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PREFACE

November 9-10, 1978, marked the first of what has become an annual
event — the International Meeting on Reduced Enrichment for Research
and Test Reactors (RERTR). The RERTR Program had been started only
three months earlier, and the meeting brought together for the first
time many people who became major program participants in later years.

This first meeting emphasized fuel development, and while it
established the basis for all later meetings, it was unique in several
respects. It was a time of feeling each other out, and of sharing new
ideas, concerns, and hopes. In the absence of an established
precedent, a number of participants came with written papers while
others made only verbal presentations. Informality added spice and
special importance to the discussions at the end of each presentation
and, especially, to the panel discussion at the end of the meeting.
An important achievement was a consensus on near-, medium-, and long-
term density goals for the various fuels. This consensus resulted in
a list written on the blackboard at the end of the panel discussion,
and reproduced on page 216, which outlined the goals of each
fabricator.

Luckily, both presentations and discussions were recorded on audio
tape. These recordings were transcribed and used to complete the
informal presentations and to append the discussions at the end of
each presentation. Considerable effort was expended in clearing the
transcribed papers and key discussions with the participants. A few
issues could not be resolved quickly, and in the frantic rush of those
early years, these proceedings were set aside.

Believing that the proceedings of this first meeting are important
as a historical record of the beginning of the international RERTR
effort, we have recently dusted off the manuscript and finished our
editing job. I want to acknowledge the work done by Heidi Komoriya in
putting the original manuscript together and give special thanks to
Jim Snelgrove and Stacy Rest for finishing the preparation of the
manuscript for publication.

I hope that you will find this early record of our international
RERTR effort as interesting as I did when reviewing the manuscript.

Armando Travelli
Program Chairman
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K. Mattern

Department of Energy
Washington, D.C. 20555

INTRODUCTION

May I extend greetings to you all, and I welcome your assistance in
helping the Department of Energy achieve its objectives in this program.
This Reduced Enrichment Research and Test Reactor program is created to
support the objectives of the U.S. nonproliferation policy. Due to the high
fissile content of current fuels for research and test reactors, they have
been deemed to be attractive sources of chemically separable into weapons
usable materials. Consequently, the administration has directed that a
concerted effort be made to reduce the U.S. supplied inventories of
highly enriched uranium or other weapons usable materials for such purposes.
Then in concert with the Federal nonproliferation policy our Nuclear
Regulatory Commission has announced some purposed rule changes which might
have a rather restrictive impact on many of our research and test reactors.
The restrictions apply to physical protection aspects of safeguards and
apply primarily to highly enriched uranium, enrichments in excess of 20 wt%
2 " U . Consequently, this DOE program is designed to develop and demonstrate
alternate fuels with equivalent reactivity but significantly reduced uranium
enrichment. They will both comply with the nonproliferation policy in
reducing the inventories of U.S. supplied HEU and, they could also have a
strong impact on any additional safeguards requirements that might be re-
quired of our research and test reactors.

Significant reductions in uranium enrichment require comparable increases
in uranium content in the fuel if the fuel configuration is to fulfill the
mission of the reactor. Consequently, this program proposes to make available
fuels with needed uranium content at reduced enrichment. I am sure you are
aware of the fact that there is strong competition for energy dollars. The
limited RERTR program funds cannot span the full scope of enrichments and re-
actor specified fuels that individuals might be interested in. Consequently,
we have put our primary effort into the resolution of alternative fuels to re-
place the fuels that constitute the bulk of U.S. exports of highly enriched
uranium, and with that in mind I will turn this back to Armando Travelli, and
he will present to you the basic program and schedule that we have devised for
the RERTR program. Thank you.





THE U . S . REDUCED ENRICHMENT RESEARCH AND TEST REACTOR (RERTR) PROGRAM

A. T r a v e l l i

Argonne National Laboratory
Argonne, Illinois 60439

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

11



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

12
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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.

15



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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THE LOW-ENRICHMENT FUEL DEVELOPMENT PROGRAM

D. Stahl

Argonne National Laboratory
Argonne, Illinois 60439

INTRODUCTION

In the 1950s and 1960s, low-power research reactors were built around the
world utilized MTR-type fuel elements containing 20% enriched uranium. However,
the demand for higher specific power created a need for greater uranium-235
concentrations. Early difficulties in increasing uranium content led to the
substitution of highly anriched uranium in place of the 20% enriched fuel pre-
viously utilized. The highly enriched material also yielded other benefits
including longer core residence time, higher specific reactivity, and somewhat
lower cost. Highly enriched material then became readily available and was
used for high-power reactors as well as in low-power reactors where 20% enrich-
ed material would have sufficed. The trend toward higher and higher specific
power also led tc the development of the dispersion-type fuels which utilized
highly enriched uranium at a concentration of about 40 wt.%.

In the 1970's, however, concerns were raised about the proliferation
resistance of fuels and fuel cycles. As a consequence, the U.S. Department of
State has recently prohibited the foreign shipment of highly enriched material,
except where prior contractual obligation or special merit exists. This will
impact on the availability and utilization of highly enriched uranium for
research and test reactor fuel. It has also stimulated development programs
on fuels with higher uranium content which would allow the use of uranium of
lower enrichment.

The purpose of this report is to briefly describe the overall fuel-
development program which is coordinated by Argonne National Laboratory for the
Department of Energy, and to indicate the current and potential uranium loadings.
Other reports will address the individual fuel-development activities in great-
er detail.

FUEL-DEVELOPMENT ACTIVITIES

The fuel-development activity is divided into two major elements: the
development of currently utilized fuels beyond their qualified uranium contents
to the maximum possible content; and the development of alternate high-density
plate-type fuels, such as U3Si and U-Mo. The current fuels include UA1 -Al and
U308-Al dispersions for plate-type elements, being developed by EG&G Idaho, Inc.,
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and Oak Ridge National Laboratory, respectively; and U-ZrH fuel for rod-type
elements, being developed by General Atomic. Argonne National Laboratory is
developing the high-density fuels.

These activities were broadly outlined in the "National Plan for Develop-
ment of High-Uranium-Density Research and Test Reactor Fuel to Accommodate Use
of Low Uranium Enrichment," RSS-TM-7 (October 1977) by Drs. Lanning, Lewis and
Stahl. This plan called for the completion of the development effort in about
thr«ie years at a total expenditure of about four million dollars, and was based
on estimates of what was required to achieve the goals of the program. The
overall schedule for plate-fuel development is shown in Fig. 1. The schedule
for the rod-type U-ZrH TRIGA fuel development is of about the same duration,
but since it began one year earlier, it will conclude in FY 1980.

The fuel-development activities are broken down into two major tasks,
fuel fabrication and technical support. A third task, program coordination
provides the management function for the other two tasks. These tasks are
described below.

1. Fuel Fabrication

This task is concerned with the fabrication and analysis of powder and
plates of UA1 and U3O8-AI dispersion fuels and high-density (U3Si and U-Mo)
fuels for plate-type elements. Initial fabrication experiments are designed
to determine the limits of fabricability of U3O8 and UA1_ dispersed in an
aluminum matrix, and the fabricability of U3S3 fuels with and without a dis-
persant. Fuel-plate samples containing depleted and low-enrichment uranium
will be fabricated. Miniature plates that contain depleted uranium will also
be fabricated to provide samples for mechanical-properties and thermal-
conductivity tests, metallography studies, determination of void volume and
temperature stability, blister tests, and possibly corrosion tests. Fabrica-
tion of miniature plates will also give fabrication parameters for development
of the irradiation-experiment plan and quality assurance plan. It is anti-
cipated that about 100 miniature fuel plates of each kind will be required. A
preliminary study will be conducted with full-size plates to determine fabri-
cability problems, including forming problems.

Samples of UsOg-Al dispersion fuel, both as-pressed compacts and fabri-
cated plates, will be heat treated to determine the kinetics of the thermite
reaction. Studies of the thermite reaction will be correlated with work done
previously at ANL, Savannah River, and Oak Ridge National Laboratroy.

Miniature plates will be fabricated for the irradiation studies. The
ests will include up to three uranium loadings and three fuel-meat thicknesses
along with a control sample of standard fuel for each thickness. It is
estimated that about 40 samples of eacu kind will be required. Samples will
also be provided to ANL, if required, for the transient tests in a pulsed
reactor.

2. Technical Support

This task is concerned with the design, performance, and analysis of
irradiations of U3O8-A1, UA1 -Al, and U3Si (and/or U-Mo) miniature fuel plates
and U-ZrH rods. x

x
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Task/Activity
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Fig. 1. Overview Schedule for Plate-Fuel Development.



Planning has already been initiated for the in-reactor exposure of minia-
ture plates and U-ZrH rods. Conceptual design of an apparatus for steady-
state testing of miniature plates in the ORB. has been initiated. Removable
modules will be incorporated into the design so that the miniature test plates
can be rearranged within their modules or new ones substituted while the
reactor is shut down, thus allowing maximum use of the ORR irradiation posi-
tion by all the plate-fuel fabricators in the program. The irradiations will
be done in steps to span expected fuel-burnup conditions and/or establish burn-
up limits in terms of fission/cm^ of fuel meat.

Simple plate-type codes will be developed to estimate thermal-stress con-
ditions and swelling behavior of the fuel and to act as a guide for experi-
menters to expected in-reactor conditions. These predictions will be compared
with data obtained from the postirradiation examination of the samples. All
irradiated samples will be examined to determine weight and volume changes and
general condition of ertternal surfaces. Selected samples will be subjected to
destructive postirradiation examinations to fully characterize and evaluate
their performance with respect to microstructural changes and burnup deter-
minations.

If required, a transient test containing each kind of plate fuel will be
designed and performed to evaluate the response of the fuel to off-normal con-
ditions.

3. Program Coordination

This task involves the integration of the fuel fabrication and technical
support activities of the four contractors. This effort also involves the
establishment and monitoring of contracts for compliance utilizing work pack-
ages, and program, management, and quality-assurance plans. In addition, this
task involves the scheduling of review meetings and the collection of data for
dissemination in monthly technical reports.

DEVELOPMENT POTENTIAL

1. Plate-type Fuel

Alloys of up to about 30 wt% uranium in aluminum can be easily fabricated
by melting and casting techniques to yield uniform uranium distribution, in
the form of UAI3 and UAlit precipitates in an essentially uranium-free aluminum
matrix. By proper casting and heat treating, the amount of the more brittle
UAli, phase can be reduced. However, with increasing uranium content, uranium
uniformity becomes increasingly more difficult to achieve and the ductility of
the alloy decreases as well. Alloy fuel is under development at NUKEM and at
SRL to increase the uranium concentration to 40 and even 45 wt%, However,
these levels are not high enough to permit low-enrichment fuel usage in high-
power reactors. Therefore, alloy fuels were not included in the present pro-
gram.

Aluminum dispersion fuels, however, are already qualified at the 42 wt%
uranium level. The uranium content can be significantly increased for both the
UAl^-Al and U3O8-AI fuels. Since the uranium content and density are higher
for U3Og than for UAlx, the potential of U308-Al dispersion fuel is greater.
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This is shown graphically in Fig. 2, where the weight fraction of uranium is
plotted against the volume fraction of the dispersed phase. If one assumes
that the maximum volume fraction of the dispersed phase occurs at values of
50 to 60%, the resultant maximum uranium contents of the UA1 and U^Opj fuels
fall in the range of ^55-60 and 65-70 wt% uranium, respectively. To date,
the maximum uranium contents achieved for these fuels have been 45 wt% for
UA1 -Al and 55 wt% for U 30 8- Al. The latter fuel, developed by ORNL, was
fabricated for and irradiated in the Puerto Rico Nuclear Center 1-MW MTR-type
reactor.

Figure 2 also shows the potential of a higher-density uranium compound,
U3Si, in an aluminum matrix. At the same expected maximum volume loading of
50 to 60%, a range of 80 to 85 wt% uranium would result. However, l^Si is
known to react with aluminum to yield a slight volume expansion. This can be
avoided by ternary additions or by elimination of aluminum as a disparsant.
These areas are under development in the ANL program.

Thus it appears that plate-type fuels with uranium contents greater than
60 wt% can be developed, which would permit the conversion of high-power
reactors to utilize low-enrichment fuel. If very high density plate-type fuels
with greater than 80 wt% uranium can be developed, even the very high-power
reactors can be converted to low-enrichment fuel.

2. Rod-type Fuel

Rod-type U-ZrH fuel with 12 wt% uranium has been extensively utilized in
G.A. TRIGA reactors. Performance of similar fuel containing up to 20 wt% U
has been successfully demonstrated by A.I. as part of the SNAP reactor program.
Current development has extended the uranium content to 45 wt% uranium. Metal-
lurgical characteristics, thermal properties, and fission-produce release are
similar to those obtained for fuel containing 12 wt% uranium. The 45 wt% fuel
is currently being power cycled in the TRIGA Mark F reactor and a high-power
irradiation is being planned for the ORR. A fuel-development effort is being
initiated to produce U-ZrH containing up to 60 wt% uranium, which is likely
the maximum possible content.

SUMMARY

The national program of the Department of Energy at Argonne National Lab-
oratory for the development of highly loaded uranium fuels, which provide the
Means for enrichment reduction, has been briefly described. The objectives of
>60 wt% uranium in plate-type fuels and j>45 wt% uranium in U-ZrH rod-type
fuels are expected to be met. The most promising fuels will be further evalu-
ated in full-size element irradiations and whole-core demonstrations on the
route toward commercialization.
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DISCUSSION

MADELL (ANL): Is there any reactor experience with uranium silicon
compounds?

STAHL: The question was whether there was any irradiation experience
with uranium silicon compounds? And the answer is yes, quite emphatically.
The Canadians have been investigating uranium silicide compounds in the
1960's. They had a program which evolved over a period of about 10 years
and their objective was to look at a replacement fuel for UO2 for power
reactors. They found some very interesting things about U3S1 which we have
confirmed and have an extensive amount of irradiation experience but at
higher temperatures and for shorter burnups than would be required for
plate-type irradiations. They found, for example, that at higher tempera-
tures in the 500 to 900°C range that they do have some swelling problems
with the silicide, However, in the plate-type reactors because they operate
at 100 to 200°C we don't feel that is a problem, but we are presently
looking at that, of course, analytically to try to understand what is
happening to fission gas and fission pv-oducts within the matrix, and of
course, we will have our mini-plate irradiation program to confirm that.

SCHLAPPER (University of Missouri): You made a statement on the higher
weight percent loadings that there was a concern as to void volume effects.
It is our impression and our feeling that some degree of void volume is
desirable as a decrease in swelling. Would you clarify the statement that
you made?

STAHL: You are absolutely correct. You do need some void volume to
accommodate swelling - we usually talk about 5 to 10%; however, the work at
Oak Ridge, for example, which will be reported on later, has shown that if
you go to large weight fractions of uranium and as U3O8 in aluminum you
have 15 to 20% of void fraction and this may be more than you would like to
have. You, perhaps, might want to have more aluminum and less void in that
particular case. One has to be careful; it is important to know the distri-
bution of the aluminum and the distribution of the voids as well.

LEONARD (IRM): What is the uranium shotting process that you mentioned?

STAHL: Basically that is an arc melting process where either the
electrode is spun or the mold into which the material drips is spun so that
liquid droplets are then flung off at high velocity and are rapidly cooled,
producing a small shot in about the 100 micron range. These materials have
been used for many purposes and experience exists for shotting of uranium,
for example, by this technique, and we feel that U3Si could be manufactured
by this technique as well.

CALDWELL (Babcock & Wilcox): Dave, when you started evaluating the
high-density compounds you eliminated quite a number of other materials.
Has that work been written up and the systematic elimination of the other
contenders been taken care of?
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STAHL: I would not say that it is completely systematic of extensive
work but in the national plan which I alluded to earlier (and which was written
by myself, Dr. Lanning, and Dr. Lewis), I did indicate the extent of literature
that I was aware of on high-density fuels and what I felt were the most likely
candidates for further development. Of course, some were eliminated on the
basis of neutronic effects but others were eliminated on the basis of corrosion
or poor irradiation stability.
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LOW ENRICHMENT FUEL DEVELOPMENT AT INEL

D. G. Newton

EG&G Idaho, Inc.
Idaho National Engineering Laboratory

Idaho Falls, Idaho 83401

INTRODUCTION

EG&G Idaho, Inc. is under contract to the Department of Energy to operate
the Idaho National Engineering Laboratory (INEL). The INEL is located in
southeastern Idaho. This facility has been operating since 1949 and was
originally called the National Reactor Testing Station. Several contractors
manage projects on this facility.

Most projects ac INEL are concerned with either reactor safety or irradia-
tion ;'i:ting. At Test Area North, for example, experiments are being conducted
en the effects of loss of coolant. At the Test Reactor Area the ATR (Advanced
Test Reactor) and ETR (Engineering Test Reactor) are used for irradiation
testing and, of course, those of you working at Argonne will recognize the
Experimental Breeder Reactors I and II.

FACILITY DESCRIPTION

SPERT IV, where a facility has been established for making low-enriched
uranium aluminide mini-plates, is located near the Power Burst Facility as
shown in Fig. 1. SPERT is an acronym for Special Power Excursion Reactor
Test. A part of this former reactor facility has been converted into a fuel
fabrication laboratory facility.

'xhe floor plan for the SPERT IV facility is shown in Fig. 2. The reactor
tanks are still in place, but they are due to be removed during December.

The fuel fabrication laboratory is located in the upper left hand corner
of the building as shown in Fig. 2. A powder line will be installed in the
corner room, that location being selected primarily because it has a warm
drain. Next to the powder line is a compactor, which is in a closed-off portion
of the high-bay area. Plate rolling and additional processing are done in the
plate fabrication room. The flow of materials is from the powder line through
the compactor, to compact assembly, plate rolling and final shearing. Fig. j
shows the layout of the equipment. This equipment is all in place and hooked
up, and is ready to operate, except for some exhaust duct work.
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PROCESS DESCRIPTION

At SPERT IV a miniature fabrication faciity has been set up to duplicate
the aluminide plate fuel processing line at Atomics International. In other
words, a model of the supplier's processing has been created, so that whatever
process changes are developed here can then be scaled up to production.

As shown in Fig. 4, the aluminum and uranium are weighed in proper portions,
which are slightly less than 74 wt % uranium, the stoichiometric amount. They
are then cherged into an arc furnace and melted to form buttons. The button
is passed through the crusher, which is enclosed so that the crushing process
can be conducted in an argon atmosphere. The powder is screened and blended
in a glove box train. 75% of the blend will consist of materials between
100 and 325 mesh and 25% of the material will be finer than 325 mesh. It is
expected that material finer than 325 vaesh will be accumulated. Some of the
mini-plates will contain 100% -325 mesh fines. After blending, a sample is
taken for X-ray diffraction analysis to letermine how much of the material is
UA13.

Uranium aluminide and aluminum powders are then weighed out in proper
proportions to obtain the desired fuel weight loadings as shown in Fig. 5.
The powders are then blended to obtain a uniform fuel distribution. Before
compacting, a sample of the blended powders is taken, and analyzed for distri-
bution of the aluminide by SEM or other methods. Verification of distribution
is not part of the normal production operation, but because of the concern for
getting a uniform distribution of the fuel in the highly loaded core, this
step has been added on a trial basis.

After analysis the powder will be compressed into a compact, the compact
will be placed in a picture frame, the covers applied, and riveted in place.
As shown in Fig. 3, the glove train and the compacting press are close to
each other, and between the glove box train and compacting press is a conduit
or elevator which permits the transfer of the powder into the compacting die
while maintaining an enclosure.

Multiple plate assemblies will be made as shown in Fig. 6. The cover
plates and the picture frames will be Alclad 6061 aluminum. Better bonding is
achieved brtween the 1100 surfaces than 6061 surfaces with this practice.
Fig. 6 shows that a reduction of 8:1 in the thickness will be achieved, and
that translates to an extension of about 8:1 in the longitudinal direction.
How much expansion there will be in the width direction with the highly loaded
fuel is not known and is one of the concerns.

As shown in Fig. 7, hot rolling is performed not as a one-step operation,
but as an operation involving many repeated steps. It will be part of this
investigation to determine how many passes are required, and the incremental
reduction with each pass. As the UA1X loading is increased to bring the

 2 3 5U
content up to a useful level, it may be necessary to double or treble the
number of passes because of smaller incremental reductions with each pass. The
temperature used in the hot rolling process remains to be determined; 500°C
may not be adequate. It may be necessary to roll at a slightly higher tempera-
ture.
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Making UAIX Powder
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Making Compact for Fuel Core
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Making and Testing Plate
Part A

10. Preheating 11. Rolling 12. Blister 13. Cold 14. Roller 15. Final
annealing rolling leveling annealing

10-11. Preheat and roll repeatedly for 8:1 reduction

12. Blister anneal for about 1 hour for bond integrity test

13. Roll to final dimension, preheat not required

14. Straighten in roller leveler

15. Stress reliever at about 623 K (optional)
1NEL-S-14 B46

Fig. 7.



A one-hour blister anneal will then be conducted at 500°C. After blister
annealing, the plates are cold rolled to final thickness and roller leveled.
The stress relief anneal after the roller leveling is optional. This step may
be included to see what effect the stress relief anneal would have on heavily
loaded plates.

INSPECTION AND TESTING

After rolling, the plate will then be radiographically inspected as shown
in Fig. 8 to locate the core, and at a later point in time the uniformity
distribution in the core meat will be checked by radiography. After locating
the cores we will then separate the mini-plates and trim them to final
dimensions with shares. Ultrasonic testing is then performed to check for
bond integrity and density measurements to determine the voidage. Finally,
metallurgical samples will be obtained for destructive analysis.

After completing these steps there is a step that was inadvertently
omitted from Fig. 8, namely, the Min-clad gauge scanning of the mini-plates
for thin cladding. Min-clad scanning is basically a variation in ultrasonic
inspection wherein an indication is made on a trace when the cladding in that
area is below a set level. After Min-clad scanning the plates go to Oak Ridge
for installation in the ORR irradiation train.

Producibility testing that will be conducted at the INEL and at
Atomics International includes the following. Most of these steps are
routine for production; the remainder are for control evaluations.

INEL:

1) X-ray diffraction analysis to determine comparative amount of
UA13.

2) SEM examination to check uniformity of UA1 distribution in
core powder.

3) Radiography to determine core location and uniformity of fuel
distribution, and to detect fuel flakes in the picture frame area.

4) Blister testing to determine bond integrity.

5) Density measurements to estimate voidage.

6) Ultrasonic inspection to determine bond integrity.

7) Metallurgical examination for core thickness and uniformity;
also bond integrity.

ATOMICS INTERNATIONAL:

8) Min-clad gauge check for thin spots in cladding in INEL plates.
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Making and Testing Plate
Part B

U! 16. Radiography 17. Shearing 18. Ultrasonic 19. Density 20. Irradiation
testing testing

16. Locate core and check density uniformity
(radiography)

17. Separate individual plates and cut to final dimension
18. Ultrasonically test all plates for bond integrity
19. Estimate voidage in core
20. Subject plate samples and experimental element to

reactor environment (ORR) for performance evaluation

Fig. 8.



After irradiation testing and performance evaluation in toe ORR, the plates
will come back to the INEL for a postirradiation examination, which will
include, but may not be limited to:

1) A density measurement to determine the extent of swelling
(increased voidage).

2) A gamma scan to determine possible effects of flux peaking
due to nonuniform distribution of the uranium.

3) Blister testing to determine the threshold temperature at
which the fission product gases will begin to collect,

4) Milling the plates down in increments to determine the
extent of uranium penetration into the cladding,
particularly in thin areas.

5) Metallographic examination to determine penetration of
fuel into the cladding.

The miniature plate producibility studies will be performed at the INEL,
the irradiation tes^ 'ag at Oak Ridge and the postirradiation examination at
the INEL. The University of Michigan element design has been tentatively
selected as typical for reduction to practice. An element similar to the
Michigan element will be produced at AI and irradiation tested. The post-
irradiation examination steps for the element have not yet been completely
defined; there are some tests in the postirradiation examination of the
mini-plates that may not be included in the postirradiation examination of
the element. The main concern here is the extent of swelling in the element
plates. In that regard, some effort will be made to monitor swelling during
irradiation.
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DISCUSSION

FERADAY (Atomic Energy of Canada): What are the typical dimensions of the
final plates that you produce, particularly the fuel meat thickness?

NEWTON: The fuel meat thickness will vary. The overall thickness of the
plate will be 60 mils. This is an experimental plate that we are developing
at INEL, and to keep the cladding thickness respectable we are going to try
and keep the cladding thickness minimum to 10 mils. The length will be that
of the mini-plate - not the assembly, but just an individual plate out of the
assembly which would be approximately 4 1/2 in. long. The width would be
about 1 3/4 in. and the overall plate thickness will be 60 mils, that is what
we have tentatively selected. We are still working on finalizing the design
for the irradiation specimen (mini-plate) dimensions.

SCHLAPPER (U. of Missouri): You mentioned doing gamma spectrum analysis
for burnup profiles and you didn't discuss doing any chemical determinations.
It was our experience with the destructive analysis of our element that in
order to convince some of the regulatory bodies of the actual power peaking
numbers that a chemical analysis was really required. Do you plan to
institute a chemical burnup?

NEWTON: Yes, I would do whatever is necessary to get a valid indication
on the gamma analysis.

LEONARD (IRM): In the irradiations in the ORR reactor, what total nvt
do you plan for your test specimens and do you plan to test for destruction
of the assemblies?

STAHL (ANL): The average burnup expected would be 30 atom percent of
the enriched material; however, this is for normal operation. For the mini-
plate irradiation we would go to at least 50 atom percent burnup of the 2 3 5U
in order to go beyond those conditions that would be expected in the plate
fuels themselves.

SCHLAPPER: Again, the burnup lindts that have been set for us have been
on peak fission density or fission/cm3. Can you put that wt % burnup into a
fission/cm3 number?

STAHL: I seem to recall that it would be about 8 x i0 ? 0 fission/cm3. I
can confirm that later on.a

SCHLAPPER: We currently operate our fuel to 1.8 x 10 2 1 fission/cm3.
The ATR is now going to 2.2 x 1021 fissions/cm3, so I would suggest in the
development program the burnup be extended somewhat.

The burnup range will be 1.5-2.0 x 10 2 1 fissions/cm3.
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ATOMICS INTERNATIONAL FUEL FABRICATION FACILITY
AND LOW ENRICHMENT PROGRAM

T. A. Moss

Atomics International
Canoga Park, California

INTRODUCTION

The AI facility is approximately 30,000 square feet in area and consists
of four general, areas. One area is devoted to the production of UA1X powder.
It consists of a series of arc melting furnaces, crushing lines, glove boxes,
and compacting presses. The second area is used for the rolling of fuel
plates. The third area is used for the machining of the plates to final size
and also the machining of the fuel elements. In the fourth area the fuel
plates are swaged into assemblies, and all welding and inspection operations
are performed.

As part of the lower enrichment program we are scheduled to put a second
UA1X powder line into operation and we have had to expand some of our storage
area.

POWDER METALLURGY PROCESS

Figure 1 shows a photograph of the UA1X production line. Atomics Inter-
national makes the UA1X powder from uranium metal obtained from Oak Ridge,
arc melting it with aluminum in the proper proportions, crushing the material,
sieving it, selecting the proper particle sizes and ultimately blending the
powder.

The UA1X powder is then combined with aluminum powder and Bi,.C burnable
poison depending upon the application, blended and compacted at high pressure
to give a metallic like compact. The compact is then deburred. As a final
step, the compact is weighed.

The compact is tapered at either end to reduce the tendency to dogbone at
either end of the final resulting fuel plate. An elevated temperature out-
gassing step is used to remove any residual volatile material from the compact
prior to hot rolling.

40



41



ROLL BONDING PROCESS

The compact is mated with a picture frame and two cover plates and the
resulting billet is rolled at evaluated temperatures. The billet is reduced
by a 1 to 10 ratio in a series of reductions using the rolling mill shown in
Figure 2. At the end of the reduction schedule, thd hot rolled plate is given
a blister anneal. Plates that show blisters at that point are rejected.

Acceptable plates are then taken to a fluoroscope in which the core is
characterized and a code is put on the plate to allow the plate to be properly
rolled to the final geometry. Cold rolling is then performed using the rolling
mill shown in Figure 3. After cold rolling the plates are roller leveled.
All plates are then given a final anneal. As a final operation in the rolling
area, the plates are put back on a fluoroscope and the fuel plate core is
matched to a grid plate screen which is part of the fluoroscope. Tooling points
are then punched into each end of the fuel plates. These tool points are
used for machining the plates.

PLATE INSPECTION

The plates are then sent to Area 3 where they are rough sheared to size.
The plate is then inspected for unbonds using a standard ultrasonic device.
The UT unit consists of four separate sending/sensing heads operating in a large
water filled tank. The plates are then insepcted for minimum cladding thick-
ness using the mi--gage test unit. The min-gage test unit is an ultrahigh
frequency UT device which measures the depth of the fuel below the cladding.
Primarily this device is used to measure the thinning of the clad at the ends
of the plate core where we have the proverbial dogbone region.

Acceptable fuel plates are then milled to final length and width, and are
then subjected to 100% radiographic inspection. Each plate is then gamma
scanned to assure that the correct amount of 2 3 5U is in the plate. The void
density of the UA1 X core is then determined using the Archimedes principle.
Each individual plate is then formed to the proper radius and cleaned. A
visual inspection is given to each fuel plate just prior to their being sent
to storage.

Atomics International is slowly developing a reputation of turning out
very high quality fuel plates. As an example, the ATR reactor is experiencing
essentially zero fission product leakage from any of our fuel plates. This is
the result of continued emphasis on process and quality control.

ELEMENT ASSEMBLY

Side plates for the fuel elements are machined in the main shop and mated
with the fuel plates in a swaging operation shown in Figure 4. After the fuel
assembly is swaged, each individual channel is probed to be sure that the water
gaps are of the proper geometry. On some elements, a comb is welded into
place at each end of the fuel assembly, and then the end fittings are attached
to a fuel assembly typically by welding as shown in Figure 5. The elements are
then final machined and then sent to inspection.
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Fig. 4 Fuel Element Swaging Beds



Fig. 5 Fuel Element Welding Operation



Figure 6 shows an expanded view of the ATR fuel element. This element is
approximately five feet in length and about 4-1/2 inches across. There are
19 different plate sizes in the ATR element, each with a different fuel load-
ing and radius.

The University of Missouri type fuel element and University of Michigan
elements are shown in Figures 7 and 8, respectively. The Missouri element
consists of 24 separate fuel plates, each one of a different arc radius and
different fuel loading, and this element is about three feet long.

The Michigan type element is essentially a box-shaped element with
curved plates which has a circular end casting on one end. This latter
element is one that will be used for the low enrichment program.

LOW ENRICHMENT PROGRAM

Under the low enrichment program the AI fuel facility will be modified
to accommodate a separate low enrichment UA1X production line and compacting
line. This facility modification should be done by the end of the fiscal year.
We anticipate producing fuel with an enrichment slightly less than 20%. We
anticipate powder being available for plate production shortly after the
facility is completed. Atomics International is scheduled to conduct plate
LEU verification work using fully enriched material in the June-July time
period, at which time we will investigate what level of uranium loadings we
can go to using the current process. It is anticpated that 55 volume percent
uranium compound in our fuel form can be achieved.
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Fig. 6 Expanded View of ATR Element
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Fig. 7 University of Missouri Fuel Element
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Fig. 8 University of Michigan Fuel Element



DISCUSSION

DEWEZ (CERCA): Would you please give some details about the minimum clad
gauge that you are using that you mentioned?

MOSS: Well, it is an ultrasonic horn typical of the one that was used
on the UT device, if you are familiar with that. It is kind of like a sonar
which pulses soundwaves back and you can depend upon a reflection coming back
if you have a continuous medium. This device is an ultrahigh frequency version
of that. It will measure any discontinuity down to a given level. It is set
to a given depth, e.g. it will measure 9/1000 of an inch deep. It won't
tell you if there is an unbond below that or anything, but it will tell you
if there is any discontinuity down to that level. The electronics are very
sophisticated and it is a one-of-a-kind device. It was put together by a
group of people and it does work very accurately. We confirm that by
metallography.

DEWEZ: And what is the minimum dimension of the defect that you can
detect?

MOSS: Well, on some of our fuel plates if we get an off centered core,
you can actually pick up the individual fuel particles as specks on this
device. We call that speckle problem a kind of dogbone problem. The fuel
particles are above a maximum of 7/1000 of an inch in diameter so this
device is probably picking up like a 1/1000 of an inch diameter particle
protruding at that particular plane.

FERADAY (Atomic Energy of _,anada) : With the higher uranium content in
your new fuels, do you anticipate any mis-match between the present aluminum
alloys that you are using for cladding during the rolling process and any
further problems with dogboning?

MOSS: Well, for the range of this first phase that we are concerned
with, I do not anticipate any problems. I think CERCA, NUKEM have probably
gone up to the same range. You know you can get up into 45 volume percent
and probably up to 55. We are operating at 45 consistently, so on this
first phase I do not anticipate a big problem. On the next go around when
we are trying to go to higher levels like 60 volume percent, yes we would
anticipate problems. We plan on attacking that by two means: (1) by playing
with the taper on the dies and/or (2) as you suggest, maybe by changing
alloys, trying to get a better match between hot strengths of the fuel core
material and the cladding material would be one way of doing it, but that is
the next step and we have not really addressed ourselves to that.

LEWIS (Department of State): Tom, the University of Michigan low power
demonstration core that you are beginning fabrication on, I think you said
will have 45 volume percent and 20% enriched fuel, or something like that.

But, going back to Dr. Newton's discussion of the advanced aluminide
work that is going on at EG&G in cooperation with AI, he also said that there
was a plan to have, I believe, the University of Michigan demonstration
element fabricated by AI, and I was wondering what the weight or volume
percent that was to be and what enrichment that was to be?
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MOSS: We just had a meeting yesterday to try to coordinate these
individual efforts. I think that if you compare the schedule that I just
gave for that first element to be assembled, you will find that that will
not match the schedule that Dr. Lewis gave for the INEL development for
irradiating the mini-plates and getting those results back and telling us
what they want. I think you will find that my schedule for that first
element is sooner than that. The first element that we described is really
with existing technology a la ATR and Missouri sort of thing with a thicker
plate adapted to Michigan. Now, I don't know what the fuel loading has to be.
Things like that have to come from Argonne and that has not really been
defined to a full degree.
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H. W. Hassel

NUKEM Company
Federal Republic of Germany

INTRODUCTION

Well, I think most of you know our company from the last meeting in May
in Vienna, so I won't steal your time with explaining and demonstrating the
same techniques that we have heard this morning from the other speakers. I
would just take some words to explain the order of business with highly
enriched uranium. NUKEM handles around almost two tons of highly enriched
uranium a year and it was necessary to satisfy all the new physical protec-
tion philosophies. That means that we have to install storage and safe
fabrication sites for a lot of money, 2.5 meter thick concrete walls, and
different alarm systems. So just to demonstrate how silly this business is,
we have just overcome this for highly enriched uranium, and now we speak
about low enriched uranium for which we don't need all of these investments
to make this business safe.

