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INTRODUCTION

Research and test reactors are widely deployed to study the irradiation
behavior of materials of interest in nuclear engineering, to produce radio-
isotopes for medicine, industry, and agriculture, and as a basic research and
teaching tool. In order to maximize neutron flux per unit power and/or to
minimize capital costs and fuel cycle costs, most of these reactors were de-
signed to utilize uranium with very high enrichment (in the 70% to 95% range).
Research reactor fuels with such high uranium enrichment cause a potential
risk of nuclear weapons proliferation.

Over 140 research and test reactors of significant power (between 10 kW
and 250 MW) are in operation with very highly enriched uranium in more than
35 countries, with total power in excess of 1,700 MW. The overall annual fuel
requirement of these reactors corresponds to approximately 1,200 kg of 2 3 5U.
This highly strategic material is normally exported from the United States,
converted to metal form, shipped to a fuel fabricator, and then shipped to the
reactor site in finished fuel element form. At the reactor site the fuel is
first stored, then irradiated, stored again, and eventually shipped back to
the United States for reprocessing. The whole cycle takes approximately four
years to complete, bringing the total required fuel inventory to approximately
5,000 kg of 235D-

The resulting international trade in highly-enrichad uranium may involve
several countries in the process of refueling a single reactor and creates a
considerable concern that the highly-enriched uranium may be diverted for non-
peaceful purposes while in fabrication, transport, or storage, particularly
when it is in the unirradiated form.

The proliferation resistance of nuclear fuels used in research and test
reactors can be considerably improved by reducing their uranium enrichment to
a value less than 20%, but significantly greater than natural to avoid exces-
sive plutonium production.

The principal objective of the RERTR program is to provide the technical
means to make this enrichment reduction feasible without significant financial
or programmatic penalties in all research and test reactors, except, perhaps,
for a small number of high-performance and special-purpose reactors.



PROGRAM CRITERIA, BASIS AND GOALS

In accordance with the principal objective of the RERTR program, the
uranium enrichment reduction is to be achieved by adhering to the following
practical criteria:

1. test/experiment capability of the reactors should not be
significantly degraded,

2. core lifetime should not be significantly reduced,

3. extensive reactor modifications should not be required, and

4. no significant new safety or licensing issues should be raised.

The key technical basis of the program is to increase the uranium loading
of each fuel element while the uranium enrichment is decreased, so that the
reactivity loss due to the greater 2 3 8U content is compensated to provide
adequate core lifetime. The required uranium loading can be achieved through
any combination of two possible approaches:

1. the volume fraction of the fuel meat may be increased above current
values, and

2. the uranium density in the fuel meat may be increased beyond the
limits which are currently used in research and test reactors.

The first approach normally requires redesign of the fuel element. The
increased volume fraction of the fuel meat may be compensated by decreasing
the volume fractions of the clad, of the coolant, or of both. However, the
achievable reduction in the clad volume fraction may be limited either by the
minimum clad thickness needed for fission production retention, or by the
minimum clad surface needed to prevent onset of nucleate boiling at a given
reactor power. The achievable reduction in the coolant volume fraction may be
limited by the need to prevent bulk boiling in the outlet coolant, by the need
to avoid excessive pressure drop in the core, or by the need to adequately
moderate the neutron flux in the core. These limitations may make it diffi-
cult to significantly increase the fuel meat volume fraction in some high-
performance reactors which were designed very close to their thermal-hydraulics
limit. In a majority of the research and test reactors in operation, however,
and especially in those of low power, the volume fraction of the fuel meat can
be significantly increased above current values.

The second approach, on the other hand, has universal application and
requires no fuel element redesign. Because of this, it is considered as the
primary technical approach of t;he RERTR program. It requires development of
new fuel fabrication techniques yielding greater uranium densities in the fuel
meat than those achievable with currently qualified technology. Development
of the new fabrication techniques will require several years. However, this
approach can be immediately applied in all those research ana test reactors
in which the uranium density in the fuel meat is less than currently qualified
technology allows.

