the 
six in-pile tests was duplicated in the absence of radiations to obtain reference results. Data on 
mechanical changes in the operating parts and on deterioration of the lubricants are presented and 
discussed.

Table 2.1 identifies the oils employed in these Low-speed Bearing lubrication Tests 
tests. Two in-pile experiments were performed
with each of the lubricants, one in a low-speed These tests were conducted primarily to de- 
and one in a high-speed unit. termine the effect of reactor radiations on the
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Table 2.1—Lubricants Employed in Bearing-lubrication Tests

Base oil Additives, wt. %

Di(2-ethylhexyl) sebacate

Poly(propene oxide)-B (one ether 
and one ester end group)

Octadecylbenzene

20% 1-methylnaphthalene, 5% di­
dodecyl selenide, 2%iodobenzene; 
blend saturated with quinizarin 

5%didodecyl selenide, 2%iodoben­
zene; blend saturated with 
quinizarin

5% didodecyl selenide, 6%iodoben­
zene; blend saturated with 
quinizarin

lubrication process. Loaded journal bearings 
and gears were operated in the X-10 reactor, 
and torque and friction measurements during 
reactor operating periods and down periods were 
obtained along with final-wear results. Com­
parative data were then secured on reference 
tests outside the reactor.

1. Description of Apparatus. The apparatus 
was driven by a 27-volt 10,000-rpm permanent 
magnet d-c motor which powered test specimens 
operating in a bath of lubricant. The motor was 
mounted vertically and was supported on two 
metal balls so that it rotated freely as a unit. 
Power was transmitted through a gear-reduction 
unit to a journal which was loaded by applying 
air pressure to the split journal bearings. This 
load was applied by means of a “nut cracker” 
from a bellows actuated by external air pres­
sure. The torque generated by the load applied 
to these bearing halves caused the motor to 
pivot on its supporting balls. This rotation was 
balanced by air pressure which flowed through a 
small orifice and impinged on a torque arm 
mounted on the motor body. The air pressure 
required to keep this torque arm “floating” on 
an electrical contact provided direct measure­
ment of the motor torque.

The output speed of the motor was reduced 
through the gear train in the ratio of 71 to 1. 
Constant output speed was maintained at ap­
proximately 80 rpm by controlling the input 
voltage. Speed was determined by impulses 
which resulted from the passage of the commu­
tator segments over the brushes. These im­
pulses were transmitted by a thermocouple wire 
to an oscillograph.

Figure 2.1 shows the parts of the test as­
sembly. Figure 2.2 shows the gears, shaft, and

bearing components of a test unit. The journal 
and journal bearings were standard wear parts 
taken from the Almen Wear Test machine.* The 
standard ball bearings were of approximately 
3.5 to 5 mm bore. In all the tests the parts 
shown in Fig. 2.2 were weighed prior to opera­
tion of the unit and were reweighed at the com­
pletion of the test to yield wear data in terms of 
weight change.

2. Test Procedure. Three of these assem­
blies, each containing 50 ml of a different lubri­
cant, were operated in hole 54N of the X-10 
reactor. It was planned to run the three units 
for a 100-hr period in the reactor in order to 
obtain direct comparisons among the three oils, 
as well as direct comparisons for each oil with 
and without reactor radiations. Only one of the 
three rigs operated for the entire period, which 
was actually 105 hr. This was the poly(propene 
oxide)-B unit. The di(2-ethylhexyl) sebacate and 
octadecylbenzene units operated for only 95 and 
55 hr, respectively, because of motor commu­
tator failures.

Temperature was maintained at 140°C by con­
trolling the voltage input to the heaters. Contin­
uous torque readings were taken at appropriate 
intervals and close supervision was maintained 
during reactor down periods so that any abrupt 
changes would be noticed as they occurred. 
Load conditions were carefully controlled by 
adjustment of the air pressure to the load- 
actuating bellows. Reference runs were con­
ducted in which the operating conditions were 
identical with those of the reactor runs except

*This machine was designed by J. O. Almen and 
manufactured by General Motors. It is widely used 
but is no longer available.
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Fig. 2.1—Low-speed bearing test unit.

1. 27-volt 10,000-rpm d-c drive motor 6. Orifice for torque measurement
2. Reduction gear box, to 145 rpm 7. Hot lead to motor
3. Torque arm 8. Steel bushings
4. Bronze output shaft 9. Leads to heater
5. Bellows loading device

r< X<£ 19 G
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8

Fig. 2.2—Weighed parts of low-speed bearing test unit.

1. Lower armature support bearing, 5-mm bore 7. Bronze shaft (Almen machine specimen) and drive
2. Upper armature support bearing, 3.5-mm bore spline
3. End bell and needle bearing 8. Steel bushings (Almen machine specimen)
4,5,6. Reduction gearing

for the presence of reactor radiations. Thus 
data from the reference and reactor runs are 
directly comparable.

3. Results, (a) Torque Data. Figure 2.3 is a 
summary of the torque data obtained#in the ref­
erence and reactor runs. Motor torque in the 
latter was significantly higher than in the for­
mer. In the case of the poly(propene oxide )-B 
oil, this statement holds true only initially 
since the torque of the reactor test decreased 
below that of the reference run at about the 
one-third point. This result and the wear data 
to be described signify that this oil actually im­
proved in lubricity on irradiation. However, 
initially the motor torque for the poly(propene 
oxide)-B oil was at a high level. The torque 
data from these tests are evidence that the

lubrication process was adversely affected by 
reactor radiations and/or the fluids became 
poorer lubricants in the reactor.

There was a reactor shutdown period (68.9 to 
69.9 hr) while the units containing sebacate and 
polymer were operating. At this time the motor 
torque was observed as the neutron flux was 
abruptly stopped. No change in any of the oper­
ating characteristics of the two units occurred 
during this period, indicating that no sudden 
change in the lubrication process took place. 
Instead, more gradual changes are indicated by 
the comparison of the torque curves for the 
reference and the reactor runs. These varia­
tions are more indicative of changes taking 
place in the lubricant during irradiation than of 
changes in the lubrication process itself. How-
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RUNNING TIME, HR

Fig. 2.3—Low-speed bearing lubrication tests. Comparison of motor torque with, and \githout, 
reactor radiations, (a) Octadecylbenzene with 5% O-l, 6% R-2; S D-2. (b) Di(2-ethylhexyl) 
sebacate with 5%0-1,2% R-2, 20% S-l; S D-2. (c) Poly(propene oxide)-B with 5% 0-1,2% R-2; 
S D-2. (See footnote to Table 7 for additive code.)test in hole 54, X-10 reactor. * * , 
reference test (without radiation); 1-lb jaw load = 1200 psi. II, motor not running.

ever, the data do not exclude the latter possi­
bility; they merely make it appear less likely.

Examination of the motors from the reactor 
tests showed that thick lacquer coatings had 
been built up on the commutators. The lacquer 
deposits were also present on the carbon brushes 
and apparently acted as insulators which, in the 
case of the sebacate and octadecylbenzene units, 
unduly increased electrical resistance.

(b) Wear Data. In bearing-lubrication tests 
of this type, wear data expressed as weight loss 
of the moving parts are sometimes more sig­
nificant than torque data in evaluating the lubri­
cant. This follows from the fact that high torque 
does not necessarily mean high wear, although 
high wear usually is accompanied by high torque. 
In both the reference and in-pile tests it was 
observed that weight changes were insignificant 
except for the steel bushings and the bronze 
shafts, the latter losing as much as 1 per cent 
of the original weight. In the reference runs the 
parts lubricated with the di(2-ethylhexyl) seb­
acate and octadecylbenzene oils showed about 
the same weight loss, whereas the parts lubri- 

, cated with the oxide polymer showed markedly 
higher loss. This is shown in Table 2.2 where 
the data are summarizea. This order was re­
versed in the reactor runs, and the oxide poly­
mer unit showed not only significantly lower 
weight loss than in the reference test but also

exhibited the lowest loss of the three reactor 
units. In the reactor tests the relation between 
the weight losses for the poly(propene oxide)-B, 
di(2-ethylhexyl) sebacate, and octadecylbenzene 
oils is 1: 3.1: 4.5, respectively. The wear data 
and the torque data both signify that the poly(pro- 
pene oxide)-B improves as a lubricant on irra­
diation. For the other two oils the reactor con­
dition was the more severe.

For the in-pile tests the torque and the wear 
data are in agreement; the oxide polymer, seba­
cate, and the octadecylbenzene rank in that 
order by either criterion. In the reference tests 
torque data rate the sebacate first and the other 
two oils about equal. The only discrepancy in 
the correlation is the low value for wear with 
the octadecylbehzene in the reference tests. 
In any event the oxide polymer is the first choice 
for a lubricant under the test conditions in a 
radiation atmosphere.

Falex wear tests tend to corroborate the im­
provement in wear properties of the poly (pro- 
pene oxide) type of oil on irradiation. In this 
work a sample of uncompounded poly(propene 
oxide) (one ether and one hydroxyl end group) 
was irradiated in the X-10 reactor for an inte­
grated dose of 1.6 X 1018 thermal neutrons/cm2. 
The final product was partially distilled for 
another purpose, and the recombined material

r'
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Table 2.2 — Summary of Wear and Torque Data in Low-speed Bearing Tests

Torque, g-cm

Total wear, mg Reactor Reference

Base oil in unit Reactor Reference Max. Min. Max. Min.

Poly(propene oxide)-B 22 70 1800 400* looot 400
Di(2-ethylhexyl) sebacate 68 8 1600 550 700 200
Octadecylbenzene 100 9 1800 900 1100 600

*Lower value predominant. 
tHigher value predominant.

was used for the wear tests. Comparison was 
made with original oils which had, and which had 
not, been similarly distilled. Table 2.3 sum­
marizes the conditions of the tests and the data 
obtained in experiments on the Falex Lubricant 
Tester.*

In the Falex extreme-pressure test the film 
strength or antiseizure value of a lubricant is 
measured. A ^-in. shaft rotates in a pair of 
steel V blocks. Load is gradually applied until 
the oil film ruptures and a metal-to-metal con­
tact occurs. This point is considered as failure. 
Irradiated poly(propene oxide) showed appreci­
ably improved film strength in this test.

The Falex wear test also utilizes a 
shaft turning in a pair of steel V blocks. A rel­
atively low weight loss of the shaft is the index 
of good antiwear properties in the lubricant. 
The wear properties of irradiated poly(propene 
oxide) actually improved somewhat over the 
unirradiated product in this test.

Additional wear tests on the Four-ball Ma- 
chinet were erratic but did indicate that irra­
diation of the poly(propene oxide) didmot impair 
its wear properties in room-temperature tests.

(c) Effect on the Oil. Although the primary 
purpose of the low-speed bearing tests was to 
observe the effect of reactor radiations on the 
lubrication process, the damage to the lubricant, 
since it contributes to this effect, is also of 
interest. Table 2.4 summarizes the data on the

*The Falex Lubricant Tester is manufactured and 
described by the Faville Levalley Corp., Chicago.

tThe Four-ball Machine is manufactured and de­
scribed by the Precision Scientific Co., Chicago.

thickening of the three oils in the experiments. 
In the reference runs the three fluids showed 
significant viscosity increases; however, these 
are minor when compared to the thickening ex­
perienced in the reactor. The viscosity in­
creases in the reactor tests were quite high, 
considering the low dosage. This may be an 
indication that thickening was catalyzed by the 
action of the metals despite the presence of the 
quinizarin. In the reactor tests the viscosity at 
100°F for the poly(propene oxide)-B increased 
75 per cent, octadecylbenzene increased slightly 
more with 81 per cent, and the sebacate oil 
thickened the greatest amount with 262 percent. 
In the reference tests thickening was consider­
ably less but still significant. The 100°F vis­
cosity increase was about 16 per cent for both 
the polymer and the octadecylbenzene and was 
41 per cent for the diester. Thus even the ref­
erence exposure in the presence of metal cata­
lysts at 140°C had an appreciable effect.

Conclusions

On the basis of these limited tests under the 
conditions described, the following conclusions 
can be drawn:

1. High-speed antifriction and low-speed 
journal bearings operated in the X-10 reactor 
with lubricants based on poly(propene oxide)-B 
(one ether and one ester end group), di(2-ethyl- 
hexyl) sebacate, and octadecylbenzene. A tem­
perature of 140°C, fluxes of 0.5 to 0.8 x 1012 

neutrons/cm2/sec, and dosages of 0.4 to 0.6 x 
1018 neutrons/cm2 were employed. None of the 
bearings was run to mechanical failure at the
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Table 2.3—Effect of Irradiation on the Wear Properties of 
Poly(propene oxide)

Test
Original

oil
Distilled

oil*
Irradiated and 
distilled oilt

Load at failure, lb (Falex extreme- 
pressure test: load applied at 
rate of 250 Ib/min; steel on steel; 
19.6 fpm; room temp.) 1250 1250 2250

Weight loss of steel shaft, mg 
(Falex wear test: 500-lb jaw 
load; 30-min test at 19.6 fpm; 
room temp.; steel on steel) 10.8 13.3 3.5

*Distilled at 1 p, and 5 per cent distillate remixed with 95 per cent 
residue.

tlrradiated in X-10 reactor at 30oC and 75 per cent maximum flux to 
N = 1.61. Distilled at 1 p, and 20 per cent distillate remixed with 80 per 
cent residue.

Table 2.4—Lubricant Deterioration in Operating Bearing Tests in the X-10 Reactor 
[Test conditions: Temperature, 140°C. Neutron dosage: N(low speed) = 0.38; N(high speed) = 0.60; refers to total 

dosage,not merely to dosage received during operation. Flux: low-speed tests, 87%of maximum; high-speed 
tests, 50%of maximum. Time in reactor: low-speed units, 132 hr; high-speed units, 399 hr.]

Viscosity at 100°F, centistokes Viscosity at 210°F, centistokes

Oil identity* Original

Low speed

Ref. Reactor

High speed

Ref. Reactor Original

Low speed

Ref. Reactor

High speed

Ref. Reactor

Di(2-ethylhexyl) sebacate; 5% 8.8 13.0 32.8 13.3 58.0 2.5 3.5 6.5 3.6 8.8
O-l, 2% R-2, 20% S-l, S D-2 8.8 11.4 2.5 3.1

Poly(propene oxide)-B; 5%O-l, 17.7 20.5 31.0 19.5 40.3 4.3 4.8 6.1 4.6 6.4
2% R-2, S D-2 17.7 19.6 33.9 4.3 4.6 5.8

Octadecylbenzene; 5% O-l, 6% 9.8 11.4 17.7 11.6 34.3 2.7 2.9 3.9 2.8 5.9
R-2, S D-2 9.8 11.3 2.7 2.8

‘Additive code: O-l, didodecyl selenide; R-2, iodobenzene; S-l, 1-methylnaphthalene; D-2. quinizarin (S for satu­
rated. ~0.2 per cent of maximum).
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operating temperature; therefore these dosages 
do not indicate the limit of operability.

2. The lubrication process does not appear 
to change with the sudden removal of neutron 
flux as in reactor shutdown.

3. The presence of reactor radiations mark­
edly shortens the useful life of a fluid functioning 
as the lubricant: (a) in lightly loaded high-speed 
ball bearings and (b) moderately loaded journal 
bearings. Compared to lubricant damage in the 
presence of reactor radiations, that suffered in 
the absence of radiations under identical condi­
tions is minor.

4. The useful life of bearings is considerably 
shortened when operating in the presence of re­
actor radiations. This is attributed to lubricant 
failure rather than mechanical failure.

5. In the absence of radiations the compounded 
di(2-ethylhexyl) sebacate oil is the best lubricant 
of those tested, followed by the poly(propene 
oxide)-B and octadecylbenzene fluids which are 
about equivalent.

6. The compounded sebacate is a better lubri­
cant than the octadecylbenzene in the presence 
of reactor radiations, even though this fluid 
undergoes greater deterioration.

7. Wear data from bench tests on irradiated 
poly(propene oxide) (one ether and one hydroxyl 
end group) tend to confirm the results of the 
functional tests, which indicate that the wear 
properties of this type of oil actually improve 
upon irradiation.

8. The compounded poly(propene oxide)-B is 
the most satisfactory lubricant in a reactor 
atmosphere. This is based on wear and torque 
data, appearance of the lubricated parts, and 
oil deterioration.
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ABSTRACT

The chemical processing, involving the least number of unknowns, for 
treating a homogeneous plutonium producer would consist in the follow­
ing steps: 18-day decay of neptunium to plutonium, evaporation of the 
uranyl sulfate fuel to recover heavy water, conversion to a light water 
system, and, finally, separation of uranium, plutonium, and fission 
products by two tributyl phosphate extraction cycles. Uranium and pluto­
nium losses would be about 0.2 per cent over-all. Using this scheme, 
1550 kg of uranium are processed per day per kilogram of plutonium 
produced. From a long-range standpoint a more attractive process 
consists in coupling continuous plutonium removal by ion exchange to 
uranium decontamination by tributyl phosphate extraction. This scheme 
permits operation of the reactor at a higher fuel burn-up, and only 
600 kg of uranium per day are processed per kilogram of plutonium 
produced.

The U2”-breeder processing which seems most assured of success 
consists in evaporation of the thorium oxide blanket to dryness for heavy 
water recovery, dissolution of the thorium oxide, and U2” recovery 
by methyl isobutyl ketone extraction. The thorium would be separated 
from fission products by tributyl phosphate extraction. Uranium and 
thorium losses would be about 0.1 per cent. The core material would 
be processed by tributyl phosphate extraction.