I would just like to concentrate my words on the status of fabrication
and considerations in my company concerning the medium enriched uranium and
low enriched uranium. In TABLE I are the different fuel types (see column 1)
and then we have the fabrication in column 2; (The reason that I use the
blackboard this morning is that I try to demonstrate all the techniques.
However, all the speakers before me did this and in theory we are not so far
away from each other.) the experience of my company in kg. In column 3 is the
irradiation experience of these fuels types. Column 4 shows the studies and
calculations made in our company for lowar and medium enriched fuels. The
preliminary fabrication tests and calculations are in column 5, and in column 6
we have the delivery time for a prototype core in months after UF g supply.
Column 7 shows the time for the development of specifications including
irradiation time in years for 6 and 7, and column 8 is the estimated cost of
6 and 7. There is just one fuex that is not in this summary and that is U-Zr.
We now see how complex and sophisticated this business is. I have told you
already that we have installed for a lot of millions of Deutsche Mark the
physical protection, storage vaults* and things like that. Now we have to
investigate all these different types of fuels for, as you see, a lot of
money. Maybe these are a loi: of optimistic figures; anyway the question is,
does this make all the overall nuclear situation worldwide easier or not.
I cannot answer for the moment, but anyway we have a lot of problems before
us.
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TABLE I .

1.

Fuel Type

UAl alloy
(up to 30 vtX)

UAl -Al
(up to 35 u t l )

U..0--A1
•v.33§ v t t

UAl alloy
(special c r i t i -
cal, assemblies)
up to 45 vt*

UA13-A1

up to 50 urX

UAl -Al and
U30*-Al
up to 60 utZ

DO- plate type
for LEU (dlff.
shapes & sizes]

DAlj-Al

up t o 60 vtX

UAl - A l

«3°e-u

up to 70 vzX

Dlff. Oxides
such .is U/Mg
mixture - plate
type and rods

U3S1-A1
and

Others

2.

abrlcatlon
Ixpcrlence

(kg)

» n » IIEU
•>. 100 k£ LEU

•v> 1 to HEU

35 kg

50 kg
"• 12 ut*)

-

-

_

-

(> 10.000 to
for power
reactor)

CXO to with
d.u. U Ho 8
6/4/2/1 for
very sophi-

sticated shlc
Ing)

3 .

rradlatlan
xperlence

(kg)

Game

same

same

aame

-

-

(same)

(-)

1-

4.

Studies
and

Calculations

X

X

X

X

X

X

X

X

s.

Preliminary
Fabrication
(to Support
Calculations)

X

X

X

X

X

X

X

t.

Delivery Time
For a Prototype Core

(Months After
UF6 Supply)

6

6 - 1 5

12 - 24

6 - 1 5

15 - 24

20 - 30

10 - 20

approx. 3 years

7.

Time for Develop-
ment of Specs.
Xncl. Irradiation

rime (Years) for 6, I. T,

1.5 - 2.5

2 - 3

2.5 - 3.5

2 - 3

2.5 - 3.5

3 - 4

2 - 3

approx 5

a.

Eatlmaud
Coat of
6, & 7

(HillIon
DM)

1

1.5 - 2.5

2 - 3

1 - 2

2 - 3

2 - 3

1 - 2

3 - 6

Status of fabrication experience/standards and considerations at HUKEM concerning the development of high density fuels
In connection with the adoption jf new, resp. advanced fabrication and quality control ncthods.
Presented by H. U. Hasscl, Sales Manager of HUKQI PRODUCTS, 6450 Hanau 11, Federal Republic of Germany.
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DISCUSSION

TRAVELLI (ANL) : You quoted the times that are needed to have the
preliminary fabrication for a whole core. Would the times needed to
have a few fuel elements that one could consider using in demon-
stration tests for burnup be of the same order of magnitude or could
some fuel elements of these types be produced at a much earlier date?

HASSEL: Let us say a core is something around ~"l-28 fuel elements.
You need these figures I wrote down. If you just need two or three
fuel elements, you can save one month or two months, because if you
start a series of productions, you have the rest of the assemblies
some 20% later in time.

GIETZEN (General Atomic): Do you intend to dave.. .jp all of these
various fuel forms in parallel or do you anticipate selecting two or
three forms for development?

HASSEL: Of course, we start with the well known U-Al alloys and
dispersion and U30B because, as I told already at the meeting in
Vienna, we think a lot of problems can be solved with those fuel
types, so there is a certain possibility to come within a short time
to fuel which is right or satisfactory for 45% enrichment philosophy.
But parallel to this anyway we should start the rest of this list and
add if necessary, and if there are customers who have an interest and
pay for this, to come to advanced type fuel elements for use in
different reactors, maybe not in existing ones, but in new reactors
which will be designed in the future in other countries or in our
country.

LEWIS (Department of State) : Does TSJUKEM currently plan to set up
20% or 45% enriched production lines? What is the status of thinking
about that? Presumably one would use it with the best available
technology.

HASSEL: I told you that we handle almost two tons of highly
enriched uranium. Highly enriched until now we understand above 20%
enrichment. So we are rather flexible in handling different fuels and
different fuel elements with all kinds of enrichment. It is just a
question of fabrication surplus and things like that. So to switch
over from one enrichment to another is just a commercial question, to
hold it separately for the uranium balance for the IAEA controls,
safeguards, and so on.

SCHLAPPER (University of Missouri): What you are saying then is
you could run multiple lines with let's say one line with 20%
enrichment, one 45%, one HEU. Is that correct? And if so, how are
you going to handle that from a safeguard standpoint?

HASSEL: That depends on what you understand on the line. We have
three separate fabrication lines and within these three fabrication
lines we can then switch over from one enrichment to another to
another. So we have to clean some equipment and handle rather big
fabrication surplus if it is just one order, one project. It is just a
commercial question, not a technical one.
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CONTRIBUTION OF CERCA TO THE US DOE CONFERENCE ON THE USE OF
20% and 45% ENRICHED URANIUM AS FUEL FOR RESEARCH REACTORS

Ph. Dewez and J. Douraerc

CERCA, Paris, France

INTRODUCING CERCA

CERCA (Compagnie pour 1'Etude et la Realisation de Combustibles Atomiques)
is a private French Company that was set up more than 20 years ago, in 1957.
The present registered share capital of 20 million francs is held equally by
CREUSOT-LOIRE and PECHINEY UGINE KUHLMANN.

The head office of our Company is located in Paris. We have an industrial
center at Bonneuil-sur-Marne near Paris, and a research and production center
at Romans, between the cities of Lyon and Marseille in southern France.

CERCA AND THE DEVELOPMENT OF NEW FUELS

Throughout its existence, CERCA has many times brought a significant
contribution to the design and manufacturing procedures of fuels of all kinds:

graphite-gas
- heavy water, gas cooled (El~4)
- heavy water, water cooled (El-3 previous tube and

snow crystal designs)
light water
high temperatures

and also sophisticated control rods, fuel followers, etc.

MTR FUEL ELEMENTS: PRESENT STATUS

Among a wide variety of other type of fuel elements CERCA has been
involved since 1960 in MTR fuel element production and operates in Romans a
production unit capable of 15 to 20,000 fuel plates per year.

The backing of our strong R and D department has made it possible, not
only to follow the regularly increasing demand for improved characteristics
by the reactor designers and users, but also to remain always a little bit
ahead of these requirements in order to be able at all times to face new
demands.
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Starting with the now nearly obsolete uranium-aluminum alloy picture-
frame technique, we soon had to develop powder metallurgy techniques, in paral-
lel with improved bonding techniques adapted to the harder aluminum alloy clad-
ding that becomes necessary in order to keep up with the increasing uranium
content of the fuel plates.

Of course the main concern at each new step of technical development is
the dogbone and the homogeneity specifications along with the necessity of
maintaining high fabrication yields in order to keep the costs as low as pos-
sible. At each step, irradiation experience was obtained in the French CEA
reactors.

1. Standard and Advanced Specifications Now in Use

The technical specifications, for the time being, have varied from one
reactor to another and can be summarized as follows:

a. uranium concentration in the core:

- usually between 25 and 30 wt%

- and, for high power reactors, between 15 and 34 wt%

b. Tolerance on the uranium content per plate:

- usually ± 2%

- sometimes ± 3 or 4%

- or ± 1% for special cases l ike RHF.

c. Homogeneity of the uranium dis t r ibut ion
2

- ± 7% p e r cm

- in special case ± 12%, ± 15% or ± 25% for 10mm2 (or smaller)
as additional limitation.

d. Uranium loading:
235 2

- Up to 75 mg of U/cm for a core thickness of 0.51 mm (0.020 i n . ) .
e. Bonding quality:

- maximum permissible unbonded defect of 1/6 inch in diameter.

f. - Plate thickness: a wide range from 1 mm. (0.040 in.) to 2.25 mm
(0.090 in.), with a usual cladding thickness of 0.375 mm (0.015 in.).

g. Corrosion resistance of the cladding:

- use of special alloys

- usually of the French NE type

- sometimes the special Al-Fe-Ni French alloy for unusually
high temperatures.
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h. Water gaps:

- tolerance of ± 0.25 mm (0.010 in.)

- sometimes reduced to ± 0.15 mm (0,006 in.)

i. Burnable poison:

B 1 Q, Sm, ... located in the fuel plates (like RHF, BR2), or in
the structural pieces, usually the side plates, like HFR (Holland),
Osiris (France), etc.

It is worth while mentioning here the new French reactor ORPHEE being
built in Saclay near Paris that will use one of the most sophisticated fuel
elements with upper limits standard for most of the points examined. Each
element of 24 fuel plates will contain 905 g of 93% enriched uranium.

Most of our elements contain a burnable poison, usually B, Q located in
the side plates. The boron-loaded meat is completely bonded by the picture
frame technique, and the cladding is thick enough, so that the grooves of the
side plate will not reach the boron loading core.

Accordingly to these specifications, CERCA has till now produced more
than 160,000 fuel plates, without experiencing any failure of any kind. When
the initial 2 5U content allows it, level of burn-up averaging between 45 and
55% are currently achieved. On the other hand, in low power reactors, more
than ten years of use and underwater storage have been observed without any
problems.

Also we have had broad expertise with control bars and have delivered
forked raactor control blades made of hafnium or of silver-indium-cadmium
alloy, to at least seven reactors in the world. This type of control bars
guided in two very thin water gaps, has a much higher efficiency than the
classical cylindrical rods.

2. References

Besides the French reactors, our customers outside France are located in
Europe (Austria, Belgium, Euratom, Germany, Greece, Holand, Italy, France,
Sweden, Turkey) , in Asia (Israel, Pakistan) , in South America (Brazil) , in
Australia (MTR-like plates) and in North America (MacMaster University in
Hamilton, Ontario, Canada, and in the United States, Union Carbide Corporation
that has obtained the NRC authorization for loading CERCA elements in its
TUXEDO (NY) reactor and to place a second order).

This means that a very wide variety of fuel elements and of fuel plates
have been produced as far as the dimensions, the shape, the uranium loading,
the cladding material, the uranium enrichment and the assembling are concerned.
It means also that our expertise covers the widest possible range of irradia-
tion and corrosion condition for this type of fuel element, such as the
specific power, the thermal flux, the temperature, the burnup, and the life
time in the core of the reactor.
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3. Fssearch Reactor Fuel Developments

This was a quick survey of the present technology that is available at
CERCA as a starting point for the next stage of development. The present
international concern about non-proliferation of weapons-grade enriched uranium
is now focusing interest on fuel elements with high total uranium contents.
The current performance level of our products, that was made possible by our
previous R and D programs, is such that we will experience no problems in
keeping many low or medium power research reactors in operation.

About one year ago, CERCA decided to initiate a program of technological
development, to face the problem of the reduction of available
enrichment.

The preliminary analysis of the problem lead us to apply the following
rules for introducing a hierarchy, in urgency and adequacy, into the various
ways to be contemplated:

- to keep the use of aluminum as cladding material, in order to introduce no
change in the reactor core, as far as the materials are concerned from the
corrosion stand point, and no change in the reprocessing conditions as well.

- to keep, as far as possible, the powder technology and the rolling process
as manufacturing means, in order to avoid heavy new expenses expected from
an important change of the production equipment.

- to keep the general lay-out of the plate-type fuel element, in order to remain
within the conventional conditions of cooling in the reactor core, and to
keep valid the already available computer programs of the reactor's operators.

The first target was consequently to extrapolate the present techniques,
in steps of 5% increase of the total uranium content.

The 50% target is already achieved with only minor changes in the present
techniques. The products obtained are in all respects in compliance with the
most stringent specifications now in force, as far as the checking capacity of
the fuel manufacturer is concerned. The irradiation tests which have to back
these results are already programmed.

The 55% target is now at the same state that the 50% level was six
months ago. The similarity between the difficulties to overcome, and the
efficiency of the extension of the adjustment of procedures already observed,
allow us to assume that the 55% target will be reached within some extra months.

At the same time, other techniques of even greater promise are being
explored, the target being 60 wt% or better, with industrial production
probably possible within 3 years.

As a summary of these different steps, we can say that we have started
to quote for fuel deliveries, made of 20% enriched uranium, for low power
reactors.

For medium reactors (like HFR in Holland, or SILOE in France) we shall be
able to quote sometime next year, problably also with 20% enriched uranium.

59



As for high power reactors, it is too early now to say when and with what
type of fuel and enrichment we shall arrive . Our aim is to remain below
45% enrichment.

As for the high flux reactors, it is observed that almost all of
them are using curved fuel plates, a shape achieved with difficulty for the
heavily uranium-loaded plates.

4. The Cooperation Between the Reactor's Operator and the Fuel Manufacturer

The increase of the total uranium content per element, as a means for
keeping unchanged the loading in 2 3 5 U , can be achieved by increasing the
concentration of the uranium compound in the meat of each plate, without any
other change. Baside the effect of the extra parasitic absorption in the
U238 isotope, that approach induces less sensitive effects on the physical
characteristics of the fuel element. At the beginning of its life, the para-
sitic absorption reduces the margin of reactivity of the core, while the
plutonium build-up is, to a certain extent, compensating that effect at the
end of fuel life.

From the manufacturer's standpoint, if that increase of concentration is
not sufficient for keeping the requested loading of 235U at the previous level,
slight changes in the fuel geometry can bring some complementary assistance:
in the case where the total water section of the fuel element is maintained
unchanged, each reduction by one unit of the number of plates brings a saving
of two cladding thicknesses, i.e. the equivalence of 1.5 meat thicknesses.
For the most common fuel composition (20 plates), such a modification is
equivalent to an increase of 2-5% of the total uranium concentration, while
the thickening of each plate is small enough to have practically no
effect on the temperature rise in the meat.

The moderating ratio (water/fissile), remains unchanged; the coolant's
pressure drop in the element is slightly reduced; the heat removal capacity
of the coolant flow is unaltered.

The heat transfer performance observed on high power research reactors
insures that a slight reduction of the exchange area can be accomodated by
most of the low and medium power ones.

For taking full advantage of that possibility, an exchange of information
between the reactor's operator, who is in position to carry out the appropriate
computer calculations, and the fuel's manufacturer, who knows the production
capabilities and the economic effects of the sophistication of a design, is
highly commendable and easily feasible.

On the other hand, it appears that a rather high total Uranium content in
the plates, and their thickening as well make it necessary to use flat plates
only. The flat plates have proven their good behaviour in all conditions; the
transfer of a core from a curved to a flat plates loading could introduce a
transitory trouble because of the early rejection of the elements of the former
design. The fuel manufacturer can propose the supply of "transition elements"
able to accomodate as neighbors a former fuel element on one side, and a new
one on the other.
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5. General Economy of the New Systein

Keeping apart the contribution of the uranium price itself, it is obvious
that the content in fissile isotope has no effect on the production costs. As
far as the production costs themselves are concerned, there is no reason to
hide that, e.g., a 55 wt% loaded plate is more expensive to produce than a
23 wt% one.

First, the amount of UF6 to convert into metal or dxide the quantity of
powder to prepare are increased accordingly. Second, at least before a lengthy
experience is acquired, heavily loaded plates appear more difficult to produce
correctly than the conventional ones.

It is expected that, at the beginning, the yield will be decreased A
compromise has to be determined between the cost of rejecting one more plate,
and the cost of the extra-carefulness required for avoiding such a reject.
If a significant number of plates are rejected, they will have to be chemically
reprocessed into uranium instead of being, as presently, recycled into the
melting furnace, owing to the limited number of plates allowed to be repro-
cessed per melt.

On the other hand, CERCA considers that the present situation is a good
opportunity for aiming to introduce more standardization in the plate's meat
characteristics: the toolings for the shaping of the fuel core before
rolling, the calibration means used, for instance, for uranium content, and
homogeneity checkings are expensive and advantageously reduced in number.
Moreover, the larger is the production run of identical plates, the lower is
the individual price. The cutting of plates to size, the swagging onto the
side plates, and the end-fitting shape are less sensitive to the effect of variety.
The "ready-made" plates in "custom made" elements could be a formula leading
to low production costs while respecting the genuine characteristics of each
reactor.

Incidentally, it can be observed that a reduction of the number of plates
per element would contribute to smooth these effects.

The handling of several different enrichments in the same facility has
no significant effect on the production costs. CERCA has from many years the
expertise of such management, without ever experiencing any trouble of any
kind. The cleaning of the equipment the reimplacement of the filters, etc.
can be cheaply accommodated as long as the production program can be planned
early enough. For instance, CERCA sets up in September for the
full civil year to come.

CONCLUSION

As a conclusion, it can be said that CERCA, fully conscious of the signi-
ficance and of the effects of the recent curtailment of the level of the
available enrichments, has taken all provisions and engaged all works for
insuring that the great majority of the reactor owners will be able to carry
on the operation of their tool of research without significant hindrance.
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J. Doumerc

CERCA, Paris, France

I will be speaking only of prices now. I think that some basic statements
can be provided. First, all of the results which have been displayed by
Mr. Dewez represent the work performed within the last twelve months. We
have invested in this a little less than 1 million French francs, which is
roughly $220,000.

As far as prices are concerned, I would like to state first that for the
time being we have to compare the prices of a steady state situation, which
is represented by a well known process that has been in use for many years,
with a transitory situation which is the achievement of the same expertise
in new, extrapolated fuels. That is why the comparison has to be corrected
for the results within the next 2 to 3 years. Obviously, it seems that there
are other factors which contribute to the price increases. I think there is a
very significant example for this. When you have to introduce a given amount
for Z35U in the fuel, either 93 or 20^ enrichment, you need in the second
case a higher total uranium content, which means that you have to convert
two to four times more uranium from UFg to a uranium compound then from
uranium compound to powder. Obviously, you cannot prepare 1 Kg of some
product at one price and 250 g of the same product at the same price. More-
over, there is some chance that the new process fabrication will be slightly
more difficult to achieve than the previous one. We have observed in the past
that progress was continuously improved, until we reached something like a
steady state situation. Now alloy yields, for instance, are the same for all
manufacturers, except ± 1% depending on the day-to-day events of the manufacturer
itself. There is a very good reason to consider that the progress in the
yields will be the same for the manufacturer of extrapolated fuels. In that
event it is rather easy to foresee what it will be in the near future. In
consideration, besides explaining some reasons as to why prices will become
higher, there are many reasons of remaining confident with the final result.
Because it says that the present situation is a very good opportunity for
taking account of the situation and using all the calculations which will
have to be performed for designing new cores and new core configurations and
trying to introduce more standardization in the plate. For instance, we have
in our company, a very impressive collection of punching dies and other
things for making cores which sometimes differ by only 1/10 of a millimeter.
Probably more standardization can be introduced in this area.

On the reverse, I would like to demonstrate that as far as the final
fitting of the plates to size, the swaging and end-fitting machine process
is less sensitive to the effect of standardization. If a formula would have
to be proposed, I would suggest very strongly that for the future we use
ready-made plates in custom made elements and many savings would be achieved
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by this way. As far as the yields are concerned, as I said, they have to be
improved over the years, and there I will show immediately my commercial
collections. If a customer is placing an order for one loading, or for one
year delivery, the supplier can only take into account what the yield will be
during that first year. Conversely, if a several year's commitment is signed,
it is possible for the fuel supplier customers to introduce some other regime
of yield, for longer than three years of the work to smooth the result of the
price. That is why I suggest that some middle term commitments would help
everyone to reach convenient prices rather quickly.

Another question dealing with length of the commitment concerns the
management of the workshop. For the time being we are paying very great
interest to that aspect of things. Because the longer the run of the
production using the same characteristics, the cheaper the price is. This
is particularly true if we have to handle enrichments of different levels.
Up to now we have already experienced over many years the production of fuels
using different enrichments. We can say that it is not at all a problem
when we can prepare the program operation for different kinds of enrichment.
After all, if we are speaking of the increasing price, it is a relative
value, but it is rather important to check from what point we are starting
and, of course, it seems that the cheapest supplier will remain along the
years the cheapest.

In conclusion, I think what we have demonstrated now is that the problem
of providing or taking all safeguards for avoiding any diversion of enriched
uranium is a concern which has been truly shared by the fuel manufacturers.
I think that by work and results of development efforts which has been
displayed here has brought the demonstration of our willingness to contribute
to the good solution of the problem.
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DISCUSSION

STAHL (ANL): What has been your irradiation experience with the 50 wt%
material and if you have not irradiated, what are your plans for Irradiation?

DEWEZ (CERCA, France): We have not yet irradiated 50 wt% fuel plates.
Our irradiation experience goes up to 43 wt% made of different kinds of cores,
UAI3, U3O8, and we plan to perform additional irradiation testing in about one
year from now.

DOUMERC (CERCA, France): Irradiation tests are already programmed to
begin next May, and we plan to lengthen the irradiation itself in order to go
further than the normal operation of tha fuel, in order to have the fuel work-
ing for the highest irradiation application. What could be added there is that
the specification which has been displayed here is in full agreement in all re-
spects with the specification we are using for the RHF reactor in Grenoble.
It has a rather hard, rather stringent specification, and as for our own
approach to this problem as fuel manufacturers is concerned, there is no reason
to Believe we will observe something unexpected during the irradiation.

HICKEY (U.K. Atomic Energy): This question is not so much addressed to
the two last speakers, but to our American friends who proposed this change in
the first instance. Both Mr. Hassel and the two speakers from CERCA have in-
dicated that there is inevitably going to be substantial increase in costs,
which we, from our standpoint, would agree with. I thought that an increase
in costs was in fact intendedly one of the criteria that should not be applied.
In other words, prices should remain much the same. Have we any comment from
our American friends regarding that?

TRAVELLI (ANL) : We said that we would like to avoid a significant in-
crease in the costs and it is difficult to specify quantitatively the point at
which an increase becomes significant. We hope that the increases will not be
exorbitant, but right now I don't know exactly where to put that definition.
It is possible that the costs might increase by 20-30%. People say that it
will be about that much. One of the goals would be to keep it as low as
possible, and that is one of the reasons why I was stressing trying to achieve
a relatively longer lifetime in the cores utilizing reduced enrichment than
that to Be obtained just by replacing 2 3 5U on an atom by atom basis, but so
far we haven't come to grips really with how great an increase one could expect.
I think that it would Be unrealistic to expect the costs will go down. We hope
that the increase will not be exorbitant, but I don't know exactly what the
number will be.
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HIGH-URANIUM-LOADED U3O8-A1 FUEL ELEMENT
DEVELOPMENT PROGRAM

M. M. Martin

a
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

ABSTRACT

The High-Uranium-Loaded U3O8-A1 Fuel Element Development Program supports
Argonne National Laboratory efforts to develop high-uranium-density research
and test reactor fuel to accommodate use of low-uranium enrichment. The goal
is to fuel most research and test reactors with uranium of less than 20%
enrichment for the purpose of lowering the potential for diversion of highly-
enriched material for nonpeaceful usages.

The specific objective of the program is to develop the technological
and engineering data base for U3O8-AI plate-type fuel elements of maximal
uranium content to the point of vendor qualification for full scale fabrica-
tion on a production basis. A program and management plan that details the
organization, supporting objectives, schedule, and budget is in place and
preparation for fuel and irradiation studies is under way. The current
programming envisions a program of about four years duration for an estimated
cost of about two million dollars.

During the decades of the fifties and sixties, developments at Oak Ridge
National Laboratory led to the use of ^Og-Al plate-type fuel elements in the
High Flux Isotope Reactor, Oak Ridge Research Reactor, Puerto Rico Nuclear
Center Reactor, and the High Flux Beam Reactor. Most of the developmental
information however applies only up to a uranium concentration of about
55 wt % (about 35 vol % U3O8). The technical issues that must be addressed
to further increase the uranium loading beyond 55 wt % U involve plate
fabrication phenomena of voids and dogboning, fuel behavior under long
irradiation, and potential for the thermite reaction between U3O8 and
aluminum.

aResearch performed under Memorandum Purchase Order No. 31-109-38-4529
with Argonne National Laboratory under Union Carbide Corporation contract
W-7405-eng-26 with the U. S. Department of Energy.
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INTRODUCTION

Dispersions of uranium oxide (U3O8) in aluminum, and clad in aluminum,
are used in the High Flux Isotope Reactor (HFIR) fuel at Oak Ridge National
Laboratory. Since 1966 and through October 1978, 168 fuel elements (90,720
fuel plates) have been used successfully. Maximal fuel loading is about
35 wt % U (about 17 vol % U3O8) of 93% enrichment in the uranium-bearing-
portion (meat) of a HFIR fuel plates; thickness of meat within a HFIR fuel
plate varies from about 250 to 760 pm (about 0,010 to 0.030 in.). Also,
Puerto Rico Nuclear Center Reactor (PRNC), which has been shut down, used
a U3O3-AI dispersion, plate-type fuel elements developed by Oak Ridge
National Laboratory. The fuel loading in PRNC was 55 wt % U (35 vol % U3O8)
of 20% enrichment in the meat, which was about 630 ym (about 0.025 in.) in
thickness. Presently, the Oak Ridge Research Reactor (ORR) and the High Flux
Beam Reactor are also using U3O8-AI dispersion-type fuel elements.

As part of the U3O8 dispersion fuel development for HFIR and PRNC,
test samples were made, irradiated, evaluated, and deemed satisfactory.1'2

Thus, 55 wt % U represents the maximal fuel loading of qualified U3O8
dispersion-type aluminum plate fuel.

The potential for development of higher uranium loadings for U3O8
dispersion-type aluminum plate fuel does exist. For example, again as part
of the U3Q8 dispersion fuel development for HFIR, test samples were made that
contained up to 74 vol % U3O8 in the meat.^"1* As expected, for uranium
loadings greater than about 60 wt % U (about 40 vol % U3O8), depending on
void content, the continuous phase of the dispersions changed from aluminum
to U3O8. However, all cold-pressed U3O8-AI dispersions exhibited sufficient
green strength after compacting to permit some handling without breaking. All
also appeared to roll-clad satisfactorily, as was evident from the absence of
internal cracks.

This paper summarizes the program and management plan and pertinent
technical issues of the High-Uranium-Loaded U3O8-AI Fuel Element Development
(HFED) program at ORNL. The technical issues that must be addressed to
further increase the uranium loading beyond 55 wt % in U3O8 dispersion-type
aluminum plate fuel involve plate fabrication (i.e., such as adequate control
of cladding thickness, dogboning, a continuous aluminum phase in the meat,
and uranium homogeneity), fuel behavior under long irradiation (i.e., unaccept-
able swelling and/or shrinking), and the potential for the thermite reaction
between U3O8 anJ aluminum.

OBJECTIVE

The specific objective of this program is to develop the technological
and engineering data base that is needed to permit fabrication and qualifica-
tion of U3O8-AI plate-type fuel element of maximal uranium content for
research and test reactors.

The supporting objectives for this program are as follows:

1. To conduct a screening study to determine the effects of
high-uranium-loaded U3O8-AI dispersions on the fabricability
of miniature-type, irradiation-test fuel plates;
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2. to utilize and extend the above screening study to full-sized
ORR reactor-type fuel plates, and to assemble full-sized
ORR-type fuel elements;

3. To conduct irradiation tests to validate the performance of
the product produced by the foregoing technological and
engineering development; and

4. to provide for joint industry-government cooperation, and to
provide technical data to industry.

RELATIONSHIP OF PROGRAM TO NATIONAL PROGRAM

The program is in direct support of Argonne National Laboratory (ANL)
efforts to develop high-uranium-density research and test reactor fuel to
accomodate use of low-uranium enrichment. The use of low-uranium enrichment
(less than 20% enrichment) in place of highly-enriched fuel for these
reactors would give the potential benefit of reduced possibility of 2 3 5U
diversion. Argonne National Laboratory coordinates and manages the national
program for the Department of Energy (DOE). Argonne National Laboratory
through DOE field offices at Chicago, Illinois, and Oak Ridge, Tennessee,
has delegated the responsibility for conducting the High-Uranium-Loaded
U3O8-AI Fuel Element Development Program to the Metals and Ceramics Division
at ORNL.

ORGANIZATION

The program organization chart, present in Fig. 1, shows the first level
of program work breakdown structure and the program management hierarchy.
Key personnel are M. M. Martin, Program Coordinator; Fuel Fabrication Task
Leader, G. L. Copeland; and General Support (Fuel Irradiation Testing and
Examination) Task Leader, E. L. Long, Jr.

The purpose of the fuel fabrication subtask is to develop the fabrication
technology for U3O8-AI plate-type fuel elements of maximal uranium content to
the point of vendor qualification for full-scale fabrication on a production
basis. The work includes the development of fabrication procedures, material
specifications, and the fabrication of irradiation-test samples and
irradiation-test full-size elements.

The purpose of the general support subtask is to verify the dimensional
stability and metallurgical integrity of the U3Os-Al plate-type fuel elements
produced in the fuel fabrication subtask. The fuel irradiation testing and
evaluation work includes design and construction of an apparatus in the ORR
reactor for irradiating miniature U3O8-AI bearing fuel plates and all
postlrradiation examination. It requires irradiation of miniature fuel
plates and also the irradiation of a full-size element in the ORR reactor.
During the conceptual design phase, full consideration will be given to
incorporation of the irradiation testing and evaluation of other developmental
aluminum-base plate-type fuels of the national program.

67



ORNL-DWG 78-20133A

HIGH-URANIUM-LOADED FUEL
ELEMENT DEVELOPMENT PROGRAM

FUELS AND PROCESSES SECTION
METALS AND CERAMICS DIVISION

PROGRAM COORDINATOR

SUBTA3K 500

FUEL FABRICATION

TASK LEADER

SUBTASK 800

GENERAL SUPPORT

TASK LEADER

Fig. 1. Technical Organization Chart of the Program.
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SCHEDULE

We anticipate that a program of about four years duration will be pursued.
Continuation of the studies, however, will oe based on ANL annual selection
of the fuel candidates suitable for further study. Therefore, the program
for development of the high-uranium content U3O8-A1 plate-type fuel elements
has been broken down into four approximately one-year phases as follows:
Phase I - Inital screening-fabrication and conceptual-irradiation-design
studies; Phase II - Continuation of any remaining fabrication and metallurgical
studies and preparation for irradiation testing; Phase III - Prototype fuel
element fabrication and irradiation testing; and Phase IV - Development of
procedures, specifications and aid to fuel fabricators.

BUDGET

The completion of this program will involve the use of both operating
and capital equipment funds. Operating funds shown graphically in Fig. 2,
reach maximal commitment in FY 1980. Capital equipment items for FY 1979
include powder compacting press, vacuum annealing furnace, fluoroscope% and
a channel-spacing metrology device for interim examination of miniature-fuel-
plate assembly in the pool of the ORR.

GENERAL FUEL PLATE FABRICATION PROCEDURES

Plate type fuel elements of U3O8 dispersed in aluminum are fabricated
by powder metallurgy techniques in which fuel and aluminum powders are
blended, compacted, and then encased in an aluminum envelope. Metallurgical
bonding and the primary sizing operations are accomplished by hot rolling
the assembled envelope which is sometimes termed a "picture-frame" billet.

The general processing steps used are as follows:

1. weighing and blending the U3O9 powder (typically the principal
particle size is 44 to 88 um with about 25% <44 urn) with the
aluminum powder (principal particle size is 0 to 44 ym);

2. forming compacts by cold pressing at 410 MPa (30 ton/in2);
3. degassing the compacts at 500°C for 1 hr in vacuum to remove

pressing lubricants and moisture;
4. cleaning the frames and cover plates by chemical etching

(this procedure allows direct bonding of 6061 aluminum alloy
to itself and elminates the need for alclad frames and cover
plates);

5. assembling the degassed compacts, frame, and cover plates to
form a billet which is then welded partially around the
perimeter;

6. hot rolling the billet tr 84% reduction at 490°C;
7. annealing at 490°C for 1 hr;
8. cold rolling to 20% reduction;
9. if desired, annealing to the "0" temper for alloy 6061; and

10. finishing the plates by determining core location, shearing,
forming if required, and inspecting.
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TECHNICAL ISSUES

The technical issues of fabrication voids, dogboning, and thermite
reaction are discussed below.

\. Fabrication Voids

Fabrication Voids explain variations in irradiation performance of many
low-uranium-content fuel dispersions for nuclear reactors. For example, core
swellings predicted from a rate of 6.3 vol % per 1021 fissions/cm3 and from
the assumption that the initial void volume is 100% effective in accommodating
this growth agreed relatively well with the measured values.-' The technical
issue is the effectiveness and stability of fabrication voids that can be
introduced into the fuel dispersions of high-uranium content.

The void content of roll-clad aluminum-base dispersions depends on
(1) the type and concentration of the fuel compound, (2) the aluminum cladding
alloy, and (3) the amount of cold-rolling deformation.5 For a particular
material combination, the first roll-bonding reduction of as little as 15%
in thickness establishes a constant void concentration for all subsequent
hot-rolling passes. The final void content of the completed fuel plate shows
only a secondary dependency on hot deformation and heat treatment. Fig. 3
presents the void content cf experimental fuel plates as a function of U3O8
concentration in both the hot and cold rolled conditions.4 Clearly, in-
creasing U3O8 concentration and cold reduction for roll-clad u^Os-bearing
plates increases the fabrication void content. The in-reactor performance
of plates with greater than about 7 vol % fabrication voids remains to be
demonstrated.