In view of these considerations, near-term and long-term goals have been
set for the RERTR program. The near-term goal is to demonstrate and implement
enrichment reductions based on currently qualified fuel fabrication technology



within the next two years. For MTR-type reactors, this implies the use of
U3O8-AI or UA1 -Al fuels with up to 42 wt% uranium instead of the more common
U-Al alloy fueis with approximately 18 wt% uranium. For many reactors, this
direct substitution will allow reduction of the fuel enrichment from 90-93%
down to about 45%, For those lower power reactors with an excess design margin
in power per unit of heat transfer area, additional enrichment reduction to
less than 20% may be made possible by changes which increase the fuel meat
volume fraction, such as changes in clad thickness, fuel meat thickness, and/or
number of plates per element. Only a few high-performance MTR-type reactors,
using high-density fuel and essentially no design margins, will not be included
in this phase of the program. For TRIGA reactors, the maximum fuel loading
that is currently qualified for research reactor fuel is 12 wt% uranium in
U-ZrH pellets, while the normal current loading is 8.5 wt% uranium. Loadings
up to 45 wt% uranium are at an advanced stage of development, and 20% uranium
enrichment for all TRIGA reactors may become part of the near-term program
objectives. For each of these reduced-enrichment fuel-types, an extensive
testing and demonstration program is required.

The long-term goal of the RERTR program is to achieve conversion to less
than 20% enriched fuel of essentially all research and test reactors, with the
possible exception of only a few high-performance or special-purpose reactors.
The long-term goal is to be achieved through development, demonstration and
commercialization of reactor fuels with very high uranium density. The fuel
type considered in the program include both current fuel types (such as U-Al
alloys, UA1 -Al and U30g-Al dispersions, U-ZrH, and UO2) and new fuel types
(such as U3SX and U-10%Mo). The time scale for the achievement of the long-
term program goal includes three years of fuel development followed by two or
three years of fuel evaluation, demonstration, and commercialization of the
selected fuel candidates.

The main research and test reactor fuels are listed in Table I along with
the corresponding uranium densities which are considered achievable in the near
term and in the long term. For each fuel type, and for both near-term and
long-term, the table lists also the uranium enrichment reductions which could
be achieved by combining the new fuel technologies with increases of the fuel
meat volume fraction. The feasible enrichment reductions are estimated to be
significantly greater in lower power reactors because excess design margins
normally encountered in these reactors can be used to increase fuel-meat volume
fractions.

A qualitative preliminary estimate of the number and cummulatlve power of
the research and test reactors which could be converted to the use of reduced-
enrichment uranium in the near term according to the criteria and approaches of
the RERTR program is provided in Table II.' This table indicates that a very
large majority (^90%) of the research and test reactors can be converted to the
use of 20% or 45% enriched uranium in the near term. However, only a 55%
reduction in highly-enriched 2 3 5U consumption will be achieved through the

*
The table does not include reactors situated in the U.S.S.R. and in the People's
Republic of China. It also does not include special-purpose research and test
reactors which use highly enriched fuel for programmatic reasons, such as THTR,
KNK-II, AVR, DRAGON, RAPSODIE and EBR-II.



TABLE I. Enrichment Reduction Potential of Candidate Fuels

Fuel Type

U'ZrH

U-Al alloy

UA1 -Al
X

U3O8-A1

U02

U3Si

U-10%Mo

Near-Term
Uranium Density,
w/o (g/cm3)

20 (1.3)

30 (1.1)

42 (1.7)

42 (1.7)

Long-Term
Uranium Density,
w/o (g/cm3)

45-60 (3.7-5.9)

40-45 (1.6-2.0)

50-60 (2.2-3.0)

60-70 (3.1-4.2)

85 (9.6)

95 (14.9)

90 (16.4)

Enrichment Reduction Potential, %
Near-Term/Long-Term

Low Power High Power Very High Power

20/20

20/20

20/20

20/20

20

20

20

45/20

70/45

45/20

45/20

20

20

20

93/45

93/45

93/45

20

20

20



Table II. Estimated Potential Near-term Reduction in Number of
Research Reactors Using Highly Enriched Uranium

Reactor type
and Power

In the U.S.

MTR-type
Greater than 15 MWt
5 to 15 MWt
1 to 5 MWt
0.01 to 1 MWt

TRIGA-type

Other types

Subtotal

In other countries

MTR-type
Greater than 15 MWt
5 to 15 MWt
1 to 5 MWt
0.01 to 1 MWt

TRIGA-type

Other Types-

Subtotal

Total

Present

Enrichment

6
7
8

15

5

41

8
21
12
43

4

12

100

141

93%

(645)a

(53)
(14)
(1)

(6)

(719)

(320)
(148)
(22)
(3)

(22)

(480)

(995)

(1714)

Near-term

<20%

7
15

5

27

2
3

12
43

4

64

91

(12)

(1)

(6)

(19)

(100)
(29)
(22)
(3)

(22)

(176)

(195)

potential conversions

Enrichment

45%

1 (30)
5 (38)
1 (2)

7 (70)

6 (220)
18 (119)

8 (160)

32 (499)

39 (569)

93%

5 (615)
2 (15)

7 (630)

4 (320)

4 (320)

11 (950)

with thermal megawatts (MWt) shown in parentheses



conversions, because much of the consumption is concentrated in some high-
power, high-performance reactors which cannot be converted in the near term.
Achievement of a major reduction in the consumption of very-highly-enriched
uranium in research and test reactors within the assumed RERTR program criteria
will be feasible only when the long-term fuel development goal of the program
is attained.