The major uncertainties involved in the processing of homogeneous 
reactors include radiation stability, the handling of heavy water and 
N15Oj ion, the chemical state of plutonium formed in the reactor, the 
solvent-extraction behavior of short-cooled material, the chemistry of 
neptunium, and the chemistry of bentonite. Reasonably definitive answers 
to these problems should be obtained in the near future in order that the 
optimum chemical process for a homogeneous plutonium producer may 
be tested on the Homogeneous Reactor Experiment shortly after start-up.
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INTRODUCTION

Chemical processing attendant to the operation 
of nuclear reactors has three primary objec­
tives: (1) isolation of the product, (2) removal 
of fission-product poisons, and (3) reclamation 
of the fuel or source material. The frequency of 
chemical processing in the case of a plutonium 
producer is determined by three factors.)

The second factor determining the process­
ing cycle is the rate of depletion of the reactor 
fuel, since, on reaching a limiting composition 
with respect to the fissionable isotope, the fuel 
must be replenished by either reenrichment or 
the addition of highly enriched material. The 
third factor is the rate of build-up of fission- 
product poisons, which lower the neutron econ­
omy. In a solid-fuel reactor the Pu240 build-up 
limits the time a reactor may be operated without 
chemical processing, and it is apparent that 
plutonium recovery requires solution of the 
metal, stringent chemical processing to permit 
reenrichment of the fuel, and, finally, refabrica­
tion of the fuel. Opposed to this, plutonium and 
fission products conceivably may be removed 
continuously from a solution reactor, and the 
machine may be operated until depletion of the 
fuel makes reenrichment necessary. Thus it is 
presumed that plutonium may be produced in 
homogeneous reactors with less frequent proc­
essing of the bulk source material and by an 
inherently simpler procedure consisting in fewer 
steps.

This article has two objectives. The first is to 
discuss the chemical processing oftoomogeneous 
reactors which may be operated for pluto­
nium production or U233 breeding, employing, 
where possible, well-established processing 
techniques. The second objective is to outline 
processing approaches which may ultimately 
become important factors in establishing homo­
geneous reactors as the most economical means 
of producing plutonium and U233.

PRESENT STATUS OF HOMOGENEOUS-
REACTOR CHEMICAL PROCESSING

This section will discuss the chemical proc­
essing that would be recommended for recover­

ing plutonium and for breeding U233 in the event 
that the decision was made to build forthwith 
a homogeneous reactor to accomplish either of 
these objectives. The reactor systems upon 
which this discussion is based are those de­
scribed by the long-range planning group in Re­
port ORNL-855, A Preliminary Survey of Large 
Scale Homogeneous Reactors. More recent de­
velopments in the homogeneous-reactor field 
are contained in Report ORNL-1096, Compara­
tive Study of Feasibility and Economy of Homo­
geneous Reactors and Large Scale Reactors 
Producing Uranium-233.

Frequency of Chemical Processing for an 
Aqueous Homogeneous Plutonium Producer

The plutonium producer for which chemical 
processing cycles are to be outlined is based 
on the following design criteria:

Heat output 106 kw
Fuel composition D20 solution of U02SO,
Fuel uranium con­

centration 92 g/liter
pH of fuel 2.0

Plutonium production 965 g/day
U235 consumed 1185 g/day
Isotopic % of U235 in 

feed 0.80
Isotopic % of U235 in 

waste 0.746
Moderator d2o
Molecular ratio

d2o/u 110

Weight of DaO in core 175 metric tons
Weight of uranium in 

core 18.6 metric tons
Volume of core 2.05 x 105 liters
Plutonium concentra­

tion at 400 gross 
tons 0.037 g/liter

There are three schemes of operation possible 
for this reactor: (1) the reactor can be charged 
and discharged in one batch, (2) the reactor can 
be charged and discharged continuously, and (3) 
plutonium and high-cross-section fission prod­
ucts can be removed continuously from the 
reactor, with only a small amount of uranium 
removed each day for reenrichment. The fre­
quency of the chemical processing of the reactor 
fuel for the first two schemes is determined by 
the amount of Pu240 which is allowable in the
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final product.

Thus, of the three processing possibilities, 
continuous removal of plutonium and fission 
products, coupled with batchwise decontamina­
tion of the uranium, proves to be the most eco­
nomical. This scheme possesses the added ad­
vantages of making possible the production of 
material of very low Pu240 content at only slight 
incremental cost and of contributing to safer 
reactor operation by decreasing^the quantity of 
long-lived fission products in the reactor.

Batch Processing of a Plutonium Producer
After charging, the reactor would produce 

plutonium at the rate of 965 g/day, until a plu­
tonium concentration of 600 g/ton was reached 
after about 12 days of operation. At this time 
the fuel would be withdrawn and chemically 
processed for plutonium removal and for ura­
nium decontamination prior to isotopic enrich­
ment. Since the fuel solution contains appreci­
able Np239, approximately 18 days of cooling 
would be necessary to decrease the neptunium- 
plutonium ratio to 0.001.

The first step in the chemical processing 
would consist in removing heavy water from the 
uranyl sulfate in order that subsequent chemical 
processing might be conducted in a light water 
medium. The alternate procedure of accom­
plishing the separation of uranium, plutonium, 
and fission products in a deuterated system is 
less desirable. If solvent extraction is used, 
deuterated nitric acid would be required as a 
process reagent, and, furthermore, the solvent 
extraction of uranium by tributyl phosphate 
would result in the loss of a significant amount 
of deuterium as deuterated nitric acid and water 
of hydration.

The problem of dehydrating uranyl sulfate has 
not been investigated extensively on the Project, 
and the open literature on the subject is ambig­
uous. Uranyl sulfate forms mono-, di-, and tri­
hydrates.1 The monohydrate results from heat­
ing the trihydrate to 100°C, and at 300°C appreci­
able quantities of uranium trioxide are formed.

From this it appears that the separation of 
heavy water from uranyl sulfate would require 
calcination at 300°C. Special equipment would 
be necessary to accomplish this dehydration in 
the presence of fission products, and the opera­
tion would require considerable engineering re­
search to assure its satisfactory operation.

In 1945 an evaporation step for separating 
heavy water from a uranyl carbonate-sodium 
carbonate solution was pilot-planted at this 
laboratory. In this work2 a pot evaporator was 
employed to dehydrate the fuel at 130°C. With 
drying times of about 5 hr, heavy water recover­
ies of 99.9 per cent were obtained, and the heavy 
water was decontaminated from fission products 
by a factor of 102 to 10s. These results strongly 
support the contention that heavy water systems 
may ultimately be handled satisfactorily.

After obtaining the uranium, plutonium, and 
fission products in a light water solution, the 
uranium and plutonium would be selectively 
extracted from the fission products with 30 per 
cent tributyl phosphate in a hydrocarbon diluent 
employing 6M to 7M nitric acid as a salting 
agent. Fission products would be scrubbed from 
the uranium-plutonium-bearing solvent with 3M 
rfitric acid, and the solvent would be passed to 
a second column where plutonium would be re­
moved by an aqueous solution of 0.03M fer­
rous sulfamate. The uranium would finally be 
stripped from the solvent with water in a third
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column. Both the uranium and plutonium streams 
would then be processed through another solvents 
extraction cycle for final separation from fission 
products. After isotopic enrichment the uranium 
would be converted to uranium trioxide and re­
acted with deuterated sulfuric acid to form fuel 
solution. A schematic flow sheet of this is shown 
in Figs. 1, 2, and 3.

Pu(N03)J"n (aq) + (4-n) NOj" (aq)
+ 2TBP (org) = Pu(N03)4(TBP)2(org)

In solutions containing sulfate ion, tetravalent 
plutonium is strongly complexed, and the ex­
tractable plutonium nitrate ion exists in equi­
librium with the undissociated and inextractable 
plutonium sulfate
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4 8-DAY COOLING
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Fig. 1 — Processing of material from the homogeneous plutonium producer. Basis: uranium, 
1550 kg/day; plutonium, 965 g/day.

The use of tributyl phosphate for uranium and 
plutonium recovery has received extensive eval­
uation, and losses of less than 0.1 per cent for 
both elements are readily attainable in each 
solvent extraction cycle.3’* The required sepa­
ration of uranium and plutonium from fission 
products, and from each other, can be obtained 
in two cycles. The major uncertainty associated 
with this solvent-extraction scheme is the ob- 
tainment of adequate plutonium recovery in the 
presence of sulfate ion.

The mechanism of plutonium extraction by 
the tributyl phosphate involves the plutonium(IV) 
ion as follows:

Pu(NOs)Jj"n (aq) + sSO”
= Pu(S04)*-21 (aq) + nN03 (aq)

By the addition of nitric acid to the system, this 
equilibrium may be displaced in favor of the 
solvent-extractable plutonium nitrate. In the 
proposed system the mole ratio of sulfate ion 
to uranium is unity. Good uranium and plutonium 
recoveries have been demonstrated in the Oak 
Ridge National Laboratory’s metal-recovery 
operations where the mole ratio of sulfate ion 
to uranium was 0.24. At Knolls Atomic Power 
Laboratory, under conditions similar to those 
proposed here, uranium recovery of greater
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than 99.9 per cent in TBP extraction was ob­
tained at a 48 mole ratio of sulfate ion to 
uranium.

Some uncertainty arises from the short cooling 
time which is proposed in this scheme since the 
behavior of short-lived fission products, such 
as iodine, in tributyl phosphate extraction is 
unknown. This problem is simply alleviated, at 
the expense of greater fuel inventory, by in­
creasing the cooling time to 90 days.

U233 Breeder
At the present time the most probable breeder 

is one which operates with a U233-solution core 
surrounded by a blanket of thorium oxide slurry 
containing 1000 g of thorium per liter in heavy 
water. If the core of this reactor is 10 ft in di­
ameter, then the blanket must contain about 40 
tons of thorium for less than 1 per cent neutron 
loss. For such a reactor, operating at about 
600 megawatts, a reasonable chemical process­
ing period is about 650 days. The capacity of 
the blanket-processing plant for this reactor 
would be about 60 kg of thorium per day, and the 
U333 output would be 715 g. Of this 715 g, 605 g 
must be returned to the reactor core for fuel. 
The rate of processing of the U233 in the core 
depends on the amount of fission-product poison 
that can be tolerated. This is not yet known for 
such a reactor.

The first step in the processing of both core 
and blanket would consist in heavy water removal 
and conversion to a light water system. The 
processing of the U233 core would be similar to 
that described for the plutonium producer, but 
on a much smaller scale.

The thorium oxide blanket, containing U233, 
Pa233, and fission products, would be cooled for 
eight months to permit the decay of Pa233 to U233. 
The thorium oxide would then be dissolved in 
boiling 16M nitric acid containing 0.05M hydro­
fluoric acid catalyst.5 U233 separation from tho­
rium and fission products would be effected by 
solvent extraction using either methyl isobutyl 
ketone or tributyl phosphate as the solvent. A 
U233 recovery of 99.9 per cent would be obtained 
in the one solvent-extraction cycle required for 
separation from fission products. The methyl 
isobutyl ketone process has been demonstrated 
at ORNL during a program8 which recovered 
350 g of U233, but it isfeltthat a similar tributyl

phosphate extraction process, although undem­
onstrated, would be feasible and more desirable.

The fertile thorium would finally be recovered 
by solvent extraction with tributyl phosphate, 
using nitric acid as the salting agent. Thorium 
recoveries of 99.9 per cent are indicated from 
laboratory work,7 and one solvent-extraction 
cycle would provide adequate separation from 
fission products. Finally, the thorium nitrate 
would be decomposed, by heating, to thorium 
oxide for reuse. Figures 4 and 5 show the sug­
gested processing scheme for a U233-breeder 
blanket of thorium oxide slurry.

PRESENT STATUS OF CHEMICAL PROCESSES
FOR ALTERNATE SYSTEMS

A number of alternates are being considered 
for the uranyl sulfate fuel in the plutonium pro­
ducer and for the thorium oxide of the breeder. 
These alternates are being investigated pri­
marily because they offer advantages for ob­
taining useful power from the reactor or because 
they have more desirable nuclear properties.

Plutonium Producers
1. U02(NQ.,)2 System. The efficient operation 

of a plutonium producer employing uranyl nitrate 
as fuel would necessitate the use of N15 in the 
nitrate ion since naturally occurring nitrogen 
has an excessively high neutron-capture cross 
section. N15, produced at present by a chemical- 
exchange reaction in the NH3-NH4 system, is 
prohibitively expensive for serious considera­
tion. However, more promising systems are 
now being investigated and may yield an eco­
nomically feasible source of this isotope. The 
processing schedule and cooling requirements 
of this system would be similar to those of the 
uranyl sulfate reactor. Removal of heavy water 
and N15 from the fuel would constitute the first 
step in the chemical processing. In this case 
evaporation of the fuel would yield, first, an­
hydrous uranyl nitrate and, finally, uranium 
trioxide. Heavy water and DN1503 would be ob­
tained as condensate for reuse in the make-up 
of a fresh fuel batch. The production of uranium 
trioxide is well established in Atomic Energy 
Commission technology, and it seems certain 
that very low heavy water and Nls losses could 
be realized since uranium trioxide is now pro-

X
or 7
^ V. •
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duced routinely and in large quantities, con­
taining 0.1 and 0.6 wt. % water and nitric acid, 
respectively.

The decomposition of uranyl nitrate yields 
nitrogen dioxide, necessitating the addition of 
oxygen and heavy water to form DN1503. The 
conversion of nitrogen oxides to nitric acid is 
a problem which is now being investigated ex­
tensively in connection with fumeless uranium-

nitrate with nitric acid and decontaminated by 
the standard Purex process (see Fig. 6).

2. U02F2 System. The chemical processing 
of the uranyl fluoride system presents no un­
usual difficulties that have not already been 
discussed in connection with uranyl sulfate and 
uranyl nitrate. It is felt that the most satisfac­
tory removal of heavy water could be accom­
plished by evaporation to uranium trioxide,
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Fig. 6—Chemical processing of material from UNH-fuel plutonium producer. Basis: ura­
nium, 1550 kg/day; plutonium, 965 g/day.

dissolving procedures. In a short time con­
siderable data on the recovery of the oxides of 
nitrogen should be available.

The principal problem associated with the 
foregoing proposal lies in the development of 
suitable equipment for calcining highly radio­
active materials. Considerable progress has 
been made along this line at KAPL, where a 
drum dryer for converting highly radioactive 
liquid wastes to powders was investigated.

Having obtained the uranium in the form of 
uranium trioxide, it is easily converted to uranyl

using the condensate from this step for make-up 
of fresh fuel. This evaporation is a difficult one 
from the standpoint of obtaining a satisfactory 
corrosion-resistant material, and considerable 
research along this line would be required.

If appreciable fluoride ion was present in the 
solvent-extraction feed, considerable complex- 
ing of tetravalent plutonium, as the inextractable 
fluoride, would occur. This difficulty has been 
successfully alleviated in the past by formation 
of the stable fluoaluminate ion on the addition 
of excess aluminum nitrate to the system. In
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the worst case so much aluminum nitrate, 4 
moles per mole of fluorine, might be necessary 
that this system would appear quite unattractive 
from a processing standpoint.

3. Slurry Fuels. One promising fuel for a 
homogeneous plutonium producer consists of a 
slurry of uranium trioxide stabilized by benton­
ite, an insoluble, complex aluminum silicate. 
The first step in the processing of such a fuel 
would be evaporation for heavy water removal. 
The uranium in the cake would be dissolved in 
nitric acid, and the bentonite would be removed 
by filtration. Finally, the Purex process would 
be employed for decontamination of uranium 
and plutonium.

A serious problem in the chemical processing 
of slurry fuels stabilized with bentonite arises 
from the fact that bentonite contains about 5 per 
cent water of constitution. It seems likely that 
exchange would occur between protium and 
deuterium. Subsequent recovery of the deute­
rium would undoubtedly be difficult. This prob­
lem requires further study.

Bentonite also possesses ion-exchange prop­
erties, and appreciable quantities of plutonium 
and uranium would undoubtedly be adsorbed on 
the material. If bentonite proves to have ade­
quate chemical and radiation stability, it may 
be used repeatedly as a stabilizer for fresh fuel 
batches, and the problem of uranium and plu­
tonium holdup is not a serious one. If it does 
not possess sufficient stability for reuse, a 
method for quantitatively eluting these ions 
must be developed.

At the present time slurries that do not re­
quire bentonite stabilization are under develop­
ment. Should this program prove successful, 
the chemical-processing problems introduced 
by the presence of bentonite would be eliminated.

U233 Breeders
1. Th(NOa)4 Blanket. A satisfactory thorium 

nitrate breeding blanket would necessitate the 
use of N15 in the anion. It is felt that with this 
system the solvent extraction of the U233 could 
be carried out in a deuterated-N15 system which 
would leave the thorium unaltered for return to 
the blanket. A small amount of deuterium and 
N1S would follow the U233 into the solvent, but it 
seems likely that by using a deuterated water 
strip the recovery of both heavy water and N15 

from the small amount of U233 would be simpler

than making the same recovery from the bulk 
thorium.

2. Fused-salt Blanket. The development of 
a fused-salt breeding blanket is now under way. 
A satisfactory system should have a melting 
point of about 300°C and contain greater than 
1000 g of thorium per liter; the ratio of neutron- 
capture cross section for thorium to total other 
constituents should exceed 10. If a satisfactory 
system is found, it will probably be a melt of 
ThF4 and one or more of the following: BeF2, 
A1F3, BiFs, PbF2, MgF2, Li7F, and ZrF4. The 
chemical processing of this blanket would con­
sist in periodic U233 removal and less frequent 
separation of thorium from fission products. 
At the present time the most certain, although 
unwieldly, method of handling this problem ap­
pears to be the conversion of the fluoride melt 
to an aqueous system by the addition of excess 
aqueous aluminum nitrate to complex the fluoride 
ion. The U233 would then be recovered by hexone 
extraction, and the thorium would be decontami­
nated by extraction with tributyl phosphate. Both 
of these processes have been described previ­
ously. It is to be emphasized that the only merit 
to this scheme is that it almost certainly is 
workable; many more sophisticated, butvmtried, 
approaches are obvious.

