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PREFACE

Conversion of research and test reactor cores from the use of high enrich-
ment uranium to the use of low enrichment uranium depends on the cooperation
of many research organizations, reactor operators, and government agencies.
At a technical level, it involves almost all aspects of the fuel cycle, includ-
ing fuel development, testing, shipping and reprocessing; experiment perfor-
mance; economics; and safety and licensing aspects. The reactors involved and
the conversion activities are distributed among approximately 25 countries,
making this a subject which is best dealt with on an international basis.

To foster direct communication in this area, the Reduced Enrichment
Research and Test Reactor (RERTR) Program, at the Argonne National Laboratory,
sponsored this meeting as the fifth of a series which began in 1978. The pre-
vious meetings were held at Argonne (International Meeting of Research Reactor
Fuel Designers, Developers, and Fabricators, Argonne National Laboratory,
Argonne, U.S.A., November 910, 1978), at Saclay (IAEA Consultants' Meeting on
Research Reactor Core Conversions from HEU to LEU, Centre dttudes Nucleaires
de Saclay, Saclay, France, December 12-14, 1979), at Argonne (International
Meeting on Development, Fabrication and Application of Reduced Enrichment Fuels
for Research and Test Reactors, Argonne National Laboratory, Argonne, U.S.A.,
November 12-14, 1980) and at j�lich (Seminar on Research Reactor Operation
and Use, Jl�lich Nuclear Research Center, Jl�lich, F.R.G., September 48,
1981). Proceedings from the two most recent previous meetings were published
as ANL/RERTR/TM-3 (CONF-801144) and IAEA-SR-77.

The spirit of this meeting differs slightly from that of the previous
meetings. The advances which have been made and the growing maturity of the
effort have caused a gradual shift of emphasis away from those topics which
dominated the floor during the first meetings, such as fuel and methods develop-
ment, and towards topics which concern more directly the practical application
of the new technologies. Thus, this meeting included several presentations on
safety, economics, reprocessing, and shipping.

The banquet address by Mr. James B. Devine, Deputy Assistant Secretary
for Nuclear Energy and Energy Technology, U.S. Department of State, provided a
major highlight to the meeting. His speech brought into sharp focus all the
major institutional and policy considerations which motivate the technical
activities discussed at the meeting, and provided the best possible introduc-
tion to these proceedings. Mr. Devine's address is reproduced in its entirety
in the pages which immediately follow this preface.

These proceedings were edited by various members of the RERTR Program.
In particular, J. E. Matos and J. L. Snelgrove corrected and completed several
papers as needed (with the help of the records provided by tape recorders and
by County Court Reporters, Inc.), and checked back with the authors to make
sure that the final product conformed with their intent. The task of compil-
ing the completed papers, of retyping many of them according to a consistent
format, and of assembling the proceedings in their final form was accomplished
through the combined expert efforts of C. Simpson, E. Johnson, and J. Kopta.

Finally, sincere thanks are due to all attendees for their many contri-
butions to this meeting, which is hoped to have promoted continued and inten-
sified international cooperation in the development and application of reduced
enrichment fuels for research and test reactors.

Armando Travelli
Program Chairman
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I appreciate the opportunity to appear before this important gathering of
scientists at this meeting on Research and Test Reactor Core conversion.
Before moving to my principal topic, U.S. Nuclear Non-proliferation Policy, I
would like to make some introductory remarks about the subject which brings
all of you to Illinois -- the program to reduce enrichment in research and
test reactor fuels.

The message I want to bring to you today is that the U.S. remains firmly
committed to the RERTR program and that we advocate supporting the program
until its goals have been fulfilled. There is a broad consensus among those
in this country who are responsible for nuclear activities that this program
makes an important contribution to our policy goals. President Reagan on
July 16, 1981 reconfirmed the U.S. position on the need to minimize the supply
of HEU to research reactors, and to maintain the U.S. as a reliable supplier
of nuclear materials. Executive Branch agencies which are involved with
administering the program are firmly committed to it. Recently, the U.S.
NRC also issued a policy document stressing its commitment to the reduction
of use of HEU in research reactors. The U.S. Congress continues to stress
the need to eliminate where possible the use of HEU, and has continued to
provide the resources needed for the program.

The goal of the program remains the conversion of all research reactors
to use of low enriched uranium. There are, as you know, some special purpose
reactors) which (like the THTR, the KNK-II) will have to continue to use HEU
for an indefinite period. But the U.S. aim is for all research reactors to
convert to use of 20 percent fuel at the earliest possible time, with minimal
technical and economic penalty to the reactor operator.

The budget for the U.S. RERTR program for FY 83 has been approved at
$5 million. The interest of the Congress and the Administration is such that
we believe that the RERTR program will continue to be funded adequately until
its goals have been achieved.

The U.S. is committed to be a reliable supplier of HEU in the period
prior to conversion to use of LEU. We believe in a system of voluntary
cooperation without arbitrary deadlines. Our processing of HEU license
applications has been speeded up over the last two years. All our trading
partners, to which we can export nuclear fuel under our legislation, have
obtained adequate and timely supplies. We will continue this approach. Our
ability to pursue this policy will be substantially assisted by continued
cooperation on conversion studies, and timely conversion when feasible, from
those who receive U.S. enrichment services.
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I am very pleased to learn that progress in aluminide and oxide fuels has
been excellent. I encourage all operators of reactors which can use these
fuels, to take steps as early as possible to convert to these new fuels,
consistent with completion of the testing program. From our standpoint, the
Administration is anxious to demonstrate progress in reactor conversions to
the Congress, the NRC, and the public. Tangible results from the program can
be a major factor in assuring continued financial support by the Congress.

I understand that there have been some technical difficulties in the fuel
development program for high density silicide fuels. This program may take
longer than originally anticipated. We will continue our work on the silicide
fuels'and also explore alternative fuels for reactors whose characteristics
make them likely candidates for such fuels. Of course, this is an R and D
program and we recognize that from time to time there may be disappointments
along the way. Good science and good engineering have never been accomplished
without some setbacks and redirection of effort. However, the goals remain
intact and we will continue to seek solutions to the various technical problems
that inevitably will arise.

The U.S. is also aware that safety analyses must be completed in conjunc-
tion with the use of new fuels. Other licensing problems may be associated
with the use of new fuel, or with geometry changes required to convert a
reactor to lower enrichments. We are prepared to work with you on these
matters.

In addition, we are issuing a revised Federal Register Notice dealing with
reprocessing HEU research reactor fuels. When studies underway at Savannah
River are completed, hopefully by next summer, we anticipate that the notice
will be revised to include the LEU fuels. The U.S. recognizes that many
countries are not prepared to license use of new fuels until arrangements have
been made for disposal. We are also aware of cost factors involved in con-
versions. However, studies by ANL have indicated that fuel cycle costs could
be reduced by use of LEU.

We realize that this is a very demanding and complex technical and
industrial program, involving fuel development, safety analysis, conversion,
reprocessing, and that there are costs associated with each step. Much further
work remains to be done. In my view, the technical, administrative, and
policy work and cooperation at all levels in this important international pro-
gram have been excellent. With continued cooperation of the kind we have had
in the past, we look forward to the ultimate success and completion of the
program.

With this introduction, I would like to spend some of your time discussing
current United States nuclear non-proliferation policy. I think it appro-
priate to do this, even at a meeting -- with primarily a technical focus --
because of the inherent importance of these issues; and because, in the final
analysis, the REM program itself is a product -- in part -- of concerns
about proliferation issues.

As with past Administrations, the present Administration places a very
high priority on this subject. A clear statement of this high-level concern
was contained in a recent address of Secretary of State George Shultz in the
UN General Assembly, .. the problem of arms control cannot be left to the
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two superpowers. The threat of nuclear proliferation extends to every region
in the world and demands the attention and energy of every government. This
is not solely, or even primarily, a concern of the superpowers. The non-
nuclear countries will not be safer if nuclear intimidation is added to
already deadly regional conflicts. The developing nations will not be more
prosperous if scarce resources and scientific talent are diverted to nuclear
weapons and delivery systems."

Unfortunately, as the task becomes more important, it also becomes more
difficult. Greater quantities of dangerous materials are being produced, and
new suppliers are emerging who lack a clear commitment to non-proliferation.
But the technology that helped to create the problems can supply answers as
well. Vigorous action to strengthen the barriers to aggression and to resolve
disputes peacefully can remove the insecurities that are the root of the
problem. The United States, for its part, will work to tighten export con-
trols, to promote broader acceptance of safeguards, to urge meaningful actions
when agreements are violated, and to strengthen the International Atomic
Energy Agency. As our action at the IAEA General Conference in Vienna should
make clear, we will not accept attempts to politicize -- and, therefore,
emasculate -- such vital institutions.

I think it is important to emphasize the very large measure of continuity
in U.S. policy on non-proliferation. This results not only from the presence
of a detailed statutory framework in this field, but also because there is a
broad, longstanding bipartisan consensus in this country about the crucial
importance of restraining the spread of nuclear explosives to countries which
do not presently possess such devices. The President's non-proliferation
statement of last year also emphasized the important relationship between non-
proliferation and U.S. national security. However, there are two areas in
which the policy of this Administration differs to some extent from that of
past administrations, and I would like to briefly touch upon these differences
of approach.

First, there has been a greater emphasis on the U.S. role as a reliable
nuclear supplier. The reliability of supply policy extends to those nations
which share our basic non-proliferation objectives. There is a linkage here
between U.S. nuclear supply and adherence by our trading partners to firm non-
proliferation commitments. Those who undertake these commitments should have
the benefit of a predictable and assured source of U.S. nuclear upply. Those
who will not provide such assurances will not receive those benefits. One
important way in which we have attempted to stabilize and improve our reli-
ability is the Administration's decision not to seek changes in the basic
statutory framework for our nuclear commerce. Although there are aspects of,
the 1978 Nuclear Non-proliferation Act which might have been amended to be
more consistent with the Administration's views, we decided not to seek such
changes, feeling that a disruptive legislative debate over the NNPA would
cause further doubt on the constancy of our national policy.

Another important aspect of reliabiity is the emphasis on cooperation
rather than unilateral action. Previous United States non-proliferation
efforts were severely criticized by some other nations for imposing major
changes in the standards and procedures for our nuclear cooperation without
prior consultation and agreement. While it is not always possible to obtain
full agreement on controversial policy changes; this Administration is
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endeavoring to implement its non-proliferation policy with a maximum of con-
sultation and prior notice to other nations who may be affected by our
activities. After such notice and consultation, we may still take actions
different than those others would prefer. However, this approach can reduce
some of the negative reactions which can flow from the abrupt implementation
of new policies without such prior exchanges.

We have received positive reactions from other nations to what they regard
as a less confrontational approach to nuclear issues. For example, at this
year's Uranium Institute meeting in London in early September a representative
of the French nuclear agency characterized the U.S. policy as a positive
development, stating that: "Most goverments now understand that the most
efficient developments are not necessarily the most spectacular, and that the
first prerequisite for an effective non-proliferation policy is a real world-
wide consensus, rather than attempts to dictate new rules through unilateral
decisions."

A second difference from previous policy involves the greater willingness
of this administration to distinguish among nations in determining the kind of
nuclear cooperation we will permit.

In matters of non-proliferation, just as in every other aspect of foreign
policy, concrete distinctions sometimes have to be made among the various
countries of the world. President Reagan has stated that the United States
will not inhibit civil reprocessing and breeder reactor development in
countries with advanced nuclear programs which do not present proliferation
risk.

Consistent with this position, the President approved an approach toward
the reprocessing of material subject to U.S. consent rights and the use of
plutonium derived from that material, which is designed to give our close
allies and nuclear trading partners a firmer and more predictable basis upon
which to plan their vital energy programs. At the same time this approach
will,, we believe, further our non-proliferation objectives including streng-
thening controls over civil plutonium.

Specifically, we are offering Japan and the countries of EURATOM new,
long-term arrangements for implementation of U.S. consent rights over the re-
processing and use of material subject to our agreement for peaceful nuclear
cooperation. This advance, long-term approval would apply only for facilities
and activities which we determine meet our strict statutory criteria.

These offers are being made in the context of seeking new or amended
peaceful nuclear cooperation agreements, which would be subject to Congres-
sional review. Our willingness to take these steps presumes the continued
strong commitment of these countries to our common non-proliferation efforts
and to developing and implementing more effective controls over plutonium.

We are proposing this arrangement only to those few nations which have
well-defined, advanced nuclear programs and where reprocessing and plutonium
use do not constitute a proliferation danger. Moreover, these countries
already have reprocessing technology as well as active research, development
and demonstration programs for advanced nuclear fuel cycles using plutonium.
They also possess sizable quantities of separated plutonium. Our policy does
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not endorse or encourage the spread of reprocessing and plutonium use, but
recognizes that major programs already exist and that we must work realis-
tically with our most important allies to ensure effective safeguards and
controls over sensitive technology and materials.

Also, this is not a radical departure from past practice. During the
past two administrations, requests for reprocessing and plutonium use were
approved on a case-by-case basis. Past approvals have involved primarily
reprocessing in Japan at Tokai Mura or the shipment of spent fuel from Japan
and a few other countries to France and the UK for reprocessing.

In the time remaining I would like to mention several other important
non-proliferation initiatives we have put in motion.

The subject of the IAEA has been the topic of intense discussion in the
U.S. Government since September 24, when the United States and about 15 other
nations walked out of the Agency's General Conference when the credentials of
Israel's delegation to the meeting were rejected. As a result of this unlaw-
ful action, the U.S. has announced that it is reassessing its participation
in Agency activities and have suspended our financial contributions to the
IAEA and cancelled participation by U.S. representatives in Agency meetings
and other activities.

We took this step because of our growing concern about the increased
politicization of an agency having crucial safeguards and technical respon-
sibilities. Although the denial of Israeli credentials triggered our
reassessment, the trend of events in the IAEA -- a trend in which political
disputes not germane to the Agency's responsibilities were being allowed to
increasingly frustrate the effective conduct of Agency business -- could not
be ignored. I cannot say too much about the specifics of our reassessment,
except to say that it will be conducted as expeditiously as possible, in full
recognition of the extremely important, in fact, unique role that the Agency
plays in the international nuclear field.

We attach great importance to the strengthening of the IAEA and its safe-
guards system. But, while the technical effectiveness of IAEA safeguards has
improved steadily over the recent past, it still is more uneven than we wish.
Our objective has been to work both bilaterally in cooperation with the IAEA
secretariat and multilaterally through a number of special projects to improve
IAEA safeguards. Several of these efforts focus on the particular problem of
safeguarding sensitive nuclear facilities.

For example, we have sought to improve the quality and capabilities of
the IAEA's inspectorate. Through courses given at U.S. laboratories and by
U.S. experts who go to Vienna solely for this purpose, IAEA inspectors have
been trained in new techniques and methods designed to enhance the effective
and timely application of IAEA safeguards.

Similarly, in the area of safeguards instrumentation we have developed
explicitly for IAEA use over the past five years 20 types of equipment for
verification of nuclear material. Some of the equipment is in routine use and
most of it is in great demand by the inspectorate. This should lead in the
next few years to a significant increase in IAEA capabilities in measurement
of uranium and plutonium by non-destructive techniques.
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Further, through our program of Technical Assistance to IAEA Safeguards,
213 mutually agreed projects have been completed since its inception in 1977
and another 50 are currently underway at a total cost of 27 million.

Considerable concern has been raised recently about the technical task of
safeguarding sensitive enrichment and reprocessing facilities. We recognize
the problem, and are taking steps in cooperation with other countries to deal
with it.

The United States is currently engaged in a multinational exercise called
the Hexapartite Safeguards Project to define effective safeguards approaches
for gas centrifuge enrichment plants with Australia, Japan, the UK, the FRG,
and the Netherlands. We also are continuing our work on reprocessing plant
safeguards.

Another area in which we have taken action is promoting more widespread
acceptance of fullscope safeguards. The Nuclear Non-proliferation Act
requires that non-nuclear weapons states have all their peaceful nuclear
facilities under IAEA safeguards as a condition of U.S. nuclear exports. In
addition, the President stated that we would continue to urge other suppliers
to require fullscope safeguards as a condition of any significant new supply.
Though several other nuclear exporters are reluctant to adopt this require-
ment for their exports until all suppliers do the same, we have been stress-
ing the importance of ful1scope safeguards to the international non-prolifera-
tion regime. This is a difficult and challenging area but we hope to make
progress and will continue to use our diplomatic resources to gain wider
acceptance of this critical nonproliferation norm.

Finally, President Reagan's non-proliferation statement made clear that
"The United States will view a material violation of (the Treaty of Tlatelolco
or the NPT) or an international safeguards agreement as having profound con-
sequences for international order and United States bilateral relations, and
will also view any nuclear explosion by a non-nuclear-weapon state with grave
concern." It is important that we and others make clear that bilateral
relations would be substantially disrupted by any such nuclear misconduct.

I am acutely aware of the difficulties in establishing and implementing
any agreed set of international sanctions, no matter how broad the consensus
that certain kinds of conduct should be penalized. And, for violations of
international safeguards there is already a procedure under Article XII of the
Statute of the International Atomic Energy Agency for concerted action by IAEA
members. However, that procedure, involving referral to the UN Security
Council, has never been utilized, and could well be cumbersome in practice.
Despite these difficulties, the damage to world public order which would
result from an event such as the detonation of a nuclear device by a non-
nuclear weapon state or a violation of international safeguards makes it
highly desirable that some effort be made to establish a sanctions policy
which can help to deter those who might be tempted to develop nuclear
explosives.
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In conclusion, I would emphasize again the crucial importance placed by
this Administration on restraining the spread of nuclear weapons, a policy
objective shared by all administrations since the dawning of the nuclear age.
We believe that the concrete steps we are taking, and will take, can make
significant progress in this difficult field.

The program for developing research and test reactor fuels which will
reduce the amount of weapons-usable material necessary for operations at the
world's nuclear research facilities occupies a significant place in our over-
all policy. We appreciate your support for this initiative, and pledge to
continue to work with you to achieve success in meeting our mutual goals.
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Current Status of the U.S. RERTR Program

Armando Travelli

RERTR Program
Argonne National Laboratory

This paper is meant to describe and discuss exactly what its title
implies: namely, how the status of the RERTR Program compares with what it
was last year, and to discuss the causes and implications of the changes.

Both description and discussion will be comprehensive, but general in
nature. Almost every subject that will be addressed is to be covered in
detail in other presentations at this conference. The main objective of this
paper is to provide the audience with some orientation and sense of perspective
that may assist in viewing the other program presentations as part of an
overall effort, rather than as separate and unrelated activities.

In general, the purpose, goals, strategy and organization of the program
have not changed from what they were when described in previous papers and
conferences. From the technical point of view, on the other hand, this has
probably been the year in which the largest number of significant new develop-
ments have taken place in the RRTR Program. Many of these new developments
were favorable and corresponded to positive steps forward towards the program
goals. Others corresponded to significant changes in program plans and
projections.

In order to fit the presentation within the allowed space and time, I
will concentrate on the more important points. Almost any discussion of the
program elements which have remained constant (such as goals, purpose, etc.)
will be avoided in favor of an immediate discussion of the changes. However,
in order to do so, a list of the program areas in which the changes have
occurred must first be considered.

The major and minor headings of the ar;as whose main developments will be
discussed are listed in Table 1. After a breif discussion of this list, I
will attempt to give some indication of the impact which the changes are
likely to have on future program activities. I will conclude with an outline
of what appears today as the most probable program schedule for the next few
years.

In the area of ANALYSIS DESIGN, good progress has been made in each
of the main components. Under the sub-heading of METHODS CODES, the PARET
code has been adopted and applied with remarkable success to the analysis of
research reactor transients. Dr. Woodruff will present at this meeting the
results of this work, which is expected to be very useful in the preparation
of safety analysis reports for research reactor core conversions. Also in the
area of safety analysis, the AIRLOCA code has been under development for the
analysis of Loss-of-Coolant-Accidents in research reactors. The work is not
yet finished but significant progress has been made. In the GENERIC ANALYSIS
Area, a significant number of contributions have been made to two guidebooks
which are in preparation at the IAEA in support of reactor conversions. These
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guidebooks follow in the same spirit of the first IAKA guidebook (IAEA-TECDOC-233),
which was published in 1980. The first of the two new guidebooks, on D20
reactors, is to be published late in 1983; the other, on Safety and Licens-
ing aspects, will probably take another year to complete. Many of the con-
tributors to these guidebooks are in the audience, and it is planned to hold
a small technical guidebook meeting after conclusion of the conference.
Studies have also been performed to better assess the relative advantages of
various fuel types. The results of this work will be presented by Dr. Matos.
Finally, the number of reactors with which the RERTR Program has active on-going
study programs related to core conversions is steadily growing and has now
reached number 23.

In the FUEL DEVELOPMENT AND ELEMENT DEMONSTRATION Area, good progress
has ben made in the aluminide fuels. The irradiation of miniplates (some
with densities up to 23 g U/cm3) is now complete, with burnups in excess of
87%. The post-irradiation examinations of these miniplates will be completed
in the next three'or four months and no surprises are expected. Also the
irradiation of full-size aluminide elements (with densities of 17 g U/cm3 is
complete and Post-Irradiation-Examinations (PIE's) will be completed in 1983.
Irradiation of elements with greater uranium density is to begin in 1983, with
PIE's scheduled for completion in 1984. In summary, development and testing
of aluminide fuels is in good shape. 17 g U/cm3 and 23 g U/cm3 are expected
to be qualified approximately now and next year, respectively, with additional
confirmatory evidence to follow shortly after these dates.

The oxide fuels are also in good shape. Both irradiations and PIE's of
LEU miniplates with 31 g U/cm3 are complete with good results. Irradiation
of full-size elements with up to 32 g U/cm3 is to begin next month, and the
fuel is expected to be qualified with LEU around the end of 1984. No clear
predictions about qualification of this fuel with MEU is possible, because
three MEU oxide miniplates have not been successful.

The silicide fuels are those in which most of the program fuel development
work has concentrated during the past year, and in which the biggest surprises
have occurred. Altogether, fifty-five silicide miniplates have been irradiated
to various burnups. Twelve are still in the core. One of the miniplates failed
during irradiation, and three or four others warped. Most of the other mini-
plates are in good shape, but the failures need to be explained to avoid the
possibility of future reoccurrences. In addition, since some of the successful
plates had densities in excess of 49 g U/cm3, the correlation between density
and failure is unclear and the working density range of the miniplates fabricated
with current procedures is not fully known. The PIE's are now in progress, and
it is hoped that much will be learned from them. The preliminary results of the
PIE's will be discussed in detail at this meeting by Dr. Hofman.

Full-size silicide elements (U3Si2) fabricated by NUKEM have been under
irradiation in the ORR since May 1982. The material which these elements con-
tain is different from that of the miniplates which failed, and it is hoped
that the information which will become progressively available from the PIEs
will allow irradiation of these elements to their intended burnup level. In
conclusion, it is now too soon to tell when the silicide fuels will become avail-
able; the final outcome of their development is also not certain at this time.
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The irradiation of TRIGA pins has proceeded successfully and without
surprises. Irradiation of the intermediate densities is now complete.
Irradiation of the most advanced TRIGA fuel 3.73 g U/cm3) is to be com-
pleted in 1983. Including some time for cooling and PIE's, it may be said
that all qualification tests on TRIGA fuel will be completed in 1984.
These developments will be discussed in detail by Mr. West.

The issue of feasibility and cost of reprocessing LEU fuel has recently
assumed great importance for the RERTR Program. A significant step forward in
this area has been achieved by personnel of the Savannah River Laboratory
(SRQ. Dissolution, clarification, and solvent extraction studies have been
performed for silicide fules with positive results. SRL personnel will
describe at this meeting their work on silicide fuels. They plan to extend
this work to oxide and aluminide fuels next year.

Finally, in the area of WHOLE-CORE-DEMONSTRATIONS, the Ford Nuclear
Reactor went critical with LEU fuel during the past year. This event, and
the measurements which were performed, will also be described in detail at
this meeting. For the purpose of this presentation it suffices to say that
the FNR has confirmed, so far, the validity of RERTR Program calculations and
evaluations. After experiments with full HEU and full LEU cores, experiments
with mixed cores will also be performed.

RERTR Program plans and schedules have been affected to some extent, by
the progress and changes which have been mentioned. However, with the excep-
tion of activities related to silicide fuels, all major program milestones are
essentially unchanged from what they were last year. For instance, the
expected qualification dates of fuels with 17 and 31 g U/cm3 are unchanged
(1982 and 1984, respectively).

The part of the plans/schedules which has changed significantly is that
related to the sicides. In this area the unexpected results obtained during
the past five months have caused two types of changes in program planning
which, for lack of a better terminology, will be referred to as NEAR-TERM and
LONG-TERM changes. NEAR-TERM changes are those which affect what is planned
for the next six months. LONG-TERM changes are those which affect what is
planned beyond the first six months.

RERTR Program activities during the next six months will concentrate on
resolving the questions which have been brought about by the unexpected
results of the silicide miniplates. First of all, top priority will be
assigned to the PIE's. The emphasis will be placed on identifying what made
the miniplates fail and what can be done to prevent it. A comprehensive list
of substitute fuels will be prepared, complete with plans. This list will
include a number of conceivable modifications that may be introduced in the
fabrication of silicide fuels. The design of the irradiation rig will be
improved so that unfailed plates can be easily removed and inserted in another
module for further irradiation if one or more miniplates were to fail.
Further new demonstrations of silicide fuels will be deferred until better
knowledge is acquired on their behavior. Renewed emphasis will also be placed
on those fuels which were developed as backups for the sicides and on which,
during the past year, a reduced emphasis had been placed because of the
apparent success of the sicides. This means, in particular, placing more
emphasis on the irradiation and examination of full-size oxide elements.
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Greater emphasis will also be placed on design changes which will extend the
range of applicability of oxide fuels with LEU. This will require more work
in the therma1hydraulics and safety areas, compared with what had been
planned if the sicides had been immediately successful.

At the end of this near-term period, a fundamental goal is to prepare
a new long-term plan which will define the new materials to be tested, their
goals, costs and schedules.

By definition, it is not possible to define now in detail all the features
of the long-term plan. However, it is possible to speculate on the probable
features of such a plan on the basis of what is known today. It must be
stressed that this is a guess of what the plan might be, rather than a plan,
and that this guess is only my own.

I speculate that, at the end of six months, enough information will have
been acquired to decide on the fabrication, irradiation, and examination of a
new batch of miniplates. They may be sicides, substitutes, or both. Some
time will be saved by allowing overlap of intermediate phases. That is,
some plates would be irradiated while others are being fabricated. After
this, fabrication, irradiation, and testing of full-size elements will follow,
always overlapping operations whenever feasible. Eventually, prototype
elements will be used to achieve qualification of the fuels.

While not required for fuel qualification, a whole-core demonstration of
a fuel with the required uranium density could be greatly effective in estimating
the accuracy of performance, safety and fuel cycle evaluations. The FNR demon-
stration is now providing valuable information at the low end of the uranium
density of interest 17 g U/cm3). Previous RERTR Program plans included a
silicide whole core demo close to the high end of such uranium density (-4.8 g
U/cm3). With the date for silicide qualification possibly slipping into the
future by two or three years, consideration is now given to the possibility that
a U308 demo (-3.2 g U/cm3) could providethe same type of information at a
much earlier date. Thus, our "speculative" long range plan now includes the
possibility of an oxide whole core demo.

Figure I reflects, in the form of a milestone chart, the observations
which have just been made. As the PIE's of Modules 7 and 10 proceed, irradia-
tion of Module 13 continues, hopefully up to 757. burnup. Meanwhile, the
period of information accumulation continues, and a decision point is reached
in May, 1983. Miniplate fabrication would probably take close to one year, but
half of it could overlap with irradiation, and this with cooling, and cooling
with PIE's. Element tests would be concluded at the end of FY1987, and prototype
irradiation at the end of FY1988. In practice, this scenario takes approximately
three years to bring the program back to the point where it was four months ago.

It must be stressed again that this is only a hypothetical scenario, not
a plan. Other scenarios, based on much more optimistic or pessimistic assump-
tions, can be drawn. Only time can tell what the real options will be, and
the best virtues are now to be found in patience and in determination to sort
things out before committing oneself to a given course of action. I believe,
however, that the scenario which has been described strikes a reasonable balance
between extreme assumptions and provides some indication of the future course of
the RERTR Program.
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On a different subject, it is comforting to note that the program con-
tinues to have the full support of both the U.S. Congress and the U.S. Admin-
istration. In particular, the Federal Register of July 1982 contains a
Policy Statement of the Nuclear Regulatory Commission which is fully supportive
of the Program. In addition, the Continuing Resolution recently passed by the
U.S. Congress makes provisions for full funding of the program during FY
1983. With their support, the RERTR Program is in a good position to solve its
technical problems.

Table I

MAIN RERTR PROGRAM AREAS

ANALYSIS AND DESIGN

Methods and Codes

Generic Analysis

Specific Support

FUEL DEVELOPMENT AND ELEMENT DEMONSTRATION

UAIX-Al

U308-Al

U3SixAly-Al

UZrHx

Reprocessing

WHOLE CORE DEMONSTRATIONS
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EFFECT OF NEW SILICIDE DEVELOPMENTS ON LONG-TFRM PROGRAM SCHEDULE (SPECULATIVE)

FY 1982 1983 1984 1985 1986 1987 1988

SILICIDE M7 COOL V PIE IV

IRR OLv PI EV

mlo IRR V COOLV PIEV

M13
JACC IN.0,

MP FAB

MP IRR

MP COOL

MP PIEr x Z' ='

EL FABjr COOLV PIDF
00

PROTOTYPE FAB V IRR (D

F-

OXIDE MPCOOLV PIE

EL(I. 7) I RR P6

EL' (2-3,3. 2)1 RR VCOOL V PE V

1410, CORE DEMO 3.2) IRR V AN IF

ALUMINIDE MP PIE

EL (2. 3) I RR VCOOL V P I El F

WHOLE-
CO R F DFf4l 1.17)1 RR V AN IF



XA04C1491
STATUS OF THE GERMAN AF-PROGRAMME

CONSIDERATIONS WITH RESPECT TO INFCE RECOMMENDATIONS AND CRITERIA.

Gerd H. Thamm

Kernforschungsanlage Jiilich GmbH

Research Reactor Division

Postbox 1913

5170 JUlich

1. Introduction.

As is generally known, the INFCE studies carried out on a worldwide scale from

1977 to 1979 for research reactors using primarily highly enriched uranium

(HEU 80 % to 93 U-235) have led to the important recommendation that an ef-

fective reduction in the proliferation of weapons-usable nuclear material can

be achieved by converting the fuel cycles from HEU to low-enriched uranium

(LEU, U-235 enrichment 20 %). Further recommendations made by INFCE to the

effect of restricting or markedly reducing the stockpiles of HEU materials and

diminishing the production of fissile materials due to irradiation in research

reactors, however, have been given secondary attention in the course of deve-

lopment as compared to the first recommendation mentioned above. As a result

of the INFCE studies, national programmes were initiated in various countries

aiming at enrichment reduction in research reactors. Essential work in this

connection was commenced above all in the USA (RERTR programme), in France,

Japan and in the Federal Republic of Germany (AF programme). Added to this was

an IAEA support programme intended primilary for developing and threshold

countries.

Essential conditions in the form of criteria were elaborated by the INFCE

Working Group 8C in connection with the recommendation for enrichment reduc-

tion in research reactors.

These criteria are:

1. The safety margins and fuel reliability should not be reduced by a con-

version from HEU to LEU cycles.

2. Losses in reactor performance (e.g. the ratio of neutron flux available

for experiments) to reactor power should not be more than marginal.

3. The cost of conversion for research reactors should be kept as low as

possible.

4. Any increase in operating costs after conversion should not be more Than

marginal.

As will be illustrated further belowespecially the first three criteria

mentioned have been given particular attention and have a good chance of being

complied with in the current wordwide development activities for a conversion

of research reactors to LEU fuel cycle operation. The prospects are much more

unfavourable for the 4th criterion of keeping increases in operating costs at

a minimum.

AF = Anreicherungsreduzierung in Forschungsreaktoren

Enrichment reduction in research reactors
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2. The German AF Programme.

1. Description.

The AF programme enrichment reduction in research reactors) was officially

launched by the Federal Ministry for esearch and Technology (BMFT) in late

1979 *). The official duration was initially fixed until the end of 1984.

The main objectives of the programme are:

- Development of fuels with high uranium densities permitting a conversion

to low enrichment, while possibly maintaining the present fuel element

concept.

- Development of fabrication technologies for the production of LEU-fuel

elements on an industrial and commercial scale.

- Elaboration of conversion concepts for existing research reactors by means

of reactor-physical investigations.

- Testing of newly developed fuels in the form of plates and elements under

irradiation conditions in order to meet the quality and safety require-

ments for conversion licensing procedures needed at a later date.

The partners of the programme are industrial companies and research centres,

in detail:

- INTERATOM: Conversion studies

- NUKEM: Fuel and fuel element development and fabrication

- GKSS, KA: Irradiation tests and post-examinations

- KfK: Basic studies on the development of high-density uranium

fuels.

Costs in the amount of DM 31.4 million were budgeted until the end of 1984 of

which about one third is financed from BMFT funds and the remainder is to be

provided from the research centres' basic financing for the work carried out

there.

2. Updating the programme.

The AF programme was comprehensively updated after more than 25 years of ope-

ration. This was done essentially for two reasons.

- Fairly high uranium densities were attained worldwide in fuel and fuel

element development for all types of fuel examined, in part much earlier

than planned.

- Very close international cooperation in the field of fuel enrichment re-

duction for research reactors, which is characterized by a very intensi-

ve exchange of experience, offered the possibility of testing newly deve-

loped fuels under irradiation conditions in foreign research reactors at

an early stage, including subsequent postirradiation-examinations.

However, preliminary work had been commenced at least 6 months earlier.
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Test reactors used for this purpose were in the first place the ORR reac-
tor in Oak Ridge, USA, and the HFR in Petten, Holland.

Moreover, the licensing authorities and their experts were incorporated in the

programme work at an early stage, since plant- and licence-specific ad hoc con-
version concepts were to be developed under the A programme for existing re-
search reactors in the Federal Republic of Germany.
Although the reasons mentioned above did not change the fundamental objectives
of the AF programme, they led to a reduction and concentration to three essen-
tial objectives of the five research targets originally defined. Earlier objec-
tives were still oriented to two enrichment stages 45 %, MEU, and 20 %, LEU)
and to different fuel types or fuel densities, to be more precise. Present in-
vestigations are only focussed on a conversion to one enrichment stage < 20 
(LEU), not least on account of the successful development of LEU fuels. A dif-
ferentiation according to different fuels or fuel densities is no longer re-
quired either. Consequently, the three priority objectives of the programme
are:

1. Development of fuel elements with low uranium enrichment and possibly
high fuel density.

2. Qualification on newly developed fuels.

3. Conversion studies with due regard of future licensing requirements.

There is a manifest need for continuing the studies beyond 1984 in all three
cases. This extension is indispensable especially for test irradiations with
prototype elements and subsequent post irradiation examinations (PIE's as
well as licensing-accompanying investigations for individual reactor conver-
sions.

A further very essential aspect has been incorporated into the research work
on HEU-LEU conversion by the early contact with the licensing authorities as
mentioned above, i.e. waste management and reprocessing of newly developed
high-density LEU fuels. In this connection, the international conferences on
enrichment reduction (the IAEA seminary in JQlich September 14 to 18, 1981)
have shown that, even in respect of the future LEU fuel cycles, research
reactor operation will have to continue to rely on the USA who is concerned
today with the disposal of HEU fuels, as is generally known. For this reason,
studies on the reprocessing of uranium sicides were initiated successfully
in the USA. Furthermore, the USA will also take back those test fuels which
are irradiated abroad. An official statement to this effect is expected

later in 1982.

The cost schedule was revised on the basic of funds already expended and plans

updated.

Result:
Funds were withdrawn fairly true to the original schedule especially in connec-
tion with research projects financed by special BMFT funds. The efflux of funds
was approx. 50 lower than originally planned for those projcets which are
being handled by the centres. GKSS and KA (test irradiations and PIE's). 'This
is to be attributed essentially to delays (approx. 12 months) in the develop-
ment, design and construction of irradiation devices required for testing pla-



tes of reduced size. DM 82 million of the planned DM 93 million were actually
expended by the end of 1981. Total costs will amount to DM 32.0 million by the
end of 1984 according to the revision effected. This means only a slight incre-
ase as compared to the original planning of DM 31.4 million. Plan figures for
the years 1985 and 1986 are not available at present in detail for the specific
projects. A total of about DM million is to be expected for the continuation
of activities in nearly all projects under the programme.

3. Status of investigations.

Fuel development, irradiation tests.
For describing the status of investigations reached in the development of high-
density fuels it is advisable to directly incorporate the qualification by
means of irradiation tests. Table gives a relevant survey.

UAlxAl.
The fuel manufacturer's development work has been completed. Small plates up
to a uranium density of 22 g/cm3 and up to burn-ups of 77 have been success-
fully tested. PIE's wore started and will be completed by the end of 1982.
Furthermore, more than 100 test and prototype fuel elements were fabricated up
to maximum uranium densities of 1,8 g/cm3. Irradiation tests are under way in
10 reactors and 7 countries. more than 30 of the elements are already being
used, burn-ups of more than 60 were reached without failure. After completion
of all PIE's planned and after termination of a large part of element irradia-
tion it will be possible to finally deal with details still outstanding for
standardized fabrication specifications.

U308-Al.
Development work for the production of fuel elements up to a uranium density
of 33 g/cm3 are almost completed in this case, too. Small plates up to a ura-
nium density of 31 g/cm3 were irradiated successfully up to a burn-up of 77 .
PIE's were started as in the case of UA1x and will be completed by the end of
1982.

More than 50 test and prototype fuel elements were fabricated r are still in
the production stage up to uranium densities of 29 g/cm3. More than 1 of
these are already under irradiation testing, 2 elements have reached a burn-up
of about 60 without failure. Irradiations are under way in 7 ractors and 6
countries. In this case, too, final work on standardized specifications for
fabrication is the only basic requirement left.

Uranium sicides.
Fairly good progress has been made in the development work for U3Si2_Al. This

3fuel can be manufactured without any problem up to a density of 5,0 g U/cm
The techniques and individual processes for future production on a commercial
scale are being developed at present. Two test fuel elements were fabricated
and have been in test operation in the ORR, Oak Ridge, since May 1982. The
elements have already reached a burn-up of more than 40 without failure.
Tests of small plates are immediately pending (in early 1983). It is being
planned to test small plates of ,normal" and ,selectively deviating" specifi-
cation (e.g. changes in the giainsiie fraction, porosity, cladding thickness)
in particularly well instrumented irradiation facilities in Geesthacht and

Jillich.
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Development has not yet proceeded quite as far for U Si-Al. Existing difficul-
ties in connection with fuel comminution still have be surmounted. Plates
with densities of more than 60 g U/cm.3 were fabricated successfully. Small
plates with a uranium density of at least 60 g/cm3 will be tested in the irra-
diation facilities mentioned above starting in early 1983. Investigations are
to cover above All particularly high densities, but later on also changes in
specification as described for U3Si 2'

New types of fuel (UxFey and UxNiy-Al).
Basic studies on the development of these new types of fuel have begun. The
uranium densities aimed at are 70 g /cM3 and higher. U Fe -Al fuel is quitex y
promising. The fabrication of small plates for test irradiations is in prepa-
ration. However, the use of small plates in the irradiation facilities of
Geesthacht and Jdlich cannot be expected before the autumn of 1983.

For uranium sicides and new types of fuel, work will be continued in a simi-
lar way as in the case of conventional fuels (Alx-Al and U308-Al). After small
plate irradiations, tests with complete fuel elements will be performed in Ger-
many and abroad, as far as these are promising, so that the standardized speci-
fications for fabrication required can be prepared in this case, too. Results
may possible be expected already in 1984/1985 for the uranium sicides (here

above all for U3Si2-Al), for the other materials certainly not before 1986.

Conversion studies.
By means of extensive reactor-physical investigations, the technical feasibili-
ty of conversion is nearly establisted at present involving a fairly low expen-
diture for all the German research reactors which are still using HEU material
today. This first stage of the conversion studies has been completed for the
research reactors of the Hahn-meitner-Institute in Berlin and the Garching
reactor station. The same may be expected for the Geesthacht and Julich reac-
tors in 1983. Initial selective studies have been commenced for the Berlin and
Garching reactors, the results of which will be an essential component of the
licensing procedure for conversion. The licensing requirements to be expected
for the Geesthacht and JQ1ich reactors have already been incorporated in the
current investigations.

In the Federal Republic of Germany, the procedure for licensing nuclear engi-
neering facilities in accordance with 7 of the German Atomic Energy Law is
subject to the so-called Atomrechtliche Verfahrensordnung" (AtVfV - Statuto-
ry Rules of Procedure under the Atomic Energy Law). A first order for amending
the AtVfV became effective on March 31, 1982. In the second section, 4,
which deals with third party participation in licensing, new regulations were
included concerning additional disclosure and publication in the case of modi-
fications to existing plants or plants under licensing. Particularly helpful
in this context are five criteria formulated explicitly in ssection 2 4 .
Current and future conversion studies will, of course, be guided to an increa-
sing extent by the newly established regulations.

3. NFCE criteria, economic aspects.

The criteria for an HEU-LEU conversion of reactors mentioned in the introduc-
tion were of essential significance for current worldwide studies, although

a ,reasonable" chance of success is only seen for the criteria to 3 as

see Annex 
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already stated in 1. Unfortunately, the situation for the 4th criterion must
be regarded as much more unfavourable.
The following comments should be made in this respect:

1th criterion.

The demand that safety margins and fuel reliability should not be reduced by
a conversion to LEU cycles is being taken into account in all current program-
mes by particularly lenghty and careful developments of high-density (new)
fuels and by a very large number of tests under irradiation conditions with
subsequent PIE's involving, in part, also much time and effort. The test irra-
diations carried out so far have been trouble-free (see section 23) for the
conventional fuels (Alx and U -Al), but also for uranium sicides (above
all for 3Si2-Al). The reliability of these fuels will be further corroborated
by PIE's which are, in part, already under way. Consequently, the qualification
of LEU fuels required by the 1st criterion is provided by the irradiation and
PIE data obtained in this way, which will naturally be of particular significa-
nce for future licensing procedures for HEU-LEU conversion.

2nd criterion.
The demand of this criterion that losses in reactor performance (e.g. the ra-
tio of neutron flux available for experiments) to reactor power should be kept
as low as possible (marginal) is complied with by current worldwide reactor
specift(t conversion studies. Of course, the situation is very differentiated
and depends decisively on the respective utilization requirements of the
reactor to be converted. Since the present and future utilization of research
and test reactors is, in part, very different (this frequently applies even
to research reactors of the same type as is shown e.g. by the rather different
utilization of the DIDO-type reactor), no standard conversion concepts can
be developed, but reactor-specific conversions must be elaborated in each in-
dividual case. It is therefore certainly very difficult toquantify previous
results with respect to the demand of the second INFCE criterion. It may never-
theless be expected that losses in reactor performance will be in the range
between 5 and 10 %. 1)

3rd criterion.
'According to the present state of research, it appears also possible to ful-

fill this demand, i.e. keeping the costs for a conversion of research reactors
to LEU fuel cycles as low as possible. Whereas, for instance, changes in fuel
element design were still taken into consideration for conversion two years
ago on the basis of uranium densities reached until then (e.g. reduction of
the number of plates, thicker meat), such contemplations have become more and
more insignificant in view of the successful development of fuels up to very
high densities, at least where they are not worth considering for other reasons.
This means that the geometry of HEU fuels elements can be retained unchanged
in most cases, so that extensive and expensive modifications to further plant
parts, such as e.g. the cooling system, will not be required. 2)

1) This can certainly be achieved for particularly important experiments (or-
der of priorities), although it will not be possible to keep losses in
this order of magnitude for all experiments of a reactor. Penalties for

multipurpose research eactors seem to be inevitable.

2) of course, this will also apply to additional lengthy and, in part expen-

sive safety studies, e.g. for thermohydraulics.

14



Conversion will therefore consist in the first place in the use of new fuel
with a considerably higher uranium density in externally unchanged fuel ele-
ments. The control and shutdown system of the reactor will possibly have to
be modified or adapted as a function of the increases U-235 inventory of

the LEU reactor core. It should be possible, however, to keep the relevant
expenditure at a low level for reactors using modern absorber concepts, such
as the fork absorber system, even today.

4th criterion.
Since HEU-LEU conversions basically consist in the use of newly developed
high-density fuels in nearly unchanged fuel element geometries, as described
above, changes in the operating costs for converted reactors are determined
almost exclusively by changes of the fuel cycle costs. This fact has already
been taken into account in earlier studies /1/ 2 3.

In /l/ the economic aspects of a reactor core conversion were studied for
the case of classical plate-type MTR fuel elements using the example of the
Austrian reactor (Seibersdorf near Vienna).
In 2 comparisons of fuel cycle costs for HEU and LEU were analyzed, among
other things, including different fuel and fuel element alternatives for LEU.
In 3/ the economic aspects of the fabrication of advanced (high density LU)
fuels were examined.

The costs analyses in /l/ and 2/ are based on three essential components of
fuel cycle costs.

Uranium Fuel supply
Element fabrication
Waste management.

The costs incurred for waste management are determined by the transport of
spent fuel elements to the reprocessing plant, by reprocessing itself and
by the uranium credit of the U235 recovered during reprocessing.

Since certain basic cost assumptions of the studies qoted above have mean-
while changed even without a conversion to LEU fuel cycles, the development
of costs to date will be illustrated in the following, so that at least the
trend for future costs of LEU fuel cycles will become evident.

Uranium.
Total costs are determined almost exclusively by the cost of natural
uranium and of the separative work required for enrichment. The following
costs were assumed at the end of 1979 in /1/, (/2/ specifies almost equal
total uranium costs about 12 months later).

Natural uranium: $ 117.2/kg Unat (includi'ng conversion to UF6 and fabrication
loss) enrichment separative work: 98.35 / SWU.

The development has been different in the last 3 years for the two cost cate-
gories. 

Fortunately, a distinct price reduction has occurred for natural uranium af-
ter 1979. The NUKEM spot-market price, for instance, is about 50/kg Unat
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at present (conversion to UF6 and fabrication losses included). The price of
separative work has developed quite differently. It amounts to $ 138.65/SWU
at present, which means an average increase of nearly 12 annually in the
last three years. The different development of the two cost components has
led to a situation where the total uranium price today is even slightly
lower than at the end of 1979. )

It is nevertheless feared that this trend will not persist. Together with
successful uranium prospection the worldwide delays in the expansion of nuc-
lear energy have no doubt led to a higher uranium supply and, thus, to a tem-
porary decrease of the uranium price, which can certainly not be maintained
at this low level in the future. Since the costs of uranium separative work
have continually risen for more than ten years (in the last ten years even by
about 16 annually on an average), a corresponding development ist to be expec-
ted also for the years ahead. An increase in total uranium costs of between
10 and 20 annually is to be regarded as quite realistic in consideration
of a possibly slightly rising trend for the price of natural uranium. If we
consider furthermore that approximately 20 more U-235 per element is required
for a conversion to LEU elements, then the total uranium price may have risen
by about 2 (compared with today) in three to four years' time, a date
at which many research reactors will certainly be converted 65 % HEU, 35 
LEU).

It should of course be noted that, in conjunction with partly increase residen-
ce time of LEU fuel elements, this increase in costs will be somewhat allevia-
ted by the fact that correspondingly fewer fuel elements must be fabricated
annually and, consequently, fewer spent fuel elements must be reprocessed (see
also fuel element fabrication).

Fuel element fabrication.
Strictly speaking, any comparison concerning the development of the past few
years can only be related to a specific research reactor. Experience shows
that the fabrication costs for fuel elements depend to a quite considerable
degree on the number of elements ordered regularly and on the specifications
for their manufacture.,

In / and 2 a price of 6700 and 6600, respectively, was taken as a
basis for the HEU reference element (ASTRA reactor). This price should be more
or less applicable even today (although in dollars),,implying cost increases
of 20 to 30 for the Europeans due to the development of exchanges rates.
/i/ and 2/ assumed an increase by 35 to 50 for the costs of LEU fuel
elements to be expected. In 3/ the cost increases to be expected were analyzed
in a slightly more differentiated manner, i.e. as a function of the fuel type
and respective uranium density.