2. Dogboning

Dogboning in fuel plates manufactured by roll bonding and using the
picture-frame technique, is a problem that has been with us for years. And,
it tends to be more severe with higher fuel loadings. The relative strength
of core to frame and cover plates, ratio of thickness of cover plates to core,
and rolling conditions such as temperature, reduction per pass, and number of
passes, all affect the degree of dogboning. Fig. 4 presents the compressive
strength of various materials to aid in showing the effect of relative strength
of dogboning.6 For example, identically fabricated fuel plates which con-
tained either U3O8 or UA1 (x -\- 3) dispersoids at concentrations up to 20 vol %,
exhibit a similar degree ^about 20% core thickening) of dogboning because the
compressive yield strengths are similar. Above 30 vol %, the dogboning in the
UA1 -bearing plates is more severe because UA1 cores are much stronger than
those containing U3O8. X

3. Thermite Reaction

A safety concern in the unlikely event of a l^Os-bearing reactor core
meltdown accident involves the heat contribution of an exothermic reaction
between the U3O8 and aluminum. An exothermic reaction involving LT30g and Al
to produce UO2, U-Al compounds and AI2O3 is thermodynamically possible.
This reaction has been studied by a number of investigators.7 It was found
that no significant reaction occurs at temperatures below about 930DC. Energy
releases as high as 1.7 kJ/g of U3O8 occurred when the U 3O 8 loading was on the
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order of 33 to 45 vol %. At 13 vol % the self heating from the reaction was
found to be negligible. An ANL experiment8 in the Transient Reactor Test (TREAT)
facility using 17 vol % U3O8 plates exposed to reactor accident conditions
shows that the exothermic reaction was not an important energy contribution.
To provide additional data for the higher loaded plates, we plan to perform a
series of experiments using plates from our development program to determine
the exothermic reaction energy release as a function of U3O8 loading. We will
also fabricate plates for samples if needed by ANL in TREAT experiments to
simulate reactor accident conditions.

REFERENCES

1. M. M. Martin, A. E. Richt, and W. R. Martin, Irradiation Behavior of
Aluminum-Bass Fuel Dispersions, ORNL-4856 (May 1973).

2. A. E. Richt, C. F. Leitten Jr., and R. J. Beaver, "Radiation Performance
and Induced Transformations in Aluminum-Base Fuels," pp. 469-88 in Book 2,
Research Reactor Fuel Element Conference, TID-7642, September 17-19, 1962,
Gatlinburg, Tennessee.

3. M. M. Martin, Fuels and Materials Development Program Quarterly Progress
Report, pp. 282-86, ORNL-4520, (December 31, 1969).

4. M. M. Martin, Fuels and Materials Development Program Quarterly Progress
Report, pp. 225-30, 0RNL-4560 (March 31, 1970).

5. M. M. Martin and W. R. Martin, Fabrication Voids in Aluminum-Base Fuel
Dispersion, ORNL-4611, October 1970.

6. J. H. Erwin, M. M. Martin, and W. R. Martin, "The Effect of Fuel
Concentration on the Compressive Strength of Core Materials Used
in Research Reactor Fuel Plates, Trans. Am. Nucl. Soc. 11: 490 (1968).

7. T. J. Thompson and J. G. Beckerly, eds., The Technology of Nuclear
Reactor Safety, Vol. 2, MIT Press, Cambridge, Mass., 1973; L. Baker Jr.
and R. C. Limatainen, "Chemical Reactions," Chapter 17.

8. R. 0. Ivins and F. J. Tesla, "Studies with Aluminum-U3O8 Cermet Fuel in
TREAT," in Argonne National Laboratory, Chemical Engineering Division
Semiannual Report, July-December 1965, ANL-7125 (May 1966).

74



DISCUSSION

FERADAY (Chalk River) : In the kind of reactors that will be using this
U3O8 fuel, have you done any studies of what happens on a loss of coolant, and
on what fuel temperature you expect to reach? There is a possibility
that thermite reaction could occur under certain loss-of-coolant conditions.
Is that right?

MARTIN: I have not done those types of studies, but I would assume that
if you get the temperature to about 900-950°C, you have a thermite reaction.
I would assume that. I don't know what would happen after long burnup. I
would think the thermite propensity would be a lot less.

LEWIS (U.S. Dept. of State): You've got a certain amount of volume in
the fuel meat of a plate. Let's say that you're going to stick with an
existing fuel plate design. You have a given amount of fuel meat volume to
work with. That fuel volume can go into U3O8, aluminum and void. What I'm
looking for is to increase the average uranium density in that fuel meat
volume in order to permit me to go to lower enrichments. What I'm saying is
if as you increase the U3O8 density weight percent in there, if you get
extremely high void fractions, you may be really losing out in the average
uranium density. What I'm asking is whether any trade-off studies have been
done. For example, does it pay to go to 75 wt % because of the very high
wt fractions you get.

TRAVELLI(ANL) : Maybe I can put the question in different words. As
you increase the volume fraction of the U3O8, is it possible that the wt
fraction may not increase but actually decrease?

MARTIN: No. Not according to the last curve that I put on the board
for you.

TRAVELLI: That is the point that I would like to put in words,
because I think that Martin showed that curve and it looked like the weight
fraction was not increasing as fast as the volume fraction. Because of
the appearance of the voids, the voids were increasing a.rt it was approaching
the 100% U3O8.

MARTIN: Voids increase as the weight fraction increases. We can reduce
these voids by using a higher strength cladding, for example.

MOSS (AI): In terms of void volume, are you sure it's not just a phase
change of a reaction between the U3O8 and the aluminum going to UA1X> if you
will, which has a lower density. It's hard for me to picture you hot rolling
something and ending up with something with a 20% void.

MARTIN: One can make the calculations with reasonable assumptions for
densities and show that there is no volume change from the reactions between
U3O8 and aluminum. I have not run an electron probe across to actually
determine the extent and amount of reaction of the U3O8-AI dispersion that is
consumed during fabrication. It's a very small amount; and I really can't
detect it on a microscope. In a special effort after it's been reacted, I
can detect it.
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MOSS: How do you determine the void volume?

MARTIN: Void volume is determined on the basis of toluene-determined
densitities of the particles that we start with and the densitites of the
fuel plates from immersion. It appears that the calculated void content is
associated with the U 3O 8 particles, When we hit 40 vol. % we find that for
our particle size distribution that the continuous matrix phase changes
from aluminum to U3O8.

LEWIS (Babcock & Wilcock): I think I heard you say that you were not going
to irradiate your fuel plates, either the mini-plate or the full size plate, in a
test loop. Is that right?

MARXIN: That is our plan.

LEWIS (Babcock & Wilcock): Were you also going to allow them to fail? I
was wondering if you could elaborate on that. What kind of problems do you
have in the reactor?

MARTIN: I would have to have special permission from ORR operators to
plan failure on the fuel test.

LEWIS (Babcock & Wilcork): Is that what you were considering?

MARTIN: I don't plan for the plates to fail.

WOODRUFF (ANL): Is there any bonding problem with the clad on the
100% U3O8?

MARTIN: I don't think there would be.

WOODRUFF: You had said that you fabricated 100 wt % U3O8 plates.

MARTIN: Yes. Plates were previously evaluated in 1969. They survived
heat treatments twice at 500°C for one hour without blistering. This is the
last work that was done before the start of our program. Thac's why 1 made
it the theme of my talk. We do have an opportunity to continue where we
stopped.
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R. Knight

Oak Ridge National Laboratory
Oak Ridf,e, Tennessee 37830

INTRODUCTION

My name is Rodney Knight and I work for Oak Ridge National Laboratory.
Today I'm going to talk more about fabrication at Texas Instruments and what
we plan there for the interim period in this low enrichment program. I have
already purchased 45 percent enriched U3O8 to the specifications we use for
all U3O8 fuel elements manufactured at Texas Instruments. The U3Oa is a high
fired dead burned material minus 100 U.S. standard mesh with a maximum of 25%
minus 325 mesh. The aluminum powder is equivalent to Alcoa 101 and is 90%
minus 325 U.S. standard. We plan to make, at this point, 4 ORR fuel elements
equivalent to the 240 gram elements presently being used at 93% enrichment.

I'm not going to go into the powder metallurgy description. It's been
given two or three times here today. We don't do anything unique or different
than is used for UA1X or most any other powder metallurgy manufacture. Texas
Instruments Fuel Fabrication Plant is 15,000 square feet. It's a semi-
autonomous group in a large manufacturing plant. We have tremendous support
facilities at the site to draw on such as chemistry, metallography, and other
diagnostic tools. The group that we have working is very dedicated. They
work very hard. As an illustration of their capability, we are averaging
97.5% yield in our fuel plates and have been for sometime. Over 90,720 fuel
plates have been used in HFIR with only one small leak. The fuel element with
the leak happily went full life. We did not go back and examine the fuel
element since we didn't figure it was worth our while.

Texas Instruments is a product intensive company that manufactures very
high volumes of different products, and because of this, their technique in
manufacturing is what we call hard tooling. So all of the tools we use at
this site whether it is for HFIR, ORR or HFBR are hard tooling. A fuel plate
never sees a lathe, milling machine, or any other tool of that nature. I have
just a few viewgraphs here that will illustrate some of the types of tooling
we use to kepp away from machining and get high production at as low as
possible cost. Figure 1 shows weighing aluminum powder. It's done in a glove
box more to keep air flow away from the balance than any other reason. The
weighing of the U3O8 is similar and the glove box is for personnel protection.
Figure 2 shows our blender, and I won't try to explain why it works. This is
the only one we have ever found that really blends our powder and does a good
job. Figure 3 shows our powder die on the press, and you can see the
rectangular compact being extracted. Here is the way we make our frames in a
blanking die Figure 4. You will notice there are two holes in the frame. We
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Fig. 1. Weighing Aluminum Powder



Fig. 2. Blending U30g-Al Charger
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Fig. 5. Fuel Plate Billet Assembly



start off with two cores in a frame. Our lot size is 24, but twelve billets
go into the furnace for preheating, at the seventh pass, we cut the two cores
apart and at that point they become individual fuel plates. Figure 5 shows the
loading of the compacts into the frame. We use a loose fit. We can just drop
the cores into the frame with, I think, about 2 mils side clearance and it
works very satisfactorily. Figure 6 shows a forming die. Once you make the
investment for the fuel plate blanking die shown in Figure 7, you can blank
out a fuel plate on the order of about one per minute, to size and to the
tolerances required. Figure 8 shows a unique tool developed at Oak Ridge.
It's a Homogeneity Scanner, It works on the principal of x-ray attenuation
going through an electronic analysis. It actually functions as a no-nogo
guage. Figure 9 is a piece of readout paper from the homogeneity scanner. We
have four ink sprays and they are focused on a spot. If we have a +30% spot
we get a red ink splash. If it is a plus 10% average we get a green ink spot.
Fuel in a No Fuel Zone is blue and -10% is purple. This, incidentally, is a
very accurate and very fine tool. Unfortunately, it is also very expensive.
Figure 10 shows a fluoroscope template. The high density grid lines are used
for locating the cores. You will notice that the high density wires that we
use on the ends are continuous, but along the edges, they are broken into
shore sections so that you can discriminate the wires from the core, and it is
much easier to see that your core is properly located within the lines of grid.
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Fig. 6. Fuel Plate Forming Die
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Fig. 10. Fluuroscope Template



DISCUSSION

BRUGGER (University of Missouri): If your development on higher weight
percent loading turns out to be successful, will TI be able to fabricate
elements for more than the reactors that were listed?

KNIGHT: It's highly unlikely at the moment at least. We're limited to
the 15,000 square feet. Right now we're scheduled through 1981 and NRC has
pretty well restricted us to how much we can do in the plant. So I really
don't see that we can do much more in that plant.

HICKEY (U.K. Atomic Energy): Is your assessment of the amount of uranium
in each individual fuel plate, rather than the variation within a plate, purely
based on the weighing of the powders going into the compound? Do you carry
out any other sort of test?

KNIGHT: Yes it is. NRC requires us to do a gamma scan. However, I do
not use that as a requirement for the fuel element for me. This is for
NRC. What we rely on is the weighing and the analysis that have been done
on the cores and on the fuel plates, or on wet chemistry if you need to find
out how much uranium there was, how much we lost during the compacting opera-
tion, etc.

HICKEY (U.K. Atomic Energy): Do you do any ongoing check dissolutions?

KNIGHT: Yes, NRC is doing that for us.

FEREDAY (Atomic Energy of Canada): If you are after high density, why
don't you use UO2 spheres rather than U~0o as part of the dispersion?

J O

KNIGHT: The only answer I've got is the work that was done in the early
1960s with UO2. It was not very successful and there were reactions between
aluminum and the UO2 that made it quite unsuccessful. Now there may be new
techniques that I don't know about, but at this point, I've got U3O8. It
works. I like it and from the manufacturing point of view, you're going to
fight me to make me switch.
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TRIGA LOW ENRICHMENT FuEL

A. Gietzen

General Atomic
San Diego, California

BACKGROUND

Sixty TRIGA reactors have been sold and the earliest of these are now
passing twenty years of operation. All of these reactors use the uranium-
zirconium hydride fuel (UZrH) which provides certain unique advantages
arising out of its large prompt negative temperature coefficient, very low
fission product release, and high temperature capability. Eleven of these
sixty reactors are conversions from plate fuel to TRIGA fuel which were made
as a result of these advantages.

With only a few exceptions, TRIGA reactors have always used low-enriched-
uranium (LEU) fuel with an enrichment of 19.9%. The exceptions have either
been converted from the standard low-enriched fuel to the 70% enriched FLIP
fuel in order to achieve extended lifetime, or are higher powered reactors
which were designed for long life using 93%-enrlched uranium during the time
when the use and export of highly enriched uranium (HEU) was not restricted.

The advent of international policies focusing attention on nonprolifera-
tion and safeguards made the HEU fuels obsolete. General Atomic immediately
undertook a development effort (nearly two years ago) in order to be in a
position to comply with these policies for all future export sales and also
to provide a low-enriched alternative to fully enriched plate-type fuels.
This important work was subsequently partially supported by the
U. S. Department of Energy.

The laboratory and production tests have shown that higher uranium
densities can be achieved to compensate for reducing the enrichment 1:0 20%,
and that the fuels maintain the characteristics of the very thoroughly proven
standard TRIGA fuels. In May of 1978, General Atomic announced that Lhese
fuels were available for TRIGA reactors and for plate-type reactors with
power xevels up to 15 MW with GA's standard commercial warranty.

TRIGA FUELS

The standard types of TRIGA fuel are listed in Table 1. The 70% and
93% enriched fuels are no longer available for sale and have been replaced by
the "LEU" versions as designated in the table. TRIGA fuel with 12 wt %
uranium has been proven through successful reactor operation for over a decade.
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Previous work on UZrH fuels during the SNAP reactor program had developed the
technology up to 20 wt % uranium and found no indication of this being a limit.
The program at General Atomic extends this technology to 45 wt % and has also
shown no indication of this being a limit at this time. It is of interest to
note that 45% uranium by weight is still less than 20% by volume.

The 20 wt % fuel which replaces the 70% enriched FLIP fuel has a total
U-235 loading which is less than that in the FLIP fuel; however, it retains
very long lifetime capabilicy and represents a small extension of the very
well proven UZrH technology. This 20 wt % fuel is applicable to the 1 to 3 MW
range in either a standard TRIGA element configuration or in a 4-rod cluster
configuration for direct replacement of plate-type elements. In the case
of a plate fuel replacement, the TRIGA 4-rod cluster contains 2 to 3 times
the amount of U-235 contained in plate-type elements.

The 45 wt % fuel is applicable to reactors of 5 MW and above. The
amount of uranium in this fuel was selected to give essentially the same
U-235 loading (and therefore core lifetime) as in the previously used fully
enriched TRIGA fuels. In a 16-rod cluster configuration, which can be
directly substituted for a plate-type element, the amount of U-235 per
cluster is 3-1/2 to 5-1/2 times as much as is contained in the plate-type
element it is designed to replace.

DEVELOPMENT PROGRAM FOR HIGH U-ALLOY FUELS

The laboratory and production tests of fuels up to 45 wt % are complete.
In-core tests of production elements for thermal cycling and pulsing tests
have been underway since April of 1978. The extensive test program included
metallographic examinations, fission product release measurements, fuel thermal
cycling stability tests, material property measurements, and production demon-
stration. Analysis has been completed to determine core characteristics, par-
ticularly the prompt negative temperature coefficients and neturon flux levels.

The extensive metallographic, electron microprobe and X-ray diffraction
examinations have shown that the more highly loaded alloys contain no signifi-
cant differences in structural characteristics when compared with the standard
8.5 and 12 wt % fuels. The phase distribution and homogeneity are excellent
and these factors, coupled with the grain structure observed, support
expectation of excellent long-term irradiation behavior.

The measured fission product release and physical properties show very
suitable characteristics up to 45 wt %. The fission product release experi-
ments were conducted to temperatures up to 1100°C and showed very low release
fractions (about 10~4) which is characteristic of the standard TRIGA fuels.
In the course of these measurements it was learned that for certain grain
structure characteristics, the release fraction could be as much as two orders
of magnitude lower, even for uranium contents of 45 wt %.

Thermal cycling tests show that the ZrH matrix stabilizes the fuel
material such that it is dimensionally stable when repeatedly cycled through
the uranium phase change temperature of about 680°C.
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Description

Standard Fuel (8.5-20)

ACPRa (12-20)

FLIPb (8.5-70)

High-Power (10-93)

FLIP-LEU (20-20, replaces 8.5-70)

High Power-LEU (45-20, replaces 10-93)

TABLE

TRIGA FUEL

U

•70)

is 10-93)

1

TYPES

Content (wt %)

8.5

12

8.5

10

20

45

Enrichment (%)

20

20

70

93

20

20

f*ACPR - Annular Core Pulsing Reactor
FLIP - Fuel Lifetime Improvement Program

The preliminary nuclear design and analysis has shown that the prompt
negative temperature coefficient for the 20 wt % uranium is about the same as
for standard fuel. The value is slightly lower for 45 wt % uranium, however
it is still large when compared to other fuel types. The neutron flux
levels in the reflector regions and in in-core flux traps are approximately
equal to those for cores with standard TRIGA fuel or for cores using HEU
plate-type fuel.

Reactor testing of production elements includes both 20 and 45 wt %
fuels being tested in the TRIGA Mark F reactor at General Atomic. The
principal objective of these tests is to demonstrate the fuel stability for
thermal cycling from ambient to operating temperatures. A total of 600
cycles has been completed to date and no adverse conditions noted. An
irradiation test of a standard 16-rod cluster configuration is being designed
for insertion into the 30 MW ORR Reactor at Oak Ridge, Tennessee.

APPLICATION OF TRIGA LEU FUELS

As previously mentioned most TRIGA reactors already used low-enriched
fuel and will continue to do so in the future. The higher uranium content
TRIGA fuels will be applied to all future sales of TRIGA reactors (̂ 2 MW or
higher) and to future sales of fuel to those existing TRIGA reactors which
use HEU fuel. The most significant potential use, in keeping with the
objectives of the reduced enrichment fuels program, is as a replacement for
existing plate-type HEU fuels. The TRIGA fuel is available in 4- and 16-rod
clusters which can directly replace plate-type fuel in existing reactor struc-
tures. The principal characteristics of TRIGA cores are given in Table 2.
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TABLE 2

APPROXIMATE CHARACTERISTICS OF FORCED FLOW TRIGA-LEU CORES

Number of Fuel Clusters

Fuel Pins/Clusters

Pin Nominal OD (in.)

Enrichment (%)

Wt % U

U Loading (kg U-235/Cluster)

Initial Excess Reactivity (%)

Control System Worth (%) Total

With Max. Rod Out

Coolant Flow Rate (gpm)

Core Life

(MW Days)

(Calendar years @ 20% duty cycle)

Peak Thermal Flux

Core

Core (Central Water Hole)

15 MW

29

25

0.5

20

45

1.38

7

13

8

8500

7000

6.8

8xlO13

3x10^

10 MW

30

16

0.5

20

45

0.88

8

14

8

500

4100

5.6

8xl013

3xl011*

5 MW

25

16

0.5

20

45

0.88

7

14

8

2600

2700

7.4

5xl013

1.7X101'

2 MW

25

4

1.3

20

20

0.44

7

9

7

1000

1400

9.5

1.5xlO13

'+ 7xl013

Reflector 8*1013 5xlO13 2xlO13

The requirements on the user to change from plate-type fuel to TRIGA
fuel are minimal. The hardware modifications generally do not go beyond the
requirement for new fuel handling and measurement tools and new control rods.
The existing control rod drive mechanisms need not be changed (except in
those cases where the user wishes to take advantage of the pulsing ability
of the TRIGA fuel). In a few cases, it may be necessary to increase the
coolant flow rate. In all cases, the appropriate analysis must be completed
for safety review and license amendment as would also be the case in changing
from an alloy to dispersion or other plate-type fuel form.

AVAILABILITY AND ECONOMY

As announced at the IAEA meeting on Research Reactor Renewal and Upgrading
in Vienna in May, 1978, General Atomic is accepting orders for supply of high
wt % fuels under standard terms and conditions including fuel warranty. The
production capability for these fuels has been demonstrated at General Atomic
and sufficient plant capacity is available for fuel production beyond existing
orders. The time required to complete fuel fabrication would generally be less
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than the time required to obtain export licenses and/or operating license
amendments as required.

In addition to the well-known and previously mentioned technical
advantages of the TRIGA fuels, fuel cycle cost evaluations indicate the
potential for significant savings. Burnup lifetime of TRIGA fuel ranges
from about 2 to more than 5 times that of the plate-type fuel it replaces;
however, the price differentials are significantly lower. In general the
savings realized with the TRIGA fuel increase with reactor power level and
duty factor. The core lifetimes given in Table 2 do not include the benefits
which can be obtained by fuel shuffling or additions. The long core lifetimes
give additional economic and operational advantages by reducing the fuel
handling and shipping requirements, and by providing a stable core configura-
tion giving consistent flux levels over a long period of time.

In short, the TRIGA fuel offers the advantages of:

low enrichment avai_able now

reduced safeguards concerns

easy export

assured long-term supply

inherent safety

long-life stable core configuration

significant fuel cycle cost savings

FUTURE DEVELOPMENT PLANS

The program for demonstration of the fuels up to 45 wt % is complete
except for the high burnup test to be done in the ORR. It is anticipated
that future work can be directed toward extending the technology for uranium
contents to 60 wt % which would provide economically attractive fuel in a
configuration suitable for power levels of 20 MW or more. More detailed
analytical work will be carried out on a case-by-case basis for replacement
of existing HEU TRIGA fuels as wall as for potential plate-type reactor
conversions.
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DISCUSSION

TRAVELLI (ANL): One of my questions is about the high burnup. I was
looking at your megawatt days for the reactors for which the fuel is developed
and they range from 1200 to 7500 megawatt days. It seems to me that it is
going to be a problem to achieve burnups as high as those which these fuels
are meant to achieve. What tests are you considering about the high power
burnup tests and what type of megawatt days?

GIETZEN: This high burnup test, demonstration test, as I mentioned,
would be a standard 16 rod cluster configuration which we intend to put in
the ORR. Recognize that the ORR is a 30 megawatt reactor and we will be
testing fuel which is designed for power levels up to 15 megawatts. The burn-
ups for the highest lifetimes mentioned are going to take roughly 20-24 months
to achieve for the lower end of that list. The 1200 megawatt days for 2-3 MW
reactors will perhaps be achieved within the first year. A question that is
left open is what is the significance of that long term burnup test? Is
that a safety consideration or is that strictly a commercial consideration to
demonstrate that you can indeed achieve those lifetimes and therefore the
economics that we predict? We believe it is only a commercial consideration.

SCHWARTZ (Saclay): Are the TRIGA fuel elements reprocessed?

GIETZEN: There is a reprocessing process which has been demonstrated at
Idaho. It has been inactive since it was developed because the amount of
TRIGA fuel which has been returned has been very low due to the long lifetime
characteristics of the cores. There is at this time some backlog of fuel
at Idaho and we anticipate that some time in the near future, meaning within
the next few years, they will have to start up that process and do some
reprocessing. But, the process has been demonstrated and is available:

BINFORD (ORNL): I noticed in your slide that in the 10 megawatt version
of the TRIGA you had a thermal flux of 3 * 10ltf. Now that's a 26 kilogram
core at 10 megawatts and the average fissioning flux will be something like
2 x 1013. Where is that 3 * 1 4

GIETZEN: This is in a flux trap in the core.

TRAVELLI: You mentioned a 5% increase in loading that essentially is the
only increase that is needed to take care of the reactivity loss due to the
increasing 2 3 8U when you go to low enrichment. Is that a 5% difference between
the FLIP loaded core and the new core?

GIETZEN: No, that is the difference for the 45 wt % case which is the
replacement for the fully enriched fuel in the 1/2 in. diameter configuration.

TRAVELLI: Do the two cores have a comparable lifetime?

GIETZEN: Yes, for the 1/2 in. diameter fuel, 45 wt % has a comparable
lifetime to the fully enriched version it replaced. In the case of the FLIP
replacement the 235U loading in the replacement is lower than that in the
original FLIP, which was 70% enriched.
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TRAVELLI: The more 2 3 8U you have, the less 235U you have, or vice versa?
I have your terminology a little confused.

GIETZEN: Let me try that again, In the 45 wt % case the 235U content is
slightly greater than that in the fully enriched version it replaces. And the
reason for that slightly greater amount is to compensate for the 2 38y poisoning.
In the case of the FLIP fuel we are going to a lower 235U content when we go
from the 70% enriched to the 20% enriched since we are only going to 20 wt %
uranium. There is no direct compensation required, the lifetime will be
shorter, the reactivity will be kept the same by reducing the burnable poison
content.

TRAVELLI: Is the lifetime of the 45% dense fuel longer or shorter than
the FLIP fuel it replaces?

GIETZEN: The 45 wt % does not replace the FLIP, it replaces the fully
enriched fuel and the lifetime is about the same. The FLIP replacement has a
lower lifetime than the original FLIP. We believe it makes more sense because
the amount of uranium required to match the original FLIP lifetime is excessive
particularly now with the higher uranium price. It doesn't make sense to have
such a large investment in uranium initially in the fuel element.

TRAVELLI: Is there a limit to the number of kilowatts per liter that the
TRIGA fuel can handle?

GIETZEN: I don't know what that limit is. I know that to this point in
time we have gone beyond the requirement for the 15 megawatt core with the
1/2 in. diameter rod. We have some preliminary analysis which shows that with
smaller rod diameters and therefore increased heat transfer areas we can go
to higher power densities. We simply haven't done that because we either
haven't had the funding to do it or haven't had the customer who wanted us to
do it for them.

BRUGGER (U. of Missouri): You mentioned that when you go to lower enrich-
ment you will have to add more uranium to overcome the 238u poisoning. Could
I interpret that then that you will have more fast flux per thermal which is
then an advantage for radiation damage but a disadvantage for neutron
scattering experiments, for which your fast background is a real detriment.

GIETZEN: I think the differences there are really going to be pretty
small. What you say is right, that effect is there but it is a small effect
because the increase in 2 3 5U loading over the fully enriched version that it
replaced is very small. Whether that is an advantage or disadvantage from
the experimental point of view depends on what you are doing. We know that
it does give a higher fast to thermal ratio and still gives the same kind of
thermal flux in the reflector or in a flux trap in the core.

SCHLAPPER (U. of Missouri): You specify an initial excess reactivity
value of 8%. For your high power configuration, what is your excess reactivity
level at the end of core life?

GIETZEN: I think they are around 4%. There is a certain amount of re-
activity needed to override the negative temperature coefficient. John, what
is your reactivity margin?
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RANDALL (Texas A&M): This is something that's hard to get used to when
going from a plate type where you hardly saw a megawatt. It takes us $2.60
to just get to one megawatt over our temperature coefficient. And that's at
a power level of 1 megawatt.

I've got a comment. When I first saw your low enriched fuel for the FLIP
conversion it struck me as a disadvantage because of the decrease in lifetime;
we bought our fuel because of the long lifetime. However, it turns out as the
political environment changes the lifetime is determined by politics, not the
physical changes of the fuel. So I'm not sure that you don't have adequate
lifetime in that fuel. In your testing I noticed you're putting in the
1/2 in. diameter pins in the ORR and, therefore, in the long term testing
you're not doing the FLIP low enrichment conversion. When you did the testing
as you're doing the testing in the MARK F, do you have some FLIP low enriched
fuel in it?

GIETZEN: First, let me clarify for the first part of your question. We
do intend to put 20 wt % into some of the 1/2 in. rods in the 16-rod
configuration in the Oak Ridge test and we will do the appropriate adjustment
in enrichment to get the proper operating fuel temperatures. So we w?'ll have
that verification in the ORR test. In the present elements that are being
operated in the MARK F there are both 20 wt % and 45 wt % elements operating.

RANDALL: I wouldn't trust that completely because when we went to the
FLIP conversion for our reactor with a slightly larger fuel diameter many of
the parameters predicted for us didn't work out. They were all overly
optimistic. And so, I would worry about that kind of test.

GIETZEN: I understand that in this particular case it is not representa-
tive from two aspects; first, the geometry is different; secondly, it is a
highly accelerated test and I think from that standpoint perhaps more extreme.

RANDALL: Well, having highly accelerated one or two of our fuel elements,
I'm sensitive of that also. I'll talk to you later.

ALMENAS (U. of Maryland): I have a comment and a question. First, con-
cerning the power density, for example, at 10 megawatts for a 30 cluster
core, the power density comes out to be just averaged over the core close to
100 kilowatts per liter, which is right up there with the PWRs. Matter of fact,
if you take the shroud away (it has a very massive shroud) it is somewhat
above the average power density. This is certainly something that would have
to be proved in the licensing stage because power densities of this nature
for that large radius rod and at these low pressures have not been, well,
at least licensed. That's a comment, now as far as the question; you men-
tioned certainly to go to higher power densities and you correctly say that
you would have to decrease the radius of the rod and so on. This is, I guess,
a philosophical type of question: how much do you decrease the radius of the
rod and still have a TRIGA element? That is to say, we have been used to
thinking of a TRIGA element as an element with an inherent negative tempera-
ture coefficient.
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URANIUM DIOXIDE CARAMEL FUEL

AN ALTERNATIVE FUEL CYCLE
FOR RESEARCH AND TEST REACTORS

J. P. Schwartz

Commissariat a l'Energie Atomique
Saclay, France

INTRODUCTION

The work performed in France on Caramel fuels for research reactors
reflects the reality of a program based on non proliferation criteria, as
they have already appeared several years ago. This work actually includes
the following different aspects:

- identification of the non proliferation criterion defining this action;

- determination of the economical and technical goals to be reached;

- realization of research and development studies finalized in a full
scale demonstration;

transposition to an industrial and commercial level.

1. Non Proliferation Criterion

The major part of the existing test and research reactors are fueled
with highly enriched uranium, 90% or 93% U-235; this fuel is a highly
sensitive material which can be obtained by an easy chemical process on
unirradiated assemblies. Furthermore, many reactors are located in places
as accessible as universities, polytechnical research centers, medical
centers, etc.

One might consider that such a fuel could be diverted as well by
private people (as far as accessible locations are concerned), as by
governments for guarded nuclear centers.

To exclude the possibility of an explosive use of the uranium obtained
from an elementary chemical process, one needs to use a fuel less enriched
than 20 weight percent in U-235.

This is the criterion we have taken into consideration when starting
consideration of the use of Caramel fuels in research reactors.
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2. Technical and Economical Goals

The Caramel fuel's (uranium dioxide zircaloy clad) objective is the class
of reactors using flat (or slightly curved) fuel plates in M.T.R. fuel assemblies.
This class includes reactors with various programs and consequently diversified
characteristics: reactors for students' training, of very low power no more
than 100 kW; reactors with power limited to 5 MW capable of radioisotope
fabrication, of a first stage of test and research, and of operator training;
research and test reactors of higher and higher performances in order to obtain
high fluxes:

for transplutonium production,

for technological tests in severe environment (flux above 1 MeV

up to 3..1Q ncm s

or for fundamental physics experiments, of high scientific level
and very specialized purposes (which might need thermal flux up

to 10 n cm s ).

At the same time, the fuel elements cover a power density range from zero
up to about one MW/dm.3 The design of the fuel assemblies based on metallic
uranium-aluminium fuel aluminium clad technology has been adapted to these
conditions. The fabrication of thin plates, 1.27 mm, in a lattice with narrow
water channels (less than 2 mm) has made possible this performance level in
very good reliability conditions.

The Caramel fuel goals have been defined by comparison with existing
reactors: to keep the same performance level in the same safety and reliability
conditions, without substantial increase in the fuel cycle cost. Taking into
account the wide range of the reactors in operation, these goals will be
reached, totally or partially, by assemblies with various geometries.

The Caramel fuels utilize slightly enriched uranium, because of the high
density of the uranium dioxide 10.25 g/ctn.3 The reactivity control capacity
of the core is consistent with the behaviour under irradiation so as to keep
the operation cycle lengths with the same values as the present ones; the
average burn-up being limited to about 30,000 MWd/t, the enrichment is main-
tained lower than 10%. This value leads to a strong divergence between:

1. an economic fuel cycle cost requiring a high lattice reactivity
obtained with thick plates separated by wide water channels;

2. high performances reached only by a great division of the fuel
lattice with thin plates and narrow water gaps. The proposed
compromise will depend on each reactor characteristics. Never-
theless, as the present fabrication limits do not allow the
oxide thickness to decrease below 1.5 mm, very high performances
cannot be reached.

Finally, it must be pointed out that the evaluation of such an operation
of fuel replacement in an existing reactor has to be considered on a case by
case basis, even when applied to very similar reactors.
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3. Research and Development Program

The research and development studies have been determined by the above
considerations. They are the following:

- fabrication from 4 ram to 1.5 mm oxide thickness

- burn-up to 50,000 MWd/t

- specific power up to 4000 W/cm3 oxide

But the Caramel program for research reactors is only one aspect of a
larger Caramel fuel program, developed for low and medium power plants and for
merchant naval propulsion.

3.1 General environment of the Caramel program

At the very beginning, the Caramel fuel has been developed for the
need of low powe land-based or naval reactors. Severe specifications have
been assigned as far as power cycling, cycle length, and primary water radio-
activity are concerned. The resulting fuel is shown in Fig. 1.