PROSPECTS FOR IMPROVED HOMOGENEOUS-
REACTOR PROCESSING

The processes previously proposed for hand­
ling reactor systems were selected as those 
appearing to be most certain of success in the 
present state of our knowledge. In every case 
the process presented has serious disadvan­
tages. The purpose of this section is to describe 
processing techniques which will substantially 
better the position of homogeneous reactors for 
plutonium production and breeding.

Plutonium Producers
It was previously indicated that Pu240 build-up 

determines the processing frequency in the case 
of a plutonium producer. If a method for con­
tinuously removing plutonium and fission prod­
ucts were available, the reactor could then be 
operated until enrichment of the fuel was neces­
sary and the equivalent of the entire loading 
subjected to decontamination from fission prod­
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ucts every 31 days instead of every 12 days. 
This change in the quantity of uranium handled 
assumes a higher enrichment of feed to the 
reactor than the previous case. One of the most 
promising development fields in homogeneous- 
reactor processing therefore is the continuous 
removal of plutonium from the fuel without 
otherwise altering its composition. A second 
field of effort which is being pursued is the re­
moval of high-cross-section fission products.

Solvent extraction by the Purex process ap­
pears at the present time to be the optimum 
method for decontaminating uranium sufficiently 
to permit its return to a diffusion plant.

1. Ion-exchange Applications. An ion-ex­
change process8 for the separation of plutonium 
from uranium and fission products reached a 
high state of development at the Chicago and 
Clinton laboratories as an alternate to the bis­
muth phosphate process. When a homogeneous 
reactor was being considered in 1945 at the 
Clinton laboratories, the inherent advantages of 
ion exchange as a means of continuously decon­
taminating the fuel solution were recognized.9 

More recently a program has been under way in 
the Chemical Technology Division at ORNL to 
study the application of ion exchange to the 
homogeneous-reactor processing problem. This 
program has evaluated several ion exchangers, 
both organic and inorganic, for their ability to 
adsorb fission products. It has been shown that 
organic exchangers are probably sufficiently 
stable toward radiation for use in the processing 
problem at hand and that all the high-cross­
section nongaseous fission products may be re­
moved by ion exchange.

A number of exchange materials have been 
evaluated for their ability to remove fission 
products from uranyl sulfate solution, and it 
has been found that the use of a three-adsorbent 
system yields essentially complete removal of 
fission products. The optimum adsorbents are 
as follows: fuller’s earth, which removes zir­
conium, niobium, and cesium; Dowex-50 cation 
exchanger, which removes plutonium, the rare 
earths, strontium, and barium; and Dowex A-l 
anion exchanger, which removes molybdenum, 
ruthenium, and tellurium. For a plutonium pro­
ducer, only a Dowex-50 bed, removing plutonium 
and high-cross-section fission products, would 
be required.

A serious problem confronting the use of ion 
exchangers is the relative instability of these 
synthetic organics in very high radiation fields. 
A program designed to obtain a quantitative 
evaluation of radiation effects on the exchange 
capacity of organic resins is now under way. 
Samples of Dowex-50 irradiated in the 1500- 
curie Co60 source showed a linear decrease in 
adsorption capacity with respect to exposure 
time. For each kilowatt-hour of radiation ab­
sorbed per kilogram of resin the material lost 
10 per cent of its ion-exchange capacity. This 
radiation effect is not excessive for the homo­
geneous-reactor processing which is now vis­
ualized. For example, to maintain a fission- 
product concentration equal to 1 per cent of the 
U235 in the HRE, 5 per cent of the fuel would be 
processed per day after one day of cooling. 
This batch would be processed in 1 hr, through 
a 17-g Dowex-50 resin bed. The radiation dam­
age to the resin would be equivalent to about 1.2 

kw-hr per kilogram of resin, or it would de­
crease the exchange capacity by only 12 per cent. 
This effect is of the same order of magnitude 
as that expected in an actual plutonium producer 
employing a correspondingly larger bed.

There has been operating experience at ORNL 
in the use of ion-exchange resins at the high 
radiation levels encountered in the radiobarium 
production process.10 In a pilot-plant run in­
volving the adsorption of 6700 curies of gross 
activity on a Dowex-50 resin column, the resin 
was irradiated to the extent of 1.8 kw-hr/kg. 
Radiation damage in this case destroyed about 
20 per cent of the ion-exchange capacity; how­
ever, in a subsequent separation of barium and 
strontium no unusual effects were observed. In 
the future, ion-exchange purification will be 
employed routinely for producing 10,000-curie 
batches of radiobarium at ORNL. This proc­
essing involves resin that receives damage 
which is equivalent to 0.6 kw-hr per kilogram of 
resin. In view of the foregoing experience and 
the radiation damage data, ion exchange may be 
expected to play a useful role in homogeneous- 
reactor processing. At the same time much more 
information on radiation stability is required be­
fore we may feel safe in exploiting ion exchange 
fully at high fission-product concentrations.

Figures 7 and 8 show the type of chemical 
processing, coupling ion exchange with Purex,
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Fig. 8—Chemicid processing of material I homogeneous plutonium producer; plutonium 
and uranium recovery. Basis: (from ion exchange) uranium, 191 kg day; plutonium, 800 g day; 
(from the reactor) uranium, 409 kg/day; plutonium, 84 g/day; neptunium,82 g/day.
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which is visualized for the homogeneous pluto­
nium producer. By including an ion-exchange 
cycle for plutonium removal and by using higher 
feed enrichment, it is possible to employ a 31- 
day processing cycle instead of a 12-day cycle 
for the uranium which must be decontaminated 
prior to reenrichment. Each day 3810 kg of 
uranium would be withdrawn from the reactor, 
cooled one day, and passed through an ion-ex- 
change column, where plutonium and fission 
products would be removed.

The ion-exchange cycle would employ Dowex- 
50 resin previously placed in the uranyl form 
by regeneration with a heavy water solution of 
uranyl sulfate. Consequently, only plutonium 
and fission products would be removed from the 
fuel, and uranium from the resin would be added 
to it. The effluent uranyl sulfate solution from 
the ion-exchange column would be returned to 
the reactor without further chemical treatment. 
At the end of the adsorption cycle the resin would 
contain essentially all the plutonium and cationic 
fission products plus about 191 kg of uranium 
and 55 kg of heavy water. These materials would 
then be eluted from the column with nitric acid 
and combined with 409 kg of uranium, taken di­
rectly from the reactor and separated from the 
heavy water. This solution would comprise the 
feed to the solvent-extraction plant and would 
contain 600 kg of uranium, 884 g of plutonium, 
and 82 g of Np239. Following 14 days of cooling 
to permit decay of the Np239, this solution would 
be fed to the Purex plant where uranium and 
plutonium would be extracted with tributyl phos­
phate. The solvent extract would then pass to a 
second column where plutonium would be re­
moved in a reducing strip solution. Finally, 
uranium would be stripped from the solvent 
with water and sent through a second tributyl 
phosphate extraction cycle for further decon­
tamination before it is returned to the enrich­
ment plant. The plutonium would then be further 
purified in a second tributyl phosphate extrac­
tion cycle carried out in small critically safe 
equipment.

The economy of plutonium recovery by an 
ion-exchange solvent-extraction recovery proc­
ess will depend heavily on the deuterium losses 
which are encountered. Ion-exchange resins 
contain three types of hydrogen: (1) that which 
is present as an integral part of the molecule, 
such as benzene, methylene, and hydroxyl hydro­

gen; (2) that which is loosely bound (water of ge­
lation); and (3) that which occupies an exchange­
able position. The last source of hydrogen may 
easily be eliminated from a processing system 
by utilizing the resin in the uranyl form. Ex­
change between deuterium and protium in Am- 
berlite IR-1 resin, which contains about 6 per 
cent constitutional hydrogen and about 15 per 
cent water of gelation, has been investigated.11 

It was found that exchange took place rapidly 
and completely between the water of gelation 
and heavy water but that no constitutional pro­
tium was involved in the exchange. Since water 
of gelation is easily removed by heating the 
resins, there is a good possibility that ion ex­
changers may be employed in deuterated sys­
tems with very low losses of deuterium. This 
work on protium-deuterium exchange in organic 
resins should be extended, particularly to in­
clude anion exchangers where there is reason 
to believe the picture may not be so optimistic.

The successful removal of plutonium and fis­
sion products from the reactor by ion exchange 
is dependent upon their being present as ionic 
species. In the proposed fuel system, at a pH 
of 2, there is a strong likelihood that plutonium 
would polymerize or hydrolyze. Fortunately 
tetravalent plutonium is complexed strongly by 
sulfate ion, and this reaction tends to inhibit 
polymerization or hydrolysis. It is not possible 
at present to accurately predict the net effect of 
these forces, and a program aimed at determin­
ing the chemical form of plutonium and fission 
products in the fuel should be instigated.

2. Thenoyl Trifluoroacetone Extraction. The 
chelate compounds formed between thenoyl tri­
fluoroacetone (TTA) and many metals have been 
studied extensively, and a solution of this reagent 
in benzene has been proposed as a solvent for 
separating plutonium from uranium and fission 
products. TTA extraction offers an excellent 
method for removing plutonium from the reactor 
solution; however, there is little possibility that 
the desired elimination of high-cross-section 
fission products could be effectively accom­
plished by this means. Nevertheless the feas­
ibility of employing TTA should be explored 
more fully, particularly for final cleanup of 
the plutonium obtained from the ion-exchange 
column.

3. Electrolysis. Electrolytic techniques for 
removing plutonium and fission products from
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homogeneous-reactor systems are attractive products appear very promising from the stand-
since radiation-damage problems are minimized point of low cost and minimum waste disposal
and process-reagent costs are extremely low. and should be investigated further. The chief 
The electrolytic precipitation of a small amount obstacle confronting electrolytic operations for
of uranium has been used successfully to remove handling radioactive materials at the present
rare earths and plutonium from a sodium bi- time is felt to be the lack of project experience.

-Add BrF-x to
maintain U as UFr

PRODUCTBOILERS

HIGH
BOILERS

HIGH
BOILERS

NONCONDENSABLES

Fission Products 
Tempsrture ^300°C

4.0 X104 kg ofTh
as ThF4 In fused

BREEDING
BLANKET

715 g of U'

CRUDE PRODUCT 
CONDENSATE

Fig. 9—Volatilization recovery of U23S from a fused-salt breeding blanket. Basis: continuous 
removal from blanket of 715 g/day of U233.

carbonate solution.12’13 The passage of fuel so­
lution through a diaphragm cell in which a high 
uranyl-ion concentration would be reached re­
sults in the precipitation of a small amount of 
uranium. This precipitate carries plutonium 
and the rare earths almost quantitatively. The 
simple electrolysis of uranyl sulfate containing 
fission products has resulted in good removal 
of iodine, ruthenium, and molybdenum. Finally, 
it seems likely that certain fission products, 
such as cesium, could be effectively separated 
from uranium by electromigration through a 
diaphragm into a separate cell compartment. 
Electrochemical methods of separating reactor

U233 Breeders

Volatilization of uranium hexafluoride from a 
fused-salt breeding blanket offers an attractive 
processing possibility for an otherwise difficult 
system. On bubbling fluorine gas through the 
fused-salt blanket, the fluorides of uranium, 
selenium, bromine, krypton, niobium, molyb­
denum, tellurium, ruthenium, palladium, anti­
mony, iodine, and xenon would be removed al­
most completely since their boiling points are 
near or below 300 C. Zirconium, rhodium, and 
indium would be partially removed at the column 
head, and the other elements having high boiling
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points would be removed from the still pot. This 
process is shown in Fig. 9. Some special type 
of equipment may be needed to keep the uranium 
losses low.

CONCLUSIONS

The previous discussion has pointed out that 
our present state of knowledge does not permit 
the unqualified proposal of those processes 
which contribute most to the ultimate simplicity 
of homogeneous reactors as fissionable-mate- 
rial producers. This results from the fact that 
most of the process systems and requirements 
are unique to homogeneous reactors and there 
has been little cause in the past to examine them. 
In general, the major uncertainties involve ra­
diation stability, the handling of deuterium and 
N15 contaminated with fission products, the 
chemical state of plutonium formed in homo­
geneous reactors, the solvent-extraction chem­
istry of short-cooled material, the chemistry 
of neptunium, and the chemistry of bentonite. 
It is felt that a large portion of future proc­
ess development should be expended on these 
problems.

The effect of radiation on ion-exchange resins 
determines how long fuel must be cooled before 
plutonium and fission products are removed. 
This cooling inventory influences the over-all 
economy of reactor operation. Similarly, it is 
conceivable that the stability of tributyl phos­
phate will determine the minimum cooling time 
before fuel processing. It is therefore important 
that quantitative data on the effect of radiation 
on organic exchangers and organic solvents be 
obtained. A comprehensive program employing 
the Co80 source, Van de Graaff irradiations, and 
the actual reactor exposures should be initiated 
soon. At the conclusion of this study it should 
be possible to define quite closely the highest 
radiation levels to which ion-exchange resins 
and organic solvents may be subjected and still 
retain their process usefulness. A similar study 
evaluating gasketing material, protective coat­
ing, and plastics should also be conducted.

Much information is needed on the handling of 
deuterium and N15. Methods of removing them 
from pertinent fuels should be developed, and 
reliable data should be obtained on the losses 
that may be expected. The engineering prob­
lems involved here are formidable since many

of the systems employ highly corrosive mate­
rials. The engineering program should be car­
ried out concurrently with the chemistry studies. 
In addition, the exchange reactions between 
protium and deuterium in ion exchangers and 
organic solvents should be investigated and 
thoroughly understood if these materials are to 
be used extensively.

The economics of plutonium production in 
homogeneous reactors is significantly enhanced 
by the continuous removal of plutonium and fis­
sion products. Since there is some doubt that 
plutonium exists in an exchangeable ionic form 
in this system, considerable effort should be 
made to establish its true state as soon as pos­
sible. In the event that it is found not to be ion 
exchangeable, methods of converting it to a satis­
factory form need to be investigated. This same 
consideration should be applied to the high- 
cross-section fission products.

Most available data on the separation of ura­
nium and plutonium from fission products have 
been obtained with material cooled for 100days. 
In homogeneous-reactor processing a cooling 
time of about 18 days is adequate for the decay 
of neptunium. The effectiveness of solvent ex­
traction for decontaminating short-cooled ma­
terial should be studied, and the cooling time 
should be correlated with the efficacy of the 
separation of uranium and plutonium from fission 
products. If certain short-lived fission products 
impair the processing of relatively young ma­
terial, specific measures should be devised for 
their removal.

Present thinking on plutonium-producer proc­
essing includes a decay period for the conversion 
of neptunium to plutonium. Radiation stability 
and solvent-extraction efficiency permitting, 
this cooling time could be reduced, with an at­
tendant decrease in fissionable-material inven­
tory provided neptunium could be recovered 
with plutonium in the Purex processing. There 
are meager data which indicate that neptunium 
may be made to follow plutonium in the Purex 
process. A study should be instituted on the 
solvent-extraction chemistry of neptunium with 
the foregoing objective in mind.

The most promising uranium and thorium 
slurries that have been found to date employ 
bentonite as a stabilizing agent. A relatively 
minor program aimed at evaluating the protium- 
deuterium exchange reactions of bentonite should
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be undertaken. In addition, methods of eluting 
uranium and plutonium from the bentonite ex­
change positions should be sought.

The problems which have been mentioned are 
serious ones which deter the use of the optimum 
processing schemes for homogeneous reactors. 
The time schedule that the solution of these 
problems follows is only slightly less important 
than their ultimate solution. If the HRE is dem­
onstrated to be operable, there is a strong like­
lihood that the decision will be made soon there­
after to build a large-scale homogeneous pluto­
nium producer which may be of intermediate 
power level. Consequently, chemical-process­
ing developments should be paced by the HRE, 
and every effort should be made to have an 
integrated process for plutonium recovery de­
veloped to the point where its essential features 
may be evaluated in the HRE soon after start-up. 
Therefore it is concluded that every effort should 
be made to obtain fairly definitive answers to all 
the above problems within the next year.
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PURPOSE OF REACTOR

The practice of using working models or pilot plants 
as experimental aids in designing and developing en­
gineering equipment, machines, structures, and proc­
ess plants is well recognized. In many applications 
the model or pilot plant may be fully developed func­
tionally and may be capable of simulating simultane­
ously all the essential factors that are associated with 
the actual operation and performance of the full-scale 
facility under consideration. A model of this sort of­
fers the final and most reliable means of appraising 
the performance, prior to actual construction and 
operation, of the prototype in question. To date this 
practice has not been exploited in designing and de­
veloping nuclear reactors, but the discussion here of 
the Engineering Test Reactor (ETR) indicates how this 
might be realized.