PROGRAM ORGANIZATION

The technical management and interfacing organization of the U.S. RERTR
program is depicted in Figure 1.

The Nuclear Power Development (NPD) Division of the U.S. Department r>f
Energy (DOE) is the programmatic focal point with regard to the formulation
and provision of overall programmatic and policy guidance to the DOE Chicago
Operations Office (GH). NPD is also the programmatic focal point with respect
to the establishement and development of inter-governmental interfaces. CH is
the programmatic focal point for implementation of the program in accordance
with policy guidance provided by NPD. CH is also the. focal point with regard
to interfaces with all participating DOE Field Offices and CH prime contractors.

Argonne National Laboratory (ANL) interacts directly with participants
concerning definition, development, and progress of their assignments within
the technical scope of their contracts.

PROGRAM ELEMENTS AND WORK BREAKDOWN STRUCTURE

The RERTR program includes primarily six interacting technical elements
to attain the programmatic goals. The logical flow and interactions of the
elements are illustrated in Figure 2.

The six technical program elements (or activities are listed and described
below.

1. Evaluation of HEU Export Requests

This activity provides the Executive Branch with a technical evaluation
of every significant Highly-Enriched-Uranium (HEU) Export Request. The tech-
nical and economic justification of need for HEU submitted with each Export
License Application is reviewed by ANL and a short lead-time technical evalua-
tion is performed for the specific reactor(s) for which the application is
made. Each evaluation addresses the potential of the reactor(s) for conver-
sion to reduced-enrichment fuel and provides the Executive Branch with a tech-
nical analysis of the tradeoffs among experiment performance, core lifetime,
economics and licensing issues.

2. Generic Report Analysis and Design

This activity of the program provides generic core analysis and design
(physics, safety, thermal-hydraulics, structures and fuels) and reactor-
facility analysis and design (heat rejection, hydraulics) studies of the major
types (U, U 3O 8 or U A ^ / H ^ , U-ZrH/H2O, UO2/H2O and U-A1/D2O) of research and
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test reactors with reduced enrichment. Performance and fuel cycle cost impli-
cations, and the problems associated with plutonium production and fuel supply,
are addressed. For each reactor type, in-depth redesign studies are undertaken
for representative existing reactors to evaluate the potential for converting
them from the use of highly-enriched uranium fuel to the use of reduced uranium
enrichment. In-depth design studies are performed also for new research and
test reactors in the design phase, tc evaluate reduced-enrichment fuel alterna-
tives. Collaborative studies with personnel from the reactor projects involved
are carried out as appropriate.

3. Specific Reactor Technical Support

This activity is structured to expendite application of reduced-enrichment
replacement fuel to specific foreign and domestic reactors by providing tech-
nical support to the fuel element engineering design, component design, pro-
curement specification preparation, and safety analysis revisions necessary to
initiate fuel procurement. Wherever possible, the support work is carried out
in close cooperation with the affected reactor operating organization and
potential fuel manufacturer. If appropriate and contributory to expediting
priority applications, drawings and other documents supporting the procurement
specifications may also be provided by ANL to the reactor operating organiza-
tion. Technical support during procurement negotiations and fuel fabrication
are provided by ANL, if necessary.

4. Fuel Development

This activity is a long-term fuel development effort intended to yield
fabrication techniques for research and test reactor fuels of high uranium
density. The fuel development activity consists of four parallel fuel develop-
ment efforts. Three of these efforts are concerned with development of plate-
type UA1 -Al fuel elements, plate-type U3O8-AI fuel elements, and rod-type
U-ZrH (TKIGA) fuel elements with uranium loadings much greater than those
currently available. These three efforts are further developments of fuels
that are now utilized in research and test reactors. The fourth effort is the
development of new research and test reactor fuels (such as l^Si, U-Mo, UO2)
that accommodate very high uranium loadings beyond the development potential
of current fuels.