1) Due to the considerable increase of the dollar exchange rate versus most

European currencies (e.g. an increase of nearly 40 since the end of 1979
versus DM), the total uranium price has been even risen by more than 20 

up to the present day for most European reactor operators (about 30 
for Germany).

2) 1,15 3,5 120 = 96.
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Increases of about 30 % wer� predicted for example, for U 0 -Al with a

uranium density of 30 /cm and of 45 to 80 for U Si 2A2. Although no
recent figures are available at present here - the manufacturers of fuel

elements are requested to revise earlier estimates on the basis of experience
meanwhile acquired in the development and fabrication of LEU fuels - European
reactor operators must reckon with fuel element fabrication costs which, at
the time of conversion in three to four years, will ne nearly 80 %
higher than today (50 & HEU, 50 % LEU).

Fuel Supply.

Till mid 1986 fuel supply costs will grow by nearly 50 % for HEU, respectively
90 for.LEU-fuel cycles 2.

Waste management.
The cost of waste management are basically composed of the costs for transpor-
ting spent fuel elements to the reprocessing plant and of reprocessing costs.
This sum is to be reduced by the value of uranium recovered during reproces-
sing (uranium credit) 3.

Transport costs.
For the transport of 26 spent fuel elements to the reprocessing plant 81650
were quoted in /I/ (and later on also in 2/). This fairly high price (rela-
ted to a small number of fuel elements) may be explained in the first place
by the geographical location of the ASTRA reactor and the transport container
used.
The KFA-JUlich, for instance, paid only 92600 for transports of 60 spent
fuel elements to the reprocessing plant i late 1980 and obtained a substan-
tially lower price of 1543 per fuel element (as compared to $ 3140/element
for the ASTRA reactor). Cost comparisons should therefore be related to a spe-
cific reactor.

Last year's development of transport costs for the KA-Jlalich was as follows:
From the beginning of 1981 to the end of 1981 4 transports with 60 fuel ele-
ments each were carried out during this period) total transport costs increa-
sed by just about 6 (from 171 TDM to181 TDM). However, the next transport
(September 1982 - no transports have been carried out so far in 1982) will be
approx. 50 more expensive than the last one in 1981 (approx. 270 TDM). The
reason for this increase is the considerably longer transport route in the USA,
since the fuel elements are no longer reprocessed in Savannah River, but with
immediate effect in Idaho Falls until further notice. Since Idaho Falls will
probably also be the site of reprocessing for the other European research
reactor operators (with only a few exceptions), transport costs for the

1) Reduced LEU-element consumption due to high 9�5'_ 35 inventory of LEU-elements
considered 20 % U-35, 45 burn-up); 1,10 x (1,3-1,B) x 083
1,5 - 209).

2) Uranium and element fabrication portion 50 % assumed each.

3) The uranium credit must make allowance for the cost of conversion, losses
during reprocessing and conversion and transportation from the reproces-
sing facility to the enrichment plant.
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ASTRA reactor, for example, which are already fairly high anyway, will cer-
tainly also increase considerably, although by less than 50 because the
cost portion for transportation in the USA is probably lower than for Jtlich.

Reprocessing.

Costs in the amount of 400/kg metal were quoted for reprocessing in /I/ and
/2/. The metal was UA1 x-Al fuel in /l/..In 2/, on the other hand, these repro-
cessing costs were also quoted for other fuels such as U308-Al, U 3Si-Al and
Caramel. This assumption was too low, at least for the second case (end of
1980). Although the KA Qlich had not ordered any reprocessing at the time
in question, it had to pay already 514/kg metal for reprocessing just a few
months later (April/May 1981). For the following three reprocessing campaigns
of KFA in 1981 60 fuel elements each, see above) the reprocessing price con-
tinually increased reaching $ 569/kg metal in early 1982, i.e. an increase of
approx. 10 within twelve monts. Currently effective conditions for reproces-
sing in the USA will end in 1982, A new 5-year contract for reprocessing spent
HEU fuel elements was prepared. According to initial information of NUKEM and
the EURATOM Supply Agency the price of reprocessing will rise to about 1100/
kg metal in this contract.

This increase in the price of reprocessing by almost 100 %, together with re-
processing in Idaho Fall, for example will lead to a rise of almost 75 in
the cost of waste management for the KFA Ulich in 1983 as compared to the
last reprocessing compaign in late 1981/early 1982.

This situation, which is already very unfavourable for EU fuel cycles, will
definitely not change when using LEU materials. Transport costs are expected
to rise by about 30 within the next 3 to 4 years, whereas only speculations
are possible today on the future reprocessing price for LEU fuel. It will cer-
tainly not decrease below the present HEU level. Futher details may emerge on
the occasion of the ANL Conference in November 1982.

Uranium credit.
The uranium credit is, of course, quite different for the individual opera-
tors as compared to the cost of waste mangement. For the ASTRA reactor it could
not completely compensate for the costs of waste management for the HEU refe-
rence case at the end of 1979. However, this only acounted for an increase of
less than 2 for the essential portion of fuel cycle costs, arising from the
fuel supply. In the further course of studies in /1/, still proceeding in the
assumption of favourable transport and reprocessing costs, as mentioned above,
this situation did not change significantly even for the use of MEU or LEU
fuel elements. On the basis of the costs already reached today or to be expec�'
ted in the near future for the individual components of the fuel cycle, it
will of course not be possible to maintain this favourable results. The rele-
vant trend will be shown in the following using the example of Jdlich:

Up to the present, the uranium credit for the Jilich reactors has always ex-
ceeded the expenditure on the transport and reprocessing of spent fuel ele-
ments. This reduced the costs incurred for fuel supply by about 9 in 1979.
This situation will deteriorate considerably at the end of 1982 (reprocessing
in Idaho Falls, but low reprocessing price). The uranium credit will reduce
the costs for uranium and fuel'element fabrication by only about 45 %. From
1983 onwards, the uranium credit will no longer suffice to compensate for the

18



cost of waste management in view of the'great increase in the price of reproces-
sing, so that the costs for uranium and fuel element fabrication will, for the
first time, even rise by more than 3 A further deterioration must be expec-
ted. Nevertheless, these relative reference figures still give a favourable
picture. Since the costs for uranium and fuel element fab rication have risen
by nearly 40 for the KA from the end of 1979 to mid-1982, fuel cycle costs
today are already about 50 higher than at the end of 1979. In 1983 they will
be even 65 higher than in 19 79 due to the rising price of reprocessing.

4. Concluding Remark.

As was repeatedly mentioned above, the preceding sections only described
the trend in the development of fuel cycles costs up to the HEU-LEU conversion
of research reactors to be expected for 1985/1986. As soon as initial reliable
datA will be available especially with regard to the cost of fabrication and
waste management for LEU fuel elements, each research reactor operator will
have to examine in detail his specific fuel cycle with due regard to the times
at which the individual costs of the fuel cycle are incurred.

The following points can be summarized to indicate the trend:

1. Fuel cycle costs in the past have been determined basically from the two
cost components for uranium requirements and fuel element fabrication,
since the cost incurred for waste management (transport and reprocessing
of irradiated fuel elements) was near ly compensated for or in some cases
even exceeded by the value of the uranium recovered (uranium credit).

2. For the basic cost components of fuel supply (uranium and fuel element
fabrication) a rise by Po versus today may be expected for the time
of HEU-LEU conversion 1985/1986) (55 % HEU, 45 % LEU).

3. The development in the last three years has shown that the uranium credit
falls more and more behind the cost of waste management even in the case
of HEU, so that waste management will probably have to be considered as a
further significant cost component of the fuel cycles. It must be feared
at present that this cost portion could rise considerably in the case of
LEU operation.

4. On careful consideration of the experimental requirements, every indivi-
dual operator of research reactors should try to optimize the use of U-235
for LEU fuel elements in such a way that the rise in costs to be expected
can be alleviated above all by possibly long recidence times of the fuel
elements.

5. Economic aspects of fuel element fabrication and waste management tech-
niques must be given much more attention in the studies conducted under
current worldwide enrichment reduction programmes.

The majority of older research reactors will only survive an HEU-L.EU conversion
if it is possible to find economically acceptable solutions for LEU fuel cycles.
The escalation in costs otherwise to be expected will certainly be regarded
as essential decision-making aid in many cases, resulting in a shutdown of
research reactors even before conversion. This must be prevented, since the
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significance of these reactors for research and development is uncontested
today as well as in the furture not only in the field of nuclear technology,
which was proved in an impressive manner at the IAEA Seminary (September 14 -

18, 1981 in JQlich).
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Annex 

Excerpts from the

Order concerning the procedure for the licensing of plants according
to 7 of the Atomic Law (AtVfV - statutory rules of procedure) dated
March 31. 1982.

Second section, third party participation.

4 Disclosure of the project.

Subsection 2:

Additional disclosure and publication ( 6 is required in the
case of:

1. Modifications which may results in an increase of activity releases
envisaged per year under normal operation and an increase in immissions
by more than 5ercent to more than 75 percent of the dose limits pur-
suant to 45 of the Radiation Protection Ordinance.

2. Modification of the plant concept or spatial arrangement of buildings,
provided that the changes may lead to a safety-related increase in the
stressing of plant components originally assumed within the scope of
design basis accident control; sentence 2 shall be applied accordingly
in evaluating the safety-related significance.

3. Modifications to safety systems which give rise to the concern that the
reliability of safety functions to be fulfilled by such systems will
be reduced considerably in respect of design basis accident control.

4. Increase in thermal power or maximum fission products inventory by more
than 10 percent of the values resulting from planned full-load opera-
tion or

5. Increase in planned storage capacity for irradiated fuel elements by
more than 10 percent.
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Annex 2
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Table 

AF-PROGRAM OCTOBER 1982

1EU-FUEL DEVELOPMENT AND QUALIFICATION

Fuel Development of Irradiation Tests
Fabrication Technology

UAlx-Al Completed up to 22 g U/cm3. Plates of red. size: 4 till March 1982 in ORR, USA
fabrication according to (HEU) speci- I - ZZ g U/cm 77 burn up good behaviour,
f 0,5 - 077/ication possible. 1,27 - 153 mm PIE's till end 1982
standardized specification 1983 Meat/Plate

Elements: 123 delivered resp. in fabrication,
most - 1,8 g U/CM3. more than 50 in test,

10 reactors. 7 countries, burn up, some 70 
0,51/1.27 mm good behaviour
Meat/Plate

U308-Al Nearly completed up to 32 g U/cm3 Plates of red. size: 8 till March 1982 in ORR, USA.
fabrication acc. to (HEU) speci- 0.5 - 077/ - 31 U/CM3, 77 burn up,
fication possible. 1,27 - 153 mm good behaviour, PIE's till end 1982
standardized spezification 1983/1984 Meat/Plate

Elements: 59 delivered resp. in fabrication, more than 10 %
in test, 7 reactors, 6 countries,

most burn up, some - 60 
0,51/1,27 mm
Meat/Plate

NEARLY SUFFICIENTLY QUALIFIED

U3Si2_Al Up to 5,0 g U/CM3 plate- and element- lates of red. size: 10 1982/1983 in FRG-2 and FRJ-2, FRG,
fabrication. 0,5 - 065/ in fabrication . - ,0 g U/cm3
fabr. technology nearly completed. 1.27 m (corn-size, meatthickness)
variation of spec.-parameters Meat/Plate
(corn-size, porosity, meat thickness)
- ..cheap' fabrication Elements: 2 s i nce May 1982 in ORR, USA burn up - 40 %(End Sept.
standardized specification 1984/1985 0,51/1,27 mm good behaviour

Meat/Plate 2 f- 50 g UICM3 under consideration for FRG-2, FRG

U3Si-Al Upto 60 g U/cm3 plate fabrication, Plates of. red. Size: 3 1982/1983 in FRJ-2, FRG, in fbrication,
development of fabrication technology 6,0 g U/Cm3
in progress (problem: ominution) 0,51/1.27 m
variation of spec. parameters Meat/Plate
(see above) Elements: 4 under consideration in 1983/1984
standardized specification 1986 0,51/1.27 mm f - 60 g U/cml in FRG-2, FRG, and evtl. ORR, USA

Meat/Plate

QUALIFICATION EXPECTED 1985/1986 (NEARTERM)

UxFe -Al Basic investigations in progress, Plates of red. size: 10, preparatory fabrication
Y_ UxFey-Al-miniplates fabricated 0,51/1,27 mm - 70 g U/CM3 test in FRG-2 and FJ-2, FRG.

Ux Ni Al (lab. scale) start 1983/1984
y Meat/Plateout of pile tests of reaction- and

swelling-behaviour, them. conduc- Elements: not yet planned
tivity, oxidation-resp. pyrophoric
behaviour

LONG TERM ALTERNATIVE TO USILICIDES
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REDUCING ENRICHMENT PROGRAM FOR RESEARCH REACTORS IN JAPAN

Keiji Kanda

Research Reactor Institute, Kyoto University

1. Introduction

This paper reviews the reducing enrichment program in Japan until
now.

Tables I and 2 show the research reactors and critical assemblies
in operation in Japan. Some of them are related to the reducing enrich-
ment program as shown in Table 3.

Table 4 shows the history of the reducing enrichment program in
Japan since 1979.

2. Kyoto University Reactors

As to the reducing enrichment program, Kyoto University Research
Reactor Institute (KURR.I) started the joint study with Argonne National
Laboratory (ANL) as shown in Table 5. The Phase A finished already in
1979 with conclusion that the fuel for the Kyoto University High Flux
Reactor (KUHFR) will be converted from HEU to MEU as soon as the use of
MEU fuel is shown feasible 

(1) the critical experiments using the Kyoto University Critical
Assembly (KUCA) are completed (Table 6,

(2) the integrity of the MEU fuel plate is experimentally verified,
(3) the MEU fuel is commercially available.

Table 7 shows the time schedule for reducing the enrichment of the
KUHFR fuel.

3. Japan Atomic Energy Research Institute

Japan Atomic Energy Research Institute (JAERI)has its own program
including ANL-JAERI Joint Study. Table 9 shows the planning and
preparations for burnup test for MEU fuel in JAERI. Table 10 shows the
planning and preparation for the critical experiments using the Japan
Material Test Reactor Critical Facility (JMTRC).
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. Table 1. Japanese Research Reactors in Operation

Name Owner Site Purpose Type and enrichment Max. power Start-up
I date

JRR-2 JAERI Tokai research, D20 (CP-5) U-Al 93 10 MW 1960. 10
radioisotopes

UTR-10-KINKI Kinki Univ. Higashiosaka research, training_ H20 (UTR) U-Al 90 I 1961. 11
TRIGA-II Rikkyo Univ. Yokosuka research, training H20 (TRIGA) U-ZrH 20 100 kW 1961 12
-RIKKYO
TTR-1 Toshiba Kawasaki research, training H20 (pool) U-Al 20 100 kW 1962. 3
JRR-3 JAERI Tokai research, D20 (tank) NU 10 MW 1962. 9

radioisotopes U02 1.5 %
TRIGA-11 Musashi Univ. Kawasaki research, training H20 (TRIGA) U-ZrH 20 100 kW 1963. 3
-MUSASHI
JPDR JAERI Tokai demonstration H20 (BWR) U02 26 45 MW 1963. 8
(JPDR-2) power reactor (90 MW) (1972.2)
KUR Kyoto Univ. Kumatori research, training, H20 (tank) U-Al 93 I MW 1964 6

radioisotopes (5 MW) (1968.6)
JRR-4 JAERI Tokai shielding, research, H20 (Pool) U-Al 93 2.5 MW 1965. 1

radioisotopes
JMTR JAERI Oarai material test, H20 (MTR) U-Al 93 50 MW 1968. 3

radioisotopes
YAYOI Tokyo Univ. Tokai research, training fast U 93 2 kW 1971. 4

horizontally movable)
NSRR JAERI Tokai safety research H20 (TRIGA) U-ZrH 20 300 kW 1975. 6
JOYO PNC Oarai development of FBR Na (FBR) U02-PuO2 23 % 50 MW 1977. 4
FUGEN PNC Tsuruga develo ment of ATR D20 (ATR) U02 1.5 % 557 MW 1978. 3

U02-PuO2 NU



Table 2 Japanese Critical Assemblies in Operation

-Name Owner Site Type and enrichment Max. power Start-up date

SHE JAERI Tokai Graphite U 20 10 1961. 1

{horizontally split}

TCA JAERI Tokai H20 (tank) U02 26 200 W 1962. 8

UC2-PuO2 26 

OCF Hitachi Kawasaki H20 (tank) U02 25 100 1962. 10

U02 1.5 %

NCA NAIG Kawasaki H20 (tank) U02 3 200 W 1963 12

U02 2 

U02 I

JMTRC JAERI Oarai H20 (pool) U-Al 90 100 -1965. 10

FCA JAERI Tokai fast U 93 2 kw 1967 4

U 20 

horizontally splitj

MITSUBISHI-CA MAPI Omiya H20 (tank) U02 13 200 W 1969 7

DCA NPC Oarai D20 (tank) U02 022 1 kW 1969 12

UC2-PuO2 1.5 %

KUCA Kyoto Univ. Kumatori various U-Al 93 100 1974. 8

U-Al 45 I kW

fmulti-core} (short time)



Table 3 Research Reactors in Japan (more than IMW)

Name Power Fuel First
Critical

KUR-1 (Kyoto Univ.) 5 MW HEU 1964
KUHFR (Kyoto Univ.) 30 HEU 1986(?)
JRR-2 (JAERI) 3.5 HEU 1962
JRR-4 (JAERI) 3.5 HEU 1965
JMTR (JAERI) 50 HEU 1968

Related Critical Assembly

KUCA 100 HEU 1974
MEU

JMTRC 10 HEU 1965

Table 4 History of RERTR Program in Japan

1977. 11 Japanese Committee on INFCE WG 8 started (Subgroup in
JAERI).

1977. 11 Proposal of Joint Study by Dr. R. Lewis at the time of
the application of E/L of HEU for KUHFR.

1978. 5 ANL-KURRI Joint Study Phase A started 1979 2.

1978. 6 Five Agency Committee* was organized.

1978. 10 FAC tentatively agreed to reduce KUHFR fuel from 93%
45% in the relation with INFCE WG 8 in Japan.

1979. 2 Phase A Report (KURRI) was completed.

1979. 5 Project team for RERTR Program was formed in JAERI.

1979. 7 Phase (KURRI) started.

Ministry of Foreign Affairs
Ministry of Education, Culture and Science
Science and Technology Agency
Japan Atomic Energy Research Institute
Kyoto University
Observer Nuclear Fuel Industries, LTD.

University of Tokyo
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Table ANL-KURRI Joint Study

Phase A 1978, - 1979 2)
(1) Feasibility Study of MEU 45%) Fuel.

(2) Planning for Implementation of MEU 45%) Fuel:
Critical Experiment
Burnup Experiment
Legal Procedure.

(3) Personnel Exchange
Japan three times including a two-month stay
U.S. Once

Phase 1979 7 - 1981, 12)
(1) Detailed Calculations of the KUHFR with MEU 45%) Fuel.

(2) Technical and Economical Evaluations of MEU 45%) Fuel,
and Commercial Considerations.

(3) Detailed Planning for Critical Experiments in the KUCA(C)
with MEU 45%) Fuel.

(4) Application of Safety Review to Japanese Government for
MEU (45%)Fuel to be used in the KUCA(C).

(5) Fabrication of MEU 45%) Fuel for the KUCA(C).

(6) Detailed Planning and Arrangements for Burnup Tests in
the ORR and Post Irradiation Examinations at ORNL of Fuel
Elements Using MEU 45%) Fuel Fabricated in the FRG,
France and USA.

(7) Fabrication of Fuel Elements for Burnup Tests in the ORR.

(8) Performance and Analysis of Critical Experiments with MEU
(45%) in the KUCA(C)

(9) Performance and Analysis of Burnup Tests with MEU 45%)
in the ORR.

(10) Feasibility Calculations for Use of High-Uranium-Density
Fuels with LEU 20%) in the KUHFR.

Planned Personnel Exchange

Japan : a resident scientist currently assigned to REM program at

ANL, in addition short visits 23 times/year

U.S. a visit during the critical experiment
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Table 6 KUCA MEU Experiments

1. Critical mass

2. Reactivity of burnable poison

3. Temperature coefficient

4. Void coefficient

5. Flux distribution

6. Control rod worth

7. Dynamic parameter
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Table 7 Time Schedule for Reducing the Enrichment of KUHFR Fuel November 3 1982

Calender Year 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988

(GOJ)
KUCA Inspection
45 fjr peration
Demonstration
Experiment (Fuel)

En'ric ent Fabiication Experimeni
Metal Coiversion (France) & Analy�is

Bur up Test (OANQ

KUHFR V
(GOJ) Exchange of Letters Inspec ion

93 between �S and Japan for OperiCiOn

(Fuel) Enrichmen: Metal Conversion Fabiication Operatio
Tiansport

(GOJ)
KUHFR for Operatioi
45 I

-4 
rich- Me:al Conv. Fabrication Op�ration

(.Fuel) ment & ransport & Transpoit

KURRI-ANL
Joint Study F- Phase Phase CPhase A



Table JAERI RERTR Program

1979 1980 1981 1982 1983 1984 1985

1. Core Design Safety 45%EU
Analysis 20%EU

2. Flow Tests Te-st-FArility Preparation

JMTR & TRR-2 : DU. F --- I
JRR-4 : Al Tests

E & C
3. Critical Experiment F

(JMTRC : 45%E.U.)
Tests

E & Q
4. Irradiation Tests F

JMTR & JRR-2 45%E.U. TestsJRR-4 :<20%E.U.

& 
5--Full Core Demonstration

Tests
JMTR & JRR-2 : 45%E.U.
JRR-4 : 20%E.U. Tests

Remark
F : Fuel Fabrication

E & C : Safety Examination and Consultation



Table 9 Planning and Preparations for Burnup Tests (JAERI)

Visual inspection
Sipping tests (fission product leak check)
Dimensional measurements on element and plate
Gamma scanning (for relative burnup measurements)
Absolute burnup measurements by chemical analysis
Measurements of swelling vs. burnup,
Oxide layer thickness measurements
Hardness measurements of cladding
Tensile strength measurements of plate
X-ray radiography on plate for inspecting cladding defects

Table 10. Planning and Preparation for Critical Experiments in the
JMTRC

Purpose of critical experiments in the JMTRC is to validate
the reliability of calculation and/or to obtain reactor
characteristics of the MEU core.

Experiment items are as follows

1 Minimum critical core
Critical mass

2 Full core
Excess reactivity
Control rod worth
Power calibration (Reactor noise technique)
Space dependent mass coefficient
ZW (Pulsed neutron technique)
Flux distribution and power calibration
Shut-down margin
Void coefficient
Temperature coefficient* (if feasible)

If infeasible in JMTRC, either JRR-4 with LEU fuel or
JMTR is to be used for this item.
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XA04C1493
U-Si and U-Si-Al Dispersion Fuel

Alloy Development for
Research and Test Reactors

by

R. F. Domagala, T. C. Wiencek, and H. R. Thresh

ABSTRACT

As part of the National Reduced Enrichment Research and Test Reactor
Program, Argonne National Laboratory (ANL) is engaged in a fuel alloy
develoq�gnt project. Fuel alloy powder prepared with low-enrichment uranium
(<20% U) is dispersed in an aluminum matrix, and metallurgically roll-bonded
within a clad of 6061 Al aTy. Miniplates with up to 55 vol.% fuel alloy (up
to 70 grams total U per cm have been successfully fabricated. Fifty-five of
these plates have been or are being irradiated in the Oak Ridge Research
Reactor.

Three fuel alloys have been used in the ANL miniplates: U 3Si (U 4 wt.%
Si), 3 Si (U 75 wt.% Si), and "U 3SiAl" (U 35 wt.% Si 1.5 wt.% Al). All
MS candidates for permitting higher fuel loadings and thus lower enrichments of

U than would be possible with either UA1 or U 0 the current fuels for
plate-type elements. X 3 '

As an adjunct to the development effort, ANL is engaged in the early stages
of technology transfer with commercial fabricators of fuel elements for research
reactors. Continuing effort also involves the development of a technology for
full-2j�e plate fabrication, and the irradiation of miniplates to a burnup of
'�'90% U depletion.
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INTRODUCTION

The goals of the work at ANL were to develop an alloy or alloys that could
extend the uranium-loading capabilities in fuel plates beyond those possible
with the highest UAl x or U 308 loadings developed to date, to develop the
fabrication technology for producing plate-type elements with such alloys, and
to demonstrate that low-enrichment fuels so-developed function satisfactorily in
plate-type elements in irradiation experiments 12,3).

The potential advantage of a dispersed fuel based on alloys of uranium and
silicon or uranium-silicon-aluminum. is demonstrated i Fig. I and Table I. U Si
has the highest uranium ntent of the compounds listed with a calculated 3
density value of 15.6 g/cm ; measured values have averaged 15.24 g/cm .
Similarly, a modified U 3Si composition referred to for convenience as flu 3 SiAl"
has very attractive density and uranium concentration values. Also 3Si and
u3SiAl have good aqueous corrosion resistance. Even U 3Si2, the nex; I-rich
compound in the U-Si system is a contender for ur in research and test
reactors. A fuel zone loading of 70 g U per cm would satisfy all but a few of
the free world's research and test reactors requirements.

It must be noted that uranium silicide fuels and modifications of such
binary alloys by the addition of other elements, especially Al, are not "new".
Canadian researchers worked for several years with such alloys in an effort to
develop an improved fuel for their power reactors (CANDU Program) 4 The
Atomic Energy of Canada Ltd. (AECL) personnel worked with solid U 3Si type fuels
for applications in environments more hostile than those encountered in research
and test reactors.

THE U-Si & U-Si-Al SYSTEM

The present state of knowledge of the U-Si ad the U-Si-Al systems is
presented in detail in reference (5) and will not be repeated here. However,
because the binary U-Si system is of special interest, it is shown as Fig. 2.

MINIPLATE FABRICATION

The development of the technology for producing miniplate fuel elements
with U-base silicide alloys as the dispersant followed a standard picture-frame
method which is summarized in Figs. 3 and 4 U 3Si2 is brittle and comminutes
easily, the other two alloys are tough and the generation of particulate is
difficult. Further, all three alloys tend to be pyrophoric. While all three
powders have been successfully produced in an air environment, ignition of fine
powder has occasionally occurred during comminution procedures with the U Si

3 2
alloy. For the U Si and the 3SiAl a Spex "Shatterbox" in an air environment
has worked effectively. U 3Si 2has been crushed with a steel mortar and pestle.

All three alloys are heat treated for 72 h at 800% prior to comminution.
The phases present in the powdered alloys are:
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Fig. 1. Uranium Loading in Fuel Zone as a Function of Volume Percent Fuel.
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TABLE I. DENSITY AND URANIUM LOADING OF DISPERSED FISSILE CARRIERS

Density Maximum
Compound 3 Uranium Loading

(g cm (g/cm3 (a)

UAl 2 8.1 6.6

UAl 3 6.7 5.0

UAl 4 6.0 4.1

U30 8 8.40 7.1

U3Si 15.24(c) 14.6

(U 4 wt.% Si) (b)

(c)U3SiAl 14.24 13.5

(U 35 wt.% Si 1.5 wt.% Al) (b)

U Si 11.9(c) 11.0
3 2

(b)
(U 74 wt.% Si)

(a) Term denotes total uranium content of pure species: Density multiplied by
wt. pct. uranium in compound.

(b) Nominal compositions of alloys prepared at ANL.

(c)Values measured at ANL on alloy material treated for 72 hours at 8000C.
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Fig. 2 The U-Si System.
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Fig. 3 Fabrication Procedure for ANL Miniplates.
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Fig. 4 Fabrication Procedure Flow Chart for ANL Miniplates (Continued from Fig. 3).



U 4 wt.% Si - U 3Si dominant with a small amount of U 3Si 2 particles;

U 35 wt.% Si 1.5 wt.% Al (designated U 3SiAl) - U 3Si dominant with
small amounts of UA1 2 & 3 Si 2;

U 74 wt.% Si - U 3 Si2dominant with a small amount of USi.

Tables II and III summarize the ANL miniplates prepared for irradiation in
the ORR.

TABLE II. ANL LEU MINIPLATES PRODUCED FOR ORR IRRADIATION

Thickness Number of Plates

in. (mm) U Si Fuel U SiAl Fuel U Si Fuel
3 3 3 2

0.050 127) 8 18 2

0.060 152) 8 17 2

TABLE III. IRRADIATED ANL LEU MINIPLATES

IuVol. Pct. Fuel �,Loading Range 3
Fuel Alloy in Compact gU (Total) per cm

in Fuel Zone

U 3Si 30 to 41 4.7 to 57

U 3SiAl 30 to 55 4.5 to 70

U 3Si2 30 3.8
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STATUS OF IRRADIATION TESTING

At present, miniplates are still being irradiated in the ORR 6 The 14
firs5_twelve ANL plates in a module located close to the peak flux (IU2 10
n/cm sec) were removed in October 1980 after an exposure of over 210 rd (093 __
full-power days) and a burnup, (fission plus capture) of 11u30% of the U.
Interim channel spacing probe examinations indicated that these plates neither
swelled nor blistered.

Post-Irradiation Examinations (PIE) of these first twelve miniplates
including photography, physical measurements, metallography and blister testing
is nearing completion at the ANL Alpha-Gamma Hot Cell Facility (AGHCF).
Seventeen additional plates with burnups of u80% were removed from the ORR in
late 1981 and have been received at ANL's AGHCF. Nondestructive and destructive
examinations of these plates has been initiated. Briefly, the first twelve
miniplates (burnups of n30%) were nominally unchanged by irradiation as far as
external appearance, volume, and thickness measurements. The 80% burnup plates
have shown some growth; early results 'provide data indicating a thickness
increase in the plates of to 5 mils (0.05 to 013 mm). The results of all
PIE studies will be the subject of separate papers.

COMPATIBILITY AND BLISTER STUDIES

Concurrent with the production of plates for irradiation in the ORR,
studies of limited scope and objective were conducted to determine the
compatibility of the silicide fuel alloys with the Al powder matrix as well as
the 6061 Al alloy cover plates at elevated temperatures. The purpose of these
studies was to simulate diffusion processes in the absence of a neutron
environment and to determine the end-products of the reaction.

Compatibility specimens approximately in. x 2 in. x 0.050 in. 25 mm x 50
mm x 127 mm) containing 30 vol.% depleted fuel alloy (U Si, U Si or U SiAl)

0 3 3 t3
were annealed for 1000 h at 300% plus 1000 h at 450 C. X-ray dihrac Ion data
for fuel meqt removed from these thermally treated (unirradiated) plates are
consistent with the phase-equilibria studies(5). In all cases , UAl3 with
dissolved Si is present as dictated by the diagram studies. However, whereas
all three alloys at 30 vol. pct. fuel should have shown diffraction lines for Al
(according to the-phase equilibria studies shown in (5) only two samples
displayed such evidence.

The specimens annealed at 300' and 450% all exhibited increases in fuel
zone thicknesses. Such changes, amounting to less than a 2 increase in
thickness after 1000 h at 300'C, are associated with the formation of less-dense
intermediate phases [e.g., UAl 3 and UAI2 (both phases containing dissolved Si)]
when the silicide fuel alloy particles react with the Al matrix. After 1000 h
at 300% and several hundred additional hours at 450% severe growth in plate
thickness was observed.
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In addition to the compatibility studies described in the preceding
paragraphs, five unirradiated miniplates were subjected to "blister tests"
commonly conducted on irradiated plates. These plates were annealed in air at
470% for forty-five minutes, inspected, measurements were taken, and the plates
were returned to the furnace which was now controlling at a temperature 15%
higher. The procedure was repeated until all-plates had been heated to 560%.
After the 560% anneal, the tests were concluded; the results are summarized in
Table IV.

TABLE IV. BLISTER TEST SUMMARY UNIRRADIATED MINIPLATES

Plate Time at or At AW Loss of
Fuel Vol. Pct. Thickness Above 470% Over Fz (mg) Flatness

(in.) (h) (mils) Start (C)

U3Si - 30 0.060 4.5 +2.7 +12 515
U3Si - 0 0.050 5.25 +3.1 +10 515

U3SiAl - 30 0.050 4.5 +4.4 +6 530.
U3SiAl - 50 0.050 5.25 +3.0 +8 485

U3Si 2 30 0.050 5.1 +1.9 +3 515

CORROSION TESTS

Four 0.050-in. (1.27-mm)-thick miniplates in the 0-temper condition were
tested for corrosion resistance. A 0.128-in. (3.25-mm)-dia. hole was drilled
through the fuel zone of each plate, and the plates were submerged in separate
baths of boiling (100'C) distilled water. The test continued for one week 168
h), with periodic withdrawals for weighing and examination. Results are
summarized in Table V.

No radioactivity was detectable in samples of the water used in any of the
tests. The plates darkened during the exposure, but no other changes were
noted.

FULL-SIZE PLATES AND TECHNOLOGY TRANSFER

Fabrication efforts and irradiation results indicate that the uranium
silicide powders show promise as dispersed LEU fuels for research and test
reactor applications. To demonstrate that the ANL work with miniplates can be
extrapolated successfully to full-size plates, two steps have been taken.
First, efforts are underway at ANL with simulated fuels (W+Al powders) as well
as depleted uranium U SiAl or U 3Si (+Al) powders. Full-size ORR-type plates
have been fabricated ?ollowing nominally the same procedures as those employed
for the miniplates. Studies of fuel geometry, uniformity of distribution,
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TABLE V. BOILING WATER CORROSION TESTS DEFECTED MINIPLATES
(168 h = week)

Initial Wt. Final Wt. Total Wt.
Fuel Alloy Vol. Pct. Fuel Change

(g) (g) (mg/h)

U3Si 30 32.487 32.487 0.0

U3SiAl 30 32.232 32.220 -0.07
52.5 43.675 43.855 +1.07

U3Si 2 30 30.451 30.468 +0.10

density, bonding, and cladding thickness measurements are continuing. The
results to date with plates which are nominally n25 in. (�,635 mm) long by '�'3 in.
(1\46 mm) wide by either "�,O.050 in. (,\,1.27 mm) or 0.064 in. 1.63 mm) thick
have shown that the stringent quality control requirements of fuel zone
geometry, integrity of bond, distribution of fuel particles and cladding
thickness can be successfully met.

Second, technology transfer activities are in progress to assist commercial
vendors to produce uranium-silicon (-aluminum) dispersed alloy fuel elements for
research and test reactors.

CURRENT AND FUTURE EFFORTS AT ANL

Activities currently in progress, and planned for the future, include:

1. Finish the production of several full-size ORR-type plates with
depleted uranium alloys to demonstrate conclusively, at several
loadings, the ability to meet the homogeneity and dimensional
requirements for such plates.

2. Continue activities already begun in technology transfer with
commercial producers of research and test reactor fuel plates.

3. Develop procedures for producing powders more efficiently in kg
quantities.

4. Continue compatibility and crrosion studies to develop a
useful data base for defining the dimensional stability
of silicide base alloy fuel plates.

5. Continue PIE studies as miniplates are removed from the
ORR. Such studies will continue to be augmented, as required,
by examinations of unirradiated miniplates.
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Introduction

For some time now, efforts are being made to develop fuel dispersions
that would permit the use of low (�u 20% 235-U) enriched uranium (LEU) instead
of the currently used highly (,u 93% 235-U) enriched uranium (HEU) in research
and test reactors. Since penalties in the performance of the reactor have to
be avoided, the 235-U content in the dispersion has at least to be retained
at current levels. On account of their high U-densities, the major development
effort has been focussed on the uranium sicides U3Si, U3Si(Al), and USi,-
based dispersions 120. With sicides as dispersants, it is possible to
fabricate fuel element plates with U-densities in the dispersion of about
6.0 gU/cm3.

In comparison to the sicides, the UFe-phase offers several advantages
namely:

- higher U-density (�, 17.0 gU/cm3);

- relative ease of formation compared t U3Si;

- possible advantages with regard to reprocessing of the spent fuel due to
the absence of silicon.

The studies outlined here were therefore performed with a view to investi-
gating the preparation, reaction behaviour and dimensional stability after
heat treatment Of U6Fe-Al dispersions.

Preparation of UrFe

The U-Fe phase diagram 4 shown in fig.1 reveals the occurence of two
intermetallic compounds namely U6Fe and UFe2. The compound U6Fe, which is
formed by peritectic reaction at 1083 K has a tetragonal structure (a
1028.9 p, c = 523.2 pm).

Induction melting in an argon atmosphere 52 kPa) with alumina crucibles
was used to prepare the compound from the elements. A slightly hyperstoichio-
metric composition 40 wt.% Fe) was chosen. The material was homogenized at
973 K for 24 hours in a vacuum using additionaly a zirconium getter.

A typical microstructure of the material thus obtained is shown in fig.2.
It reveals essentially two phases U6Fe being the matrix and UFe2 the white
inclusions.
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Powder metallurgical processing of the jJJe-phase

For the preparation of the miniature fuel element plates it is ne-
cessary to comminute the molten material to a desired particle size. In the
commercial fabrication of standard Alx and U308-Al dispersion fuel plates,
it is common practice to use particle sizes for the dispersed phase in the
range of 44-150 vm 74 wt.%) allowing only a limited quantity 25 wt.%) of
finer powder <44 pm). This requirement arose in the past from the concept,
that under irradiation, the zones of fission fragment recoil should not
overlap 596, so that a continuous undamaged metallic matrix is preserved
for the dissipation and transport of fission heat. In addition, the ducti-
lity and thickness of the ductile matrix rim around the fissionable particles
is thought to contribute towards the prevention of crack initiation and
propagation from stresses that develop due to particle swelling. Although
there is evidence 7 that at low volume contents of the dispersed phase (HEU,
e.g. 38.8 vol.% UAlx) the stability and swelling are not influenced by the
particle size (size fraction <44 pm) but primarily by the porosity in the
particles and in the dispersion, the specifications have been retained be-
cause of the proven stability of fuels with these characteristics. It should
be mentioned, that in thermodynamically unstable dispersions, the reaction
kinetics could be accelerated by using a large amount of fine powder. In
addition the thermal conductivity of the dispersion might be decreased when
the particle size is reduced, specially at high contents of the dispersed
phase.

For the experiments outlined here a narrow particle size range of 63-
90 pm was selected. Although this particle size range may neither be im-
portant, desirable nor economical in commercial fabricated fuel elements,
it was retained with a view to keeping possible surface and interfacial
phenomena unchanged and to compare the behaviour of the dispersion with
that of the sicides.

A jaw crusher was used in the first step of the communition which was
carried out in an argon filled glove box, followed by grinding in a WC-Co
lined "shatterbox", with intermittent sieving. The communition. behaviour of
the U6Fe-phase seems to be comparable to that of the U3Si-phase. The chemi-
cal composition and the powder characteristics of the powder obtained along
with those of the Al-matrix powder used are shown in tab.1.

Further processing of the powders to produce miniature Al-clad fuel
plates (plate dimensions 220 40 1.3 mm3; nominal meat dimensions
200 30 -0.5 mm3j was carried out using the well known state of the art
picture frame technique. The microstructures of the fuel plates obtained
with U-densities of 40 60 and 70 gU/cm3 are shown in fig.3. The homo-
geneity in the fuel meat and the dimensional tolerances are within the li-
mits currently acceptable.
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Compatibility of 6Fe with the Al-matrix

The objectives of the investigations outlined here were primarily:

- to extend the present knowledge of the ternary U-Fe-Al system B-1 to
those regions that are of relevance for the fabrication and in-pile be-
behaviour of the dispersions;

- to investigate the reaction behaviour of roll bonded dispersions particu-
larly with regard to the dimensional changes that occur in the fuel plate
as a consequence of the reaction.

Equilibrium investigations

The samples for the investigations of the reaction behaviour under equi-
librium conditions were prepared by arc melting of the elements in an argon
atmosphere (0.5 MPa). The initial compositions, were chosen to correspond to
20, 30, 40 and 50 vol.% UFe-Al. Fig.4 shows the microstructure of the U6Fe-
Al samples in the as-cast state as well as after heat treatment at 873 K
('�, 33 days). After heat treatment the sample corresponding to 20 vol.% U6Fe-
Al reveals three phases UA13, UA14 (with Fe in solution) and Al (fig.4b).
The sample corresponding to 30 vol.% UFe-A1 (fig.4d) reveals practically a
single phase of UA13(Fe). The sample with 40 vol.% U6Fe-Al reveals two pha-
ses namely UA13(Fe) and UA12(Fe) and finally the sample with 50 vol.% reveals
again two major phases UA12(Fe) and probably UJe(Al). Although this limited
data indicates that uranium aluminides are the main products of the reaction,
additional experiments are necessary to determine the phase regions in the
ternary sytem.

It must be mentioned in this context, that probably equilibrium condi-
tions will not be generally attained during the normal operation conditions
and life of the fuel. However, it is well known, that the diffusion reactions
are enhanced in a neutron environment in U02-Al, AlxAl and IT308-Al fuels.
Smaller particle sizes of the dispersed phase and surface energy effects
could also significantly increase the reaction rate assisting the attainment
of equilibrium. The phases formed under equilibrium conditions could be im-
portant during a LOCA.

Influence of the reaction of the dimensional stability of roll bonded
miniature plates

In order to investigate the reaction behaviour of the U6Fe-A1 disper-
sions, small miniature plates with a pure Al-cladding w Iere fabricated using
standard procedures. Cylindrical pellets (10 mm 0 25 mm high) with 23 vol.%
U6Fe-Al were used. This corresponds to an U-density of 40 gU/cm3 in the
meat. The powders were degassed at 873 K in a vacuum <1 mPa for 4 hours. The
particle size was within the sieve range of 63-90 microns. The miniplate di-
mensions were, 70-15-1.3 mm3, the nominal meat-thickness was 0.5 mm; the no-
minal cladding thickness being 04 mm. The samples were heat treated in eva-
cuated pyrex tubes for times up to about 2000 hours. Selected photographs of
the samples after heat treatment are shown in fig.5. Apart from providing a
qualitative picture of the volume increases, they reveal that the volume i-
crease occurs only in the meat region of the fuel plate. Dimensional measure-
ments carried out have shown that the plates are dimensionally stable up to
temperatures of 423 K even after an anneal of 2000 hours. This behaviour
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compares favourably with the one observed with the sicides. However, at
723 K large volume increases are observed due to reaction.

Standard X-ray diffraction procedures (Guinier), metallography and
energy dispersive X-ray analysis were used to identify the reaction products.
After the 2000 hours anneal, the major reaction product identified was UA13
probably with Fe in solution. It seems, that from the reaction kinetics view-
point, the UA13 phase shows preferred growth over the other possible phases.
Metallographic analysis was carried out on all annealed specimens. Vacuum
infiltration was used to prevent breakout of the material during the standard
grinding and polishing operations. Fig.6 is a set of micrographs
that shows the microstructure after heat treatment. Practically no reaction
is evident after heat treatment 2000 hurs) at 523 K and 623 K (figs.6b and
6c). The main reaction product (UA13(Fe)) after heat treatment at 723 K ap-
pears white.

It is interesting to note the large voids that are formed around the
reacting particles. These could be an indication of a Kirkendall type of
porosity which arises due to large differences in the partial diffusion co-
efficients of the reacting species. This type of porosity could contribute
to the large swelling that occurs in the specimens which is much greather
than the one predicted by merely considering the differences in the specific
volumes of the theoretically dense reaction products and reactants. Similar
volume increases have also been observed in the past with 02-Al dispersions.

It is possible that gases that are released as a result of the reaction
contribute towards the large swelling observed when the internal pressure
causes creep in the Al-matrix and cladding. In such a case, the swelling
observed would be dependent on the high temperature strength of the cladding.

Summary and conclusions

From the fabrication and the reaction behaviour outlined here, U6Fe
dispersions could be an interesting alternative to the sicides that are
considered to be the prime candidates for high U-density LEU dispersion
fuels. The high U-density of the compound should allow fabrication of fuel
plates with densities up to 70 gU/cm3 A satisfactory irradiation perfor-
mance of the sicides now being tested would however make the U6Fe-Al com-
bination an interesting but academic alternative.
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Chemical composition U6Fe Al
(WI. 

Al < 0.1 9 .5

C 0. 7 -

Fe 3.9 0.1 

H2 - 0.0 1

2 0. I -

02 0. 5 0.2 

Si - 0. 7

Particle size (pm) 63-90 86 (mean)

Particle shape

I 011m

Table 1: Chemical composition and powder characteristics of U6Fe and Al.
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Abstract

Fuel rods of uranium silicide dispersed in aluminum and clad in aluminum
have been developed and tested in the laboratory and in-reactor. The
properties of the dispersion fuel materials proved satisfactory with regard to
thermal conductivity, aqueous corrosion resistance, strength and ductility, and
thermal stability below 473 K. A vacancy condensation model is proposed to
account for the thermally-induced swelling that occurs above 473 K by virtue of
the chemical reactions that occur between the dispersed silicide fuel particles
and the aluminum matrix. The in-reactor fuel core swelling was less than %
after irradiation at high powers 76-131 kW/m) to a high terminal burnup
(79.2 at% of U-235 atoms).

Introduction

We are working towards the replacement of the current 93% enriched Al-U
alloys that fuel the NRU and NRX reactors with 20% enriched fuels. The
replacement fuels have sufficiently high uranium densities that we may retain
existing fuel rod geometries while including the same amount of U-235 per unit
length, as in the current highly enriched fuels. This obviates the need for
extensive physics and thermal hydraulics reassessments. Candidate replacement
fuel materials should be straight"forward to fabricate, be stable thermally and
under irradiation, and corrode slowly in the event of a clad defect.

This paper is chiefly concerned with the fabrication, properties,
irradiation performance, and post-irradiation characterization of dispersions
of uranium silicide in an aluminum matrix.

Fuel Fabrication

A fuel consisting of particles of USiAl (U-3.5 wt% Si, -1.5 wt% Al),
dispersed in an aluminum matrix was selected as a prime candidate for use with
20% enriched uranium. Dispersions of an alternate alloy USi*A1 (U-3.2 wt% Si,
-3.0 wt% Al) in aluminum are also under active consideration.

Molten USiAl or USi*Al is cast into moulds and the ingots are then
heat-treated 72 h at 1073 K to transform the as-cast uranium-rich phase
(containing U3S'2 and UA12 precipitates) to a matrix Of U3S' containing 0.5 wt%
dissolved aluminum and precipitates Of U3S'2 and UA12. The ingots are then
machined into chips about 025 mm thick which, after washing and drying, become
the feed stock for a pulverizing hammer mill. This mill crushes the chips into
a minus 100 mesh powder in an argon atmosphere. Any ferrous fragments broken
from the internal mill components are removed from the powder magnetically.
The USiAl or USi*A1 powder is then blended with minus 325 mesh aluminum powder
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for the production of rods. A more detailed account of rod fabrication was
given in Reference 

All the silicide dispersion materials tested until early 1982 had been
hot-extruded at 623 K from cold-pressed 19--mm diameter billets. An alternative
fabrication procedure has now been developed to eliminate a production step
(cold-compacting) by hot-extruding the blended powders directly. We have now
optimized the heating times, powder temperatures and extrusion pressures to
permit successful hot extrusions from blended powders.

The alternate alloy USi*Al (U-3.2 wt% Si, 3.0 wt% Al) has a liquidus
temperature of 1538 K, 110 K lower than that of U-3.5 wt% Si, -1.5 wt% Al.
This seemingly minor difference becomes significant in terms of the choice of
furnaces for melting and casting the alloys. The choice between a water-cooled
induction furnace and an air-cooled resistance furnace determines the crucible
charge allowed by criticality considerations. For example, we could melt only
a 325 kg charge in a water-cooled furnace versus 50 kg in an air-cooled
furnace. This difference could have a strong economic impact on full-scale
production costs.