Criticality, which is peculiar to nuclear reactors, 
presents a problem in the achievement of small-scale 
working models of prototype reactors. If the most 
direct approach is taken to satisfy criticality, the re­
sult is simply the full-scale prototype. Thts, one is 
confronted with a large and expensive high-power 
installation rather than a relatively inexpensive low- 
power working model. The crux of the difficulty in 
obtaining a small working model of a nuclear reactor 
is, of course, the inability of a subcritical amount of 
neutron multiplying material to support its own leak­
age. It is the function of the proposed ETR to sustain 
the leakage from such subcritical models and thereby 
to provide conditions within the model approximating 
those which would exist if the model were operated 
with the remainder of its prototype. Stated another 
way, the purpose of the proposed reactor is to simu­
late the nuclear boundary conditions which would pre­

vail over the subcritical specimen if the specimen 
were a part of the operating prototype under consid­
eration.

Since the prime function of this proposed test reac­
tor is merely to sustain a moderately high neutron- 
flux density throughout the test cavity to be occupied 
by scale models, considerable latitude is permitted in 
the reactor design. It is possible to keep the amount 
of critical materials, the cooling requirements, and 
the cost very small, as compared to full-scale isotope 
producers or high-power reactors, through the use of 
enriched fuel elements. Furthermore, this neutron- 
supporting reactor need not be remade for each work­
ing model tested. It can be a permanent facility in 
which a variety of working models, one at a time, can 
be inserted and tested. This will further reduce the 
cost per model test.

The ETR is viewed here as another useful experi­
mental aid to the design and development of nuclear 
reactors. The approach should not be regarded as 
superseding such existing experimental aids as ex­
ponential and criticality experiments or any other 
component mock-up test of limited scope. Instead, 
the proposed attack is intended to close the rather 
large experimental gap existing at present between an 
exponential or criticality experiment of zero' power 
and the full-scale high-power operating prototype.

Although the principal function expected of this re­
actor is to obtain the advantages of the working-model 
or pilot-plant concept in nuclear reactor development, 
there are also a number of other uses to which it could 
be put. Some of these uses are

1. Radiation damage studies
2. Investigation of radioactivity acquired by cool­

ants
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3. Studies of corrosion in the presence of nuclear 
radiation and neutron flux

4. Investigation of heat transfer from fuel elements 
for which out-of-pile mock-ups are inadequate 
or even impossible

5. Experimental isotope production

cent for the same neutron flux if a 2-ft test hole was 
used.

The ETR should be capable of supporting a fairly 
high neutron flux throughout the test region. It is be­
lieved that a flux intensity of at least 1013, 
is desirable.

Table 1 —Comparison of Six Engineering Test Reactor Configurations Having a 1-ft-diameter Test Hole

Moderator
Reflector:

Graphite Graphite d2o d2o DaO d2o

Material Graphite Graphite d2o d2o Graphite Graphite
Thickness, ft 1.3 1.5 1.3 1.5 1.5 1.6

Space density of u235,* g/cc 0.135 0.067 0.135 0.067 0.135 0.067
Core radius, ft 2.54 3.20 1.17 1.46 1.26 1.57
Core height, ft 5.0 6.4 2.0 2.6 2.2 2.8
Number of fuel rods 42t 67t 42t 70t 49* 85l
Weight of U”“, kg 8.2 8.3 1.75 1.88 2.27 2.50
Center-of-rod power, kw 152 179 51 64 54 67
Reactor power, megawatts 4.4 8.0 1.6 3.4 1.9 4.0
Average nv^ , neutrons/cm2/sec 1.2X1011 2.2 X 10" 2.1 x 10" 4.0X10” 1.9X 10” 3.7 X 10”
Peak nVfl,, neutrons/cm2/sec 2.3 X 10" 4.6 X 10” 3.3 X 10" 6.3 X 10” 3.2 x 10” 6.1 x 10”
Peak nv/average nv
Average power density in fuel,

1.87 1.90 1.56 1.56 1.66 1.66

watts/g U235 537 970 925 1780 840 1620
K_ 1.70 1.47 1.79 1.61 1.81 1.61
L2 (thermal diffusion area), cm2 276 388 71 106 71 106
Lf (slowing down area), cm2
DaO, metric tons

372 372 127
2.8

127
5.0

127
0.35

127
0.69

•u*” is assumed to be dispersed uniformly in aluminum, forming rods or slugs of Al-U”5 alloy. (Equals 0.135 for natural U.) 
(These Al-U3™ alloy fuel rods are 1.36 in. O.D. and are sheathed with 0.040-in. thick aluminum, giving an over-all outside diame­

ter of 1.44 in.
(These Al U”‘ alloy fuel rods are 1.00 in. O.D. and are aluminum sheathed giving an over-all outside diameter of 1.08 in.

GENERAL REQUIREMENTS OF REACTOR

The reactor proposed for serving the above function 
should have a centrally located test hole in order that 
the" region of largest and most uniform neutron flux 
may be utilized. This test region should be large 
enough in cross section to allow the testing of a lat­
tice of reasonable cell radius, and, at the same time, 
should be of sufficient length to prevent objectionable 
end effects. A vertical hole extending completely 
through the reactor seems preferable from the stand­
point of ease of assembling the test specimen and its 
auxiliary equipment. Furthermore, destructive failure 
of the test specimen is less likely to cause serious 
damage to the reactor than it would in a horizontal 
test hole. The over-all size, cost, and cooling re­
quirement of this supporting reactor increases with 
the test-hole size, but a through test hole not smaller 
than 1 ft in diameter would appear to be a satisfactory 
compromise inasmuch as this would accommodate the 
lattice of any reactor that has been suggested to date. 
In the example which follows, the bare core volume 
and reactor cooling would be increased about 60 per

At higher
neutron densities the cooling limitations associated 
with these cylindrical fuel rods would cause the nec­
essary amount of critical materials and reactor 
cooling to be undesirably large even though enriched 
fuel is utilized.

Unquestionably, the design and construction can be 
facilitated and the cost of the reactor can be greatly 
reduced if it is basically one for which most of the 
design details have already been proved by actual 
operation. By mak­
ing use of them, much time and effort that might other­
wise go into designing and developing new fuel ele­
ments, control components, internal cooling schemes, 
etc., can be eliminated. Although the main function of 
this test reactor may be considered new, the reactor 
itself need not entail a host of new design details. In­
stead, it appears that a very useful test reactor can 
be designed around presently available, well-tried 
reactor components.

It is important that the amount of critical materials, 
the cooling requirement, and the cost of the proposed 
facility be commensurate with its utility. Preliminary 
study indicates that these requirements can be met

218
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Fig. 1 — Engineering Test Reactor.
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satisfactorily. Some consideration has been given to 
a number of possible reactor configurations; the re­
sults are given in Table 1. These tabulated results

Table 2—Specifications for the Engineering Test Reactor

Basic idea Reactor is to be constructed
from parts which are now 
standard in AEG installa­
tions. This will result in a 
minimum of design effort, 
will eliminate the necessity 
for an extensive program of 
component development, and 
will permit a realistic esti­
mate of cost and a short con­
struction time

Reactor Core is a 10-ft graphite cube
(graphite blocks of Hanford 
W design)

Contains 120 horizontal water- 
cooled fuel channels (Han­
ford W process tubes and 
fittings)

Fuel is enriched U-Al alloy 
canned in aluminum (simi­
lar to that used in H pile)

Critical mass is 8.3 kg of U235

Power is 8 megawatts

nvo, average = 2.2 X 1013 
(4.6 X 1013, peak)

Cooling system Recirculating, closed, distilled
HjO, with heat exchangers 
and cooling tower

Experimental facilities At the center of the core there
will be one 12-in. vertical 
hole in which experimental 
fuel rods or full-scale sec­
tions of reactor's can be 
tested. The rear shield is 
10 ft thick an3 is used for 
fuel storage to permit ad­
justment of loading * 1 2 3

conform to the following assumed allowable cooling 
conditions for aluminum-sheathed fuel rods:

1. Cooling water inlet temperature = 85°F
2. Maximum allowable sheath temperature = 190°F
3. Cooling-water velocity = 25 ft/sec

Flexibility in the design of the reactor is important 
to the extent that some variation in the fuel distribu­
tion should be possible. This would permit testing a 
variety of reactor components comprising a wide 
range of . Also, two or more shielded regions ad­
jacent to the shielded reactor might be provided so 
that one test could be assembled while another test 
was being run. This would reduce the change-over 
time between the testing of different models. More 
advanced or elaborate facilities to serve the intended 
purpose might be justified at some future date after 
experience has been derived from the one proposed. 
At present, however, a fairly simple, straightforward 
version is believed preferable.

EXAMPLE

As an example. Fig. 1 depicts an engineering test 
reactor for which the characteristics are approxi­
mately those of column 2 of Table 1. (Specifications 
for the ETR are shown in Table 2.)

The rear shield, which is 10 ft thick, 
provides for adjustment of the loading as required for 
the particular test in progress. The fuel in any chan­
nel can be pushed out of the core and stored tempo­
rarily in the rear shield. Concrete-block shielding 
which can be handled by the crane is used around the 
test assembly and at the discharge face. The fuel 
rods are cooled by distilled water which is recircu­
lated in a closed system through shell and tube heat 
exchangers. Heat is liberated to the atmosphere by 
means of water evaporation through an induced-draft 
cooling tower.

An estimate, based upon building costs for a re­
search laboratory installation recently completed in 
the Los Angeles area, indicates that the complete unit, 
including reactor and control, reactor building, and 
cooling system, can be built for less than $2,000,000.
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INTRODUCTION

Throughout the classified literature on the working 
of uranium, it is cautioned that the working of the 
metal in the beta phase be avoided.1 Working in either 
the gamma or alpha phase has become routine prac­
tice, while the beta phase is avoided because of its 
brittleness. Beta uranium is not brittle per se, it is 
only less ductile than alpha or gamma. The working 
of uranium in the beta condition is not only feasible 
but has been done several times.

The evidence that beta-phase uranium is ductile is 
worthy of review in view of the widespread opinion 
that it is brittle.

Hardness measurements2 have been made on ura­
nium throughout the range of temperatures from room 
temperature up to the temperature of the gamma 
phase. In general, the results agree that beta at 700°C 
is no harder than alpha is at 500°C. These hardness 
data are plotted in Fig. 1. Alpha at 500°C can be 
worked readily. Therefore on the basis of hardness 
it would be predicted that beta should deform as 
readily.

Extrusion pressures have been measured by Ar­
nold3’4 for material extruded in the high alpha and 
beta temperature ranges. The beta phase at 700°C or 
above requires less pressure to extrude than alpha at 
600°C. Between 650 and 700°C the beta phase (or more 
likely a mixture of beta and alpha) requires a some­
what higher pressure for extrusion than does alpha at 
600°C. It Is certain, however, that beta uranium is 
not brittle in extrusion. Some of the extrusion data 
collected by Arnold are shown in Fig. 2.

Compression tests5 have been made on uranium at 
several temperatures from room temperature up to 
750°C. The load required to deform 0.505-in.-diam­
eter material 10 and 20 per cent in compression is 
shown in Fig. 3 for temperatures up to 750°C. These 
data indicate a ductility of at least 20 per cent for the 
beta phase. Furthermore, no greater pressure is re­
quired to deform beta uranium at 700°C than to deform 
alpha uranium at 500°C.

On a few occasions uranium has been roiled in the 
beta phase successfully. Bergson and Treco5 have 
rolled uranium in the beta phase up to 61 per cent 
reduction without apparent difficulty. However, they 
carefully maintained their temperatures so that any 
particular pass was done with the material precisely 
at 700°C by reheating between passes. Beta uranium 
also has been rolled from 1.36 to 0.875 in. in diam­
eter at Battelle.7 However, it was found at Battelle 
that an initial billet temperature of 750°C was neces­
sary to produce good beta-rolled rods. Lower or 
higher initial temperatures resulted in cracking. Ura­
nium slugs have been rolled with finishing tempera­
tures of 1250°F (677°C) or higher without difficulty.5 
While this material may not have been beta, it had the 
characteristic coarse grains of beta-worked material.

Recently Cooley2 of the KAPL metal-working lab­
oratory rolled a 0.500-in.-thick billet of uranium to 
about 0.040-in.-thick sheet at a temperature of 740°C. 
The material was carefully maintained in the beta 
phase by reheating between every pass. Reductions of 
about 15 per cent were made on each pass. The only 
difficulty experienced was the poor surface condition 
caused by excessive oxidation. Material that can be
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rolled into sheet without jacketing and at reductions 
of 15 per cent per pass is ductile.

Further important evidence of the ductility of beta 
uranium has resulted from the ability to produce beta- 
phase single crystals that are stable at room tem­
perature. These crystals, produced by slowly lowering 
uranium wires containing 1 atom % chromium through 
a temperature gradient from a gamma temperature to 
a beta temperature and quenching,10’11 are very duc-

those of a beta crystal is shown in Fig. 4. Figure 5 is 
a macrograph of the same bent beta crystal which was 
shown in Fig. 4. The outer fibers in the bend were 
deformed about 15 per cent.

DISCUSSION

Beta-phase uranium is ductile. The question is now 
asked, in the face of all the evidence that beta is duc-

---------------MUTUAL INDENTATION
0— ALPHA EXTRUDED 

-------X----- GAMMA EXTRUDED

z 160

i 140

TEMPERATURE, °C

Fig. 1 —Hardness of uranium vs. temperature.2

tile. They can be readily bent to a small radius. 
Furthermore, they do not deform primarily by twin­
ning at room temperature, as does alpha, but rather 
by slip. Alpha-phase single crystals when bent in the 
fingers produce a characteristic rasping sound due to 
the twinning. Beta-phase crystals deform without au­
dible sound.

Metallographic evidence has substantiated the fact 
that beta crystals deform by slip. A comparison of 
the deformation markings on an alpha crystal with

X'Jt

tile, why is it so often called brittle? The probable 
answer lies in the fact that frequently the attempts to 
work beta uranium have resulted in fracture of the 
material. However, only in those instances where 
beta uranium was worked with poor temperature con­
trol and was allowed to partly transform to alpha or 
gamma has failure occurred. The range in tempera­
ture over which beta is stable is small (660 to 770°C), 
and the usual commercial working does not hold 
readily within those temperature limits. Both the
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TEMPERATURE, »C

Fig. 2—Extrusion load vs. temperature for uranium.1 x, re 
duction ratio 16.7 to 1. O, reduction ratio 8.5 to 1.

20 % REDUCTION10% REDUCTION

O 50

0 400
TEMPERATURE, °C

Fig. 3—Compress ion pressure vs. temperature for uranium.1
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Fig. 4—Deformation markings in alpha and beta single crystals. Beta crystals, as grown, 
show delineation of former gamma grain boundaries with precipitate particles. Slip bands cross 
through these boundaries with only slight changes in direction, (a) Twins in alpha. (Magnifica­
tion 150x.) (b) Undeformed beta. (Magnification lOOx.) (c) Slip lines in beta after deforming. 
(Magnification 100 x.)

Fig. 5 — Bent beta crystal.
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oxidation reaction and the energy expended In working 
tend to raise the temperature, while the Interval be­
tween passes and the contact with cold rolls or dies 
tend to lower the temperature. If beta is to be worked, 
the working practice must be precise enough to main­
tain the temperature in spite of the variables tending 
to alter it.

The failure mechanism during the working of beta 
uranium which has partly transformed it to either 
alpha or gamma is not known, of course, but it is pos­
sible to speculate on how this might occur. Beta is 
many times harder than gamma at the transformation 
temperature (760 to 770°C). In fact, at the transfor­
mation temperature gamma has a yield stress of only 
194 psi, while beta uranium has a yield stress of the 
order of 12,000 psi.1* Suppose a small amount of 
gamma were to form at a few grain boundaries of an 
overheated bar of beta uranitunthat was being worked. 
Under these conditions it would be expected that all 
these gamma regions would fracture immediately 
under the stresses imposed, and the bar should liter­
ally fall apart. A similar effect might occur if the 
temperature of a bar worked in the beta range fell 
slightly below the beta-alpha transformation, although 
here the ratio of flow stresses (beta to alpha) is only 
a factor of 2 or 3 rather than 70 as for beta to gamma. 
More severe failures might be expected in working 
overheated beta than working undercooled beta simply 
because of the relative hardness of the transforma­
tion products. This is substantially what occurred in 
the beta-phase rolling performed at Battelle."

If uranium were being worked in the high alpha 
range, on the other hand, the partial transformation 
of a few regions to the beta phase would probably not 
greatly affect the working of the material.

The foregoing concepts are admittedly qualitative, 
and the problem needs more detailed study. For ex­
ample, there is reason, from metallographic evidence, 
td believe that beta crystals have only a few slip 
planes [perhaps only one (see Fig. 4)] and that they 
also have at least one good cleavage plane. If this is 
so, the material could well be brittle in the sense that 
zinc is brittle. Actually, if a coarse-grained cast 
zinc rod is bent, it breaks by cleavage, and this 
same phenomenon has been noted for polycrystals of 
quenched beta uranium* Zinc, however, after care­
ful preliminary cold working becomes extremely due - 
tile and may be deformed at will. The same care 
in preliminary working may be necessary for beta 
uranium.

CONCLUSION

Beta uranium is not a brittle phase. It deforms 
readily by slip on at least one slip system. It may be

hot-worked if reasonable care is taken to avoid trans­
formations by accurate control of the temperature of 
working.
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•The procedure used to grow beta crystals involved slowly 
transforming 1 atom % chromium-uranium alloy wires from 
gamma to beta and quenching. Physical limitations of the 
gradient furnace used, however, required the quenching of 
these wires after about 3 in. of crystal had been grown. As a 
result, an inch or so of each wire always was quenched from 
the gamma phase and retained a polycrystalline beta phase 
at room temperature. This polycrystalline beta was badly 
cracked. It was found that any attempt to deform it resulted 
In these cracks being propagated through the remaining un­
cracked crystals by a typical cleavage-type fracture.