The active part of the fuel is made of small pieces of sintered
uranium dioxide whose density is 10.25 g/cm3 and approximate dimensions are
0.4 x 2 x 2 cm. The parallepipeds are surrounded by small zircaloy pieces,
and put on a zircaloy plate; the whole lot is then framed and covered with a
second zircaloy plate. All this assembly is welded, producing a fuel plate in
which the uranium oxide is compartmented.

Starting from this work, specific studies have been developed for
the specific needs of research reactors.

3.2 Fabrication development

The search for high specific power has led to developing thinner and
thinner pellets, from 4 mm to 1.5 mm.

The implementation of zircaloy pieces adapted to such a small thick-
ness has been realized. The assembly of the fuel plates in the fuel element
has been realized so that good tolerances can be kept on the water gap in order
to avoid a loss of the cooling characteristics.

3.3 Irradiation behavior qualification

A study of the Caramel behaviour under irradiation has been under-
taken. It started with individual Caramel, and followed successfully with fuel
assemblies, irradiated in the reactor Osiris within a significant environment:

- maximal specific power higher than 3000 W/cm3

- maximal burn up about 30,000 MWd/t

Finally safety experiments have led to creation of deliberate defects such
as clad failure in order to test the irradiation behaviour to study its
evolution. The results are positive, the kinetics being rather slow.
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3.4 Thermohydraulics studies

In order to measure the pressure drops, out of pile experiments had
to be performed because of the local perturbations created by the grid of the
zircaloy pieces on the fuel plate. Due to this specific point thermohydraulics
tests have been performed with heated test elements, to estimate the pressure
drops in double phase flow and then the maximal heat fluxes allowable in
operation.

3.5 Core operation

For each reactor, specific studies are required to determine:

- the exact geometry of the fuel assembly; particularly plate and water
gap thickness

- the cycle length and the enrichment

the core configuration and the associated reactivity control

- the physics and thermohydraulics performances, etc.

All these studies lead to a partial revision of the safety report.

The general success of these development works enables us to start a
full scale demonstration, namely the complete loading of the reactor Osiris
with Caramel assemblies. Our aim is to prove statistically the Caramel fuel
capability of operating in the required conditions of specific power and
burn-up (4000 W/cm3, 50,000 MWd/t), with a good reliability; from this point
of view the reference is that of the UA1 fuel: no clad failure should occur.

In order to obtain these test conditions, it has been necessary to adjust
some of the reactor characteristics:

- modification of the primary circuit with the replacement of the primary
pumps to increase the coolant flow by 30% from 4300 m3/h up to 5700 m3/h;

equipping of the claddir^ failure detection circuit with safety devices
shutting down automatically the absorbing rods

These changes led to new operating conditions which had to be evaluated,
and kept consistent with the existing components of the reactor, then
gathered in a safety report revision:

- the fuel enrichment has been fixed at 7% U- 235 to start with

the core volume has been increased from 3g to 45 assemblies

the power was kept constant at 70 MW

the fast and thermal fluxes available have been decreased by about 20%.

Fig. 2 shows the planning of the realization. The starting up of the
reactor with the Caramel core should take place in the early Spring 1979.
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4. Transposition to Industrial and Commercial Level

First of all, the reaching of the industrial and commercial stage implies
the technical success of the Osiris demonstration. This success is partially
achieved as far as the assembly fabrication is concerned; the production
capacities of the CEA and the outside manufacturers can be a basis for an
industrial unit. The evaluation of the irradiation behaviour needs a six
months operation period, which could be achieved by the Autumn of 1979.

At this stage, it must be pointed out that we are testing the fuel in
hard conditions, connected to the high performance reactors. In any case, for
all reactors, the replacement of the existing fuel by the caramel fuel must
be carefully considered on a case by case basis, after an accurate study. If
there is no doubt that the Caramel fuel can be used in very low and low power
reactors, the possibility of this substitution in more high-powered reactors,
will depend on their flexibility and adaptability. Of course in case of new
projects, the range of reactors capable of using Caramel fuel would be enlarged.

From an economical viewpoint, the fabrication cost evaluation is not easy,
since the simple running of prototype operation is not sufficiently representa-
tive. It could only roughly show that the fabrication cost, as part of the
total cycle cost, is highei than the fabrication cost of the present UA1 fuel,
93% enriched, without change in the order of magnitude.

CONCLUSION

The full change of a fuel cycle connected with nonproliferation goals
appears to be a very wide program with political, technical and industrial
implications.

The development of the Caramel fuel for research reactors, set up by the
CEA, is an illustration of these different aspects. Its final resolution is
expected in about a year.
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DISCUSSION

TRAVELLI (ANL): Dr. Schwartz, you say that it will take about one year
to decide whether the fuel can be used in very high power reactors, but what,
I wonder is how soon for any type of reactor? Could a commercial vendor be
available to produce the fuel? If I understand, so far CEA has been manufactur-
ing the fuel. Do you expect that the transfer of the technology to a commercial
fabricator might be taking place in a short time, or would there be a long
time before this can take place?

SCHWARTZ: It will depend on the demand. As far as the present situation
is concerned, CEA itself is the manufacturer, but it can be considered that
the situation is completely open for a manufacturer, for instance, to get some
license and some other commercial condition.

FERADAY (Chalk River): You have said that no cladding failures will be
allowed. What is the implication should you have a cladding failure?

SCHWARTZ: Well, in fact, you know, that in the reactor now in operation
and, above all, in open swimming pool reactors our experience with uranium
aluminum fuels is quite good from the reliability point of view because we
have no clad failure to speak about. So, we intend to have the same clean
operation conditions with the Caramel fuel. But, we have made some safety
experiments to simulate clad failure in the loop and to see what would be its
evolution and as far as the experiments are concerned, we have had some good
results because dynamics of this evolution has been very slow. There has been
no important contamination.

FERADAY: So, if you do have a defect, there's no problem. Is that what
you are saying?

SCHWARTZ: Limited problem.

MARTIN (ORNL): Do you anticipate forming a Caramel type plate to produce
a curvature for any of the applications that may require this type of geometry?

SCHWARTZ: No, we have no fabricated curved plate but, what can be said
is that for slightly curved plates the fuel elements can be replaced by
flat plates. I must add that if we have no experiments with curved plates, it
has not been demonstrated that they cannot be slightly curved.

KUECHLE (Karlsruhe): Did you investigate what happens in case of loss
of coolant accident because you cannot allow any increase in fuel temperature.,
otherwise you would release all the fission gas contained so you blow up your
cladding.

SCHWARTZ: Yes, but the increase in temperature is low, I would say,
in the same order of magnitude with the uranium aluminum plates. Because
for this kind of fuel the temperature at which the gas release occurred is
about l,000°C and you are operating at very low temperature about, well I
would say, 300°C. So you get a margin in temperature which is about the same
order as with uranium aluminum fuel.

105



CUNNINGHAM (ORNL) : I question simply how much plutonium do you inbreed
in this fuel? Is it similar to a regular power reactor?

SCHWARTZ: Well, it's less than in a power reactor with 3% uranium
enriched but I would say about 100 grams of plutonium per megawatt year is
the order of magnitude.

KANDA (Kyoto U.): According to Fig. 2, you already finished the irradia-
tion experiment and you briefly mentioned the result. Would you explain,
please, in more detail the irradiation tests.

SCHWARTZ: The irradiation tests which have been performed have been
both the irradiation of some individual Caramels in loops in very high power
conditions followed by the irradiation of full size assemblies in the Osiris
reactor, which has now been performed up to a burnup of 30,000 MWD/t and with
specific power of 3,000 watts per cubic centimeter of oxide.

KANDA: What kind of examinations?

SCHWARTZ: Well, for the individual irradiation there have been post
irradiation examinations in hot cells and micrographic examinations; as for
the fuel assemblies themselves, there have been only dimensional examinations
for the moment.

TRAVELLI (ANL): What led you to the choice of a 7% enrichment? As you
heard there are some questions about why a 20% enrichment is desirable and
someone was pointing out, too, the problem of plutonium production in very
low enrichments. I'm wondering, if you had to, would it be difficult to
achieve a 20% enrichment and, or otherwise, what led you to the choice of
the 7%.

SCHWARTZ: Well, up to now we have taken only into consideration the
criteria of the uranium enrichment and not plutonium products so the enrich-
ment was determined only by reactivity control capacity and the burnup limits
and this leads to an enrichment of 7% depending on the reactor.

TRAVELLI: What I mean is, in the core that you designed for your Osiris,
you had a greater core volume which might mean that you could possibly have
added a smaller core if your fuel elements had more reactivity. Which
might mean that your design might have been simpler if you had chosen a
higher enrichment; at the same time a higher enrichment might have forced you
to choose a thinner plate if you did riot want to have too much heat flux
through the surface of the plate and there might have been some difficulty
about achieving such a thickness. I was just wondering whether there was
some trade off that you went through that led you to a 7% instead of a
higher enrichment.

SCHWARTZ: No, the thickness of the plate was chosen, the minimum one, it
is related with the thickness of about 1.5 millimeter of oxide which presently
meets the fabrication availability. As far as the core volume itself is
concerned, it has been increased to keep the power condition and because the
evolution of the experimental program of the reactor has changed so that fast
flux is not so much needed but. on the contrary, more thermal flux is needed
outside the core itself. So for this program it was better to increase
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the core volume itself. Anyway, if we had reduced the core size we would
have had a problem with specific power, not reactivity.

TRAVELLI: In general, you are saying that you could, if you wanted to,
change the enrichment of the uranium that you are using in those plates.

SCHWARTZ: It could be increased if the reactivity requirements needed
it but, from this point of view, it's of no use to have a 20% enrichment.

KUECHLE (Karlsruhe): May I comment on that point. Because there is a
very simple relation connecting density, enrichment, and meat thickness, in
this case you would come to a meat thickness only 1/3 of this, 0.5 millimeters,
the usual one. If you could simultaneously increase the enrichment by factor
of 2.5 you would come roughly to the same excess reactivity. And I think that
is about the optimum fuel you are looking for. With the usual meat thickness
and a density of about 9, we could replace all the active fuel. We have said
that the target for the fuel development is not to look for a fuel density as
high as possible but it turns out that a density of about 9 would just be
appropriate for 20% enrichment together with 0.5 millimeter meat thickness.

STAHL (ANL): I have a question, in the Osiris case where you have 0.4
millimeters thickness what is the maximum fuel temperature where it is operated
at?

SCHWARTZ: The 0.4 millimeter thickness is connected with a power reactor.

STAHL: What is the Osiris geometry then? Is that the 1.5 . . .

SCHWARTZ: The Osiris is 1.5.

STAHL: What is the center, the center of the fuel run at?

SCHWARTZ: I have not the exact figure in mind, I would say it's about
between 300-400°C.

TRAVELLI: What considerations control the maximum size of the Caramels?
Could you make the Caramels twice as wide and twice as tall as they presently
are? What is it essentially? Is it the pressure of the fission gases? What
has led you to a choice of a 2 centimeter by 2 centimeter Caramel?

SCHWARTZ: Well, it's mainly a question of fabrication, fabrication of
pellets and of plates.
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U.S. NON-PROLIFERATION POLICY AND PROGRAMS REGARDING USE
OF HIGH-ENRICHED URANIUM IN RESEARCH REACTORS

Richard A. Lewis

U.S. Department of State
Washington, D,C.

BACKGROUND

Uranium enriched to 90-93%, supplied by the U.S., is now used in 141 re-
search and test reactors* in 35 countries around the world with a cumulative
power of 1714 mw. Since of the order of 3 kg of 235U is involved annually in
fuel fabrication, fresh fuel transport and storage, reactor operation, and
spent fuel cooling and return per megawatt of research reactor power, it is
estimated that more than 5000 kg of vey high-enriched uranium is handled each
year to operate these reactors.

Recent U.S. assessments have led to the tentative conclusion that in only
approximately 11 of these reactors, generally those of highest power or power
density, is the use of 90-93% enriched uranium currently a technical necessity.
Universal use of the best state-of-the-art fuel technology would permit an
estimated 90 of these reactors to use 20% enriched fuel, and estimated 40
others to use 45% enriched fuel, without significant performance degradation.

If advanced research reactor fuel development programs currently under way
in the U.S. and elsewhere are successful, it may, in fact, be possible to
operate virtually all of these reactors on less than 20% enriched uranium in
the longer term. The physical and economic practicality of these developmental
fuels must, of course, await future assessments.

The wide-spread use of 90-93% enriched uranium today is a result of fuel
technology limitations prevailing 5-15 years ago, the ready availability of
uranium of this enrichment from the U.S. in the past, and the costs involved in
introduction of new fuel technologies and enrichments into existing fuel fabri-
cation facilities and reactors. Because of the limited reactor fuel market and
the substantial costs involved in gaining safety and operating approvals for
changes to reactor designs there is great pressure on fuel fabricators and re-
actor operators to standardize on well-proven fuel designs, and not to adopt
marginal technological improvements—particularly in the absence of apparent
economic benefits. Generally, these pressures have led to standardization of

The special-purpose reactors, KNK-II, AVR, THTR, DRAGON, and RAPSODIE in the
FRG, UK, and France are not included in this discussion.
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U-Al alloy and U-ZrH fuel technologies developed in the 1950's which, if
90-93% enriched uranium is available, are adequate for all but the highest
power, highest performance, research reactors.

DEVELOPMENT OF U.S. POLICY

Current U.S. policy is to minimize the use of high-enriched uranium in
research reactors, and minimize supporting fuel cycle inventories, in the
U.S. and throughout the world and to achieve this objective as quickly as
possible without imposing unreasonable reactor performance or economic
impacts on the reactors involved. Where use of low-enriched uranium
(i.e. <20% enriched) is not practical for technological or economic reasons,
U.S. policy is to encourage use of the lowest practical enrichment. It is
recognized that, for practical reasons, the number of intermediate enrichments
used (i.e., between 90-93% and 20%) must be limited. There is a growing
concensus that one intermediate enrichment should be chosen, and standardized
upon, and that the best choice for this is 45% enriched.

This policy is designed to implement that part of U.S. non-proliferation
policy which has the goal of minimizing access to weapons-usable materials
while continuing to support legitimate peaceful uses of atomic energy. The
U. S. government believes that current international commerce in high-enriched
uranium for use as research reactor fuel is unnecessarily large and consti-
tutes a significant diversion and terrorist threat that can be reduced
without creating undue hardship to the operation of these reactors. This
threat is considered to be particularly acute during fresh fuel fabrication,
transport, and preirradiation storage. However, even after irradiation
the uranium in spent research reactor fuel that was originally 93% enriched
is still approximately 80 to 90% enriched and cannot be ignored as a potential
threat.

STEPS TO IMPLEMENT U.S. POLICY

The U.S. government has taken three major steps to implempnt policy in
this area. These are:

Tightened export controls on high-enriched uranium.

A major R&D program to provide the technical basis for use of
reduced enrichments in research reactors and to encourage
commercial suppliers to make available reduced-enrichment fuels.

A program, for which funds are being requested from congress,
to provide fuel and fuel services to support reduced-enrichment
reactor conversions.

The use of high-enriched uranium in U.S. research and test reactors is
being evaluated under essentially the same technical and economic criteria
as are used to assess export requests. U.S. policy is being implemented so
as to avoid giving a commercial advantage to any U.S. or non-U.S. fuel
manufacturer.
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EXPORT CONTROLS

Export controls on high-enriched uranium are being implemented under a
presidentially-approved executive branch policy. This policy has two major
parts; one dealing with use of the lowest practical enrichment and the other
dealing with minimizing inventories of weapons-usable material:

With regard to existing reactors to which the U.S. has supplied high-
enriched uranium for fuel prior to April 27, 1977, (i.e., those reactors for
which the U.S. government has an established history of fuel supply), exports
of 90-93% enriched uranium are being restricted to the minimum amount necessary
to maintain normal operation until the reactor can be converted to the use
of reduced enrichment. The criteria for reduced-enrichment conversions is that
the lowest enrichment should be used for which reactor performance and fuel
cycle costs are not significantly adversely effected.

Regarding new reactors for which the U.S. has had no history of high-
enriched uranium supply prior to April 27, 1977, more limiting criteria must
be met. For these reactors no 90-93% enriched uranium will be supplied unless
the president personally finds that:

— The project is of exceptional merit.

The use of less than 20% enriched uranium is clearly not
technically feasible.

If the "exceptional merit" criteria is met, but the use of less than 20%
enriched uranium is not feasible without substantial performance and/or cost
penalties for a particular case in this category, then the lowest reasonable
enrichment would be expected to be used.

In order to minimize inventories of weapons-usable material and to assure
that the policy is being effectively implemented, the president has specified
that he must personally approve each export of uranium enriched to greater
than 20% 2 3 5U which exceed either of two threshhold criteria:

The export license application for the project or facility
is for a quanity of uranium containing in excess of 15 kg 235U.

— The export would cause the total unirradiated uranium inventory
(>20% enriched) in the country involved to exceed 15 kg of
contained 23^

THE U.S. DOE REDUCED-ENRICHMENT RESEARCH
AND TEST REACTOR PROGRAM

To support U.S. non-proliferation policy initiatives restricting use of
high-enriched uranium in research reactors, the US/DOE has undertaken a 7 year
$23 million program (concentrated in FY 1979-82) to demonstrate the technical
feasibility of reduced-enrichment conversions of reactors currently using
90-93% enriched uranium fuel or designed for use of this enrichment. This
program approaches the physics, engineering, safety, and fuel fabrication
problems of reduced-enrichment conversions for each of the four basic types
of research reactors on a generic basis. Generic conversion feasibility
studies are being prepared and published. In addition, specific technical
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support for conversion studies in cooperation with the affected reactors is
offered by the U.S. program. Substantial fuel technology development and
demonstration is being undertaken, with appropriate technology transfer, to
support and encourage fuel fabricators to supply reduced-enrichment fuels.

The DOE program is divided into near-term and long-term phases. Near-
term objectives are to facilitiate and encourage early universal application
of the best state-of-the-art fuel technologies so as to accomplish enrichment-
reduction conversions to 45% and 20% enrichment wherever possible within
the next 2-5 years. Lon?-;-rHu objectives are to develop and demonstrate
advanced fuel technclogles making nearly universal use of less than 20%
enrichment feasible. The program includes up to four full-scale in-reactor
demonstrations of reduced-enrichment fuels.

REQUEST FOR FUNDS FOR FUEL AND FUEL SERVICES

In May, 1978, at the UN Special Session on Disarmament, the U.S. announced
that congressional approval would be requested for three programs to support
U.S. non-proliferation goals. Among these were two programs directly affecting
research reactor fuel enrichmt.it policies:

Authorization of up $5 million over 5 years to provide 20%
enriched, or, in exceptional cases, 45% enriched uranium fuel
for research reactors through the IAEA. Preference would be
given to developing countries party to the NPT who would
receive the material, in approved cases, at no cost.

Authorization of up to $1 million annually in "fuel cycle"
services for research reactors, principally for the purpose
of supporting fuel fabrication services which would assist
in the reduction of fuel enrichments. Preference in providing
these funds would be given to developing countries.

Congressional approval of these programs is being actively sought for
implementation beginning in FY 1980. Similar voluntary contributions from
other nations are being sought.
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POWDER METALLURGY DEVELOPMENT AT SRL

H. B. Peacock

Savannah River Laboratory
E. I. du Pont de Nemours and Co.
Aiken, South Carolina 29801

INTRODUCTION

The Savannah River Laboratory (SRL) is developing a powder metallury (P/M)
process for manufacturing reactor-grade fuel tubes containing high wt %
U3O8-AI cores clad with 8001 aluminum. The P/M cores are made by isostatic
compaction. They are assembled in billets, outgassed, and hot-extruded using
conventional coextrusion techniques.1 Cores have been compacted with up to
100% U3O8 and tubes extruded with 80 wt % oxide cores.

Irradiation tests have been made using P/M core tubes in the Savannah
River reactors. These tubes contained U3O8 concentrations up to 59 wt % and
no significant swelling or blistering occurred. The tubes were irradiated
to —40% burnup or 1.6xlO21 fissions/cc of core.

This report discusses both small-scale and production tests for high-
density P/M fuel development. The purpose of the P/M development program
at SRL is to:

determine the maximum U3O8 content that can be fabricated
into thin wall tubes,

irradiate high-density tubes to high burnup and assess
irradiation and dimensional stability,

• continue metal forming studies for extrusion and drawing, and

evaluate hydrostatic extrusion and hydrostatically assisted
drawing of P/M core tubes.

TUBE FABRICATION PROCESS

Production fuel assemblies have a 12.5-ft-long core and generally consist
of 3 concentric tubes as shown in Figure 1. The ID and OD of the assembled
tubes range from about 1.75 to 3.75 in., respectively. SRP fuel tubes
operate at low temperature and use aluminum to facilitate separations. How-
ever, the basic technology may be applicable for other fuel tubes and
materials, i.e., stainless steel and Zircaloy.
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Process steps are similar to those used commercially for aluminum tube
manufacture. The basic process is divided into fabrication and quality control
(QC) steps. Each tube is carefully inspected to insure top quality fuel to
prevent activity released to the moderator during irradiation. Determination
of the core characteristics led to the development of the Fuel Distribution
Analyzer (FDA) and the Nuclear Test Gage (NTG). The FDA is an instrument
which uses x-rays to dermine the relative concentration of uranium or U3O8
along the length of the tube. High fuel concentrations can cause local
heating and burnout of the cladding. The NTG is a small subcritical reactor
that measures the reactivity of the tube in 1-ft increments.

PROCESS CONDITIONS FOR FABRICATING P/M FUEL BILLET CORES

These steps are used to make P/M billet cores for reactor fuel tubes at
SRP and summarized in the following order:

1. Oxide firing and grinding

2. Blending of U3O3 and aluminum powders

3. Isostatic compaction of P/M billet cores

4. Extrusion of fuel tubes

5. In-line recycle of imperfect cores and tubes

Figure 2 shows the flow of material through the overall operation, integrated
with the in-line recycle.

1. Oxide Firing and Grinding

UO3 is the feed material for the U3O8-AI compact core process. It is
calcined to U3O8 in resistance-heated box furnaces at 800°C for 6 hours in
nitrogen and air cooled to ambient temperature. Oxide is fired in "Inconel"*
600 pans of critically safe configuration to prevent nuclear criticality
incidents. The as~fired U3O8 is ground and sieved to provide powder of the
desired particle size distribution. Oversize material from grinding is
reground while excess undersize material is compacted and reground.

Oxide particle size must be controlled for three reasons:

Maximum particle size must be limited to avoid large hard
particles that can penetrate the tube cladding and/or cause
hot spots sufficient to produce melting during irradiation.
The maximum particle size is 100 US standard mesh (149 u).

The quantity of -325 mesh (<44 u) particles is restricted
for radiation stability.

The particle size distribution <100 mesh is controlled to
match the size distribution of the aluminum powder to obtain
a blend with acceptable homogeneity.

*
Trademark of International Nickel
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U3O9 is ground in a commercial roll grinder modified to provide precise
roll gap adjustment, variable speed, minimal holdup of powder in the housing,
and to minimize dust release, U3O9 is fed into the grinder by a separate
vibratory feeder at a uniform rate and distributed across the entire width of
the rolls. Ground U3O8 is discharged directly into a commercial vibrating-
screen separator. Powder is discharged from the separator into critically
safe containers. Oversize material is recycled directly through the grinder.
If excess -325 mesh material is produced from one batch, it is blended into
batches that have low -325 mesh contents. If all excess -325 mesh material
cannot be utilized in this manner, it is compacted and reground.

The particle size distribution depends on the properties of the oxide,
the grinding conditions, such as roll gap and pressure, roll speed, and feed
rate. Grinding conditions were developed to produce a maximum of -100 mesh
powder per pass through the grinder and at the same time maintain a maximum
of 40% -325 mesh material. The particle size distribution of the -100/+325
mesh material produced using these conditions does not exactly match that of
the aluminum powder (Figure 3); however, the matchup is close enough that it
blends adequately with the aluminum.

2. Blending of U3O8 and Aluminum Powders

The U3O8 is uniformly blended with aluminum powder to produce material for
the billet fabrication process. To overcome the tendency of fine U3O8 powder
to agglomerate and segregate, preblending and sieving steps were incorporated.
After a 5-minute preblend in a horizontal drum blender, the powder in the drum,
wuich has an 80-mesh screen at its outlet, is attached to a modified drum
blender or tumbling blender and transferred through the vibrating screen
(Fig. 4) into the final blend container. This final screening breaks down the
agglomerated U3O8 in the feed, and ensures that no large particles get into the
final blend. Thereafter, the aluminum powder in the mixture hinders any
reagglomerated U3O8. The drum and screen are then removed, the blender is
closed and adjusted to horizontal blending attitude, and the feed is tumbled
to obtain a uniform mixture. Then the compaction mold assembly is attached
to the open blender and the rotating blending is inverted to transfer the feed
into the mold. The blend in the mold is then vibrated to uniform prepressing
density (~55% of solid density), the mold is sealed, and the powder is subjected
to isostatic compaction to ~80% of solid density.

The U3O3 and aluminum powder tend to segregate after blending because
of the differences in density (8.4 g/cm3 for U3O8 and 2.7 g/cm3 for Al) and
in particle size distribution of the two powders. Segregating mechanisms
such as pouring and vibrating are controlled closely. Blended powder is
transferred from the mixer to tLe mold (which is connected directly to the
mixer) by tilting the mixer as it rotates and tumbles the powder directly into
the mold. Mold vibration, which is necessary to produce uniform mold-to-mold
powder density, is limited to ~20 seconds to reduce potential segregation.

Tests with Type 101 aluminum powder and 235U-depleted U3O8 powder compared
the efficiency of the tumbling blender with that of a standard horizontal drum
blender. The basic difference is that the tumbling blender has 1-in.-diameter
pins which increase shear mixing. The particle size distribution of the U3O8

was varied from a typcial as-ground distribution to all -325 mesh.

Twelve samples, each equivalent in blend volume to a 0.25 by 0.25 in.
section of extruded core, were taken at specified intervals from the blend.
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A thiefing procedure was developed to minimize errors. U3O8 content was
determined by neutron activation with estimated accuracy of ±0.5 wt % U

Results for the tumbling blender and a standard horizontal blender showed
the superiority of the tubmling blender for blending fine (-325 mesh) powders.
The analysis of the data was carried out by expressing the coefficient of
variation (CV) as a function of the number of blender revolutions. The
coefficient of variation is defined as the standard deviation of the theifed
samples expressed as a percentage of the mean oxide content. For a 26 wt %
mixture, CV for the tumbling blender was 50% less than the value for the
standard blender remained less with an average value of ~2.5% after 200
revolutions (10 minutes). The CV for a 40 wt % U3O8-A1 blend with the
specified oxide particle size distribution is shown in Fig. 5 for the tumbling
blender. After 100 revolusions, CV average about 5%, which corresponds to
10% variation in uranium content per 0.25 x 0.25 in. section of the core at
95% confidence.

3. Isostatic Compaction of P/M Billet Cores

Isotatic compaction, in which powder is sealed in a 0.5-in.-thick
elastomeric urethane mold and compacted under high fluid pressure, is used to
form the P/M cores. Urethane bag life has not been determined, but over 150
cores have been made from a single bag with no indications of wear. Cores
made by this process slide easily from the depressurized mold; they have very
uniform density and the total uranium content can be controlled precisely.
Although the OD of the core does not have the dimensional uniformity of cast
or machined cores because of the elasticity of the mold, the compact is fully
suitable for direct insertion in the billet assembly. The core ID, formed by
a steel mandrel, is always the same. Variations in core wall thickness of
±0.03 in. (average wall thickness 1.4 in.) and variations in OD of ± about
0.05 in. (average OD 7.4 in.) have been measured. These variations correspond
to less than 3% variation in thickness of the extruded core.

Core made in a mold with a cylindrical ID tend to have an hourglass shape
because of an end restraint by the mold. To compensate for this effect, a
barrel-shaped mold has been designed and refined to produce tight-cylindrical
unmachined cores.

4. Extrusion of Fuel Tubes

As-compact P/M cores are extruded using either a 520-ton laboratory or
3000-ton production press. The extrusion billet is made by capsulating
as-compacted cores in aluminum components. The assembly is evacuated at an
elevated temperature to remove gases. This high temperature outgassing
operation also sinters the compact, but no reaction between U3Og and aluminum
has been observed. Before extrusion, the billet is preheated and coated with
a graphite-lead-oil lubricant. The tooling temperatures range from 175°C to
400°C depending on the type of tube being extruded.

5. In-Line Recycle of Imperfect Cores and Tubes

A method of in-line recycle of the 235U from imperfect tubes and cores is
essential. The P/M compacts or tubes cannot be recycled by melting (as used
for alloy) and chemical processing would be time consuming and would increase
liquid waste, so mechanical recycle of reiected cores and tubes was developed.
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Laboratory tests have demonstrated that P/M cores can be pulverized and
recompacted. The pulverized material is ~10% more dense than a powder blend
of the same U3O8/AI ratio. Commercial pulverizing equipment can reduced compacts
to -80 mesh powder which is satisfactory for recylcing. The pulverizer is
installed in a special glove box to contain any dust that may be formed
during operation.

Four 2-flute, spiral, 0.5-in.-diameter solid carbide cutters are used to
chip the core of an oxide tube from which 2/3 of the cladding has been removed.
Radiography of a compact containing 18% chips showed good uniformity. For
decladding, a machine has been designed to remove ribs from ribbed tubes
(2/3 of the cladding is then removed by alkaline etch). The four cutters
reduce a full-length tube core to chips in <2 hr. The chips are uniform in
size (about 3 by 80 by 120 mils) and only slightly curled.

The final blend for isotatic compaction can tolerate as much as 20 wt %
of the chips. This is an acceptable addition rate because more than 90% of
the products meet specifications.

CHARGE CALCULATIONS

All charge calculations for a billet core are made using an IBM 360
computer. The computer program determines the amount of U3O8 and aluminum
needed for each tube type and given an inventory for "=>U accountability.

The oxide is received in 10-kg batches each of which contains a different
isotopic composition. The program determines the average composition and the
amount of high and low enriched material for each core needed to obtain a
final blend with the average isotopic composition.

FABRICATION OF SMALL-SCALE U3O8-A1 FUEL TUBES

Small-scale tubes are used to demonstrate the process capability for
powder compaction and extrusion. The model is compared with production-scale
tubes in Fig. 6. Thin wall (0.35-in.) billet cores of 100% uranium oxide
were successfully compacted in the SRL isostatic press. Scale model cores
were initially made in bags with 1-in.-thick walls, but thinner (0.25-in.)
bags had to be used for the small compacts to prevent core breakage when
compaction pressure is released. Cores from the thin urethane bags were
dimensionally uniform.

For initial extrusion development, small-scale parametric tests are
determining the effect of extrusion variables such as die cone angle, tooling
temperature, extrusion ratio and ram speed, core composition, and end plug
alloy. Two different tube configurations are used: thick wall (with outer
cladding/core/inner cladding thickness of 30/70/30 mils) and thin wall
(10/20/10). Both tube sizes with cores of 80 wt % U3O8 were successfully
extruded in the laboratory extrusion press.

The relationships among die cone angle and tooling temperature, core
composition, and extrudability are shown in Fig. 7. These variables represent
measurable quantities and are parameters for the fabrication process. Tubes
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FIGURE 6. Small-Scale and Full-Size Outer Fuel Tubes



of the same U3O8/AI ratio. Commercial pulverizing equipment can reduce
compacts to -80 mesh powder which is satisfactory for recylcing. The
pulverizer is installed in a special glove box to contain any dust that may
be formed during operation.

Four 2-flute, spiral, 0.5-in-diameter solid carbide cutters are used to
chip the core of an oxide tube from which 2/3 of the cladding has been removed.
Radiography of a compact containing 18% chips showed good uniformity. For
decladding, a machine has been designed to remove ribs from ribbed tubes
(2/3 of the cladding is then removed by alkaline etch). The four cutters
reduce a full-length tube core to chips in <2 hr. The chips are uniform in
size (about 3 by 80 by 120 mils) and only slightly curled.

The final blend for isostatic compaction can tolerate as much as 20 wt %
of the chips. This is an acceptable addition rate because more than 90% of
the products meet specifications.

CHARGE CALCULATIONS

All charge calculations for a billet core are made using an IBM 360
computer. The computer program determines the amount of U3O3 and aluminum
needed for each tube type and gives an inventory for 235U accountability.

The oxide is received in 10-kg batches each of which contains a different
isotopic composition. The program determines the average composition and the
amount of high and low enriched material for each core needed to obtain a
final blend with the average isotopic composition.

FABRICATION OF SMALL-SCALE U3O8-A1 FUEL TUBES

Si~iall-scale tubes are used to demonstrate the process capability for
powder compaction and extrusion. The model is compared with production-scale
tubes in Figure 6. Thin wall (0.35-in.) billet cores of 100% uranium oxide
were successfully compacted in the SRL isostatic press. Scale model cores
were initially made in bags with 1-in.-thick walls, but thinner (0.25-in.)
bags had to be used for the small compacts to prevent core breakage when
compaction pressure is released. Cores from the thin urethane bags were
dimensionally uniform.

For initial extrusion development, small-scale parametric tests are
determining the effect of extrusion variables such as die cone anglr, Pooling
temperature, extrusion ratio and ram speed, core composition, and end plug
alloy. Two different tube configurations are used: thick wall (with outer
cladding/core/inner cladding thickness of 30/70/30 mils) and thin wall
(10/20/10). Both tube sizes with cores of 80 wt % U3O8 were successfully
extruded in the laboratory extrusion press.

The relationships among die cone angle and tooling temperature, core
composition, and extrudability are shown in Figure 7. These variables
represent measurable quantities and are parameters for the fabrication
process. Tubes are more likely to be free from surface or internal defects
at half die cone angles larger than the 45° and at relatively low extrusion
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tooling temperature (175°C), Tests are in progress at even larger die cone
angles and with cores containing more U3O8.

MEASUREMENTS OF EXTRUSION FORCES

Extrusion forces are monitored by a transducer on the extrusion press
hydraulic system and with a load cell equipped with a strain gauge which
measures the force applied to the extrusion die. Results show that the billet-
to-container friction is small (approximately 10%), Thus, the present
lubricants (graphite, lead, and oil) for the billet and container are
effective at both low and high extrusion temperatures. As the billet
becomes shorter and the billet-to-container friction decreases, the
difference in the forces on the stem and the die does not decrease. There-
fore, force difference represents primarily internal work in deforming the
billet rather than friction between the billet and container.

The force required to extrude small SRL tubes with high U3OQ concentra-
tions increases at low tooling temperature and with increasing core concentra-
tion as shown in Figure 8.