Fuel Material Properties

Al-USiAl dispersions containing a variety of USiAl and USi*Al
concentrations (Table 1) have been fabricated for evaluation of their physical

Table 1: Uranium Densities and Enrichments of Fuel
Materials Included i the Program

Uranium Enrichment Densit Mg/M3
Fuel Materials wt% U-235 in Total U Uranium U-235

Al-55 wt% USiAl 20 2.55 0.51
Al-61.5 wt% USiAl 20 3.15 0.63
Al-62.4 wt% USi*Al 20 3.15 0.63
Al-63 wt% USiAl 20 3.23 0.65
Al-72.4 wt% USiAl 20 4.50 0.90
Al-73.4 wt% USi*Al 20 4.50 0.90
Al-75 wt% USiAl 20 4.77 0.95
Al-21 wt% U 93 0.68 0.63
Al-28 wt% U 93 0.97 0.90
Al-37 wt% U 45 1.40 0.63
Al-40 wt% U 45 1.53 0.69

USiAl stands for U-3.5 wt% Si, -1.5 wt Al
USi*Al stands for U-3.2 wt% Si, 3.0 wt Al

and chemical characteristics and for comparison with the A-U alloys. Irradi-
ation testing has been performed on those fuel materials in Table I having
either the NRU or NRX U-235 densities 063 and .90 Mg/m3, respectively). The
results of laboratory experiments will be described first.
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Thermal Conductivity

Al-U alloy pellets were machined from cast ingots and in addition an
extruded rod of Al-40 wt% U was tested for comparative purposes. The Al-USiAl
and A-USi*A1 pellets were made by cold-compacting to 94% theoretical density
followed by hot extrusion 623 K The measurements of thermal conductivity
were made by "Dynatech" under contract to AECL. The specimens were instru-
mented with thermocouples and placed in heated guard tubes between a heated
block and heat sink. Thermal conductivities were derived either by measurement
of heater power or by comparison with adjacent reference standards. The
thermal conductivities of the hot-extruded silicide dispersion fuels were
determined as 180 W/m.K and 121 W/m.K at compositions of Al-55 wt% USiAl and
Al-75 wt% USiAl, compared with 171 and 133 W/m.K for Al-28 wt% U and
Al-40 wt% U, respectively.

Somewhat surprisingly, the thermal conductivity of Al-USiAl in the
cold-compacted condition was very low compared with that of hot-extruded
material. For example, the thermal conductivity of A-75 wt% USiAl cold-
compact was only 87 W/m.K, compared with 121 W/m.K in the hot-extruded
condition. The surprisingly low value 87 W/m.K) was obtained at 413 K and
confirmed by repeated measurements at 353 K 473 K and 533 K. Since all our
rods are hot-extruded this point is academic to us, but fabricators of platelet
fuels would be well-advised to ensure that their processes do not produce
materials with low thermal conductivities, otherwise the silicide fuel
particles might overheat in-reactor and cause unexpectedly high amounts of
swelling.

Aqueous Corrosion

Short rods of silicide dispersion fuels and Al-U alloy fuels were
fabricated into mini-elements (described in more detail later in this report
under "Irradiation Experiment") and a .0 mm diameter hole was drilled through
the aluminum cladding in the mid-section of each. After weighing and
measuring, they were exposed to pressurized water in an autoclave for either
528 h at 423 K or 336 h at 453 K. The silicide dispersion fuels increased in
weight by 0.5 to 1.0%, compared with 02 to 06% in the Al-U alloys. These
tests will be followed up by a series of irradiations in which the deterio-
ration of deliberately defected fresh and pre-irradiated mini-elements will be
studied.

Tensile Properties

Rods of Al.-USiAl and Al-USi*A1 were extruded at 623 K and rods of Al-U
alloys were extruded at 821 K. The rods were then drawn from 565 mm to
5.50 mm diameter. Cylindrical tensile specimens were machined to 406 mm gauge
diameter and 12.7 mm gauge length and pulled in a tensile testing machine at a
cross-head speed of 8.5 pm/s. The tests were conducted in an air environment.

The Al-USiA1 dispersions were weaker than the Al-U alloys. For example,
Al-63 wt% USiAl and A-28 wt% U materials had about the same volume fraction of
aluminum 076 and 075, respectively), yet the yield strength 67 MPa) and
ultimate strength 77 MPa) of the silicide dispersion at 423 K were only 60 of
the yield and ultimate strengths of the Al-U alloy at the same temperature.
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The lower tensile strength of the Al-USiAl probably resulted from weak bonding
between USiAl particles and the aluminum matrix.

A series of tests was also performed at room temperature 293 K on
tensile specimens of Al-USiAl (and pure aluminum) having 406 am gauge diameter
and 25.4 mm gauge length. These specimens had all been extruded directly from
mixed powders. All tests were again conducted in an air environment at
8.5 Pm/s cross-head speed. Figure I (lower part) shows the yield and ultimate
strengths and the upper part of Figure I presents ductility data from the same
tensile tests. The strength decreased slightly with increasing volume of
aluminum. However, the more important aspect of this figure was the effect of
volume fraction on ductility. The curves of elongation and area reduction at
fracture extrapolate to zero at a volume fraction of aluminum of about 062
(Figure upper part, lower abscissa). This indicates the close proximity of
the limiting USiAl content 038 volume fraction USiAl) from the point of view
of fabrication of rods, in particular cold-drawing to size and stretch
straightening at room temperature.

The low scatter in the data indicates generally uniform stress
distribution within the matrix, i.e. uniform distributions of USiAl particles.
The exception noted in Figure (lower part) was found by Auger spectroscopy to
be due to carbon contaminant, possibly arising from the contamination of an
early batch of USiAl powder with oil. Rigorous degreasing and baking
procedures have now been instituted to prevent any future contamination.

Directly extruded material was about 20% stronger and more ductile than
similar material produced by the hot extrusion of cold-pressed billets.
Scanning electron microscopy showed that fracture had occurred through some
USiAl particles in the material extruded from hot powders, whereas the material
extruded from a billet cracked only through the matrix and not through the
particles. Thus particle strengthening accounts for the better mechanical
properties at room temperature of the material extruded from powders.

Laboratory Vacuum Heating Tests

It has been known since 1955 that heating uranium and aluminum couples in
vacuum at temperatures greater than 473 K causes pore formation. More
recently a similar pore-forming reaction has been reported between U3Si and
aluminum3.

Samples of silicide dispersion fuels in the form of short unclad rods and
aluminum clad mini-elements were heated in vacuum for periods of one, three and
f ive months at temperatures of 473 K 548 K and 623 K. The amount' of swelling
was f ound to increase with increasing temperature, increasing heating time and
increased proportion of dispersed USiAl or USi*Al (Figures 2 and 3 but to
decrease as a result of restraint by aluminum cladding (Figure 3. The largest
swelling recorded was 45.5% in an unrestrained sample of Al-73.4 wt% USi*Al
heated for five months at 623 K (Figure 2 Figure 3 shows that most of the
swelling 34.7%) in this specimen occurred in the first month of heating, so at
the highest test temperature we appear to be reaching a plateau or saturation
amount of swelling. At 548 K the rate of swelling in unrestrained fuel cores
accelerated from slow (or negative) rates over the first month to V/V = 3 per
month between three and five months, the maximum swellings being less than 12%
after five months at 548 K. At 473 K there was very little reaction, the
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unrestrained fuel core having swollen by only 183% after five months of vacuum
heating. This is a favourable result, since our maximum driver fuel operating
temperature in-reactor is 473 K.

Metallography following the vacuum heating tests revealed that the grossly
swollen specimens contained large pores, usually at aluminum matrix-U3Si
particle interfaces (Figure 4 Several specimens were vacuum impregnated in
mounting plastic to ensure that the voids were real and not sites where
material had fragmented from the specimens.

Some specimens in the as-fabricated condition contained a small amount of
porosity whose sintering would explain the - 14% densification (Figure 2)
observed after one month of testing at 548 K. The swelling observed in most
specimens was clearly associated with a reaction between the fuel particles and
the aluminum matrix, the aluminum having reacted with particle surfaces and
also penetrated along networks of grain boundaries to attack sub-grains
throughout the U3Si- (We searched for but found no evidence of back-diffusion4
of uranium or silicon into the aluminum matrix.) The end point of such a
reaction would occur when all the U3Si (and the precipitates Of U3S'2 and UA12
contained within the U3S' particles) had been consumed to form UA13S'1/3- (The
latter is UA13 containing Si dissolved substitionally throughout the UA13
lattice5,6.) Rates of reaction would be reduced eventually (as observed) due
to the impedance, offered to diffusing aluminum atoms, by the UA13S'1/3

.surrounding the U3Si particles and growing in thickness.

Many features of our observations may be explained by the following simple
model. The basic reaction between the aluminum matrix and U3S' particles is:

U3Si + 9 Al 3 UA13S'1/3

We postulate that the nine aluminum atoms that react with each U3S' molecule
leave behind in the aluminum matrix nine vacancies (per reaction). The
vacancies are created at the U3Si/matrix interface and apparently do not
migrate away to free surfaces, but condense to form pores with volumes which we
will assume to be equal to the sum of the volumes of the vacancies. It is
possible that the pores are stabilized by trace impurity gases such as
hydrogen.

The volume of 100 g of A-61.5 wt% U3S' is equal to

61.5 38.5 3
V0 = 15.58 + 2.7 = 18.2 cm

where 15.58 and 27 are the densities Of U3Si and Al, respectively.

The weight of aluminum required to react with all the U3S is

243 - 61.5 = 20.1 g
742

where 243 is nine times the atomic weight of aluminum and 742 is the molecular
weight of U3S"

The reacted volume V AV is the sum of the volumes of:
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UA13Sil/3 + unreacted Al vacancies

Hence V + �V 61.5 20.1 + 38.5 - 20.1 20.1
0 6.8 2.7 2.7

AV 26.25 - 18.2
Therefore the volume increase - 44%V 18.2

0

In the absence of void formation the volume change due to the smaller
density of UA13S'1/3 compared with U3S' would have been only 32%.

The above simple model has been refined to include the fact that USiAl is
U3Si containing 0.5 wt% dissolved Al and also containing precipitates of UA12
and U3S'2 which react with aluminum according to

UA12 Al UA13

U3S'2 + 9 Al - 3 UA13Si2/3

Knowing the volumes of the precipitates in the U3Si and their densities the
volumes before and after reaction with aluminum were calculated and for the
dispersion Al-61.5 Wt% UiAl the maximum swelling including vacancy
condensation was found to be 40.8% (cf. 44% in the simplified calculation
above).

A summary of calculated maximum volume increases in the four dispersion
fuel materials of major interest is given in Table 2.

Table 2 Comparison of Observed Volume Increases with the
Theoretical Maxima Calculated Using the Vacancy
Condensation Model

Observed Volume
Calculated Increase After Observed

Maximum Volume Five Months at -'Maximum
Fuel Material Increase 623 K M

Al-62.4 wt% USi*A1 38.9 31.2 80.2
Al-61.5 wt% USiAl 40.8 27.1 66.4
Al-73.4 wt% USi*Al 55.5 45.5 82.0
Al-72.4 wt% USiAl 58.4 42.4 73.0

Note: USiAl stands for U-3.5 wt% Si, -1.5 wt% Al. The U3Si(Al)
particles in it contain 10 vol% UA12 and 12 vol% U3S'2'

USi*Al stands for U-3.2 wt% Si, 3.0 wt% Al. The U3S'(Al)
particles in it.contain 23 vol% UA12 and 11 vl% U3S'2-
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The calculated maximum volume increases in Table 2 took account of the
reactions with aluminum of U3S'2 and UA12 precipitates as well as the U3S' with
Al dissolved in it. The table includes a comparison of calculated maxima and
the observed swelling of fuel cores after five months at 623 K which suggests
that the reactions were 66-82% complete after that exposure.

The low amount of swelling (- 183%) that occurred in unclad fuel core
specimens in five months at 473 K is consistent with the low swelling of irra-
diated mini-elements in which the maximum fuel core temperature was maintained
below 473 K. Further tests are now underway to resolve the effects of
restraint, initial porosity, initial gaseous contaminants, residual and applied
stresses, and USiAl particle size distribution. The results should allow us to
optimize fuel design to prevent excess swelling even in the event of a thermal
excursion in-reactor.

Irradiation Experiment FZZ-905

The major objective of this irradiation was to determine the irradiation
behaviour of Al-61.5 wt% USiAl dispersion fuel, enriched to 20% U-235 in total
U, in direct comparison with the current NRU alloy fuel Al-21 wt% U 93%
enriched) and a back-up medium enrichment candidate fuel alloy Al-37 wt% U 45%
enriched). A further objective was to conduct post-irradiation metallographic
investigations of possible reactions between the USiAl and the aluminum matrix.

Rods of the three fuel types were fabricated into aluminum:-clad
mini-elements about 184 mm long, the fuel core diameter being 5.5 mm and the
clad wall thickness 076 mm. Each mini-element had six cooling fins at 60'
intervals around the cladding, the fin width being 076 mm and fin height,
0.96 mm. The fuel carriage was essentially a cylinder with four tubular holes
bored axially through it at 90' intervals. Into each hole or flow channel was
inserted an aluminum liner 15.875 mm in diameter, containing a string of four
mini-elements. The 16 mini-elements were located centrally in the flow
channels by use of four-pronged anodized aluminum spiders located on the
end-spigots of the mini-elements.

Pre-Irradiation Characterization

Specimens were cut adjacent to the ends of the fuel rods for
cross-sectional and longitudinal metallography. The particles of fissile
materials were quite uniformly distributed within their respective aluminum
matrices and the dimensions and weights of fuel cores and finished
mini-elements were recorded.

The clad to end-plug welds were inspected radiographically to ensure that
the weld thickness exceeded 034 mm. The mini-elements were then given a leak
test which consisted of placing them in a vacuum chamber 013 Pa) for a period
of 20 h followed by submergence in water for 17 h. After drying the outsides
of the mini-elements they were neutron radiographed: the absence of water
inside the mini-elements meant that they were intact.

Irradiation Test Parameters

A summary of the test parameters for the three phases of the FZZ-905
experiment is given in Table 3.
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Table 3 Summary of Test Parameters of the Mini-Element Irradiation
Experiment FZZ-905 in the NRU Reactor

Time in Hot Fuel Core Fuel Clad
Fuel Element Burnup Coolant Maximum Surface

Linear Power (Cumulative) (Cumulative) Temperature a Temperaturea
Phase (kW/m) (at%) (days) (K) (K)

I 76 18.8 42 421 386

II 102 42.0 73 468 422

III 131 79.2 113 511 447

a Calculated using the TRUMP code, using the thermal conductivity of
Al-61.5 wt% USiAl

In Phase I the fuel element linear power was maintained at a moderate
level 76 kW/m) typical of NRU driver fuel. (The flux density was
1.1 x 1018 n/m2.s, heavy water coolant flow - 728 L/s and coolant velocity
- 10.9 m/s.) On reaching 18.8 at% burnup the assembly was removed from the
reactor. Four mini-elements were removed from one of the flow channels (one
Al-21 wt% U, one Al-37 wt% U and two Al-61.5 wt% USiAl) and replaced by four
unfuelled dummy mini-elements having the same external geometry but containing
aluminum rods instead of fuel rods.

The assembly, now containing 12 fuelled mini-elements, was returned to the
NRU reactor for the Phase II irradiation. The linear power level 102 kW/m)
was such that the maximum fuel core operating temperature would be slightly
less ( K than the normal maximum operating temperature of 473 K. This phase
of the irradiation was completed when the burnup had reached 42 at% and the
assembly was again removed from the reactor. Four more mini-elements were
removed for examination and replaced by dummy mini-elements containing aluminum
rods. The irradiated mini-elements appeared in excellent condition, apart from
a slight oxidation on the outside surface of the cladding. The oxide appeared
significantly thicker than had been observed after Phase I.

In the third and final phase of the experiment the remaining eight
mini-elements were irradiated at the very high linear power of 131 kW/m. There
were two incentives to operating at such a high power, First, we would be able
to see if a fuel operating temperature of 51 K 38 K higher than the normal
operating maximum) would cause a large increase in fuel swelling and secondly,
we would reach the target burnup 79.2 at%) in a short period of time 40 days
from the start of Phase III). On removal from the reactor the mini-elements
again appeared to be in excellent condition.

Swelling of Fuel Cores

Volume changes in fuel cores comprise only part of the volume changes of
mini-elements, the other contributor being oxidation of the aluminum cladding
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during irradiation. Furthermore, the oxidation behaviour of aluminum is
complex; for example, after the first two phases of the FZZ-905 experiment the
weight gains of mini-elements containing Al-61.5 wt% USiAl were 27 mg/dm2 and
151 mg/dm2, respectively. However, after Phase III the weight ain was only
21 mg/dm2 1 indicating a net loss of aluminum oxide of 130 mg/dJ in the third
phase. Therefore, the equation relating the volume change of the fuel core to
the volume change of the entire mini-element must recognize that (i) aluminum
from the cladding is lost to the coolant during irradiation., and (ii) the
composition of the oxide7-9 formed on the cladding is not simply A203, but
A1203'X(H20) where 1. < X < 27 The literature7-9 suggests that the corrosion
product in conditions similar to ours (but out-reactor) is initially A1203, and
then A'203'H20 (Boehmite) forms on top of the A203. At temperatures less than
363 K A1203.3H20 (Bayerite) forms on top of the Boehmite.

An equation was derived to relate the change in volume of the fuel core
AVC to the volume change of the mini-element AVe 3, viz.

AWe + AW Al M 0 54AV = AV AV
C e M (O+H) P2 P1 Al

where AWe = change in weight of the mini-element
AWAl = weight of aluminum lost to the coolant
M(O+H) = weight of oxygen and hydrogen present in one molecule of the

oxide formed on the mini-element
MO = molecular weight of the aluminum oxide
P2 = density of the aluminum oxide 39 if X 0 30 if X = 

2.5 if X = 27)
P1 = density of aluminum
AVAl = volume of aluminum metal lost from the mini-element cladding to

the coolant

Calculated values of fuel core swelling are given in Table 4 to show the
effects of assumed oxide composition and aluminum loss to the coolant. The
choice of conditions for core swelling calculations (Table 4 was based on the
oxidation behaviour described in the literature and the observed weight gains
of the mini-elements after Phases I, II and III of the FZZ-905 experiment noted
above.

The most important conclusion from Table 4 is that the fuel core swelling
of Al-61.5 wt% USiAl dispersion material and the two Al-U alloys was 5%, even
for the most pessimistic assumptions of corrosion behaviour after the fuels had
experienced very high powers and high burnups. Furthermore, the maximum error
in core volume increase caused by incorrect assumptions of X and AWAI would be
�� 1%. It is perhaps noteworthy that on completion of Phase II, after operating
at core temperatures less than 473 K, the swelling of the Al-61.5 wt% USiAl was
marginally less than in the Al-U alloys (Table 4 but after Phase IIIin which
the core temperature had been 511 K, the silicide dispersion fuel was margi-
nally more swollen than the Al-U alloys. The swelling of the Al-U alloy cores
may be attributed to the generation of fission products because no significant
reaction takes place between UA14 precipitates and the aluminum matrix in the
alloy fuels. The similar amounts of swelling found in the silicide dispersion
fuel therefore indicated that no major additional irradiation-induced or
thermally-induced volume changes had occurred. The restraining effect of the
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Table 4 Swelling of Three Core Materials in the FZZ-905 Experiment
as a Function of Burnup, Showing the Effects on Calculated
Swelling of the Possible Corrosion Behaviours of the Cladding

Cumulative Fuel Core Fuel Core Swelling (%)
Fuel Burnup Material = = I X = 27

at% AW Al =0 AW Al = 0 AW Al - AWe

18.8 Al-61.5 wt% USiAl 2.01 1.65 1.40
Al-21 wt% U 1.67 1.53 1.40
Al-37 wt% U 2.62 2.45 2.34

AW Al �0 AW Al = 0 AW Al a AWe

42.0 Al-61.5 wt% USiAl 3.50 3.11 2.76
Al-21 wt% U 4.38 3.81 3.45
Al-37 wt% U 5.00 4.42 4.00

.W Al - AWe "WAl- AWe "WAlc' AWe

79.2 Al-61.5 wt% USiAl 4.91 4.62 4.47
Al-21 wt% U 3.98 3.61 3.42
Al-37 wt% U 4.44 4.04 3.84

Notes: Aluminum oxide composition is A203.X(H20)-
AWAl s the weight of aluminum lost to the coolant.
AWe is the change in weight of the mini-element.

cladding, the coolant pressure (- 0.5 MPa), and the moderate core operating
temperatures would have acted to limit thermally-induced fuel Swelling.

Post-Irradiation Metallography

Metallography has been performed on mini-elements-irradiated to 18.8 and
42 at% burnup. Metallographic examination of the Phase III mini-elements has
not yet been started. Macrographs were taken from sections of the mini-
elements irradiated in Phases I and . Figure shows a mini-element
containing A-61.5 wt% USiAl irradiated to 42 at% burnup. Measurements of fuel
core diameters were taken from the macrographs and compared with pre-
irradiation micrometer readings of core diameter. Diametral increases of up to
1.5% were determined in good agreement with the volumetric swelling results
OD/D -� AV/3V). The maximum oxide thickness on the outside surface of the
cladding was 14 pm, which poses no threat to cladding integrity.

The micrographs of Al-61.5 wt% USiAl fuel cores revealed that a chemical
reaction had occurred between the fuel particles and aluminum matrix. The
reaction product (Figure 6 was mainly confined to the peripheral regions of
the fuel particles and was typically 5 �tm thick after 18.8 at% burnup and 10 Jim
thick after 42 at% burnup. A small amount of porosity was noted at the edges
of some of the fuel particles. There was no evidence of grain boundary attack
in the fuel particles and this, tgether with the absence of gross voidage,
suggests that the reaction product may not be UA13Sil/3 (the reaction product
in the laboratory vacuum heating tests). Another possible reaction which would
consume only one-ninth as much aluminum (and therefore have the potential to
create only one-ninth the voidage) would be U3Si + Al U3SiA1, the reaction
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product being the homologue Of U3Si2 but with half the silicon lattice sites
occupied by aluminum atoms. The stabilizing effect of fission products may
acount for the apparently different reaction products in irradiated and
unirradiated silicide dispersion material. Another possibile contributing
factor is that interstitial aluminum atoms, knocked out of their lattice sites
by fission fragments, might play a role in annihilation of vacancies in the
aluminum immediately surrounding the USiAl particles. We plan to measure
microhardness as a first attempt to characterize the reaction product.

The small amount of porosity in the mini-elements was consistent with the
tolerably low swellings noted earlier in Table 4.

Post-Irradiation Three-Point Bend Tests

To ensure that the handling procedures for irradiated fuel rods were
consistent with the mechanical properties of irradiated Al-61.5 wt% USiAl we
performed a series of controlled three-point bending tests on mini-elements.
Each mini-element was placed on two support anvils 50 mm apart while a central
anvil travelling at 8.5 im/s caused the mini-element to bend. The motion was
monitored on a load-displacement graph until the load or bending force reached
a maximum value. Then the test was stopped and the angle through which the
mini-element had been bent was masured. Figure 7 shows the results of room
temperature bend tests performed after burnups of 0, 18.8 and 79.2 at%. Irra-
diation to 18.8 at% burnup increased the maximum bending force for both the
Al-61.5 wt% USiAl dispersion and Al-U alloy fuels but decreased the angle of
deflection at maximum force. Further irradiation to 79.2% burnup reduced the
strengths to roughly the pre-irradiation values and caused a further slight
decrease in bending ductility (Figure 7. With the deflections of 10' (Al-U
alloys) and 7 (Al-USiAl dispersion) attained at 79.2 at% burnup, we do not
anticipate breakage of any of the fuel types during routine post-irradiation
handling.

Conclusions

1. Fabrication techniques have been developed to permit the manufacture of
high-quality extruded fuel rods of uranium silicide dispersed in aluminum
and clad in aluminum.

2. The thermal conductivity of silicide dispersion fuels was sufficiently high
that in-reactor operating temperatures will be easily restricted to less
than 473 K. The thermal conductivity of cold-compacted dispersion fuel was
over an order of magnitude less than hot-extruded; therefore, hot extrusion
is the recommended route.

3. The aqueous corrosion resistance of punctured Al-USiAl fuels at 423 K and
453 K was somewhat inferior to the corrosion resistance of Al-U alloys.

4. The strength and ductility of A-USiAl extruded fuel cores are sufficient
to allow (i) cold-drawing and stretch-straightening during manufacture, and
(ii) normal handling procedures during and following irradiation.

5. Laboratory vacuum heating tests showed that above 473 K, large amounts of
swelling can be induced by the chemical reaction of the dispersed fuel
particles and the aluminum matrix. The swelling increased with increasing
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temperature, increasing heating time, and increased proportion of USiA or
USi*Al but decreased as a result of restraint by the aluminum cladding.
The swelling has been attributed mainly to condensation of vacancies into
voids, possibly stabilized by the presence of traces of impurity gas such
as hydrogen.

6. The in-reactor performance of A-61.5 wt% USiAl has been satisfactory when
irradiated at powers from 76 to 131 kW/m to a terminal burnup of 79.2 at%.
Fuel core swelling was less than 5% and the differences in amounts of
swelling between the Al-USiAl and Al-U fuels were minor.
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Figure 1. Ductilities and strengths of Al-USiA1 dispersions (and pure Al) as a
functi-on of volume fraction of aluminum. All materials were
directly extruded at 623 K from mixed powders and tested at 293 K.
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Figure 2 Dependence of fuel core swelling on the temperature and time of vacuum annealing for
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extrusion at 623 K directly from mixed Al-USiAl powders.
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INTRODUCTION

In March 1980, EG&G Idaho, Inc., under contract to the U.S. Department

of Energy and in cooperation with the University of Missouri and Massachusetts

Institute of Technology, initiated an irradiation test program to confirm the

performance of high-uranium-density loaded fuel plates at high burnup using

UAL X-AL dispersion fuels. The objective of this program was to provide these

university reactors with experimental support data needed to request the use2

of higher loaded fuel elements to a higher burnup limit than is presently

allowed. Although the irradiation program is being conducted with fuel plates

containing 93% enriched uranium, it is felt that the results obtained may be

applicable to medium- and low-enriched uranium and, hence, of interest to the

RERTR program.

PLATE FABRICATION

Considerable radiation testing and several years of operating experience

at the Advanced Test Reactor and other reactors have been achieved with UALX

powder in which UAL3 is the principal crystalline constituent. The uranium

density of the UAL powder now used is 443 g/cm 3. The uranium density of
3x

UAL2 is 664 g/cm . However, to avoid the formation of metallic uranium, the

target uranium content of,80%, slightly hypostoichiometric, was chosen. At
380%, the uranium density is calculated to be 626 g/cm . A recent rolling test

program at Atomics International (Al) indicated current technology could be

used to produce quality fuel plates on a production line basis with fuel cores

containing up to 50 V/% UAL X. The uranium density for a 50 V/% conventional

fuel core is 222 g/cm If the UALx powder is replaced by UAL2. the uranium
3density is increased to 313 g/cm

For the purpose of the irradiation testing, fuel plates measuring 1.000
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TABLE 1. Test Specifications

3 UALx Target B.U.
Type Composition Ug/Cm Volume% Fission/cm3

1 UAL 2.51 40 2.9 x 10 21
2

2 UAL 2.82 45 3.0 x 10 212

3 UAL 3.13 50 3.3 x 10 212
21

4 UALX 2.22 50 2.7 x 10

TEST METHODS

The irradiation testing is being conducted in the Advanced Test Reactor

at the Idaho National Engineering Laboratory. Twelve fuel plates were inserted

into the reactor in a square array with three of each of the four plate types

listed in Table included. The 50 V/% UAL x plates were included as a baseline

case. All fuel plates were inspected to the same criteria used for the plates

in the ATR fuel elements at Atomics International prior to shipment to the INEL.

When it has been determined that the burnup in any plate has reached its

target burnup, as determined by flux monitors and physics calculations, the

plate will be removed from the reactor and held for post-irradiation testing.

Post-irradiation testing will include visual and photographic examination,

dimensional and density determination, oxide buildup measurements, blister

annealing, metallography, and burnup analysis, both gamma scan and chemical.

A final report will be prepared during fuel plate post-irradiation

examination. This report will include the specimen irradiation evaluations

and conclusions, along with all data and analysis. The conclusions will

include recommended maximum fuel burnup, operating temperature, fuel plate

construction, use of UAL 2 dispersion, oxide buildup, and expected failure

rates.

76



TEST STATUS

The fuel plate irradiation program was initiated in the ATR in July

1981. A release of fission products to the ATR primary coolant system prompted

the removal of the fuel plates from the reactor in April 1982. Subsequent

examination determined that two of the 12 plates had failed. Cause of the

failure was determined to be external pit corrosion of the cladding. Some

evidence of pit corrosion was found on five additional plates. Plate swelling

and oxide buildup measurements were made on all 12 plates and found to be at

or below expected values. The maximum burnup was estimated at 21 x 10 21

fissions/cc on a 50 V/% UAL2 plate which showed no evidence of the cladding

corrosion.

The seven plates that had indication of corrosion were replaced and the

test reinserted.in the ATR in September 1982.

CONCLUSIONS

Although two of the test plates failed and five additional plates had

indications of external pit corrosion, no correlation could be established

between the failures and either burnup or plate fuel composition. The fuel

plate irradiation test was reinserted into the ATR reactor and will continue

until the target burnup has been reached.

Table 2 shows the schedule for achieving maximum plate burnup.
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TABLE 2 Plate Burnup Schedule x 1021)

September June September January
Position 1982 1983 1983 1984

40 v/o UA12

1A 1.6 3.3 3.3

2A 1.5 3.32. 7 2.3
3A 0 2.1 1.1

1.4

50 v/o UA12

1B 0 1.9 2.4 3.1

2B 0 1.9 2.2 2.8

3B 2.1 3.3 0.8 1.5

50 v/o UA13

1C 0 1.2 1.5 1.9

2C 1.0 1.9 2.2 2.6

3C 1.0 1.9 2.2 2.6

45 v/o UA12

10 0 2.2 2.7 3.1

2D 0 2.1 2.6 3.0

3D 0 2.0 2.5 2.9
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Abstract

Lowering the U 235 enrichment level of fuels for research and
test reactors requires increasing the total uranium loading.
This paper presents results to date on the examination of U 3 08-Al

fuels with up to 75 wt % U 308 and fission densities at about
27 3

2.3 x 10 fissions/m . Satisfactory performance was obtained

to fission densities of about 2 x 10 27 fissions/m 3 at which level

blistering occurred. This fission density obtained with U235
enrichment of 45% is well beyond the calculatable limit for

235 27 3
75 wt % with 20% U of 13 X 10 fissions/m3 8

Introduction

The increasing concern over proliferation of nuclear weapons has led
to an effort to lower the enrichment level of research and test reactor

2 3 fuels to less than 20% U . This lowered enrichment level requires an
increase in the total uranium loading in the plate. Fabrication studies
led to the decision to limit the U 308 loading to 75 wt % for the

irradiation test based primarily on loss of aluminum matrix continuity
2 3

above this loading. This loading is equivalent to about 31 Mg U/m
Plates are fabricated and formed at this loading using conventional
materials and techniques.

The purpose of this irradiation test is to determine the highest
loading and fission density at which satisfactory in-reactor performance of
these high-uranium--loaded fuels is obtained. This paper pesents the
results to date of the examination of 25 test plates after irradiation.

1Research performed under Memorandum Purchase Order No. 31-109-38-4529
with Argonne National Laboratory under Union Carbide Corporation Contract
No. W-7405-eng-26 with the U.S. Department of Energy.
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The examination is incomplete and definitive evaluation of results will
require additional data - especially burnup analysis. This paper presents
results on swelling, determination of blister threshold temperature, and
metallographic examination.

Test Matrix

With the 75 wt % loading selection, another method to increase the
total uranium loading is to change the element geometry; for example,
thicker meated plates increase the meat to cladding ratio (the "meat" is
the U30 8-Al core of the plate). Previous irradiation testing had qualified

65 wt % U 3 08plates for the Puerto Rico Nuclear Center reactor. Thus, the

test matrix for this experiment included 65, 70, and 75 wt % U 3 08 loadings

with standard thin meat thicknesses of 0.51 mm and thicker meats of 064
and 089 mm. The majority of the plates contained uranium enriched to

235 -mm-thick meats at 65, 70, and19.47 % U One set of plates with 0.51

75 wt % U 0 contained 44.95 % U 235 to obtain higher fission levels.
3 

Test Description

The miniplates for the irradiation test were 50.8-mm-wide by
114.3-mm--long by 1.27- or 1.52-mm-thick parallelepipeds. Twelve such

plates were contained in slots in a test module. 3 Five modules were
contained in the outer shell of a standard Oak Ridge Research Reactor (ORR)
fuel element. This paper discusses the examination results to date on two

of these modules containing twenty-four plates. The estimated U 235
depletions for the two modules are 76 and 77%.

One of the two examined modules was removed from the ORR for
examination after between-cycle-channel-spacing measurements had indicated
a blockage of several coolant channels. Examination in the ORR hot cell
indicated that several plates had ' swelled enough to partially close off
coolant channel. At this point, the module was stored over a long weekend
in a can of water in the cell. The water evaporated from the can allowing
the module to overheat for an undetermined time and temperature.

Visual Examination

Visual examination revealed that high-burnup, high-loaded plates had
blistered over the entire meat area. Both sides of the plates had
1. pillowed" out such that they would have been touching plates in adjacent
slots. Variations in color of the oxide film revealed regions of about
2 cm in diameter where the plates had touched. These plates were fueled

with 75 wt % U 0 enriched to 45% U 235 and had achieved burnups estimated
3 

27 3
at 23 x 10 fissions/m . An identical plate at lower burnup of about

2.1 x 10 27 fissions/m3 had not blistered. A 70 wt % U 0 fueled plate with
3 

burnup estimated to be 21 x 10 27 fissions/m3 had blistered over about
one-third of the meat area. The remaining 21 plates had no blisters or
obvious defects. They appeared to be in excellent condition.
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Swelling

The swelling data presented in Table I was obtained by immersion
density measurements. The low-enriched plates show either shrinkage or low
swelling. The higher loaded plates with more as-fabricated void volume
have densified slightly while the lower loaded plates have begun to swell.
This result is in agreement with previous work which shows that fabrication

voids are effective in accommodating irradiation swelling. 4 The
higher-enriched plates, which have not blistered, have shown growth beyond
a linear extrapolation from their lower burnup counterparts. This
indicates that they may be on the verge of showing excessive swelling or
blistering. Burnup analyses for the test are not yet completed and are
required before definitive analysis of the swelling data can be made.

Blister Annealing

Several plates were heated to sequentially higher temperatures to
determine the blister threshold temperature. These tests were conducted in
air with the plates being held at temperature for 0.5 h, then cooled and
visually examined and measured. The tests started at 300% and the
temperatures were increased by either 25 or 50% increments until
blistering was observed. This temperature at which blistering first
occurred is listed in Table I as the blister threshold temperature. The 70
and 65 wt % low-enriched plates did not blister after 0.5 h additional time
at 550'C. The blister threshold temperatures for these low-enriched plates
are not substantially different than the 375 to 600% temperatures

historically experienced for highly enriched low-loaded plates.5

Metallographic Examination

Metallographic examination of one of the 75 wt % fueled plates

(0-48-1), which blistered in reactor, reveals very little unreacted

aluminum remaining in the matrix. As shown in Fig. 1, the original fuel

particles are not discernable. The meat is essentially a mixture of

reaction products with tiny islands of unreacted aluminum. The blister

separation occurred in the meat but closer to one face of the plate.

Figure 2 is also a photomicrograph of a 75 wt % fueled plate 058-6),

which was in reactor for a similar time; however, it has less than half the

fission density of 048-1 since the U235 enriched was 20%. In this case,

the fuel particles are easily discernable but show extensive reaction with

the matrix aluminum. A significant amount of unreacted aluminum remains

although it appears to be discontinuous.

Figure 3 is a photomictograph of a 70 wt plate 054-2), which is

similar to Fig. 2 but perhaps reacted to a greater extent. Figure 4 is a

20%-enriched 75 wt % U308 fueled plate 055-3), which has.been blister

tested to 500'C. The meat is essentially a mixture of reaction products

with islands of unreacted aluminum remaining. In the two plates examined

after blister testing, the blisters occurred at the meat/cladding

interface.
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The 45%-U 235_enriched fueled plate, which blistered in reactor, shows

significantly more U -Al reaction than the 20%-U 235_enriched fueled
3 

plates. The cause is unclear at this time. It may be due to the higher
fission rate, an attendant higher operating temperature, a chemical
difference in the fuel materials, or some combination of these.

Further Examination

The examination of the test plates is continuing. Additional work
includes gas release tests, burnup analysis, and additional metallography.

Conclusion

Results to date indicate that satisfactory irradiation performance can
be expected from U308-Al plates loaded to as high as 75 wt % U308 and

irradiated to burnup levels of about 2 x 10 27 fissions/m3. The
determination of the exact level at which blistering or breakaway swelling
occurred in this irradiation will have to await burnup analysis.
Satisfactory performance was certainly attained to the highest

fission-density capability for 20%-U 235_enriched fueled plates of
27 3

1.3 x 10 fissions/m
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Table 1. Volume growth during irradiation and postirradiation blister threshold temperature

U 0 Loading U235 enrichment Meat thickness Estimated burnup Volume growth Blister threshold

(wt %) (mm) (fissions/m 3 M temperature
(wt %) (00

75 20 0.89 1.0 x 10 27 -1.27, 1.25 500

70 20 0.89 0.9 0.03, 1.27
65 20 0.89 0.8 1.09

co 75 20 0.51, 064 1.0 -2.81, -3.06, 350-550; 550
-3.62, -3.30,
-3.83

70 20 0.51, 064 0.9 -0.65, -0.74 >550
65 20 0.51 064 0.8 0.02, 0.11, >550

0.88, 0.99

75 45 0.51 2.3 601,a 670a a
2.1 11.2

70 45 0.51 2.1 209a a
65 45 0.51 1.8 9.67

26 (HEU) 93 0.51 1.1 3.04

aBlistered during irradiation.
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Figure 1. Micrograph of 75 wt % U 08) 45%-enriched plate 048-1 showing

essentially complete reaction of the meat with small islands of aluminum
remaining.
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Figure 2 Micrograph of 75 wt % U 3081 20%-enriched plate 058-6 showing

fuel particles, reaction zone, and unreacted aluminum.
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Figure 3 Micrograph of 70 wt %, 20%-enriched plate 054-2 showing fuel
particles, reaction zone, and unreacted aluminum.

86



1 80.PM 1 25OX

Figure 4 Micrograph of 75 wt %, 20%-enriched plate 055-3 after blister
annealing to 500'C showing that the meat is essentially completely reacted
except for islands of aluminum.
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Irradiation Behavior of Experimental

Miniature Uranium Silicide Fuel Plates XA04C1498

by

Gerard L. Hofman, L. A. Neimark, and R. F. Mattas

Argonne National Labortatory

1. Introduction

Uranium sicides, because of their relatively high uranium density, were
selected as candidate dispersion fuels for the higher fuel densities required
in the Reduced Enrichment Research and Test Reactor (RERTR) Program. Irradia-
tion experience with this type of fuel, however, was limited to relatively
modest fission densities in the bulk form, on the order of 7 x 1021 cm- 1,
far short of he approximately 20 x 1020 cm-3 goal established for the RERTR
Program. The purpose of the irradiation experiments on silicide fuels in the
ORR, therefore, was to investigate the intrinsic irradiation behavior of ura-
nium silicide as a dispersion fuel. Of particular interest was the interac-
tion between the silicide particles and the aluminum matrix, the swelling
behavior of the silicide particles, and the maximum volume fraction of sili-
cide particles that could be contained in the aluminum matrix. The first
group of experimental "mini" fuel plates have recently reached the program's
goal burnup and are in various stages of examination. Although the results to
date indicate some limitations, it appears that within the range of parameters
examined thus far the uranium silicide dispersion holds promise for satisfying
most of the needs of the RERTR Program.

2. Experiment Description

a. Mini Fuel Plates

The details of the fabrication of the mini fuel plates were pre-
sented by Domagala, et al. 2 It suffices here to present briefly some of
the parameters and characteristics pertinent to the understanding of the
results of the irradiations.

The mini plates are nominally 45 inches long by 2 inches wide and
were made with two aluminum cladding thicknesses, resulting in 0.05 and 0.06-
inch plate thickness. The fuel meat is nominally 002 inch thick, and nominal
fuel dispersion densities were 30, 40, and 50%. Three fuel ty es were used,
namely U3Si, U3SiA1, and U3Si2, all in an aluminum matrix. A 35U enrichment
of 20% was used for all fuel in this study. Further experimental details are
surnmrized in Table .

b. Irradiation Data

The uranium silicide plates are being irradiated in the Oak Ridge
Research Reactor (ORR) along with other experimental low-enrichment fuel plates.
The plates are stacked in several experiment modules containing twelve plates
each, not necessarily all uranium silicide. The plates are cooled by the ORR
process water and operate at nominal cladding surface temperatures of 90'C.
The status of the modules that contain ANL silicide plates is given in Table 
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The following discussion of the irradiation performance deals pri-
marily with Modules 3 and 7 with emphasis on Module 7 because its plates
attained the highest fission density of those thus far examined. Some pre-
liminary data from Module 4 are used to indicate trends. The data from
Module 2 are suspect because this module underwent a temperature transient in
the ORR hot cell that was caused by interrupted decay-heat removal.

3. Postirradiation Data

The postirradiation examination performed at the Alpha-Gamma Hot Cell
Facility (AGHCF) at ANL included dimensional measurements, immersion volume
measurements, and gamma-scanning on all plates. Metallography was done on
selected plates, and SEM and Auger microprobe examinations were done on
selected samples. In addition, blister tests were conducted on all three
fuel types.

a. Dimensional Changes

Average plate-thickness increases are plotted in Fig. as a function
of fission density. The thickness change for the 12 plates in Module 3 ranged
from 0.3 to 0.4 mils, with no apparent difference between the U3Si and U3SiAl
plates. The maximum numbers from this set of plates are therefore plotted -
Module 3 at about 06 x 1021 cm-3. The four points at the highest fission
density are preliminary measurements from Module-4 plates measured at the ORR
hot cells. The reported thickness changes are "net" changes after mil was
subtracted for oxide-scale buildup in the reactor water.

At a fission density around 1.8 x 1021 c-3, the rate of plate
thickness change for the U3SiAl and the U3Si seem to begin to differ. The
Module-4 data show the U3SiAl plates to bein a stage of rapid growth while
the U3Si plates appear to continue growing at a more moderate rate. Admittedly,
the preliminary nature of these measurements and lack of statistical weight of
only four points make this conclusion somewhat tenuous at this point. Cladding
thickness has no affect on the measured plate-thickness changes.

b. Volume Changes

Immersion volume mesurements were performed on the Module-7 plates
after a mild pickling treatment to remove the oxide scale on the surface of
the plates. It was assumed that all the volume change occured in the meat;
thus, the measurements are expressed in percent volume change of meat and so
plotted in Fig. 2 The plates from Module 3 which were not pickled, had meat
volume changes ranging from I to 2 without a clear pattern; the readings were
therefore averaged and so plotted in Fig. 2 The points labeled with an'
asterisk are calculated from volume changes using the preliminary average
thickness measurements and are included to show a possible trend in the data.
It should be noted that the high point for the U3SiAl is for a pillowed
plate from Module 4 As was indicated for the thickness data, the U3SiAl
plates seem to have moved into a stage of rapid swelling. A comparison of
measured thickness increases with those calculated from volume measurement
show the swelling to be approximately anisotropic i.e., At-- %AV. This
observation is supported by the negligible length change of 00-0.2% measured
on the plates.
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c. Metallography, SEM and Auger Analyses

Metallography has been done on U3Si and U3SiAl plates from
Modules 3 and 7 A representative micrograph from Module 3 is shown in Fig. 3.
The only noteworthy feature is the apparent interaction zone between the fuel
particles and the aluminum matrix. The width of this zone ranges from 3 to 6
gm. Auger microscopy more clearly defined the interaction zone, as shown in
Fig. 4 Composition gradients were measured in the zone with the Auger micro-
probe, identifying the zone as being caused by interdiffusion of uranium,
aluminum, and silicon.

Some small voids are also visible in Fig. 4 and more clearly in the
scanning electron micrograph of a fractured fuel particle shown in Fig. .
The voids, or gas bubbles, have diameters of I gm and less. Metallography
from Module 7 shows a drastic change in the bubble morphology, as shown in
Figs. 6 and 7 In particular, the U3SiAl plate, shown in Fig. 6 exhibits
a proliferation of fission-gas bubbles. Some bubbles have grown quite large
by linking up with their neighbors. The bubbles in the U3Si plate, Fig. 7,
however, are generally smaller; as are the bubbles in some of the fuel parti-
cles in the U3SiAl plate. Both fuels exhibit a variety of bubble sizes,
indicating an evolutionary state of bubble morphology that is moving toward a
predominance of large bubbles at equilibrium. The bubble volume fractions in
the fuel were determined by quantitative metallography to be 8% for the U3Si
plate and 18% for the U3SiAl plate. The difference in this fuel swelling
between the plates is consistent with the thickness measurement (Fig. 1).

A diffusion zone between fuel and matrix was again observed in all
types of Module-7 fuel and was measured to be 5-10 m wide. The zone growth
appears to be diffusion controlled with a parabolic t1/2) time dependence.
At this rate, the amount of interdiffusion will not be extensive during the
lifetime of the plates.

d. Blister Testing

Several plates from both Modules 3 and 7 were blister tested accord-
ing to accepted blister test procedures. The results are summarized in
Table II. The blister temperatures are in an acceptable range and not sub-
stantially different from those determined for unirradiated plates.

4. Discussion

Clearly the most important result of these examinations is the observed
increase in fuel swelling rate, particularly in the U3SiAl, above a fission
density of -1.5 x 1021 cm73. The U3Si may be following a similar path, but
its swelling begins at a higher fission density. It is evident from the metal-
lography that fission-gas-bubble growth is responsible for the increased
swelling rate. The first evidence of fission-gas-bubble formation was found
in Module 3 plates at a fission density of 0.6 x 1021 cm-3. The largest
bubbles measured were approximately m in diameter (see Fig. 5), and the pore
volume fraction was about 2. At a fission density of 2 x 1021 cm7 in
Module 7 there were still many fuel particles in the U3Si and some in the
U3SiA1 that had low 2 - 6 pore volume fractions. Gas bubbles in these
fuel particles are probably in a quasi-equilibrium state, a state where the
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internal fission-gas pressure is balanced by surface tension and stress in
the surrounding fuel. The gas atom mobility is evidently sufficiently
enhanced by fissioning to allow for diffusion of gas into the existing small
bubbles (perhaps originally irradiation-induced voids), resulting in a gradual
increase of gas presure. At a certain pressure the.voids become unstable and
grow at a very high rate until a new quasi-equilibrium is reached, resulting
in particles with pore volume fractions exceeding 50%.

This accelerated swelling appears to occur first in the U3SiAl fuel,
but the evidence suggests that the U3Si fuel will follow a similar path. It
is likely that eventually all fuel particles will attain high porosity. The
pillowed U3SiAl plate with a thickness change of 12 mils in Module 4 (see
Fig. 1) has probably passed this accelerated swelling stage and moved on to
pillowing. Obviously, for the fuel plates to behave in a satisfactory fashion
the unstable accelerated swelling range has to be avoided. The limiting
factor in the behavior of the plates appears to be the burnup reached by the
individual fuel particles not the fission density in the fuel meat. According
to our interpretation of the data, this means keeping the U3A1 below 75% 235U
depletion and the U3Si below 85% for 20%-enriched fuel in order to avoid
excessive swelling.

-3 In terms of fission density per unit-volume of fuel meat, then, 2 x 1o21
cm should be attainable by operating with fuel volume fractions in the
40% range but with more modest 235U depletion levels. Miniplates containing
40 and 50 vol% fuel now in the RERTR irradiation program afford a means of
verifying this concept soon.

5. Conclusions

The twelve experimental silicide dispersion fuel plates that were irra-
diated to approximately their goal exposure show the 30-vol% U3SiAl plates
to be in a stage of relatively rapid fission-gas-driven swelling at a fission
density of 2 x 1021 m-3. This fuel swelling will likely result in unac-
ceptably large plate-thickness increases. The U3Si plates appear to be
superior in this respect; however, they, too, are starting to move into the
rapid fuel-swelling stage.