The reason for this cracking is unknown, but, since all 
specimens of quenched beta contain excess chromium pre­
cipitated on the old gamma grain boundaries, it is possible 
that quenching strains initiate cracks in this harder phase. 
Attempts are being made to produce beta crystals from ma­
terial of less than 1 atom % chromium.
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TENTATIVE URANIUM-TITANIUM PHASE DIAGRAM
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General Electric Company 

Schenectady, N. Y.

and F. W. Boulger and M. C. Udy

Battelle Memorial Institute 
Columbus, Ohio

Report KAPL-470

The tentative phase diagram shown in Fig. 1 has 
been developed by thermal analysis, microscopic ex­
amination, dilatometric measurements, and x-ray dif­
fraction. As is customary, the more uncertain fea­
tures are shown dotted.

This work is the result of a rather rough survey in 
which highly pure metals were not used throughout. 
The main contaminant of importance was carbon, which 
ranged from 0.2 to 0.5 wt. % in all the alloys except 
those rich in uranium, wherein the carbon content was 
less than 0.1 wt. %. In plotting the phase diagram, 
corrections were applied to the titanium percentages 
by assuming the carbon to be present as TiC. Oxygen 
and nitrogen contents were not determined but may be 
high enough to have some effect on the diagram.

In spite of the use of somewhat impure metals, the 
major phase fields are believed to lx*described cor­
rectly on a semiquantitative basis, except perhaps 
certain portions of the uranium-rich end of the dia­
gram.

Most of the alloys were arc-melted in an inert 
atmosphere using a water-cooled copper crucible, but 
some high in uranium were vacuum-melted in BeO 
crucibles using a high-frequency induction furnace. 
Alloys were made in 500- to 1000-g charges, depend­
ing upon the volume. Most of the alloys were forged 
and rolled at 1450 to 1800°F (790 to 980°C), although 
one or two compositions in the vicinity of the com­
pound U2Ti were too brittle to be readily fabricated at 
these temperatures.

The compound U2Ti, which divides the diagram into 
two parts, is a stable high-melting phase of a hexag­
onal crystal structure, having three atoms per unit

cell with ao = 4.827 A, c0 = 2.852 A, c/a = 0.591 (see 
Report KAPL-309, pp. 24 to 26). A few optical pyrom­
eter readings were taken of the melting point of an 
alloy very close to U2Ti but with poor reproducibility. 
The best estimate of the melting point is about 2000°C 
(3630°F).

The region between the compound and 40 atom %, 
titanium is in considerable doubt because no alloys in 
this composition range were examined. Impurity of 
the alloys makes the liquidus and solidus points above 
40 atom % titanium uncertain. In fact, a gap of 100°C 
was found between the liquidus and solidus of the 
“100 per cent’’ titanium specimen. There is no doubt, 
however, that beta titanium dissolves a great deal of 
uranium and decomposes eutectoidally into U2Ti and 
alpha titanium. On the other hand, solubility of ura­
nium in alpha titanium is very limited. It appears to 
be between 0.3 and 1 atom % uranium.

On the uranium-rich end, some optical pyrometer 
readings of melting temperatures are spotted around 
the vicinity of the liquidus, but, owing to difficulties 
common to this type of observation, the scatter is 
high. The presence of the peritectic at 1200°C (2190°F) 
was shown primarily by thermal analyses and con­
firmed by typical reaction zones around the U2Ti 
particles in the microstructure.

The extent of solid solubility of titanium in gamma 
uranium is in great doubt and may be considerably 
less or even greater than that indicated in the dia­
gram. The region labeled “gamma uranium + U2Ti” 
is also very much in question. Some spurious, but 
apparently very real, critical points obtained by ther­
mal analyses (marked X) are difficult to interpret and
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have been shown only as unconnected points in Fig. 1. 
They might possibly suggest a wide gamma-uranium 
solubility range, although, on the other hand, they may 
represent some entirely different behavior.

beta transformation for pure uranium. However, these 
temperatures are so clipse together that it is not cer­
tain whether a peritectoid or a eutectoid is involved. 
Nothing can be reported regarding the solubility of

40 SO 60 TO 60 90 100

Fig. 1—Tentative diagram for uranium-titanium sheet.

Gamma uranium decomposes eutectoidally into beta 
uranium and U2Ti at 723°C (1330°F). Beta reverts to 
alpha at 674°C (1245°F) probably in a peritectoidal 
fashion, since the temperature of the reaction hori­
zontal appears to be slightly higher than the alpha-

titanium in beta uranium and in alpha uranium as no 
alloys sufficiently low in titanium were studied.

The homogeneity range of the U2Ti phase, at least 
on the uranium side, appears to be rather restricted.

O
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Homopolar Generator Pump

By L. B. VANDENBURG

Knolls Atomic Power Laboratory 
Schenectady, New York

Report TID-5004 (Del)

INTRODUCTION

A new type of electromagnetic pump combining a 
homopolar generator and a simple d-c pump into one 
unit promises high efficiencies and small size (see 
Fig. l). The problems usually introduced by bearings, 
high temperatures, radioactivity, and bulky conversion 
equipment are largely eliminated.

HOMOPOLAR GENERATOR

A homopolar generator is simply a bar magnet with 
a concentric cylinder rotating around one end. The 
radial magnetic field is cut by the rotating cylindrical 
conductor, causing a voltage to appear axially along 
its length. If a cylindrical cup large enough to contain 
the rotor is built around one end of the magnet and is 
filled with liquid metal, the voltage will \>e transferred 
from the moving rotor to the stationary can.

HOMOPOLAR GENERATOR PUMP

The generator can be converted to a pump by adding 
a concentric pump channel around the outside of the 
can; the can is used as the inside wall, Fig. 2. The 
generated voltage is then short-circuited directly 
through the liquid metal to be pumped in the channel. 
The current reacts with the same magnetic field that 
created it, producing a force against the liquid metal 
which results in its moving in the same direction as 
the rotor.

PERFORMANCE

The performance of this pump is similar to an in­
duction motor, Fig. 3. Letting cjr equal the angular 
velocity of the rotor and equal the angular veloc­
ity of the liquid metal, it can be shown that the theo­
retical efficiency and the hydraulic power output will 
be

Efficiency =

Power = ((Jr - ) watts

where

fr _ rUn L2 X IQ-18 
R

and

/3lm = gauss in liquid metal annulus 
r^ = radius of liquid metal channel 

L = axial length of rotor 
R = resistance of current path

LOSSES

The two major losses that subtract from the theo­
retical hydraulic power output, Fig. 3, are (l) the hy­
draulic loss from fluid friction and entrance-exit 
conditions and (2) the magnetic-drag loss due to end 
effects at the magnetic field boundary.

The hydraulic loss is proportional to , and the 
magnetic-drag loss is proportional to .

J. _t 28
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PUMP CHARACTERISTICS

From Fig. 3 the following facts, which illustrate the 
potentialities of the pump, are deduced:

1. High efficiencies are available only at high ratios 
Of

2. The intersection of the loss and power curves 
determines the maximum flow and the maximum ratio 
of uim/ur obtainable.

3. The hydraulic power output is equal to the length 
of the ordinate between the power and loss curve.

4. The intersection can be moved to the right by (l) 
reducing the losses or (2) increasing the power. Either 
practice results in a higher efficiency.

Fig. 1 — Homopolar pump generator.

DISCUSSION

The losses can be minimized by good pump design. 
It is evident from the power equation that the avail­
able power increases as the pump size increases. The 
losses will not increase accordingly. The resistance 
R should be kept to a minimum, being again a function 
of the design and material used in the pump. In gen­
eral, any conducting liquid can be pumped by this 
means, providing it is not subject to electrolysis. The

LIQUID METAL BRUSH 
SEAL

LIQUID METAL BRUSH

ROTOR

ARMATURE CURRENT

PUMP ANNULUS

I ^4-4 POLE

MAGNET

MAGNETIC FLUX 
LINES
IRON-MAGNET PATH

Fig. 2—Simplified drawing of homopolar generator pump.

Fig. 3 — Graph of pump performance.
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higher the electrical resistivity of the liquid, the 
larger will be the pump size required to maintain a 
given performance.

An increase in 32 causes a proportional increase in 
the hydraulic power output and all the pump losses, 
with the exception of the hydraulic loss which is not 
affected.

EXPERIMENTAL RESULTS

The information in this article has been gathered 
from the study of a small experimental pump in which 
the losses were a large percentage of the output of the 
pump. The liquid metal used to test the pump was

sodium, and NaK was used as a liquid brush for the 
armature circuit. The efficiency of this pump was 
14 per cent. The maximum flow was 100 gal/min at
4.5 psi.

Extrapolation of these experimental results predicts 
efficiencies of 65 per cent at 30 psi for a 1500 gal/min 
pump with r equal to 15 in. and L equal to 12 in.

These figures are based on the use of a permanent 
magnet for a magnetomotive force source, and they 
allow for current leakage along the walls of the pump 
annulus.

April 1951
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On the Removal of Na20 from Na by Distillation

By LEO BREWER and JOHN L. MARGRAVE
Department of Chemistry and Radiation Laboratory 

University of California, Berkeley, California

Report UCRL-1241 (Revised)

Lee1 of the Mine Safety Appliances Co. has pre­
sented data indicating that in the atmospheric pres­
sure distillation of Na (filtered at 150 to 175°C) the 
Na^ passes off first, so that the still pot residue is 
leaner in oxygen than the initial feed or the distillate 
and the distillate uniformly contains 0.01 to0.03 wt. % 
oxygen. Epstein and Weber2 have considered this be­
havior on the basis of the simple solution laws, and 
they find (assuming that an unsaturated solution of 
NazO in Na follows Henry’s law) that for an n plate 
distillation of a Na-Na^O solution

w ■ (%) w

where W' = wt. % oxygen in the distillate
W = wt. % oxygen in the original sample 

Ws = wt. % oxygen in saturated solution 
Z = wt. % oxygen in vapor

Thus, for removal of oxygen from the still pot, W'
Z

must be greater than W or — > 1.ws
Values for Z may be calculated, if the vapor pres­

sures of Na and Na,© are known, using Dalton’s law. 
Epstein and Weber have used 13.7 mm Hg as the vapor 
pressure of NajO at the normal boiling point of Na 
(1187°K). Calculations by Brewer and Mastick3 for the 
gaseous alkali metal oxides indicated that the vapor 
pressure of NajO at 1000°K is not over 5 x 10"7 atm 
and is due almost completely to decomposition to the 
gaseous elements. Bunzel and Kohlmeyer4 have studied 
Na^O at high temperatures, and they found its melting 
point to be 920°C. They state that at temperatures up 
to 1350°C practically no vaporization of Na,,© occurs. 
These data make it seem very unlikely that the vapor 
pressure of Na^O is large enough to account for any 
vaporization from boiling Na.

A more plausible explanation for the removal of 
oxygen from the melt seems to be that arrived at by

considering the carbon impurity present in the Na 
either as organic material or as Na2C03. Available 
data indicate that at temperatures where the rate is 
appreciable, the reaction

Na^COj + 4Na = 3Na20 + C

will occur. The free carbon available might then react 
as

Na2G + C = 2Na(liq) + CO(gas)

The free-energy change and the equilibrium pressure 
of CO for this reaction have been calculated at four 
temperatures:

Temp., °K 4.F, kcal PCo. atm
298 57.0 lO-u.8
500 46.2 10-2° . 2

1000 19.5 10-4.3
1187 10.5 lo-1-9

The low stability of Na2C2 makes its consideration of 
minor importance in these calculations.5 On this basis 
the high equilibrium pressure of CO could well ac­
count for the removal of oxygen from the still pot and 
its transfer to the distillate in fractionations carried 
out at atmospheric pressure.

It seems very unlikely that Lee has actually ob­
served fractional distillation of NajO from a Na-NajO 
solution. Our interpretation can easily be checked ex­
perimentally. Owing to the very endothermic nature 
of the reaction between Na^O and C, the CO partial 
pressure will drop off rapidly with drop in tempera­
ture. Thus a low-pressure distillation should show 
little oxygen removal. Also our interpretation can 
easily be verified by distilling sodium containing an 
excess of oxide. After removal of the CO, it should 
not be possible to remove any more oxide from the 
still pot.
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Temperature Effect in DjO-Uranium Lattices

By A. T. BIEHL and E. R. COHEN

Atomic Energy Research Department 
North American Aviation, Inc. 

Downey, California

Report TID-5029

The mean velocity of neutrons in a multiplying lat­
tice is an important factor in the determination of a 
reactor behavior. E. P. Wigner1 has pointed out that 
the effective temperature of the neutrons might be 
measured by comparing Ei^Oj-foil activities with 
gold-foil activities since europium has approximately 
l/v2 absorption and gold has l/v absorption.

We have obtained an independent measurement of 
this effect by comparing, in an exponential experi­
ment,2 the flux distribution in similar multiplying and 
nonmultiplyii.'g lattices. The multiplying lattice con­
sists of 1-in.-diameter uranium rods clad in 1-mm 
aluminum tubes. Nonmultiplying lattice is achieved 
by replacing the uranium with a lead-cadmium alloy 
whose absorption properties approximate uranium. A 
single 4-in.-long slug of uranium replaces one lead 
slug in the center of this lattice. Comparison of the 
flux distribution through the uranium and the moder­
ator gives directly a comparison of the uranium cross 
section in the two lattices. Analysis of these meas­
urements has indicated the absorptioj in the non- 
multiplying lattice to be consistently higher than in 
the multiplying lattice and, hence, indicates that the 
neutrons have a lower mean velocity. These meas­
urements have been performed with lattices of 4Vi and 
6 in. square cell spacing; no statistically significant 
difference between these two lattices was observed, 
although the mean neutron velocity should be lower in 
the wider spaced lattice. Expressed in terms of effec­
tive temperature, i.e., the temperature of a Max­
wellian distribution with the same mean v( 1city, we 
find iT/t = 0.11 + 0.08 or 6T = 34 ± 25°C. (The quoted 
probable error has been increased by a factor of 2 
over the statistical accuracy of the measurements to 
allow for uncertainties of method.)

These measurements have been checked, to a cer­
tain extent, through the use of europium foils which

have been calibrated against gold foils in a thermal 
flux. The measurements, however, were made in a 
lattice of %-in. rods on a 6-in. square spacing and 
are, therefore, not exactly comparable to the other 
measurements. We find that the neutron temperature 
in the moderator is 5.3 ± 1.8% higher than in a purely 
thermal flux, while inside the uranium rods the tem­
perature is 11.1 ± 1.6% higher. (The probable errors 
quoted are due mainly to the uncertainty of calibration 
of the europium foils.)

These results may be compared with an analysis of
K. Cohen3, who, on the basis of the velocity distribu­
tion of slowed down neutrons calculated by Wigner and 
Wilkins,4 gives the following equation for the mean 
velocity in a homogeneous absorbing medium

We can adapt this formula to a heterogeneous lattice 
if we replace the cross sections by their mean values 
weighted by the approximate flux distributions in the 
lattice cell. Doing this for our experimental arrange­
ment, we find 6T/r = 0.12 for the 1-in. rods on 4.5-in. 
spacing and 0.06 for the 1-in. rods on 6-in. spacing. 
For the %-in. rods on 6-in. spacing, we have 6T/T =
0.035. These numbers presumably refer to the aver­
age temperature throughout the lattice and therefore 
are more indicative of the temperature in the moder­
ator than the temperature in the uranium where the 
strong absorption strongly perturbs the mean neutron 

ocity. The observed effect is in qualitative agree­
ment with theory, but the accuracy of the present 
measurements is, however, too low to ascribe more 
than an order-of-magnitude significance to the results.

235

* -X 233



236 TECHNICAL NOTES

REFERENCES

1. Meeting of Reactor Physics Planning Group, April 9-10, 
1951, Washington, D. C.

2. A. T. Biehl and E. R. Cohen, The NAA Exponential. Ex­
periment. I. Apparatus and Preliminary Procedure, Re­
port NAA-SR-103 (in press).

3. K. Cohen, Low-enrichment Reactor for Naval Propulsion, 
Report HKF-102, Dec. 24, 1949.

4. E. P. Wigner and J. E. Wilkins, Jr., Effect of the Temper­
ature of the Moderator on the Velocity Distribution of 
Neutrons ..., Report AECD-2275, Sept. 13, 1948. (Origi­
nal manuscript, Report CP-2156, Sept. 14, 1944.)

July 1951

X it 234



TECHNICAL NOTES

Equilibrium in the Exchange of Deuterium 

Between Ammonia and Hydrogen (Part I)

By MORRIS PERLMAN, JACOB BIGELEISEN, and NORMAN ELLIOTT 

Brookhaven National Laboratory

Report BNL-1007

INTRODUCTION

The equilibrium in the exchange reaction

NH3 (gas) + HD (gas) =:

NHjD (gas) + H2 (gas) (1)

was studied above room temperature by Farkas,1 
Wirtz,2 and Herrick and Sabi.3 The recent ex­
periments of Claeys, Dayton, and Wilmarth4 show 
that this reaction in the liquid is fairly rapid 
when catalyzed by KNH2. The work reported 
here was undertaken to obtain equilibrium data 
at, and below, room temperature.

EXPERIMENTAL METHOD 

Equilibration

The apparatus in which the equilibration of 
ammonia and hydrogen was allowed to take 
place is shown in Fig. 1. Measurements were 
made at temperatures below the normal boiling 
point of ammonia with liquid ammonia and at 
room temperature with ammonia gas. In all 
experiments the gas equilibrium was measured.