CLADDING THICKNESS DETERMINATION

The thickness of the cladding over the core in fuel tubes is determined
using x-ray fluorescence. The instrument uses silver x-rays from a 100 mCi
109Cd source. The ratio of the a to 3 peak heights allows determination of
the cladding thickness. For a 30-mil aluminum clad tube, the accuracy is
±2 mils. Thicknesses up to 40 mils have been measured but with less accuracy.

P/M IRRADIATION TESTS AT SRP

In 1971-72, nine 20-mil clad fuel tubes and 4 complete or partial
3-tube assemblies with U3O3-AI cores were irradiated in three different
reactors. These tubes had 18-59 wt % U3O8-AI cores. Irradiation conditions
are given in Table 1. All tubes irradiated well except one tube each of
29.5 and 59 wt % which developed a small hole in the 20-mil cladding during
the latter part of the irradiation. The holes formed in areas of thin
cladding which were caused by large or agglomerated U3O8 particles in the
as-fabricated core. Subsequent work led to a better understanding of process
variables and resulted in development of satisfactory techniques for the
P/M core fabrication process.

The most recent irradiation test of P/M fuel was in 1976-77 when six
3-tube assemblies with 30 mils of cladding were irradiated to ~40% burnup
or 1.6xlO21 fissions/cc of core. The cores contained 46-57 wt % U30a.
The irradiation was completed successfully and final inspection and testing
showed no defects associated with irradiation of high wt % P/M fuel.
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TABLE I. SRP Irradiation of P/M Fuel Tubes.

Nwfoev
Irradiated

4

15

Wt %

U

12

25

33-50

17.6

29.5

38-59

Fines
(<Z25 Mesh)

6S

68

40

Average
Fissiondensity
(lG2l/co Core)

0 . 5

0.7

1.0-l.G

Max Core
Temp,0- °C

195

200

220

Iwadiation,
days

105

122

140-208

a. Calculated from reactor operating data using predicted aluminum oxide
thickness and measured hot spot factor.



EVALUATION OF IRRADIATED P/M FUEL

Maintaining the original dimensions of U3O8-AI powder fuel cores during
irradiation is vital to successful reactor operation. Fission gas blistering
of cladding and high-temperature reactions in the core are being studied to
develop fabrication specifications. Both irradiated and unirradiated tubes
from previous tests have been evaluated to characterize process variables
that may affect the safety of operating with P/M fuel cores.

Fission Gas Blistering No blistering or dimensional instability has
occurred in plant reactor irradiations of experimental U3O8-AI P/M fuel tubes.
These tubes, which contained about 18, 30, and 59 wt % ̂ Og, were irradiated
from 0.5-1.6xl021 fissions/cc of core.

Heating sections from the irradiated tubes showed that the threshold
temperature for blistering depends on exposure and uranium content in the
fuel tube as shown in Figure 9. No blistering occurred in any tube except
at temperatures at least 175°C above the maximum operating temperature for
U3O8-A1 P/M fuel (~225°C). Blister thresholds for the P/M tubes ranged up
to 600°C, within 60°C of the melting temperature of the cladding.

CONCLUSIONS

Experimental results thus far indicate that:

cores containing fine (-325 mesh) U3Og and aluminum powders
can be made practically free of high-density areas using
the outlined P/M preblending and sieving techniques.

U3O8-AI cores can be isostatically compacted with up to
100 wt % U3O3 and tubes successfully extruded with up to
80 wt % oxide.

fission gas blistering of U3O8-A1 P/M tubes as indicated by
the blister tests is a function of fissions/cc of U3O8 in
the core. Decreasing the fission density of oxide increases
the threshold temperature for blister formation.

U3O8-A1 P/M fuel tubes with up to 59 wt % U3O8 have been
successfully irradiated in SRP reactor to 1.6x.lO21

fissions/cc of core or ~7xl020 fissions/cc of U3O8.

small-scale metal forming tests sufficiently mock up
production operations so that variables can be initially
tested in the laboratory.

parametric metal forming studies show a relationship
between measurable variables of tooling temperature,
half die angle and core composition. Lower temperatures
and larger die angles (50-60°) favor extrusion of high-
density fuel tubes.
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DISCUSSION

BINFOKD (ORNL) : Have you done any thinking about the thermite reaction
with those high loadings?

PEACOCK; Yes, we have. We have done considerable work with thermite
reactions. We have looked at up to about 80 wt% oxide, and we have found that
the reaction in the billet core is not a violent reaction. It is very
similar to what the results found by Ivins and Tesla here at the Argonne
Lab. They looked at it and said that it apparently was not very violent.
Fleming and Johnson at Georgia Tech did some work where they said it was
real violent. Our experience with the thermite reaction is that it will
occur somewhere in the neighborhood of 930qC, and the most that we've seen
happen is that it melts the billet down.

THRESH (ANL): This material of the higher oxide looks as if it's free
from porosity. Would you make some comment on that?

PEACOCK: Our oxide is the low fired oxide, and it is not free from
porosity. There is considerable porosity in the oxide itself and the low
temperature does not sinter it to eliminate this. The density of our fuel
tubes that we have measured in the extruded tube range from about 8 to 10%
of porosity inside the tube. We also get some porosity from the drawing
operation. Oxides will not withstand any low-temperature forces and, therefore,
during the cold drawing operation we do have some additional fabrication
voids that are introduced.

THRESH (ANL) : How much cold work are you putting into these tubes?
Is this just a sizing operation or a strengthening operation?

PEACOCK: Primarily a sizing operation. The drawing operation is
about 10% and stretch strengthening is somewhere around 2-5%.

HICKEY (U.K. Atomic Energy): Have you tried any cold extrusions?

P?£ACOCK: No, we have not.

HICKEY (U.K. Atomic Energy): Do you preheat both the tubes and the
billet?

PEACOCK: It is a hot extrusion operation where the billet is preheated
and the tubing is preheated. (The results that I showed you on that slide;
all of the billets were preheated to the same temperature.) Just a matter
of difference in tubing temperature which is greatly affected by the heat
transfer between those two and changes of flow stress and forces required
to extrude the tube.

THRESH (*;:L): What sort of structures do you see in your cast primarily
UA1 material. I assume at the higher uranium content you fight this problem
of massive UAli* particles, presumably.

PEACOCK: Yes, we see the large particles, although there's been some
work, although I cannot explain it, where they have established that given
a certain critical cooling rate, they are able to get the peritectoid
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reaction in uranium/aluminum high weight percent system. Going through this
they get bursting of the particles. They claim there is a refinement in
the particle size within this range. I have not seen or done this, but
that is the reported result, and they have, for the high weight percent
castings, been able to get what you would expect. You would expect
.to see larger particle aluminides, but they are somewhat smaller than what I
would expect. They still don't extrude very well because of the high volume
percent of hard base.

THRESH (ANL); I was interested in this because we recently made
fuel here at ANL by basically your process; the old NMI process. We basically
have been vacuum melting this material, and we found that after the first
recycle through the vacuum furnace, we were able to undercool that structure
and primarily UA1, particles were completely supressed, you have a much
softer type of material,

TRAVELLI (ANL): You mentioned there determining the limits of the
highest loading of ILOQ that you can achieve. And also for irradiation tests,
do you have any time scale for this program?

PEACOCK: The only time scale that we have right now is for the
irradiation for 70 wt%. As far as to complete the thing, we would hope that
we would be able to do significant inroads to this problem within 2-3 years.

TRAVELLI (ANL): When do you expect the irradiation tests may be
completed?

PEACOCK: 70 wt% will go into the reactor. If everything goes smoothly
and we're not bumped out by other programs, which happened sometimes, it's
scheduled to go in the last of this year around November of 1979. It will be
in there for a couple hundred days, and then it will come out and we will
inspect it. We will do some blister testing. We have irradiated up to 60 wt%
oxide, 59-60% oxide. What we're going to do is one increment higher at 70%.
Someone asked the other day about bonding of the cladding to the core. As you
increase the oxide content, you just don't get the bonding. The aluminum
won't bond to oxide. In fact, we have problems whenever we do metallography.
We have to use the vacuum impregnation because if you cut the tube and
you're not careful, the loosely fitted oxide on the surface will be pulled
out during the polishing operation. It bonds because of geometry until it's
in the reactor. Once it's in the reactor, it does react with the aluminum
and irradiation greatly accelerates this reaction. So if you have U3O8
in the aluminum and your fuel tubes, you put this in the reactor. We have
seen no reaction prior to putting tubes in the reactor. Put once they are
in the reactor, they should form a reactive zone around those particles
relatively fast. I don't know how long it will take, but once that happens,
then everything is controlled by diffusion.

HICKEY (U.K. Atomic Energy): Following on from that point, have you
in the post irradiation examination you have done any evidence of diffusion
of the oxide through the cladding, or getting anywhere near the surface.

PEACOCK: No. Up to 60 wt% we have seen no reaction with the cladding,
no degredation of the cladding in those areas. We are concerned about that.
We've got some tests that are going on right now with extremely high wt%»
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up to about 80 wt%, but we are going to react for a period of time and outside
the reactor you have to go to high temperatures for a long time to get a
reaction between U3O3 and aluminum. It's probably something like 3,000 hrs
at 400-500°C. We're going to accelerate this by going to high temperature
for a long time,

MARTIN (ORNL): Concerning the bonding question. Does the meat portion
of the extruded tube contribute needed strength for mechanical stability of
your assemblies? Do you assume the meat portion contributes no strength and
you want to rely on the cladding?

PEACOGK: The higher the weight percent, the less is contributed to the
strength of the tube by the meat of the core. We have some data on the
tensile strength of the tube because we are concerned about that, and as it
approaches about 50%, the strength of the tube is greatly decreased. At
the higher weight percent you're going to be very much dependent only on the
aluminum cladding for your strength.

MARTIN (ORNL): The question concerns the design. In your calculations,
do you consider you need any strength in the meat-bearing portion of the
tubing?

PEACOCK: We think we have adequate strength with just the cladding
for our purposes. One thing about these particular tubes — we've looked
at them under post irradiation examination and we've found that the oxide
particles themselves retain the fission gases and basically act like little
small chambers if you have aluminum surrounding the particles. Because if
you look at these things you can see the voids, nice spherical voids, which
could only be generated through gases under high pressures. As you decrease
the amount of aluminum then you're going to need more voids, therefore,
places for the fission gases.

CUNNINGHAM (ORNL): When you are into the component testing phase, do
you have in your program the thermal cycling of the element that is normally
done in the fuel program?

PEACOCK: The final components that go in the reactor are cycled. They
do go up and down in the reactor.

CUNNINGHAM: (ORNL): It's in the reactor you cycle. You don't simulate
it outside.

PEACOCK: No, we don't.
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PULSTAR FUEL, LOW ENRICHMENT, LONG LIFETIME,
ECONOMICAL, PROVEN

Robert E. Carter and Bobby E. Leonard

Institute for Resource Management, Inc.
Bethesda, Maryland 20014

INTRODUCTION

In 1962, the Western New York Research Center, Inc., located at the State
University of New York at Buffalo, decided they had a need for a reactor with
pulsing and high power steady state capabilities. Both General Atomic and the
American Machine and Foundry Corporation (AMF) were contacted to ascertain if
it were feasible to construct a dual purpose reactor of this type. The General
Atomic proposal indicated the feasibility but would not warrant a steady state
power of 2 MW with ultimate capability of 5 MW. AMF did provide a conceptual
design for such a dual reactor, call the PULSTAR, and sufficient design informa-
tion to confirm that the operating specifications could be met.

The PULSTAR fuel consisted of 6% enrichment U02 sintered pellets in
zircaloy tubes (pins) mounted in a 5 x 5 array inside a fuel assembly
(see Figure 1). The fuel design was patterned after fuel that was under
development for light water power reactors and that had been extensively
tested under high power pulse conditions in the SPERT Test Reactor. The fuel
assemblies are rectangular in a horizontal cross section, 3.15 inches by
2.74 inches, allowing for flat control blades to be inserted in the core
grid arrangement (See Figure 2). Figure 3 shows a mockup of a partial
core. The active height of the core is approximately 24 inches.

In the initial Buffalo AMF contract, a collaborative development
agreement was signed in conjunctioa with agreement to construct the facility.
After completion of the Buffalo PULSTAR Reactor, the PULSTAR fuel underwent
an extensive test program which resulted in some minor changes in the basic
design.

In 1965, North Carolina State University contracted with AMF for the
construction of a dual 1 MW steady state (with ultimate capability of 5 MW)
and pulsing PULSTAR Research Reactor. Their fuel is identical to the
Buffalo fuel except for having an enrichment of 4% U-235.

In 1969, AMF disbanded its Atomics Division and sold the rights to
Hittman Nuclear Corporation. Hittman Nuclear Corporation and the Institute
for Resource Management, Inc. (IRM) assisted in the final installation,
startup, and testing of the N.C. State PULSTAR. Since the Hittman Nuclear
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Fig. 2. Blade-Type Control Rod for PULSTAR Showing Ag-In-Cd Absorber Section and Guide
Assembly.



Fig. 3. Mock-up of PULSTAR Core.
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Item

FUEL
Material
Form
Enrichment (wt% 2 3 5U)
Inventory core (kg-U02)
235U per fuel pin (gm)

FUEL PIN
Pellet (diam in.)
Diametrical gap (in.)
Zircaloy-2 clad thickness
O.D. pin (in.)
Rectangular spacing (center-to-
center, in.)

Clearance (pin-to-pin, in.)
Clearance (pin-to-box, in.)
Height of pellet stack (in.)
Pins per core

FUEL BOX
Material
Inside dimensions (in.)
Wall thickness (in.)
Clearance between elements (in.)
Fuel pins per element

N.

:

c.s.u.a

U02

Sintered pellets

359
20.2

0.423
0.0085
0.0205
0.4725
0.606

0.043
0.019
24
625

Zr-2
2.620
0.060
0.040
25

4%

(nominal)
(nominal)
(nominal)
(nominal)

x 0.524

x 0.125
x 0.060

x 3.030

S.I

;

U.N.Y.b

U02
Sintered pellets

285
30.2

0.423
0.0085
0.0205
0.4725
0.606

0.043
0.019
24
500

Zr-2
2.620
0.060
0.040
25

6%

(nominal)
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Reference core is 5 x 5 for the North Carolina State University.

Reference core is 5 M for the State University of New York.

Fig. 4. Parameters of PULSTAR Reactor Fuel.
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Corporation was not oriented towards research reactor hardware, all rights to
the PULSTAR Reactor were sold to IRM in 1975. Since then, IRM has performed
additional design and performance analyses on the PULSTAR and presently
markets the fuel and reactor facility for power levels up to 5 MW. The
research reactor program at IRM is managed by Dr. Bobby E. Leonard and
Robert E. Carter. Dr. Leonard's experience dates back to the world's first
private research reactor at North Carolina State University and Mr. Carter
was initially a staff member at the SUPO Reactor in Los Alamos in 1943.
Together they offer 57 years of research reactor experience.

OPERATING HISTORIES OF PULSTAR REACTORS

The Buffalo reactor is the oldest PULSTAR reactor facility and is
presently on its second fuel cycle.1 The initial core achieved a total energy
generation of 95,000 MW-hours, The second core was loaded in June 1977. The
750 new fuel pins were enough to construct 30 fuel assemblies, reusing the
initial assembly housings. Even with increased utilization above the 5 1/2
days, 24 hours per day schedule, the anticipated high burnup cycle for the
core will insure uninterrupted use through 1993. Currently, the Buffalo
reactor is used primarily for radioisotope production and presently produces
approximately 40% of all short lived isotopes for medical use in the U.S.A.

The North Carolina State PULSTAR was started-up in 1972, and has developed
fewer MW-hours of operating time, since it is used primarily for training
students and power reactor operators and for short duration research experi-
ments. Since the fuel is so similar to light water reactor fuel, the
training has seemed to be especially appropriate.

Figure 4 lists the parameters of the fuel in these two operating
PULSTAR reactors, but, as mentioned, only the uranium enrichment and core
loadings are different.

PERFORMANCE FEATURES OF PULSTAR FUEL

1. Operational Performance - Steady State

The basic PULSTAR design is suitable for steady-state operation up to
power levels of at least 5 MW. However, because the core required for 1 MW
operation is significantly smaller (20 elements) than the core required for
5 MW (24 elements), there are differences in performance characteristics.
A typical core which is representative of the various configurations which
can be used is discussed in the following.

For 1 MW operation, approximately 20 fuel assemblies, corresponding
to a loading of 15.1 kg of U-235, are required. At least four control rod
assemblies are necessary if the reactor is to have pulsing capability.
Detailed computations and operational data reveal many interesting and
unique characteristics of a UO2 core when used in research reactor applica-
tions. For example, the reactivity required to compensate for equilibrium
xenon is only 0.65%Ak/k, which is about one-third the value required in a
reactor employing highly enriched fuel. This is an important advantage of
the low enrichment core when compared with a highly enriched one, since less
excess reactivity is required for sustained operations.

138



Within reactor cores of comparable volumes, the average thermal neutron
flux density is inversely proportional to the loading of U-235. However, the
fast flux density is proportional to power density, and the density of
neutrons available for beam tubes and other experiments in the reflector is
therefore related to the neutron leakage characteristics of the core. Since
the power density and neutron leakage characteristics in PULSTAR are very
similar to those of MTR-type cores, the useful and available neutron flux
densities are also comparable. Furthermore, since PULSTAR is relatively
undermoderated, experiments requiring epi-thermal neutron beams are favored
by a PULSTAR reactor.

Another important characteristic of PULSTAR is the low heat flux in the
core. The maximum heat flux at 1 MW is less than 114,000 Btu/hr/ft2, which
provides a very important safety feature. The core will not melt even in the
unlikely event that all water is suddenly and completely drained while
operating at 1 MW. Thus, even in applications where there is no desire to
ultimately operate at power levels above 1 MW, the high power capability of
PULSTAR results in important safety advantages.

A significant advantage of PULSTAR is very long fuel life. This is a
consequence of the heavy loading and the Pu conversion which takes place.
For example, at 5 MW a core lifetime of about 3900 MW-days is achievable.
This is equivalent to operating around the clock for 2 years at 5 MW. Long
core lifetime results in longer intervals between refuelings, and their
attendant costs, and hence in much lower fuel operating costs.

A simple comparison of operating costs is given in Fig. 5, which is an
update of a table presented in the ANL report RSS-TM-3. This was redone
mostly because of the large increase in costs for uranium during the past
year. A simplifying assumption was made that 25% more fuel was initially
provided than is required for cold, clean, criticality, and that when that
excess is consumed, new fuel is required. It is assumed that the same sort
of fuel rotations and manipulations can be performed with any of the reactors,
in order to achieve optimum operational and utilization versatility. Only
the two lower-enrichment systems have been updated.

2. Pulsing Performance

A unique feature of PULSTAR is the dual capability - steady-state operation
at high power levels and ability to produce intense bursts or pulses. The
primary shutdown mechanism which permits PULSTAR to be pulsed to very high
power levels is the increased capture, due to Doppler broadening, in the
U-238 as the temperature of the fuel rises. This Doppler effect is achieved
by utilizing low-enriched fuel and by optimizing the ratio of water to U02

in the core. The extremely high pulse energies are a consequence of the very
high heat capacity of U02 fuel. The nominal output of 35-40 MW-sec, which
is easily achieved in PULSTAR, results in a maximum fuel temperature of only
2000°F. This is about one-half the sintering temperature of U0 2 and well
below the melting point of U02, which is approximately 5000°F.
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kg 2 3 5U kg U U Cost MWD/ MWD/He-
Enrichment Core Core $/kg Core trie ton U

Total Fuel
Uranium Element Supply Cost
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Cost Cost Supply Cost Flux • Timea

($/MWD) ($/MWD) ($/MWD) ($/1013nv.Da

University o*
Missouri
U-Afc

x

Buffalo
Pulstar

Standard 20?
Triga Fuel

"F l i p " 70?.
Triga Fuel

932 6.2 6.67 23,597 1200 100,000 131

6% 15.1 251.7 1,120 3776 15,000 75

20X 3.1 15.5 4,575 900 50,000 79

702 13.2 13.0 17,430 3500 185,000 94

80 211

53 123(235)b

207 286(500)b

87 181

13.3

33.3

50.0

30.0

a$1013nv •' Day = $/MWD -i <|>th peak/MW, where <j>th peak is measured in units of 1013nv.

t>Based on IR.M ca lcu la t ions

Fig. 5. Fuel Supply Costs for Representative Reactors.



3. Safety Features

In addition to excellent operational and performance characteristics,
PULSTAR offers significant advantages in safety and reactor siting require-
ments. For example, it is possible to design a 1 MW facility to preclude
any credible accident which could result in a fuel meltdown. This is a
consequence of two features: PULSTAR1s ability to withstand the insertion
of large amounts of reactivity; and the relatively low reactivity worth of
components such as fuel elements. The first feature has been discussed in
connection with the pulsing characteristics. The second feature is illustrated
by the fuel assembly's worth. A centrally located fuel assembly is only
worth 1.98%Ak/k in the PULSTAR core whereas a centrally located fuel assembly
in an MTR-type core is worth approximately 5%. If the core is designed so
that the maximum credible accident involves accidental insertion of a
centrally located fuel element, fuel melting can be precluded under
conditions of both the maximum credible accident and complete draining of
the pool. In a 1 MW installation, it is possible to design the core in this
manner.

The use of U02 in pellet form offers significant safety advantages ever
the MTR type reactor cores. The U02 has a very high heat capacity which
permits large energy releases under transient conditions without excessive
increases in fuel temperature. The low thermal diffusivity of U02 produces
a long thermal time constant (approximately 4 seconds). The time constant
for a typical plate-type aluminum fuel assembly is only a few milliseconds.
The long time constant prevents the explosive formation of steam as experienced
in plate-type reactors undergoing severe reactor transients. This long time
constant is one of the key features which permits the PULSTAR to be pulsed
safely to high energy releases while still offering safety in event of an
accidental excursion.

A great deal of experience and information has been gathered on the
properties of U02 as functions of temperature, irradiation, etc. The
chemical and radiation stability of U02 is excellent. U02 undergoes no phase
transformations from room temperature to the melting point. The ability of
U02 to retain fission products is also excellent, and provides another strong
argument for its use. The use of the U02 in pellet form provides a distinct
advantage over fuel in a powder form. It protects against dispersal of fuel
throughout the system, should a loss of cladding integrity occur.

Perhaps one of the strongest arguments for the inherent safety of PULSTAR
is the similarity to the SPERT U02 core which has undergone extensive testing
at the National Reactor Testing Station. Transients releasing as much as
110 MW-sec of energy have been initiated at the SPERT facility with no damage
of any sort to the core. Therefore, a pulse energy of 40 MW-sec represents
a very conservative rating for PULSTAR.

All of the usual safety considerations for research reactors have been
developed in quantitative detail, and in every instance the PULSTAR system
is more than adequate. Fig. 6 lists the major topics investigated. The
superior performance of PULSTAR does not compromise the safety features
found in existing pool reactors, but actually offers improved safety which
may relax the siting requirements for high power pool reactors.
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A. Rod Withdrawal Accident

B. Loss of Water Accident

C. Void in Coolant Channels Accident

D. Control Element Removal Accident

E. Cold Water Accident

F. Fuel Loading Accident

G. Flooding of Beam Tubes Accident

H. Water-Logged Fuel Pin Accident

Fig. 6. Accident Conditions
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4. Availability of PULSTAR Fuel

In the previous discussion, reference has been made to other UO2 fuels, such
as in SPERT and light water power reactors (LWR), and it is implied that the
design and fabrication parameters are similar. This fact has three far reaching
consequences for PULSTAR fuel, namely, a) much of the prior engineering, develop-
ment, and operating experience of both experimental and operational UOg fuels
have been incorporated, b) any re-processing or ultimate disposition problems of
PULSTAR fuel will be solved simultaneously when the problems of LWRs are solved,
and c) fabrication of PULSTAR fuel pins can be provided by any of a number of
existing suppliers, on a commercially competitive basis. Specifically, PULSTAR
fuel may be purchased from independent fuel manufacturers other than IRM as long
as IRM's patent rights are respected. For example, on the North American conti-
nent, EXXON, Canadian Westinghouse, and Westinghouse have indicated a willingness
to supply PULSTAR fuel. Due to the similarity to LWR fuel, many fuel manufacturers
in the U.S. and overseas have the "in-hand" capability to manufacture the fuel.
Further, unlike TRIGA Zr-H fuel, the technology for reprocessing PULSTAR fuel
is readily available. In the U.S., UO2 fuel in test and research reactors is
presently being processed at Department of Energy facilities. Overseas, UOg
fuel can be processed at private, commercial reprocessing facilities. Therefore,
unburned uranium, and the cost thereof, is recoverable in the PULSTAR system.
In the TRIGA fuel, this cost is not presently recoverable.

5. Resistaace to Diversion for Weapons Applications

All of the previous factors tend to insure that a fully developed fuel
for research reactors is currently available, and will continue to be available,
and furthermore, it meets present criteria with respect to resistance to diver-
sion for use in explosive devices. On this latter point, the enrichment of the
uranium is believed to be too low to sustain a nuclear explosive reaction, and
simple computations indicate that the production of Pu-239 in a conventional
PULSTAR geometry is of the order of 0.3 gram per gram of U-235 consumed. This
Pu build-up helps to extend the life of the fuel at power levels of several
megawatts, without significantly increasing its attractiveness to diversion.

ADAPTABILITY OF MTR CONVERSIONS

Since the initial PULSTAR fuel design was to accommodate the conversion
of the Buffalo reactor from a MTR plate type 93% enrichment fueled core, the
PULSTAR fuel is ideal for MTR conversions. The end pieces and fuel assembly
boxes are dimensioned to accommodate an MTR grid plate with spacings of 3.15
inches. Figure 1 provides the basic dimensions for a PULSTAR fuel assembly.
The active fueled length is 24 inches to match that of standard MTR assemblies.
The minimum number of assemblies for operational PULSTAR cores at 1 MW and
5 MW steady state powers are 20 and 25 fuel assemblies, respectively, which
is also compatible with MTR core size requirements.

The thermal/hydraulic demands are important in the consideration of MTR
fueled reactor conversions. Replacement of MTR fuel with new fuel which
requires greater coolant bulk flow and flow rates than is possible in the
existing facility could result in significant additional costs. The PULSTAR
Reactor thermal/hydraulic characteristics and parameters are very similar to
those of the MTR reactor facilities (Fig. 7). Therefore, no problems are
anticipated.
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10-Plate MTR

16-Plate MTR

Standard TR1GA

16-Pin TRIGA

PULSTAR
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1.28
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Fueled

Height

(cm)

60

60

38

56

61

Fig. 7. Heat Transfer Characteristics of Various Fuel Element Types.



The PULSTAR has proven pulse capability. There is no question that
it can operate at very large safety margins compared to MTR cores of similar
power level and excess reactivity requirements. Partial conversion from MTR
fuel to PULSTAR fuel in a given reactor core can introduce considerable
distortion of neutron flux densities within the core and result in a
considerable distortion in the power and temperature distributions. This is
mainly due to the undermoderation characteristic to the PULSTAR fuel as
compared to the MTR fuel in H2O moderated reactors. Therefore, partial
conversions would require careful analysis and fuel positioning.

Figure 8 and 9 indicates comparative operational characteristics of the
MTR and PULSTAR type cores.

PULSTAR FUELED REACTORS

In previous sections, it has been pointed out that PULSTAR fuel is
significantly superior to other research reactor fuels available world-wide
for high power research reactors. These we define as reactors above 0.5 MW
steady state power. Here we will discuss some recent design and performance
analyses for low power PULSTAR reactors.

1. Low Power Facilities (<0.5 MW)

A 5 x 4 core configuration is suitable for a PULSTAR reactor operating at
power levels up to 1.0 MW. Lower powered reactors are most commonly used for
training and neutron radiography since the neutron fluence levels are not
sufficient to make them competitive for radioisotope production or major
original research. We shall discuss a specific PULSTAR reactor designed for
a neutron radiography facility.2 Fig. 10 shows a core configuration with two
6-inch-diameter neutron beam tubes and graphite reflector assemblies on the
other two sides. These reflector assemblies provide reactivity flexibility
during a core fuel cycle lifetime of 56,000 full power hours at 250 kW.
The reactivity characteristics of this core are:

1) Operational Reactivity - Sufficient operational reactivity at
all times during the core lifetime to enable achieving a power
of 250 kW within 15 minutes. Further, shutdown must
be achievable within 15 minutes.

2) Xenon Override - Sufficient reactivity during the core lifetime
to enable the override of Xenon poisoning for a hypothetical
infinite operation at 250 kW and enable startup at any
time after shutdown.

3) Self-Limiting - Reactivity loading such that the fuel element
safety limit is not exceeded and the fuel clad integrity is
maintained under all reactivity transient conditions, without
scram, up to and including simultaneous withdrawal of all
control rods at the maximum rod drive speed.

4) Burnup - Sufficient excess reactivity to permit operation
of the initial core for a duration of 56,000 full power hours.

During the entire core lifetime the operating excess reactivity is limited
such as to prevent the maximum possible power level under accident conditions
from exceeding 1.75 MW. Since the reactor is designed to be cooled by natural
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Fuel Material

Fuel Enrichment

Uranium Inventory

235U Inventory

Number of Elements

Gladding Material

Core Weight

Typical Reactivity Inventory
(for 5 MW, % Ak)

Temperature

Control

Experiments

Xenon

Samarium

Burnup

Total Excess Reactiv: y

Moderator Temperature Coefficient

Moderator Void Coefficient

Fuel Temperature Coefficient

U-Al

U-Al alloy

93%

6.2 kg

5.76 kg

30

Al

128 kg U-Al

PULSTAR

U0 2 pellets

6%

378 kg

22.68 kg

30

Zircaloy-2

429 kg U02

0.17

0.25

^Also provides 2.25% for pulsing.
Water reflected (i.e., no thermal column).

2.0

0.2'

2.00"

3.49

0.80

2.4 (240

9.1b

-3.5x10"

-6.0x10"

0

MwD)

5Ak/°F

tt%Ak/cc

2.00

3.1

0.80

1.8 (1,820 MwD)

9.9b

-8xlO~5Ak/°F

-1.2xl0"3%Ak/cc

-2.5xl0"5Ak/°F

Fig. 8. Core Parameters.
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convection and can operate safely at 1.75 MW the reactor is thus inherently
safe- Accident conditions under which this reactor has been shown to be
safe are listed in Fig. 6,

The 250 kW Neutron Radiography PULSTAR Reactor is completely safe
against situations that could cause damage to the facility or endanger the
operating staff or general public.

2. High Power PULSTAR Facilities

Whereas, for low power PULSTARs, the primary features are safety and
peaking of the fluence at the core-reflector boundary, there are major advan-
tages to PULSTAR fuel for high power reactors. Fig. 11 provides a view of
the North Carolina State PULSTAR core and beam tubes arrangement; the fuel
consists of a 5 x 5 matrix. Fig. 12 shows the fluence distributions,
illustrating the fluence peaking found in all PULSTAR reactors. The Buffalo
PULSTAR has a simi.lar core configuration and fluence distribution.

A Department of Energy study3 of research reactor fuels included Fig. 5,
reference to which was made earlier. IRM has performed additional fuel cost
calculations based on recent price increases for uranium. These results are
shown in parentheses. Basic conclusions from the figure and as verified by
core performance at Buffalo are that from a fuel cycle viewpoint, the
PULSTAR fuel has nearly a factor of 4 greater fuel lifetime as compared to
the low enriched (20%) standard TRIGA and over a factor of 2 less cost in
terms of dollars per megawatt day of operation.

Thus, the higher the power and the greater the fuel burnup rate, the
greater the advantage of the use of PULSTAR fuel.

SUMMARY

The preceeding sections have presented basic information about the
characteristics and performance of the PULSTAR Research Reactor fuel. The
following summarizes this information.

1. The fuel is of sufficiently low enrichment to preclude use as
nuclear weapons material.

2. Although Pu is produced, its continuous burnup precludes
the use of the fuel to produce Pu for nuclear weapons
material.

3. The fuel is readily available on the world-wide market,
and, therefore, purchasers do not have to depend on one
sole-source fuel supplier.

4. The fuel is inherently safe against any conceivable accident
condition.

5. Unlike other research reactor fuel, the fuel can be reprocessed
with present technology and present reprocessing facilities.

6. Due to the similarity to power reactor fuel, the fuel
facilitates research related to fuel and core development
for power reactors.

7. The undermoderated nuetron fluence spectrum enables
studies of fast neutron effects and provides high thermal
neutron fluence peaking at the core boundary and in "flux traps".
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The long fuel burnup cycle provides a fuel lifetirae at
least a factor of 4 greater than competitive low
enrichment (20%) fuels.
The cost per megawatt day of operation is a factor of
2 less than competitive low enrichment (20%) fuel.
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DISCUSSION

KUECHLE (Karlsruhe): A similar reactor to this one for the pulse size, is
now in operation in Cadarache in France as a common Franco-German venture
called the fast reactor safety investigation. This reactor is entirely used
in the pulse mode and I think that this is the main application area of this
type of reactor. If you use it for steady state operation, a very high 235U
loading, as you showed it on your slides, four times more than you have in the
MTR type reactor, reduces the thermal flux in the core and also has a disad-
vantage in the loops or in the other reflector. For steady state, I don't
think it is comparable to the MTR type, but if you want to combine pulse mode
with steady state or your emphasis is on pulse mode this is a particularly
interesting type of reactor,

LEONARD: In the first place, at least in the U.S., in the application of
pulse capable reactors like the TRIGA and the PULSTAR, the pulse mode is not
very frequently used. I think the only reactors in the U.S. that have con-
ducted major use of the pulse mode for pulse type reactors are those that have
been built by the Department of Defense for nuclear weapons studies looking at
radiation bursts simulating nuclear weapons bursts. In the U.S., in particular,
the Buffalo and the North Carolina State reactors, it seems to be just an
added feature. It's nice to have, but most customers don't really have large
programs using the pulse mode. Secondly, regarding the economics of the fuel
and practicality for steady state, the Buffalo reactor, for example, because
of the three flux traps they have, produces approximately 40% of all the
short-lived radioisotopes that are used in the country for medicine and so
it's used around the clock at steady state operations.

KYGER (ANL): Would going to 20% have a significant effect on your Doppler?

LEONARD: Yes, it would have some effect. Whether or not, like Prof.
Almenas pointed out about the TRIGA, decreasing the size of the fuel diameters
on the TRIGA, does that mean it's no longer a TRIGA? We don't know whether
going to 20% would mean the Pulstar is no longer a Pulstar. It is something
we would have to examine.

GIETZEN (General Atomic): Since there is no current commercial supplier
of this fuel, what is the basis for your fuel price estimates in your slides?