9 Analysis of the currently available post irradiation data indicates
that a 40-vol% dispersed fuel may offer an acceptable margin to the onset of
unstable thickness changes at exposures of 2 x 1021 fission/cm3.

• The interdiffusion between fuel and matrix aluminum was found not
to be a problem.

• Blister temperatures were in the acceptable magnitude of higher than
5000C.

9 Examination of the remaining plates that cntain higher fuel disper-
sion densities, and more detailed analysis of already available data, are
needed to fully characterize the irradiation behavior of the silicide and
substantiate the potential of this fuel in the RERTR Program.
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TABLE 1. Miniplate Fabrication and Irradiation Data

Nominal Max.
Number Fuel Vol. 235u U Fission

Module of Fuel Fraction, Depl., Density, Density, Current
Number Plates Type % % g/cm3 1021 cm-3 Location

2 3 U3SiA1 30-40 77 4.6-5.9 2.1 ANL

3 12 u3si 30 34 4.8 0.7 ANL
U3SiA1 4.6

4 4 U3Si 30 88 4.8 2.0 ORNL Poolside
U3SiA1 4.6

U3Si 4.8
7 12 U3SiAll 30 83 4.6 1.9 ANL

U3Si2 3.8

10 12 U3Si 40-50 65 5.7 1.9 ORNL Poolside
U3SiA1 5.8-6.4

13 12 U3SiAl 45-55 28 5.9-7.0 1.2 ORNL Poolside

Table II. Sum ary of Miniplate Blister-Threshold Temperature Data

Blister-Threshold
Temperature, C

No. of Uranium Fission
Plates Density, Density, Lower Most

Fuel T Mg/m3 1027 fiss./m3
y2e Tes ted. Limit Probable

U3Si-A1 2 4.80-4.81 1.9-240 475 500

U3Si-A1 2 4.79-4.81 0.7 500 510

U3SiAl-A1 1 4.51 1' 8 475 500

U3SiAl-A1 2 4.68 0.7. 500 515

U3Si2-Al 1 3.75 1.5 515 530
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Fig. 3 Microstructure of U3SiAl Plates from Module-3
(as polished and etched); 250x
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Fig. 4 Auger Micrograph of U3SiAl Fuel
Particle from Module-3 Plate

Fig. 5. Scanning Electron Micrograph of
Fractured 3SiAl Fuel Particle
from Module-3 Plate

96



��,q4
O

Fig. 6. Microstructure of U3SiAl Plate
from Module 7 200x
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Fig. 7 Microstructure of U3Si Plate From
Module 7 200x
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Abstract

Irradiated uranium aluminide fuel plates of 40 U-235 enrichment were
heated for the determination of fission products released under fowinghelium
gas at temperatures up to and higher than the melting point of fuel cladding
material. The release of fission products from the fuel plate at temperature
below 500 'C was found negligible. The first rapid release of fission
products was observed with the occurrence of blistering at 561+1 'C on the
plates. The next release at 585 'C might be caused by melting of the cladding
material of 6061-Al alloy. The last release of fission product gases was
occurred at the eutectic temperature of 640 'C of UAl X .

The released material was mostly xenon, but small amounts of iodine and
cesium were observed.

Introduction

Studies on the release of fission products from a plate-type fuel are not
abundant and most of the early data were concentrated on uranium metal alloy

fuels 1,2 or UO 3 Little data on UAl alloy fuels, 4,5,6,7 have been reported.
2' 8

Especially scarce were data on U-Al x dispersion fuels. The detailed

evaluation of the amounts of fission products released from irradiated fuel
plates is required for the safety analysis of hypothetical accident conditions
when te Kyoto University High Flux Reactor (KUHFR) will be operated using the
fuel plates of 45 enrichment uranium-235 in the future. For the sake of
high power operation of the KUHFR at 30 MW, the development of the fuel plates
with reduced U-235 enrichment and high content of uranium are required to keep
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the fission density in fuel plates unchanged from the case of high enrichment
uranium.

The main purpose of this experiment is to measure the threshold
temperature at which a massive release of volatile fission products occurs and
to estimate the release rate of traces of fission products at temperatures
below the melting point of cladding material in as much detail as possible.
The other objectives of this experiment are to examine the degree of
mechanical deformation of the fuel plate after heating and to measure the
quantities of fission products released at temperatures close to and higher
than the melting point of fuel cladding material.

Experimental

Sample and Irradiation

The miniature fuel plates used for these experiments were fabricated by
EG&G Idaho, Inc. and irradiated in the Oak Ridge Research Reactor (ORR) at Oak
Ridge National Laboratory (ORNL). The plates were rectangular, 115 mm long
and 50 mm wide. They consist of a layer of uranium aluminide (UAl x) enriched

to 40.24 U-235 by weight, dispersed in aluminum and sandwiched between 6061-
aluminum alloy claddings. The characteristics of the four plates used in the
experiment are given in Table 

Table 1. Characteristics of the Samples

Plate Cladding Thickness Uranium
Run Sample Weight Thickness Average Minimum U-235 density

No. code (g) (mm) (mm) (mm) (g) (Mg/m3

A E-141 22.7557 1.295 0.38 0.27 1.901 2.217

B E-101 23.7429 1.295 0.30 0.20 2.201 1.937

C E-116 29.0746 1.549 0.34 0.21 3.173 2.306

D E-114 28.2553 1.549 0.35 0.23 2.649 1.953

These plates were irradiated for an equivalent of 275 full-power days
(fpd) from July 18, 1980 until July 10, 1981 in position E7 217 fpd) and
position C3 (58 fpd) of the ORR, a 30 MW water moderated reactor. This
irradiation corresponds to about 60 % burnup of the initial U-235. Flux

monitors indicated a thermal flux of 06 x 10 14 to 0.8 X 10 14 n/cm 2sec at the
beginning of irradiation when the plates were located near the top of the core

and 1.0 x 10 14 to 13 x 10 14 n/cm2sec when the plates were moved 121 mm closer
to the core midplane. These plates and their irradiation history are

described in more detail by Senn and Martin. 9
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Equipment

The work of the release experiment of fission products was carried out in
a manipulator hot cell in ORNL.

An electric furnace with nichrome heater was used to heat the miniature
plate. The dimension of the heated zone was 178 mm 7 in. in length and 76
mm 3 in.) in diameter. The furnace was shielded to reduce the radiation
background at the radiation detector. Lead, 104 mm 4 in.) thick, was used to
attenuate the direct radiation from the intensely radioactive fuel plate. The
remainder of the furnace was shielded by 64 mm 14 in.) thick lead sheet.

A quartz tube, 64 mm 25 in.) I.D. and 356 mm 14 in.) long, was fitted
inside the furnace. Two chromel-alumel thermocouples, sheathed in stainless
steel, were inserted into the tube from the back end through a small mm I.D.
quartz tube. Helium gas was also introduced through the same small tube. The
other front end of the tube was connected to the fission product collection
system by a quartz ball joint.

The miniature fuel plate was placed on a slant bed in the quartz tube.
The sheathed hot junction of a thermocouple was set in light pressure contact
with the surface of fuel plate at its middle to measure the fuel plate
temperature. The temperature was recorded by a single point recorder,
calibrated by the ORNL Instrument Standard Section. The recorder could be
read with an accuracy of 2F (1.1%). The other thermocouple was located
above the plate and used to control the furnace temperature.

The experimental work was divided into two parts. The first part of the
experiments was concerned with the measurement of a minute fission product
release at fuel temperatures below the melting point of the aluminum cladding,
while the second part with the melted fuel plate. The equipment for the first
part was designed to trap and measure very small traces of Xe-133 and I131.
The equipment used in the second part of the work was setup to trap the
relatively large quantities of Xe-133, I131 and other volatile fission
products that might be released at higher temperatures. A photograph of the
actual setup of the equipment used in the first part of the experiments is
shown in Photo. 

A sample trap used for the first part experiment consisted of glass
column and activated coconut charcoal 20 g). A larger charcoal trap for
backup was also used to collect any volatile fission products that might be
passed through the sample trap.

The accumulation of fission products in the sample trap was detected by
an ionization chamber attached to the cryostat containing the fission product
trap. The ionization chamber and the cryostat were shielded by a 32 mm (1/8
in.) thick lead sheet.

Procedure

Helium gas was flowed over the plate and then through the sample trap,
which was cooled to liquid nitrogen temperature. The f low could also be
diverted to an alternate fission products trap by controlling the petcocks.
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Af ter the collection of f ission products, the sample traps were removed and
placed on a Ge(Li) detector to allow efficient counting of traces of Xe-133 or
I-131 that might be released from te fuel plate.

The first part of the experiments was started immediately after the
termination of irradiation period in order to ave the greatest sensitivity
for the relatively short-lived fission products and in order to simulate as
closely as possible conditions following the hypothetical accident.

Each plate was tested in the following manner.

1. The plate was visually examined and photographed, using both
Polaroid film and Kodak Tri-X professional film. The plate
thickness was measured with a micrometer at 16 locations, the width
at 3 locations, and the length at 2 locations.

2. The irradiated fuel plate was mounted on the quartz bed and then the
bed was inserted into the quartz tube. And the tube was connected
to the fission products collection system.

3. A stream of helium was passed through the tube and the collection
system. Normally a flow rate of 100 ml/min was maintained.

4. The furnace was heated to the testing temperature. The temperature
was maintained for 30 min.

5. The furnace and the fuel plate were allowed to cool.
6. After the fuel plate had cooled to approximately 100% below the

test temperature, te inlet petcock to the sample trap was closed,
while the outlet one remained open. At this step, the flow of
helium was diverted through the second fission product trap and
backup trap. Then the liquid nitrogen bath was removed from the
trap. As the sample trap was warmed up to the room temperature, the
helium gas adsorbed on the charcoal passed through the down stream
side of the system. Xenon losses were estimated to be negligible in
this warm-up operation.

7. The sample trap was removed from the system and sealed. The used
trap was moved from hot cell to the Ge(Li) detector and counted for
3 to 16 hours. Another new trap was installed. It was estimated
that the counting error for Xe-133 or I131 is less than about 10 %
for the activity level of 10 pCi.

8. After the plate cooled to about 200'C, the fuel plate was removed,
from the bed inspected, measured, and photographed as described in
the Step 

9. The fuel plate was then placed back on the bed and the test was
repeated at a higher temperature.

These tests were done at 400, 450, 500 and 550% for the plate E141 at
450, 500 and 550'C for the plate E116, at 400, 450, 500 and 550% for the
plate E-101, and at 300, 400, 450, 500, 525 and 550% for the plate E114
respectively.

Subsequently, the minimum temperature at which rapid release occurred was
determined for the plates E141 and E116. The plate was placed in the
furnace and heated to 5500C. After that, the temperature was slowly increased
at a rate of 1.1'C/min under the monitoring by the ionization chamber for
fission product gas release.

102



For the plate E141 the furnace was turned off when a rapid release of
fission products was detected. The trapping of Xe-133 from the helium stream
was continued for 12 hr, the furnace had been cooled to 222'C.
For the plate E116, the plate was held for 30 minutes at the
release-threshold temperature 561'C, and then the plate was allowed to cool.

Meltdown Experiment

In the second part of the experiment the plate E114 was tested at higher
temperatures than the temperature of the first rapid release of fission
products. The equipment differed from that of the first part as follows: a
caustic scrubber and a cold trap were placed in the line between the furnace
tube and charcoal trap. The scrubber consisted of a 500 ml filter flask
containing 300 ml of 50 % sodium hydroxide solution. The helium gas entered
to the scrubber through a sintered glass and exited through the side arm of
the flask, and passed through a cold trap before entering the charcoal trap.

The charcoal traps used in this part of the experiment were made of metal
rather than glass and had valves in both inlet and outlet legs. This allowed
safe handling of the traps with manipulator from the outside of the hot cell,
because these traps were expected to hold appreciable quantities of
radioactive gases.

. The flow diagram of the equipment of part 2 is shown in Fig. 1. and a
photograph of the manifold section consisting of the sample traps and scrubber
is shown in Photo. 2 Test was made at 565, 585, 600, 650 and 700'C. After
holding at each temperature for 30 minutes the furnace was cooled to about
250% and then the fuel plate was removed, inspected, and photographed.

The sample traps were transported in lead shielded cans to the Xe-133
Production Facility of the Isotope Department of ORNL. Here the xenon was
transferred from the heated sample trap to a storage trap at liquid nitrogen
temperature. During the process the gas was passed through ascarite to remove
carbon dioxide, the principal impurity. The xenon was then condensed into
glass ampules and taken to Analytical Division for analysis. Residual Xe-133
and other radioactive elements in the sample trap was measured by
gamma-counting. Aliquots of the caustic solution were taken after each run
and analyzed using a Ge(Li) counter.

After the 700% test, the plate E114 was taken to the Short-lived
Fission Product Production Facility of te Isotope Department. Here the
aluminum was dissolved in 6 M NaOH. This step was repeated. The residue was
treated with 6 M HNO 3 three times to dissolve the residue completely. The

principal gamma emitting isotopes in the solutions were determined by their

gamma-ray measurements. 10 The uranium contents were determined by chemical
analysis. The isotopic composition of the uranium in the first acid solution
was determined by mass spectrometry.

Results and Discussion

The release of fission products from the fuel plate (UAl X-Al at

temperatures below 550% was found negligible except for the plate E101 as
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shown in Table 2 The observed values of activity of fission product release
at temperature below 500% were of the order of nCi per plate. All activity
values are corrected to the value at the time of reactor shutdown. The amount
of fission product activities per one gram of U-235 in the target after 260

day irradiation at 2 x 10 14 n/cm2sec were calculated as follows: 11 1-131: 13.9
Ci, Te-132: 18.8 Ci, 1132: 17.5 Ci, and Xe-133: 31.6 Ci. Some parts of the
observed release of fission products may be caused by traces of uranium
contamination on the surfaces of the fuel plate and/or natural uranium
impurity existing in cladding material of 6061 aluminum alloy. The factor of
ten higher release recorded for the plates E141 and E116 at the initial
heatups may be caused by traces of uranium contamination on the surface of the
plate by an initial desorption of gases.

Table 2 Fission Products Released from Samples

Run Sample Furnace Amount released from specimen(nCi)
No. code temp.('C) Xe-133 I-131 Cs-137

A-1 E-141 400 89.2 1.5 0.03

A-2 E-141 450 2.2 3.1 0.03

A-3 E-141 500 7.9 12.1 0.04

A-4 E-141 550 5.8 8.2 0.01

B-1 E-101 400 8.3 0.4 0.05

B-2 E-101 450 3.2 15.6 0.03

B-3 E-101 500 9.4 7.9 0.03

9 5 5
B-4 E-101 550 104xlO 7x1O 9XIO

C-1 E-116 450 83.6 4.9 0.03

C-2 E-116 500 6.9 1.1 0.02

C-3 E-116 550 2.3 38.8 0.02

Reynolds found that the release of fission product gases was negligible
below te eutectic temperature of U-AI 4 ,6400C, with the experiments using the

lightly irradiated Al-20 wt% U alloys. 7 Graber et al. 8 reported that the
fission gas release during the experiments on the dispersion fuels began at
the solidus temperature (582'C) of the 6061 aluminum cladding by counting

85 Kr.

For the plate E-101 which as the thinnest cladding of all te plates
(0.30 mm), a large amount of fission product release was observed at 550'C.
The threshold temperature for rapid release of fission products was measured
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to be 561+1'C for the plates E141 and E116 of which the cladding thickness
were 0. 39 mm. The plate E114 was heated to 565% in a single step from
550'C, and a large release was observed. This is consistent with a 5610C
threshold temperature. In these experiments, it became clear that the fission
products began to release at 561% which is below the solidus temperature of
cladding material.

No distortion of the plates was observed at temperatures up to 500'C. Warping
was observed after the one test at 525% and after all tests at 550'C. No
blistering was observed at 550% or lower temperature except for the plate
E-101. Large blisters were observed every time after the thermal treatment in
which a large fraction of fission product gases, such as xenon and iodine,
were released. It can be said that the rapid release of fission products was
caused by the occurrence of blistering. The blister occurred on the surface
of the fuel plates was larger than that of the UAl alloy fuels measured by

4
Reinke. The large blister observed on the surface of the cladding may be due
to poor adhesion between the cladding material and the meat or to poor adhesion

within the meat inself.12

The amounts of Xe-133 collected during te initial rapid release as the
result of the occurrence of blistering of the cladding material are shown in
Table 3 for each plate.

Table 3 Xenon-133 from the Initial Release

Sample Temperature Xe-133 Other Radioactive Elements
code CIQ (Ci) (mci)

I-131: 07, Cs-134: 0.8,
E-101 550 104 Cs-136: 0.5, Cs-137 09,

E-116 561 19 I-131: 003

E-141 561 23

E-114 565 47

In order to investigate the mechanism for initial rapid release, ANL has
resently carried out a metallographic examination at ORNL of one of the
blistered plates. The surfaces of the blisters show numerous cracks.

Preliminary results along metallography indicate 13 that incipient melting
occurred at the grain boundaries along which the cracks formed. Based upon

.the present experiments alone, it is not possible to determine if incipient
melting of the cladding is necessary for the release of fission products or if
stresses produced during blistering are sufficient to cause cracks in the
cladding. However, a recently-completed series of fission-product-release
experiments on similar miniplates containing U 308 and U 3Si dispersions showed

that fission products were released when the plates blistered 14, even though
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the blister-threshold temperature were as low as 500'C. In these cases the
cracks which formed in the blistered cladding could not be attributed to
melting. Of course, the limited data from these tests is not sufficient to
show that formation of a blister will always be accompanied by a
f ission-product release. The temperature of the fuel plate and the size and
shape of the blister could be important parameters related to the formation of
cracks in the cladding. However, from the point of view of a safety analysis
one must assume that a significant release of fission products may accompany
blister formation. It is quite likely, considering the low uranium loading

(1.3 - 14 gU/cm 3 ) and the relatively low burnup (0.5 - 07 x 10 21 fiss./cm 3)
of the plates tested by Graber, et al., that blistering did not occur below
582%. If such were the case their data would not be inconsistent with the
more resent data. Under this assumption, the following conclusion can be
reached on the basis of all fission-product-release threshold-temperature
data: The threshold temperature for the first significant release of fission
products from dispersion fuels, clad in 6061-aluminum alloy, is the lower of
the blister-threshold temperature or the cladding solidus temperature.

Table 4 shows the amounts of I131 and Cs-137 collected in the caustic
scrubber solution for the plate E114 at temperatures above that for initial
rapid release. The amount of iodine released increased with the temperature.

Even at 700% only a small fraction (5.5 x 10-3 %) of the total 1131 was
released as shown in Fig. 2 Since cesium has a low vapor pressure at these
temperature range, the rate of release of cesium was slower than that of the

inert gases. The amount of released Cs-137 at 700% was of the order of 10-3
% to the overall Cs-137 activity in the plate. Gamma scans of the charcoal
traps showed that a small fraction of the iodine passed through the caustic
scrubber. Some iodine might also be deposited on the surfaces of the furnace
tube or the glass tube connecting the furnace tube to the scrubber.

The amounts and the relative values of Xe-133 released during the high
temperature runs for the plate E114 are also given in Table 4.

Table 4 Fission Products Released from Meltdown Experiment on Plate E114

Temp. Xe-133 Trapped I-131 Trapped Cs-137 Trapped
in Charcoal in Scrubber in Scrubber

(00 (Ci) M (dps) (dps)

565 47 20.4 8.5x10 4 (2.3 uCi) 5.2x1O 3

585 116 50.2 4.1x10 6 (0.11 mci) 3.4x1O 4

600 7 3.0 2.0x10 7 (0.54 mCi) 6.2xlO 3

650 57 24.7 2.0x10 7 0.54 mCi) 8.2xlO 5

700 4 1.7 3.0x10 7 (0.81 mCi) 1.3xlO 5
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As Discussed earlier the f irst rapid release of f ission product gases
occurred at or below 565% and was acompanied by blistering of the plate, as
shown in Photo. 3 Another large release occurred at or below 5850C, probably
upon reaching the solidus temperature of the cladding (Photo. 4 The much
larger release at 585% than at 565% indicates that the voids containing
f ission gases were not totally interconnected and that only gases f rom the
immediate vicinity of the blisters participated in the initial release.
Another large release of fission gas occurred at or below 650% (Photo. 
and very probably happened at the U-AL alloy eutectic temperature, 640'C At

the 700% temperature most of the 133 Xe had probably been released but most of

the 131 I was still in the plate. From these results it can be concluded'that
for highly-loaded UA1 x-Al fuel up to 70% of the fission gas resides in the

aluminum matrix region and is available for release upon cladding melting.

A cracking of the cladding was observed after the 650 'C experiment as
shown in Photo. 5. At the 700 'C experiment, crumples were observed on the
surface of the plate E114 which indicated the melt of the plate as shown in
Photo. 6.

Table shows the total amounts of uranium and principal fission products
remaining in the plate E114 as determined by chemical analysis. The table
shows both the measured values at the time of analysis and the corrected
values corresponding to the reactor shutdown time 07/10/81).

The isotopic composition of the uranium in the plate E114 after
irradiation is given in Table 6 The 0980 g of U-235 remaining in the plate

21 3
indicates a burnup of 63% and a fission density of 106 x 10 /cm
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Table 5. Fission Products in Plate E114

Zr-95 Nb-95 Ru-103 Ce-141 Ce-144 Cs-134 Cs-137 Ba-140 La-140 U
Sample (mci) (mci) (mci) (mci) (mci) (mci) (mci) (mci) (mci) (g)

Acid 1 4

09/03/81 1.17xlO 7840 877 873 9810 2907 3047 0.387

07/10/81 2.12xlO 4 2308 2.82xlO 4 1.22xlO 4 5.73xIO 4

Acid 2 4
09/18/81 3.78xlO 4334 517 4770 7065 522 562 0.154

07/10/81 8.08xlO 4 1773 2.12x1O 4 8379 2.32xlO 4

Acid 3
00 09/18/81 8.09xio 4 4.74xIO 4 6250 3.66xIO 4 5355 3961 4488 4.22

07/10/81 1.73xlO 5 2.14xlO 4 1.63x1O 5 6351 1.76xIO5

Base 1
09/03/81 880 589 294 722 836 722 2980 974 984

07/10/81 1792 775 2333 956 760 2888 1.70xIO 4

Base 2
09/18/81 115 160 12 19.6 29 27 9.4 11 12

07/10/81 245 41 87 34 29 9.4 491

Total 5 4 5 4 5
07/10/81 2.77xIO 2.63xIO 2.15xIO 2.79 10 789 2897 2.73xIO 4.76



Table 6 Isotopic Composition of Uranium in Plate E114

Isotope Mass Percent of Isotope

234 0.32+ 0.01

235 20.59+ 0.03

236 5.41+ 0.01

238 74.0 + 0.03

Conclusions

These experiments using the fuel plates of burnup of about 60 
established that the threshold temperature for fission product release from
U-Al x-Al dispersion plate-type fuel, clad in 6061-Aluminum alloy, is 561+1'C,

below the solidus temperature of the cladding.

The first significant release of fission product gas apparently occurs by
blister formation. The second release causes by melting of cladding at the
solidus temperature of 582'C. The last massive release occurs at the eutectic
temperature (640'C) of UAl x

The amounts of released iodine-131 and cesium-137 are of the order of

10-3 % of the total iodine-131 and cesium-137 in the plate respectively.

The release threshold temperature appears to be dependent on the burnup
fuel material and the cladding thickness.
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Photo. 1. Equipment used for trapping of fission product gases.



PhDtO 2 Equipment used for meltdown experiment consisting
of the metal traps and scrubber solution.
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Photo. 3 Plate E114 after heating up to 565'C. Photo. 4 Plate E114 after heating up to 585'C.



Photo. 5. Plate E114 after heating up to 650'C. Photo. 6 Plate E114 after heating up to 700'C.
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RELEASE OF FISSION PRODUCTS FROM MINIATURE
FUEL PLATES AT ELEVATED TEMPERATURE

by

John C. Posey

ABSTRACT

Three miniature fuel plates were tested at progressively higher

temperatures. A 3Si filled plate blistered and released fission gases

at 500'C. Two U308 filled plates blistered and released fission gases

at 5500C.

Research Conducted under Memorandum Purchase Order 31-109-38-4529
with Argonne National Laboratory under Contract Number W-7405-eng-26
for Union Carbide Corporation Nuclear Division.
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INTRODUCTION

The Reduced Enrichment Research and Test Reactors (RERTR) program

requires the development of fuel plates of reduced 235U enrichment but

high total uranium content. The low 235U enrichment reduces the danger

of bomb use.

This report describes an experimental investigation of plate damage

and failure at elevated temperature. This work was done in late summer

1982 at Oak Ridge National Laboratory. Miniature fuel plates were tested

at progressively higher temperatures. Warping, blister formation, and the

escape of fission products were observed and the temperatures at which

they occurred were determined.

PROCEDURE

Three miniature fuel plates from a group irradiated in the Oak

Ridge Research Reactor were tested. This group of plates has been

described by Senn and Martin.' The plates were rectangular, 11 mm

long and 50 mm wide and consisted of a layer of a uranium compound

sandwiched between sheets of aluminum alloy (6061). Details of the

three plates used in this work are given in Table 

The plates had been removed from the reactor on May 24, 1982. The

tests described in this report were carried out during the period of

Aug. 26 to Sept. 10, 1982. Consequently, nearly all of the 133Xe and

131I had decayed and could not be used effectively as indicators of a

breach of the containment of the fission products within the plate. The

escape of 85Kr was used as an indicator of containment failure.
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Table 1. Miniature fuel plates

Nominal Fissile Uranium 235U enrichment Total 235U
Plate thickness bearing density loading
number compound kg/M3 Wt % mg

PM inches

A-19 1270 0.050 U3Si 4814 19.88 2081

0-50-1 1270 0.050 U308 2759 19.47 1154

0-58-8 1524 0.060 U308 3102 19.47 1663

The burnup of the uranium in the plate 0-58-8 was determined by the

ORNL Analytical Division by mass analysis. The total heavy element

burnup was 19.89 atom or 191 GWD for metric ton. The sample contained

2.135 X 1020 atoms of plutonium, and 1459 x 1022 atoms of uranium, and

had undergone 368 x 1021 fissions. The mass distribution of the

uranium was 0106 atom 234U 1096 atom 235U 3596 atom 236U,

and 95.202 atom 238U. The.mass distribution of the plutonium was

5.641 atom 238pU, 47.458 atom 239pU, 21.791 atom % 24OpU,

12.126 atom 241pU, 12.968 atom 242pU, and 0016 atom 244PU.

Figure 1 is a flow sheet of the equipment used in this work. The

fuel plate was contained in a quartz tube in the furnace. Helium gas

flowed over the plate and then through a sample trap containing activated

charcoal at liquid nitrogen temperature. Any 85Kr escaping from the

plate accumulated in this trap. The flow could be diverted through an

alternate trap of the same type. The gas flow then passed through a

second larger charcoal trap and exited through a throttle valve and a

vacuum pump. The sample trap removed any volatile fission products from

the gas stream. The back up trap was present as a safety precaution to

trap any 131I that might pass the sample trap.
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The helium flow and pressure were controlled by two throttle valves,

one located in the helium inlet line outside of the hot cell, the other

located in the hot cell just before the vacuum pump. The flow was held

at 10 ± 20 cc/min; the pressure was very slightly below atmospheric.

The sample traps (Fig. 2 were designed to lie flat on the crystal

cover of a GeLi counter. This design allowed an efficient geometry for

counting.

An ionization chamber was mounted on the outside of the vacuum

flask that held the sample trap. The trapping of a large amount of

radioactive material could be detected by this instrument. This method

had been very effective in detecting 133Xe released by fresh fuel plates

but was found to be ineffective in detecting 85Kr in the amounts involved.

The furnace was heated by a nichrome resistance coil. The tempera-

ture was regulated by a proportional controller. The heated zone of the

furnace was 7 in. long and 3 in. in diameter. Line of sight gamma

radiation from the intensely radioactive fuel plate to the sample trap

ionization chamber was blocked by 2 in. of lead brick. The rest of the

furnace was covere'd with 14 in. sheet lead, which absorbed much of the

low energy gamma radiation which is especially prone to back scatter.

A quartz tube (Fig. 3 was located inside the furnace. Two chromel-

alumel thermocouples, sheathed in stainless steel, entered the back of

the tube through a small quartz tube. The helium gas entered through

the same tube. The other end of the tube terminated in a large ground

quartz ball joint. The tube was connected through this joint to the

sample collection system.
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The fuel plate was held in a slanted position in a quartz sample

holder (Fig. 4. As the holder was introduced into the quartz tube,

the slanted surface of the plate contacted one of the two thermocouples

and caused it to bend up slightly. This design assured that the thermo-

couple junction was in contact with the plate. The temperature was

recorded by a single point recorder which could be read to 2F. The

second thermocouple was bent upward so that its junction contacted the

inner surface of the quartz tube. This thermocouple was connected to

the proportional controller.

Each plate was tested in the following manner.

1. The plate was examined visually and photographed. Its thickness

was measured in six places by means of a micrometer.

2. The plate was mounted in the sample holder which was placed in the

furnace tube. The tube was then connected to the sample collection

system.

3. The flow of helium ws started, and the sample trap was cooled to

liquid nitrogen temperature.

4. The furnace was heated to the operating temperature, which was

maintained for 30 min.

5. The furnace was allowed to cool.

6. After the furnace had cooled to approximately 1000C below operating

temperature, the helium flow was diverted through the alternate

trap, and the loaded trap was allowed to warm to room temperature.

The adsorbed helium was allowed to scape through the down stream

stopcock, which was allowed to remain open.
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7. The trap was then removed from the manifold and its openings were

capped. It was then removed from the hot cell and its outer surface

was washed. Its radioactive content was then measured using the

GeLi counter. Counting times of up to 16 h were used to measure

very low levels of activity.

8. After the plate had cooled to -.2500C it was removed from the

furnace and inspected, and the thickness was measured. Photographs

were made when blisters appeared. The thickness measurements were

discontinued after warping or blistering became severe. Plate

A-19 was not cooled or removed from the furnace after the tests at

600% and 650'C, and plate 0-58-8 was not removed after the 6500C

test.

RESULTS AND DISCUSSION

The principal results of these tests are given in Tables 2 and 3.

The U3Si filled plate, A19, warped, swelled, blistered, and released

krypton during the 5000C test. A photograph of these blisters, shown

in Fig. 5, shows that they were small and located along the edge of the

meat area. The amount of krypton released at 500% was <0.1% of the

total released from this plate. The largest releases of 85Kr occurred

at 5650C and 6500C.

The oxide filled plates evidenced warping and swelling at 5000C and

5250C. At 550% large blisters formed, and large releases of krypton

occurred. These blisters are shown in Figs. 6 and 7 A second test

was made at 550% using plate 0-58-8. Only a small amount of krypton

left the plate. This indicates that the release was not a continuing
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Table 2 Effects of temperature on U3Si filled plate

Plate A19

Temperature Results
of test, OC

300 None

400 None

450 None

475 Darkening at edge of meat area

500 Blisters along edge of meat area, swelling,
and warping. 033 mCi of 85Kr in trap

515 More swelling, 21 MCi of 85Kr trapped

530 33 mCi of 85Kr trapped

565 110 mCi of 85Kr trapped

600 10 MCi of 85Kr trapped

650 240 mCi of 85Kr trapped

700 15 Ki of 85 trapped

process. The greatest release of krypton took place during the 650%

test.

The results of the thickness measurements are given in Tables 4,

5, and 6 The positions at which these measurements were made are

identified by the position number. The numbers were assigned starting

at a corner identified by a small chamfer. Numbers 1 2 and 3 are

in line along the plate about 34 in. in from the edge. They Were

approximately 1/8 in., 2 14 in., and 3 38 in. from the end of the

plate. Numbers 4 5, and 6 were in a similar row 34 in. from the

other edge of the plate.

The USi filled plate A19 showed swelling in the 5000C test;

blistering and krypton release occurred in the same test. The U308
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Table 3 Effects of temperature on U308 filled
miniature fuel plates

Plates 0-50-1 and 0-58-8

Temperature Plate
of test, 'C number Results

300 0-58-8 None

400 0-58-8 None

425 0-50-1 Meat area light grey, outer area dark grey

450 0-58-8 Meat area light grey, outer area dary grey

475 0-50-1 Meat area light grey, outer area dark grey

500 0-58-8 Reveral - meat area is now darker, slight warping
and swelling

525 0-50-1 Warping and swelling

550 0-50-1 Large blisters, 59 mCi of 85Kr

Ist 550a 0-58-8 Large blisters, 52 mCi of 85Kr

2nd 550b 0-58-8 1.2 mCi of 85Kr

600 0-58-� 0.1 MCi of 85Kr

650 0-58-8 150 mCi of 85Kr

700 0-58-8 0.9 mCi of 85Kr

aTwo tests were made at 5500C to determine whether or not krypton
release continued at this temperature.

filled plate 0-58-8 showed some swelling at 500OC; blistering and

krypton release were not observed until the 5500C test. Plate 0-50-1

showed no swelling at 4750C but did at 5250C. It was not tested at

5000C.

Both 134Cs and 137CS were found in the traps after the tests at

the higher temperatures. These data are given in Table 7 These

quantities are indicative of the relative amounts of cesium volatilizing

from the plates but are in no sense quantitative measurements of the
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Table 4 Swelling of plate A19, U3Si filled

Temperature Thickness of plate, in.

of test, 'C Position Position 2 Position 3 Position 4 Position Position 6

Initial 0.0533 0.0535 0.0542 0.0535 0.0537 0.0555

300 0.0530 0.0533 0.0536 0.0535 0.0532 0.0539

tjq 400 0.0536 0.0533 0.0539 0.0533 0.0532 0.0567

450 0.0532 0.0534 0.0535 0.0532 0.0535 0.0551

475 0.0534 0.0536 0.0538 0.0533 0.0533 0.0550

500 0.0627 0.0563 0.0542 0.0532 0.0598 0.0595

515 0.0619 0.0588 0.0551 0.0531 0.0710 0.0758



Table 5. Swelling of plate 0-50-1, U308 filled

Temperature Thickness of plate, in.

of test, C Position Position 2 Position 3 Position 4 Position Position 6

Initial 0.0510 0.0511 0.0513 0.0510 0.0513 0.0514

425 0.0509 0.0509 0.0509 0.0509 0.0510 0.0510

475 0.0512 0.0514 0.0510 0.0513 0.0515 0.0514

525 0.0518 0.0540 0.0584 0.0597 0.0585 0.0515

Table 6 Swelling of plate 0-58-8, U308 filled

Thickness of plate, in.
Temperature

of test, C Position Position 2 Position 3 Position 4 Position Position 6

Initial 0.0610 0.0612 0.0612 0.0615 0.0618 0.0615

300 0.0614 0.0613 0.0612 0.0613 0.0613 0.0617

400 0.0610 0.0610 0.0613 0.0613 0.0615 0.0614

450 0.0604 0.0610 0.0610 0.0620 0.0613 0.0614

500 0.0606 0.0642 0.0643 0.0689 0.0673 0.0616



Table 7 Cesium found in traps after tests

Plate Temperature C 134CS, MCi 137CS, MCi

A-19 565 71 41

A-19 600 0.20 0.13

A-19 650 415 251

A-19 700 1300 793

0-58-8 550 0.003 0.002

0-58-8 600 0.0004 0.0003

0-58-8 650 2.2 1.2

0-58-8 700 0.34 0.21

total amounts. Most of the cesium would be deposited on surfaces before

reaching the traps because of either condensation or reaction.

Much more csium was found in the trap after the tests of the

silicide filled plate than was found after the tests of the oxide filled

plate. The cesium apparently was in a more volatile form in the silicide

filled plate. The alternate trap was used in the 6500C test of plate

A-19 and in the 7000C test of plate 0-58-8. This trap was at a greater

distance from the furnace than was the usual sample trap. Consequently,

the line losses of cesium were greater than in cases of the other

samples.

The presence of surface deposits of cesium in the system was

verified by surface smears made using Q-tips. One smear was taken from

plate 0-58-8 after the 6000C test at the sight of a small crack at the

edge of a blister. Another was taken from the plate holder near the

plate after the same test. A third was taken from plate A19 after the

5650C test. All Q-tips gave survey meter readings of >10 R. Gamma

scans showed the presence of only 134Cs and 137CS.
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Film deposits were observed on the sample holder after the 7000C

melt down of plate A19. These deposits were analyzed by spark source

mass spectrometry. The results are given in Table 8. The concentrations

are relative with cesium equal to 100. Sample I was taken at a point just

down stream from the plate with respect to helium flow. Sample 2 was

taken from a cooler zone farther down stream. The isotopic composition of

the cesium was 44%, 133CS 4, 134CS 4, 135CS; and 48%, 137CS. The iso-

topic composition of the iodine was 11%, 127I and 89%, 129I. The isotopic

composition of the cadmium was that of fission product cadmium.

Table 8. Composition of deposits

Relative concentration
Element

Sample Sample 2

Ag 2 0

Al 5 50

B 0.3 1

Ca 0.3 5

Cd 0 1500

Cr 2 0.5

Cs 100 100

CU 0 10

Fe 10 30

I 0 10

K 1 5

Mg 150 3

Na 3 1

Pb 0 6

Rb 25 40

Si 10 25

Ti 25 2

Zr 1 20
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SUMMARY

Three miniature fuel plates were tested at progressively higher

temperatures. A 3Si filled plate blistered, warped, and released 85Kr

at 500'C. Two U308 filled plates blistered and released 85Kr at 550'C.

At temperatures in the range of 565% to 700'C appreciable 134Cs and

137CS left the plates. The cesium losses from the silicide filled plate

were greater than those from the oxide filled plate.
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Fig. 6 Plate 0-58-8 after 550'C Test
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DISSOLUTION AND CLARIFICATION OF RERTR SILICIDE FUELS*

George C. Rodrigues
E. 1. du Pont de Nemours Co.

Savannah River Laboratory
Aiken, SC 29808 XA04C1501

Abstract

SRP may reprocess spent REM fuel as early as FY-85. Candidate RERTR
fuels include uranium oxides, aluminides, and sicides. Much less is known
about the behavior of uranium sicides during Purex reprocessing than
either uranium oxides or aluminides. Studies were performed at SRL with
RERTR silicide fuels to ensure their reprocessability. The results of dis-
solution and head-end clarification studies with both unirradiated and
irradiated fuel are presented.

Introduction

Highly enriched uranium fuels from a number of foreign and domestic
research and test reactors are currently reprocessed at the Department of
Energy's (DOE) Savannah River Plant (SRP). The objective of the Reduced
Enrichment Research and Test Reactor (RERTR) program is to demonstrate on-
version of these reactors to low enriched uranium (LEU) fuels to reduce the
potential for diversion of highly enriched uranium. Ideally, this conver-
sion should be accomplished without changing the fuel configuration or de-
grading reactor performance. Conversion to LEU under these constraints
requires that the new fuel elements contain up to 41/2 times as much total
uranium. Advanced powder metallurgy fabrication techniques utilizing high
density oxides, aluminides, and sicides should produce reliable fuels with
uranium loadings in the desired range. Candidate silicide intermetallic
compounds are U3Si, U3Si2, and U3SiAl. While a good deal is known about
reprocessing oxides and aluminidesl,2, information on reprocessing sicides
is limited and dissolution of some uranium sicides has proven difficult.
In addition, dissolved silicon can disrupt solvent extraction2j3. Therefore,
reprocessing studies on silicide fuels were required to demonstrate compati-
bility with current SRP operations.

Aluminum clad fuels are reprocessed at SRP using a modified PUREX
process. The irradiated fuel and cladding is first codissolved in mercury
catalyzed nitric acid Trace fluoride is sometimes required for high
burnup fuels. Fluoride catalytically attacks silicon which grows into the
aluminum cladding by neutron capture during irradiation. Dissolved silicon
above 100 ppm can severely disrupt solvent Sxtraction by stabilizing
emulsions of the organic and aqueous phases Dissolved fuel is treated
with gelatin (referred to as a gelatin strike), which polymerizes the dis-
solved silicon to a solid which can be separated by centrifugation. The
dissolved fuel is also treated with a reverse permagnianate strike. This
step lowers the gamma radiation level by scavaging Zr-95Nb in the MnO2

The information contained in this article was developed during the course
of work under Contract No. DE-AC09-76SROOOOI with the U.S. Department of
Energy.
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precipitate formed. Uranium and plutonium are then separated from the dis-
solved fission products and cladding by solvent extraction into a tributyl
phosphate-normal paraffin mixture.1

Studies at Savannah River Laboratory (SRQ examined dissolution rate,
silicon removal,-and nuclear safety aspects of dissolving and clarifying
REM silicide fuels.

Summary

REM silicide fuels were successfully dissolved in mercury catalyzed
nitric acid in bench-scale tests. Trace fluoride was necessary for a con-
sistent and reasonable dissolution rate of irradiated silicide fuel. The
dispersed fuel phase dissolved at least as fast as the aluminum matrix and
cladding. Solids remaining after dissolution were amorphous silica contain-
ing negligible uranium. Average composition of the dissolved fuel solution
was 24 gm/l U, 3.OM H, 1.3M A1+3, and 6.9M NO3_. A reverse permanganate
strike gave satisfactory results. A gelatin strike reduced dissolved sili-
con to less than 70 ppm, which is acceptable to solvent extraction. Irradi-
ated fuel was dissolved and clarified as feed for bench-scale solvent ex-
traction studies.

Discussion

Headend dissolution and clarification studies were conducted at SRL
with both unirradiated and irradiated RERTR miniplates provided by Argonne
National Laboratories (ANL). These developmental fuel elements were pre-
pared for fabrication and irradiation studies. Depleted miniplates were
produced during fabrication and uranium loading studies at ANL. Enriched
miniplates were produced at ANL and irradiated to about 30% 235U burnup in
the Oak Ridge Reactor (ORR) for post-irradiation examination at ANL.

Dissolution Studies

Bench-scale studies demonstrated that RERTR silicide fuels show no
significant difference in dissolution from aluminum clad fuels now reproc-
essed at SRP. Dissolution procedures for REM silicide fuels are based on
current SRP practices and previous SRL studies on dissolution of aluminum
clad fuels.

REM dissolution studies were conducted in bench-scale glassware. The
dissolver apparatus consisted of an electrically heated flask fitted with a
water cooled reflux condenser. The flask was also fitted with a burette for
metering in reagents during dissolution. Studies with the intensely radio-
active irradiated fuel were conducted in SRL's heavily shielded High Level
Cells (HLC) facility.

Boiling 3M HN03 - 0.002M Hg+2 completely dissolved sections 4 gms
each) of unirradiated miniplates of all three silicide compositions. Initial
dissolution was vigorous, but with controllable foaming. Boiling 8M HN03
0.002M Hg+2 exhibited initial dissolution rates so high that foaming was
barely controlled in the oversized condenser used. Dissolution in IM HN03
0.002M Hg+2 was slow and inconsistent. One dissolution was made wit-h- re-
duce(i-Hg+2 (0.0002M). This run reduced the dissolution rate by almost 12
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and showed that Hg+2 is necessary to the dissolution. The dispersed fuel
particles dissolved as fast as the aluminum matrix and cladding in all tests.
The range of total dissolution times of 7 to 15 hours for all tests compares
favorably with times for fuels now processed at SRP.

The acid consumed during the course of a dissolution was replenished
periodically with makeup HN03- 16M HN03 makeup acid constantly sustained a
higher dissolution rate than 8M for the same total makeup H added. A two
hour boiling digestion period issolved any fuel particles remaining after
all large cladding fragments were dissolved. This digestion also precipi-
tated most of the dissolved silicon as fluffy, white amorphous silica. The
dissolution rate of unirradiated fuel was unaffected by .01M KF.

Trace fluoride (0.01M KF) was necessary to provide vigorous and con-
sistent dissolution of 307. burnup miniplates. With no fluoride present,
the irradiated fuel dissolved slowly and inconsistently. The dissolution
rate of irradiated fuel was 36% higher with fluoride.

Analysis by neutron activation and plasma source emission spectroscopy
showed that solid residues remaining after dissolution contained negligible
uranium (see Table 1). The solid residues from unirradiated fuel appeared
to be amorphous silica. The solids from irradiated fuel were darker and
more granular in appearance, but again appeared to be precipitated silica.

Table I

Uranium Loss to Dissolution Residues

Composition % Total U Lost

Unirradiated U3Si2 0.07%
U3Si 0.12%
U3SiAl 0.30%

Irradiated U3Si 0.01%

Clarification Studies

Current SRP clarification steps were successfully tested on dissolved
unirradiated and irradiated RERTR silicide fuels.

The dissolved fuel was first treated with a reverse permanganate strike.
Digested dissolver solution was brought to 75% and 0.014M Mn(NO3)2 was
added. This was followed by sufficient KMnO4 to react wiTh 90% of the
Mn+2 present. This reaction is shown below:

3Mn(NO3)2 + 2KMnO4 + 2H20 --- 0- 5MnO2 + 2KNO3 4 HN03

The precipitated MnO2 cake centrifuged easily from the solution in less
than five minutes at 1100 G's in a bottle centrifuge.

A gelatin strike successfully removed dissolved silicon to less than
70 ppm. 50 mg/l of gelatin was added to the dissolver solution and held at
75% for 30 minutes. Dissolved fuels initially contained as much as 180 ppm
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dissolved silicon. A visible quantity of gelatin precipitated silica was
observed only three times during these studies. This solid easily centri-
fuged from the solution in less than 10 minutes at 1100 G's in a bottle
centrifuge.

Feed Preparation Demonstrations

Integrated dissolution and clarification was demonstrated with whole
REM miniplates. The resulting solutions provided feed for bench-scale
solvent extraction studies. An unirradiated miniplate of each silicide
composition was dissolved and clarified by the procedures tested above with
no problems observed. Two each U3Si and U3SiAl irradiated miniplates were
processed in the same way with good results.

Conclusions

These studies demonstrate that spent RERTR silicide fuels can be suc-
cessfully dissolved and clarified for reprocessing at SRP. Trace fluoride
will probably be necessary for dissolution. A gelatin strike will be neces-
sary to ensure satisfactory solvent extraction performance. All dissolving
and feed preparation procedures dveloped and tested are within the present
technical standards for SRP reprocessing.
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Abstract

Uranium silicide fuels, which are candidate RERTR fuel compositions,
may require special considerations in solvent extrction reprocessing.
Since Savannah River Plant may be reprocessing RERTR fuels as early as
1985, studies have been conducted at Savannah River Laboratory to demon-
strate the solvent extraction behavior of this fuel. Results of solvent
extraction studies with both unirradiated and irradiated fuel are presented
along with the preliminary RERTR solvent extraction reprocessing flow sheet
for Savannah River Plant.

Introduction

The Reduced Enrichment Research and Test Reactor (RERTR) Program is
part of a national effort to reduce the enrichment of fuels used in research
and test reactors at universities and research institutions in the United
States and abroad. The United States Government is obligated to provide
fresh fuel and accept spent fuel from 156 research reactors in 35 countries.
At any one time, these reactors require a total inventory of about 5,000
kilograms of high-enriched uranium (HEU). Since HEU >70% 235U) could
potentially be diverted to non-peaceful uses, it is desirable to convert
these reactors to low-enriched uranium (LEU) fuels <20% 235U). However, to
maintain reactor performance with the LEU fuels, the total amount of 235-U
in the fuel must be maintained. Thus, the total uranium content must be
increased by about 41/2 times.

Uranium silicide compounds offer densities acceptable for this use.
Currently three compounds in this catagory are being studied. These are

U3Si, U3Si2, and U3SiAl.

Silicon, however, can cause problems in the solvent extraction reproc-
essing of spent nuclear fuel.1-3 These problems are in the form of
hydraulic disruptions and incomplete phase separation during the solvent
extraction process. A technique has been in use at Savannah River Plant
(SRP) since the late 1950's that uses a dilute gelatin solution to poly-
merize and precipitate silicon species out I the dissolver solution before
it is fed to the solvent extraction process.