For the low-temperature experiments 18.5 ml 
of liquid ammonia containing approximately 5 
at. % deuterium was condensed onto approxi­

mately 1 g of KNH in vessel A. The prepara­
tions of these materials are described below. 
Constant temperature was maintained in the 
system by a bath of melting solid held in the 
Dewar vessel B; the temperature was measured 
with a calibrated copper-constantan thermo­
couple and was constant to better than O.T’C. 
A tank H2-HD mixture approximately 5 at. % D, 
released from UH3-UH2D, was metered into the 
calibrated bulb C to a pressure of 25 cm Hg. 
It was then transferred into vessel A by applica­
tion of gas pressure to the mercury reservoir. 
The rotating inverted cone, driven by a shaft 
passing through a Wilson seal, served to lift the 
solution continuously and to throw it out as a 
spray. The liquid pumping rate was approxi­
mately 10 ml/sec. The gas phase was circulated 
by the motion of the fan blades. At intervals 
small gas samples for isotopic analysis were 
withdrawn into the side-arm volumes atD and E. 
It was demonstrated that the time for complete 
gas mixing in vessel A was less than 15 sec. 
The reaction was allowed to continue until the 
isotopic composition of the components of the 
gas .samples became constant. In a separate 
experiment it was found that the half time for 
the exchange of deuterium between the amide 
catalyst and liquid ammonia was short compared 
with the equilibration times.
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For the room-temperature measurements 
gaseous ammonia and hydrogen were metered 
into vessel A, which contained a small quantity 
of a commercial solid catalyst, either platinized 
charcoal or a mixture of supported nickel and 
ruthenium. In all other respects the procedure 
was the same as that used for the low-tempera­
ture measurements.

TO PUMPS

TO
PUMPS

500 CC

PRESSURE

Fig. 1 — Equilibration apparatus for ammonia and 
hydrogen.

The gas samples for analysis were pumped 
through a trap cooled by liquid nitrogen to 
separate the hydrogen from the ammonia.

Analysis

For deuterium analyses all samples were in 
the form of hydrogen gas. Conversion of the 
ammonia was effected by reaction with cleaned 
uranium-metal turnings at a temperature of 
about 475°C in accord with the equation

xNH3 + U * UNX + %xH2 (2)

The conversion was carried out in the apparatus 
shown in Fig. 2, which was designed to permit

repassage of any small amounts of unreacted 
ammonia over the hot metal. The recovery of 
hydrogen from the decomposition of ammonia 
was quantitative; sensitivity tests demonstrated 
the absence of memory. Identical results were 
obtained from the uranium reaction and from the 
reaction with magnesium at 600°C, which is much 
less conveniently carried out.

The isotopic analyses were performed with a 
General Electric Company mass spectrometer 
by comparison with standards. A glass pinhole 
leak was installed in the instrument. Correc-

TO PUMPS

COLD
TRAP

SAMPLE
BULBS

TO VAC^URANIUM
TURNINGS TO AIR

TO VAC

TO VAC-

COLD
TRAP MANOMETERTOEPLER

PUMP

Fig. 2—Apparatus for the conversion of NH3 to H2.

tions amounting to about 0.15 per cent of the Hj 
peak height were made for the H, ion.

Ten HD-H2 mass-spectrometer calibration 
mixtures in the range 0.5 to 5.0 at. % deuterium 
were prepared by the quantitative reduction of 
standard water samples, gravimetrically syn­
thesized, over powdered zinc metal at 400°C. 
Memory effects were found to be absent, but as 
a precautionary measure the apparatus was 
swept prior to each preparation with small 
samples of water of the preparation composition. 
A typical calibration curve is shown in Fig. 3.

PREPARATION OF MATERIALS

Ammonia containing about 5 at. % deuterium 
was prepared by the addition of NaOH and

23^
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AT. % D IN STANDARD

Fig. 3—Atom% deuterium in standard vs. at. % deuterium calculated from mass 
spectrometer data.

A HERRICK AND SABI 
<j> THIS RESEARCH

Fig. 4—Equilibrium constant for the reaction HD (gas) + NH3 (gas) = H2 (gas) 
+ NH2D (gas) as a function of temperature.
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NH4N03 to an excess of 5 per cent D20-95 per 
cent H20 mixture. The ammonia was dried by 
means of cold traps and sodium metal; it was 
stored as liquid in a nickel cylinder.

Potassium amide was prepared in a nickel 
apparatus by the passage of ammonia through 
liquid potassium at 350°C. The reaction was 
judged complete when no more hydrogen was 
present in the exit gas. The amide was stored 
in closed containers and showed little deteriora­
tion on standing. This material was easily 
handled in air, in contrast to the potassium amide 
prepared by a catalyzed reaction in liquid 
ammonia.

For the ammonia gas

 NH2D + 2NHD2 + 3ND3 
N 3(NHj + NHjD + NHD2 + ND3) [ '

where DN is the atom fraction of deuterium in 
the hydrogen obtained from the ammonia. Be­
cause the atom fraction of deuterium did not 
exceed 0.05, the ND3 concentration may be 
neglected. It is assumed that for the reaction

NHD2 + NH3 = 2NH2D (7)

the distribution of deuterium is random, K7 = 3.

Table 1 — Equilibrium in the Reaction NHS (gas) + HD (gas) ~ NH2D (gas) + H2 (gas)

Expt.
No. T.'K Catalyst Approach Dh ± av. dev. Dn ± av. dev.

HD— (gas) H,
NH,D , ,
NH, (gaS) K,

5 295 Ni + Ru 5 at. % NHj-D; H, 0.0108 ± 0.0002 0.0367 ± 0.0004 0.0218 0.115 5.26 ± 0.1
8 295 pt 6 at. % H,-D; NHS 0.0091 ± 0.0000 0.0318 ± 0.0003 0.0184 0.0988 5.37 ± 0.1
6 295 Ni + Ru 5 at. % NHj-D; H, 0.0122 ± 0.0001 0.0384 ± 0.0002 0.0247 0.121 4.92 i 0.1
i
3

231
231

KNH 2 
KNH,

5 at. % NHj-D; 5 at. % H,-D
5 at. % NHj-D; 0.7 at. % H,-D

0.0091 ± 0.0001
0.0091 0.0509 ± 0.0007 0.0184

0.0184 0.163* 8.86 ± 0.2

2 210 KNH, 5 at. % NHj-D; 1 at. % H,-D 0.0072 ± 0.0002 0.0513 ± 0.0012 0.0145 0.161* 11.1 ±0.2

*These values were obtained by use of the smoothing procedure discussed in the text.

Results

From the analytical data the HD/H2 and 
NHiD/NHj ratios for the gaseous equilibrium 
were calculated in the following manner:

For the hydrogen gas

This assumption is supported by the fact that 
the distribution of deuterium and protium is 
close to random in disproportionation reactions, 
except in the case of reaction 4. For example 
in the reaction

H20 + D20 = 2HDO (8)
Dh = HD + 2D2

2(H2 + HD + DJ (3)

where Dh is the atom fraction of deuterium and 
the other symbols are numbers or concentrations 
of the particular species. Adequate correction 
for the small amounts of D2 present in these 
experiments may be made with the assumption 
that for the reaction

H2 + D2 = 2 HD (4)

the equilibrium constant is 4. It follows that

at 200°K, Kg = 3.86.*
It follows that

NHgD _ ______________3Dn______________
NH3 1 - 3Dn + (2 - 3DN)DN/(1 - Dn) y ’

Results are summarized in Table 1.
In experiments 1, 2, and 3 the isotopic 

composition of the liquid was constant. Although 
the NHjX) (gas)/NH3 (gas) ratios in these experi­
ments could have been used with sufficient ac­
curacy directly as calculated from the deuterium

HD = 2Dh 
H2 1 - Dh (5) ‘Unpublished calculations based on the potential 

function of B. T. Darling and D. M. Dennison.5
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analyses, the logarithms of the ratios thus ob­
tained were plotted against 1/T; an additional 
ratio was obtained from this liquid at room 
temperature. Through the three points a line 
was drawn whose slope corresponded to the 
proper change of vapor pressure ratio with 
temperature.6 The desired NH2D (gas)/NH3 (gas) 
values were read from this line.

In experiments 5 and 6 a calculation of the 
material balance showed that an over-all dilution 
of the deuterium by protium had occurred. The 
fact that no dilution was observed in experiment 
8, in which the quantity of catalyst was reduced 
about 100-fold, demonstrates that this dilution 
arose from an adsorbed layer, probably water, 
on the catalyst.

Figure 4 shows the values of log K plotted 
against 1/T. The results of Herrick and Sabi 
are included. In the temperature range 200 to 
500°K the data may be represented by an equation 
of the form

in the zero-point energies of NH3 and NH^D may 
be calculated.7 The relation is

“NHj - e; nh2d
= B +

(ESh, — E^hd)

(ctHD ~ ffH2)T + ------- -—-— (11)

where k is the Boltzmann constant. The zero- 
point energies and values of a for H2 and HD 
were calculated from the data of Herzberg.12 
The value obtained for (ESNHj — ESNH D)/k is 
916 ± 5°, which is equivalent to (ES^ — E°NH2D)/ 
he = 637 ± 3 cm'1.
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In Ki = A + (B/T) (10)

in accord with theoretical expectations; at higher 
temperatures, however, K, must approach % 
asymptotically. A value for A was calculated 
theoretically by the method of Bigeleisen and 
Mayer7 from the ratio of the classical frequen­
cies8 of H2 and HD, from the masses and mo­
ments of inertia of NH3 and NR2D, and from the 
symmetry numbers. The products of the mo­
ments of inertia were calculated9 from the inter- 
nuclear distances.10 The curve in Fig. 4 was 
drawn through the calculated point at 1/T = 0 
(In K = A) and the experimental points of this 
work. In Eq. 10 A = —0.046; the value of B, 
derived from the slope of the line, is 512°K.

Zero-point-energy Calculation

The vibrational spectrum of ammonia has not 
been analyzed sufficiently well to permit the 
calculation of its zero-point energy.11 From the 
value of B in Eq. 10, from the difference in the 
zero-point energies of H2 and HD, and from the 
rotational constants of H2and HD, the difference
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A Technique for Producing Fine-particle 

Thorium Oxide and Uranium Oxide

By ROBERT S. HANSEN and ROBERT E. MINTURN

Ames Laboratory, Institute for Atomic Research, 
Iowa State College, Ames, Iowa

Report ISC-145

Current interest in the development of homo­
geneous reactors has led to a corresponding 
interest in the development of stable slurries of 
uranium-containing compounds. A parallel in­
terest in slurries of thorium-containing com­
pounds also exists.

In view of contemplated pumping operations, 
low-viscosity slurries would be of special value. 
On the other hand, while the operation of a ho­
mogeneous reactor would tend to maintain a 
slurry suspended by strong agitation, a reason­
able stability at rest would be desirable in the 
event of temporary shutdowns. These consider­
ations suggest an approach to the slurry prob­
lem through preparation of ultrafine particles of 
the material to be dispersed and subsequent dis­
persion of the material in the desired solvent 
using a colloid mill and suitable stabilizing 
agents.

It has been found possible and practical to 
prepare such ultrafine particles of uranium oxide 
and thorium oxide by the combustion of atomized 
solutions of the corresponding nitrates in suit­
able organic solvents.

In the preparation of uranium oxide a solution 
of uranyl nitrate in acetone containing 125 g of 
U02(N03)2-9H20 per liter of acetone was used as 
feed for the spray-burner system. Thorium ni­
trate does not form a stable solution in acetone, 
but a suitable feed material could be prepared 
by adding to 100 g of ThfNOj^^HjjO, first, 150 
ml of ethanol and heating until a substantially

clear solution is obtained (about 1 hr); the re­
sulting solution is then diluted by the addition of 
1 liter of acetone. In the latter preparation the 
resulting solution was not entirely clear; in­
soluble material was allowed to settle out, and 
the clear supernatant liquid was used for spray- 
burner feed.

The spray-burner system is illustrated in Fig. 
1. The fuel, prepared as indicated previously, 
was stored in a 5-gal carboy. This reservoir 
was connected by glass and Tygon tubing to an 
8-in. test tube in a manner that provided auto­
matically a level of feed solution in the test 
tube above any desired minimum. The air supply 
was a standard laboratory pressure line and was 
connected by pressure tubing to the spray burner 
as illustrated, the air-blast nozzle being a 2- 
mm-I.D. capillary drawn to about 0.7 mm I.D. 
at the tip. The fuel-intake capillary was 0.5- 
mm-I.D. capillary tubing. A fuel drain, coupled 
to a closed flask, was provided for undrained 
liquid, and an air bleed permitted adjustment of 
air-flow rate. The burner nozzle was 20-mm- 
I.D. Vycor tubing. In the production of uranium 
oxide smokes, using feed solutions of the con­
centration indicated, it was necessary to place a 
20-mesh platinum screen over the nozzle mouth 
to decrease turbulence and ensure sustained 
burning; the screen became red hot and tended 
to clog after several hours of operation. Reduc­
tion of the uranyl nitrate concentration by about 
20 per cent permitted elimination of the screen.
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and no screen was needed for thorium nitrate 
solutions of the concentration indicated. Without 
the screen the burner appeared suitable for pro­
longed operation and has been operated con­
tinuously for 10 hr. The collecting tube was a 
6-ft refractory-lined stove pipe 6 in. in diameter.

To begin operation, the air-supply valve was 
opened, the air bleed was opened wide, a match 
was held to the end of the burner nozzle, and the 
air-bleed valve was adjusted until the flame 
burned evenly at the tip of the nozzle. After the 
burner nozzle became hot, it was necessary to 
increase the opening of the air-bleed valve 
slightly. The whole system was inclined at about 
10 deg from horizontal to permit drainage of the

powder photograph of the uranium oxide indi­
cated it to be about 70 per cent U2O5.1’2 Surface 
areas of the powders were determined by nitro­
gen adsorption, according to the Brunauer- 
Emmett-Teller method.3 The surface area of 
the uranium oxide was found to be 12 m2/g (par­
ticle diameter 60 mp), that of thorium oxide 
16.6 m2/g (particle diameter 38 mp).

A study of slurries of these oxides is in prog­
ress and will be reported in the near future.

The authors are indebted to Dr. P. H. Carr 
for the elec trod microphotographs, to W. V. 
Fackler, Jr., for surface-area determinations, 
and to Ralph Hach for the x-ray powder analysis 
of the uranium oxide.

25CM
80 PSI AIR SUPPLY

20-MM VYCOR 
TUBING

AIR BLEED 500-ML PYREX 
KJELDAHL FLASK

FUEL DRAINBACK COLLECTING TUBE

FUEL SUPPLY £

Fig. 1—Atomizer and burner.

burner nozzle to the fuel drainback and to give 
a slight chimney effect to the collecting tube.

On completion of a run the collecting tube wap 
allowed to cool, and the deposited smoke was 
scraped off with a rubber policeman. The re­
sulting powder was washed first with water and 
then with acetone and was dried at 110°C. With 
the collection method used, the yield was 25 per 
cent of theoretical maximum.

Figures 2 and 3 are electron microphotographs 
of uranium oxide and thorium oxide particles, 
respectively, produced in this manner. Anx-ray
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The Vanadium-Uranium Constitutional Diagram

By H. A. SALLER and F. A. ROUGH 

Battelle Memorial Institute

Report BMI-HAS-4

INTRODUCTION

Vanadium has a low capture cross section for 
fast neutrons. This condition brought about in­
terest in its use as a diluent or as a structural 
material for fast power breeders. The metal 
would presumably be used in connection with 
uranium or as a uranium alloy. It was for this 
reason that knowledge of the vanadium-uranium 
constitutional diagram was considered important 
and studies of the diagram were instituted. The 
diagram developed is considered adequate, and 
no further work on it is contemplated.

PREPARATION AND METHODS OF STUDY

The first studies were made on alloys pre­
pared from calcium-reduced vanadium, pro­
duced at Knolls Atomic Power Laboratory, and 
good Mallinckrodt biscuit uranium: To check 
these studies, alloys were produced from iodide 
vanadium of high purity and good ^biscuit ura­
nium. Experiments performed on these alloys 
produced only minor revisions of the diagram.

Alloy ingots up to 30 at. % vanadium were 
prepared by melting in beryllia crucibles. Spec- 
trographic analyses of these alloys showed no 
appreciable contamination from melting. The 
remainder of the alloys were prepared by arc- 
melting techniques.

The principal studies of the alloys were made 
by metallographic and thermal analyses. X-ray 
diffraction was utilized to verify some of the 
results of early metallographic studies.

Thermal analyses were performed using a 
differential thermocouple to detect transforma-

tipns.1 Metallographic methods of examination 
were varied with the compositions of the alloys 
being studied.

RESULTS

The results of combined studies are shown in 
Fig. 1. Supporting data obtained by metallo­
graphic and thermal analyses are plotted in the 
diagram. No intermetallic compounds occur in 
the system. Additions of vanadium lower the 
melting point of uranium, forming a eutectic 
reaction at 18 at. % vanadium and 1040 ± 5°C. 
The solubility of vanadium in gamma uranium 
decreases from 12 per cent at the eutectic tem­
perature to 9 per cent at the eutectoid tempera­
ture, 727 ± 5°C, where the gamma transforms 
to beta uranium and vanadium (delta phase).

The solubility of vanadium in beta uranium is 
considerably less than in the gamma, being about 
2 at. % at 700°C. Quenching of 2 per cent alloys 
from the beta range retained the beta phase and 
produced some microcracking. Cracking was 
not observed in alloys containing considerable 
quantities of vanadium as a second phase.