LEONARD: The Buffalo fuel, which was just procured, was procured from
Canadian Westinghouse, and the current prices are current that we've got
commitments on presently.

SCHLAPPER (U. of Missouri): On your 5 MW plan, do you still intend to
use the 6% enrichment?

LEONARD: Yes

SCHLAPPER: You're not considering going to something like 12-20% to re-
duce proliferation problems?

LEONARD: Well, we were committed somewhat to this G% for the 5 MW that
I'm talking about. There would be a possibility of going higher on one of
them. But the answer is, at the present time, there will be no plans as far
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as going ahead with a higher enriched core, and we would feel that some develop-
mental work would be necessary in a program of going to a higher enrichment
hefore going ahead with their complete reactor system.

CUNNINGHAM (ORNL): I would just like to call your attention to a power
reactor development fuel that you may be interested in. It was developed
specifically to get around the mechanical chemical interaction problem. It's
a sol-gel sphere pack, and it's now showing substantial reduction in costs. We're
working with EXXON to transfer this information to EXXON, and they are making
power reactor fuels for testing. You might want to look into it for applica-
tion in Pulstar. It was developed strictly to get around the problem at the
clad/fuel interface on chemical interaction and on the mechanical problems
because the spheres you see are like ball-bearings, and even though you go
all the way up to melting right at the clad fuel interface if they don't melt,
they just slide up and down. The way the process has been developed, it has
great economic advantage.

TRAVELLI (ANL): You mentioned about the two kilograms of plutonium being
produced in the first core in the Buffalo reactor. Do you know how many
megawatt-days of operation that one core had gone through?

LEONARD: 95,000 megawatt-hours, which would be 4,000 rcegawatt-days.

von der HARDT (JRC Petten): When it comes to higher power, I have certain
doubts about the economics of this fuel cycle and the lowest figure that your
last table quotes after the latest fuel cost adjustments, 235 dollars per
megawatt day. I figured out that for a European highly enriched materials
testing reactor, this figure comes to $160/MWD.

KUECHLE (Karlsruhe): I don't understand how you can make such a reactor
with 20% enrichment fuel because, if you have high density in this high enrich-
ment your thermal neutrons impinging from outside the core are absorbed in a
few millimeters. You have very strong power peaking gradients right across
pins, pin bowing effects. Within the pin you have a strong flux depression.
And finally, your core size will be extremely small if you have such a high
density, high enrichment fuel. Then you have no irradiation space left anymore.

LEONARD: There are several things that probably could be done. One
would be a mixture of UO2 and zirconium, or aluminum to dilute the uranium.
This peaking that you mentioned, yes, it would be a problem because you would
have a higher thermal-neutron-absorbing composition inside the core.

YAGGEE (ANL): You have an assembly there that looks very much like a
water reactor assembly, and I believe you said that you had no failures in
any of the pins. And yet we see stress corrosion cracking type failures in
both boiling and pressurized water reactors. Can you tell me something about
the density of the fuel, and perhaps the rate at which you ramp the reactor.

LEONARD: At one megawatt the peak fuel temperature is about 190°F. For
two megawatts, it's on the order of 300°F. So we are not talking about high
temperatures with our present reactors.
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YAGGEE: What is the fuel density; i.e. what percentage of theoretical is
it?

LEONARD: The U02 is about 0.97 theoretical.

PARADISO (Union Carbide): Do you know the value for the flow requirements
for 5 MW, 5 x 5 array?

LEONARD: 2500 GPM.
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FUELS FOR CANADIAN RESEARCH REACTORS

M. A. F e r a d a y

Atomic Energy of Canada, Ltd.
Chalk River, Ontario

INTRODUCTION

Originally, when I was requested to attend the meeting, it was to be as an
observer. Last Friday David Stahl asked if I would make an informal presenta-
tion on the Canadian situation.

The remarks I will make will be of a general nature and should not
necessarily be construed as official policy of AECL. They will be personal
observations on several aspects of the program. Although my 22 years experience
in the nuclear field ranges from reactor operations, fuel development, and now
designing of remotely operated fuel plants for gamma active 233U-Th fuels,
I am not expert in the fields of reactor physics, reactor safety, and the
political implications of changing the enrichment in our two large research
reactors.

So what I would like to do this morning is:

- say a few words on the uranium silicide fuels for which we have significant
fabrication, irradiation, and defect performance experience.

- describe the two Canadian high flux research reactors which use high
enrichment uranium (HEU) and the fuels currently used in these reactors.

- comment on the limited fabrication work we are doing on Al-U alloys to
uranium contents as high as 40 wt%. This work is aimed at our fast neutron
program. I will then try and apply this experience in general terms to the
NRX and NRU designs of fuel.

U3Si PROGRAM

For a period of about 10 years AECL had a significant program looking
into the possibility of developing ^Si as a high density replacement for the
U02 pellet fuel in use in CANDU power reactors. The element design consisted
of a Zircaloy-clad U3Si rod containing suitable voidage to accommodate swelling.
We found that the binary U3Si could not meet the defect criterion for our power
reactors, i.e., one month in 300°C water with a defect in the sheath and no
significant damage to the element. Since U3Si could not do the job, a new
corrosion resistant ternary U-Si-Al alloy was developed and patented. Fuel
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elements containing this alloy came close to meeting the defect criterion and
showed slightly better irradiation stability than U3SL Shortly after this,
the program was terminated for other reasons.

We have made much of this experience available to the Low Enrichment Fuel
Development Program and will be glad to supply further data to assist this
program.

THE NRX AND NRU RESEARCH REACTORS

The Canadian high flux research reactors (1,2) play a vital role in the
development of the peaceful uses of atomic energy. They provide outstanding
facilities for fuel development, research in neutron physics, and isotope
production. Two of these high flux reactors, the NRU and NRX reactors at
Chalk River, are fuelled with 93% enriched Al-U alloy rods. The rods are taken
to very high burnup, typcially 65% for NRX and 80% for NRU.

Both these reactors have a very heavy experimental load and are important
not only to the Canadian program but to the US program as well. The US has
occupied several in-reactor loop positions in the NRX reactor for twenty-five
years. These reactors are somewhat unique in that they are amongst the few
reactors in the world where a full length prototype US design of power reactor
fuel element can be tested in a high-temperature, high-pressure loop facility.

NRU is Canada's largest and most versatile research reactor. The proto-
typical designs and production fuels for the successful CANDU type of heavy
water power reactor have all been tested in NRU's two large loops, U-l and U-2.
These loops have heat removal capacities of 8 and 12 MW, a maximum thermal flux
of 3 x 1018 n/m2-s, a pressure tube inner diameter of 100 mm and a useful length
of over 2.5 metres. The reactor also has a large number of horizontal beam
holes (3 x 108 n/m2's) which are used for basic research in physics. The
Commerical Products Division of AECL is one of the major world suppliers of
radioisotopes such as Mo-99, Co-60, etc., and most of these are produced in
NRU and NRX. Large quantities of these isotopes are shipped to the US and
other countries. A total of 9 different isotopes are produced in NRX and NRU
on a commerical basis.

The NRX reactor is the oldest medium flux (1 x 1018 n/m2-s max.) research
reactor still in use in the world, having been originally commissioned in 1947„
The reactor core is contained in a cylindrical aluminum vessel 2.7 m in diameter
and 3.2 m higl . The experimental facilities consist of six experimental loops
for testing fuel elements up to about 2.5 m long and for corrosion tests on
materials, several creep facilities, a neutron radiographic facility, and
vertical holes for isotope production. Recently, $1 M was spent to rebuild
one of the loops to handle extended irradiations of defect fuel tests and the
capability of blowing down the loop for LOCA tests.

I would like to now describe the fuel designs used in these reactors.
Unfortunately they are unique to these reactors and are not u-sed by any other
reactor in the world at present.
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The NRX fuel design (Slide 1) consists of Al-28 wt% U cores (6.3 mm dia.
by 2.7 m long) extrusion clad in aluminum with four fins. Seven elements are
assembled into one fuel rod inside an outer flow tube.

NRU fuel (Slide 2) consists of Al-21 wt% U cores (5.5 mm dia. by 2.7 m
long) extrusion clad in aluminum with six fins. The elements are arranged
with three in an inner circle and nine in an outer circle inside a flow tube.

In addition to the reactor fuels which are fabricated at Chalk River,
we have an on going program to develop fast neutron rods for irradiating
non-fissile metallurgical specimens such as zirconium alloys. Slide 3 shows
the Mark 6 FN rod (1,2 m long) which is currently in use in NRX. This rod
is produced by coextruding a tubular billet which consists of an Al-40 wt% U
fuel core clad internally and externally with aluminum. These rods have been
in operation for about six years with limited success. The main problem in
fabricating coextruded fuel with high uranium content is the mismatch in
coextrusion properties between core and cladding and the brittleness of the
alloy. This results in irregularities in the sheath thickness and dogboning.

As an alternative to the Mark 6 FN rod we are working on the Mark 7 FN
rod shown in Slide 4. The rod consists of two Zircaloy sheaths separated by
a thin (0.5 mm) annulus of 93% enriched UO2 powder. The UO2 powder is
compacted tc 90% TD using vibratory compaction followed by a small swaging
reduction. The first 1.2 m long prototype rod should be ready for irradiation
shortly. This design of fast neutron rod is easier to make than the coextruded
rod, has better cladding quality, and should have a longer reactor life. We
believe that the defect behaviour of the oxide design of rod will be as good
as or better than the U-Al design both from the viewpoint of defect detection
and fuel lost to the system.

The question of changing the enrichment in the fuels for these reactors
froii 93% to a lower enrichment is a complex one involving physics, safety,
fuel design and fabrication, engineering, reactor utilization, and costs. I
do not feel that I am qualified to talk on the practicality of the situation
at this time. These high performance, highly utilized reactors are essential
to the Canadian nuclear program, essential to the world supply of diagnostic
radioisotopes, and important to the US nuclear program. Downgrading of their
capabilities would not be sensible or acceptable.

Although these reactors are superficially similar, they are in fact quite
different and the evaluation and fuel development would have to be done for each.
For example, refuelling of NRX is done with the reactor shudown while NRU has
on-power fuelling. The NRX is D20 moderated and light water cooled while NRU
is cooled and moderated by D20. The data obtained in any evaluation would not
be directly applicable to other reactors except in a generic way, since our
reactors do not belong to a large family like the MTR's. Also costs of the
evaluation could not be spread over many similar reactors.

So rather than commenting directly on the feasibility or practicality of
changing enrichment, I would like to talk more on the implications of using
higher Al-U alloys in rod type designs similar to the NRX and NRU fuels.

Keep in mind that each pencil in the rod is about three metres long and
has a diameter of about 6 mm. The rods are extruded, drawn to size, and then
extrusion clad in aluminum.
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DISCUSSION

THRESH (ANL): You talked about the defect experience, of course, on the
3 , which you've done a lot of work on. Do you have any comparable defect
experience in your reactor on the straight uranium aluminum alloys?

FERADAY: Yes, in some of the defects in the 40 wt% fast neutron rods.
The problem with any metal fuel is that obviously you don't get a defect
signal until the amount of fuel exposed to the coolant has reached the state
where (about 2 centimeters) your defect equipment can pick up the signal. In
some of these, the rods were rather badly eaten away before we realized they
were defective. If there was a gradual creep up in the activity in the re-
actor then they suspected it was on one of these elements. On the other hand
if you had a U02 type of fast neutron rod, as soon as you get a small defect,
fission gases are going to be available much more readily and you will see
them much more quickly.

CUNNINGHAM (ORNL): I have a suggestion. A number of years ago when we
were looking at going to higher-uranium-content uranium aluminum alloys, we
were trying to supress this formation of certain compounds in favor of others
and also help out the thermal stability and reduce the brittleness of these
alloys (they get very brittle as you add uranium). As I recall, there are two
additives that look very good, one is silicon and the other is zirconium.
The additives are in a range of l%-3%. I don't know if you can tolerate
those additives, but if you can it helps out a great deal on the fabricability
of these alloys.

FEREDAY: We had a look at these. We were aware of the silicon, but I
wasn't aware ot the zirconium contribution, and, yes, I think that certainly is
a possibility.

TRAVELLI (ANL): I'm very much interested in that annular U02 design
that you showed. We have been listening to a Pulstar type of fuel and to a
caramel fuel, and it seems like that type of design of yours has essentially
something in common with both of the other fuels, but you seem to achieve a
thickness in your annulus which is about 1/3 of the caramel thickness, and
I wonder if you could comment a little bit about how you achieve that thick-
ness and whether or not this type of fuel holds a promise for becoming essen-
tially some type of very thin U02 fuel that could be used for high density
uranium fuel reactors.

FEREDAY: We had done a little fabrication work on this type of fuel and
I think it offers a great deal of promise even for the very thin plates. The
loading of it with suitable designing of jigs is no problem. We had loaded
annuli as narrow as 6/1000 and 10/1000. The time element is not a signifi-
cant problem. We have done it up to 2 ft in length on the thicker annulus
and I think it certainly has a lot of application to some of the designs of
the U3O8 type of fuel plate. And I think the advantage is that the webb is so
thin that you need to only reduce either by swaging or by rolling depending
on the shape. If you have a 20/1000 thick laboratory compacted gap, 60% density
then to roll it up to 90% you would only need down to 10/1000 or 15/1000. I
think that it certainly is an interesting idea and I think that it would be
worth taking a look at. The advantage of the U0_ is that you do get a pretty
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good defect signal. Once again, this might be an embarrassment to some of the
university type reactors, I don't know. It depends on the level of the fis-
sion gases that are released. I certainly think it would be worth looking at.
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A. Nishiyama

Nuclear Fuel Industries, Ltd.
Kumatoris, Japan

INTRODUCTION

It is my great pleasure to present you a brief summary of our activities
in the field of research reactor fuel fabrication.

In 1972, Nuclear Fuels Divisions of Sumitomo and Furukawa Electric
Industries merged and became a subsidiary of Sumitomo and Furukawa Industries
which is now called Nuclear Fuel Industries, Ltd. We design and manufacture
various kinds of nuclear fuels. As for research reactor fuel, we began our
development activities in 1956. Since then we have spent over 2 million
dollars for development of nuclear fuels and plant facilities including
complete manufacturing and testing capabilities. Now we are the only supplier
of the research reactor fuel in Japan.

Our fabrication process starts with the melting, alloying, and casting of
U-Al. The uranium billets are prepared by foreign fabricators. The uranium
content varies from 13 to 22 wt % according to the purchaser's specifications.
In making fuel plates, the picture frame method is applied. In this case,
our original procedure is sufficiently effective in avoiding dogboning.

The plates are finished by hot and cold roll milling and inspected
dimensionally, metallurgically, and mechanically, and at the same time the
blister test and X-ray radiographic tests are performed. Fuel elements are
assembled by rolling flat or curved plates into side plate grooves and end-fit
welding. Finished elements are tested dimensionally and hydraulically.
Nominal losses during operation are less than 1% of the uranium metal.

Our present capacity licensed by the Japanese Government is approximately
950 fuel elements a year. About 35 employees including engineers are engaged
in development and manufacturing of fuels.

Owing to the small limited demand of the research reactor fuels in Japan
during the past 20 years (mostly in last 10 years), we processed only about
350 kg of highly enriched uranium and supplied approximately 1000 fuel elements
to JAERI, Kyoto University, and others, and we have been suffering red-ink
balance of budget every year.

I would like to discuss briefly some of our trials in development.
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UO2-A1 MEAT FUEL PLATE

About 10 years ago, the vibratory compacting method was very popular among
many researchers. We also spent a lot of time and money to study the economic
fabrication process of fuel tods for the power reactors. By the way, we tried
the feasibility study of applying the method in obtaining the high density
UQ2-AI compact as the starting materials for the fuel meat. High density
sintered UO2 pellets were crushed, sieved, and uniformly blended with aluminum
powders. The picture frame containing the blend was hot and cold rolled, and
the finished plates were inspected. After the extensive work> we reached the
conclusions that the particle size distribution of the crushed UO2 powders
must be carefully controlled in the case of high content of U02 and that the
method is sufficient and economic to furnish the diraensionally and mechanically
sound fuel plate. But, in the heating test, blisters occurred severely;
therefore, the trial was stopped without any further development.

U - ALUMINIDE MEAT FUEL PLATE

According to JAERI's demand to supply some fuel plates prepared by the
U - Aluminide procedure, about 5 years ago, we installed some experimental
facilities and surveyed the processing of the materials. Arc melt U -
Aluminide was prepared and plates containing up to 30 wt % U were furnished
and inspected.

The fuel plates were quite similar and equivalent to the plate furnished
after the ordinary melting and casting method, but we stopped the trials
because, at the time, we had no definite objectives to continue and extend our
development works.

CONCLUSION

It is very unfortunate for us that we, in the near future, will lose the
chance to supply the fuels fabricated by our already established process using
highly enriched uranium and to compensate our past financial deficits. At the
present time, we have no firm plans whether we will develop the process of
supplying the high uranium content fuels using medium enriched uranium or if
we will discontinue our activities.
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Stan Fraley

U.S. Arms Control and Disarmament Agency
Washington, D.C.

INTRODUCTION

I was asked to say a few words about what ACDA's role is in this research
reactor program and also what ACDA does a little bit in general. One of the
first questions I think that most people in research reactor business have
when they hear that ACDA is interested in their activities is sort of a "Why
Me?" question. Why aren't there more important things for ACDA to be inter-
ested in? Perhaps I should explain a little bit. ACDA does have interest in
many other fields other than research reactors. There are different bureaus
in ACDA who have spent most of their time, not all of their time, in areas
such as the SALT talks, Strategic Arms Limitation Treaty. There are talks on
mutual and balanced force reductions in the European area, comprehensive test
ban negotiations, the non-proliferation treaty aspects, which is a little bit
more relevant. There are treaties such as Treaty of Tlatelolco, which estab-
lishes nuclear free zones, or nuclear weapons free zones, so that there are a
number of activities which are related to arms control not only in the nuclear
weapons field but in the conventional weapons field. There is within ACDA a
bureau of non-proliferation and its interests are more concerned with nuclear
exports, than with safeguards on existing reactor systems and reactor facili-
ties, and then there is a particular effort which has been directed towards
the current INFCE studies, which is an international effort looking at the
different types of reactor systems and what can be done with respect to non-
proliferation.

To go back to this question of "Why Me?" Why are research reactors of
concern? Well, Dick Lewis last night gave an excellent presentation describing
most of the reasons behind that particular policy, and I will not reiterate
those facts. There are some particular concerns I guess because, first of
all, if you look at the world in general since World War II, the North
American continent is the only continent that has been spared a fairly large
war. Every continent has had some serious crisis situation arise since then.
In the case of the North American continent, our most relevant crisis was the
Cuban crisis. There have been very few countries that have been spared
serious terrorist attacks. There are many countries in the world that everyone
is aware of where some of the neighboring countries are not very friendly
with each other, and these particular areas are a concern to everyone.

As we brought up last night, and yesterday, there are very effective
physical security measures with respect to reactor facilities, research
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reactor facilities in particular. There are good safeguards systems available.
However, it is not prudent to depend only upon physical security and safeguards.
If the use of highly enriched uranium or other cycles which are not prolifera-
tion resistant, if the use of these is not necessary, then it is just not pru-
dent to depend strictly upon safeguards and physical securities.

Another aspect that was addressed to a certain extent last night was the
Non-Proliferation Treaty. Don't we believe the people who signed the Treaty?
Yes, we do! However, even in the Treaty itself there are safeguards to insure
the people who have signed the Treaty are abiding by its provisions. There are
also a large number of countries that have not signed the Non-Proliferation
Treaty. And some of these countries that have not signed are in areas of the
world where neighboring countries are not very friendly with each other, and so
the fact of non-signature and the world situation in that area makes it one of
concern. The NPT also obligates nuclear weapons states to not discriminate
against the non-nuclear weapons state to the extent possible. That is one of
the reasons that, when we come up with a policy relating to the use of HEU in
research reactors, we are attempting to apply this policy equally throughout
the world. I guess I should say of those countries that have not signed the
NPT, if you ask them why they have not signed, the primary reason that you get
is because the NPT discriminates against non-nuclear weapons states. The U.S.
has attempted, with the Special Session on Disarmament recently and the
initiatives there, as Dick Lewis pointed out, to try to make as easy as possible
the changes in the operation of research reactors that are being more or less
pushed by the U.S. I guess I should say that the U.S. is not alone in pushing
for this type of policy and that there are many other countries in the world
who also agree that this particular program should continue.
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DISCUSSION

SCHLAPPER (U of Missouri): Is a signature on the Non-Proliferation
Treaty a positive aspect as far as obtaining technology and/or SNM from the
U.S.?

FRALEY: As an example, on the SSOD initiatives, there is preference
given to NFT parties. I think that the statements are that preference is
given to developing countries and preference is given to NPT parties. It is
not treated as an exclusive type of situation but preference is given, yes.

SCHLAPPER (U of MO): Let me give you a possible situation, assume
Country "A" is a signatory to the NPT and we supply material to Country "A,"
is there then a provision to control transfer of the material and our technol-
ogy from Country "A" to another country, perhaps not a signatory?

FRALEY: I'va not an expert on export and transfer policies. However, I
do know that on material that the U.S. sends out under an export license that
there are controls over transfer of that material, that it is licensed for use
at some particular location or within some particular locations, and if they
want to transfer outside of that then a transfer license is necessary.

LEWIS (DOS): Let me just make a comment. The NPT is basically a philo-
sophical type of agreement; it does not go into the details of implementation.
It basically says that in consideration of giving up ambitions to develop
nuclear weapons, countries are guaranteed free access to the benefits of
nuclear power. The weapons states will expedite and implement aid in that
it's a trade that is made. Your question is in regard to retransfer of
materials and equipment. Within the U.S., retransfer is controlled by the
Nuclear Non-Proliferation Act of 1978 at the moment as it amends the previous
laws in this matter. There very definitely are restrictions on retransfer of
these materials. They have to be agreed to prior to export.

HASSEL (NUKEM): What happens when we succeed in using the 20% enriched
uranium? Do you think we will get back the glory times, getting the enriched
material within two or three months, without submarines, military aircraft,
and 5 kg batches and so on?

FRALEY: I don't know. The export restrictions on less than 20% are
definitely lower than for above 20%. Whether you will get back to the situa-
tion as it was originally or earlier, I don't know.

HASSEL (NUKEM): Do you see a possibility to work out standard procedures
in handling export licenses?

FRALEY: That is definitely being attempted. The Nuclear Export Division
of the Non-Proliferation Bureau, in addition to other agencies, handles the
export requests and there is a big backlog. Part of it is due to an attempt
to set up a standardized way of handling export requests, and I would hope
that once this has been established that the amount of time necessary between
submitting the request and approval will be reduced significantly.

ALMENAS (U of Maryland): In some of the previous talks your concern was
raised about the increased plutonium production that enrichments in research
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reactors below 20% would entail. Could you make some comment whether this
concern is shared by ACDA and to what extent,

FRALEY; With respect to that question, the U.S. has submitted a paper to
the INFCE studies on proliferation resistance assessment and part of that
study addressed research reactors. The conclusion that was in that particular
paper was that it was desirable for the enrichment used in research reactors
to be in the 3-20% range, recognizing that there needs to be a lower limit
which will minimize the production of plutonium. There needs to be an upper
limit to minimize the direct weapons usability of the fresh fuel, or the ease
in obtaining weapons usable material from the fresh fuel, so that the 3-20%
limit is the limit that was in the U.S. paper that was submitted.

LEWIS (DOS): Just a comment to Dr. Hassel. The extraordinary long
periods of time that characterized our export approvals in the near past are
a matter, I assure you, of extreme embarassment within the U.S. government.
For many reasons, including the fact that it was considered to be inconsistent
with Article IV of the NPT. We are doing our level best to standardize those
procedures and to expedite them. The fact is that one of the main thrusts of the
Nuclear Non-Proliferation Act of 1978 was to regularize those and expedite
them. I do think that to move to 20% enrichment will be an important factor
in that. This, after all, is consistent with the thrust of overall U.S. policy
and the matter has very strong Congressional backing.

TRAVELLI (ANL): I would like it very much if you could postpone more
questions and comments about this presentation until this afternoon.

FRALEY: I will not be at the roundtable discussion.
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W. Ross

U.S. Nuclear Regulatory Commission
Washington, D. C.

INTRODUCTION

I appreciate the opportunity to stand up here and talk to you. Steve
Ramos and I came from the NRC primarily to observe and to learn and to see
what role the NRC would eventually play in this program. I think we feel that
it is a program that should succeed and we want to be prepared in the NRC. I
am to give a more comprehensive and prepared statement by next Wednesday as
part of the ANS meeting and as Dick Lewis said last night I am fairly limited
to what I can say today because this does get close to being a policy-type
decision, which has to be made by many more people than myself. However, as
the result of chance remark by one of you yesterday, who said that at that
time he understood quite clearly the problems involved with this program, but
he did not understand what the advantages to be gained were, I would like to
take just a moment to elaborate on the advantages that may be gained or might
be possible through the relaxation of safeguards of all types. There were
several comments yesterday about considerable expense being the result of
safeguard implementations, not only in the U.S. but in other parts of the
world, and last night, Dr. Lewis explained why this was a fact of life these
days. I would like to give you a summary or sketch of what the U.S. Nuclear
Regulatory Commission is doing right now to try to provide the level of protec-
tion against theft or diversion of SNM or against the industrial or radiologi-
cal sabotage to meet the statutory requirement.

To start off, I would like to say that Steve Ramos and I are here repre-
senting only one of the major offices of NRC. This is Office of Nuclear
Reactor Regulations. Under this office we regulate all phases, safety and
environmental and safeguard aspects, of about 70 power reactors and about 70
non-power reactors. Another portion of NRC is the Office of Nuclear Material
Safety and Safeguards. Under this office is regulated the licensing activi-
ties of around 600 licensees of all types. Including all licenses of trans-
portation, import-export, and such as this, as well as special nuclear
materials not related to the use of reactors. So when we talk about regulating
the use and the protection of special nuclear materials, we are talking about
all types of special nuclear materials, not just the type that is used in a
reactor. Consequently, when a review is being made, such as now being made
at the direction of the Commission to see if relaxation of regulations can be
given to reduced enrichment, it is not only under the auspices of our office,
but also of this other office. Therefore, it has to be more or less a policy
statement of the Commission.
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This meeting has come at a very auspicious time because although we are
fairly well set up in the area of review of safety aspects of licensing, and
Steve Ramos will become the contact of all such correspondence and communica-
tion in the future relating to this program. There is a real confusion, I'll
admit, in the field of safeguards and physical security because of the require-
ment to continually upgrade this area of our licensing activity to stay abreast
of what the Commission perceives to be the need due to a threat of whatever
name you want to give to it. For instance, right now among these 70 research
reactors, we have some that are doing everything they can to reduce their
inventory so that they can get out from under some of our old and new require-
ments, while we have the anomaly that since General Atomic is about to go out
of the business of making FLIP fuel, we have some licensees who want to increase
their inventory. However, we have about eight different types of research
reactors in here. From higher levels of the GE test reactor (50 MW) to those
on down to a fraction of a watt, they have different types of fuel elements,
they have different types of enrichment. We have relicensed 21 reactors that
use highly enriched uranium which to us right now means anything above 20%.
These are the ones who will be affected by this program unless some of the
other 50 or so desire in the future to change their way of doing business.

As far as current regulations are concerned, the NRC has one threshold:
it's either above 20% enrichment or it's below 20% enrichment. We are going
to look and see if the SNM license in this area as well as the SNM license in
that area can be changed so that some intermediate regulations can be applied
to the steps in between 90% and 20%. We also regulate on the basis of the
kilogram formula quantity. Most of our most stringent regulations are based
on the possession of 5 kilograms of highly enriched uranium. Next Wednesday,
I will go into more detail on the types of regulations that are in existence
and are being proposed to provide an acceptable level of protection against
theft, for more than a formula quantity or less than a formula quantity. We
are in the process right now of developing a regulation that will meet inter-
national standards for the protection of less than formula quantities. However,
this new regulation will be based on whether it is fully enriched or not fully
enriched, so there will be steps within steps.

You recognize the confusion that all of these regulations are putting
forth to this community. So I hope the presentation that I will provide on
Wednesday, although I'm not going to be able to tell you what relaxation we
can give or what incentives we can give, will show that the NRC is aware of
this program. It is aware that it must be covered by analyzing the effects on
all types of licensess, then it must be correlated to the effect on other
government agencies, then it must be correlated to the effect on the inter-
national community. So our decision is not going to come up very quickly, but
I do want to stand up here today and tell you that we are aware of not only
the safety ramifications, but we are aware of the safeguard ramifications, and
hopefully the NRC can work with all of the American reactors that will be
affected in any way so that we can make any changes efficiently and without
any adverse effect on the performance of the reactor.

Now when it comes to giving you advice or information on the export, I am
not able to do that. After hearing the questions that have been presented
here in the last two days, I think I should go back and see if someone from
this office who regulates this area might not be present at the meeting next
Wednesday. I cannot guarantee it, but I will try.
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If uranium enrichment is dropped to the 45-50% level, then the composition
of the alloys would have to increase from 21 wt.% (NRU) or 28 wt,% (NRX) to
somewhere in region of 40 to 50%, possibly more. We know that the Al-40 wt.%
U alloy can be extruded to the required diameter. We also know that the alloy
is more brittle than the Al-28 wt.% U alloy and its ductility certainly will
not increase with irradiation. The effect of this brittleness on behavior of
the long NRX/NRU rods during thermal cycling in reactor would have to be
investigated.

Therefore from a fabrication point of view, it may be possible to make the
rods from Al-40 wt.% U but it is obvious that an extensive fabrication, safety,
and irradiation study would be required before a definitive answer could be
given.

Development of Al-50 wt.% U alloy for such rods would be even more diffi-
cult, the probability of success smaller, and the development program somewhat
larger.

The development of a completely new design driver fuel for the reactors
using Zircaloy clad powder packed UO2 or dispersion type fuels would require
an even larger and more expensive program.

At 20% enrichment level, the current Al-U designs of driver fuel could
not be used even by increasing the number of fuel rods and/or by removing
experimental facilities.

A new fuel design would have to be tested to burnups of 60-70% for NRX
and over 80% for NRU before it could be considered to be acceptable. The defect
performance of the higher uranium alloys would also have to be checked out.

In summary, the NRX and NRU are high performance, high flux research
reactors having a very heavy experimental and radioisotope load.

With the present designs of driver fuel and reactor loadings the use of
50% enriched uranium would be possible only if the brittle Al-40 to 50 wt.%
U alloys can be successfully developed for high turnups.

Extensive fabrication, safety, and physics work and irradiation of intact
and defective elements would have to be done for each of the fuel designs
considered before a definitive answer could be given. If these alloys could
not be successfully developed, new designs of driver fuel would be required.
The fuel developments would be in three phases: fuel alloy development, pin
development, and irradiation testing and would probably take 3 to 5 years.

A change to 20% enriched uranium would require redesign of all fuels and
more extensive fabrication and irradiation testing than with the 50% enrich-
ment options. In either event, the operating costs of the reactors will
increase, particularly with 20% enriched fuel designs.
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DISCUSSION

SHERMAN (TI): Can you tell me if there is going to be a moratorium on the
license submittal fees, particularly when these changes are at the request of
the government?

ROSS: This is one of the questions that has not been addressed. We are
just beginning our overview of what would be involved in this program, and I
think we need to tabulate all of these potential problems and be ready for them
when they come up. None of this has been addressed as yet.

SCHLAPPER (U of Missouri): In the comments chat were made last night by
Dick Lewis, there was an indication of concern over the use of HEU even in a
highly irradiated form. Can you give us any information as to NRC action on
this matter?

ROSS: I can tell you what the NRC position is. Now, again, we may want
to review this concept. For some time, our regulations have given safeguard
credit to SNM that has a radiation level of 100 Rads or Rems per hour at three
feet. This is written into the regulations. This is on a somewhat subjective
basis maybe, and it has been questioned that SNM of this radiation level is
pretty much self-protecting as far as both the theft and the time required to
process it into something more usable. All of our regulations that are now in
the books and those that are in process retain this exemption. This differs
somewhat from the international standards, especially for Categories 2 and 3
that have been developed by the IAEA in the users group, whereby they suggest
that the categorization of safeguard risks be dropped only one grade because
it is of a high irradiation level. Our regulations in this line were written
somewhat vaguely. We do have a research program going to try to identify what
technical means are available for obtaining an accurate measurement to determine
whether this threshold has been exceeded or not.

CARTER (Institute for Research Management): Yesterday it was commented
that there are about a dozen high powered research reactors that probably can-
not cease using highly enriched uranium without very detrimental impact on
their performance characteristics. How many of these are in fact currently
licensed by NRC?

ROSS: I personally am not knowledgeable of which ones could or could not.
Of these seventy, we licensed some of these high powered ones above 1 megawatt.
However, there are many of the high powered reactors in the U.S. that do not
fall under our jurisdiction. I have only obtained information informally by
talking to people. Some of our licensees who are present, because of the type
of fuel they are already using, have a feeling that they will not be able to
operate effectively under any reduced enrichment or could not achieve any
increased weight percentage. I guess Dr. Travelli could answer who they are
better than I.

DOUMERC (CERCA): Research laboratories and fuel manufacturers will have
to qualify the new fuel before they have them available. Do you think that
the NRC will have to give an agreement on the safety point of view?
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ROSS: Yes, and in fact we have already done that. We have given a
license for the CERCA fuel for Union Carbide. We also have given a license to
General Atomic for demonstration of their prototype fuel. Yes, any type of,
well, maybe 1 should refer this to Steve Ramos, but any type of new fuel will
have to be justified as far as not only to physics but to safety.

DOUMERC (CERCA): Do you think to settle clearly the requirements which
will be needed?

ROSS: I think we will probably continue using the same requirements we
use now. I heard Steve mentioning this this morning. Steve, will you tell us
what those three are.

RAMOS: I don't know if you were involved with the Union Carbide gathering
of data, but what we basically are looking for is the data to support that the
new fuel will not reduce the margin of safety that already exists. So, if you
can show in the data provided that the corrosion, blistering, swelling, etc.,
doesn't change the margin of safety, we will buy that. When a new fuel comes
up, the licensee provides us with the safety analysis of how that fuel is
going to be used in the reactor. We then take that analysis and do an evalua-
tion of it. In many cases, it requires additional information. We are trying
to circumvent this in the low enrichment program by working closely with DOE
so that as we proceed, we will have a generic package so that the licensee
will not have to go through all that justification. We even asked the DOE to
provide us an environmental impact appraisal generically for this program.