Since current planning is to reprocess the RERTR fuels at SRP, the
reprocessibility of the silicide fuels at SRP must be demonstrated prior to
general use of these fuels in research and test reactors. Further, a new
flowsheet for reprocessing these fuels is required since they are signifi-
cantly different from other fuels that are being processed at SRP.

The information contained in this article was developed during the course
of work under Contract DE-AC09-76SR00001 with the U.S. Department of Energy.
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SUMMARY

Solvent extraction of unirradiated RERTR silicide fuels has been demon-

strated. U3Si, U3Si2 and U3SiAl fuel compositions were used. No hydraulic
disruptions were observed during the course of these studies.

Two solvent extraction runs with dissolved, irradiated mini-plates have
been completed. While a coalesence phase formed in the extraction section
of the mixer-settler early during the first run (after roughly two hours),
the thickness of this phase decreased as the run progressed and no disrup-
tion of operation was observed as a result of this phenomenon. Preliminary
analytical results from this run were satisfactory. The second run was suc-
cessfully completed without the appearance of any hydraulic problems. Two
other solvent extraction runs were started, but were terminated after and
1.5 hours, respectively, due to problems in the feed system. No hydraulic
disruptions were observed prior to the termination of either run.

DISCUSSION

Flow Sheet

Figures 13 show the solvent extraction flow sheet that was used in
these studies. Figure I shows the first solvent extraction cycle where
initial separation from fission products and of uranium and plutonium is
accomplished. Figure 2 shows the second uranium decontamination cycle. A
nominal second plutonium decontamination cycle, described previously,5 will
be used for plutonium processing. This flow sheet was developed using the
SEPHIS solvent extraction computer model developed at the Oak Ridge National
Laboratory (ORNL).6 For the purpose of these studies, only the first two
mixer-settler banks of the first solvent extraction cycle were tested. Any
hydraulic disruption caused by silicon would occur primarily in the first
mixer-settler bank. Further, the separation of uranium and plutonium in the
second mixer-settler bank is important for proper operation of the solvent
extraction system at SRP. Sufficient confidence was placed in the SEPHIS
code and prior operating experience at SRP such that testing of the uranium
recovery bank and the uranium and plutonium decontamination cycles was not
necessary.

Solvent extraction studies were done in the Intermediate Level Cells
(ILC) Facility at the Savannah River Laboratory (SRL). While it was not
necessary to conduct the work with unirradiated fuel in this facility, this
was done to check equipment that would be needed for experiments using
irradiated fuel.

Unirradiated Fuel Studies

Three solvent extraction runs were made with unirradiated RERTR sili-
cide fuels; one run with each of the three candidate fuel compositions. The
first run was with a dissolved U3SiAl miniplate. Feed solution data are
shown in Table 1. This run lasted 18 hours and 20 minutes. During the
course of this run, there was no evidence of any phase separation or hydrau-
lic problems that might be indicative of interference with the solvent
extraction process by silicon species.
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.Samples were taken of the aqueous and the organic phases in the even
numbered stages of the 1A and 1B mixer-settler banks to generate a profile
of the uranium and nitric acid concentrations in both phases of both banks.
Figures 3 and 4 show the profiles for the IA bank and Figures and 6 for
the 1Bbank. These profiles are compared to those predicted by the SEPHIS
computer code. The profiles are within the limits of analytical error and
the confidence limits of the SEPHIS code.

A comparison of the analyzed endstreams and the SEPHIS predictions is
shown in Table 2 The SEPHIS predictions are close for all of these except
the low uranium levels, which the SEPHIS code consistently mispredicts. The
uranium losses to both the 1AW and 1BP (plutonium product) stream are shown
in Table 3 The losses to both of these streams are well below 0.01% and
indicate excellent recovery of the uranium. The calculated uranium level in
the plutonium product, if this had been an irradiated plate, was 1058 PPM.

A U3Si miniplate was used for the second unirradiated plate run. The
feed solution data is shown in Table 4 This run lasted 17 hours and 
minutes. Again, no hydraulic disruption was observed during the course of
this run.

Analyses of the endstreams and uranium losses are shown in Table .
Again, the endstream concentrations are close to the expected values. The
predicted uranium level in the plutonium product was calculated again and
was estimated to be 640 ppm.

The last solvent extraction run with an unirradiated plate was made
with U3Si2 alloy. The analysis of the feed solution is shown in Table 6.
This run lasted 17-1/2 hours. In the last few hours of the run, aqueous/
organic "bubbles" formed at the interface of the settler section of the feed
stage, indicating slow coalesence of the phases. Complete separation did
occur, and no disruption of the operation resulted from this phenomenon.
This might have resulted from the slightly higher silicon levels in this
feed solution as compared to the previous runs 70 ppm versus 57 and 65 ppm),
although this is doubtful due to the small differences involved.

Table 7 shows the endstream analyses and uranium losses. Again, all of
the analyses are within a reasonable ange of the expected values. The
uranium/plutonium cross-contamination was calculated to be 1800 ppm uranium
in the plutonium. This is slightly high, but is probably due to the lower
uranium concentration in the feed.

Irradiated Fuel Studies

Two solvent extraction runs with irradiated RERTR silicide fuel have
been completed and partial analytical information is available. Two other
runs were started but were terminated due to problems with the feed system.

During the first run, a coalescence zone formed between the aqueous
and organic phases in the settler of each stage in the 1A bank extraction
section after about 2 hours of operation with irradiated feed solution.
However, this condition began improving about hours into the run and con-
tinued to improve until the run was terminated, about 17 hours after it was
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started. Hydraulic operation of the banks was not disrupted. Analytical
results are pending which will determine the effect of this phenomenon on
the chemical operation of the system. Preliminary indications, based on the
improvement of the condition as the run progressed, are that this should not
pose a problem in reprocessing spent RERTR silicide fuels... The other
complete run showed no evidence of a simular condition and was finished
without incident.

The two incomplete runs with irradiated plates were conducted with U3Si
and U3SiAl fuel alloys and lasted and 1.5 hours, respectively, before
they were terminated due to problems with the feed system. There was no
evidence of any hydraulic phenomena similar to that observed on the first
run prior to the termination of either of these two runs.

Conclusions

Solvent extraction reprocessing of irradiated RERTR silicide fuels can
be accomplished at the Savannah River Plant. Although complete results are
still pending, the levels of silicon present in the feed solutions should
not pose a problem in reprocessing.
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TABLE I

U3SiAl Unirradiated Plate

Feed Solution

Uranium - 25.8 g/l

Nitric Acid - 3.9 M

Aluminum Nitrate - 0.94 M

Silicon - 57 ppm

Mercury - 39 ppm

TABLE 2

U3SiAl Unirradiated Plate

Endstream Analyses

HN03 M U, g/l

Stream Actual Predicted Actual Predicted

Waste 3.75 2.99 1.21 x 10-4 1.9 x lo-H

Pu Product 2.32 2.21 1 x 10-3 2.24 x 10-9

U Product 0.074 0.158 10.73 9.14

TABLE 3

U3SiAl Unirradiated Plate

Uranium Losses

Waste Stream Losses - 57 x 10-4

Pu Product Stream Losses - 14 x 10-3

Estimated Content in - 1058 ppm

Pu Product
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TABLE 4

U3S' Unirradiated Plate

Feed Solution

Uranium - 26.7 g/l

Nitric Acid - 2.77 M

Aluminum Nitrate - 1.23 M

Silicon -65 ppm

Mercury -74 ppm

TABLE 5

U3Si Unirradiated Plate

Endstream Data

HN03 M U gI U Losses, 

Waste 3.0 2.59 x 10-4 1.22 x 10-3

Pu Product 2.41 3.86 x 10-4 5.44 x 10-4

U Product 0.08 8.03 -----

Calculated U Content in Pu Produce 640 ppm

. TABLE 6

U3Si2 Unirradiated Plate

Feed Solution

Ur a n ium - 12.4 g/1

Nitric Acid - 3.47 M

Aluminum Nitrate - 1.11 M

Silicon -70 ppm

Mercury -70 ppm
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TABLE 7

U3Si2 Unirradiated Plate

Endstream Data

Stream HN03, M U, /1 U Losses, 

Waste 3.21 2.5 x 10-4 2.44 x 10-3

Pu Product 2.54 5.5 x 10-4 1.61 x 10-3

U Product 0.08 2.99 --- 7--

Calculated U Content in Pu Product = 1900 ppm
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Abstract

The phase assemblage of aluminum-urania is a nonequilibrium
mixture and a cermet fuel of this mixture will ultimately tend to
change phases. Early studies of this reaction recognized the
potentially large energy release accompanying the phase change.

.This paper reviews the studies of the reaction and concludes that
increasing the uranium content to the level necessary for
low-enriched fuels will not add significantly to the chemical
reaction hazard.

Introduction

When aluminum7-urania cermet fuels were first introduced in the 1950s,
it was recognized that the phase assemblage was a nonequilibrium mixture
that would ultimately change phases with potentially large energy releases.
Howeverl at temperatures up to 500'C, little reaction occurs, and up to the
aluminum melting point at 660% the worst behavior noted was time-dependent
reaction sometimes leading to fuel plate swelling and warpage. This was of
concern mainly to fabricators who had to braze elements at temperatures up
to about 600'C. The advent of roll swaging for element assembly allowed
fabrication temperatures to be maintained below about 500'C. Operating
temperatures in research reactors are much lower than this, often about
100'C. Thus, the potentially high energy release from the Al-U 308 reaction

is inconsequential except in the event of a loss-of-coolant accident. In
view of this possibility, studies of the high temperature thermal behavior
of the system were undertaken.

The most recent study at the Oak Ridge National Laboratory (ORNL) was
done specifically because the conversion to low-enriched uranium fuels
would necessitate U 30 -Almixtures in the composition range expected to

release the maximum energy. 192

This paper is a review.of the ORNL study of the U 308-Al reaction and

includes a review of the highlights from earlier work on this subject.

1Research performed under Memorandum Purchase Order No. 31-109-38-4529
with Argonne National Laboratory under Union Carbide Corporation Contract
No. W-7405-eng-26 with the U.S. Department of Energy.
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Experimental Studies

The major features of the Al-U 308 reactions were delineated by Fleming

and co-workers 3 and German studies. 4 Investigators at Argonne National

Laboratory (ANL) studied the consequences of rapid heating in reactor on

fuel plates. 596 Later studies were conducted at the Savannah River
7

Laboratory. These studies generally agreed on several points. The amount

of heat released is dependent on composition. Most of the reaction heat is

released in a concentrated temperature range (the "ignition" temperature)

between 800 and 1000'C. The reactions occur in at least two stages, an

initial rapid reduction of U 3 08 to UO2 followed by a slower reaction

forming uranium--aluminum compounds.

Fleming and co-workers calculated the maximum credible energy release

as a function of composition. This maximum was about 12 kJ/g of fuel at

about 65 to 75 wt % U 3 08* Qualitative differential thermal analysis (DTA)

showed the effect of composition but they did not quantitatively determine

the amount of heat actually released.

The studies at ANL dispelled many of the fears concerning the behavior

of the cermet fuel plates during overheating in reactor. They used nuclear

heating in the Transient Reactor Test Facility (TREAT) to observe the

effects of rapid overheating. Fuel of 41 wt % U 308 was subjected to rapid

fission energy inputs up to 445 kJ/g in water temperatures of 30, 120, and

285'C. The samples retained their platelike shape at energy inputs to

1.84 kJ/g even though an energy input of 096 kJ/g was sufficient to melt

the aluminum cladding and matrix. Plates subjected to energy input greater

than 21 kJ/g lost their plate shapes. These results indicated that the

U308-Al reaction "may not be an important energy source in the transient

meltdown of the cermet fuel."

Workers at the Savannah River Laboratory examined the reaction of

aluminum with UO 3 and U308 using DTA. They estimated energy releases of

1.7 to 21 kJ/g at about 1000'C.

The study at ORNL was done quantitatively with a calibrated DTA. Two

unknowns" with transformations in the range of interest were run to test

the accuracy of the calibration. The heats of transformation for germanium

at 937'C and for SrCO 3 at 925% were measured within 7 of their literature

values. Observed transformation temperatures were within 1% of their

literature values. Using this system, DTA curves were obtained for a range

of 30-Al powder mixtures and sections of fabricated plates.
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The energy release from the exothermic reaction of 79 wt % U 30. powder

samples at about 900% averaged only 74 J/g whereas Fleming ts calculations
predicted about 1090 J/g. For these same runs, the aluminum melting
endotherm measured 386 J/g compared to the literature value of 397 J/g.
For sections of plates containing about 35 and 45 wt % U3 08 (the meat

contained 75 wt % U308 ) the nergy release at about 900'C was 71

and 243 J/g compared to Flemings calculations of about 680 and 860 J/g.
The aluminum contents back calculated from the melting endotherms agree
very closely with the actual value. The thermograms are sensitive enough
to indicate the separate melting points of the two types of aluminum
present 6061 cadding and 1100 matrix). Both types of samples showed
previously unreported exothermic peaks in the region of 13000C. These
peaks are not understood and are beyond the range of calibration for
quantitative analysis. They do indicate a significant energy release of
the same order as the 900'C release. The heats of reaction measured for
the standards and for the aluminum melting endotherm lend confidence to the
low energy releases measured at about 900'C. The energy released
is low compared to the thermal energy required to initiate the reactions.

The ORNL study also included heating four miniplates to above the
900% reaction temperature range to observe their behavior. Plates were
heated to 1020, 1050, 1110, and 1405'C. These four miniplates showed no
disruptive effects that could be ascribed to the exothermic reaction.
The cladding melted and the meat warped and sagged somewhat but remained
intact. These results agree with those of Fleming who heated a plate above
the aluminum melting temperature and observed that the meat remained intact
and its strength increased by a factor of four.

Conclusion

A review of the papers studying the AI-U 308exothermic reactions leads

one to retain the conclusions of the ORNL study,

1. Measured heats of reaction evolved from high-uranium U 308-Al

mixtures at temperatures near 900% are low compared with the
thermal energy required to initiate the reactions.

2. The first conclusion plus. the lack of disruptive thermite
reaction effects in heated miniature fuel plates indicates
that switching from the present low U 308 loading to higher

levels does not add a significant chemical reaction hazard to
other considerations of safe reactor operation.
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C.E.R.C.A. CONTRIBUTION TO THE RERTR PROGRAM

Status of Development

November 1982

by B. SAVORNIN and Y.R. FANJAS

INTRODUCTION

For more than 20 years, CERCA has been manufacturing MTR fuel plates
and fuel elements. 200.000 fuel plates have thus been produced and irradia-
ted in reactors of 15 countries through the world, including the U.S.A. and
JAPAN.

On the way to the use of LEU in research reactors, we have adapted our
fuel plate fabrication technology and developped new fuels in order to achie-
ve high uranium densities in the meat. These technological developments have
been performed on our own funds.

Aluminide (U Alx), Oxid e (U 0 ) and Silicide ( Si, Si U Si Al)
3 3 3 2 3

fuels have be en successfully developped. Upon completion of he aluminide
and oxide developments, we have intensified our effort on silicide fuels.

After a brief review of the technological results obtained with
U Alx and U 3 08 materials, we shall examine into more detail silicide fuels

results. Then, we shall look at the irradiation status of these various
fuels.

1 U Alx AND U 3 08- : REVIEW OF CERCA TECHNOLOGICAL RESULTS.

The technological development work on U Alx and U 3 0 8 was comple-

ted about one year ago: With these fuels, the following maximum densi-
ties can be achieved on industrial scale

(See table )

- 22 to 23 g U/cm3 with U Alx

- 32. g U/cm3 with U 0
3 

These maximum loadings correspond to about 50% of the volume avai-
lable in the fuel plate core.

Any meat thickness between 0.5 and 1.5 mm can be obtained.
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Homogeneity of uranium distribution stands within the most
severe specifications in application for HEU and dog-boning is either
absent or kept to a low level, perfectly within usual specifications.

For these U Alx and U 3 08fuels, irradiation tests are underway.

(See table 2)

2 CERCA SILICIDE FUEL DEVELOPMENT STATUS

Since aluminide and oxide development completion, we have concentra-
ted our effort on silicide fuels. Three types of sicides have been

studied (Fig. 

- 3 Si2 (which contains 74 W% Si)

- 3 Si Al it 3.5 W% Si and 1.5 W% Al)

- U Si 4 W% Si)
3

Feasibility of full size fuel platesfabrication has been demons-
trated for each of these fuels. For U 3 Si2 the process is ready on

industrial scale. Industrialization of the process is still underway

for U 3 Si Al and U 3 Si.

As for U Alx and U 081 the silicide fuel developments have been

performed in the MTR workshop. The full size fuel plates have been
fabricated by the same people using the same basic equipment as for
current highly enriched productions.

We are going to examine successively the results obtained with

U3 Si 21U3 Si Al and U 3 Si compounds.

2.1. U 3Si Fuel

Plates containing 5.Og U/cm3 as U 3 Si 2 have been successful-

ly fabricated as can be seen on slide 1. This slide shows
micrographs taken in the current part of the meat and in
the dog-bone areas at the core ends. The meat thickness is

.0.51 mm. Dog-boning is low. As it can be seen on the

enlarged view of the core, the fuel grains are well sur-
rounded by the aluminum matrix which is continuous.

Homogeneity of uranium distribution is shown on Figure 2.
The X-ray absorption measurement record has been obtained
by scanning the plate along one line in the longitudinal
direction. The X-ray beam has a diameter of 3 mm, which is
severe since most reactors ask for surface loading toleran-
ces on a 0 mm diameter spot or on a cm2 area.
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In order to avoid missing detailed information about the
homogeneity of uranium distribution, we think better to
use the 3 mm diameter spot instead of 10 mm for our R and D
work, which will not be necessary later for most reactors.
Despite this severe testing, the record stands within the
tolerances of 20% withjout�difficulty.

We are ready to fabricate these plates on industrial scale.

2.2. U3 Si Al fuel

Slide 2 shows micrographs of a plate loaded to 54 g U/cm3
as U 3 Si Al fuel dispersed in aluminum. The meat thickness

is 0.51 mm and there is no dog-boning. The matrix is conti-
nuous.

Slide 3 corresponds to a full size fuel plate loaded to
6.6 g U/cm3. The meat thickness is 0.55 mm and, again, there
is no og-boning problem.

The matrix is at the limit of becoming discontinuous. The
fabrication process of this fuel is very similar to the U 3 Si

process.Uranium densities up to about 66 g/cm3 can be
achieved in satisfactory conditions.

2.3. U3 Si Fuel

Of course, the most promising fuel as far as high uranium
densities are concerned is the U 3 Si compound which has

the highest U content of all the silicide compounds.
Thanks to this fuel, full size fuel plates containing from
5 up to 74 g U/cm3 have been fabricated.

The critical points of the fabrication process have been
solved. Some steps remain to be industrialized but do not
present fundamental difficulties.

Up to 68 - 7 g U/cm3, the fabrication of such plates will
be feasible in normal conditions. However, above that loa-
ding (ie. between 68 7 and 74 g U/cm3) , the meat thickness
becomes less constant as can be seen on slide 4.

This slide presents micrographs taken in the current part
of the meat for loadings of 68 and 74 g U/cm3. The meat
containing the higher loading exhibits greater thickness
variations than the one containing 68 g U/cm3. At the
higher loading, the fuel grains occupy more than 50% of the
meat volume. As far as fabrication yield and reproducibility

are concerned, we think that the reliability of the process
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above 68 - 7 g U/cm3 will not be as good as below this
loading.

Nevertheless, at 74 g U/cm3, dog-boning remains within ac-
ceptable limits as can be seen on slide 5. The ondulated
aspect of the core is confirmed by the X-ray homogeneity
record (Fig. 3 which, as already explained, has been per-
formed with a 3 mm diameter scanning spot. Homogeneity of
uranium distribution is still standing within acceptable
range.

From what has been previously seen, U 3 Si fuel allows higher

uranium densities in the meat than U 3 Si Al. Therefore,

U3 Si Al would be worthy mainly in the case its irradiation

behaviour would be better than the one of U 3 Si.

3 CERCA IRRADIATION PROGRAM STATUS

The various types of fuels previously mentioned are being or
will be tested under irradiation. These tests are conducted on
full size elements and full size plates.

3.1. U Alx irradiation

In the middle of October, the U Alx irradiation status
was as indicated in table 2 In this table it is
worth pointing out the following elements 

- The 45% enriched element named SAHU 001, loaded to
2.2 g /Icm3 has been successfully irradiated to an

average burn up of more than 50% in the SILOE ractor
core. This element which has the highest loading
ever irradiated in a full size element containing
U Alx is presently under post irradiation examination
at the SACLAY nuclear center near.PARIS. More details
about this irradiation are given in the paper presen-
ted by Mr, MERCHIE from the French CEA.

- The first of the three medium enriched elements
delivered to the ORR, with a loading of 1.7g U/cm3,
has completed its core lifetime at an average burn-
up of 72%.

- The third of these three elements, which has been
intentionally fabricated with dog-boning outside
specifications, has already reached an average burn-
up greater than 40%. This element corresponds to an
attempt to enlarge fuel specifications for the future
and consequently to a step towards cost reduction.

- The low enriched elements containing thick plates
loaded to 20 g U/cm3 and irradiated in the HFR PETTEN
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had reached respective average burn-ups of 48% and
44% by the mid October.

- The 20 lw enriched fuel elements delivered to the
FORD NUCLEAR REACTOR are participating to the full
core experiment.

Up to now, all the U Alx fuel elements of this table
that have been put in core have satisfactorily under-
gone irradiation. This confirms the good behaviour
of this fuel even at much higher loadings than in
current HEU fabrications.

3.2. U 308 irradiation

As can be seen in table 3 CERCA irradiation program

for U 3 08 was originally including tests in the SILOE

and HFR PETTEN reactors. Since the development of sili-
cide fuel progressed more quickly than previously ex-
pected and the first irradiation test results on ANL
miniplates were encouraging, it was decided to post-
pone these U 3 08 irradiationsin order to test silicide

fuels sooner. This is why two fuel elements only have
been kept in the program, as a back-up solution in case
silicide fuel irradiation would not be successful. These
two elements loaded to 32 g /cm3 of LEU have been fa-
bricated and delivered to the ORR. Their irradiation
should begin by the end of this year.

3.3. Silicide fuels irradiation

Table 4 presents the silidice irradiation program status.

3.3.1. U3 Si2

Two full size fuel elements are presently under
fabrication for the ORR. The fuel plates have
been manufactured. They contain 48 g/cm3 of LEU.
These two elements will be delivered by the end
of this year and start irradiation in February 83.

3.3.2. U3 Si

As far as U 3 Si fuel is concerned, irradiation has

started in the SILOE reactor. Since the Safety
Commission had required that four plates be tested
prior to irradiation of a complete element, a
special fuel element containing four removable
full size fuel plates was designed. Two fuel pla-
tes contained 5.5 g U/cm3 and the two others
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6.0 g U/cm3 as LEU U3 Si dispersion. This special
fuel element was put in the SILOE reactor core in
June 1982. At the present time this element is
undergoing its fourth irradiation cycle. The ave-
rage burn-up is about 20%.

At the end of the fourth cycle, the fabrication of
a complete fuel element (with 23 plates) will be
decided.

Other U3 Si fuel elements will be fabricated for

the HFR PETTEN and also BR 2 (Belgium)reactors
with U densities between and 6 g/cm3 for the
HFR PETTEN and 71 g/cm3 for the BR 2 Belgium.

CONCLUSION

As a conclusion table summarizes the present situation.
CERCA is in position to provide on industrial scale

U Alx, U3 08 and U3 Si2 fuels with uranium densities up

to 5 g/cm3. New equipment has been installated in our
MTR workshop in ROMANS for this purpose. For densities
between and 74 g U/cm3, pilot technology is available.
Development is carried out towards industrialization of
U3Si fuel production.

The commercial availability of these fuels depends on
their qualification by post irradiation examination. It
can be seen that aluminide fuel will be commercially
available in 1983, oxide fuel in 1984. As far as silicide
fuels are concerned, their availability will depend on
the number of teststo be performed and the burn-up levels
required by the Safety Commissions to consider the fuel
qualified. These requirements may be different from one
reactor to the other. This is why the corresponding dates
stretch from 1985 to 1988.

The last transparent (Fig.4 shows that the goal of
technological development has been reached. Densities
above 7 gU/cm3 have been achieved.

Assuming silicide fuels reprocessing does not present
major difficulties, it remains to be checked that the
irradiation behaviour of full size plates and elements
is satisfactory at the highest loadings Irradiation
testing of these fuels is underway on full size plates
up to densities of 6 g U/cm3.
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TABLE UALR AND U308 TECHNOLOGICAL RESULTS

U Alx U3 08

U. Density up to 22 to 23 up to 32
(g/cm3)

Meat thickness 0. t 1.5 0.5 to 1.5
(mm)

C. E. R. C. A. UALX IRRADIATION PROGRAM STATUS OCTOB 82

U
REACTOR DENSITY ENRICHMENT NR OF ELT. MEAT THICK. IRRADIATION AVERAGE

START END BURN-UP
(glcm3) (t) (mm)

OSIRIS 1.7 93 A FEW 0.51 1972 1973 5815.PLATES

SILOE 2.2 45 1 0.51 FEB. 1981 NOV. 1981 50.4

I JULY 1981 COM[ILETED OCT. 82 72
0 R R 1.7 45 1 0.51 NOV. 1981 COMPLETED APR, 82 56

1 APRIL 1982 IRRADIATION IS > 40
GOING ON

HFR PEVEN 2.0 20 1 1.32 JAN. 1982 COMPLETED 48
1 GOING ON 44

2.0 1
0 R R 20 1.50 NOT STARTED YET

2.3 1

FNR DETROIT 1.8 21 20 0.76 DEC, 1981 imuimoN is
GOING ON
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IABLE 3 U 3 IRRADIATION TESTS OCTOBER 1982

BEGINNING OF AVERAGEREACTOR DENSITY ENRICHMENT NR OF ELT, MEAT THICK IRRADIATION END OF BURN-UP
(g/cm3) M (mm) IRRADIATION M

OSIRIS 1.6 93 A FEW 0.51 1972 1973 58.5
PLATES

3.2 20 2 0.76 END 1982 ELEMENTS DELIVERED
TO .R.R.

SILOE 3.2 20 POSPONED IN ORDER TO IRRADIATE U3SI FIRST

11FR ETIEN 3.2 20

OCTOBER 1982
TABLE 4 U3 St IRRADIATION PROGRAM

AVERAGE
U. ENRICHMENT NR OF ELTS MEAT THICK. BEGINNING BURN-upREACTOR DENSITY

(g/cm3) (mm) IRRADIATION

SILOE 5.5 20 2 PLATES 0.51 JUNE 1982 20
6.0 2 PLATES

SILOE 5 - 6 20 1 0.51 1983

0 R R 4.8 20 2 0.51 BEG. 1983

HFR PETTEN 5 - 6 20 UNDER CONSIDERATION

BR2 ML 7.1 20 UNDER CONSIDERATION
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TABLE 5- NOV. 82
- FUEL DEVELOPMENT AT CERCA

FAB. TECHNOLOGY P.ItE. COMMERCIALLY
FUEL AVAILABLE

INDUSTRIAL PILOT RESULTS
(AFTER PIE)

U ALX up To 22 1983 1983

U3 08 3.2 1984 1984

U3 S12 5.0 1985 1988 1985 989

U3 SiAL UP To 66

1985 - 1988 1985 - 1988

U3 S 7.4

FIG. 

SILICIDE COMPOUNDS STUDIED AT ERCA

U3 SI 4 W St

U3 Si AL 3.5 w Z Si 1.5 W AL

U3 S12 7.4 W Si

AL POWDER

Si
HEAT SILICIDE CORE

U MELTING CRUSHING PRESSING
TREATING GRINDING POWDE COMPACT

ALI
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X-Ray Absorption Scanning with 3mm dia. spot

+ 2 0

2 0 0/.
400 loo Soo 400 500

5.09 U Ice meat thickness:0.51mm

U3S'2
Fig .2

X-Ray Absorption SEanning with. 3mm diameter spot

+ 2 0 /o

0 r"n
0 400 100 300 400 goo goo

Z4 U/cm5 meat thickness: 0.55 mm

u3si
Fig. 3
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FIG. C.E.R.C.A. TECHNOLOGICAL DEVELOPMENT RESULTS

GOAL

3 5 7 g U/cm3

DEV. RESULTS (TECHNOLOGICAL)

2.2
U.ALx 12.3

U308 -3.2

5.0
U3S'2

U3SiAL 6.6

U3S' 7.4
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RECENT STATUS AND FUTURE ASPECT OF PLATE TYPE FUEL ELEMENT

TECHNOLOGY WITH HIGH URANIUM DENSITY AT NUKEM

M. F. Hrovat
H.-W. Hassel

NUKEM GmbH.
Postfach 110080
D-6450 Hanau 11

Federal Republic of Germany

Summary

According to the present state of development full size test fuel elements
with UAl xi 308, and 2 fuel were fabricated at Nukem in production

scale. The maximum uranium densities amount to 1.8 g/cc for UAI X, 29 g/cc

for U308. and 476 g/cc for U3Si 2'

The irradiation performance of these fuel elements is good: Up to the end of
September 1982 the following burnups were achieved: 73 with A1x9 60 

with U30 81 39 with U3Si2; no defects could be detected. For an economical

fuel element production with reduced 235 U enrichment chemical uranium re-
cycling methods were developed allowing immediate scrap recovery at minimum
waste generation.

In addition test plates with A1X and U 308 fuel were successfully irradiated

in the ORR up to a burnup of 75 %. The relatively high uranium meat
densities of these test plates amount to 22 g/cc for UAI X, and 314 g/cc

for U308 fuel. Apart from plates with standard geometry also plates with

increased meat thickness were inserted.

1. Present Status of Development for UAl , 0 and U Si Fuels
X a�L��

Since the last meeting at ich in September 1981 the development work at
Nukem was concentrated on the fuels UAIX3 308� and U3Si 2'

The present status is shown in fig. 1. The expectation was confirmed that
the uranium volume loading in the fuel plate is restricted to about 45 v/o
independent of the fuel type. The values reached for the investigated fuels
amount to 22 g/cc for UAIX, 32 g/cc for U 3O., and 475 g/cc for U3 Si 2' The

volume loading of 46 corresponds to 48 w/o U and 61 w/o U for A1X and

U308 I' respectively. In the case of U 3si2the volume loading amounts to 42 

corresponding to a uranium content of 71 w/o.

2. Transfer to Production Scale under Economical Aspects

The fabrication methods for all three fuel types developed in laboratory
scale were successfully transfered to production scale. -In particular the
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economy of fabrication was emphasized. The uranium feed back was recognized
to play an essential part. This task was solved making use of the know how
gathered at Nukem in the field of uranium chemistry in the past two decades.

The procedures developed at Nukem allow to adapt the uranium feed back to
the fuel-specific requirements. They tend to strongly minimize waste generat-
ion which is favorably reflected in the fabrication costs.

These works made the basis of the fabrication for a larger number of full
size test fuel elements. All three fuel types were used; various specificat-
ions had to be met.

2.1 Fabrication of Full Size Test Fuel Elements

A compilation of the full size fuel elements so far ordered at Nukem with
reduced enrichment is shown in fig. 2 The total fuel element number amounts
to 177, 68 of which are being irradiated. 25 were supplied to the reactor
operators. 84 are being fabricated.

Data on the fuel elements being fabricated are ompiled in the next figure:
No. of fuel elements, fuel type and enrichment, uranium thickness in the
meat, plate geometry, and the scheduled date of completion.
These fuel elements are fabricated with UAl x and U308 as fuel. At UAl x with

45 235 U enrichment, the maximum uranium density in the meat of 162 gU/cc
is relatively low. The meat thickness deviates only slightly from the
standard value of 0.51 mm, amounting to 0.5 and 065 mm at JMTR-C and FRJ-2,
respectively.

The U 308 fuel with low enrichment has uranium densities of 23 and 265

gU/cc at RP-10 and DR-3, respectively. The meat thickness of 1.0 mm distinct-
ly exceeds the standard value.
Data and properties of the delivered and partly already inserted fuel
elements are described in section 24.

2.2 Recovery of Uranium from Aluminum Plate Type Fuel Elements

The uranium of fuel plates not meeting the requirements is completely
recovered. Fig. 4 shows the applied method leading to a pure uranyl nitrate.
In a first step the cladding material is dissolved in soda lye.
Aluminum gets into solution as sodiumaluminate while uranium remains as
uraniumdioxyhydrate rendered impure by alloy additions. The sodium aluminate
can be converted to A(NO 3)3 after a special procedure developed at Nukem.

The useful further application of this aluminumnitrate is described in 22.3.
By calcination at 8000C 308 is received from the uranium oxihydrate. This

is dissolved in nitric acid. The uranylnitrate received in this way is
purified by solvent extraction. Further processing of the uranylnitrate
solution depends on the fuel type and the fuel requirements.
For the fabrication of U 308 fuel with defined grain size meeting specificat-

ion two procedures were developed at Nukem.
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2.2.1 Preparation of U,O, Fuel via U04 In the peroxide procedure shown

in fig. the uranium is precipitated from the UN solution as U04aq with

H202' By calcinating at 8000C U 308 powder is received.

This powder is directly converted to highly dense U 308 grains by annealing

under oxygen atmosphere at about 15000C. Annealing temperature and time are
adjusted in a way that U 3 08 of the desi red grai n si ze of 40-90 p m i s

obtained with high yield. In our tests yields of about 90 were achieved.

2.2.2 Preparation of 38 Fuel via AUC The AUC procedure had original-

ly been devel oped f or f abri cati ng LWR f uel . Af ter thi s procedure UO2 powder

for fabricating pellets for LWRs is produced since 15 years at KWU/Nukem
with an annual throughput of 1000 t. An essential feature of this procedure
is that uranyl nitrate as well as UF 6can be used as starting compound.

As seen in fig. 6 ammoniumuranylcarbonate (AUC) is precipitated from the UN
solution by CO 2 and NH 3' By subsequent treatment with water vapor the AUC is

converted into U308 wich is further processed to U 30 8 fuel with defined

grain size similar to the peroxide procedure.

2.2.3 Preparation of UAl and U Si Fuels via Uranium Metal The

fabrication of the intermetallic compounds UAl x and U Siy is shown in

fig. 7 The UN solution originating from the uranium recycling is converted
into UO 2 powder by the peroxide and AUC procedures and subsequent reduction

with H2 . In order to prepare the intermetallic compounds it is necessary to

reduce the UO 2 via UF 4 to uranium metal. Cutting the metallic uranium,

melting with aluminum or silicon powder, comminuting to small pieces and
sieving finally leads to UAl and U 3Si 2 fuel� Comminuting of Alxand

is practicable accoxding to recent technical status.U3Si2 r
However, for fuels like U 3Si or U 6Fe this process step is considerably more

expensive due to high ductility; an economic fabrication is therefore not
yet possible. In addition processing is more difficult because of the
pyrophorous performance of these two compounds. For recovering the CaF 2 slag

with about w/o uranium AMNO ) (s. section 22) is used thus reducing the.3 3
waste stream.
The comparison of the procedures to fabricate uranium oxides and intermetal-
lic uranium compounds shows that for the latter a larger number of process
steps is required giving rise to higher costs.

2.3 Recovery of Uranium from Silicide Fuel

The recovery of the fuels UAl xand U 308 is proved technical state at Nukem.

Recycling of uranium from these compounds was investigated at the develop-
ment of silicide fuels.
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2.3.1 Procedure Uranium is recovered from U Si essentially in three
x y

process steps. The metal oxides SiO 2 and U 308 are formed by oxydation at

8OO'C. The U 308 is solved in HNO 3 and separated from the insoluble SiO 2 by

filtration. The flow sheet of this procedure is shown in fig. .

2.3.2 Analytical Results The analytical results of the UN solution and

of the SiO 2 residue are listed in fig. 9 The U concentrations in the

residue as well as the Si concentrations in the filtrate demonstrate that a
practically quantitative uranium silicon separation is achieved. In addition
the weight increase by oxidation and the weight fraction of the residue with
respect to the originally weighted-in quantity are given.

3. Irradiation Performance

In order to test the performance irradiation of the fuel elements with
reduced uranium enrichment test plates as well as full size fuel elements
with UAlX, 3O., and U3 Si2 fuel are fabricated and world wide inserted into

various reactors.

3.1 Full Size Test Fuel Elements with 45 235U

Fig. 10 shows a compilation of the fuel elements with 45 235 U enrichment.
Meat and plate thicknesses are constant. At all three fuel element types the
standard dimensions 0.51 (meat) and 127 mm (plate) are kept. The uranium
density in the meat ranges from 139 g/cc at FRJ-1 to 174 at ORR. The
maximum burnup of 73 was achieved in the ORR. The irradiation performance
is good. For none of the elements fuel release or swelling was observed.

3.2 Full Size Test Fuel Elements with 19.75 235U

Fig. 11 shows the fuel elements with 19.75 enrichment. Apart from UAl x

al so U308 and U3Si 2 fuels were inserted. Particular attention is drawn to

the HFR fuel elements with U 308 fuel and the ORR fuel elements with U 3Si 2

fuel. The meat thickness of the HFR fuel elements was raised to 132 mm, the
uranium density amounts to 206 gU/cc meat. So far a burnup of 60 has been
accumulated without detectable failures. The same is true for the ORR fuel
elements with the so far highest uranium density of 476 gU/cc meat and a
burnup of 39 .

3.3 Full Size Fuel Test Elements Ready for Insertion

Fig. 12 shows the full size fuel elements delivered to the reactor opera-
tors. These are UAl x fuel elements with standard plate geometry and 45 

enrichment as well as U 308 fuel elements with 20 enrichment and a meat

thickness partly increased to 1.5 mm (ORR).
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3.4 ORR Test Fuel Plates

Test plates with U 3 0 8 and UAl x fuels have been irradiated in the ORR reactor

up to the average burnup of 75 235 U The plate properties are shown in
fig. 13.
At two meat thicknesses of 0.51 mm and 076 mm the maximum uranium densities
are 215 gU/cc for UAl x and 314 gU/cc for U 3 08' The performance was good.

The post irradiation examinations are in progress.
Fig. 14 shows the PIE time schedule.
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g/CM3 5 
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1
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Uranium Densities vs. Fuel Loading for''
UAIX, U308 and U3S'2 Fuels Fig..1
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Histor) of

Research Reactor Fuel Fabrication
at Babcock Wilcox

James B. Freim

Babcock & Wilcox
Naval Nuclear Fuel Division
Lynchburgj Virginia 24505

(804) 522-5794

Introduction

1982 was a year of tremendous growth for Babcock Wilcox

and its Research Reactor Fuel Facility. The Division has

progressed from essentially being a non-competitor to a position

where we are growing in strength (Tables and 2 This paper

will describe some of the general aspects of past history and

where B&W is now.

Division History

The Babcock and Wilcox (B&W) Company is owned by McDermott

International. Some of McDermott's products are off shore oil

drilling rigs, pipe lines, and barges for laying pipe lines.

McDermott grosses about 3 billion a year company and employs

about 55,000 people.

B&W a McDermott subsidiary, is primarily U.S. based and

manufacturers a variety of energy oriented products. B&W builds

fossil and nuclear power plants and associated equipment,
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TABLE 1. BABCOCK WILCOX (LYNCHBURG) HISTORY

McDERMOTT (PARENT COMPANY)

International
Oil Rigs, Pipe Lines, Barges
$3 Billion/Yr
55,000 employees

BABCOCK WILCOX (CORPORATE)

Mainly U.S.A. Based
Tubular Products, Boilers
$1.8 Billion/Yr
30,000 Employees

BABCOCK LYNCHBURG (LYNCHBURG)

Utility Power Generation DiVISION
Commercial Nuclear Fuel Plant
Naval Nuclear Fuel Division
4,000 employees

TABLE 2 NAVAL NUCLEAR FUEL DIVISION HISTORY

Located In Lynchburg

Established 1956
2100 Employees
$160 Million/Yr Sales

600,000 Ft2 Plant Area

Main Supplier of U.S. Navy Reactor Cores
& Components

over 1800 Reactor Years of Successful
Customer Operation

Extensive Quality Organization to Meet
Navy Requirements

Produced Research Reactor Fuel Elements
in Late 50's and Early 60's

Re-entered Business in 1981
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grossing approximately $1.8 billion a year company. B&W employs

about 30,000 people. 

In Lynchburg, Virginia (U.S.A.) there are four operations.

The utility power generation division is one. It comprises the

former nuclear power and fossil fuel divisions. And B&W has a

commercial nuclear fuel plant, the naval nuclear fuel division,

and Lynchburg offices and laboratories of the research and

development division. Altogether there are about 4000

employees in the Lynchburg vicinity.

The nuclear fuel manufacturing site was established in

1956. Today we have 2100 employees and sales of 160 to 200

million a year. The entire plant is approximately 600,000

square feet.

Products

our main products have been naval reactor cores and

components and our customer, the U.S. Navy, has accumulated some

1800 reactor years of successful operation.

Such a record depends on a very extensive quality

organization to meet the demanding requirements. This same

quality organization oversees production of research reactor

fuel of various types tailored to the needs of the customers.
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Babcock Wilcox produced research reactor fuel elements in

the late 50's (the Eisenhower Atoms for Peace Program) and up

until 1966. The Company re-entered that business in 1981.

Table 3 is a list of some fuel element types that have been

made by the division. Fuel for the ATR is significant because

the first core was made at the Nuclear Fuel Plant and the first

critical tests were done at the R&D Division, located on the

same site. These are representative lists of the types of fuel

elements that Babcock Wilcox has produced.

SPECIAL RESEARCH (1950's & 19601s)

Table 4 summarizes most B&W research into research fuel

production in the decade around 1960. Increased enrichment,

increased density, and different types of fuel were all

investigated.

The nuclear fuel division also did considerable work on low

enriched uranium in 1956 and 1957. Much of this work was a

parallel effort between B&W and Oak Ridge National Laboratory.

The most useful finding had to do with the discovery that

silicon addition inhibited UAl formation. Production of low
4

enriched uranium followed and that was shipped to reactors in

the Netherlands, Germany, and Brazil.
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TABLE 3 FUEL ELEMENT FABRICATION, 1959-1966

REACTOR, LOCATION NO. DATE

ATR (Advanced Test Reactor), Idaho* 150 1959-61

IEA-R1, Sao Paolo, Brazil 28 1959

ORR (Oak Ridge Reactor) 158 1959-66

MTR (Materials Test Reactor), Idaho 240 1959-66

FORD, University of Michigan 48 1960-62

HOR, Delft, Netherlands 22 1960

NBS (National Bureau of Standards), Maryland 75 1960-66

PTB, Oberhausen, W. Germany 25 1961-64

JRR-2 (Japanese Research Reactor), Tokai 24 1961

NASA (PBR) Plum Brook Reactor, Sandusky, Ohio 270 1961-65

UCNR (Union Carbide Nuclear Reactor),
Sterling Forest, N. Y. 22 1962

- Munich, Germany 28 1962

ETR (Engineering Test Reactor) Idaho 610 1963-66

JRR-4, Tokai, Japan 21 1965

BSF (Bulk Shielding Facility), Oak Ridge, TN 46 1966

IRL (Industrial Research Laboratories), N. J. 14 1966

*Built first core. Performed critical experiments
and physics tests in B&W's Critical Facility in
Lynchburg.
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TABLE 4 RESEARCH INTO REACTOR FUEL

Arc Melting of UAl Alloys

Variety of Research
Goal: Improve Homogeneity

Minimize Segregation
Eliminate Source of Blisters
Melting with Boron or Silicon Additive

U[Al3Production

Double Melts

Silicon Added to Binary Alloy as Inhibitor
Against UAl Formation

(Some results ware used in manufacture of
elements for JRR-4)

Fuel Element AsseTki-y-

Assembly Work Done to Compare Techniques of:

Welding
Swaging
Pinning

Low Enriched Uranium 20%) Research

Work Done in 1956 - 1957

Parallel Effort Between Babcock Wilcox and Oak Ridge
National Laboratory

Fuel Material Was:

20% Enriched
45 to 50 weight % UAl Alloy

Research Indicated That:

1 to 3 Weight Silicon Inhibited UAl 4 Formation

Local High Density Areas Due to UAl 4 Formation

Brinnell Hardness Value 60 for 45 weight 

LEU Fuel Shipped to:

Netherlands
Munich
Brazil
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Oxide Work 1981)

Babcock Wilcox was awarded the contract in 1981 by Union

Carbide to make fuel elements for the following reactors:

(1) High Flux Isotope Reactor
(2) Naional Bureau of Standards Reactor
(3) Oak Ridge Reactor
(4) High Flux Beam Reactor at Brookhaven
(5) Boiling Water Reactor at Los Alamos.

Since then we have signed another contract to manufacture

fuel elements for the Bulk Shielding Facility and to make Oak

Ridge Reactor shim rods (Table 5).

Much of the oxide work had formerly been done at Texas

Instruments. B&W's contract involved the phase-out at TI and

the transfer of all technical and production equipment to

Lynchburg.

TABLE 5. OXIDE WORK

Contract awarded in 1981 by Union Carbide
Corporation to Manufacture Fuel Elements for:

HFIR (High Flux Isotope Reactor)

NBSR (National Bureau of Standards Reactor)

ORR (Oak Ridge Research Reactor)

HFBR (High Flux Beam Reactor)

OWR (Omega West Reactor)

Additional contract awarded in 1982 to manufacture
fuel elements for:

BSF (Bulk Shielding Facility)

ORR Shim Rods

189



The transition to B&W as supplier of research reactor fuel

is proceeding in four phases: training, facility installation,

qualification, and production of fuel elements.

The training of B&W personnel (now complete) involved

gathering manufacturing and quality control documents from Texas

Instruments (TI) and schooling B&W production and QC operators

in research fuel technology. Training included plant visits to

TI, use of video tapes, and operation of machininery on m ock-ups

and preproduction hardware.

The facility was installed at B&W by March of 1982 It

occupies 20,000 square feet. B&W has essentially refurbished,

repainted, installed, and operationally checked out all of the

equipment. The research reactor fuel element (RRFE) facility is

physically separated from work underway for the U.S. Navy. RRFE

is dedicated to producing research fuel.

The qualification program for each fuel element type is

progressing Some 40 plates have been made without fuel, 44

live plates have been fabricated, and two elements have been

made using dummy plates.

Regular production elements have been shipped to Oak Ridge

and the National Bureau of Standards (ORR and NBSR).

Plates B&W received from TI were used in assembling these

shipments.
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The first High Flux Isotope Reactor (HFIR) will be

delivered in September 1983 and by the end of 1983 we will have

shipped fuel to each of the national laboratories.

Aluminide

We are working with EG&G (Idaho) as we prepare to

manufacture aluminide fuel for the universities of Lowell,

Michigan, Missouri, Rhode Island, Virginia, and for MIT (Table

6). HEU will be fabricated for MIT, Virginia, and Missouri.

LEU aluminide will be made for Rhode Island, Lowell, and

Michigan.

Equipment from Atomics International will be shipped early

in 1983. Complete facility installation, check-out, and

qualification work will follow and first delivery of university

fuel will occur late in 1983.

Silicide

In silicide work, B&W and Argonne have agreed that we will

supply two full-sized ORR elements made with U3Si2 (originally

U3SiAl was proposed). B&W personnel visited Argonne for one

week of silicide discussions. B&W is supplying the two elements

at no cost to Argonne (Table 7. The details of the bonding

problem are discussed in a paper by B&W's W. W. Noel.
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Summary

B&W's Research Reactor Fuel Element facility at Lynchburg,

Virginia now produces national laboratory and university fuel

assemblies. The Company's 20,1000 square foot facility is

devoted entirely to supplying research fuel and related

products. B&W re-entered the research reactor fuel market in

1981.