5. Fuel Demonstration

The objective of this activity is to demonstrate to the users and
operators of research and test reactors that the operation of such reactors
with reduced uranium enrichment fuels meets all the required criteria of re-
liability, performance, safety, core lifetime, and economics. The fuel demon-
stration activity includes three types of tests. The first test type consists
of irradiating in a high-flux facility some elements of each relevant fuel type
beyond their normal life burnup limit, and in verifying the ability of the fuel
to stand such a test with acceptable metallurgical performance. The second
test type consists of a whole-core demonstration in a reactor in which detailed
physics measurements can be made to assess any change in the physics and safety
characteristics of the core. The third test type consists of a whole-core
demonstration in a reactor in which the burnup rate is sufficient to adequately
study the physics/safety characteristics of the core throughout the entire fuel
cycle. The fuel demonstration activity includes the planning of the tests, the
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procurement of the fuel elements/cores for the tests, the performance of the
irradiations and experiments, post irradiation examinations, and analysis of
data.

6. Fuel Commercialization

This activity is to provide the technical support to ensure that the fuel
needed for the operation of all research and test reactors which can operate
with reduced-enrichment fuel can become commercially available, on a worldwide
basis, and without the need for significant government financial support.
This part of the program includes: (1) identification of the potential com-
mercial domestic and foreign suppliers of reduced-enrichment fuel for research
and test reactors, (2) evaluation of their fabrication processes and capabili-
ties, and (3) technical support and implementation for the transfer of tech-
nologies, wherever such transfer is appropriate and may contribute co the com-
mercialization goal.

Figure 3 illustrates the Work Breakdown Structure of the RERTR program,
and lists the components of each of the six main technical program elements
that have been described.

PROGRAM SCHEDULE

Tne time schedule of the RERTR Program is Illustrated in Figure A.

The main milestones of the Generic Reactor Analysis and Design Activity
concern compilation and calculation of critical experiment data for validation
of codes and methods, reactor analysis and design activities, performance and
fuel cycle studies, and design of new proposed reactors.

Some milestones of the Fuel Development and Fuel Demonstration Activities
are of special importance. Element fabrication for near-term irradiation tests
is to begin in March 1979, and the irradiations are to be completed in about
one year. The first experiments in the whole-core low-power demonstration
(the Ford Nuclear Reactor, FNR, at the University of Michigan) are to begin in
September 1979, and will be completed in January 1981. A whole core, high-
power demonstration in a reactor yet to be selected will be completed at
approximately the same time. Simultaneous implementation of related technology
transfers by the Commercialization Activity will mark the conclusion of the
near-term part of the program.

In the long-term part of the program, plate fabrication with new very-
high-density fuels is to begin in April 1979. Mini-plate irradiations will
begin between July 1979 and January 1980 (depending on the fuel type) and will
terminate between July 1980, and August 1981. The whole-core demonstrations
with the very-high-density fuels will be concluded in June 1983. Appropriate
transfer of the very-high-density fuel technology, to be achieved around August
1984, will mark the attainment of the long-tei•?. goal and the conclusion of the
RERTR program
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CONCLUSION

The RERTR program is a major national program which is currently under
way in the U.S., centered at the Argonne National Laboratory, to reduce the
nuclear weapon proliferation potential of research and test reactor fuels.
The main objective of the program is to provide the technical means by which
the uranium enrichment to be used in these reactors can be reduced to less
than 20% without significant economic and performance penalties.

The program is based on the use of greater uranium loadings in the fuel
elements and, especially, on the development of new fuels with high uranium
densities. The near-term goal of the program is to use current technology
to allow enrichment reductions within two years in as many reactors as pos-
sible. The long-term goal is to develop and transfer new fuel technologies
which will allow enrichment reductions in almost all research and test
reactors within six years.

International participation is invited in all phases and aspects of the
program.
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DISCUSSION

KUECHLE (Karlsruhe): In all the papers from the U.S. you use the
reactor power as a criterion to discriminate between the potential of
enrichment reduction. In fact, the reactor power is not a very good
criterion because what you really need is what is the difference
between uranium density presently used and maximum possible uranium
density available, and secondly what is the distance between cooling
capacity presently used and safety limits. It could well be that you
have a low power reactor operating on a natural convection cycle which
is much closer to its design limits than a high power reactor with
forced convection. Also, the low power reactor could be used for beam
research so they want to have very small core size. For the high
power reactors you intentionally have a diluted fuel to allow a large
core size. So, you must be careful in making this distinction in
terms of power.