DOUMERC (CERCA): Is this agreement necessary before a new fuel will be
taken into consideration by the U.S. administration?

ROSS: I think that I can answer that. If it is shown through any of
these demonstration processes that we talked about yesterday that some of
these are viable new types of fuel, we will then use this demonstration data
as our first basis for giving a license. As Steve said, if the information
obtained from all of these demonstrations is essentially the same as you would
provide, we can reference this and there will be very little that you would
have to add to it. However, if there is anything in your process or the type
of fuel that you end up with that is different from the information that we
have received through this demonstration process, then you will have to provide
the additional information yourself. Our reviewers do not like to have to
make decisions that are not based on data. So the more information you can
give us through either the DOE program or otherwise so that we can reference
information that has already been achieved and then validate it, the better it
is. We don't necessarily need to go back and have you repeat these experiments.

DOUMERC (CERCA); Will it be before that the new fuel will be taken into
consideration by the DOE and State Department?

ROSS: If I understand your question, yes we will wait until a prototype
has been provided to the degree that it is worth our time and efforts to
review it. We will not review it on the basis of theoretical information.
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DOUMERC (CERCA): It will not be a necessity to have your agreement before
a new fuel will be considered as generally available, will it?

ROSS: I wouldn't say that because yesterday there were several types of
fuels discussed. Until they are placed in one of our licensed reactors we do
not have to make a decision. Before they can be used in one of our reactors
or maybe, I'm not sure about this, used to fuel reactors in other countries
as part of our international program, until that occurs we do not enter into
the picture. That is why I said as of today, we are not an active partner in
the program.
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J. Cunningham

Oak Ridge National Laboratory
Oak Ridge, Tennessee

My remarks are going to be very brief. I've made many of them from the
floor already. I do want to thank Dick Lewis for giving us the much needed
information on the nonproliferation policy of the U.S., particularly as it
impacts the research and test reactor fuel business. The laboratory, about
a year and one half ago, look at, before we had this kind of information,
what its position should be regarding the research in reactor test business.
And at that time, they decided that they would be very supportive of the
program, it was an important national and international program and that the
facilities and manpower sources of the laboratory would be made available
for this program. Now that decision hasn't changed at all. There's been
much discussion at Oak Ridge, though, regarding the underlying basis for that
decision, and we have been waiting for information. And you probably could
have gathered by some of my questioning, since I represent a portion of
management, I was looking for that information and we got it last night.

I would like to make a plea to reiterate the need to keep costs down
and to get the safeguard question answered insofar as an impact's cost,
because from an experimental point of view, most of the programs that are
underway at Oak Ridge and elsewhere within DOE cannot tolerate costs that
are going to go up much more than 10%. Programatically, there's not that kind
of money and that means the experimental program would have to be that some of
them would have to be shut down. So it is very important that we keep the
costs, the implemental increase in cost, going from the highly enriched to
the low level enriched fuel, below 10%. I just want to make a couple of
other remarks.

We have, in the facilities at Oak Ridge, a rather extensive fabrication
capability that is available. The laboratory committed the test facility,
the Oak Ridge National Lab's ORR, and HFIR to this program if needed. They
also w m t us to cooperate in the transfer and exchange of information for
fabricators, whether they be domestic or overseas. So we are charged from a
technical point of view with getting this information out to the people who
have a need to know.

A question came up on the void fraction. When Mel Martin presented his
information, you will recall, he ran into 25% void volume that was of a
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micro form porosity character. That was the finding from the initial plates
thai, weie tolled with these high concentrations of u^Og. They do not represent
what is going to be the final answer because there are many things one can do
to reduce that and that is part of the program: we'll be looking at how to
get that void volume down to the level that we want to help out and give us to
accommodate irradiation effects.

One of the ways to get the costs down, as we heard, is to get long-life
fuel. Even though we'll be forced to go down in enrichment, we're going to
be looking awfully hard at trying to get the lives of these fuel elements to
have their resident time in the reactor. In fabrication costs, we always
play for high priority on keeping fabrication costs down and that concludes
what I have to say.
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THE USE OF MEDIUM ENRICHED URANIUM FUEL
FOR RESEARCH REACTORS

Y. Ichihashi

Japan Atomic Research Institute
Oarai, Japan

This program, concerning the use of the medium enriched uranium fuel in
research reactors, is very important to Japan Atomic Research Institute,
so called JAERI.

First, I will introduce our reactors which use the highly enriched
uranium fuel. One of them is Japan Research Reactor-2. JRR-2 is a tank
type, highly-enriched uranium (93%) fueled, D2O moderated and cooled reactor.
Its maximum operating power is 10MW thermal. Another reactor is Japan
Research Reactor-4, JRR-4. JRR-4 is a swimming pool type, 93% enriched
uranium fueled and light water moderated and cooled reactor. The maximum
operating power is 3.5 MW thermal. These two reactors are located in
Takai Research Establishment. The third research reactor is Japan Material
Testing Reactor, JMTR, which is situated in Oarai Research Establishment.
JMTR is a tank type, light water moderated and cooled reactor using the 93%
enriched uranium fuel. So JAERI has three research reactors which use the
HEV.

Second, I want to describe our present situation for use of medium
enriched uranium fuel in research reactors which are operated by JAERI.

If the use of highly enriched uranium fuel in research reactors will not
be allowed by the other than technical reasons, what kind of fuel is acceptable
to meet the purposes of research reactors? Many discussions were made in various
fields in JAERI. As a result of discussion and analyses, we have concluded
that the use of 20% and 30 - 40% enriched uranium fuel replacing the current
93% enriched uranium fuel is not promising for our research reactors, because
it reduces the performance of our reactors greatly compared with the currently
operated reactors and thus results in the significant increase of fuel cycle
cost and the fatal deceleration of various R and D prgrams, which are important
for international collaborations.

The alternate fuel must have a high reliability as before, If a
sufficient time is available for development of high performance fuel, we
could attain these goals. Our present evaluation is based on this implicit
optimistic assumption.
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The feasibility for usage of the medium enriched uranium fuel in our
research reactors was studied by analysing the nuclear characteristics and
thermo-hydraulic consideration, changing the fuel plate parameters in an
appropriate range.

It was shown that about 45% enriched uranium could be used for our research
reactors under the condition that the technical basis for fabricating such fuel
would be established.

If we use U-Al alloy, a near term R and D will reach 30 w/o uranium
loading density. However, this loading density is not applicable even to
JRR-2 fuel. Moreover it should be considered that in Japan we have only
one fabricator of research reactor fuel. The specification of fabricated
fuel plates there is restricted only one set of parameters as used for
research reactors. If there are two different specifications of fuel
plates, availability of such small amount (less than 20 kg-U of 45% EU) of
fuel is problematic. So we must standardize the specification of research
fuel plates. Considering adoptability for JMTR, we must choose 40 w/o loading
density as tht target of R and D.

The cost and time schedule of R and D for the medium enriched fuel are
not clear at this moment.

This is our present situation.
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DISCUSSION

KANDA (Kyoto University): We have two nuclear research centers in Japan:
one is JAERI and the other is our KURRI. According to Dr. Richard Lewis's
suggestion, we started the joint study with Argonne last May to examine
feasibility of using the less than fully enriched uranium for KUHFR. KUHFR
is a substitute reactor to the present KUR. The study will include the
demonstration experiment at the critical facility using 45% enriched uranium.
We are planning to reduce the enrichment from 93% to 45% immediately after
the feasibility study. We will make technical, economical and commercial
examinations. Our program is supported by the so-called "five agency group"
in the Japanese Government. This group is examining the possibility of using
MEU in Japanese reactors.
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THE UNIVERSITY OF MISSOURI RESEARCH REACTOR,
ITS FUEL AND PRODUCTIVITY

Robert M. Brugger, Gerald A, Schlapper and Don M. Alger

Argonne National Laboratory, Argonne, IL 60439

INTRODUCTION

This paper describes the University of Missouri Research Reactor (MURR)
and presents a summary of contributions to education, research, and service.
These efforts have helped offset the impact on the U. S. economy of research
from other countries. Special emphasis is placed on fuel design developments
that have allowed MURR to keep the cost megawatt day (MWD) of fuel essentially
constant. Also noted is the fact that the United States has missed some re-
search opportunities because of a hold-the-line attitude. The slipping posi-
tion of U.S. research reactors is compared with the rest of the world.

As will be further outlined in the text, the MURR cannot (with available
technology) decrease its U-235 enrichment level and maintain present research
capabilities and fuel cycle costs. Data is presented to show how MURR, if
permitted to use advanced fuel technology, could reduce fuel fabrication costs
and onsite U-235 inventory. In addition it is shown that MURR could increase
its capabilities provided that arbitrary institutional limits are removed.

DESCRIPTION OF MURR

The University of Missouri Research Reactor (MURR) is the highest flux
steady state reactor at a U.S. university. Its purpose is to produce neutron
and gamma radiation and to use this radiation for research, education, and
service. Table 1, 2 and 3* summarize the accomplishments of MURR during the
year 1977-1978 in these areas.

The MURR was among the last of the high flux research reactors designed
and built in the U.S. It was designed to take maximum advantage of available
technology to achieve maximum flux density. The design includes use of fully
enriched uranium and maximum weight percent loading. Table 4 lists basic
characteristics of the MURR fuel design. Figure 1 presents a horizontal sec-
tion through the core of the reactor showing the flux trap, annulus of eight
fuel elements, the pressnre vessel, control blades, irradiation facilities
and beam tubes. At the current licensed power of 10 MW, *;he peak thermal
neutron flux in the flux trap is 6xlO1Lt n/cm2-sec. Corresponding source flux

*
Figures and Tables follow text.
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TABLE I

RESEARCH

Supported by MURR - July 1977 - June 1978

Supported the research of 108 faculty and 76 graduate students from
31 departments of the University of Missouri and 14 other universities.

Supported the research leading to 52 journal and proceedings publications
from the University of Missouri and other universities.

Supported research leading to 41 papers presented at professional
meetings.

Supported research leading to the granting of 4 Ph.D. Degrees and
8 Masters Degrees.

Provided the financial support for 8 faculty (8 FTE), 21 graduate
students (14 FTE) and 16 undergraduate students (14.5 FTE).

Secured research equipment v?orth $119,000 by gifts, loans, and grants
and worth $187,000 by purchases from MURR funds.

Supported 61 grants and contracts, totaling $7,521,638.

Supplied 166 shipments of 39 different isotopes.

Made 262 neutron radiographs for 8 students and faculty from
4 departments.

Analyzed about 4900 samples using neutron activation analysis.

Provided expert testimony in 7 court cases.

TABLE 2

EDUCATION

Supported by MURR - July 1977 - June 1978

• Tours for 3,256.

• Speakers for 52 seminars, colloquia, and talks.

• Lectures for 35 class hours.

• 7 instructors for 24 credit hours of courses.

• 2 international conferences.
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TABLE 3

SERVICE

Provided by MURR - July 1977 - June 1978

Provided service to 6 other universities within the State of Missouri
and 26 outside of Missouri.

Provides service to 27 State and Federal agencies.

Supported 14 research projects directly related to Missouri.

Supported 3 research projects directly related to energy conversation
and development.

Supported 4 Missouri industries and 47 out-of-state industries.

TABLE 4

Characteristics of MURR Fuel - Nov 1978

Elements/Core

Weight U/El

Weight U/Core

U Enrichment

Weight % U

Type

# Plates/Element

Fuel Life

Core Life

Max. Fission Density

Power Density

8

775 GMS

6.2 KG

93%

41%

UA1 plates

24

150 MWD/element

about 4 months

1.8 x 1021 F/CC

300 KW/liter
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FUEL ELEMENTS (8)
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DENOTES PNEUMATIC TUBE POSITION

Fig. 1. Flux trap, beamport and reflector experimental facilities (not
to scale).
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in the beam tubes is 1.2xlO11* n/cm2-sec.

The cost history of the fabrication of MURR fuel elements is outlined in
Table 5. One notes that while the element fabrication cost almost doubled
from Core I bought in 1965 to Core 20 purchased in 1977 the cost/MWD was held
almost constant by applying advances in technology such as uranium aluminide
cores and increased element burnup. This is a prime example of increasing
productivity. The 50% increased in costs indicated for Cores 21 through 21
results almost solely from increased costs for security and administration.

BACKGROUND OF RECENT RESEARCH REACTOR DEVELOPMENT

To appreciate the need for increases in capabilities of US research re-
actors, one needs to compare the state of research reactor development in the
USA for the last 10 years as compared to the rest of the world. The need for
neutron research has been clearly and positively stated in the recent study
by the USA National Academy of Science.

The first research reactors were built in the USA and the USA had a
commanding lead through the 1950's. The following tables show what happened
when the US attitude shifted to one of hold-the-line and make-do-with-present-
capabilities* Table 6 presents the research reactors now left in the USA.
One notes that two have been downgraded in operating time till they are almost
impotent. Only modest upgrading has been achieved because of the difficulty
of overcoming NRC restrictions and lack of a positive attitude. One notes that
no new research reactors have gone critical in the USA since 1967. The power
levels are quantized at 2, 5, 10, 40, 100 MW. This quantitization is caused
by institutional limits, not by technical limits. Table 7 shows the research
reactors that have been shut down in the USA. We have shut down about half our
peak capability. How does this USA experience compare to the rest of the
world?

Table 8 outlines the research reactors in three developed countries
(England, France & Germany) that have about the same population as the USA.
The ILL, which went critical in 1972, has surpassed the USA reactors in re-
search and has shifted the center of neutron scattering to Europe. The ILL
is backed up by a set of medium flux research reactors. One notes that two
are due to be shut down but a new reactor is being built to replace Saclay.
Most of these reactors have been upgraded to their technical limits, not just
to some administrative limit. One might argue that the score is now equal if
this was the end of the story, but it isn't. The rest of the world is build-
ing new and replacement reactors. (Table 9). The USA is building none. The
net result as indicated in Table 10 is that the USA has slipped into second-
ary position in this kind of research and development and fuel development.
This is because we have not used all our technical capabilities to provide
maximum research capability.

POSSIBLE MTJRR FUEL CHANGES

Having shown that we are getting behind in reuearch, let me now turn
back to the purpose of this meeting, namely chanees in fuel. The MTTRR has
not done a detailed study, but from our knowledge of our present fuel
behaviour we can make some estimates. Critically conditions of MURR are
summarized in Figure 2 and Table 11. The MURR needs a core containing
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TABLE 5

Cost History of MURR Fuel Elements
(Fabrication Only)

Uranium-Aluminum Alloy

I

II, III

IV, V

VI

Uranium-Aluminide Intermetallic

VII, VIII

IX, X, XI

XII, XIII, XIV

XV, XVI, XVII

$ 5450

5500

5300

6250

4500

5200

5200

7750

XVIII, XIX, XX

XXI, XXII, XXIII

9500

14000

$ 75

81

77

90

50

53

52

78
(99 MWD/EL)

52

(150 MWD/EL)

63

93
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TABLE 6

Research Reactors* Operating in U.S.A. October 1978

00

Reactor

CP-5

Omega-West

ORR

MITR

UNCR

SUNY (Buffalo)

FORD

Rhode Island

HFBR

HFIR

MURR

NBSR

Power (MW)/Operating
Schedule (%)

5/20

8/20

30/90

5/90

5/90

2/90

2/70

2/90

40/90

100/90

10/90

10/90

First Critical

1953

1957

1958

1958

1961

1961

1963

1964

1965

1965

1966

1967

Recent Upgrade/Date

• 20% September 1978

-* 20%

* 1978

4 60 MW/1979 - cold sour.

• 10 MW/1974-150 hr/wk

• 20 MW/1979 - cold soun

*Reactors that have fluxes and operating schedules such that they do or could do good
neutron diffraction - this was used as a lower limit to separate those reactors that
do more research from those reactors that are more oriented toward teaching and training.



TABLE 7

Research Reactors Shut Down in U.S.A. 1965-1978

Reactor Power Date Shutdown

BGRR

MTR

NRR

K-West

AMRR

BRR

NASA

IRL

Puerto Rico

LPTR

ALRR

CP-5

Omega West

GTRR

GETR

LLL

20

40

1

1

5

2

60

5

2

3

5

5

8

5

50

2

1969

1970

1970

1970

1970

1974

1974

1975

1976

1978

1978

1977

1978

Degrade

Could still be third best in U.S.

Only "hot source" in U.S.

20%

20%

20%

Temporary

"Shut down"



TABLE 8

Research Reactors in the Three

Geesthact

Hahn Meitner Institute, Berlin

Julich (Dido)

Karlsruhe

Harwell Dido

Pluto

CENG Siloe

Melusine

Saclay (EL3)

ILL

Member Countries*

Power ((MW)

5

5-^10 MW 1980

23

44 • 1980

25

25

35

8-fl2 MW 1980

20 •

57

*England, France, Germany - same population as U.S.

191



TABLE 9

Research Reactors under Construction (1978) - World Wide

1BR-11 Pulsed Reactor, Dubna, U.S.S.R.

4 MW thermal average, 5 1016 n/cm2 peak pulse flux
1979 completion

Saclay Research Reactor, France

14 MW, dedicated LENS facility, mid-1979 operation

Leningrad Research Reactor, U.S.S.R.

100 MW, 3 1015 n/cm2 sec flux, 1980 operation

Trombay Research - Isotope Production Reactor, India

100 MW, relative low flux 101** n/cm2 sec

Swierk Research Reactor, Poland

30 MW

Kyoto Research Reactor, Japan

30 MW, 1981 completion

Iraq - 30 MW, foundation poured

Ghana - 8 MW, under construction

Australia - is considering building a new reactor

West Germany - has completed study and is considering construction

No new research reactors seriously considered for U.S.A.
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TABLE 10

Missed Opportunities by U.S.A. in Research Reactors

Research

New Reactors

Reactor (jit Upgrade

Flux Tailoring
(cold/hot sources)

Small Angle Neutron

scattering spectrometers

Back Scattering Spectrometers

Isotope Production

Silicon Semiconductor Production

Dollar Savings

U.S.A. Others

1/3

0

+10% - 50%

0/0

2/3

8

Extensive

111

0

Decreasing

1

little

Several

Increasing

20
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90-

80.

70-

60-

50-

B-S

I
30.

20.

10.

0

120 DAY CORE)
10 MW }/

OVERRIDE
EQUILIBRIUM U
XENON 10 MW)|

MINIMUM
CRITICAL
MONTH

CORE LOADING (KG U-235)

8

Fig. 2. Core Loading - MURR.

194



TABLE 11

Summary Data - 2 3 5 U Loading

University of Missouri Research Reactor (MURR)

Current Technology - 40 Weight % U

Enrichment Level Weight 2 3 5 U (kg)

10% 0.665

20% 1.33

Minimum Critical Mass - MURR - 2.5 kg 2 3 5 U

507. 3.325
Operation at 10 MW Requires 4.5 kg 2 3 5U

to Override Equilibrium Xenon

93% 6.2
70% 4.65

A 50 weight percent loading capability implies that
a 75% enrichment would be required to maintain 6.2 kg 2 3 5U

A 60 weight percent loading capability implies that
a 64% enrichment would be required to maintain 6.2kg 2 3 5U
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2.5 kg U-235 to attain criticality, 4.5 leg to override equilibrium Xenon at
10MW (but with a very short core life), and 6.2 kg to provide for a reason-
able core life of 120 days.

Table 12 and Figure 3 show the cost of fuel fabrication for 93% enriched
and 70% enriched fuel at 40 wt %. To drop at 70% enrichment, MURR fuel cost
would jump to $6,000,0Q0/yr, a ridiculous and unacceptable number.

We now leave the base of existing capability and consider technical
development and higher wt % loadings. Table 12 and Figure 3 also present
some of the possibilities. With 60% loading we could cut our cost/MWD to
below what it was in 1965, Now that is using technical development to produce
real productivity.

There is another i=~I cuvuji-at^ ii. c higher w. >•« loadings at 93% enrich-
ment 3 that of reduced annual fuel inventory. Table 13 and Figure 4 show our
estimates of U-235 that not must be held in inventory for MURR to have a con-
fident supply of fuel. This includes U-235 in fabrication, fresh fuel in
storage, * use, and spent fuel awaiting shipment. One notes that by going
to 60 wt % and 93% enrichment there is only 60% as much U-235 being held on
site or in transit. The right hand axis shows an estimate of the cost of fuel
inventories. Once again using 93% enriched fuel and 60 wt % loading provides
a real cost savings, thus increased productivity.

While cost savings are important, we believe there is a more important
goal. That goal is the one that true science always strives for and it is a
goal that in the past the USA has strived for. That goal is increased
capabilities. That 10 MW power limit of MURR is an institutional limit. The
MURR is capable of increasing power to 15 MW with only minor engineering
changes and no significant change in level of safety. And the MURR could be
increased to 25 MW with moderate engineering changes and safety systems addi-
tions. These upgrades could be achieved if 60 wt %, 93% enriched fuel were
provided.

Table 14 summarizes what gains and capabilities of productivity could be
gained at MURR with fuel development leading to 60 wt % loading and 93% enrich-
ment. These are the kinds of upgrades that reactors outside the USA have been
making and it is how the USA should be developing. It is unscientific and not
in past tradition of the USA to freeze into a base of present capabilities.
It will kill research and development.

REFERENCES

1. "Neutron Research on Condensed Matter: A Study of the Facilities and
Scientific Opportunities in the United States" National Academy of
Science (1977).

196



TABLE 12

Fuel Cycle Costs - Fabrication Only

Enrichment
Level (%)

93%

93%

70%

93%

70%

93%

70%

50%

20%

Content (Wt %)

6.2 kg (40%)

6.2 kg (40%)

4.76 kg (40%)

7.5 kg (50%)

5.8 kg (50%)

9.3 kg (60%)

7.0 kg (60%)

5.0 kg (60%)

2.0 kg (60%)

Usable MWD
10 MW, 1 Hour Restart

(no core sweetening)

550

1200

(with core sweetening)

50

1700

300

2800

1200

-0-

-0-

Cost/Usable MWD

$200

$ 90

$2200

$ 65

$ 380

$ 40

$ 90

Annual Costs

$600,000

$270,000

$6,600,000

$195,000

$1,140,000

$120,000

$270,000



TABLE 13

University of Missouri Research Reactor
Annual Fuel Inventory Requirements

(150 Hour/Week, 10 MW Power, 93% Enrichment)

Current 6.2 kg Core

Requirement Number Cores

OFF 1 year in fabrication 3

SITE 2 years "fresh" in storage 6

ON 1 year in use 3 18.6

SITE 1 year awaiting spent fuel
shipment 3

TOTALS 15

60 wt %, 9.3 kg

OFF 1 year in fabrication 1.2 11.2

SITE 2 years "fresh" in storage 2.4 22.4

ON 1 year in use 1.2 11.2

SITE 1 year awaiting spend fuel
shipment 1.2 11.2

TOTAL 6 56
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TABLE 14

Possible MURR Upgrades
60 Weight % - 93% Enriched

Increased Power Levels

Increased Flux in Traps

Increased Flux in Beams (increased power)

Increased Flux in Beams (core shortening)

10 MW

25 MW

Less 93% Enriched Uranium in Inventory
and in Transit

Cost Savings (fuel fabrication 10 MW)

(fuel fabrication 25 MW)

(inventory 10 MW)

up to 25 MW

up to 1.75 * 1Q15 n/cm2sec

up to 3 x 101** n/cm2sec

1.5 x 1014 n/cm2sec

3.9 x 1011* n/cm2sec

reduction

$200,000/year

$500,000/year

$140,000/year
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James L, Snelgrove

Argonne National Laboratory
Argonne, Illinois 60439

INTRODUCTION

I just wanted to say a few words about the fuel demonstration part of the
RERTR program, especially about our near-term activities. In the near-term
we are considering three types of demonstrations. One of those is the
irradiation of individual fuel elements in the ORR. These elements are to be
essentially identical to the current ORR elements except that the enrichment
will be 45% and the uranium density in the fuel meat will be somewhere in the
neighborhood of 42 wt %. The exact loading hasn't been determined at this
time, and preliminary work is underway to determine this.

I think that I should point out that we really feel that the licensing
basis is already available for what we are calling near-term fuel. That
basis exists because of the extensive data obtained in the development of
fuel for the ATR and for the HFIR. Those two reactors plus a few others are
already making use of fuels loaded to this density at, of course, 93%
enrichment. We don't see any real need from a metallurgical point of view to
p.o through the complete demonstrations again. Uhat we are doing though is
loading this fuel with an enrichment and density which will ba applicable
in many cases in the near term, as it was mentioned yesterday, putting it in
the ORR, burning it up, and doing a reasonable amount of post-irradiation
examination. This data, we think, will be useful in licensing. Dr. Kanda
mentioned in a comment earlier today that through the joint study with our
program the Japanese are wanting to gain certain information from these
experiments. We think that the experiments can satisfy those requirements.
We would also be very interested to hear from any of the rest of you, the
users, those of you who have to be concerned about gaining these licensing
approvals, what sorts of information might really be needed here for any
near-term work. We're planning to irradiate at least some elements to the
order of, I would say, 90% burnup. Now, as it turns out in these elements
at this enrichment and density, 90% burnup doesn't even surpass the burnup
levels that have already been demonstrated as acceptable in the 93%-enriched
fuels, and, therefore, one doesn't expect to find any swelling problems or
any metallurgical-type problems at all. We will go through certain post-
irradiation examinations, however, but unless we see the need from some of
the early parts of the examinations, we don't plan extensive metallurgical
examinations. For these experiments, we would encourage participation by any
fuel vendor who is interested in providing a few elements. We are not talking
about many, maybe the order of two or three per vendor, which could be used in
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this program and would then, at least, provide a look to the rest of the world
at elements made by particular vendors to particular enrichments and irradiated
to good burnups.

The other parts of our program in the near-term have to do with whole-
core demonstrations, and the one that is really planned at this time is the
Ford Nuclear Reactor at the University of Michigan. The primary purpose of
this demonstration is to have a core in which we can investigate the physics
and safety characteristics of <20%-enriched fuel and compare them with those
of the 93%-enriched cores. We will also use the data for verification of
our analytical methods, so that when these methods are applied in evaluating
the potential of other reactors for use of reduced-enrichment fuel, one will
have increased confidence in the methods. I point out, of course, that
there have been other reactors run with 20%-enriched fuel. However, that
fuel was used quite awhile ago, and it's difficult today to obtain the sort
of data in which we are really interested. The measurements in the FNR are
planned to look at detailed flux distributions in the core and reflectors and
at the ends of beam ports. It is also planned to measure the typical sorts
of reactor characteristics which are always necessary to show that you're
meeting your technical specifications and safety requirements. The Ford
Nuclear Reactor is an NRC licensed facility, and, as such, the University of
Michigan will have to obtain licensing approval from NRC. We're hoping
for the full cooperation of NRC, and we've been basically told that that will
be forthcoming. We certainly don't anticipate that there are any new safety
issues involved. We say the basis is there, and it's up to us, in cooperation
with the University of Michigan, to demonstrate to the NRC that this is true.
Out of this work will then come some documents that will be very useful as
reference documents for any further near-term conversions using this type
of fuel. I conclude my remarks here, and I will be happy to answer any
questions.
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DISCUSSION

HASSEL (NUKEM): Fuel vendors would like to put their newly developed
high density fuel for irradiation into your reactors or ORR. What are the
technical and ccamercial conditions for putting two or three prototype fuel
elements with high density fuel into a DOE reactor? By technical conditions,
I mean they should be the same fuel elements as this reactor uses; dimensions
and all quality control specifications, and what are the commercial conditions?

SNELGROVE: I think the easiest way to go, in terms of getting them
approved for use in ORR is obviously to have elements that essentially
meet the present ORR specifications. I don't think one is precluded in the
use of the ORR to using exact elements. One way we're planning though, these
experiments are to use these elements basically in the ORR as ORR fuel
elements. They would follow basically the typical irradiation history and
would be used in the normal core shuffling sequence and as such not relegated
co one specific location and treated as one might a very specific experiment.
Commercial conditions I believe are completely open at this time, and we
would be happy to discuss with anyone who's interested.

HASSEL (NUKEM): In the second question, do you expect some special NRC
obligations against those prototype elements?

SNELGROVE: The ORR reactor is not an NRC licensed reactor. It certainly
has to go through a proper safety evaluation. It is handled within the
Department of Energy. It certainly is a reactor that admits experiments and
as such we don't foresee any real problems with getting these in. We are
talking especially here about fuel technology which has basically already
been demonstrated in terms of loading and so forth. We're not right now,
though this is a future part of the demonstration program, talking about the
higher wt. % loadings.

BINFORD (ORNL): I think I can answer a couple of those questions. The
only problem that we would have is simply that the fuel element has to conform
with the dimensions of the reactor. It has to have essentially the same
structure of integrity that we would expect out of an ORR element. We also
have a bit of a problem with a heat flux. We would want the element loaded
uniformly enough so that we could anticipate essentially the same sorts of
heat flux that we have now. As far as the safety evaluation is concerned,
I've already discussed this with our people at DOE and barring some very
unusual circumstance, I wouldn't anticipate very much difficulty in getting
safety approval because, by and large, these elements will be virtually
identical to whit we are using now.

204



H. Reijonen

International Atomic Energy Agency
Vienna, Austria

INTRODUCTION

I'm really not prepared to make any policy statements at this stage
because the multi-lateral-informational exercises on this topic are still
taking their form. I may just briefly mention what the Agency has been doing
on this topic during the last six months or so. Last May we had an, advisory
group meeting in Vienna with a topic "Research Reactor Renewal and Upgrading
Program", but did not consider only fuel cycle questions but also other matters
of interest. The outcome of this meeting will be submitted to the International
Nuclear Fuel Cycle Evaluation Working Group 8.

We have just published the proceedings of this meeting which is the
"Agency Technical Document, No. 214". This is a cost-free publication that we
can send to any one of you who wishes to have it and the secretaries at the
Information Desk have an order list so during the break if you just please
write down your name and address we shall then send the document to you.

Some sort of continuation to that meeting and also a continuation to the
discussion that we have had here yesterday and today, we are planning to have
a consultant's meeting in preparation of the program on research reactor core
conversions to use low enriched uranium instead of highly enriched uranium.
This exercise has been coordinated with INFCE and it is not the intention
that work would be duplicating each other but rather all meeting at the end
of November, early December, is something that we would like to look at
concrete cases in mainly developing countries that are currently utilizing
highly enriched uranium so that we would like to make some sort of a check
list or technical evaluation of what must be done in certain country cases
to prepare core conversions that would utilize the new fuel designs that have
been discussed here yesterday and today. We also hope that during the meeting
in about three weeks, we could discuss some demonstration projects or programs
that could take place in certain research reactors and perhaps including a
demonstration program in developing countries and here these exercises could
be organized through the Agency. Perhaps as a coordinating research program,
but this is still preliminary thinking and subject to further discussions.

The outcome of these exercises hopefully will produce some technical
documents that could be submitted to INFCE Working Group 8. Certain input
could be already provided to the INFCE drafting committee that is convening
in Vienna right after the meeting. We have already sent invitations also to
the countries that are currently involved in fuel development efforts, but I
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understand that the official channels are sometimes a little slow and not
everyone has been reached on these matters. We are expecting about aight
laboratories from developed countries to be present at the meeting and hope-
fully the major fuel manufacturers could be present. As mentioned, these
results will be submitted to the International Nuclear Fuel Cycle Evaluation
which is also funding this exercise and perhaps by the end of November only
the essential questions can be raised and the second clarifying meeting
might be necessary sometime in February so that the results could be submitted
to INFCE sometime in March 1979 for its consideration.
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PANEL DISCUSSION

STAHL: Several issues have been identified today and yesterday
which I think are worthy of continued discussion and that have to do
with the cost and availability schedule of the new fuels. We've heard
comments that some people feel that the cost penalty will be as low as
10% to perhaps as high as 100% of the cost of HEU materials. I
personally would like to hear again from some of the members of the
panel and from the audience as to which elements of those cost
increases directly bear on the increase itself. What can we do in the
long term to bring those costs in line with present material? I know
that Herr Hassel has to leave shortly; perhaps I will ask him first to
comment on this cost situation.

HASSEL: As I mentioned yesterday we think that research and
development means mainly the adaption of all necessary different
fabrication and quality control methods to the high density fuel.
This is a real research and development. Concerning the UA1X and U3Oa
fuels we know that through certain fabrication tests we have to find
out empirically the right combination of cladding material and things
like that. So, to come to a certain prototype for the plate, it's
very much a question of time; we have to insert those plates within
six or ten months into a reactor to get an irradiation result. But to
reduce cost later on for fuel elements, it is necessary to adapt the
presently used fabrication and quality control procedures to the high
density fuels. This will take a little bit of time and will result in
development costs. According to our calculations, if we are
successful in finding the right chemical and metallurgical processes,
a factor between 1.2 and 1.7 for a 45% enriched fuel element of the
normal standard type will result.

STAHL: Yes, but the cost that you talked about is perhaps more
like a fixed cost which could be spread over many years. Are there
variable costs in the fabrication that would contribute to the
increase?

HASSEL: What. I mean is that we have to spend a certain amount of
time and money for research and development of fabrication procedures
in order to make the standard fuel elements with high density fuel as
cheap as possible later on.

STAHL: Presumably, you would then get paid back.

HASSEL: Yes, you would get back the 1.2 to 1.7 if we have been
successful in finding good fabrication procedures. Otherwise, we have
to calculate a factor of something between 2 and 4.

STAHL: In the longer term, beyond three or four years, would you
anticipate that you would still be in the range of 1.2 to 1.7 times
the present?

HASSEL: Roughly.

FERADAY: I would like to make a comment on fabrication; this is a
general comment really. Since we must go from a fabrication route
that can be done outside in a normal atmosphere to one that has to be
done in glove boxes (I think we all know that working in glove boxes
is more difficult), the labor cost would certainly go up for identical
fuel done in the globe box as compared to that done in outside air.
That's just a general comment.
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HASSEL: This makes no difference, because we are already working
in glove boxes; so this is not a question for us.

NEWTON: I'd like to make a comment. The glove-box procedure is
standard practice, I know, at Atomics International. But, I think one
of the problems we are goi^j to have to overcome is the dog-boning
problem to where you get a reduction in the thickness of the plate to
within reasonable limits. We may have to increase the plate thickness
slightly. Let's hope that we would not have to change it
significantly so we would not have to go through a major core
redesign. Would you like to comment?

HASSEL: All these factors - dog-boning, blisters, and things like
that — have been known for 50 years or more, and we have made big
efforts in the past to find procedures to overcome these difficulties.
Also, of course, we started with very low density fuel in the past and
this problem came up every time when we increased the density of the
235U content per volume. We found a lot of fabrication tricks to
overcome this problem.