TABLE 6 ALUMINIDE

Babcock Wilcox was selected by EG&G for
fabrication of fuel elements for universities of:

Lowell
Michigan
Missouri
Rhode Island
Virginia

and for
Massachusetts Institute of Technology

TABLE 7 SILICIDE

Industrial Participation Agreement

Signed between Babcock Wilcox and ANL (MARCH 1982)

Babcock Wilcox sent people to ANL for one
week for silicide discussions

No Cost Contract

Signed between B&W and ANL

B&W to manufacture two full size ORR elements,
made with U3Si2

Delivery of elements in 1983

Detailed research on bonding problems
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URANIUM SILICIDE ACTIVITIES AT BABCOCK WILCOX

W. W. Noel and J. B. Freim
Babcock & Wilcox

Naval Nuclear Fuel Division
P. 0. Box 785

Lynchburg, Virginia 24505

Introduction

Babcock Wilcox, Naval Nuclear Fuel Division (NNFD) in conjunction with
Argonne National Laboratory (ANQ is actively involved in the Reduced
Enrichment Research Test Reactor (RERTR) Program to produce low enriched fuel
elements for research reactors. B&W and ANL have undertaken a joint effort
in which NNFD will fabricate two low enriched uranium (LEU), Oak Ridge
Reactor (ORR) elements with uranium silicide fuel furnished by ANL. These
elements are being fabricated for irradiation testing at Oak Ridge National
Laboratory (ORNL).

Concurrently with this program, NNFD is developing and implementing the
uranium silicide and uranium aluminide fuel fabrication technology.

NNFD is fabricating the uranium silicide ORR elements in a two-phase
program, Development and Production.

Development

Tungsten - Aluminum Compacts

NNFD fabricated ten (10) full size plates with tungsten-aluminum
compacts provided by ANL. The compacts were 35% by volume tungsten.
Tungsten was ued to simulate the use of U3SiAl since the densities of the

materials are similar. Fabrication processes normally used to manufacture
ORR type fuel plates with U308 were utilized. Results proved the feasibility

of using our existing processes to fabricate full size uranium silicide
plates.

U3SiAl Compacts and Plates

NNFD fabricated compacts with 35% by volume U3SiAl; U, 35 wt % Si,

1.5 wt % Al. The fuel was provided by ANL and was enriched to approximately
19.75%. NNFD blended the 3SiAl with high purity aluminum and pressed them
with a single-action 150-ton Hydraulic Press. It was observed that the
uranium silicide compact charges slightly expanded upon ejection from the
compact die. The expansion was limited to less than 3 percent. The
compacts were vacuum annealed for approximately to 1.5 hours at 200 to

2500C under .1 micron vacuum. No significant change in weight or size was
detected.
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The compacts were assembled with aluminum type 6061 covers and tandem frames.
The assemblies were welded, hot rolled, blister annealed, cold rolled into
plates, and inspected. To date nine fuel plates have been fabricated and
inspected. Ultrasonic inspection and X-ray detected five plates with
non-bonds at the trailing end of the fuel meat and one plate with non-bond at
the leading end of the fuel meat.

Investigation of Non-bond Condition

Sections from two non-bond plates were evaluated by a Scanning Electron
Microscope (SEM) at B&W's Lynchburg Research Center (LRC). One section was a
longitudinal sample L-2 (See Figure 1) taken from the non-bond area of plate
S3-003-2. The end clad was sheared off and the plate section separated in
the fuel meat. A layer of black product covered the fuel meat on each half
of the plate. Mechanical bonding was present at the fuel meat/cover plate
interface. The black reaction product was analyzed by X-ray diffraction and
U3 08 was identified as the major constituent. Other compounds, i.e., Al 2031

Sio 2' are suspected to also be present.

The other section evaluated by the SEM was a -1 sample (See Figure 
taken from the non-bond area of plate S3-004-1. The fuel meat pulled away

from the sample during machining for metallurgical sample preparation.
There was very little mechanical integrity (bonding) within the fuel meat.
SEM photographs indicate that the fuel was pulled from the fuel meat by the
cutting operation.

Based on the locations of the non-bond conditions and the identity of
the reaction product, U 30V it appears that the fuel meat underwent an

oxidation reaction. Heating prior to hot rolling, 490 0C for 60 to 0
minutes, is believed to be the processing stage at which the reaction took
place. To verify this conclusion, samples of compacts (aluminum and U 3SiA -

35% vol) were oxidized in air from 490 0 C to 1000C (See Table 1) for several
time periods.

The samples oxidized from 200/225 0 to 490 0C into a dark reaction
product. We oberved the thickness of the sample (No. 26) increase
approximately 50 percent, and the weight increase approximately percent.
The sample appeared cracked, and was crumbling into a powder. The
mechanical bonding between the aluminum matrix material and the fuel appeared

absent. Two samples which were oxidized at 490 0C were analyzed by X-ray
diffraction at LRC. Preliminary results show U 308 as a major constituent.

Again, other compounds are suspected to be present.
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OXIDATION OF U 3SiAl AL COMPACTS SAMPLES

Sample Before After Diff. % Diff. Thickness % Diff.
Temp-Time No. Wt. wt. Wt. Wt. Diff. Thickness
(C") (Min) TG-rams) �-Grams) -(Grams) (Percent) TInches) (Percent)

490-45 1-1 10.315 10.762 +.447 +4.3 Not Measurable
1-2 8.601 9.018 +.417 +4.8 Not Measurable
1-3 9.170 9.608 +.438 +4.8 Not Measurable

Avg.: +4.6

490-60 1-2 8.601 9.034 +.433 +5.0 Not Measurable
1-3 9.170 9.630 .460 +5.0 Not Measurable

Avg.: +5.0

490-80 1-3 9.170 9.662 .492 +5.4 Not Measurable

475-45 i-4 9.791 10.223 .432 +4.4 Not Measurable
1-5 9.842 10.290 .448 +4.6 Not Measurable
1-6 9.258 9.678 .420 +4.5 Not Measurable

Avg.: +4.5

425-45 2-1 9.284 9.684 .400 +4.3 Not Measurable
2-2 8.975 9.385 .410 +4.6 Not Measurable
2-3 8.983 9.391 .408 +4.5 Not Measurable

Avg.: +4.5

300-45 2-4 9.893 10.384 .491 +5.0 Not Measurable

200-45 2-5 10.09 10.950 .541 +5.2 Not Measurable

100-45 2-6 10.545 10.545 0 0 None None

150-45 2-6 10.545 10.550 +.005 0 +.003 +1.0

175-45 2-6 10.550 10.557 +.007 .1 +.003 +1.0

200-45 2-6 10.557 10.557 +.020 .2 +.004 +2.0

225-45 2-6 10.577 11.177 +.600 +5.7 +.113 +55.4

TABLE 
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Trailing End During Hot Rolling
Leading End During Hot Rolling

�-Fuel Meat

11L-2 L-1
IJ Plate
QCX

FIGURE 1

FUEL PLATE SAMPLE LOCATION

Since current data indicates that the non-bonds are related to a
chemical reaction in the fuel meat, NNFD's solution of the fuel meat
non-bonding involves preventing the oxidation of the fuel meat prior to hot
rolling. To prevent fuel meat oxidation and subsequent non-bonding, the fuel
meat (compact) must not be exposed to air (oxygen) at temperatures above

200/2250C.

NNFD has identified and is currently verifying the acceptability of an
alternate process for welding and hot rolling uranium silicide pack
assemblies while avoiding fuel meat oxidation.

Production

Plate Qualification

If the ANL uranium silicide plate irradiation experiment in the ORR is
successful, NNFD will fabricate a limited number of ORR full size plates for
ANL/ORNL examination. If acceptable, NNFD will proceed into production.

Production U3SiAl ORR Elements

During production, two ORR elements will be fabricated with U 3SiAl
235

provided by ANL. Each ORR 19 plate element will be loaded to 340 grams U
Aluminum type 6061 will be used to fabricate fuel plates and side plates.
Plate fabrication processes will be based on ORR/ANL requirements modified as
necessary for U3SiAl fuel. Element processes will be identical to those

currently qualified to fabricate ORR elements.
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Summary

1. Full size fuel plates can be made with U3SiAl but the fabricator must

prevent oxidation of the compact prior to hot roll bonding.

2. Providing the ANL U3Six irradiation results are successful, NNFD plans

to provide two ORR elements during February 1983.

3. NNFD is developing and implementing U3 Sixand UAIx fuel fabrication

technology to be operational in 1983.

4. NNFD can supply U308 high enriched uranium (HEU) or low enriched

uranium (LEU) research reactor elements.

5. NNFD is capable of providing high quality, cost competitive LEU or HEU
research reactor elements to meet the needs of the customer.
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CURRENT STATUS OF U-ZrH LEU FUEL EXPERIMENTS IN THE ORR

Gordon B. West
GA Technologies Inc.

P. 0. Box 81608
San Diego, California 92138

The TRIGA-LEU fuel cluster undergoing irradiation in the ORR has now
completed over 600 full power days (FPD) of operation. Testing of the U-ZrH
fuel began in December 1979 under the REM program administered by Argonne
National Laboratory and two of the three different fuel loadings 20 and 30
wt- U have successfully completed their test design burnup values and have
been removed from the cluster. Approximately another year of irradiation will
be necessary to achieve the test design burnup on the fuel with the highest
loading 45 wt- U The fuel rods have been very stable during the entire
irradition with no problems being evident to date.

A brief sinumary of the irradiation of the TRIGA-LEU cluster in the ORR is
given in Table 1. The three fuel rod configurations referenced in Table I are
shown in Figures 1 2 and 3 The initial configuration contained fuel with 30
and 45 wt-% U (the uranium is 19.7% enriched) and was i core for just less
than I year. At that time, RERTR funding limitations forced the removal of the
'U-ZrH test cluster. Funding was restored in May 1981 and a full cluster
configuration, containing all three uranium loadings, was placed in-core.
After one year - 295 FPD for the rods with 20 wt-% and a total of 527 FPD for
the rods with 30 wt-% U - the 20 and 30 wt- U rods had reached their target
burnup values of 35 and 40% respectively of contained U235 and were removed
from the cluster.

The current cluster configuration contains only fuel rods with 45 wt-% 
and has been in-core for about 4 months, bringing the total irradiation time
for these fuel rods to about 600 FPD. Presently, the burnup in the 45 t- U
fuel rods is about 35% of the contained 235 and the target burnup is 50%.

The operating fuel temperatures measured for the.test rods have indicated
that the rods are not operating at the power levels predicted by design
calculations. Based on the measured fuel temperatures it is estimated that the
actual rod powers are about 65% of the calculated powers. The burnup
information in Table I is based on the estimated actual power.

Dummy (unfueled) rods have been used in the cluster configurations to
maintain flow characteristics and tailor the power production in individual
fuel rods. Solid stainless steel rods have been used to lower the power in
adjacent fuel rods and currently, water-filled Incoloy cladding tubes are used
to maximize the power and temperature in the fuel rods containing 45 wt- U.

The geometry of the U-ZrH fuel rods is shown in Fig. 4 The active fuel
length is 22 inches, made up of four fuel segments. The fuel is a solid,
homogeneous mixture of erbium-uranium7zirconium hydride alloy containing about
0.8 wt-% Er and with an H/Zr ratio of about 16. Incoloy 800 is used as the
cladding material with an OD of 0542 inches and 16 mil thickness. The 16-rod
cluster geometry is shown in Fig. where the square array has a
center-to-center spacing of 0643 inches leaving a minimum spacing between rods
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of 100 mils. The cluster fits into a standard MTR array. A calculational
model of the ORR core is given in Fig. 6 to show the location of the TRIGA-LEU
cluster. It is in location F-9, at the edge of the core on the north-east
corner.

Axially within the cluster there are two intermediate Inconel "egg-crate"
spacers to maintain the design clearance between fuel rods. At the time of the
June 1982 configuration change, to remove the fuel with 20 and 30 t-% U and
reconfigure with 45 wt-% U fuel only, a segment of the upper intermediate
spacer as broken off between locations Y and Z1. After a one month period
for removal of the segment and evaluation of the consequences of the loss, the
irradiation was continued with a dummy element in location Y1. A possible
contributing factor to the loss of the spacer segment as embrittlement caused
by an unexpectedly high boron content in the braze material.

A smary of the iestigation and analysis performed for the
demonstration of TRIGA-LEU fuel is shown in Fig. 7 The in-pile testing
results have been discussed in this report and shown in Figures and 9 are
fuel samples before and after quenching in water from 1200 0C. From the
metallurgical examinations, the microstructure of fuel with 45 wt-% U is shown
in Fig. 10. A comparison of calculated temperature coefficients and core
lifetimes is shown in Table 2 for the various TRIGA fuel types, including LEU
fuel. It can be seen that the operational characteristics of the LEU fuel can
be made very similar to the TRIGA fuels with higher enrichment.

The LEU uranium zirconium-hydride fuel has successfully completed all
essential development testing and is now being offered commercially in both the
20 weight percent and 45 weight percent uranium concentrations for existing
TRIGA reactors and as a conversion fuel for plate-type reactors. LEU fuel
elements (1.5 inch OD) have been delivered to reactors in Taiwan, YujZoslavia
and Thailand and entire core loadings of 20 wt-% fuel are now being fabricated
f or a new 30 MW TRIGA Mark II reactor in Bangladesh and for the
upgrading/conversion of the plate-type PRR-l reactor in the Philippines. A
partial core loading of 45 t-% fuel 054 inch OD) has also been fabricated
for use in the 16.5 MW Romanian TRIGA.
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Table 1. TRIGA-LEU Fuel ORR In-Pile Testing

20 vt- U 30 vt-% U 45 wt-% u

Contained U25 per 22" Fuel Rod (gm) 19 30 55

Vol-% U 19.7% enriched) 7 11 20

Max. Ca1c. Rod Power Generation (W

Initial Configuration - 44 40

Full Cluster Configuration 50 52 57

45 wt-% Only Configuration - - 74

Time at Power (FPD)

Initial Config (Dec. 79-Nov. 80) 0 232 232

Full Cluster Config (may 81-May 82) 295 295 295

45 wt-% Only Config (July 82-Oct.82) 0 0 75
Continuing

Target Burnup of u235 % 35 40 50

Burnup Status U) 35 40 35

Table 2 Calculated Beginning of Life Prompt Negative
Temperature Coefficient (a) and Core Lifetime

Uranium x 1-5 =, Core
TRIGA Fuel Diameter Lengt' Wt % Enrichment Average Lifetime(a)

Type (in.) (in.) Er M (23-700'C) (MW Days)

Original 1.5 15 8.5 0.00 20 10 'U100

LEU 1.5 15 20 0.50 1 20 11 1200

LEU 1.5 15 30 0.92 20 8 3000

FLI'P 1.5 15 8.5 1.58 70 10 3500

10 MW 0.5 22 10 1.70 93 6 4800

10 MW-LEU 0.5 22 45 0.66 20 5 4000

14 mw 0.5 22 10 2.80 93 8 8000

14 MW-LEU 0.5 22 45 1.40 20 6 7000

WBefore initial reload.
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FIGURE I

1 2 3 4

W Ss AL-&T 30 30 WT URANIUM

0 0 43.7 38.9 CALCULATED ROD POWER

x SS 30 45 45
0 '119.6 38.5 40.2

y Ss 30TC 45 45
0 32.5 31A 35.4

z Ss 30 45TC 45
0 36.7 37.8 3M

SS STAINLESS STEEL
ROD

XPOWER 414 KW

INITIAL CONFIGURATION, TRIGA-LEU FUEL CLUSTER

ORR IN-PILE TESTING

FIGURE.2

1 2 3 4

w 20 20 45TC 45 - WT % URANIUM

50.0 37.5 57.3 56.1 - CALCULATED ROD POWER

x 20TC 45 45 30
40.3 55.0 39.8 31.2

y 30TC 30 30 45
52.4 34.3 26.6 42.1

z 20 45 30 45
39.1 56.9 31.8 45.9

XPOWER 696 KW

FULL CLUSTER CONFIGURATION, TRIGA-LEU

FUEL CLUSTER - ORR IN-PILE TESTING

201



FIGURE 3

1 2 3 4

Ss 45 45 45 - WT URANIUM

W 0 64.8 58.5 62.0 1 - CALCULATED ROD POWER

45TC 45 H2O-INC H.0-INC
x IL

73.1 53.0 0 0

H20-IMC 45 H20-INC 45
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Figure 4 TRIGA Fuel Pin for 16-pin cluster
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Figure 5. General Layout of 16-pin Fuel Cluster
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Figure 7 Demonstration of TRIGA LEU Fuel

Fabricability

Metallurgical examination

Fission product release

Physical properties

Hydrogen pressure

Guench testing

Cycling/pulse testing

In-pile testing

Figure 8. Photograph of Fuel Sample 9
Before Quench from 1200'C
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Figure 9 Photograph of Fuel Sample 9
After Quench from 1200'C

Figure 10. Microstructure of 45 wt% LEU Fuel Rod
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Status Report on the Irradiation of LEU-Test Elements
in the Petten High Flux Reactor

H. Pruimboom

and

R. J. Swanenburg de Veye

Netherlands Energy Research Foundation

E.C.N.

ABSTRACT

Within the framework of the "RERTR!'-programme four low enriched M.T.R.-

type fuel elements are irradiated in the H.F.R. at Petten, The Nether-

lands. Two of these LEU test assemblies will be irradiated up to 50%

burn-up, the two others up to 85%. The target burn-up level of 50% for

two elements has been reached without any appreciable problem. The re-

maining two LEU-elements will reach 85% burn-up in the beginning of

1983.

For the determination of the relevant irradiation characteristics of

the test elements the following periodical investigations are carried

out 

• Coolant channel width measurements using an ultra-sonic probe.

• Neutron metrology.

• Reactivity measurements.

• Nuclear calculations (power, burn-up, neutron flux, thermal safety).

After irradiation up to the specified burn-up levels all four LEU-test-

elements will be subjected to extensive P.I.E. in the Hot Laboratories

of E.C.N. The first P.I.E. operation will start i November 1982 on a

LEU-element having 50% burn-up.

Several special tools and measuring equipment and instrumentation have

been developed and are being applied successfully in connection with

irradiation and P.I.E.
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1. INTRODUCTION

The LEU-test element irradiations ("LOUISE-project") described in this

paper are being carried out in the context of the Reduced Enrichment

Fuel for Research and Test Reactors (RERTR) programme. This programme,

which is coordinated by the Argonne National Laboratory, has been

initiated by the U.S. government in view of its concern with the large

amounts of highly-enriched ("HEU") "weapon-grade" uranium being applied

in test reactors all over the world. As this concern was shared by most

other countries involved in the utilisation of HEU-fuel, many parties

have joined or are supporting the RERTR-programme, which is aimed at

the development and reactor qualification of medium (NEU) or low enriched

(LEU) test reactor fuel and at the conversion of actual test reactors

to the application of these fuels.

The Petten-based programme is based upon an agreement between ANL

-providing fuel material and taking care of fuel reprocessing-, ECN-

co6rdinating and financing all Petten-based irradiation and post-irra-

diation examination activities. Also participating in the project are

JRC-Petten -as manager of the Petten-High Flux Reactor-, NUKEM (F.D.R.)

and CERCA (France) as LEU fuel element manufacturers.

The present project, comprising the irradiation and characterization of

four LEU test elements, will be completed early 1984.

2. OBJECTIVE AND SCOPE

The objective of the LOUISE-project is to demonstrate the reliability

and safety of advanced (i.e. high uranium density) LEU-type fuel

elements under irradiation conditions which are typical for medium-

powered Material Testing Reactors.

The present scope comprises the fabrication, pre-irradiation charac-

terization, irradiation, irradiation characterization and surveillance

and post-irradiation examination of four test elements. Two of the

elements contain U308-Al (manufacturer : NUKEM), the other two UAlx -Al

(manufacturer : CERCA).

Test irradiation is carried out in the core of the 45 MWth Petten High

Flux Reactor (PHFR) III up t fuel burn-up values of approximately 50%

and 85% for each of the fuel types.

Ill High flux materials testing reactor HFR Petten
Characteristics of facilities and standard irradiation devices
(Revised edition 1981-1982) EUR 5700e
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3. TECHNICAL DESCRIPTION OF LEU-TEST ELEMENTS

Some major design features of the test elements are

• All external dimensions comply with the present standard PHFR HEU-

type fuel elements.

• In order to obtain 235 U fuel element loadings equivalent to those

required for future (LEU) cores, fuel meat thickness has been in-

creased from,0.51 mm to 132 mm, while uranium volume density has

been increased from 1.0 to 21 g/cM 3.

• In order to maintain the present cooling channel width of 218±0.25 mm

the number of plates per element has been reduced from 23 to 19 plates.

• Straight fuel plates are applied. In order to adapt the external geo-

metry to the present curved outer boundaries of HFR fuel positions

convex and concave non-fuelled outer plates are applied. The remaining

16 real fuel plates contain approximately 329 gr 235 U.

• In two of the four LEU-elements aluminium clad 20 cadmium wires

0.5 mm) have been applied as burnable poison. They are installed

in longitudinally machined slots in the side plates adjacent to each

second fuel plate.

• The following provisions for neutron metrology and coolant channel

width measurements have been incorporated 

- two non-reloadable flux monitors in each curved outer plate.

- a longitudinal slot in centre of convex outer plate for reloadable

flux monitor.

- square-shaped upper extension for improved accessibility of the

coolant channels for coolant channel width measurements and neutron

dosimetry measurements. For the same reasons the "comb", which is

normally applied for fuel plate fixation has been omitted.

• The square head is provided with spacing pads and remote handling

holes as for HEU standard elements. The oval coolant penetration

holes on the sides of the top section have been left out in order

to provide sufficient rigidity of this upper part.
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o Fig. 4 gives a crossectional view of a LEU-test element and a HEU-

standard element, supplemented with some characteristics. Pictures

of the as-built LEU-elements are 'given in figures to inclusive.

Apart from some minor differences the geometry of all four LEU-assemblies

is identical. As regards the material specifications the main differences

are 

• The two LEU-elements LN-01-CD and LN-02 manufactured by NUKEM (FRG)

contain U3 08-Al as fuel meat while the two elements LC-01-CD en LC-02

fabricated by CERCA (France) contain UAl x-Al as meat.

• In the LEU-elements LN-01-CD en LC-01-CD 20 cadmium wires are inserted

as a burnable poison.

In table a compilation of the most important material specifications

for the four LEU-elements is given.

4. PRE-IRRADIATION CHARACTERIZATION

Apart from checks and measurements required for normal fuel element

quality control, the following measurements were carried out

a) accurate fuel plate thickness measurements.

b) cooling channel width measurements, applying the apparatus described

under par. 61.

c) pressure-drop versus coolant flow measurements in an external loop.

d) detailed flux and reactivity measurements.

In addition, several representative fuel plate samples were put aside

during manufacturing for metallurgical characterization of the non-irra-

diated fuel.

5. IRRADIATION SCHEDULE AND CHARACTERISTICS

Based on thermal safety considerations and in connection with the

standard HFR core loading pattern the peripheral core positions A2, A8,

B2, B8, G2, G8 have been selected for the irradiation of the LEU-elements

(see fig. 3 The average power production in these positions varies

between 0.5 and 1.0 MW per element, corresponding with a maximum heat

flux density of 75 to 150 W.cM (see table 1). In order to compensate
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for power and flux gradients the LEU-elements are periodically switched

between north and south positions. During normal reactor shutdown

periods (once per weeks) coolant channel measurements and low power

flux measurements are carried out. Because of the shutdown periods

(2.5 days) the LEU-elements are more or less poisoned with'Xenon, when

reloaded in the reactor. In order to compensate for the resulting de-

crease in reactivity contribution (up to 250 pcm) in particular at

higher burn-up values > 40%) the loading of higher 235 U-masses (HEU)

had to be applied in the surrounding core positions.

The complete irradiation scheme supplemented with burn-up and neutron

fluence data is presented in the tables 2 up to inclusive.

6. TEST IRRADIATION SURVEILLANCE

6.1. Visual observation

Careful visual inspection of the test elements was carried out during

each reactor stop. Sofar no abnormalities have been observed.

6.2. Cooling channel width

In particular at high burn-up values fuel plate deformations may occur

due to swellling, blistering, etc. which may increase cooling channel

hydraulic resistance.

In order to guarantee proper cooling conditions, the coolant channels

of each test element are regularly scanned for irregularities or de-

creases in width. For this purpose a special instrument, applying three

spring-loaded ultrasonic sensors has been developed. A similar instru-

ment has been applied at the RERTR fuel irradiations in the ORR.

The measuring method consists of the transmission of an ultrasonic

wave (8 Mc) by a cristal positioned at one side of the water containing

channel. The propagating wave is reflected at the opposite fuel plate

and received by the same cristal element. The propagation time of the

wave is proportional to the physical distance between sensor and

opposite fuel plate surface.

Three of such spring loaded ultrasonic sensors are mounted on a tra-

velling probe, which can be moved up- and downwards through the coolant
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channel (see fig. 10). Provisions have been made for automatic recording

of three sensor signals, of the vertical sensor position and of the tem-

perature. An aluminium block containing two accurate dimensioned gaps

serves as a calibration facilit for the actual measurements (see fig.

11a).

By the use of a mechanical displacement system, the test element can be

positioned very precisely with respect to the travelling probe. In this.

manner each cooling channel can be selected remotely. In the figures

10 and 12 some details of the complete measuring device are given.

Some typical channel width profiles are shown in the figures 12and 13.

From these figures it can be observed that the resolution is extremely

good ± i). From the measuring results obtained so far (O - 56% burn-

up) it can be concluded that the width profiles for each channel have

remained very constant with increasing burn-up. Local plate deformations

have, sofar, not been detected. As regards the asolute channel width

values there seems to be some shift in the measuring results'(± 0 ) but

this is probably caused by systematic errors in the calibration proce-

dure. The calibration equipment will be improved to overcome this problem.

In order to detect a possible overall swelling of the fuel plates an

element averaged coolant channel width has been derived from the indivi-

dual profiles. In fig. 14 the average coolant channel widths as a function

of burn-up for all four LEU-elements are depicted. Accounting for the in-

accuracies involved no significant tendency can be observed.

The actual fuel plate dimensions after irradiation will be measured as

part of the PI.E. programme. The results of these measurements will be

correlated with those of the last olant hannel width measurements.

6.3. Reactivity measurements

Periodical reactivity measurements have been performed for two reasons

a) determination of the reactivity of LEU-elements as a function of

burn-up.

b) determination of effectiveness of cadmium as a burnable poison.

The measurements have been performed by comparing the reactivity of the

LEU-elements with that of a fresh HEU-element containing 404 gr 235U

and 1000 mg 10 B. Central core position D5 was selected for this purpose.

From the initial measurements it appeared that the reactivity value for
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the fresh LEU-elements without cadmium wires (LN-02 and LC-02) is equal

to that of the fresh HEU-element. The initial effect of the built in

cadmium wires in the LEU-elements LN-01-CD en LC-01-CD was measured to

be 300 pcm. Measurements at increasing burn-up values indicated a

reactivity development as shown in fig. 15. In this curve the effects of

SamariumXenon and bulk fission products have been included.

It appears that complete depletion of the cadmium wires is reached after

some 23% burn-up of the LEU-elements. This burn-up figure corresponds
21 -2with a thermal fluence of about 054 10 cm .The reactivity decrease

due to burn-up in core position D5 is about 65 pm/gr 235 U.

6.4. Power generation and fuel burn-up

6.4.1. Neutron_metroloey

In order to determine the nuclear irradiation characteristics of the

LEU-assemblies an extensive neutron metrology programme is carried out.

It can be divided into three main parts 

W Determination of the total thermal and fast neutron fluence. in

order to calculate total burn-up at the end of irradiation. For

this purpose four non reloadable flux monitors have been installed

in machined slots in the outer plates (see fig. 4. The unloading

of the activated detectors will take place during post irradiation

examination.

(II) Determination of the neutron fluence per irradiation cycle in

order to follow burn-up development throughout the irradiation

period and to support the interpretation of the measurements with

the non reloadable flux monitors. For this purpose one reloadable

flux monitor is inserted in a slot in the convex outer plate at

the start of each irradiation cycle.

(III) Determination of the detailed flux and power distribution within

the fuel region. For this purpose low power flux runs are per-

formed at the start of the cycle. During these measurements the

test elements contain up to 15 flux monitors distributed over

five coolant channels. The flux detectors are fixed to aluminium

swords, which fit accurately within the coolant channels. In or-

der to relate the measuring results from the reloadable flux
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monitor used during full power irradiation to these detailed flux

measurements a separate reloadable flux monitor is applied during

the low power flux runs.

From the detailed flux measurements sofar carried out some conclusions

can be drawn 

- Especially in the LEU-elements without cadmium wires the radial flux

and power gradients will be somewhat (10 to 15%) higher as compared

with the 10 B-poisoned HEU elements. This is mainly caused by the 238U

resonance absorbtion, by the non fuel containing outer plates and by

the absence of poison in the side plates.

- The presence of cadmium wires in the side plates of LEU-elements

LN-01-CD and LC-01-CD, results in a minor reduction of above mentioned

power peakings (5%).

- Power production values as derived from flux results measuring and

from calculations are in good agreement ± 7.

The results of the flux measurements over the total irradiation period

will be compared with the results of gamma scanning and chemical burn-up

analyses which will be performed as part of the P.I.E. programme.

6.4.2. Nuclear calculations

Complementory to the neutron dosimetry periodical calculations are per-

formed in order to determine the relevant irradiation characteristics

such as neutron flux densities, power and burn-up.

These calculations are performed with the use of a two dimensional dif-

ftision code.

As regards the LEU-test elements a representative calculation model con-

sisting of a fuel region surrounded by two side plates and two outer

plates has been defined.

For several depletion grades of the 235 U and 113 Cd contents the nuclear

data of this calculation model have been determined and stored on a

library file. For the actual 235 U/ 113 Cd combination a quadratic inter-

potation procedure is applied.

The depletion of the uranium contents of the LEU-elements is calculated

accounting for burn-up chains of 235 U and 238 U. From these calculations

it appears that for burn-up values of 50% the energy produced by 239 Pu

and 241 Pu amounts to about 15% as compared with total energy (see fig. 16).

The conversion ratio for these LEU-elements is about 017.
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o From detailed flux measurements it was found that application of

LEU-elements with non-fueled outer plates leads to higher radial

flux and power gradients (15%). Application of cadmium poisoned

side plate gives a minor decrease in power peaking (-5%).

o Reactivity measurements indicated that depletion of the cadmium

wires is completed at a thermal neutron fluence of 0.5 10 21 cm-2.

Converting this result to a full HFR-LEU core leads to the con-

clusion that the cadmium loading can be further optimized by in-

creasing the number of wires from 20 to 40 and decreasing their

diameter to 04 mm. In that case the initial negative re-

activity of the cadmium in 6 fresh LEU-fuel elements amounts to

about 3000 pcm of which about 25% remains at the end of the cycle

(26 days, 45 MW). In this way the 235 U burn-up effect will be com-

pensated properly by the cadmium depletion, while the remnant cad-

mium poisoning is limited to only 800 pcm. In comparison with 10B

poisoned fuel the application of cadmium will lead to a somewhat

lower fuel inventory of the HFR cycle core.

o Burn-up calculations indicate an energy contribution of about 15%

due to the formation of 239 Pu and 241 Pu for a burn-up level of about

50%. The corresponding conversion ratio amounts to 017. About

10 gr 239 Pu and gr 241 Pu is present in LEU elements having 50%

depletion.

o The LEU'-test elements have withstood the various handling operations

as well as the mechanical and thermal loads during irradiation in

the H.F.R. without any problems. The presence of the square upper

inlet section is essential for a good execution of the coolant channel

measurements and the neutron metrology.
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7. POST IRRADIATION EXAMINATION

A programme for post irradiation examination (P.I.E.) has been set up.

The PIE activities will be performed in the Hot Laboratories at E.C.N.

Petten. The preparations. for this PIE-work are in full progress.

The main parts of the PIE programme are 

• Inspection of the complete LEU-assembly (photography).

• Dimensional measurements on elements (length, bow, twist).

• Dismantling of fuel elements.

• Inspection of fuel plates (photography).

• Dimensional measurements on fuel plates (thickness).

• Blister tests on fuel plates.

• Gamma scanning on fuel plates (burn-up distribution).

• Chemical burn-up analyses on samples of fuel plates (absolute burn-up

analyses using Neodinium. method).

• Metallography on samples of fuel plates.

Preparation work in connection with the PIE programme has comprised

a) application of an electrically heated dummy to determine the fuel

element temperatures which must be expected during PIE as a function

of fuel burn-up and decay time. At 50% burn-up and 3 months decay

the maximum fuel temperature will be 200'C.

b) design of special measuring devices for the dimension measurements

(see fig. 17).

c) design of a special furnace for blister tests of fuel plates,

allowing simultaneously electrical heating and visual observation

of the plates.

PIE work on the first test element will start in November 1982, com-

pletion of PIE work is foreseen for late 1983.

8. CONCLUSIONS

From the practical experiences and based on measurements and calculations

for LEU-assemblies having a burn-up up to about 50% the following main

conclusions can be drawn 

o From coolant channel width measurements no local or overall fuel plate

deformation can be detected.
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MATERIAL SPECIFICATIONS FOR L.E.U.- TEST ELEMENTS.

Type: LN-01-CD Type LC-01-CD
LN-02 LC-02

U30 8-Al U Al-Al

(Nukem) (Cerca)

Fuel

Fuel meat composition U30 8-Al U Al x-Al

Uranium - loading

- per element 1660 ± 35 1687 ± 35 9

- per plate 104 ± 2 10 ± 2 9

- surface density 280 10-3 280 1-3 g Cm 2

- volume density 2.1 2.1 g cm 3

Enrichment 19.75 0.2 19.5

- O..5

U-235 loading

- per element 328 ± 6 329 ± 6 9

- per plate 20.5 ± 04 20.6 ± 04 g

- surface density 54.1 10 -3 54.2 10- 3 g Cm 2

3- volume density 0.41 0.41 g cm

Cadmium - composition 99.9% 99.9% pure grade

- nr. of wires 20 20

- diameter 0.05 0.05 cm

- weight per element 20.4 20.4 9

Aluminium

- in meat pure Al. A NE

- clad and frame Al Mg I (or 2 AG 2 NE 3 NE, 4 NE)

- side boxes and outside plates Al Mg Si 7 F32 AG 3 NE

- end boxes Gk Al Si Mg Cr-Al Si Mg

- welding additure Al Si (or 12) AG 3 NE

(1) Only in case of LN-01-CD and LC-01 -CD.

TABLE 
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TABLE 2a IRRADIATION HISTORY FOR LEU-TEST ELEMENT

C Y C'L E START FULL [RR. IRR. B U R N - U P THERMAL THERMAL FLUENCE
I FLUX CYCLE TOTAL

IDENT. � POWER POS. POWER PER CYCLE T 0 T A L REMARKS
STOP DAYS (M W) 27 3 14 2 21 2 21 -2% U235 (?7 FISS/ M3 % U235 10 FISS/M 10 cm. 10 cm 1 cm

10.29.81
81 10 01 r� � 10.95 B2 .840 3.58 .032 3.58 .032 0.83 .079 .079

8110 02 1 11.10.81- 13.01 B2 .896 4.46 .040 8.04 .072 0.90 .103 .183Fil -23.81

sill 01 11.26.81 25.52
12.21.81

01.27.82 Measurements:
82 01 01 - 18.87 B2 .761 5.40 .049 13.44 .121 0.80 .134 .316 -Coolant channel

02.15.82 -Neutron flux
eactivity

02.18.82
OZU4 U1 - 22.5a B8 .977 8.56 .080 22.00 .201 1.08 .220 .537

03.12.82

03.13.82
820202 � 2.33 B8 .914 0.41 .004 22.41 .205 1.09 .022 .559

03.15.82

03.18.82
82 03 01 � 25-56 B2 .774 7.18 .068 9.59 .273 0.93 .216 .775

04.12.82

04.15.82
82 04 01 -- __ 25.24 B8 .828 7.40 .072 6.99 .345 1.08 .250 1.025

05.10.82

05.13.82
82 05 01 � 17.89 A2 .621 3.85 .038 40.84 .383 0.91 .144 1.169

05.31.82

82 05 02 05,31.82 7.62 A2 .603 1.58 .016 �2.42 .399 0.93 .062 1.231
06.07"82



TABLE 2b IRRADIATION HISTORY FOR LEU-TEST ELEMENT :

CYCLE START FULL IRR. IRR. B U R N - U P THERMAL THERMAL FLUENCE
I FLUX

IDENT. POWER POS. POWER PER CYCLE T 0 T A L CYCLE TOTAL REMARKS
STOP DAYS (mW) 1027 14C 2 21 2 21 2% 235 FISS/ M3 U235 10 27 FISS/M 3 10 M. 10 cm 10 cn

06.10.82
820601 1.30 A8 .502 .23 .0023 42;65 .401 .80 .009 1.240

06.i i.82

06.12.82
820602 � 23.13 A8 .586 4.64 .0466 47.29 .448 .92 .192 1.432

070582

08.12.82
82 0701 7.03 A2 .540 1.28 .0130 48 57 .461 .92 .056 1.488

08.19.82

08.20.82
00 820702 � � 7.05 A2 .505 1.20 .0122 49.77 .473 .88 .054 1.542

08.27.82

08.28.82
620703 - 9.33 A2 .458 1.43 .0146 51.20 .488 .81 .066 1.608

09-06.82

09-09.82
$2 08 ol � � 11.22 A8 .581 2.17 .0270 53 37 .515 1.05 .104 1.712

09.20.82

09.2i.82
820802 � 13.20 A8 .569 2.49 .0259 55.86 .541 1.07 .125 1.837

10.04.82

82 09 01 B2



TABLE 3a IRRADIATION HISTORY FOR LELI-TEST ELEMENT

B U R N - U P THERMAL THERMAL FLUENCE
CYCLE START FULL IRR. IRR. FLUX CYCLE F TOTAL

IDENT. POWER POS. POWER PER CYCLE T 0 T A L - 14 REMARK
STOP DAYS (Mw� 1027 -2 -1 21 2 21c -2% U235 FISS/ M3 % U235 10 27 FISS/M 3 10 cm. s 10 cm 10 m

10 29 1
81 10 01 _ _ 10.95 B8 1.006 4. 28 .038 4.28 .038 0.99 .096 .096

1'1.'O 8. I'

11.10.81
81 10 02 � � 13.01 B8 .992 4.95 .044 9.23 .083 1.01 .117 .213

11.23.81

measurements:
11.26.81 ------- -Coolant channel

81 11 1 25.62 -Neutron flux
12.21.81 -Reactivity

82 01 01 01.27.82 18.87 B8 1.006 7.17 .066 16.40 .149 1.07 .182 .395
.02.15.82

02.18.82
82 02 01 22.58 B2 .745 6.23 .058 22.63 .207 0.85 .173 .568

03.12.82

820202 03.13.82 2.33 B2 .734 0.63 .006 23.26 .213 0.90 .018 .586
03.15.82

03.18.02
82 03 01 � 25.56 B8 969 8.99 .086 32.25 .299 1.18 .278 .864

04.12.82

04.15.82
82 04 01 -- - 25,24 B2 .807 7.19 .070 39.44 .369 1.09 .252 1.116

05.10.82

13.82
82 05 01 17.89 A8 .668 4.12 .041 43.56 .410 1.01 .162 1.278

5.31.82
82 05 02 _ 7.62 A8 -637 1.67 .017 45.23 .427 1.02 .068 1.346



TABLE 3b IRRADIATION HISTORY FOR LELI-TEST ELEMENT

CYCLE START FULL I RR. I RR. B U R N - U P THERMAL THERMAL FLUENCE
FLUX CYCLE TOTAL

IDENT. POWER POS. POWER PER CYCLE TOTAL REMARKS
14 Cr;2 .1 1 21 c r;2 21c -2

STOP DAYS (MW) % U235 1027 FISS/ M3 U235 10 27 FISS/M 3 10 S 0 10 m

06.10.82
82 06 01 - 1.30

06 182

06.12.82
820602 � 23.13 storage

070582

820701 08.12.82 in
7.03

08.19.82

08.20.82
820702 7.05 pool

08.27.82

08.28.82
for820703 9.33

09.06.82

82 o8 oi 09.09.82 11.22 decay
09.20,82

820802 09.21.82 13.20

10.04.82

820901

P. I. E.



TABLE 4a IRRADIATION HISTORY FOR LELI-TEST ELEMENT

B U R N - U P THERMAL THERMAL FLUENCE
CYCLE START FULL I RR. I RR. FLUX CYCLE TOTAL

IDENT. � � POWER POS. POWER PER CYCLE T 0 T A L REMARKS

STOP DAYS (MW) C?7 10 27 14 2 2 2 21 -2
% U235 FISS/ M3 U235 F I SS I M3 10 cm. S 10 cm 1 cm

10.29.81
81 10 01 10.95

11.10.81
81 10 02 � � 13.01

11.23,81
I

11.26.81 ------
81 11 01 25.52

01.27.82 Measurements:
82 01 01 18.87 G2 .420 3.06 .028 3.06 .028 0.41 .068 .068 -Coolant channel

02.15.82 -Neutron flux
-Reactivit

02.18.82
8202 01 22.58 G8 .638 5.47 .050 8.53 .078 0.65 .130 .198

03.12.82

03,13.82
820202 2.33 G8 .609 0.54 .005 9.07 .083 0.65 .013 .211

03.15.82

0318.82
82 03 01 - - 25.56 G2 .413 3.97 .037 13.04 .120 0.44 .098 .309

04.12.82

04.15.82
82 04 01 25-24 A8 .717 6.70 .062 19.74 .182 0.80 .182 .491

05.10.82

05.13.82
82 05 01 - -- 17-89 B2 .807 5.30 .050 25.04 .232 0.95 .152 .643

05.3i.82
I I

05,31.82
82 05 02 --- 7.62 B2 812 2.25 .021 27.29 .253 1.02 .068 .711

06.07.82



TABLE 4b IRRADIATION HISTORY FOR LELI-TEST ELEMENT

START FULL I RR. I RR. B U R N - U P THERMAL THERMAL FLUENCE
CYCLE FLUX CYCLE TOTAL

IDENT. � POWER POS. POWER PER CYCLE TOTAL REMARKS
14 -2 -1 21 -2 21 -2

STOP DAYS (MW) %U235 10FIFISS/ M3 % U235 10 27 HSS M 10 c M. a 10 cM 10 c M

06.10.82
820601 1.30 B8 .676 0.31 .003 27.60 .256 .87 .010 .721

06.11.82

06.12.82

820602 23.13 B8 796 6.60 .064 34.20 .320 1.02 .212 .933
070582

08.12.82

820701 08,19.82 7.03 B2 -728 1.81 .018 36.01 .338 1.01 .062 .995

08.20.82

820702 7.05 B2 .671 1.66 .016 37.67 .354 .95 .059 1.054
0 8.2 7.8 2

I

08.28.82
820703 9.33 B2 .668 2.17 021 39.84 .375 .97 .079 1.133

09.06.82

09.09.82
82 08 ol 11.22 A2 .554 2.14 .021 41.98 .396 .83 .082 1.215

09.20.82

09.2i.82
820802 � 13.20 A2 .529 2.3.9 .024 44.37 .420 .82 .096 1.311

10.04.82

820901 B8



TABLE 5a IRRADIATION HISTORY FOR LEU-TEST ELEMENT

CYCLE START FULL I RR. I RR. S U R N - UP THERMAL THERMAL FLUENCE

POWER POS. POWER FLUX CYCLE TOTALIDENT. � PER CYCLE T OTAL REMARKS
STOP DAYS (MW) M3 27 3 14 2 21 2 21 -2

U235 10?7 FISS/ % U235 10 FISS/m 10 cm. 10 cm 1 cm

10.29.81

81 10 01 10.95

11.10.81 -------
81 10 02 13.01 .....

11.23,81

11.26.81 ------- Measurements:
81 1 0 25.52 -Coolant channel

12.2i.81 -Neutron flux
I -Reactivity

01.27.82
82 01 01 18.87 G8 .599 4.35 .039 4.35 .039 .59 .099 .099

02.15.82

02.18-82
LJ 82 02 01 22.58 G2 .431 3.72 .034 8.07 .073 .44 .087 .186

03.12.82

03.13.82
820202 2.33 G2 .427 0.38 .003 8.45 .076 .45 .009 .195

03.15.82

03.18.82
82 03 01 - 5.56 G8 .651 6.25 .057 14.70 .133 .70 .159 .354

04.12.82

04.15.82
82 04 01 25.24 A2 717 6.70 .062 21.40 .195 .82 .185 .539

05-10.82

05.13.82
82 05 01 - � � 17.89 B8 .901 5.90 .056 27.30 .251 1.09 .175 .714

05.31.82

05 31.82

82 05 02 L6.17.82 7.62 B8 .893 2.47 .024 29.77 .275 1.15 .077 .791



TABLE 5,b IRRADIATION HISTORY FOR LELI-TEST ELEMENT

B U R N - LI P THERMAL THERMAL FLUENCE
CYCLE START FULL IRR. IRR. FLUX CYCLE TOTAL

IDENT. � POWER POS. POWER PER CYCLE TOTAL REMARKS

STOP DAYS (MW) 27 3 14 2 21 2 21 -2%U235 10�7FISS/ M3 % U235 10 FISS/M 10 cm, S 10 cm 1 cm

06.10.82
820601 1.30 B2 .702 .33 .003 30.10 .278 .93 .010 .801

06. 182

06.12.82
820602 23.13 B2 .831 6.86 .066 36.96 .344 1.09 .230 1.031

070582

08.12.82
820701 7.03 B8 .768 1.90 .019 38.86 .363 1.11 .068 1.099

08.19.82

08.20.82
820702 7.05 B8 713 1.75 .017 40.61 .380 1.05 .065 1.164

08.27.82

Nj 00.28.82
820703 9.33 B8 .781 2.52 .025 43.13 .405 1.18 .097 1.261

09.06.82

090982
82 08 01 11.22 B2 .652 2.51 .025 45.64 .430 1.02 .101 1.362

09.21.82
820802 � 13.20 B2 623 2.78 .028 48.42 .458 1.01 .118 1.480

10.04.82

820901 storage

in

pool



FIG-1 HFR Petten. Isometric drawing of the reactor building.
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FIG.2 HFR CORE AND POOL SIDE
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FIGA LEU -TEST ELEMENT IIEU-STANDARD ELEMENT

v
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cladding: Al d=0.38 mm cladding Al d 038 mm
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SIDE PLATES Al ; d4.5 mm SIDE PLATES Al d= 45 mm
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FIG. OVERALL.VIEW OF LEU TEST ELEMENT



FIG. 6 OUTLET SECTION OF LEU TEST ELEMENT
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FIG. 7 INLET SECTION OF LEU TEST ELEMENT
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FIG.8 VIEW THROUGH INLET SECTION OF LEU TEST ELEMENT



FIG. 9 OVERALL VIEW OF DEVICE FOR PERFORMING

COOLANT CHANNEL WIDTH MEASUREMENTS
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FIG.10 MOUNTING CONFIGURATION OF ULTRASONIC SENSORS
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FIG.1la ELEMENT HOLDER WITH FIG llb DRIVING MECHANISM

DISPLACEMENT MECHANISM
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FIG.1.6 POWER PRODUCTION PER FISSILE ISOTOPE IN LEU-TEST
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FIG 17 DEVICE FOR MEASURING DMENSIONS OF LEU TEST ELEMENT
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XA04C1 51 0

QUALIFICATION IN THE RACTOR SILOE
OF LOW ENRICHED FUELS FOR RESEARCH

AND TEST REACTORS

F. MERCHIE, C. BAAS, M. PLOUJOUX
C.E.A. - Centre d'Etudes Nuclgaires de Grenoble

87X 38041 GRENOBLE CEDEX

1. General

For nearly two years now, in the scope of the Reduced Enrichment
Research and Test Reactor (RERTR) Program (CEA - AUL - ERCA Agreements),
low enriched fuel has been irradiated in Silog.

In 1981 a complete 45% enriched fuel element (U Alx compound) was
irradiated. A burn-up of 50% was obtained without any difficulty.

Since June 1982 4 3S:i fuel plates are being irradiated. These
plates, with a density of 5.5g of total uranium per cubic centimeter (two
plates), and 6.Og per cubic centimeter (the other two plates) have already
reached a mean burn--up of about 20% and their behaviour tV till now is excellent.
The fuel element and the plates have been manufactured by CERCA.