The alpha-uranium solubility is less than the 
beta, being about 1.5 per cent vanadium at 600°C.

Uranium is soluble in vanadium up to 4 at. % 
(15 wt. %). The solubility decreases slightly 
with decreasing temperature.
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Anodic and Cathodic Treatment of Type 347 Stainless Steel 

During Passivation with Nitric Acid or Chromic Acid Solutions

By M. H. LIETZKE 

Oak Ridge National Laboratory

Report CF-51-10-141

INTRODUCTION

The type 347 stainless steel to be used in the 
Homogeneous Reactor Experiment can be pas­
sivated by heating in either 1 per cent HNO or 
2 per cent Cr03 solution at 250°C for 24 hr. 
Since either treatment is believed to produce a 
passive oxide film on the surface of the steel, 
it seemed of interest to determine whether anodic 
treatment of the steel during either of the pas­
sivation processes might not produce a superior 
passive film. Cathodic treatment during passi­
vation was also investigated.

EXPERIMENTAL METHODS

Specimens of type 347 stainless steel freshly 
passivated in either the HN03 or Cr03 solutions 
showed a potential greater than 700 mv more 
positive than the saturated calomel electrode 
when immersed in a 0.13-/ UO2SO4 solution 
(corresponding to 30 g of uranium per liter). 
The potential became somewhat less positive 
when the passivated steel specimen was main­
tained at 100°C in the UO2SO4 solution under 
reflux conditions. As long as the film was intact, 
the curve obtained by plotting potential vs. time 
did not show any sudden breaks. However, if 
sufficient KC1 was added to the U02S04 solution, 
the potential of the passivated steel with respect 
to the saturated calomel electrode might sud­
denly become much less positive, indicating

failure of the passive film. The length of time 
before sudden breaks were observed in the 
potential-vs. -time curve, when the uranyl sulfate 
solution at 100°C was made 0.2M in KC1, was 
taken as a measure of the quality of the passive 
film being studied. The potential was measured 
by a vibrating-reed electrometer and was re­
corded by a Brown recording potentiometer.

In all the experiments specimens of stainless 
steel wire were used. During passivation the 
pieces of wire were inserted through a soap­
stone fitting into an American Instrument Co. 
bomb and hence were insulated from the bomb 
proper. In the experiments involving anodic or 
cathodic treatment of the steel during passivation 
the specimen served as either anode or cathode 
and the bomb itself as the other electrode. Cur­
rent for the anodic or cathodic treatment was 
supplied by means of a lead storage battery.

EXPERIMENTAL RESULTS 

Conditioning the Film

It was observed in the first experiments that 
HN03-passivated specimens failed almost im­
mediately when placed directly in a uranyl sul­
fate solution that was 0.2M in KC1. However, 
the passive films appeared much more resistant 
to the Cl" when they were maintained in contact 
with the U02S04 solution at 100°C for 48 hr 
prior to the addition of the KC1. Hence all 
specimens used in subsequent experiments were

249
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274 HR

Cl ADDES"
340 HR

TIME, HR

Fig. 1—Effect of anodic treatment of type 347 stainless steel at various current densities during passivation in 1 per cent
HN03.----- , no anodic treatment.------- , anodic treatment at 0.0021 amp/sq ft.---------, anodic treatment at 0.021 amp/sq ft.
------ , no anodic treatment, no conditioning in U02S04 solution.

■Cl ADDED

Cl-ADDED.

Cl" ADDED

TIME, HR

Fig. 2—Effect of anodic treatment of type 347 stainless steel at various current densities during passivation in 2 per cent
CrC^ solution.-------, no anodic treatment.------- , anodic treatment at 0.0021 amp/sq ft.-------, anodic treatment at 0.021
amp/sq ft.--------- , anodic treatment at 0.21 amp/sq ft.
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subjected to this preliminary treatment before 
KC1 was added to the solution. The actual 
changes that occur in the film during this con­
ditioning period are being investigated further.

Nitrate Passivation

Figure 1 shows the potential-vs.-time curves 
obtained with specimens of nitrate-passivated 
type 347 stainless steel. The initial decrease 
in potential probably corresponded to the re­
moval of oxygen from the passive film. When 
the Cl" was added (as KC1 dissolved in a small 
amount of UC^SQ, solution), some oxygen was 
also introduced into the system, which caused 
the sudden humps in the curve. As far as the 
curves were followed after the addition of the 
KC1, no breaks were observed in the case of the 
specimens given no anodic treatment or an­
odized at 0.0021 amp/sq ft during passivation. 
However, these specimens failed immediately if 
they were not conditioned in the U02S04 solution 
before the addition of the chloride. The speci­
men given anodic treatment at 0.021 amp/sq ft 
failed 3 hr after the addition of the KC1 even 
though it was previously conditioned in the 
UO2SO4 solution.

Chromate Passivation

Figure 2 shows the effect of anodic treatment 
of 347 stainless steel at various current densi­
ties during passivation in 2 per cent CrOs solu­
tion. The specimen that received no anodic 
treatment lasted for over 62 hr before it failed. 
The length of time the anodized specimens re­
mained good decreased with increasing anodic 
current density during passivation. Hence it ap­
pears from these experiments that the passive 
film produced on 347 stainless steel anodized in 
2 per cent Cr03 at 250°C is inferior to that 
produced under the same conditions but without

anodic treatment. The potential of a specimen 
passivated in 2 per cent Cr03 solution without 
anodic treatment was followed for 426 hr while 
the specimen was immersed in refluxing UO2SO4 
solution. During this time the potential de­
creased to +80 mv vs. saturated calomel elec­
trode. The potential dropped to +80 mv in about 
300 hr, and then maintained this value for the 
duration of the experiment.

Cathodic Treatment

Cathodic treatment of the steel was also tried 
in both the nitric acid and chromic acid solu­
tions. Even though the specimens were condi­
tioned in U02S04 solutionthey failed immediately 
upon the addition of KC1 to the solution.

CONCLUSION

From these experiments it appears that the 
passive films produced without anodic or ca­
thodic treatment were superior to those produced 
with either treatment. The film produced in 
nitric acid suffered a much sharper initial de­
crease in potential than did the chromic acid 
film. However, after 300 hr the film produced 
in nitric acid still had a value of +200 mv vs. 
saturated calomel electrode, whereas the film 
produced in chromic acid showed a potential of 
only +80 mv. The film produced by the nitric 
acid was more resistant to chloride attack than 
was the film produced by the chromic acid. If 
resistance to chloride attack is taken as a 
criterion of the protective character of a film, 
then the film produced by the nitric acid appears 
superior to the film produced by the chromic 
acid.
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The Measurement of the Solubility of Fission-product 

Sulfates at High Temperatures and Pressures

By M. H. LIETZKE 

Oak Ridge National Laboratory

Report CF-51-10-142

INTRODUCTION

During the operation of an aqueous homo­
geneous reactor the fission products will grow 
into the reactor solution. Eventually the solu­
bility products of some of the fission-product 
salts may be exceeded, resulting in the precipi­
tation of solid material. The amount of precipi­
tate may be quite significant, especially in the 
operation of homogeneous reactors of high power 
ratings, and may have to be considered both 
during the operation of the reactor and in the 
solution-decontamination process. Hence it is of 
interest to determine the solubilities of some of 
the fission-product salts under the conditions 
existing in a reactor. Since the homogeneous 
reactor under construction (the Homogeneous 
Reactor Experiment) will operate at high tem­
perature and pressure and use a uranyl sulfate 
solution, it is of interest to determine the 
solubilities of some of the fission-product sul­
fates at elevated temperatures and pressures, 
both in water and in a uranyl sulfate solution of 
reactor concentration. In the work described 
here the solubilities of the sulfates of lanthanum, 
yttrium, cadmium, cesium, and zinc were de­
termined at high temperatures in water, and the 
solubilities of the sulfates of lanthanum, yttrium, 
and cadmium were determined at high tempera­
tures in a uranyl sulfate solution containing 30 g 
of uranium per liter.

EXPERIMENTAL METHODS

With the exception of the determinations be­
low 100°C all solubility measurements described 
in this report were made by the quartz-tube 
method described by A. Benrath.1’2 The quartz- 
tube method depends upon the visual observation 
of the appearance or disappearance of crystals 
in synthetic mixtures of known concentration. 
Stock solutions of the salts were prepared, and 
the more dilute solutions were obtained by dilut­
ing the stock solution. Spot-check analyses were 
made of some of the various dilutions, and 
good agreement between the observed and cal­
culated concentrations was obtained in all cases. 
In the case of cesium sulfate, which snowed a 
positive temperature coefficient of solubility, the 
water and crystals were weighed directly into 
the quartz tubes for each determination.

In place of the 2- to 3-mm tubes used in most 
of the previous work, 8-mm quartz tubes were 
employed. These tubes did not permit as high 
temperatures to be reached as were reached 
with the 3-mm tubes, but they made the observa­
tion of the solution and crystals easier. The 
tubes were heated in aluminum block furnaces 
which were mounted on motor-driven rockers 
so that thorough mixing of the solution and 
crystals could be accomplished. The tempera­
ture was measured by an iron-constantan 
thermocouple, placed directly above the quartz
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tube in the furnace, and was recorded on a cali­
brated Brown recording potentiometer. No sig­
nificant difference was observed between the 
temperature recorded by a thermocouple placed 
within the tube and one placed just above the 
tube; consequently, no correction was necessary.

The lowest solubility measured was limited in 
each case by the ability to notice the first ap­
pearance of crystals in the tube. In some cases 
the crystals were visible in much more dilute 
solutions than in others. For example, the 
measurement of the solubility of lanthanum sul­
fate in uranyl sulfate solution could be extended 
to 0.04 per cent lanthanum sulfate, whereas the 
cadmium and zinc sulfate limits were much 
higher (2 to 3 per cent). In all cases the meas­
urements were extended to as dilute solutions 
as possible.

EXPERIMENTAL RESULTS 

Lanthanum Sulfate

The solubility of lanthanum sulfate in water 
and in a uranyl sulfate solution containing 30 g 
of uranium per liter is shown in Table 1 and 
Fig. 1. Data at the lower temperatures from 
Seidell3 are plotted on the same graph as 
indicated.

In both cases the solubility of lanthanum sul­
fate shows a negative temperature coefficient. 
Since the lanthanum sulfate solutions all showed 
a strong tendency to supersaturate, it was 
necessary to heat them from 50 to 70°C above 
the equilibrium solubility temperature before 
crystals appeared. The temperatures given in 
Table 1 represent the points at which the last 
crystals redissolved upon slow cooling. The 
lanthanum sulfate crystals did not adhere to the 
sides of the tube.

Several of the solutions were heated to 300°C 
as a check on the possible existence of double 
solubility points at a given concentration. No 
such points were observed. When the 0.31 per 
cent solution was held at 260°C for 48 hr, there 
was no noticeable change either in the amount or 
in the type of crystals in the tube. The crystals 
redissolved easily at the expected temperature 
when the solution was cooled. Hence it appears 
that lanthanum sulfate is stable at the tempera­
tures investigated. As a check on the stability 
of the lanthanum sulfate—uranyl sulfate system

in water at high temperatures, the tube contain­
ing the 0.87 per cent lanthanum sulfate solution 
and 30 g of uranium per liter as uranyl sulfate

Table 1—Lanthanum Sulfate Solubility

Temp.,

In water

°C La2(S04)3,%

In uranyl sulfate solution* 

Temp.,°C La2(S04)3,%

26 2.04 97 2.04
108 0.61 105 1.74
113 0.46 120 0.87
115 0.37 145 0.29
117 0.31 169 0.15

199 0.083
215 0.042

* Solution contained 30 g of uranium per liter.

^ 100

Lq2(SQ,)3, WT. 7.

Fig. 1—Solubility curves of lanthanum sulfate. •, solubility of 
La^SO^j in UOjSC^ solution containing 30 g of uranium per liter. 
O, solubility of LajfSOJj in water (Lietzke). A, solubility of 132(804)3 

in water (Seidell).

was maintained at 250°C for 72 hr. There ap­
peared to be no change either in the amount or 
in the form of the lanthanum sulfate crystals in
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the tube. When the tube *as cooled, the crystals 
redissolved at the expected temperature. The 
lanthanum sulfate —uranyl sulfate — water system 
therefore seemed to be stable at 250°C. The in-' 
creased solubility of lanthanum sulfate in uranyl 
sulfate solution is probably due to strong sulfate 
complexing by the uranyl sulfate.

Cadmium Sulfate

The solubility of cadmium sulfate in water and 
in a uranyl sulfate solution containing 30 g of 
uranium per liter was determined over a wide 
range of concentrations. Table 2 and Fig. 2 
show the results obtained. Data obtained by A. 
Benrath1 are plotted on the same graph as in­
dicated. Cadmium sulfate like lanthanum sulfate 
shows a negative temperature coefficient of solu­
bility, and the presence of uranyl sulfate in the 
solution increases the solubility of cadmium 
sulfate at a given temperature. The cadmium 
sulfate solutions also showed a tendency to 
supersaturate, hence the temperatures given 
represent the points at which the last crystals 
redissolved as the solutions were cooled. The 
crystals obtained at the higher temperatures, 
e.g., in the 3 per cent solution, adhered to the 
walls of the tube, but the crystals from the more 
concentrated solutions were nonadherent. No 
double solubility points were found below 300°C 
at any given concentration. The cadmium sul­
fate-uranyl sulfate-water system did not ap­
pear to be as stable as the lanthanum sulfate- 
uranyl sulfate—water system. When the 2.8 per 
cent cadmium sulfate solution containing uranyl 
sulfate was held for 24 hr at 230°C or for 1 hr 
at 240°C (below the point at which crystals 
normally appeared in the solution), a brownish- 
orange precipitate appeared in the tube. The 
precipitate redissolved when the solution was 
cooled. Analysis revealed that the precipitate 
did not contain any uranium. When the brownish 
crystals were dissolved in dilute sulfuric acid, a 
colorless solution resulted. When sodium hy­
droxide was added to the solution, a white pre­
cipitate of cadmium hydroxide was obtained. It 
appears that the precipitate may have been 
cadmium oxide.

Zinc Sulfate

The solubility of zinc sulfate in water also 
decreased as the temperature increased. The

data obtained are shown in Table 3 and in Fig. 3. 
Data obtained by Benrath2 are plotted on the 
same graph as indicated. The zinc sulfate solu­
tions, unlike the lanthanum sulfate and cadmium

Table 2 — Cadmium Sulfate Solubility

In uranyl sulfate
In water solution*

Temp., °C CdS04,% Temp., °C CdS04, %

124 29.6 175 28.5
160 14.8 200 14.2
182 7.4 219 7.1
190 3.0 251 2.8

*Solution contained 30 g of uranium per liter.

p 250

Fig. 2—Solubility curves of cadmium sulfate. •, solubility of CdS04 
in UC^SC^ solution containing 30 g of uranium per liter. O, solubility 
of CdS04in water (Lietzke). A, solubility of CdS04 in water (Benrath).

sulfate solutions, did not exhibit the strong 
tendency to supersaturate. No double solubility 
points at a given concentration were found be­
low 300°C. The crystals of zinc sulfate that ap­
peared adhered to the walls of the tube. Occa­
sionally the zinc sulfate solutions showed very 
peculiar behavior. For example, when the 2.1
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per cent solution was heated for the very first 
time, nonadherent crystals appeared in the solu­
tion at 225°C. The crystals redissolved on cool­
ing. When the solution was heated again no crys-

Table 3 — Solubility of Zinc 
Sulfate in Water

Temp., “C ZnS04, %

178 34.0
203 25.5
219 22.7
238 17.0
248 11.3
253 8.5
255 5.1
257 2.1

ZnS04, WT. %

Fig. 3—Solubility curves of zinc sulfate. O, solubility of ZnS04 in 
water (Lietzke). A, solubility of ZnS04 in water (Benrath). •, unex­
plained points.

tals appeared at 225°C, but the normal adherent 
crystals were observed at 257°C. The non­
adherent crystals could not be produced in the 
tube again upon several subsequent heatings. 
This phenomenon was also observed in the 5.1

per cent and in the 11.3 per cent solutions. No 
explanation is given for this behavior, although 
the points may indicate an extension of the lower 
half of the zinc sulfate solubility curve. The2.1 
per cent zinc sulfate solution contained 0.39 mg 
of silica per milliliter after three heatings to 
260°C, while a similar solution that had been 
heated only once contained only 0.03 mg of 
silica per milliliter.

When the 11.3 per cent zinc sulfate solution 
was held at 250°C (2 degrees above the point at 
which crystals appeared in the tube) for 24 hr, 
a very large amount of crystalline material was 
deposited in the tube. X-ray analysis of these 
crystals showed them to be a mixture of ZnS04 
and ZnS04‘H20, which seems to preclude a hy­
drolytic reaction as the cause of the increased 
number of crystals. When the 17.0 per cent zinc 
sulfate solution was held overnight at 210°C 
(28 degrees below the point at which crystals 
normally appear), crystals appeared in the solu­
tion. These crystals redissolved readily when 
the solution was cooled, and their composition 
was not determined.

Cesium Sulfate

The solubility of cesium sulfate in water was 
determined over a wide range of temperatures. 
Table 4 and Fig. 4 show the results obtained.