TRAVELLI: I agree entirely with you. The distinction that
classifies the reactors only according to their pc v.̂ r rather than the
power density and to the state of the technology which is already
utilized in that reactor is a gross s:;T.yiification. In reality one
should look at how close to the design margins that reactor is and
what the present density i_, m that reactor. It just turns out to be
that if you follow ciie correct pattern, you find that there is a very
close correlation because people who have invested a lot of money and
effort in getting a very high power reactor frequently have tried to
get very close to the design margins and to use the high density
fuels. So the classification according to the power is based more on
a statistical consideration than on =i real physics consideration.
What I am saying is that if you follow the correct criteria, the one
that you have mentioned, to classify the reactors, you would find that
with very few exceptions the reactors that you would classify as very
difficult to convert or very easy to convert would follow statisti-
cally along the lines that I have used. The only reason that I am
using these lines is that they are very easy to follow because when
you hear about the reactor and you know that the power of the .'oactor
is about 1 or 2 MW, it is very easy to say that that reactor ca.i be
converted. You have about a 90% chance of being right. In order to
be sure, however, one has to go through the considerations that you
mentioned and find out whether or not that reactor is one of the
exceptions.

FERADAY (Atomic Energy of Canada): Armando, in your overall
program I didn't see anything on the reprocessing of some of the new
fuels. Are there any plans for looking at this?

TRAVELLI: Yes, for the fuels which we are considering which are
extensions of present fuels, that does not present problems in the
sense that if we still talk about uranium aluminide in aluminum or
uranium oxide in aluminum the same reprocessing procedures which are
in effect today could still be used, but there is some serious concern
about some of the fuels like uranium silicide that would be totally
new, foT which procedures have not been developed yet. In general, we
recognize that when one considers these fuels very careful
consideration has to be given to the ability of reprocessing the fuels
and if this ability does not exist today then reprocessing studies
have to go on in parallel with the fuel development studies.
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CUNNINGHAM (ORNL): About a year and one-half ago when you first
started to formulate your plans you were going to look at the basis of
the 20% enrichment for what vj^uld be considered a weapon material.
Have those studies been completed yet?

TRAVELLI: Those studies are not part of our program. They are
being performed by other federal agencies and primarily under the
sponsorship of the Arms Control and Disarmament Agency. I know that
Dr. Fraley will be giving an informal presentation tomorrow on behalf
of the Arms Control and Disarmament Agency. He is not here today, but
he will be here tomorrow. Oh, you are here - good. Would you like to
comment on the question?

FRALEY (ACDA): The question of what quantities would constitute
weapons usable material is being studied, and some preliminary results
have been obtained; however, I don't think at the present time that we
have any results that are releasable.

CUNNINGHAM (ORNL): My question is directed not so much as to
quantities as to the enrichment amount.

FRALEY (ACDA): Not only quantities but as to what enrichment
levels would constitute usability. There are studies in progress;
however, there are no released results at the present time.

BRUGGER (University of Missouri): On your slides you presented
that about 1500 MW represented the research reactor community of which
950 would have to still stay enriched, that is, related to some amount
of highly-enriched uranium. To put things in perspective, that amount
of uranium used by research reactors is what percent of the total
highly-enriched uranium in the world?

TRAVELLI: I don't know, frankly.

BRUGGER: Would 5% be a reasonable guess?

TRAVELLI: I don't know, frankly, because the rest of the 235U that
is used in the world would probably fall under highly classified
information, and I have no access to that.

LEWIS (Department of State): On the 20% enrichment question, a lot
of people have been looking at that in various ways and at various
times and, of course, as everyone knows tne bomb worth of material as
a function of enrichment is a continuous function and not a step
function, and so it is a matter of judgment. What it finally comes
down to is what is sufficiently low enrichment. I can only say and
these are all, as you might expect, classified discussions, but I can
only say to you here that I would say that the probability of a change
in the 20% number as a very important criterion is practically nil,
and I would not count on that. Now on the other hand, it is true that
within the research reactor area that we have the flexibility to
choose at least one intermediate enrichment between 20% and 93% for
those reactors that can use an intermediate enrichment. Armando is
commenting on 4 5% and I think that is a reasonable number, and I would
like to ask incidentally in the discussions today and tomcrrow for
comments as to what is an appropriate level for that intermediate
enrichment. Is it 45% or is it something else? Then finally on the
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question of what fraction of the highly-enriched uranium in the world
is tied up in supplying the world's research reactors, I, of course,
don't know that number. I think the more important point is the
accessibility of this material. A very large amount of very
highly-enriched uranium is in circulation in the world to supply the
world's research reactors, and a good deal of it is unnecessary from a
technological point of view and from an economic point of view, and it
is that part that the U.S. policy is aimed at.

BRUGGER (University of Missouri): This may bs more of an observation
than a question. You showed on your slide the development of future
fuels. It recalls to mind the fact that fuel development was being
done in this country for research reactors back in the mid 1960's and
then it was pretty much cancelled. It was decreased to the point
where very little real development has been done since then. I think
it shows that we need to be doing advanced research and development,
pushing our capabilities to the limit even though at the present time
we cannot define how those developments are going to be done.

TRAVELLI: I agree.
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