2. Irradiation of the 45% enriched U Alx Fuel Element

2.1. Description of the Element Tested

2.1.1. Element Geometry (figure 1A)

It is absolutely identical to that of the fuel elements generally used
in Silog. 1

2.1.2. Characteristics of the Fuel ad the Plates

The Fuel used goes by the name of U Alx-A1 (uranium-aluminium inter-
metallic compound dispersed in an aluminium matrix), and.has an uranium
content 45% enriched uranium) of about 52%. The density in uranium of 2.2g
per cubic centimeter gave a nominal weight Of U5 per plate of 18.6 0.37g.
To fabricate the core, powder technology was substituted for the "CRCA
sintered core" method currently used for Silod fuel elements. With this
exception, the manufacturing and ispection procedures for the plates and
element were essentially the same as those normally followed for Silog
elements. In particular, the fuel plates were fixed by roll-swaging in the side
plates.

2.2. Irradiation istory

2.2.1. Measurements performed before Irradiation

a) Hydraulic measurements this measurement was taken on a hydraulic
test loop in order to check the flowrate-pressure drop characteristic
of the element.
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FIG. 1A CROSS SECTION OF STANDARD 23-FLAT-PLATE FUEL

ELEMENT FOR SILOE IRRADIATION TESTS
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b) Neutron Measurements
. Reactivity effect
At the start of irradiation, the element presented a gain in reactivity

of 50 pcm compared with a new standard element placed in the same position
(53). After 6 months irradiation, a gain of 70 pcm was again noted over an
element with the same burn-up placed in the same position 22).

. Flux measurements
These measurements were taken at low power and with miniature fission

chambers (U 235 coating for measurements with thermal neutrons, and Np 237
coating for measurements with fast neutrons).

The results obtained are presented on figures 2A and 3A. These fluxes
are quite comparable to those calculated elsewhere.

2.2.2. Irradiation Conditions

The element for testing was placed in the Silog reactor core on
February 2 1981 and its irradiation was terminated on November 26, 1981.

The main irradiation data are presented in Table 1. It is
worth noting in particular that from the results of the Failed Fuel Element
Detection (DRG) test, carried out between each cycle, the behaviour of the
element was ideal, since no fuel element failure was evidenced during
irradiation. This good behaviour is confirmed moreover by the visual examina-
tions performed each month (under water) and twice in a hot cell, in particu-
lar at the end of irradiation (January 1982).

2.3. Post-Irradiation Examinations PIE)

After an appropriate cooling period, the element was transferred to the
LECI'" for post-irradiation measurements.

These measurements which will be performed over the next few weeks cover
mainly 

- checking of the channels between the plates by means of a blade equip-
ped with thickness probes allowing the simultaneous exploration of 3 tracks
for each channel in the axis of the plates. The 22 channels will be explored
in succession, after removal of the handle for manipulating the element. The
responses of each of the probes will be recorded

- dismantling of the element by machining to withdraw all of the plates.

- measuring thickness of the plates along the longitudinal and trans-
verse generatrices, with continuous reading and recording.

After these operations, the plates will be returned to the Reactor
Department in Grenoble where y spectrometry measurements can be carried out
to determine the burn-up obtained on each of the plates in the element.

Laboratoire d'Examen des Combustibles Irradigs (Irradiated Fuel Testing Hot Lab.)
C.E.A. C.E.N. SACLAY, France
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TABLE 
. . 'i&HIRRADIATION OF A 4 % ENR ED FUEL ELEMENT 29U /cm3)T

MAIN IRRADIATION DATA

Irradiation Position aup(start Corresponding Mean Power Counting rate Energy Characteristics

cycle in core of cycle) weight U5 dissipated DRG released of reactor water Observations

% 191 (MW) C 1X2 (MWJ) during irradiation

(M 11cm) pH

Visual examination outside
02/81 53 0 418.3 1.358 0. 8 33.92 0.9 6 pool before placing in

reactor No Comment
03/81 4 3 8.5 382. 75 1.207 0.5 24 1 3 6. 1 Examination under water

No Comment

04/81 64 17.3 345.9 1.400 1 24.96 A.45 6.1 to

05/81 48 25 314. 1.155 0.6 23-04 1.5 6.3

06/81 67 31.9 285.9 0.77 1 15.68 1.6 6.4

07/81 52 36.6 266.3 0.83 0.8 16.94 1.6 6.4 Examination in hot call early
Sept. 81 % No comment.

08/81 22 41.6 245.1 0.651 0.9 13.38 1.3 6.4 Examination under water
No comment

09/81 62 45.4 228.4 0.384 0.9 7.92 1.23 6.3 Is

At end of irradiation: OU 50.4%.
10/81 64 47.8 218.5 0.441 1.3 9.00 1.3 6.2 Residual MU , 207.25 

E total A841 MW/D
Examination in hot cell in
Jan. 82: no comment

Counting rate of element tested

Mean counting rate of elements with residence times or BU similar

to the element under consideration

DRG Failed Fuel Element Detection Systein



3.4. Irradiation Status and Monitoring

This irradiation was begun at the end of June 1982. By the end of
October, the number of Full Power Days was 62 and mean burn-up was approx-
imately 20 .

Table 2 indicates calculated burn-ups for each of the plates tested.

To reach the mean burn-up aimed at, that is 50 , an irradiation
comprising cycles will be necessary, so that the end of irradiation is
scheduled for the end of March 1983.

Throughout irradiation, the plates are monitored by the Failed Fuel
Element Detection System associated with the reactor. In addition, between
each cycle, that is, after 21 days irradiation, an individual Failed Fuel
Element Detection test is carried out on the box. To date, these tests have
not revealed any anomaly.

At last, between each cycle, a visual examination is
conducted under about 3 metres of water to check the appearance of these
plates which, being removable, can be taken out of the box. An examination
was also carried out in a hot cell early September, after one month irradi-
ation and a cooling period of 40 days.

3.5 Post-Irradiation Examinations (PIE)

Post-irradiation examinations planned cover

- a visual examination before dismantling

- measurement of the width of the cooling channels

- dismantling and visual examination of the plates

- thickness measurement of the plates

These examinations will be performed during the second quarter of 1983
after an appropriate cooling period (about 3 months).

Additional examinations may be considered, such as the measurementand
mapping of burn-up by means of the Y spectrometry measurement system immers-
ed in the SiloCa pool.

4. Future Irradiations

Already in 1983, irradiation of a complete fuel element in 19.75 
enriched U3Si alloy is planned.
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TABLE 2 MEAN AND MAXIMUM BURN-UP OF U3Si PLATES FOR THE FIRST THREE IRRADIATION CYCLES

Nature of plate Mean Burn-up at Max. Burn-up in Mean Burn-up at Maxi. Burn-up in Mean Burn-up, at Max. Burn-up in

end of first cycle mid-plane at end end of second mid-plane at end oi end of 3rd cycle mid-plane at end

of f irst cycle cycle second cycle of 3rd cycle

First Plate

5.5 of total 6.6 8.66 12-77 16-74 i8.73 % 24 . 4 
U/cm3

2nd Plate

5.5 g of total 5.67 7.43 11.01 % 14.43 17-h3 % 22.84 
U/cm3

First Plate

6.0 g of total 5 08 % 6.66 9.89 12.96 450 19.0 %
U/cm3

2nd Plate

6.0 of total 4.97 6.51 9 70 12 71 14 2 18.62 
U/cm3



3. Irradiation of the 19.75% enriched U3Si Fuel plates

3.1. Description of the Plates (figure 1B)

The nominal dimensions of the U3Si plates tested'are similar to those
of the plates forming the fuel elements in the Silog reactor core.

These dimensions are the following 
Plate : 641.9 x 73.3 x 127 mm
Fuel core : 606.5 x 65.4 x 0.51 mm (maximum dimensions)

Cladding thickness is 038 mm. The rated fuel quantities are as follows

Two plates contain 5.5g of total uranium per cubic centimeter, i.e.
102.5g per plate (E = 19.75% i.e. 20.2g U5)

The other plates contain 60 g of total uranium per cubic centimeter
i.e. 112g per plate (E 19.75% i.e. 22.1g U5)-

The alloy used for the frame and cover of these plates is an aluminium
alloy containing 3 magnesium (alloy AG3 as per French standards).

3.2. Description of an Irradiation Box (figure 2B)

The irradiation box used comprises

- the four U3Si plates for testing (these plates are removable)

- four other inert plates (in aluminium) roll-swaged in the sideplates
of the box

- two holes dia. 36mm (on the rear end in relation to the reactor core)
for the production of artificial radioelements, if required.

3.3. Irradiation Conditions

The box described above was placed on the surface of one of the sides
of the reactor core (figure 3B).

In this position, the irradiation thermohydraulicconditions as calculat-
ed are the following 

- velocity of the water between plates 4.84 m/s
- maximum heat flux at 35 MW 138 w/cm2
- maximum cladding temperature at 35 MW go 

There are no uncertainties on this calculation for plate N3 (counting
from the core surface) which is the plate the most heavily loaded thermally
at the start of irradiation. The heat fluxes and temperatues obtained on the
other plates are very slightly lower.

Note the choice of a water channel larger (3mm) than that of normal
fuel elements (2.10mm), and the presence of inert plates in aluminium,
increased safety margins with respect to boiling and flow redistribution by
more than 20 .
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RERTR Program Progress in Qualifying Reduced-Enrichment Fuels

James L. Snelgrove

RERTR Program
Argonne National Laboratory

I. INTRODUCTION

In order to provide the technical means for reducing the enrichment of
uranium used to fuel research and test reactors, the U.S. Reduced Enrichment
Research and Test Reactor (RERTR) Program has been engaged in the development
and testing of higher-uranium-density fuels than had been used previously. This
fuel development effort included work to increase the density of fuels which
were being used at the time the Program began and work on a fuel with the
potential for much higher density. The ultimate goal of the fuel develop-
ment and testing phase of the Program is to "qualify" the fuel for use. A
fuel is considered qualified when a sufficient data base for the fuel exists
that it can be approved by regulating bodies for use in reactors. To convert a
core to the use of reduced-enrichment fuel it is necessary to show that the core
will behave properly during normal and off-normal operating conditions and to
show that the fuel will behave properly to a reasonable margin beyond the
conditions expected during normal operation. It is this latter area that this
paper will address. The main characteristics to be considered in evaluating the
performance of a fuel are its swelling, its blister-threshold temperature, and its
metallurgical appearance. Data for the qualification of the reduced-enrichment
fuels being developed by the RERTR Program are obtained from examination of
miniature fuel plates (miniplates) which successfully pass the irradiation
screening tests and from examinations of full-sized fuel elements. This paper
will summarize the miniplate data reported in other papers presented during
this meeting (Refs. 14) and will give the status of full-sized element irradia-
tions. Finally, the current status of qualification of the various fuel types
will be discussed and some projections of the future will be given.

II. MINIPLATE IRRADIATIONS AND POSTIRRADIATION EXAMINATIONS

Beginning in July 1980, irradiations of miniplates of three dispersion
fuel types began in the Oak Ridge Research Reactor (ORR). The development of
the A1x-Al and U308-Al fuels began from the uranium densities which
were being used in reactors at the time the Program began with the goal of
increasing those densities as much as possible. At that time, 1978, UAIX-Al
fuel was being used at a maximum density of 17 Mg/m3 and U308-Al fuel was
being used at a miximum. density of 13 Mg/m3. The development work on the
UAlx-Al and U308-Al fuels was carried out by EG&G Idaho, Inc. and by Oak Ridge
National Laboratory (ORNL), respectively.. Argonne National Laboratory (ANL)
pursued the development of a fuel containing uranium-silicide dispersed in an
aluminum matrix. Because of the high density and high uranium content of the
uranium-silicide compounds, these fuels had the potential for uranium densities
of up to 70 Mg/m3 in the fuel meat. Subsequent to the start of fuel develop-
ment activities in the United States, NUKEM in Germany and the Comision Nacional
de Energia Atomica (CNEA) of Argentina began fuel development efforts and pro-
duced miniplates for irradiation in the ORR. Both NUKEM and the CNEA have

254



paid a pro-rata share of the irradiation charges. The RERTR Program provided
the irradiation modules and other incidental services. It should be mentioned
that the NUKEM work is associated with the German Anreicherungsreduzierung in
Forschungsreaktoren (AF) Program.

The status as of November 1, 1982, of the various miniplate modules is
summarized in Table I. The miniplate experiment is currently out-of-pile
awaiting removal of Modules I and 9 which have, in fact, exceeded their goal
burnups. As soon as two modules of dummy plates are available, the experiment
will be reinserted in the reactor for further irradiation of Modules 6 and 13.
As can be seen in Table I, a number of the modules, each of which contained 12
miniplates, have been unloaded for postirradiation examination of the miniplates.
Some results of these examinations will be summarized below by fuel type.
Results of blister tests will be discussed in a separate section.

II. A. UAlx-Al and UA12-Al Fuels

Table II gives a summary of the specifications, fission densities
achieved, and measured thickness changes of uranium-aluminide miniplates
irradiated under the RERTR Program. The fission densities listed in Table II
and following tables are based on estimates of the average burnup of each
module without any correction for intra-module flux profiles. More accurate
burnup determinations must await the results of absolute burnup measurements
on selected miniplates. It should be noted that the 22 UAIX-Al miniplates
irradiated covered both low-enriched uranium (LEU) and medium-enriched uranium
(MEU) and covered the range of fuel meat and cladding thicknesses expected to
be needed for most applications. The CNEA miniplates containing UA12-Al fuel
meat will continue under irradiation unless problems develop in the plates of
Module 6 No abnormalities were noted with any of the uranium-aluminide
miniplates during irradiation.

Four of the 40.24%-enriched EG&G miniplate were removed from Module I
during July 1981, after approximately 6 depletion of the 235U, for use in
fission-product-release threshold-temperature tests.1 The thickness changes
noted were measured prior to performing these tests. More recently, measure-
ments on the EG&G LEU miniplates have been completed. As the postirradiation
examinations progress, the volume change of the fuel meat will be measured to
more accurately determine the swelling. It should be noted that the volume
change is always less than the thickness change since the micrometer only mea-
sures the high points on the surface. Therefore, it would appear that A1x-Al
fuel up to a uranium denIsity of 23 Mg/m3 and 12 x 127 fissions/43 behaves
very well. It is expected that the examination of the higher-burnup plates will
also give acceptable swelling results. It should be pointed out that high-
enriched uranium (HEU) UAIX-Al fuel of 1.7-Mg/m3 uranium density has been
successfully irradiated to a burnup of 27 x 127 fissions/m�. Therefore, no
problems are anticipated with any of the UAlx-Al miniplates.

Due to its higher density and uranium content, attention has been focused
more recently on UA12-Al fuel. In addition to the five CNEA miniplates under
irradiation in the ORR, nine UA12-Al miniplates are curently being irradiated
in the Advanced Test Reactor (ATR) as part of a joint U.S. Department of Energy/
University of Missouri program.2 At least one of the highly-loaded miniplates
has already surpassed the 21 x 1027 fissions/m3 point with lower-than-expected
swelling. The goal burnup for this plate is 33 x 127 fissions/m�.
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II. B. U308-Al Fuel

Table III gives a summary of the specifications, estimated fission densities
achieved, and volume changes for the U308-Al miniplates irradiated under the
RERTR Program.3 As for the uranium-aluminide plates, both LEU and MEU fuel
and a range of fuel meat and cladding thicknesses were covered. One fully-
enriched plate of low uranium density was included for comparison with previously-
irradiated plates. As noted in Ref 3 three of the ORNL 44.97%-enriched mini-
plates "pillowed" in core. A "pillow" denotes a blister-like phenomenon which
covers a large part of the plate surface and is visible on both sides of the
plate. When viewed from an edge the plate appears puffed-up like a pillow.
The large degree of swelling exhibited by the two similar plates which did not
pillow suggests that these plates were approaching the pillowing threshold.
Pending determination of the actual burnup, it appears that the threshold for
pillowing Of U308-Al miniplates of uranium density above 24 Mg/m3 is in
the range of 19 to 20 x 1027 fissions/m3. It should be noted that there was
no evidence of fission7product release from ay of the plates which pillowed in
core. Two of the plates might even have operated for some time in the pillowed
condition. For plates with fission densities below the pillowing threshold, the
swelling measured for the ORNL plates is acceptable.

II C U3Si-Al, U3SiAl-Al, and U3Si2 Fuels

Table IV gives a summary of the specifications, estimated fission densities
achieved, and volume changes for the uranium-silicide miniplates irradiated
under the RERTR Program.4 Because of the high-uranium-loading potential of
the silicide fuels, all of the fuel was LEU and only fuel meat thicknesses of
the order of 0.51 mm thick were tested. One 4.62-Mg/m3 miniplate pillowed dur-
ing irradiation. Study of the channel-gap-spacing records suggested that the
pillowing occurred gradually as the burnup increased from 19 to 20 x 1027 fissions/
M3. No fission product release into the ORR primary water was detected. Other
miniplates which achieved approximately the same burnup did not pillow but showed
evidence, from thickness measurements, of substantial swelling. Swelling of the
order of 911% of the fuel meat volume were measured for the U�Si and U3SiAl
fuels which had achieved fission densities of 17 to 1.8 x 102 fissions/m3.
This amount of swelling is comparable to that measured for the U308-Al fuel at
comparable fission density, and it is felt that such swelling can be adequately
accommodated in the design of fuel elements. Although a model of the swelling
mechanism is emerging, more work is needed before one can say with certainty
that a pillowing threshold exists in the 1.8 to 20 x 127 fissions/m3 range.

II. D. Blister-Threshold Temperatures

Table V gives the results of blister-threshold-temperature tests on a
number of irradiated miniplates. The data for the Ulx�-Al fuel was obtained
during fission-product-release tests and was determined quite precisely. The
561'C blister-threshold temperature is the most probable value, based upon the
results of the four measurements. No blisters were detected following the
550'C heating, so 550'C is a lower limit.
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The U308-Al miniplates had a consistently high blister-threshold
temperature, with the exception of one plate which had suffered long term
over heating in a hot cell following irradiation. This plate blistered after
the 500% test. However, due to its previous history, the data should not be
weighted heavily. The trend of the data indicates a slight decrease in the
blister-threshold temperature as the uranium density increases. It should'be
noted that one plate showed a slight blister near one end following the 375'C
anneal. However, since this blister did not change until after the 550%
anneal and did not show up in other plates, it is concluded that the lower-
temperature phenomenon is related to some fabrication defect in the particular
plate.

The blister-threshold temperatures for the uranium7-silicide fuels are
somewhat lower than for the aluminide and oxide, but are still sufficiently
high. The degree of burnup appears to affect the manner in which the plates
first blister. The lower-burnup plates pillowed at the indicated temperature,
but had no visible conventional blisters. The higher-burnup U3Si-Al and U3SiAl-
Al plates first blistered conventionally around the periphery of the fuel meat
and then pillowed as the temperature was raised to 515 C. The U3Si2-Al plate
only pillowed, but at a somewhat higher temperature than the other species.

III. FULL-SIZED ELEMENT IRRADIATIONS

Table VI summarizes the characteristics of the full-sized plate-type fuel
elements which have been, or are being, procured for testing under the RERTR
Program. Fabrication has been completed on all but four of the elements. The
elements being tested cover a range of uranium densities up to 60 Mg/m3 A
detailed description of the fuel elements and of the projected irradiation-
testing program have been presented previously.5 The present status of the
fuel elements being irradiated in the ORR is given in Table VII. The irradia-
tion of most of the 45%-enriched, 1.7-Mg/m3 elements has been completed. Element
CLE4531, which is still under irradiation, was fabricated from plates which had
a somewhat smaller minimum cladding thickness than was specified. Although no
postirradiation examinations have been performed to date, results of channel-
gap-spacing measurements indicate6 that the elements performed well. Post-
irradiation examinations of these elements will begin within the next few months.

A special explanation is in order concerning the long delay in beginning the
irradiation of the LEU U308-Al and A1x=-Al elements in the ORR. This delay
had nothing to do with the fuel itself but resulted from the neutronic behavior
of the elements in the ORR core. The elements were designed to test fuel plates
containing the thickest fuel meats which might ever be used. The very high metal-
to-water atio of these elements resulted in a very hard neutron spectrum which
rapidly softened near the axial reflectors. This spectrum softening resulted in
a power spike at the bottom of the element (no control rods in the bottom part
of the core) which gave too large a heat flux, according to the required conserva-
tive calculations. Considerable time has been consumed in studying this pheno-
menon and in determining's core position where the irradiations can occur. The
work on these elements was deferred for several months to concentrate on start-
ing the irradiation of the uraniuur-silicide elements. It is anticipated that
irradiation of these thick-plate elements will begin shortly.
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The two uranium-silicide elements fabricated by NUKEM have been under
irradiation since late May and have performed flawlessly to date. No changes
have been detected in the channel gaps.6 These particular fuel elements were
fabricated using U3Si2 fuel powders at a volume loading (-43%) greater than
for any of the U3Si2 miniplates. Therefore, these elements will be limited
to 50% average depletion of the 235U until more data is available to support

further irradiation.

The status of the full-sized fuel elements (plates) being irradiated in
the HFR-Petten and SILDE is given in Table VIII. The elements being irradiated
in the HFR-Petten are similar to the thick-plate elements for the ORR discussed
previously' but with slightly thinner fuel meat. These elements have performed
well to date.7 Postirradiation examination of the lower-burnup elements will
begin within the next few months. The one 45%-enriched full-sized element
irradiated in SILOE reached its scheduled burnup with no sign of problems and
is now at CEN-Saclay awaiting postirradiation examinations The U3Si-Al
fuel plates being irradiated in SILOE will reach their scheduled burnup in
March 1983 if all goes well.

In addition to the plate-type fuels, the RERTR Program has been irradiating
U-ZrH, (TRIGA) fuel rods in the ORR.9 The irradiations of the 20-wt% (1.3-Mg
U/m3)"and 30-wt% (2.2-Mg U/m3) fuels have been completed. It is estimated that
approximately one more year will be required to reach the goal burnup of 50 in
the 45-wt% (3.7-Mg U/m3) rods. All rods appear to be behaving normally.

IV. QUALIFICATION STATUS OF, AND PROGNOSIS FOR, REDUCED-ENRICHMENT FUELS

IV. A. AlZ-Al and UA12-Al Fuels

Based upon the results of the irradiation of the 45%-enriched full-sized
elements and the history of performance of fully-enriched Alz-Al fuels, the
1.7-Mg/m3 Alz-Al fuel can be considered qualified at this time. Confirmatory
results will be obtained from postirradiation examination of the 45%-enriched
elements. However, in view of the very high burnup achieved in one element from
each fabricator with no external sign of problems, it is the position of the
RERTR Program that one should be able to obtain regulatory approval to use
these fuels with either MEU or LEU at any time. In fact, the Ford Nuclear
Reactor (FNR) at the University of Michigan is now licensed for this type of
fuel.

Irradiations of AIC-Al fuel with uranium densities up to 23 Mg/m3 and
both MEU and LEU have been completed and preliminary measurements of swelling
(based on thickness changes) indicate acceptable behavior. In addition, the MEU
miniplates have been blister tested with good results. Two full-sized fuel
elements have been irradiated to high burnup in the HFR-Petten with no sign of
trouble. It will be necessary to complete postirradiation examinations of the
miniplates and full-sized elements before these fuels can be considered quali-
fied because no data base exists at these densities. It is anticipated that
this work will require approximately one year to complete. Full results from
the irradiation of the 2.1- and 2.3-Mg/m3 UAIZ-Al elements in the ORR will be
available in approximately two years. However, sufficient data should'exist by
the end of 1983 to qualify these fuels, with the ORR tests providing further

confirmation.
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The irradiation of a few LEU UA12-Al miniplates fabricated by the CNEA
is proceeding successfully thus far. It appears, from tests on high-enriched
miniplates, that the UA12-Al fuel might be used successfully with MEU if the
need were to arise. The RERTR Program will monitor the results of the ATR
irradiations. The possibility exists of irradiating some MEU UA12-Al plates
and elements in order to qualify this fuel. A decision on this is expected in
six to nine months.

IV. B. U308-Al Fuel

Based upon the results of the irradiation of the 45%-enriched, full-sized
elements, there appears to be no problem with the 1.7-Mg/m3 U308-Al fuel.
However, since the data base for this fuel at-this loading is substantially
smaller than for AlZ-Al fuels, some results from the postirradiation examina-
tion of these elements are required to rovide all the data needed for qualifi-
cation to very high burnup, levels. This data will be available within one year.
However, for the lower burnup levels experienced in some reactors, such as the
FNR, this fuel can be considered qualified now. In fact, the FNR is now
licensed to use the LEU U308-Al fuel, subject only to the development of fabri-
cation specifications.

The higher-density U308-Al fuels, up to 31 to 32 Mg /M3 appear to
be usable to the fission density limit of 17 x 1027 fissions/Ml established for
the MEU miniplates. Since the maximum fission density achievable upon 100% burn7
up of the 235U contained in 3.2-Mg/m3, LEU U308-Al fuel cannot exceed 17 x 1027
fissions/m3, there is every confidence that the 3.2-Mg/m3 fuel can be qualified
for LEU. In order to confirm this opinion and to provide data needed for quali-
fication, the irradiation of two 3.2-Mg/m3 U308-Al fuel elements will begin
shortly in the ORR. The RERTR Program is considering procuring additional
elements of this type for testing. Sufficient data for qualification of the
fuel should be available in approximately two years.

Some concern is still being expressed by some potential users about the
possibility of an exothermic reaction releasing a significant amount of energy
during an accident. Although studies conducted at ORNL appear to have shown
that no significant energy release occurs in unirradiated fuel plates '10
questions have arisen regarding irradiated fuel. If such tests appear warranted,
they can be completed within the two year time frame given for qualification
of the fuel.

IV. C. Uranium7Silicide Fuels

More study is necessary before being able to assess the potential of the
uranium-silicide fuels. Some of the highest-density miniplates remain under
irradiation. During the next six months it is expected that a better under-
standing of the swelling and pillowing mechanism will be developed which can
be used to assess the burnup potential of the various fuel types. Additional
data will be available during the next year from the irradiation of full-sized
elements and plates in the ORR and SILOE. In view of the uncertainties which
exist now with respect to the fuel, one can only say at this time that if the
silicide fuel is determined to be useful,, its qualification can be expected
to occur four to six years from now.
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IV. D. U-ZrHx Fuel

Following the nondestructive examination of the 20- and 30-wt% U-ZrHx
rods whose irradiation has been completed, sufficient data will exist to qualify
these fuels for use in steady-state applications. This data should be available
shortly. As indicated previously, another year of irradiation of the 45-wt%
rods is required. Qualification could come soon after the end of the irradiations.
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Table I. ORR Miniplate Irradiation Summary - November 1, 1982

Calculated
Total Exposure* Average Flux Burnup

Position Module No. Module Contents Full-Power Days 1014 n/cm2-s at%

1 14 Al 54 0.7 -

2 13 ANL U3Si 148 1.0 38

3 6 CNEA UA12 188 1.3 53

CNEA U308

CNEA U3Si

4 9 CNEA UAlx 352 1.4 87

CNEA U308

5 1 EG&G UAlX 470 1.1 84

ORNL U308

P.I.E., ORNL 2 ORNL U308 305 - 77

P.I.E., ANL ANL U3Si
(8/31/81)**

P.I.E., ANL 3 ANL U3Si 75 34
(10/5/80)**

Poolside 4 EG&G UAlX 420 88

Cooling ORNL U308
P.I.E., ORNL ANL U3Si
(5/27/82)**

P.I.E., ORNL 5 ORNL U308 268 - 75
(7/10/81)**

P.I.E., ANL 7 ANL U3Si 300 - 83
(11/15/81)**

P.I.E., GE/VNC 8 NUKEM UAlX 262 - 77

(3/25/82)** NUKEM U308

Poolside 10 ANL U3Si 262 - 65
Cooling
(7/24/82)**

*This represents the total ORR exposure which may include residence at several
axial positions during the course of the irradiation.

**This is the date of last irradiation.
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Table II. Summary of Specifications, Fission Densities, and Thickness Changes of Uranium-Aluminide Miniplates
(November 1, 1982)

No. of Enrichment, Uranium Density, Fuel Meat Cladding Fission Density, Thickness Change,
Fabricator Plates % Mg/m3 Thickness, mm Thickness, mm 1027 fjSs/m3 %,&t/tm

EG&G 4 40.24 2.20-2.31 0.54-0.88 0.33-0.38 1.2-1.7 2.2c

EG&G 4 40.24 1.88-1.95 0.56-0.85 0.30-0.37 1.1-1.4 1.2-4.5d

EG&,G 1 19.92 2.28 0.67 0.31 0.9 1.9

EG&G 3 19.92 1.88-1.99 0.70-0.96 0.29-0.32 0.8 4.7-6.5

NUKEM 2 39.85 2.13-2.20 0.51 0.38 1.4-1.5 -

NUKEM 2 27.14 2.14-2.15 0.76 0.38 1.0 -

CNEA 1 45.08 1.47 0.65 0.31 1.3 -

CNEA Sa 19.82 2.99-3.09 0.53-6.75 0.32-0.39 0.7b -

CNEA 2 20.18 2.48-2.52 0.78 0.37-0.38 1.0 -

CNEA 3 20.18 2.28-2.32 0.65-0.77 0.31-0.37 0.9

IUA12-Al, others are AIC-Al.

bIrradiation not completed.

COnly the lowest-burnup plate measured.

dOnly two lowest-burnup plates measured.



Table III. Summary of Specifications, Fission Densities, and Volumes Changes Of U308-Al Miniplates
(November 1, 1982)

No. of Enrichment, Uranium Density, Fuel Meat Cladding Fission Density, Thickness Change,
Fabricator Plates % Mg/M3 Thickness, mm Thickness, mm 1027 fs/m3 %AV/VM

ORNL I' 93.21 0.71 0.48 0.51 1.1 3.0

ORNL 3 44.95 3.10 0.51-0.52 0.38-0.39 1.9-2.4 11.2c

ORNL 2 44.95 2.46-2.77 0.49-0.50 0.39-0.40 1.9-2.1 9.7d

ORNL 9 19.47 3.09-3.13 0.52-0.88 0.33-0.45 0.9-1.2 (-3.8)-3.6

ORNL 11 19.47 2.76-2.79 0.50-0.86 0.33-0.45 0.8-1.1 (-1.3)-3.0

ORNL 5 19.47 2644-2.48 0.50-0.85 0.26-0.45 0.7-0.8 0.0-1.1

NUKEM 2 39.7 2.40 0.51 0.37 1.6

X- NUKEN 2 27.3 3.12-3.13 0.52 0.39 1.5

NUKEM 2 27.3 2.30 0.77 0.36-0.38 1.1

NUKEN 2 20.37 3.07 0.77 0.37 1.1

CNEA 3 19.67 3.49-3.58 0.64-0.77 0.32-0.38 0.8a -

CNEA 2 19.67 3.12 0.60-0.74 0.34-0.39 0.7-1.2b -

CNEA 1 19.67 2.91 0.52 0.38 1.2 -

CNEA 2 19.67 2.46-2.47 0.74-0.90 0.31-0.40 1.0 -

aIrradiation not completed.

bIrradiation not completed for low-burnup plate.

cTwo Plates at 24 1027 fss/M3 pillowed" in core.

dOne plate at 21 x 1027 fiss/m3 "pillowed" in core.



Table IV. Summary of Specifications, Fission Densities, and Volumes Changes of Uraniurir-Silicide Miniplates
(November 1, 1982)

No. of Enrichment, Uranium Density, Fuel Meat Cladding Fission Density, Thickness Change,
Fabricator Plates % Mg/M3 Thickness, mm Thickness, mm 1027 fiss/ml %AV/Vm

ANL 6 19.51 6.89-6.99 0.54-0.56 0.49-0.50 1.2c -

ANL 5 19.89 6.23-6.44 0.54-0.56 0.36-0.50 1.1-1.9d -

ANL 4 19.51 6.12-6.18 0.52-0.54 0.38-0.39 I.Oc -

ANL 7 19.88-19.89 5.61-5.90 0.50-0.56 0.36-0.52 1.0-2.1 -

ANL 4a 19.89 5.65-5.72 0.56-0.59 0.35-0.49 i.7 -

ANL 6a 19.88 4.77-4.81 0.46-0.49 0.39-0.53 1.9-2.0 8.9-1ge

ANL 5a 19.88 4.79-4.83 0.46-0.50 0.41-0.53 0.7 ^10

ANL 7 19.88 4.51-4.66 0.49-0.52 0.38-0.53 1.7-2.0 9.6-20.Of

ANL 7 19.88 4.65-4.68 0.49-0.50 0.39-0.52 0.7 --O

ANL 4b 19.87 3.72-3.76 0.44-0.50 0.40-0.52 1.5 3.7-4.8

CNEA la 19.82 6.10 0.57 0.35 1.3c

CNEA 2a 19.82 5.18-5.20 0.70 0.41 1.1c

aU3Si-A1
others are U3SiALI-Al.

bU3Si2-Al

CIrradiation not completed.

dIrradiation not completed for the one plate at low burnup.

eEstimated on basis of thickness change for higher-burnup plates.

fHighest-burnup plate pillowed in core.



Table V. Summary of Miniplate Blister-Threshold Temperature Data

Blister-Threshold
Temperature, C

No. of Uranium Fission
Plates Density, Density, Lower Most

Fuel Ty_pe Tested Mg/M3 1027 fiss./m3 Limit Probable

UA1>C-Al 4 1.94-2.31 1.1-1.3 550 561

U308-Al 4 3.09-3.12 0.9-1.2 525 550ab

U308-Al 2 2.76-2.78 0.8-1.1 525 550C

U308-Al 1 2.47 0.7 550 >550

U3Si-Al 2 4.80-4.81 1.9-2.0 475 500

U3Si-Al 2 4.79-4.81 0.7 500 510

U3SiA1-Al 1 4.51 1.8 475 500

U3SiAI-Al 2 4.68 0.7 500 515

U3Si2-Al 1 3.75 1.5 515 530

aOne plate showed slight blister at 3500C which remained stable until 5500C test.

bOne plate which had experienced long-term elevated temperature in the hot cell
blistered at 5000C.

COne plate had not blistered at 550'C.
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Table VI. Plate-Type Fuel Elements for Irradiation Testing under the U.S. RERTR Program
(November 1, 1982)

a
Fuel U Dens., Enrich., No. of Fuel Meat Fabri- No. of Compl. Begin
Type Mg/M3 % Plates Thk., mm cator Elem. Fab. Reactor Irrad.

U308-Al i.7 45.0 19 0.51 TI 4 9/80 ORR 5/81

UA1x-Al 1.7 44.9 19 0.51 CERCA 3 4/81 ORR 7/81

UAlx-Al 1.7 44.9 19 0.51 NUKEM 2 4/81 ORR 7/81

UAlx-Al 2.2 44.8 23 0.51 CERCA 1 12/80 SILOE 2/81

UA1x-Al 2.1 19.8 13 1.50 CERCA 1 9/81 ORR -2/83

UAlxAl 2.3 19.8 13 1.50 CERCA 1 9/81 ORR 11/82

U308-Al 2.3 19.6 13 1.50 NUKEM 2 4/81 ORR 11/82

UAlxAl 2.1 19.8 16 1.32 CERCA 2 12/81 HFR-Petten 1/82

U308-Al 2.1 19.6 16 1.32 NUKEM 2 5/81 HFR-Petten 10/81

U308-Al 3.2 19.7 18 0.76 CERCA 2 8/82 ORR -12/82

U3SiAl-Al 4.8 19.5 19 0.51 B&W 2 -1/83 ORR -2/83

U3Si2-Al 4.8 19.7 19 0.51 NUKEM 2 1/82 ORR 5/82

U3Si2-Al 4.8 19.8 19 0.51 CERCA 2 12/82 ORR -2/83

U3Si-Al 5.5 19.8 2b 0.51 CERCA b 5/82 SILOE 6/82

U3Si-A1 6.0 19.8 2b 0.51 CERCA b 5/82 SILOE 6/82

aCladding Materials: TI and B&W, 6061 Al; CERCA, Ag 2 N.E. or AG 3 N.E. Al; NUKEM, AlMgl

bFour full-sized plates are mounted in a special irradiation element.



Table VII. Irradiation Status of Full-Sized Fuel Elements Being Tested in the ORR (Start of Cycle 163-A,
October 30, 1982)

Element Fuel Enrichment, Present Initial U Initial 235U Depletion,
No.* Type % Location Dens., Mg/m3 235Ug % Remarks

T291X U308 45.0 POOL i.7 280 56 Irrad. Completed 10/13/81

T292X U308 45.0 POOL i.7 280 72 Irrad. Completed 4/16/82

T293X U308 45.0 POOL 1.7 280 55 Irrad. Completed 10/11/82

T294X U308 45.0 POOL i.7 280 58 Irrad. Completed 6/22/82

NLE451 UAlx 44.9 POOL i.7 284 73 Irrad. Completed 10/11/82

NLE452 UAlx 44.9 POOL 1.7 284 59 Irrad. Completed 6/22/82

CLE451 UAlx 44.9 c-7 i.7 282 72

CLE452 UAlx 44.9 POOL i.7 282 56 Irrad. Completed 4/16/82
a%
OD CLE453 UAlx 44.9 c-5 1.7 284 44

NLE201 U308 19.6 POOL 2.3 340 0

NLE202 U308 19.6 POOL 2.3 340 0 Permission to irradiate

CLE201 UAlx 19.8 VAULT 2.1 312 0 not yet received, but
expected shortly.

CLE202 UAlx 19.8 VAULT 2.3 336 0

NSI201 U3Si2 19.7 D-8 4.8 340 36

NSI202 U3Si2 19.7 D-2 4.8 340 36

First letter in element no. designates fabricator: CERCA (C), NUKEM (N), or Texas Instruments .



Table VIII. Status of Full-Sized Fuel Elements Being Tested in the HFR-Petten and SILOE
(November 1, 1982)

235u

Element Fuel Enrichment, Present Initial Depletion,
Reactor No. Type % Location 235U, g % Remarks

HFR LC-01-CD UAlx 19.8 A8 330 50

HFR LC-02 UA1x 19.8 Pool 329 48 Irradiation Completed 67/82

HFR LN-01-CD U308 19.6 A2 328 60

HFR LN-02 U-AOjq 19.6 Pool 328 45 Irradiation Completed 67/82

NJ
M SILOE SAHUOO1 UA1x 44.8 a 420 50 Irradiation Completed 11/81

SILOE b U3Si 19.8 Core c 20

aAt CEN-Saclay awaiting PIE.

bFour plates in special irradiation element.

CPlate loadings are 5.5 and 60 Mg/m3.
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MEASUREMENTS AND ANALYSIS OF CRITICAL ASSEMBLIES FOR
RESEARCH REACTORS WITH MIXED ENRICHMENTS

J. R. Deen and J. L. Snelgrove
RERTR Program

Argonne National Laboratory

and

R. W. Hobbs
Oak Ridge National Laboratory

I. Introduction

As part of the RERTR Program whole-core demonstration in the Ford Nuclear
Reactor (FNR) at the University of Michigan, data have been obtained which will
allow more extensive validation of neutronics methods for whole-core calcula-
tions of an equilibrium high-enriched-uranium (HEU) core and a fresh low-enriched-
uranium (LEU) core.1 It is also important to validate the methods for analysis
of mixed-enrichment cores, especially for those cases where one to a few lower-
enriched elements with higher 215U content are placed in a higher-enriched core.
This situation is expected to occur frequently during stepwise core conversions
where one begins substituting lower-enriched elements for higher-enriched
elements in the normal fuel cycle. In planning for such conversions one must be
able to accurately predict the power density distribution in the lower-enriched
elements in order to be able to evaluate thermal-hydraulic safety margins It
is also important to be able to predict core reactivity. A series of experiments
designed to provide the data needed for these validations has been performed in
the Pool Critical Assembly (PCA) at the Oak Ridge National Laboratory (ORNL).
This paper reports the results of the measurements and f the subsequent
validation calculations performed at ANL.

Measurements were made on approximately 20 different critical configura-
tions in the PCA during the period June 15-26, 1981. The normal PCA fuel
elements contained high-enriched uranium (HEU, 93 wt% 235U) while the reduced-
enrichment fuel elements, obtained for irradiation testing in the Oak Ridge
Resarch Reactor (ORR) under the fuel demonstration activity of the RERTR
Program, contained either medium-enriched uranium (MEU, 45 wt% 23rU) or low-
enriched uranium (LEU, 19.8 t% 231U). All of the fuel elements used in these
experiments were essentially fresh. The elements used were 18-plate, 140-g-235u,
HEU PCA elements 19-plate, 200-g-23'U and 265-g-235U, HEU ORR elements,
19-plate, 282-g-135U, MEU RERTR test elements, and 13-plate, 340-g-23SU 31 LEU
RERTR test elements. In addition, four 9plate, 70-g-235U, HEU PCA control
elements were used. A complete description of the elements is presented in
Tables I and 2 Measurements were made of critical core loadings using various
combinations of HEU, MEU, and LEU fuel elements. For several of these configura-
tions, more than one control rod insertion pattern was used in order to
provide data for testing control rod worth calculations. Axial and radial
fission rate traverses were made in several different cores, in as many as
eight different fuel elements for a single core and in up to five different
midplane positions within a single element. These measurements provided:
criticality data for comparison of all-HEU cores with mixed-enrichment cores;
fission density maps of all-HEU and mixed-enrichment cores, including detailed

radial data for the core and individual fuel elements and axial data near and
away from control rods both in the fuel zone and in the axial reflector; and
partial differential worth profiles for the regulating rod and one shim rod.
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R. W. Hobbs of ORNL directed the work at the PCA. The experiment program
was designed by J. L. Snelgrove and J. R. Deen of ANL, and approved by the
Operations Division at ORNL. The validation calculations were performed at ANL
by J. R. Deen.

II. PCA Core Description

The PCA is a light-water cooled, moderated, and reflected pool-type
facility as shown in Fig. 1. It is located near the northwest corner of the
same pool in which the 2-MW Bulk Shielding Reactor is located. The distance
between the two cores is approximately 30 feet. The core consisted of a x 5
array of fuel elements for most of the measurements, but for some measurements
its size was reduced to 21 elements by removing the corner elements, so that
five heavily-loaded, reduced-enrichment fuel elements could be loaded into the
central positions of the core. A summary list of the critical core configura-
tions is presented in Table 3 The core was operated at a power level of
50 watts so as not to burn up the fuel significantly while providing adequate
counting statistics and reasonable counting times for the fission chamber
measurements.

The core is usually reflected on all four sides by practically an infinite
thickness of light water. However, the PCA had previously been used for bench-
mark tests sponsored by the Nuclear Regulatory Commission entitled "The
Computational Blind Test," which utilized the PCA Assembly Pressure Vessel Wall
Benchmark Facility. Consequently, pressure vessel wall simulator materials
were present on one face of the PCA as shown in Fig. 2.

The PCA is controlled by three B4C shim-safety control rods and one stain-
less steel (type 347) regulating rod. The control rods were located in the
center of control fuel elements having aluminum guide plates on either side of
the control rod as well as four fuel plates on one side and five fuel plates on
the other side of the control rod. A drawing of the control element with shim
rod inserted is presented in Fig. 3 and drawings of the other elements used in
the measurements are presented in Figs. 47.

III. Description of Miniature Fission Chamber and Measurement Techniques

The miniature fission chamber was located very near the tip of a semi-
flexible plexiglass strip approximately 025 cm thick by 4 cm wide by 83 cm
long. The fission chamber itself was approximately cm long. The plexiglass
strip was attached to a plexiglass cube approximately cm on each side.

The plexiglass cube rested upon a plexiglass adapter guide when the bayonet
was fully inserted into a fuel element channel. The adapter guides, shown in
Figs. 8a and 8b, were attached to the top of the fuel element and rested on top
of the fuel plates. There were five slots into which the plexiglass bayonet
could be inserted: a central slot, two slots approximately 21 cm to either
side in the central coolant channel, and one slot each in the fifth coolant
channel to either side of the central channel. The center-to-center distance
from the central channel to the fifth channel is 21 cm in the 19-plate element
and 26 cm in the 13-plate element.
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IV. PCA Analysis Methods

A. Neutron Cross Section Generation Methods

Five-broad-group neutron cross sections were generated by the ANL
version of EPRI-CELL, using slab geometry.2 EPRI-CELL combines a GAM-1
68-group homogeneous resonance treatment in the epithermal energy range with
a 35-group, one-dimensional, integral-transport theory (THERMOS) treatment for
the thermal energy range. The cross section library was based on ENDF/B IV
cross section data.

Various unit cells, shown in Fig. 9 were used in order to generate cross
sections dependent on the location and neutron energy spectrum of each material
in the core. The most commonly used unit cell for the fuel regions consisted of
a 12 plate thickness next to a 12 moderator thickness and an extra region
material with a zero current boundary conditions at each boundary. The 13-plate
LEU element required a more detailed 1/2-element EPRI-CELL unit cell because of
rapid changes in spatial neutron spectra. The PCA control element unit cells were
also represented by a 12 element model either with or without the control rod
material present.

B. Whole Core Model

A three-dimensional diffusiorr-theory code, DIF3D, was used to calculate
the keff's and 235U fission rate distributions measured at the PCA.3 Each
standard fuel element was homogenized into two separate zones. The first zone
was a homogenized mixture of fuel, clad, and moderator and the second was a
homogenized mixture of element side plate material and water not included in
the first zone. All standard elements were modelled in the same fashion except
for the 13-plate 340 g LEU element. The aluminum-water mixture for that
element was distributed in both the x and y directions instead of just on the
two sides of the element because of the large component and location of non7fuel
material. All fuel element models are shown in Fig. 10.

Each control element was represented by using three separate material
zones: one for the homogenized fuel, clad, moderator zone; one for the side
plate zone; and another for the water and aluminum guide plate located in the
center of the element when the control rod was fully withdrawn. When a shim
control rod was inserted into the control fuel element, one region was assigned
to the B4C absorber material and another to the coolant water and guide plate
surrounding the control rod. When the regulating rod was inserted into a
control element, a single homogenized mixture of stainless steel absorbing
material, coolant water, and guide plate aluminum was placed in the center of
the control fuel element.

The XY model of the whole core calculation is shown in Fig. 11. Along
the lateral surfaces of the core, a 1-cm7thick region of harder spectrum
reflector water was assigned. Beyond this inner reflector water on the three
water-reflected core faces, a softer-spectrum (closer to a Maxwellian distribu-
tion) water material was used for the remaining, effectively infinite, 39-cm
thickness of water before a zero-flux boundary condition for all neutron
groups was imposed. On the core face adjacent to the pressure vessel wall
simulator facility, several different materials were located to model this
experimental apparatus.
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The top and bottom axial reflectors were modelled by two and four separate
homogenized mixtures of water and aluminum, respectively. Locations of these
axial reflector zones are presented in Fig. 12.

Most critical configurations were calculated with a mesh of 60 x 60 x 42
for the XYZ geometry. The mesh in the XY plane allowed 18 mesh lines for the
reflector on each side of the core and 24 mesh lines for calculating the core
flux distribution. The axial mesh structure was much coarser than that in the
XY plane due to the greater axial uniformity of the core relative to the
radial. The core and both top and bottom axial reflectors required only 4
mesh lines each.

C. Control Rod Model

The shim rods were modelled using an internal boundary condition applied
at the surface of the B4C absorbing material. The internal boundary conditions
are expressed in terms of group-dependent current-to-flux ratios. The current-
to-flux ratios were calculated by using a VIM-Monte Carlo calculation and com-
pared with a TWOTRAN-II transport calculation.425 Three separate geometrical
representations of the control element with the control blade fully inserted
in the VIM calculations were compared with the transport model of the control
element in XY and RZ geometry. The various geometrical representations in VIM
were checked to determine the errors that would be made in using current-to-
flux ratios from XY or RZ representations of the control rod in TWOTRAN-II.

The three VIM cases were: (a) an exact representation of the control
element with curved plates and control rod as shown in Fig. 3 (b) an exact
representation of the control rod with flat fuel plates in the control element,
and (c) is an XY geometrical representation of the control rod and fuel plates
in the control element. Each control element was surrounded by a half thickness
of homogenized standard fuel element material to simulate the actual energy
spectrum of neutrons leaking into the control element of the PCA core. All
three cases were uniform in the axial direction and had zero current boundary
conditions for all neutron groups at each outer boundary.