Throughout the range investigated the solu­
bility of cesium sulfate showed a positive tem­
perature coefficient. No crystals reappeared in 
any of the solutions when they were heated to 
approximately 310°C (the upper limit for the 
8-mm quartz tubes used). The cesium sulfate 
solutions showed no tendency to supersaturate. 
In all cases at the elevated temperatures the 
crystals dissolved and reappeared at exactly 
the same temperature. The point at 23°C was 
obtained merely by stirring excess cesium sul­
fate crystals with water in a beaker. No attempt 
was made to thermostat the solution, and an 
ordinary mercury thermometer was used to 
measure the temperature. The agreement was 
satisfactory to indicate the correctness of the 
values in Seidell.3

Yttrium Sulfate

The solubility of yttrium sulfate in water and 
in a uranyl sulfate solution containing 30 g of 
uranium per liter is shown in Table 5 and Fig. 5.
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In both cases the solubility of yttrium sulfate 
shows a negative temperature coefficient. Since 
the yttrium sulfate solutions all showed a strong 
tendency to supersaturate, it was necessary to

Table 4—Cesium Sulfate Solubility 
in Water

Temp., ”C CS2SO4 ,

23 63.5
175 71.8
211 73.5
270 75.0
292 75.5

° 250 CSo S0„ + WATER

< 200

SEIDEL

Seidel I

Csg so4, wt. %

Fig. 4—Cesium sulfate solubility curve.

heat them from 50 to 70°C above the equilibrium 
solubility temperature before crystals appeared. 
The temperatures given in Table 5 represent 
the points at which the last crystals redissolved 
upon slow cooling. The yttrium sulfate crystals 
did not adhere to the sides of the tubes. Just as 
in the case of lanthanum sulfate no double solu­
bility points were observed at any given concen­

tration below 300°C. Also, the yttrium sulfate- 
uranyl sulfate—water system seemed to be stable 
at 250°C.

Table 5—Yttrium Sulfate Solubility

Temp.,

In water

•C Y2(S04)s, %

In uranyl sulfate 
solution*

Temp., *C Y2(S04)3, %

108 4.76 153 4.47
150 2.38 162 2.23
155 1.59 189 0.81
160 1.19 229 0.22
161 0.95
163 0.64
176 0.48
186 0.23
195 0.12

♦The solution contained 30 g of uranium per liter.

Y2(S04)3 + U0zS04 SOLN.

Fig. 5—Yttrium sulfate solubility curves.

CONCLUSION

With the exception of cesium sulfate all the 
salts investigated showed a negative temperature
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coefficient of solubility both in water and in 
uranyl sulfate solution. It is possible that at 
higher temperatures cesium sulfate might be­
have like sodium and potassium sulfates3 and 
show a sudden decrease insolubility. The forma­
tion of a sulfate complex of the type [U02(S04)2]__ 
may account for the increased solubility of the 
various sulfates in uranyl sulfate solution at a 
given temperature. This complex is known to 
exist at room temperature in sulfate solutions.

Because of the small amount of material used 
in the synthetic method and because of the dif­
ficulty (if not impossibility) of sampling, the

solid phase in equilibrium with the solution at a 
given temperature was not identified.
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Notes on Commercial Carbon and Graphite

By J. A. SLYH 

Battelle Memorial Institute

Report TID-5046

Among the many basic materials of construc­
tion vital to the industrial world, carbon and 
graphite parts are very important. The peculiar 
physical and chemical characteristics of the ma­
terial enable the products to function in roles 
for which no other material is equally suitable. 
The various industrial applications include ro­
tating and stationary electrical contacts, elec­
trodes for conducting electrical or thermal en­
ergy into areas of utility, and corrosion-re­
sistant materials of construction for the chemi­
cal and metallurgical processing industries. 
With modification, the material may serve as a 
friction material or a lubricating material in 
various types of clutch, bearing, and seal ap­
plications.

Fabricated carbon is a typical ceramic prod­
uct, being made of a filler and a binder, shaped,

and heat-treated to impart permanency. Promi­
nent among the raw materials that are employed 
as fillers are petroleum coke, coal, natural 
graphite, and gas or petroleum blacks. Binders 
may be any hydrocarbonaceous material which 
destructively distils leaving carbon residue. 
Phenol formaldehydes, furfurals, starches, sug­
ars, lignocelluloses, and petroleum and coal 
asphalts or tars are typical examples. Owing to 
economic considerations, the latter two are used 
almost exclusively.

The filler and binder are intimately mixed at 
a temperature suitable for fluidization of the 
binder, the resultant mass is formed to shape 
by molding or extrusion, and the shapes then 
are baked at 800 to 1500°C to set the binder 
carbon. Subsequent processing, depending on the 
ultimate use, may include impregnation with

Table 1 — Properties of Graphites Manufactured by the International Graphite & Electrode Corp.*

Product dimensions, 
in. Grade Texturet

Machine-
ability

Transverse
strength,

psi

Electrical
resistivity,

ohm-in.

Apparent 
density, 
g/cm3

Maximum
ash con­
tent, %

Coefficient! 
of thermal 
expansion, 

10-7/"C

9 — 12 dia. x 72 3383 FG Good 1500 0.00025-0.00040 1.50-1.65 1.5 23 L
14 dia. x 72 3383 FG Good 1500 0.00025-0.00040 1.50-1.65 1.5 21 L
16-20 dia. x 60 3383 FG Good 1500 0.00025-0.00040 1.50-1.65 1.5 19 L
3,4,5 dia. x 48 3474 VF 1200 0.00025 - 0.00045 1.50-1.65 1.5 28 L
6,7,8 dia. x 72 3474 VF 1200 0.00025-0.00045 1.50-1.65 1.5 40 T
20 dia. x 60 3474N F 1500 0.00025-0.00040 1.50-1.65 1.5
16 x 16 x 74 3474N F 1500 0.00025-0.00040 1.50-1.65 1.5
20 dia. x 60 5785 F 1500 0.00025-0.00043 1.60-1.75 1.5

’These graphites are all manufactured by the extrusion process from petroleum coke, coal-tar pitch, and process oil. 
t Abbreviations used are F, fine; FG, fine grain; and VF, very fine, 
t L, longitudinal; T, transverse.



cc
Table 2 — Properties of Commercial Grades of Carbon and Graphite Manufactured by the National Carbon Division, Union Carbide & Carbon Corp.

Grade Raw materials; processing operations*
Max. size, 

in. Texturet
Structural

Flaws

Machineabilityt

Tool Grind

Transverse
strength,

psi

Electrical
resistivity,

ohm-in.

Apparent
density,
g/cm3

Ash content, 
%t

K Cl, p; extd, gb 40 dia. C Some D M 1000 0.002 1.61 9.0
CB4 Cl, p; extd, gb 40 dia. C Some D M 1000 0.002 1.58 7.0
GA Ck, p; extd, gb 20 dia. MC Some D M 2500 0.0016 1.57 2.0
MP1 Ck, p; mid, gb 8x6x4 M Slight D M 3000 0.0016 1.63 2.0

AOH Lpb, p; mid, impg, grd 6 x 5 x 2H VF None M G 3500 0.002 1.65 0.1
ATY Lpb, p; mid, gb 6 x 5 x 2‘A VF None D M 4500 0.002 1.50 0.5
ARK Lpb, p; mid, impg, grd 6 x 5 x 2Vj VF None M G 3500 0.002 1.65 0.1
AGR Ck, p; extd, grd 30 dia. MC Some G E 1500 0.0004 1.55 0.5

AGX Ck, p; extd, impg, grd 20 dia. MC Some G E 2500 0.0004 1.65 0.5
CS Ck, p; extd, impg, grd 24 dia. M Slight G E 2500 0.0004 1.65 0.2
ATL Ck, p; extd, impg, grd 30 dia. M Slight G E 2500 0.0004 1.65 0.2
ATZ Ck, p; extd, impg, grd 8 dia. VF None G E 3500 0.0004 1.65 0.2

AUF Ck, p; extd, impg, grd 8 dia. VF None E E 3500 0.0004 1.65 0.06
C18 Ck, p; mid, grd 24 x 20 x 6 F None G E 3500 0.0004 1.57 0.2
ATJ Ck, p; mid, impg, grd 24 x 20 x 12 VF None G E 4000 0.0004 1.75 0.2
AUC Ck, p; extd, impg, grd 16 dia. F Slight E E 2500 0.0004 1.70 0.06
AWC Ck, p; mid, impg, grd 6 x 5 x 2Vi VF None E E 4000 0.0004 1.65 0.06
AWG Ck, p; mid, impg, grd 24 x 20 x 12 VF None E E 3500 0.0004 1.75 0.06
AGOT-Wf Ck, p; extd, impg, grd F None E E 2500 0.0004 1.60 0.06
AGOT-KS1T Ck, p; extd, impg, grd F None E E 2500 0.0004 1.70 0.06
GBF Ck, p; extd, impg, grd F None E E 2500 0.0004 1.65 0.005

‘Abbreviations used are (1) raw materials: ck, coke; cl, coal; Ipb, lampblack; and p, pitch and (2) processing operations: mid, molded; extd, extruded; 
impg, impregnated; gb, gas baked; and grd, graphitized.

tAbbreviations used are C, coarse; MC, medium coarse; M, medium; F, fine; and VF, very fine, 
tAbbreviations used are D, difficult; M, medium; G, good; and E, excellent.
§The analysis of the ash for the coal electrodes, grades K and CB4, is that of coal ash. The analysis of the ash of grades GA and MP1 is that of metal­

lurgical coke. The analysis of the ash of those grades having an ash content in the range of 0.1 to 0.5% is as follows: V205 = 9 to 40%, Si02 = 12 to 35%, 
Fe202 = 16 to 30%,CaO = 14 to 26%,Ti02 = 2 to 5%, sulfur = 0.005 to 0.10%, boron = 1 to 2 ppm. The analysis of the ash of those grades having an ash content 
of 0.06% is as follows: calcium = 26%, vanadium = 30%, iron = 30%, titanium = 6%, silicon = 8%. Partial chemical analysis of the ash of grade GBF is as fol­
lows: boron = 0.1 ppm, calcium = 6 ppm, iron = 10 ppm, vanadium = 5 ppm.

ITGrade AGOT is manufactured only for the AEC and is not considered a commercial stock item. The characteristics quoted for this grade and for grade 
GBF were obtained from AEC Report BMI-T-35. This report also contains certain characteristics of these grades peculiar to AEC requirements.
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Table 3—Properties of Carbon and Graphite Products Manufactured by the Great Lakes Carbon Corp.

Product* Grade

Transverse
strength,!

psi

Electrical
resistivity,!

ohm-in.

Apparent
density,
g/cms

Thermal
conductivity,

Btu /sq ft/ft/hr/0 F

Coefficient
of thermal 

expansion,! 
lO-7/*?

Tensile
strength,!

psi

Modulus
of

elasticity,! 
105 psi

Graphite electrodes
3 - 5% dia. HC 2850 0.00033 1.65 85 15 1000 12
6-12 dia. HC 2000 0.00035 1.56 70 13 625 9.0
14 dia. HC 1725 0.00035 1.55 70 11 625 8.5
16 - 18 dia. HC 1510 0.00035 1.55 65 10.5 600 8.3
20 dia. HC 1100 0.00035 1.54 65 10 575 7.0
24 - 30 dia. HC 1050 0.00038 1.53 65 10 525 7.0

Graphite blocks
4x4 cross section HPC 2800 0.00032 1.67 85 13 1075 12
8x8 cross section HPC 2800 0.00033 1.68 85 13 1050 12
16 x 16 cross section HPC 2520 0.00034 1.69 80 12 1000 11
24 x 30 cross section HPC 2310 0.00034 1.68 80 12 950 10

Graphite blocks
4x4 cross section HC 1925 0.00035 1.56 70 12 725 9.2
8x8 cross section HC 1850 0.00035 1.56 70 12 680 8.8
16 x 16 cross section HC 1710 0.00037 1.57 65 11 625 8.3
24 x 30 cross section HC 1615 0.00037 1.57 65 11 600 8.0

Carbon electrodes
8-10 dia. A 1390 0.0011 1.59 9 16 7.0
12-17 dia. A 1200 0.0012 1.57 9 16 6.8
20 - 24 dia. A 1050 0.0014 1.58 9 15 6.6
30- 35 dia. A 910 0.0016 1.57 9 15 6.6
24 x 30 cross section A 890 0.0016 1.57 9 J.5 6.6

Carbon brick BC 2910 0.0019 1.55 3 17 1050 12
Graphite mold stock HLM 3025 0.00035 1.67-1.70 85 13 1000 12
Graphite anodes HL 1920 0.00035 1.56 75 11.5 700 11
Up to 2 x 9 cross

section HPL 3050 0.00033 1.66 85 13 1050 13

♦Dimensions given in inches.
tMeasurements obtained on specimens prepared with their axes parallel to the direction of extrusion.
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liquid hydrocarbon, or metal, and/or reheating. 
Reheating temperatures depend on the type of 
impregnant. Usually, when no metals are in­
volved, the reheat temperature will be in the 
range of 2300 to 3000°C, and the resultant prod­
uct is called “artificial graphite,” or graphite.

Carbon or graphite shapes are employed in 
large quantities in production and experimental 
work forthe Atomic Energy Commission. Prom­
inent applications include the use of graphite as 
moderator and reflector components for nuclear 
reactors; also, considerable study is being made 
of the possible use of graphite as a material of 
construction for fuel elements and crucibles. 
Other applications arise for speculation fre­
quently in considering the design of apparatus 
and equipment. Typical properties of graphites

manufactured by International Graphite & Elec­
trode Corp. are given in Table 1. To serve as 
a single reference, some of the more common 
physical characteristics, and the raw materials 
and processing operations employed in the fabri­
cation, of many of the commercial grades of the 
National Carbon Division of the Union Carbide 
& Carbon Corp. are presented in Table 2. Typi­
cal properties of the carbon and graphite prod­
ucts of the Great Lakes Carbon Corp. are given 
in Table 3*

We acknowledge the aid of B. W. Gamson of 
the Great Lakes Carbon Corp., L. C. Werking 
and W. A. Steinfer of the National Carbon Divi­
sion, and G. J. Goepfert of the International 
Graphite & Electrode Corp. in the preparation 
and release of these data.

October 1951



LETTERS TO THE EDITORS

To the Editors:
G. L. Weil stated, in a recent review [Reactor Sci. 

Technol., 1: 7(1951)], that in the case of a converter 
a few per cent gain in conversion ratio is relatively 
unimportant, whereas a few per cent gain in breeding 
ratio for a breeder may make a large difference in the 
ultimate supply of fissionable material. In the case of 
the conversion of U235 to U233 or to plutonium this is 
true because of the relative paucity of U235. However, 
if the conversion of plutonium to U233 is considered 
(or the reverse conversion), the situation is entirely 
analogous to the breeding problem. There may even 
be some worth-while technological advantages in con­
ducting what is essentially a breeding process by con­
verter reactors.

trum removed, more coolant may be used and a 
higher specific power may be obtained.

In case IV, the mixed-core mixed-feed breeder- 
converter is indicated. This arrangement has the pos­
sible advantages of high specific power (mixed core)

CASE I 
BREEDERS

USUAL ARRANGEMENT 

AVERAGE GAIN = 0.40

1.0 INPUT LO INPUT
IU-236I

The only obvious advantage seems to be the addi­
tional flexibility in the type of product output obtained 
by considering converters as well as breeders. In the 
diagram are shown the two breeder arrangements and 
various alternate schemes. Case I represents the 
usual breeder arrangement with assumed breeding 
gains of 0.2 for the thorium-U233 cycle and 0.6 for the 
U^-plutonium cycle.

1.0 INPUT LO INPUT

CASE II

COUPLED CONVERTERS
POSSIBLE IMPROVEMENT 
BY UTILIZING Th WITH Pu COlt

AVERAGE GAIN =0.45

REACT. REACT
PUU-233

Case n represents two coupled converters with the 
plutonium core fed thorium and the U233 core fed U23®. 
Each converter maintains the core of the other. The 
element of flexibility now enters in that the relative 
production of U233 and plutonium is 0.6 to 0.2, whereas 
it had been the reverse with breeders.

There is a possible secondary advantage. In order 
to obtain a high breeding gain, the plutonium core 
must operate with a rather fast neutron spectrum. 
Thorium has a larger resonance absorption integral 
than U238 and may be more efficient in absorbing the 
fast spectrum neutrons. This is indicated by changing 
the output from 0.6 to 0.7 on the plutonium-core re­
actor.

In case HI, mixed-core coupled breeder-converters 
are considered, with one fed thorium and the other fed 
U238. A possible advantage of this scheme may be op­
eration at a higher specific power than is possible 
with good gain with a straight plutonium core. The 
stringent limitations on neutron spectrum may be re­
laxed when U233 is present to fission in the lower 
energy range where the plutonium radiative capture 
cross section is large. With the limitation on spec­

CASE III

COUPLED BREEDER 
CONVERTERS

POSSIBLE IMPROVEMENT 
IN SPECIFIC POWER
AVERAGE GAiN =0-40

CASE IV

BREEDER CONVERTER

POSSIBLE IMPROVEMENTS IN 
SPECIFIC POWER AND GAIN

AVERAGE GAIN » 0-5

2,0 INPUT
I ThEU-238|

and improved breeding gain by optimum absorption 
utilizing the mixed feed. This is indicated by the prod­
uct output of 1.0.
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The only certain advantage of the breeder-converter 
arrangements over straight breeder systems is the 
greater flexibility in type of product. The realization 
of the other possible advantages will depend upon the 
details of the U233 fission and capture cross sections, 
and this knowledge is lacking. The breeding gain of 
the mixed schemes will be lower than for the straight 
plutonium-U238 cycle because the lower gain U233-

thorium is averaged in. However, if U233 production 
were to be emphasized, case H would seem to be 
superior to case I.

M. M. Mills
Atomic Energy Research Department 
North American Aviation, Inc.
Downey, California
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