NEWTON: My question, then, do you think that the dog-boning
problem should not be a serious problem as we go to thicker meat
sections.

HASSEL: I don't mean that. In any case, we will have dog-boning
in the beginning and we will find procedures to eliminate it with
special cladding material, with a special loading process, with a
special form of the picture, etc.

STAHL: Someone made the comment earlier that cost will go up
because you're handling more uranium and less aluminum, and I wasn't
certain what the major element of cost was, since you still have to go
through a blending operation. Particularly if it's U3O8, and you buy
your powder as U3O8 there's no conversion cost because you should just
be able to mix the material in the right proportions. Certainly with
aluminide it would be a little more of a problem, of course, since you
have more of the aluminide phase to produce by arc melting.

HASSEL: Always, in the past, and probably also in the future, we
are not very happy with the delivered metal or other delivered
products, other than UF6. We like to convert the uranium by our
chemical process. It is already an important factor in getting good
results in the metallurgical powder fabrication. We don't like to
accept other products.

TRAVELLI: Maybe I could make a comment. If I understand
correctly, we are talking only about the fabrication cost, not the
cost of the fuel elements themselves. In general, I think the cost of
the fuel that goes into the fuel elements amounts to something like
60% of the total cost of the element. That means that, to have just
an order of perspective, if we are talkmc, about an increase 'in the
cost of fabrication between 20 and 70 per cent, the total cost of the
fuel element will be increased by a value which is between 8 and 28
per cent.

HASSEL: We have somewhere between 70 and 80/85 per cent of total
fuel element costs up to the point of the finished fuel plate. The
production costs of the fuel plates starting with UF6 is around 80% of
the whole fuel assembly, and just 20% as a rough estimate is in
assembly costs, tools for the assembly structure parts and things like

208



that. And, in effect the 1.2 to 1.7 on the basis of better
fabrication quality control procedures, is already calculated for the
80% part of the fuel element itself, in form of fuel plates.

TRAVELLI: OK, the 1.7 is the factor by which you multiply the cost
of the fuel element minus the cost of the material.

HASSEL: We always calculated the fuel element costs or the fuel
plate costs without the enriched material costs.

TRAVELLI: That was my question essentially. A user would like to
know how much the cost of the fuel element will go up. What I'm
saying is that he should not use your 1.2 to 1.7 factor.

HASSEL: That is the fabrication costs starting with UF6 conversion
to metal or u3O8 and up to the fuel element assembly.

STAHL- I have a general question on the conversion cost. We pay
for full' enriched versus less than 20% material. I'm not sure
whether the cost of 20% material is about 1/5 the cost of fully
enriched material. Is that on a straight line basis? Does anyone
know that?

BINFORD: (ORNL) The cost of conversion of UF6 in this country, the
last I heard, which was about a week ago, is $30 a kilogram of
uranium. So the cost of conversion of the 20% per kilogram of 235U is
five times roughly the cost of conversion of the 93%. But it's still
pennies compared to the cost of the uranium itself. 235U 93% enriched,
right now, is selling for something like $27,000 a kilogram of 235U as
UF6. The 20% material is selling for about $25,000 a kilogram of 235U
as UF6. So there's very little difference in the price. The $30
conversion price, as I say, is only pennies per gram compared to the
$5,000 cost of a kilogram of the material itself. But, one thing that
I think you should bear in mind, as far as the universities are
concerned, is that they do not pay the cost of the uranium. Or, they
have not been in the past. That cost has been supplied by DOE. The
uranium is free;. So, if the fabrication cost, indeed, goes up by 1.2
or 1.7, it goes up by that much to the universities, to those people
who are getting uranium free.

FERADAY: Presumably the cost of doing the conversion would be
charged to any of the fuel exported at all?

BINFORD: I would think that it would be charged to whoever would
buy the UF6. This conversion cost is, I understand, United States
conversion cost by DOE. So, I don't know what the cost would be
elsewhere, for example, to UO2 from the UF6.

von der HARDT: (JRC Petten) What we are really interested in is
the total fuel cycle cost of a test reactor, and for the case we have
studied, this is a 50-megawatt materials testing reactor. The fuel
cycle costs breaks down to approximately 1/3 fuel proper, 1/3 fuel
element fabrication, and 1/3 reprocessing, conversions and transports.
The latter cost, of course, is fairly high for your European users.
For a transformation of a reactor from 93 to 45 or 30% enrichment, we
envision increases, of course, in all three departments. Firstly, for
fuel element fabrication we've heard the comment from Mr. Hassel that
he thinks that anything between a 20 and 70% increase should be
envisioned. Secondly, as for fuel costs, although the price per
kilogram 235U is very nearly the same, independent of the enrichment, we
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have a higher turnover of the material in total so we have higher fuel
costs. Thirdly, in the transport and reprocessing department we are
envisioning cost increases that are proportional, again, to the
overall amount of material that is turned around. There is a
substantial increase in such overall quantities.

TRAVELLI: I had the impression that when you calculated "che
increase in the fuel material costs, the increase because of the
increased turnover was very small and it was partially balanced by the
lesser enrichment costs. Was that correct?

von der HARDT: The fuel costs are composed of separative work
units and feed. Again, whether you have 20% or 93%, if you express it
in price per kilogram of 235U it comes out approximately the same.
However, we need more 235U because we have much more 238U in the core,
and this is what causes the increase in this respect.

STAHL: What is the influence of safeguards on the fuel cycle cost?
Do you have a feel for that?

von der HARDT: Well, this I can't really answer completely because
I am a regular operator, but I gather that the increase comes from
increased transport costs on one side, then the higher physical
protection costs in the fuel manufacturers side, and eventually, in
our own place, our own physical protection measures. The first rough
discussions with fuel manufacturers have indicated that they envision
a long term increase of price because of physical protection measures
somewhere in the order of 25 to 35 per cent. The conclusion that this
can be eliminated by complete change-over to low enriched material I
don't think is correct because most fuel manufacturers will have a
mixed set of fabrication lines anyway, and they will fabricate the 20%
fuel elements in the same buildings as they will fabricate the 93%
fuel elements. As far as transports are concerned, the European
transport companies are adopting the safety vehicle of U.S. design.
The cost increase for transport cannot really be estimated at a very
high precision. It does not come too much into the overall fuel cycle
cost. This can be written off on the fairly high number of
transports. As far as the reactor site protection proper is
concerned, we have only just an idea about the .investment, which is in
the order of several million dollars. We have no idea yet about the
increased operation costs, due to additional payroll and so forth.

BINFORD: I would like to expand a little bit on this business of
the amount of uranium you nave to use. I did, or caused to be done,
some back-of-the-envelope calculations the other day for ORR, which is
a reactor I am fairly familiar with, to try to determine what would be
the effect of going from the 93.6% uranium that we're using at present
to 45 wt % enriched. Based upon our present element, what it wo1: Id to
do our fuel cycle? It turned out, and I must confess that this is
still a back-of-the-envelope calculation, more or less, that tne K, for
the ORR 240 gram, fully enriched fuel elements is about 1.76. The k,,
for a 240 gram, 45% enrichment element is about 1.71. Now this is
only about a 3% difference, and it doesn't sound like very much. But,
as a matter of fact it adds up to about $4 in reactivity. Now, the
curious thing is that if one wishes to get that back, one has to add
about 64 grams of 235U in terms of 45% enriched uranium and go to about
a 304 gram element. Now this is a penalty in two ways, of course --
you are using more uranium on the one hand and on the other hand it's
a penalty in that you loose some neutron flux. I really think that
part of this program should involve some pretty careful physics
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calculations because there are probably some things that you could do
to get that back, optimizing core design a little bit. I think that
this should be an important part of the program.

KUECHLE: I would like to comment on the two last points. One is
that, at least for the situation in Germany, the cost of physical
protection by far overrides the safeguards cost. The safeguards is a
few percent of the fuel cycle cost whereas the physical protection is
much higher. It will not be reduced by going to lower enrichment
according to the present German regulations; they will keep the same
guards system, and it would cost the same. As to the point of the
increasing 235U content we have made some calculations showing that for
the same core life you need approximately the same initial excess
reactivity and that would mean 15% more a35U when you go to 45%
enrichment and a factor of 1.4 to 1.5 if you go to 20%.

BOUMERC: (CERCA) I think that the question could be considered,
in fact, using two approaches. Up to now many have said what will
come after the new situation arrives. Maybe another approach could be
contemplated. It would be to think what could we do to keep the
prices as steady as possible in the new situation. I think that those
two approaches are not exactly the same.

I should like to take an example. I think it's easier to consider
the low power research reactor, or training reactor. I mean the
largest one of two megawatts, for instance, like those which are
mainly used in a university or in some developing countries. We very
often met specifications when we received an inquiry which are based
on 15- to 17-year-old considerations. At that time, for instance, the
cladding material was pretty much pure aluminum where many other
conditions were to be met. Now we are using a rather hard cladding
material. We are able to introduce much more safety in the continuity
of the thickness, or the homogeneity, of the fuel. But, nevertheless,
we have to apply some specifications which are obviously obsolete
because the technology has been increasing a lot. This morning
somebody was saying, of course, all this has to be done while keeping
the safety at the same level. But what you have to take into account,
I think, is that during the last 10 years, even though we may not have
been very conscious of it, the safety has been continuously
increasing, because during the 93% period it was very easy to agree
with some extra specification, some extra hard duty the fuel
manufacturer had to comply with. I think that the present tiae could
be a very good opportunity for checking among all the specs what is
really necessary -- what is really imposed by the safety and what is
only some vestige of the history of those kinds of fuel. This could
be a good contribution to the treatment of price problems.

STAHL: Are you suggesting that users are ordering fuels to
specifications that are tighter than what they really need?

DOUMERC: I was careful at the beginning of my statement; I was
taking an example and speaking of the low power research reactor. In
that case, definitely yes. For instance, I should prefer to have Mr.
Dewez bring in his opinion.

At_ that time in the cladding material, the thickness of the
cladding was representing one, maybe two grains of aluminum. Now,
meyb;.j they are representing five or six or seven grains in the same
thickness. This means that in the case where some product has to go
out along the grain boundaries, the path is much longer with the six
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or seven grains than in the case of a singular grain. Moreover, when
the sensitivity of the cladding to scratches and so on is
contemplated, it is not at all the same when you have cladded with
pure aluminum or with a rather hard alloy. For another example,
consider the thickness of the cladding at the outer plate, I mean the
one which could be subject to any alteration during shuffling
operation. It is now possible to have thicker cladding at that
particular point of the fuel element. I think it has not been taken
into consideration to, I should say, stretch out the firmer specifica-
tions .

Many other examples could be found. Take the curvature of the
plates -- I've never heard of any reactor having met any trouble
because it was using flat plates. Nevertheless, we are very often
requested to supply curved plates, which is much more expensive for
many reasons. Yesterday, I was speaking of tooling which are
different by only some tenths of a millimeter. I think it doesn't
matter whether you have two millimeters between the core of a plate
and the internal surface of the side plate or 1.9 to 2.2. I think the
difference is not very sensitive, and in some cases you need to
prepare a full new set of toolings and fresh dies, only for fitting
exactly by 2/10 of a millimeter the new specifications. All this has
to be really accurately and matter of factly examined, of course.

CUNNINGHAM: (ORNL) I would like to address some of these points.
I'm wholeheartedly in favor of more standardization; in fact, the way
we have been able to reduce costs is doing just what you are saying.
But, on one point I want to take issue with you. On a higher-power
reactor, like the ORR and the MTR we had a plate reversal, the two
plates touched, and we got melting. So, you have to be careful about
going away from the curved plated in a higher-powered application vs.
one that is low-powered, like one or two megawatts. We have built
elements with flat plates for a low-power application and they work
fine. But you couldn't get away with that, say, in an MTR or
30-megawatt ORR, or some similar reactor. But, there is much room for
improvement, hence standardization. When I look at all the research
reactor fuel elements across the country, I see everybody's little
hand-made characteristics which they put on them. Practically 2/3 of
the elements could be identical. But, X reactor changes this little
thing, Y reactor changes that little thing, and, this costs money. The
fabricator has to have different dies because this guy's plate is a
fraction of an inch longer. This could all be standardized for
reactors in a certain power class and you could save a lot of money.

STAHL: That's very true, Jack. I believe that the TRTR group is
looking at that very closely, to standardize at least the American
university reactors, as far as their fuel configuration. I don't know
whether the higher-powered reactors can fit into that as easily.

CUNNINGHAM: Simplification of the end fittings, you can save a lot
of money by doing that.

BINFORD: Dave, on the curved plate thing, I'm pretty familiar with
the history of it but I won't go into it because it's a long story.
If suffices to say Eugene Wigner was the one who invented the curved
plates because we were concerned about flutter in dead-soft 2S
aluminum, which we don't use any longer. The problem with going to
-•Irt plates in some of the high-power reactors and, possibly, in some
of the university reactors is the fact that the core box itself is
designed to take the curved plate or the flat plate as the case may
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be. In the ORR for example, it would take a very, very significant
modification of the reactor core itself in order to accommodate the
flat plate. Now the ETR, I believe, uses the flat plate. This is a
high-power reactor and has had no trouble, so the point is well taken
that flat plates are practical. If we had known 20 years ago or 30
years ago what we know now, we would have made flat plates. But, I am
not sure it's going to be a simple matter to change, in some cases,
anyway.

DOUKURC: In fact we are conscious of the concern which a reactor
operator would have if he were to convert the core from curved to flat
plates. But, to a certain extent, we are able to bring the beginning
of a solution. For instance, we already have under study some
transitory element which could be able to accommodate curved plates on
one side and flat plates on the other side. The first advantage would
be to avoid the total rejection of only half burned elements of the
former design and to keep them working it until the end of their own
life. It seems that the only point where real trouble could be met
would be with the shape of the reflectors, if any, either beryllium or
graphite. In such a case maybe the neutral nations would have to
answer whether or not it is a trouble to add water, a water-gap I
should say, on the front curved side of the reflector. If the answer
is that such extra thickness of water can be accepted, there is only
1/2 of the reflector to be modified, not the total. I think that by a
realistic approach the expenses which, from a first sight would look
as rather high, can be reduced by very light cooperation between the
fabricator and reactor operator.

STAHL: Rodney Knight, I wonder if you might care to comment on
this general cost problem. I don't know if you've had time to discuss
this with the TI people.

KNIGHT: Well, if you go to loadings that are high enough so you
make a physical change in the fuel plate, my thoughts at the moment
are that it will cost in the order of 75,000 to 100,000 dollars in
tooling. Now, this may not be a problem, I've got stress, if you can
come up with some sort of standardized design so that these dollars
can be amortized over many reactors. You actually in the long run
probably will save. But, if you talk about a specific reactor,
particularly a university reactor, where the use rate per year is low,
you're amortizing it over so many years that you really run it out of
business. One of the reasons why I picked this 45 isotopic % U308 is
because I feel that with the technology we have a TI today we can make
a fuel element with 50-mil-thick plates with the same core outline for
which we have qualified the 41 wt % fuel in the element. But, if we
start talking in cerms of 65 wt % I'm not sure that that's true. I
think I may have to go to a thicker core or thicker plate. If this
happens then my core outline changes, my side plate changes, the fuel
plate dimensions themselves change some, and you're right back to
day-1 retooling, which, if at all possible you want to keep away from.
But, if you do have to do it, do it for as many people as you can at
one time.

DOUMERC: That is absolutely true. But, I think it seems that such
an operation would have to be mastered by some organization having the
capacity to obtain information and to induce some standardization.
Otherwise, that particular approach would probably lead to such
universities receiving a lot of demand for information. I think a
general gathering of information would have to be taken in charge by
an organisation appointed for the purpose.

213



KNIGHT: Well, there's another point too, and it's a very serious
one for those who are licensed under NRC. If I tell Frank I'll make
him ORR fuel elements and I'll make him BSR fuel elements and they're
going to look exactly the same except for end-fittings, it isn't going
to shake him up too much because there's not that much involved. But,
if I tell a university reactor operator, "Yes, I will give you an
equivalent fuel element but it won't look exactly like the one you
have," and he's got to go back to NRC, then he's scared to death and I
don't blame him. We've got one fuel element now that we are making
that is NRC licensed. There are things that they would like to do
with th<=dr specifications; there are things that we would like to see
them do because it is costing them money; they aren't going to because
it would be more hassle to go through NRC to get approval to change
these specs than it would be to live with the added cost and the added
effort that we have to put into it.

STAHL: We have two gentlemen from the NRC here; would they care to
respond to that?

RAMOS: (U.S. NRC) Let me make a couple of comments. During the
last year v/e did a reorganization within the licensing branch,
Operating and Reactor Branch Number Four. All the project managers,
about ten of us in there, handle both power and research reactors.
Two of us handle nothing but research reactors. So, since that has
occurred there has been a great deal more emphasis put on the
amendments and standardization of relicensing, and what have you. So,
I don't think that the licensees are really seeing this change yet.
But, as amendments come in they are being handled in more rapid
fashion and, in most cases, in a much easier fashion.

STAHL: Do you have, Steve, -- I'll just pursue this further --
several degrees of amendments that require different kinds of reviews?

RAMOS: Yes, let's take a license renewal. It depends on the
reactor. Say you have an AGN. At the present time the laws require us
to do a full operating license renewal. That means that the
application submitted must have enough data, safety analysis, an
updated physical security plan, an updated emergency plan, etc. We
are in the process of trying to change that. The AGN and certain low
power TRIGAs and L85's, etc., we are trying to do on a pro forma basis
so that we don't have to go through all that. We'll do sort of an
audit of the records. If they've shown good operation, no problems to
safety or any other type of incident and the technical specifications
can show us that during the time of the license renewal period the
plant will be operated in a safe manner, then we'll almost rubber
stamp it. There are some amendments that are coming in and some of
these are in conjunction with power increases that require quite a bit
of evaluation. And the reason that is, is because each time we get a
power increase it has to be prenoticed, which means it opens up to the
public. In certain areas, like California, if you come in with a
prenotice for a reactor to increase its power level we can almost be
assured that we're going to have a hearing. GETR is an example. When
they came in for their license renewal a year and a half ago, an
intervener got involved and we've been doing nothing but hearings on
that thing for the last year and a half. Now, when GENTR comes in for
the renewal in July, we fully expect to have the same kind of hassle
that GETR has. In other areas we don't have that problem. We just
gave University of Idaho a power increase, and it took about 20 days.
So, to answer your question, yes, there are a great variety and degree
of amendments.
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STAHL: Would there be a full scale review, for example, if
modifications were made within the fuel plate -- everything else being
the same, the cladding remaining the same?

RAMOS: We would have to look at the physics to see what changes
are made.

ST?JTTJ: For example, the conversion from alloy to aluminide
dispersion fuel.

RAMOS: We just did that for Michigan. They had alloy fuel before,
and we just approved the aluminide for them. But that took a complete
review from the physics standpoint. They also changed the cladding
thickness so we had to look at it from a thermodynamics standpoint,
too. So, it all depends on what the change is. If you all decide to
come up with a standardized fuel, you would help our problems
tremendously, because if everyone uses a standard fuel and they all
make the change together, it's a very simple change.

TRAVELLI: I have a general question if we can move on. The point
is that it seems to me that most of the fuels that have been
considered at this conference fall into the category either of
aluminide-aluminum dispersions or uranium oxide-aluminum dispersions
or uranium zirconium hydride or U02 or uranium silicide. The main
differences of opinion that were expressed by the fuel fabricators
were in which densities of uranium, either in weight per cent or grams
per cc, each fabricator felt that it achieved in each of these types
of fuel element today with great confidence or today with some
uncertainty of the results or within three years from today. This is
one question to which it is very important that we reach some type of
consensus because it will direct essentially the effort of our program
and the type of demonstrations that we plan to have. I wonder whether
each of the fabricators and developers could try to summarize his
position so we can reach at least some type of consensus on the
densities that, as a group, we feel could be achieved in the various
fuels.

What numbers would we like to write here for each of the fuel types
to correspond with the densities of uranium in those fuels? (See the
table on the following page).

KNIGHT: You've got to recognize that when you're talking
concentrations there, what the loading of the fuel plate is today. It
may make a great deal of difference what your near term confidence is.

TRAVELLI: The way I was trying to define it here, near term would
be something that one would be ready to put in a reactor within 6
months or so and irradiate these with high confidence, or with some
uncertainty and instead I was calling long term something that we
might be able to irradiate in this fashion within 2 or 3 years from
today.

FERADAY: I've also got another set of figures for the different
compositions of uranium aluminum alloy which I could put there in
retrospect.

TRAVELLI: That is for the uranium aluminum mixture?

FERADAY: Yes. 21 wt %. That's assuming no porosity. What I put
on the left is aluminum uranium alloy. Just a straight alloy.
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Anticipated Uranium Loadings, g/cm3

Fuel System

UA1X-A1

U3O8-A1

U-ZrHx

U02

U3Si

Near-Term
Very Likely

1.3a

1.5b

2.1°

1.3a

2.8d

3.7C

8.7

Near-Term
Some Uncertainty

1.7a

2.3b

2.3C

2.6a

3.1d

3.0c

8.8*

Long-Term

2.4a

2.8 - 3.3b

2.4 - 2.7C

3.3a

3.3d

5.9'

11.38

fNUKEM
EG&G Idaho
JrCERCA
ORNL

CEA
SANL
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STAHL: Yes, what you have is the relationship, but what is the
likelihood that material of that density would be commercially
available?

FERADAY: Well, you know that the 21 and 28 wt % alloy fuels are
commercially available; the 40 wt % obviously is getting more
difficult; and the 50% very difficult. That's just for matter of
information rather than saying that these are feasible.

TRAVELLI: I was just thinking of some number that NUKEM gave me,
and let me say that right here these are the NUKEM estimates for the
UAlx in grams per cubic centimeter, which is what was used here. And
for the U308 I read here from the table approximately the same for the
present and around 2.6 in the near term or short term developments and
3.3 for the long term -- these are the NUKEM estimates.

SCHWARTZ: Who is manufacturing U3Si? In my frame of reference, it
corresponds to long term.

STAHL: There's no one making it but we are working on the
dispersion.

FERADAY: I'd like to ask a general question on increasing the
loading of high density fuel. I was wondering whether uranium metal
itself, just uranium metal, was considered and rejected as a
possibility. If you have a dispersion then presumably the continuous
phase is the aluminum and the defect problem is not very severe.

STAHL: That's a good question. Actually, what we had decided was
that we wanted some corrosion resistance in the uranium phase as a
back up to the dispersion itself. We did not consider uranium. Also
the swelling rates of the low uranium alloys are very much higher than
most of the other materials, several factors higher.

FERADAY: I think that depends on the restraints, does it not? We
irradiated some uranium metal, just uranium, to about 6,000 MWD/T,
having suitable voidage like the U3Si, with no external swelling at
all.

STAHL: Well, that's a very low burnup. You'll find that with
uranium alloys, particularly if they're not stabilized uranium, they
will break away in swelling after several atom percent burnup.

FERADAY: In fact, I did some calculations for the SAFARI Reactor.
I happen to have the fuel plate size and just did a substitution for
the present fuel. The present 235U per plate was 10.5 grams. Using U02
at 90% density you could put in, if you wanted to, up to 31 grams of
uranium just in straight substitution.

TRAVELLI: The main problem, it seems to me, that comes with the U02
is the ability to fashion it into plates which are of comparable
thickness with the plates which are used in MTR-type cores.

FERADAY: I think you could go to the powder, the vipac, route,
whether it's sol gel or some other route. But, I don't think that's
the problem. But, what are you talking for thicknesses, 30, 40, 50
mils? I think vibratory compacting those thicknesses into lengths of
2, 3, 4 feet would not be a problem. Then you have to do a roll
reduction or some kind of a suitable reduction.
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STAHL: I wonder whether, when you compacted 90%, was that
sufficient to keep particles from moving around. I would be less
concerned about the fission product swelling and certainly in early
stages of burnup than I would in the redistribution of fuel.

FERADAY: Well, I think there's lots of work done on the 90% level
both at Oak Ridge and Westinghouse of Hanford. These are vipac,
sol-gel vipac, powder pack for mixed oxides. I believe I'm correct to
say that they've not seen any distribution of plutonium in high
temperatures.

STAHL: Yes, you're talking about fxiel rods as opposed to plates
and iri the fuel rod we have a much higher centerline temperature which
is causing sintering of those sol-gel spheres or vipac particles,
whereas in your case we're operating as too low a temperature to
sinter.

FERADAY: We took apart some of the powder pack plates we had made,
swaged to 90% density, and they came apart as a little shell, a very
thin shell. Obviously if you put your fingers on it would bust up.
It depends on if you get into reactor sintering, and for the kind of
thicknesses you're talking about, your fuel temperatures will probably
not exceed 600°, 700°, 800°C.

STAHL: I understand that Dr. Leonard has to leave. Are there any
comments you would like to make?

LEONARD: I didn't mention the lead time in purchasing PULSTAR
fuel. The lead time as far as purchasing PULSTAR fuel is
approximately 9-10 months.

STAHL: I presume that since you are already operating at low
enrichment a change to perhaps increase the enrichment slightly would
not be a major perturbation in your cost.

LEONARD: Well, going to 20% in the design of a PULSTAR fuel,
extensive parametric calculations must be made as far as lattice
spacing and size of pins. In terms of minimum critical mass, and also
the doppler coefficient, effects in going to higher enrichment would
mean another study. Possibly, different diameter pins and this kind
of thing would be required to get an ideal situation again.

CUNNINGHAM: I've got to leave, and I just want to make one final
comment on this fuel density business. You know, many years ago we
looked at a di-carbide and a mono-carbide in dispersions of aluminum
and eliminated them on the grounds that there was extensive
interaction and they have very poor corrosion resistance.

STAHL: Thank you Drs. Leonard and Cunningham. Since *'-:'ve been
speaking about UO2, let me ask if there are further questions for Dr.
Schwartz concerning the caramel fuel.

KUECHLE: You mentioned in your talk the possibility of going to
higher enrichment by using uranium oxide-zirconium oxide fuel to
dilute the uranium. Is there any testing on that fuel or fabrication
already done or is that just an idea?

TRAVELLI: Are the pellets of the caramel fuel also contained in an
envelope?
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SCHWARTZ: No. At first the technique was to wrap the pellet
itself in a zircaloy foil but that did not succeed. It was not
followed in this way.

FERADAY: I was just wondering, on the caramel fuel, what are the
sort of fuel central temperatures you are talking about, and what gas
releases are you anticipating at thermal burnup?

SCHWARTZ: Well, we are running, I'd say, between 300° and 400°C,
and we are expecting no gas release.

FERADAY: So, why is there a problem of making it one long element,
if there's no gas release?

SCHWARTZ: Just in case of accidental core configuration or clad
failure, in this case only, you could have some fission product
release. In normal operation, of course, there is no gas release
inside the pellet itself.

FERADAY: Surely, if you get that kind of an accident, it's going
to be a disaster anyway.

SCHWARTZ: It depends on what kind of accident. If you are
collapsing one water channel on one pellet, this could be concerned
with only one pellet.

STAHL: Let me ask a question. If you go to UO2 powder in a plate
type geometry must you stay with zircaloy? Could not a stiffer
aluminum be used?

FERADAY: Well, I certainly feel a lot safer with zircaloy as a
designer. But, I think you would have to look at the application and
temperatures you are talking about. If you get to 400°C central
temperature, with maybe 200° or 300°C surface temperature, then maybe
you're all right with aluminum. So, it may be that if somebody does
look at the design he will have to do some compatibility studies on
the conditions he is talking about.

STAHL: I think it's not so much a question of compatibility, since
we are operating at low temperature but a question of the material
parameters during any rolling.

FERADAY: Yes, I think you're right. I think the zircaloy would be
required to density the material. Otherwise you'd elongate your
aluminum rather than densifying your fuel.

STAHL: Could you extrude rather than roll?

CUNNINGHAM: If you really want to do what you are saying, you
really ought to look at the sol-gel microsphere technique, because
this gets rid of all your hot and cold workings. You see, what we
take are several size brackets of these microspheres and they can be
loaded and sphere packed and its all cold operation. You don't have
to do any hot or cold workings. You can get sphere densities that are
the same as you get with cold pressed and sintered pellets. So you
could make a long plate like he's saying, that's no problem. You can
take a CARAMEL plate like he's talking about and load each one of
those that way. You can size your microspheres very easily so you can
get the densities you want and it's very simple and cheap, and that's
why the light water reactor people are now looking at us because the
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fuel itself performs in the reactor so much better than the pellets,
which gives you the added advantage that it performs very well in
service as well as being a cheap fabrication process. The people who
are interested in the U02 should get up on the sol-gel technology.

FERADAY: I certainly agree with Dr. Cunningham. It does become a
problem though if you're trying to compact very thin plates, because
with this factor of 10 between sphere sizes, if you're saying the
smallest size sphere you can produce is 10 microns that means the
biggest size is going to be a 1,000 microns, or one millimeter, and if
you're talking about a plate which is only a millimeter thick...

CUNNINGHAM: You're using sizes that we're using for the fast
reactor application where we've got, say. 1/4" stainless steel tubing
with 10 mil wall. Those are the sizes we are using there. If you go
to a different plate configuration, you'd drop your sizes, your
microsphere sizes down. You might even want, to go to 3 sizes. Do you
see what I'm saying?

FERADAY: Yes, but can you get less than 10 microns in size.

CUNNNINGHAM: Yes, you can get all the way down to 2, 1 microns.

BINFORD: I think we left the short term applications some time
ago. It seems to me that now we are talking about things that are
pretty far in the future. I must confess that things that haven't
been developed have far less problems than things that have. But,
don't you think we ought to stick with those things that are
reasonably possible in the near future? I think the UAlx, the U3Oa,
and, possibly the TRIGA elements are about the only ones we've got
going for us right now.

STAHL: Yes, I would agree with you, but I think that the potential
for utilization of the UO2 powder, either as sol-gel process or any
other...

BINFORD: I'm not suggesting that we won't but, before I reach
retirement I don't think we'll be doing it.

FERADAY: I'd like to disagree with you, I think the Oak Ridge
people would say that the sol-gel technique is here. Vibratory
compaction has been here for years. All we're talking about is
developing a rolling technique for densifying, or, what Dr. Cunningham
is doing, using three size spheres so you don't need to roll it.

BINFORD: Well, I guess that's my point. All we're talking about
is developing a rolling technique. I don't know, I just wonder
whether or not that's a profitable thing to pursue in the near term.
Now, I'm not suggesting that one throw it away completely. But, I
would like to make one remark, to reiterate what I said earlier. We
spent a lot of time trying to figure out how to stuff very large
quantities of uranium in rather distastefully small volumes and I
suspect that to some extent this can be done, but I would like to
renew my plea that we look at what this does to the reactors, because
the physics of the reactor is very, very important. I'll give you an
example. In the ORR years ago we used 200-gram fuel elements. For
about 9900 megawatt days per year operation we had to use about 150
units. We went to 240 gram elements, and we cut that usage to 100
units for the same number of megawatt days. We feel that if we go to
300 grams we will cut it still further to about 70. And that is a
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tremendous savings, and it's been brought about by improvements in
fuel manufacture, of course, using 93% enriched uranium. Now, what we
are doing here is essentially backing off from those improvements,
that is, improvements in performance because of the increased loading
that we can now have. Now I must confess that this won't be as bad
for small research reactors as it is for the big ones. But,
nevertheless it's something to consider, and I think we should try to
compensate for that in some way by seeing if we can improve on the
physics of reactors. I really believe that needs to be looked at
very, very carefully.

TRAVELLI: I agree entirely. We are looking at the changes in the
design, and we are looking very carefully at the physics and trying to
squeeze everything we can out of it. But, the only way that we have
left is to try to take in as much uranium as we possibly can. I
understand what you said about what we are trying to do is to go back,
but, actually, what we are trying to do is go forward with a new
constraint that has been put upon us; I would like to keep separate
the constraint from what we are trying to do.

MARTIN: I'd like to comment on the ORNL numbers. The near term
was what was accomplished in 1960, the 2.8 in the terms of the U3OB.
This was with 1100 cladding. I believe we can change to 6061
cladding, i.e., standard cladding, and go immediately to 3.1. These
correspond to 55 wt % uranium and 60 wt % uranium, respectively. I
think a conservative estimate in the long term would be 65 wt %
uranium. With the material that's running in the Savannah River
reactors, the 3.3 would go to 4.5. This is my chart. I don't know
whether I can develop that fuel. The upper limit I think for U30B is
4.5. I feel very confident that, in the long run, 3.3 would be
acceptable.

STAHL: Do we have further questions from the panel, or from the
floor?

NEWTON: Yes, I would like to make an adjustment in my estimation
for the long term. I am not certain that I am using that 3.3 that I
have up there as a target, but, as for the long term, the certainty on
that I would say was more limited than it would be in the case of the
short term or the near term high confidence. So, if you want to talk
about long-term, high-confidence, I would be inclined to change my
number to 2.9.

STAHL: Let's keep 3.3 for the long-term uncertainty and 2.8 for
the long-term high probability.

KUECHLE: I have only a general comment on this procedure. Because
of being in the safeguards business for 10 years, I had the similar
experience in that time in developing instruments. At the beginning
different companies were competing with each other in proposing better
and better accuracies, and the picture looks very fine. When the
things became implemented it turned out nothing was true--what they
had promised and the instruments were very complicated, needed a lot
of servicing and finally, they are not used in practice, very few of
them.

So, my feeling is that the same could happen here, that the
different companies, competing with each other, want to be on the top
and forget then that in reality it could come down. Then there is a
very great disappointment in the whole business. You must be careful
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about getting too optimistic views.

STAHL: Yes, I must respond to that by saying we will be meeting
from time to time, the same group, either in Europe or here again, and
we will look at these numbers and see what kind of progress we've
made. Certainly the development activities will be ongoing. So ' ;
near term will have passed. Then, hopefully, we will have got*" . . more
into the future with more certainty.

TRAVELLI: That was also one consideration in choosing the
definition of the near term, something that is very near so that we
could check it soon.

STAHL: Do you have any other comments, Armando, before we close
this session?

TRAVELLI: Not for the round table discussion, but I would like to
thank very much all of you, all the participants who have come to this
meeting, especially from far away lands, to share with us what we are
doing and what we plan to do. I hope that many of you will still be
in Washington, D.C., in the next few days. There is the ANS meeting
there, and I think that might provide another opportunity for you or
us to get together and share new ideas that we might have. Otherwise,
I thank you again very much and will see you the next time.

STAHL: Thank you, Armando, and I'd like to thank again the members
of our panel for this afternoon's discussion and the audience for very
interesting, thought-provoking questions.
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