TWOTRAN-II was used to calculate a model identical to VIM case (c) in XY
geometry as well as an RZ representation of a partially inserted cylindrical shim
control rod. A P-S8 approximation was used for both transport calculations.
The cross sections for TWOTRAN were obtained from EPRI-CELL.

The results of these two methods of obtaining current-to-flux ratios
for use in DIF31) calculations is shown in Table 4 One may conclude that for
the thermal groups 4 and that there is good agreement between Monte Carlo and
RZ or XY geometry PI-S8 transport calculations. For group 3 the transport
calculation was in error due to the inadequacy of the EPRI-CELL code in treating
the spatial self-shielding of B-10 for the epithermal energies. It was found
that Ca3 for B-10, which EPRI-CELL indicated was constant, actually varied from
80 b at the surface to 48 b just a few milimeters into the interior of the
absorber. Therefore the VIM 0/03 data were used in DIF3D calculations.
When the net neutron current is close to zero as it is for groups I and 2.
acceptable statistics could not be obtained from VIM without excessively large
numbers of neutron histories. Therefore, the VIM j/� for groups I and 2 were
not reported and the transport-calculated values were used in DIF3D. The
TWOTRAN RZ calculation for an isolated control rod indicated a nearly uniform
j/� for all groups along the entire surface except near the corners of the
control rod tip, where the values decreased rapidly.
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V. Results of Reactivity and Fission Rate Comparisons

A comparison of the measured and calculated regulating and shim differential
control rod worths are presented in Tables and 6 The regulating rod C/E
values are closest to unity for positions near its maximum differential worth.
The calculated differential shim rod worths were within ±10% of the measured
values for the range of the measured data from 10 to 24 inches withdrawn. The
whole-core calculated reactivity results presented in Table 7 indicate an
average keff 10066 ± 0003. There are very small changes in whole core
calculated keff's for an all-HEU core compared to any mixed-enrichment critical
core configuration. Differences of Akeff = 017% were calculated for different
critical control rod patterns as shown in core 316, which suggests some improve-
ments are still needed to provide exact modelling of control rod worths.

All of the critical measurements were made in the order of increasing core
number. Core 314 is an attempt to duplicate the previously measured results of
core 301. No change was made to the calculational model in calculating these
two cores except to represent the changes in the regulating rod position.
Since core 314 was measured immediately before cores 315 and 316, these cores
were used to report any calculational biases due to replacement of HEU fuel
with MEU or LEU fuel.

The comparisons of the calculated and measured radial 235 U fission rate
distributions are presented in Figs. 13-22, 30. They are grouped as )C--axis
distributions along the y-axis mid-plane of the core and similarity as Y-axis
distributions along the x-axis mid-plane of the core. The measured and calculated
distributions were all normalized to unity at the center of the central element
(C-5). The largest errors in calculating relative 235U fission rates occurred
when heavily loaded central elements were compared with neighboring 140 gHEU
elements. These sharp changes in fuel properties were predicted to within ±5%
except for the 340 g LEU element, for which a more detailed model was required
to obtain the results shown in Figs. 17, 18, 21, and 22. The comparisons of
measurement and calculation along the y-axis tend to be in slightly better
agreement than along the x-axis due to the additional difficulty introduced by
the effect of the spectrum softening caused by the presence of the side plates.
The only distribution that exhibits larger than -% error is the core 312
distribution along the ic--axis. The reason for this large error is difficult to
understand, especially in view of the excellent agreement along the Y-axis and
better agreement for other more heterogeneous cores along their X-axes.

The relative axial 235U fission rate traverse comparisons were presented
in Figs. 23-29. The vertical grid lines on these plots represented the upper
and lower boundaries of the active fuel. The upper and lower reflector zones
were located adjacent to the upper and lower active fuel boundaries. Labels are
printed on the upper corner of each active fuel zone to identify the enrichment
and 235 U loading in grams/element for each figure. In the cases with neighbor-
ing inserted shim rods, the location of the top-entry shim rod tip is given
by an additional grid line. The comparisons are presented in the order in
which the measurements were made, i.e, by increasing core number. The calculated
and measured distributions were both normalized to unity over the active fuel
zone so that axial effects were completely separated from radial effects.
Simpson's integration rule was used to obtain the normalized distributions
from the raw measured and calculated distributions. Most axial distributions
were measured in the center of the central element, although some were made in
various locations in element B-5, which was located between two shim rods.
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For the axial comparisons in C-5 away from shim rods, the distributions
were within ±2% at all points except near the reflector-fuel meat interface.
These zones were more difficult to model due to the softening of the spectrum
within the fuel. No attempt was made to model this effect except in the LEU
element. The secondary distribution peak in the upper reflector was predicted
reasonably well. Notice that the height of the peak is directly proportional
to the loading of 235U in the fuel meat zone and thus becomes larger than the
primary peak in the fuel meat zone of the LEU element distribution, as shown in
Fig. 28.

For the comparisons of measurement and calculation made in the 140 g HEU
element located in position B-5 between two shim rods, the agreement was
not as good as in element C-5. The comparisons made to the left or right
of center of B-5 appeared to be in better agreement than the one in the center
of B-5, as shown in Fig. 24. The predictions of the 235U fission rate near or
in the reflector zones was not as good as those in C-5, perhaps due to the
spectral shifts introduced by the shim rods. Perhaps the best agreement and
most interesting comparison of this axial series is presented in Fig. 29. Two
separate comparisons are shown in this figure to illustrate the effect on
the 235U fission rate distribution of insertion of a shim rod in a neighboring
location. Both comparisons indicate very good agreement, even in the upper
reflector zone. The areas of poorer agreement remained near the lower reflector
fuel meat interface.and in the vicinity of the shim rod tip, where steep flux
gradients are introduced. From these distributions one can conclude that to
accurately calculate the effect of control rods upon the flux distribution
would require further model modification, primarily in the radial planes.

VI. Conclusions

These measurements at the PCA provided very valuable data for comparison
with research reactor calculational modelling for all-fresh mixed-enrichment
and all-HEU cores. These comparisons with measured data indicate the ability
of the current research reactor analysis methods to predict changes in reactivity
or power distribution, even under the very unusual condition of loading adjacent
elements that not only differ in 235U content by more than a factor of two, but
also in initial enrichment. The predictions of radial and axial fission rates
were within an average of ±5% of measured data even in fuel element positions
near a shim rod. Although the calculated core keff was slightly above unity,
the relative changes were consistently less than 02% Ak/k for all core configura-
tions, including the reduction in core size by 16%. When only the central
element was replaced with either an MEU or LEU element, <0.1% Ak/k change in
whole--core keff was calculated.

Although further model development could be done to improve the agreement
with the measured data, these comparisons demonstrate that using the current
research reactor analysis methods, accurate predictions of core power distri-
butions and reactivity trends can be made for most plate-type mixed-enrichment
core configurations.
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Table 1. High-Enriched Fuel Element Characteristics

Control Standard ORR ORR
Parameter PCA HEU PCA HEU HEU #1 HEU #2

Enrichment, wt% 93 93 93 93

Fuel Meat Composition UA1 UAl UA1 U308-Al

U Density in Meat, g/cm3 0.432 0.432 0.591 0.775

235U/plate (average), g 7.778 7.778 10.63 13.95

235U/Element, g 70.0 140.0 202.0 265.0

238U/Element, 5.27 10.54 15.20 19.95

U Metal/Element, g 75.27 150.54 217.20 284.95

U Metal in Meat, wt% 14.72 14.72 19.24 24.78

No. of Plates/Element 9 18 19 19

Plate Length (average), cm 62.55 62.55 62.55 62.55

Plate Width (average), cm 6.655 6.655 6.655 6.655

Plate Thickness, cm 0.154 0.154 0.127* 0.127*

Meat Length, cm 60.0 60.0 60.0 60.0

Meat Width, cm 6.350 6.350 6.350 6.350

Meat Thickness, mm 0.508 0.508 0.508 0.508

Cladding Thickness, mm 0.508 0.508 0.381* 0.381*

Water Channel Thickness, cm 0.297 0.297 0.295 0.295

Width of Element, cm 7.610 7.610 7.610 7.610

Depth of Element, cm 8.049 8.049 8.047 8.047

Width of Control Rod Channel, cm 6.655 - - -

Depth of Control Rod Channel, cm 2.858 -

Cladding thickness is 0381 mm for 17 inner plates and 0572 mm for 2 outer
plates. Consequently, the plate thickness is 1651 mm for the 2 outer plates.
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Table 2 Reduced-Enriched Fuel Element Characteristics

Parameter MEU LEU

Enrichment, wt% 45.0

Fuel Meat Composition U308-Al U308-Al
3U Density in Meat, g/cm 1.722 2.376

235U/plate (average), g 15.0 26.2

235U/Element, g 285.0 340.6

238U/Element, g 348.3 1384.0

U Metal/Element, g 633.3 1724.6

U Metal in Meat, wt% 43.77 53.34

No. of Plates/Element 19 13

Plate Length (average), cm 62.55 62.55

Plate width (average), cm 6.655 6.655

Plate Thickness, cm 0.127 0.226

Meat Length, cm 60.0 60.0

Meat Width, cm 6.350 6.203

Meat Thickness, mm 0.508 1.50

Clad Thickness, mm 0.381 0.381

Water Channel Thickness, cm 0.295 0.290

Width of Element, cm 7.610 7.610

Depth of Element, cm 8.047 8.047
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Table 3 Summary of Criticality Measurements at PCA

Element Location by Type Control Rod** Positions
Corner (in. withdrawn)
Element Shim Regulating

Core Elements C-4 C-5 B-5 D-5 C-6 Changes Rods# 12,3 Rod

301 25 2 3 1 1 2 None 15.5 10.2

302 25 2 3 1 1 2 None 12.8,24.0,12.8 19.4

301 25 2 3 1 1 2 None 15.5 10.2

303 25 2 3 1 1 2 None 15.5 10.2

304 25 2 3 1 1 2 None 15.5 10.2

305 25 2 3 1 1 2 None 15.5 10.2

306 25 2 3 1 1 2 None 15.5 10.2

307 25 2 4 1 1 2 None 15.5 12.0

308 25 2 4 1 1 2 None 13.5 11.86

309 24 2 4 4 1 2 Pull 14.75 12.5
A-7

310 23 2 4 4 4 2 Pull 13.8 12.3
E-7

311 Pull
22 2 4 4 4 4 A-3 14.4 12..O

312* 21 4 4 4 4 4 Pull 15.25 10.2
E-3

313* 21 4 5 4 4 4 None 17.0 16.4

314 25 2 4 1 1 2 Replace 15.5 6.6
4Corners

315 25 2 4 1 1 2 None 15.5 8.93

316A 25 2 5 1 1 2 None 17.0 14.0

316B 25 .2 5 1 1 2 None 11.5,24.0,24.0 17.25

316C 25 2 5 1 1 2 None 24.0,16.0,16.0 10.4

Differential control rod worth data taken on shim rod for core #312 and regulating rod for core #313.

Control rod is fully withdrawn at 24 inches.

***Element Classification

Type Enrichment 235U (g/element)

1 HEU 140 t 1
2 HEU 201 ± 2
3 HEU 265
4 MEU 282 ± 2
5 LEU 340 ± 



Table 4 Internal Boundary Conditions for Shim Control Rods

VIM-Monte Carlo Results TWOTRAN-II Transport Theory Results
Energy Exact Rod Exact Rod Rectangular Rod Rectangular Rod Cylindrical Rod
Group Curved Plates Flat Plates Flat Plates Flat Plates Homogenized Fuel

I 0.01311 0.013

2 0.02296 0.025

3 0.2618 0.2652 0.2322 0.3316 0.36200

4 0.5477 0.5502 0.5314 0.5317 0.534

5 0.5888 0.5842 0.5652 0.5479 0.544

Statistics from Monte Carlo calculations were not good enough to obtain reliable neutron current
information.



Table 5. Calculation of Differential Regulating Rod Worths
For Core 313 Using DIF3D

Position of Regulating Rod Ak Ak C

Before Pull After Pull Akeff k k E
(Inches Withdrawn) M cal. meas.

M M

9.68 10.89 0.0473 0.0465 0.0653 0.712

10.89 12.58 0.08914 0.0875 0.0869 1.007

12.58 14.65 0.09406 0.0923 0.0919 1.004

14.65 17.34 0.07415 0.0723 0.0832 0.869

Note: All shim rods were held at 17.0 inches withdrawn for
all regulating rod differential worth calculations. In reality,
the shim rods were inserted in small increments to maintain
criticality after the withdrawals of the regulating rod.

Table 6 Calculation of Differential Shim Rod Worths for Core 312
Using DIF3D

Control Rod Positions

Shim #1 Shim 2 Shim 3 Regulating Calculated Calculated Measured C

(Inches Withdrawn) keff Ak/k(%) Ak/k(%) E

10.00 18.35 18.35 18.35 1.00728 0.0719 0.0654 1.099
10.31 18.35 18.35 18.35 1.00801

12.00 16.40 16.40 17.2 1.00619 0.0771 0.0684 1.039
12.32 16.40 16.40 17.2 1.00691

13.00 15.90 15.90 16.0 1.00647 0.0625 0.0650 0.962
13.31 15.90 15.90 16.0 1.00710

14.00 15.00 15.00 17.5 1.00560 0.0711 0.0773 0.920
14.41 15.00 15.00 17.5 1.00632

18.00 13.50 13.50 15.35 1.00475
0.0772 0.0749 1.031

18.77 13.50 13.50 15.35 1.00593

22.00 12.80 12.80 16.9 1.00456 0.0456 0.0435 1.046
23.86 12.80 12.80 16.9 1.00502
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Table 7 Core Reactivity Comparison Using HEU, MU and LEU Fuel Elements

Core Central Control Rod Positions
Core Size Element (in. withdrawn) Calculated

0 elements) (enr - 235U g Shim #1 Shim 2 Shim 3 Regulating keff

314 25 HEU - 265 g 15.5 15.5 15.5 6.6 1.0069

315 25 MEU - 282 g 15.5 15.5 15.5 8.9 1.0060

316A 25 LEU - 340 g 17.0 17.0 17.0 14.0 1.0071

316B 25 LEU - 340 g 11.5 24.0 24.0 17.3 1.0086

316c 25 LEU - 340 g 24.0 16.0 16.0 10.4 1.0069

00 312 21 MEU - 280 g 15.25 15.25 15.25 10.2 1.0053

313 21 LEU - 340 g 17.0 17.0 17.0 16.4 1.0059

301 25 HEU - 265 g 15.5 15.5 15.5 10.2 1.0088

302 25 HEU - 265 g 12.8 24.0 12.8 19.4 1.0100

Surrounded by four MEU 282 g fuel elements, one at each face of the central
element. All HEU and MEU fuel elements have 19 curved fuel plates whereas the LEU
element has 13 straight plates.

Slightly different core loading than the first all HEU core.

Control rod fully withdrawn at 24 inches.
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Figure 9 EPRI-CELL Unit Cells for Cross Section Generation

t cl. t d t ex tFCM tex

11 plate and discrete fuel
moderator clad and moderator

Unit Cell for 18 and 19 LEU 13 Plate 340 g One Ha
Plate Fuel Elements Element Unit Cell

Al guide

0 t central H 0 14.288 mm
ek FCM w 2

0

40

0.216 mm 3.175 mm 17 mm

A clad = 175 mm

PCA Control Element One-Half Element Unit Cell

Description of Symbols Given Above

Fuel Element Enrichment and 235U Loading

Dimension HEU - HEU - 200 g MEU - LEU - HEU Control Element 70 g
Symbol Description 140 g or 265 282 g 340 g 5 plate side 4 plate side

tm meat 12 0.254 0.254 0.254 1s.50 0.254 0.254
thickness (mm)

tcl clad thickness 0.508 0.401 0.401 0.380 0.508 0.508
(mm)

tmod moderator 12 1.486 1.473 1.473 1.450 1.486 1.486
thickness (mm)

tex extra region 0.484 0.460 0.450 16.80 9.650 7.760
thickness (mm)

tFCM fuel-clad- - - - 33.54 22.479 17.983
moderator zone

(mm)

tw gap H20 (mm) - 4.699 4.064
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Figure 10. Fuel Element Models Used in Whole Core Calculations

F�

Standard Fuel LEU Element LEU Element
Element Standard Fuel Detailed Model

(all HEU and MEU)

Withdrawn Control inserted Inserted Shim Rod
Rod Regulating

Rod

Three HEU Control Element Models
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Figure 11. Diffusion Theory Model in X-Y Plane

all dimensions in cm.
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FIG. 13 PCA CORE 301 MIDPLANE FISSION RATE DISTR ALONG X-AXIS
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FIG. 14 PCA CORE 301 MIDPLANE FISSION RATE DISTR ALONG Y-AXIS
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FIG. 15 PCA CORE 312 MIDPLA14E FISSION RATE DISTR ALONG X-AXIS
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FIG. 16 PCA CORE 32 MIDPLANE FISSION RATE DISTR ALONG Y-AXIS
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FIG. 17 PCA CORE 313 MIDPLANE FISSION RATE DISTR ALONG X-AXIS
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FIG. 18 PCA CORE 313 MIDPLANE FISSION RATE DISTR ALONG Y-AXIS
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FIG. 19 PICA CORE 315 MIDPLANE FISSION RATE DISTR ALONG X-AXIS
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FIG. 21 PCA CORE 316 MIDPLANE FISSION RATE D I STR ALONG X-AXIS
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FIG. 23 PCA CORE 301 AXIAL FISSION RATE DISTR IN CENTER OF C-5
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FIG. 25 PCA CORE 302 AXIAL FTSS RATE LEVT L-5-14OG/HEU
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FIG. 26 PCA CORE 31Z AXIAL FISSION RATE DISTR IN CENTER OF C-5
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FIG. 27 PCA CORE 315 AXIAL FISS RATE RIGHT CNTR OF B-5/14OG-HEU
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FIG. 28 PCA CORE 316 AXIAL FISSION RATE DISTR IN CENTER OF C-5
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FIG. 29 PCA CORE 316 AXIAL PISS RATE LEFT CNTR OF B-5-14OG/HEU
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ARGENTINE ACTIVITIES RELATED TO THE DEVELOPMENT
OF LOW ENRICHED FUEL ELEMENTS

Domingo R. Giorsetti
Edmundo E. P6rez

Comisibn Nacional de Energia At6mica
Departamento Combustibles Nucleares

Buenos Aires, Argentina

Within the framework of the RERTR Program and supported by the technical
cooperation work agreed upon between the U.S.A. and Argentina in May 1979,
the CNEA Nuclear Fuel Department - Low Enriched Fuel Elements Project
(ECBE Project), has carried on its own program for developing fuels with
low enrichment for research and test reactors. Up to the present, its main
objective has been to replace the highly enriched fuel used in its only
reactor (RA-3) for research, development and radioisotopes production.

The basic stages of the Argentine Program are shown in Table 1. At a
meeting held in Vienna in March, 1980, the CNEA stated that its development
of fuels with low enrichment would be in two fuel lines: AlxAl and
U308-Al, and that its aim would be to reach uranium densities of 18-2.2 gl
CM3 for the UAIX-Al line and 24-3.0 g/cm3 for the U308 line.

At the international meeting held at ANL in November, 1980, and after
having received depleted uranium and uranium with 20% and 45% enrichment
(purchased from the U.S.A. for manufacturing miniplates and possible
standard fuels) to carry on the proposed development, CNEA anticipated
-- after its first tests -- that the conditions were satisfactory for
reaching uranium densities of 24-3.0 g/cm3 in U308-Al fuel and of 24 g/cm3
in UAIX-Al f uel.

In February 1981, after Argentina accepted the obligation of paying for
the irradiation service, authorization was obtained for irradiating ni-
plates in the Oak Ridge Reactor within the RERTR Program. In June 1981,
the first set of miniplates was sent to Oak Ridge National Laboratory (ORNL).
The maximum actual densities reached at that time were 312 g/cm3 with U308-Al
and 252 g/cm3 with AlX-Al. During a visit of the CNEA Project Technical
Manager to the Argonne National Laboratory (ANL) in July 1981, and after
exchanging ideas with ANL professional staff, the CNEA decided to incorporate
a new line of development, that Of U3Si-Al. Three months later, in October
1981 a second set of miniplates was sent to ORNL including this new develop-
ment. The densities then reached were within the range of 312-3.58 g/cm3
for U308-Al 299-3.09 g/cm3 for UA12-Al and 518-6.10 g/cm3 for U3Si-Al.

Thus, Table shows very clearly that our initial objectives have been
surpassed by far. If further miniplates can be irradiated, it is our
purpose to reach uranium densities of 35 g/cm3 in UA12-Al and 65 g/cm3 in

U3Si-Al.
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The present status (on November 1st, 1982) of the CNEA miniplates being
irradiated in the Oak Ridge Reactor (ORR) is shown in Table 2 The plates
in module 9 have reached 87% burnup and those in module 6 have reached 53%
burnup.

Up to now, their performance has been satisfactory. The estimated burnups
reached by the miniplates in the different positions are shown in the
irradiation history summary report (Table 3.

On the basis of the data in Tables L-1.7 and L-1.8 (Ranges of Specifications
for ANL, ORNL, EG&G, NUKEM and CNEA Miniplates for Irradiation in the ORR)
in Appendix L-1 of Draft 2 (March 1982) of the IAEA Safety and Licensing
Guidebook, Table 4 shows that the CNEA has achieved the highest loadings in
the A1x-A1, U308-Al and U3Si-Al miniplates being tested in the ORR. In
addition, the CNEA is the only fabricator of miniplates with LEU UA12-Al
fuel.

FUTURE WORK

Taking into account the development achieved to date and our imminent need
to supply fuel to our reactor now in operation, the CNEA has planned the
following tasks/activities for the near future (Fig. 1):

1. Irradiations in the ORR

1.1 Irradiations of new miniplates manufactured using the U3Si-Al and
UA12-UAlx production lines, as shown in Table 

In the development Of U3Si-Al fuel, our goal is to achieve a uranium
density of 65 g/cm3. With respect to aluminide fuel, we want to
develop a method in which, starting from an Al-U alloy fuel powder
containing 25 wt% free uranium and 75 wt% UA12, we can obtain mini-
plates with uranium densities of approximately 35 g/cm3.

1.2 Irradiation of I to 3 fuel elements will be carried out by the CNEA.
Two of them will contain U308-Al fuel with a uranium density of 32
g/cm3; the third one will contain UA12-Al fuel with a uranium density
of 31 g/cm3. At present, the CNEA has sufficient material to manufacture
one fuel element, and the possibility of manufacturing one more by
recovering all the "scrap" available from previous developments.

The manufacturing of the third fuel element depends on two factors:

- That the U.S.A. supply the uranium with 20% enrichment, which has not
happened up to now.

- That the U.S.A. allow irradiation in the ORR of a fuel element
manufactured by the CNEA with enriched uranium from other sources
(such as France, Soviet Union).
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2. Supply of Fuel Elements

2.1 The CNEA must supply by the end of 1983 a full core to the Argentine
reactor RA-3 (Configuration: 22 normal fuel elements and control
fuel elements, 6 irradiation cases and a reflector with 23 graphite
blocks). The plates will be roduced with U308-Al fuel meat having
a uranium density of 32 /cm . Each fuel element will contain 19
plates with a meat thickness of 0052 cm. By using fuel elements
with these characteristics, it will not be necessary to make any
modifications to the reactor.

2.2 In 1984, the CNEA will supply a full core for the RA-6, a research
reactor of the Argentine Nuclear Engineering Institute.

2.3 During the second half of 1983, the CNEA must supply a full core for
the Peruvian RP-0 reactor.

The uranium to be used in these tasks is from Argentine sources and it has
been enriched in the Soviet Union. At present, we are working with natural
uranium in the development of manufacturing processes for standard size fuel.

In order to achieve this state of development, as it was stated at the ANL
meeting in November 1980, Argentina has made a considerable financial
investment. The manufacturing plant, as it had been foreseen, will begin
operation at the end of 1982.

From 1984 onwards, Argentina will be able to begin manufacturing fuels to
be supplied to foreign customers and to offer the product engineering,
calculations, drawings, specifications, design manual, etc., for these types
of fuels.

The CNEA proposes to host the 1984 Meeting on Reduced Enrichment Fuel in
Buenos Aires, Argentina. The probable date will be between September an
November 1984.
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Table .

Miniplate Uranium Densities (g/cc)
Successively Anticipated by CNEA

U308-Al UA1x-Al U3Si-Al

In Vienna

(March 1980) 2.4x - 3.Oxx 1.8x - 2.2xx -

In Argonne

(Nov. 1980) 2.4 - 30 2.4 -

Ist Miniplate Set
to ORR

(June 1981) 2.46 - 312 2.28 - 252 -

2nd Miniplate Set
to ORR

(Oct. 1981) 3.12 - 358 2.99 - 309 5.18 - 610

Anticipated - 3.5 6.5
Near Future

xShort term, very likely

xxShort term, some uncertainty 13 years)
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Table 2.

ORR Miniplate Irradiation Summary - November 1, 1982

Total
Exposure* Calculated
Full-Power Average Flux Burnup

Position Module No. Module Contents Days 1014 n/cm2_s at%

1 14 Al 54 0.7 -

2 13 ANL U3Si 148 1.0 38

3 6 CNEA UA12 188 1.3 53

CNEA U308

CNEA U3Si

4 9 CNEA UAlx 352 1.4 87

CNEA U308

5 1 EG&G UA1x 470 1.1 84

ORNL. U308

*This represents the total ORR exposure which may include residence at
several axial positions during the course of the irradiation.
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Table 3.

CNEA Miniplates Irradiation History Summary Report

Burnup Average Flux
Module Start-up Completion Position FPD at 1014 n/cm2-s

9 7/20/81 2 1.0

8/01/81 2 10 3

8/31/81 2 36 12

9/02/81 3 1.3

10/01/81 3 62 24

11/01/81 3 92 36

12/01/81 3 113 43

1/01/82 3 135 50

2/01/82 3 159 56

3/01/82 3 181 61

3/25/82 3 204 66

3/26/82 4 1.4

4/01/82 4 210 67

5/01/82 4 226 70

6/01/82 4 253 75

7/01/82 4 276 78

8/01/82 4 299 81

9/01/82 4 312 83

10/01/82 4 332 85

10/24/82 4 352 87

6 2/12/82 1 0.7

3/01/82 1 16 4

3/25/82 1 39 11

3/25/82 2 1.0

4/01/82 2 45 13

5/01/82 2 61 18

6/01/82 2 88 26

7/01/82 2 112 32

7/24/82 2 134 37

8/17/82 3 1.3

9/01/82 3 147 42

10/01/82 3 167 48

11/01/82 3 188 53
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Table 4.

Comparative Maximum Uranium Density (g/cc)
Miniplates for Irradiation in the ORR

ANL ORNL EG&G NUKEM CNEA

UA1x-Al - - 2.31 2.20 2.48 - 252

UA12-Al - - - - 2.99 - 309

U308-Al - 3.09 - 3.13 - 3.13 3.49 - 358

U3SiA1-Al 6.89 - 6.99 - - - -

U3Si-Al 5.65 - 5.72 - - 6.10

U3Si2-Al 3.72 - 3.76 - - -

Data of Tables L-1.7 and L-1.8 "Ranges of Specifications ANL, ORNL, EG&G,
NUKEM and CNEA Miniplates for Irradiation in the ORR.
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Figure .

C.N.E.A - FUTURE WORK

Irradiations in ORR of:

- New miniplates

0 U3Si-Al

UA12-Al

- Full Size Fuel Element

0 U308-Al 32 g/cc)

* UA12-Al 31 g/cc)

Supply of Fuel Element for:

- RA-3 (end of 1983)

- RA-6 1984)

- RP-O (second half 1983)
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Comparision of calculations and measurements
of MEU fuel in the SAPHIR-Reactor

H. Winkler and J. Zeis

Eidg. Institut fr Reaktorforschung

Wurenlingen, Switzerland

1.) INTRODUCTION

In order to check the validity of the calculations codes used

for the reduced enrichment programme some reactivity measure-

ments have been done on the SAPHIR-Reactor.

In a 4 x 4 core arrangement each standard element 93% enrich-

ment 280 g U-235, 23 plates) has been replaced by a MEU-

element with 320 g U-235, 45% enrichment. The reactivity

difference has been determined over the fine control rod

position. The same core configuration was calculated with

the two dimensional diffusion code CODIFF in order to obtain

the difference in keff rsp P.

It is shown that the mean deviation between calculation and

measurement is less than 65%. Thus reasonable agreement

exists.
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2.) Core Configuration and calibration of control rods

Fig. 1A shows the core configuration No. 433 used for the

reactivity measurements. All standard elements are fresh 23 plate

MTR-elements with a content of 281 g U-235, 93% enriched, whereas

the control elements are of the central rod type with 14 fuel plates

and a burn up of about 20% each.

The standard elements has been replaced successively by one MEU

(45% enrichment, 320 g U-235) element.

The above described core configuration has became critical with

the followind rod positions:

Coarse control rod position 390 resp. 394 mm
Fine control rod position 199 resp. 141 mm.

In order to check the influence of the relatively low position of

the control rods a second loading without the element on place 68

has been used (loading 433B) for control measurements. In this

loading the critical rod position has been:

Coarse control rod position 650 mm (upper limit)
Fine control rod position 360 mm.

For both loadings the reactivity worth and curve of the fine control

rod has been measured. The results are given in Fig. 2 and Fig. 3.

Also the shut down reactivity of the coarse control rod has been

determined by rod drop technique.

The rod values are: P 11,63 ± ,5 $390
P650 14,95 ± 07 

From this a reactivity value of Ap = 33 ± 0,8 can be deduced

for the element on place 68. (The calculations gives Ap = 203

From the reactivity curve Fig. 3 it can be determined an over-

criticality of 0205 for the loading 433B.
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Assuming a aeff 810-3 the multiplication factor will be

k eff �__ 1,00168.

The two dimensional core calculations with the diffusion code

CODIFF (Ref. 1) has given for the same loading a multiplication

factor of k 1,03230.
eff

For this calculation a vertical buckling according to the BENCH-

MARK Problem (Ref 2 of B = 16943-10-3 CM-2 has been used.
z

Comparing the two reactivity values (measured and calculated) an

effective value of the vertical buckling for the standard MTR

core with all control rods withdrawn can be determined to

B2 =2,4-10-1 CM-2 which corresponds to an extrapoled height of
z

Hextr = 64,2 cm.

A recalculation of the loading 433B with this new value of 2
z

gives a multiplication factor of:

k 1,005644.
eff
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3.) Measurement of the MEU-elements

The core configuration 433 contains 11 fresh HEU-standard elements

(281 g U-235, 93% enriched) and control elements with a small

burn up.

The standard elements have been successively replaced against

MEU-elements 320 g U-235, 45% enrichment) and the reactivity

difference was determined over the position of the fine control

rod.

For each measurement the corresponding core configuration was

calculated with the two dimensional diffusion code CODIFF (Ref. 1)

in order to determin keff' The vertical buckling used in the

calculation is B = 16943 lo-S.CM-2.
z

In a second step two to three standard HEU-elements have been

replaced by MEU-elements in order to check the interference effect.

Table shows the results of the measurements and calculations.

4.) Influence of rodposition

The coarse control rod position has been relatively low during

the reactivity measurements.

In order to evaluate this influence a slight loading modification

has been made. The element on place 68 was removed so that the

reactor becames critical with all coarse control rods in upper

limit 650 mm).

In this loading (No. 433B) configuration (Fig. 1C) the 93% element

on place 66 and 56 was replaced by a 45% element and recalculation

of these configurations have been made.

The results of the calculations and measurements are also given in

Table and show no significant change in the reactivity difference.
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A further test calculation were made with the adapted buckling of

B = 24 1-I.CM-2 . This calculations shows that the influence
z

on the reactivity differences is less than 2.

5.) Total reactivity loss of MEU fuel

The replacement of all standard HEU-elements in the core configuration

433 would result in a measured reactivity loss of 85,8 . If the

complete core including the control elements is changed against

MEU-elements, then a loss in reactivity of about 1,10 is expected.

The calculation of the reactivity loss due the replacement of the

standard elements in this loading gives a value of A = 80,67

6.) Conclusion

It has been demonstrated that the core calculation CODIFF gives

reasonable results compared to the measurements. The mean difference

between the calculation and the measured value can be determined

from. n AP
C

APM
= 1,065 ± 0013

n

(AP = AP calc. ; APM AP measured

Thus the agreement between calculation and measurement is better

than 7.

References:

Ref. 1 : J.M. Paratte, K. Foskolos, P. Grimm, C. Maeder

TM-45-81-41, 12.10.1981

BenUtzungsanleitung zum Code BOXER

Ref 2 IAEA-Guide-Book TEC DOC 233, 1980
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Table-1: Reactivity difference of MEU fuel elements

Calculations Coarse
Replaced Rod Measured API�] K control rod
Element position total per Element eff APRI

(aHditinn- Pos.

65 212 2,5 1,050441 1,8

67 248 7,9 1,049946 7,41

66 248 7,9 1,049832 8,71

56 282 13,5 1,049055 17,52 390

46 329 20,0 1,048795 20,5

36 229 3,7 1,050121 5,7

47 285 13,4 1,049316 14,56

45 225 4,9 1,05013 5,32

- 196 0 0 1,05060 0

66 203/202 7,7/7,5 1,049832 8,71

66+56 308 23,7 15,7 394

66+56+46 478 42,1 18,4 1,046588 45,61

56+46 381 33,2 8,9 1,047281 37,7

45+56+46 426 37,5 4,3 1,046871 42,38

66+67 251 14,6 7,1 1,049236 15,47

- 141 0 0 1,05060 0

Loading 433B

66 422 8,1 1,032988 8,03 650

56 512 16,0 1,032175 17,6

360 0 1,033674

All stand. - 1.043525 80,67

Mean value of A for Standard Elemeni Positions

GP AP Gp AP

65 2,5 68 2,5
66 7,8 ± 0,1 58 7,5
67 7,5 ± 0,5 36 3,7
56 15,1 ± 07 38 2,0
46 19,2 ± 1,1
45 4,6 ± 04
47 13,4
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uc.tricbsvorschrift fUr SAPHIR Formular F-7.1Figur 1

Datenblatt fr LADUNG - Nr- 433 pmax nom.: mw

Ladung fUr: Reactivity Measurement MEU fuel VA-Nr.;

LADUNGSANORDNUNG IA 1

Ur. Normalelerment I

"Nr. Kontrollelement 2

Nr- GA-Kontrolielement 3 300 344 '301 313

lBe Reflektorelement 4 341 342 343 F FR

Q Neutronenquelle 5 345 4 323

6 338 339 .340 337

7

Bemerkungen: 8

9

LADUNGSANORDNUNG 1B Measured AP
1 2 3 4 5 6 7 8 9

Nr Normalelement i

rr. Kontrollelement 2

r;_-r GA-Kontrollelement 3 3, 7 2,0

Be Reflektorelement 4 4,6 19,2 131, t

Neutronenquelle 5 115,1 7,5

AP K 6 2,5 7,8 75 5 2,5

L�j 7

Bem rkungen: 8
9

LADUNGSANORDNUNG 433B ic 1 2 3 4 5

Nr. Normalelement I

FNr. Kontrollelement 2

Nr. GA-Kontrollelement 3

Be Reflektorelement 4

Q Neutronenquelle 5

6

7

Bemerkungen: 8

9
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RESEARCH ACTIVITIES RELEVANT TO THE APPLICATION OF LEU AT THE HOR

Hugo van Dam+
Jacob W. de Vries++

Interuniversity Reactor Institute
Mekelweg 15, 2629 JB Delft

Netherlands

Scope

Synoptic information is given concerning research activities at the Hoger
Onderwijs Reactor (HOR), the results of which may be meaningful to the applica-
tion of high-density, low enriched uranium fuel (LEU). Te HOR a 2 W pool-
type reactor, is one of the main research tools of the Interuniversity Reactor
Institute (IRI), located at the campus of the Delft University of Technology,
Netherlands. In the framework of a research program on the application of LEU
at the HOR, the activities of both the Reactor Operations Group and the Reac-
tor Physics Group of IRI are partially merged in a concerted effort to assess
the consequences of core conversion. Part I - contributed by the Reactor Opera-
tions Group - deals with experimental results on fuel temperature measurements
of a standard MTR-type fuel element, fitted with thermocouples in the fuel
cladding. Part II - contributed by the Reactor Physics Group - gives an outline
of rogrammed experimental research on the thermohydraulics of MTR-type fuel
elements with an emphasis on detecting normal and off-normal cooling conditions.

Part I HOR Fuel Temperature Measurements

I.1 Introduction

In order to assess safety margins and to verify theoretical calculations,
the Reactor Operations Group in cooperation with the Reactor Physics Group of
the Interuniversity Reactor Institute at Delft, Netherlands, has performed
fuel temperature measurements at the HOR for different experimental conditions
of the reactor core. The HOR, a pool-type reactor, can be operated in two dif-
ferent modes, viz. with natural convection cooling up to a power level of 0.5
MW and with forced convection cooling up to a power level of 2 W Measurements
have been performed for both modes of operation, but for the sake of brevity
only results for the forced cooling mode are reported here. Further measure-
ments are programmed for 1983, focussing on the influence of coolant flow rate

+ Supervising professor, coordinating Reactor Physics Group activities

++ Reactor Manager, coordinating LEU-project activities

Communication note on the occasion of the 1982 International Meeting on Re-
search and Test Reactor Core Conversion from HEU to LEU fuel, Argonne, IL,
USA, November 8-10, 1982
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variations and verification with theoretical results of the COBRA-3C/RERTR code.
Although the instrumented fuel element is of the HEU-type, the measurements are
considered to be useful to assess the actual departing conditions for core con-
version and to verify computer code calculations with experimental results.

I.2 Experimental Setup

For studying the thermohydraulic phenomena in the core of the HOR and for
experimental verification supporting safety assessments, IRI has the disposal
of a fuel element instrumented with thermocouples in the fuel cladding (Instru-
mented Fuel Assembly, IFA). The fuel element is of the standard MTR-type as
normally in use at the HOR. The fuel is of the aluminide type, highly enriched
in U-235 93%). There are 19 flat fuel plates per standard element with a nomi-
nal loading of 10 grams U235 per fuel plate. The central plate and one of the
outer plates of IFA are fitted with Chromel-Alumel thermocouples of dimensions
0.17x0.5O mm in the cladding. The central fuel plate has an additional feature:
The coolant channel inlet and outlet temperatures are monitored by pairs of
thermocouples - protruding .5 mm in the coolant gap -, located at the top and
bottom of the fuel plate, just a fewmillimeters away from where the fuel re-
gion starts.

Fig. I gives the location of the thermocouples in IFA. The fuel meat has
a nominal thickness of 0.50 mm and the cladding thickness is nominally 030 mm.
However, for manufacturing purposes the two intrumented fuel plates of IFA
have a cladding thickness of 038 mm. The coolant gap is nominally 310 mm with
locally allowed minima of 285 mm, but the gaps adjacent to the instrumented
fuel plates are nominally 302 mm with minima of 277 mm. IFA can be loaded
into any grid position of the core, except of course at the control element
positions.

The thermocouple signals are either processed by an automatic data logging
system with cold junction compensation for measuring steady state temperatures
and long term behavior or they are processed by special amplifiers for studying
fluctuation phenomena by noise analysis. Correlation techniques are used to
derive coolant channel flow velocities.

I.3 Experimental Results

Several measurement runs have been made under different experimental con-
ditions. One series of measurements, reported here, has been performed with
the Instrumented Fuel Assembly loaded into the central grid position D of
core no 49-02. Fig. 2 gives the core configuration. The instrumented outer
fuel plate was facing the fuel element at grid position D4. The measurements
were performed under relatively clean core conditions at power levels of 0.5,
1, 1.5, 2 and 23 MW respectively. Atapower levelof 2MWthe shim/safety rods
were about6lwithdrawn fromthecore.Besides, theinfluenceof reducingthe core
coolant flow by deliberately leavingoutone of thegridplateplugshasbeen inves-
tigated. These plugs are used to prevent a core f low short-circuit by grid positions
not occupied with fuel elements. The coolant flow is forced downwards the core,
passes a suction head under the grid plate and is circulated by the primary
coolant pump through the heat exchanger to be returned to the pool by means of
a diffuser. The nominal coolant flow rate was about 61 liter per second, where-
as the effective core coolant flow rate is estimated to be lower by some 5%.

Figures 3 and 4 show the measured temperature profiles in vertical direc-
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tion along the fuel plate under steady state conditions for different power
levels for the central and outer fuel plate respectively. The pool water terrr-
perature was between 25 and 35 degrees centigrade during the measurements.
Table I shows the maximum fuel cladding temperature measured in the central
and outer fuel plate together with the results calculated with the COBRA-3C/
RERTR code.

The following presumptions have been made for the calculations:

- Heat transfer., bulk temperature -one phase: Dittus-Boelter
two phase: Bergles & Rohsenow

- Void and bubble detachment -Bowring model
- Channel inlet temperature -30 degrees centigrade
- Bulk velocity -central channel : 50 cm/s

-inter-element channel 40 cm/s

Table I
Measured and calculated maximum cladding temperatures

Central Plate Outer Plate

Power Inlet Measured Calculated Measured Calculated
Temp.

(MW) (06 0C) (0c) 0C) 0C)

0.5 25 41 44 48 48

1.0 27 54 57 67 64

1.5 30 66 69 85 80

2.0 33 77 81(87) 99 96(99)

2.3 35 83 88 106 103

2.5 - - 92(97) - 110(113)

3.0 103(107) 120 a( 120)b

- value for inlet temperature of 40 0C
a subcooled boiling, no bubble detachment; FIR = 17 Levy

subcooled boiling, no bubble detachment; FIR = 1.5 rj=37

At power levels on the order of 2 MW, the measured temperature signals
at steady state conditions were slowly fluctuating in the seconds to minutes
time domain with amplitudes of 23 degrees centigrade. In general, it took
several minutes to reach steady state conditions after a change in power level.

I.4 Discussion of Results

From the measurement results the following can be concluded: Obviously,
the highest fuel cladding temperature occurs at the outer fuel plate. Due to
the wider inter fuel element coolant channel gap, the maximum thermal neutron
flux density of the outer fuel plate is about 3 to 4 higher compared to the
central fuel plate. The power density of the outer plate is accordingly higher.
This partly explains the higher temperatures reached in the outer plate. How-
ever, mos t of the dif f erence in maximum temperature between the central and
the outer fuel plate must be attributed to the less favourable cooling condi-
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tions in the inter fuel element coolant channel gap. The coolant bulk veloci-
ty is estimated to be lower by about 20% in the inter element channel; this is
confirmed by cross correlation analysis of the fluctuating parts of thermocou-
ple signals. Furthermore, there exists arather large temperature gradient in ho-
rizontal direction across the outer fuel plate (thermocouples 13, 14 and 15).
At a power level of 2 MW the temperature at the boundary of the fuel region is
about 25 degrees lower compared to the maximum temperature at the centre of
the outer fuel plate. The inter fuel element coolant channel flow distribution
is supposed to be far less uniform than in the fuel element itself. The shape
of the inter element channel is less well defined and horizontal cross flow
and leakage from the core boundary over the total height of the core are com-
plicating factors, so it is not at all easy to make a quantitative assessment
of the inter element channel coolant flow velocity distribution.

The agreement between measurement and calculation is rather good, taking
into account the uncertainties. For the central fuel plate the measured maxi-
mum fuel cladding temperature is systematically lower than the calculated one.
Fig. 3 shows temperature profiles that are definitely more flat than one would
expect from the power density profile. Thermocouple no 6 is suspected of not
functioning well, giving biassed readings (absolute readings being too low).
In fact, temperature noise analysis of the thermocouple signals shows nearly
complete coherence in the low frequency range for the signals of couples no 6
and no 7 The signal leads of couple no 6 are embedded in the fuel cladding
running just above and very near to the sensing position of couple no 7 It is
anticipated that the signal leads to couple no 6 are damaged just in the neigh-
bourhood of couple no 7 Earlier measurements did not show this discrepancy.

The effect of leaving out one grid plate plug can be clearly seen from
Fig. 3 and Fig. 4 The maximum fuel plate temperature at a power level of 2
MW increases by about 3 degrees centigrade, so the consequences are rather
moderate.

The coolant channel inlet temperature for the central fuel plate was moni-
tored by thermocouple no 2 In the course of the experiments, with the power
raised in steps, the measured inlet temperature increased by about 10 degrees
centigrade, as can be seen from Fig. 3 However, this variation of coolant chan-
nel inlet temperature does not influence the maximum cladding temperature to
the same extent. Thermocouple 10 is suspected to give biassed readings due to a
location too near to the fuel region.

Future work will focus on the influence of changes in the steady state
value of coolant channel flow velocity on cladding temperature by systemati-
cally investigating temperature profiles with increased and reduced primary
pump flow rate in combination with further attempts to deduce flow velocities
by cross correlation techniques. The measurement results will be compared with
calculated results of the COBRA-3C/RERTR code. Also, temperature measurements
will be performed for grid positions at the core boundary.

Part II A Research Program on Thermohydraulics of MTR-
Type Fuel Elements and Detection of Cooling Anomalies

II.1 Introduction

In the Reactor Physics Group of the Interuniversity Reactor Institute,
experiments have been started to investigate boiling phenomena in a MTR-type
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fuel element. The measurements will be performed in two nearly identical expe-
rimental loops. One of these will be positioned in the periphery of the core of
the HOR, the other is meant for ex-core operation. These loops will be instal-
led in the first half of 1983. At present preliminary experiments are under way
in a small out-of-core experimental loop.

II.2 Experiment Description

The main component in all the forementioned loops is a dummy fuel element
with three electrically heated flat 'fuel' plates and four coolant channels
with a gap width of 3 mm. The thermocoax heating wires in the plates are embed-
ded in such a pattern, that the axial power density distribution is cosine sha-
ped and thus resembles the situation in an actual reactor core. For both fa-
brication and physical reasons (heat distribution over the plate surface)
the fuel plates have a thickness of 4 mm.

Each plate contains thermocouples at different axial positions; coolant
inlet and outlet temperatures are measured with two thermocouples each. In ad-
dition 3 measurement tubes are provided for insertion of neutron and gamma de-
tectors (relevant only for in-core experiments) and an acoustical detector is
positioned in the coolant loop for boiling detection. In the ex-core loop and
the presently operated small-scale loop, the dummy element is provided with
windows which enable the application of optical methods for studying boiling
phenomena. Maximum heating power for the first series of experiments is kW;
this means that the power density is in the same range as the average power 2
density in our 2 MW reactor. The maximum heat flux density amounts to 60 kW/m
which is a factor 25 below the hot spot value of the HOR. This implies that
for boiling studies we are restricted to high inlet temperatures or low flow
rates. The use of higher power densities in follow-up experiments depends on
procurement of additional funds for this type of research.

II.3 Purpose and Program

The main purpose of the investigations with the ut-of-core loop is the
study of one-phase and two-phase flow in narrow heated channels. Studies will
be made with both upward and downward coolant flow with varying inlet tempera-
tures, flow rate and heating power. In the out-of-core loop average tempera-
tures and temperature fluctuations will be measured and different flow regimes
will be studied. Boiling will be detected by optical and acoustical means as
well as with noise analysis on thermocouple signals and axial pressure dif-
ferences in the channels. Flow and bubble velocities will be inferred from
noise analysis on thermocouple signals and optical transmission signals.
Emphasis will be on accurate detection of incipient boiling, bubble detachment
and the development of flow instabilities, both in upward and downward flow.
All results will be compared with COBRA-3C/RERTR calculations.

The i-core loop will be used to study the influence of different flow
conditions on signals of neutron and gamma detectors at various distances from
the dummy element. The main purpose here is to investigate the possibility of
timely detection of boiling and flow instabilities with remote detectors. Both
stationary and transient conditions will be studied. The philosophy is that
ex-core measurements will be used for computer code verification and prepara-
tion. and verification of incore experiments. With respect to measurement tech-
niques the loops are partly complementary; optical measurements are not possi-
ble in the core, radiation detection is restricted to the core, temperature
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and acoustical measurements will be performed in both loops.

II.4 Possible Program Extension

It is hoped that the outlined experiments will provide useful information
for the analysis of thermohydraulics in MTR-type reactors under normal and ab-
normal (loss of flow, partial blockage) cooling conditions. Another subject of
relevance to safety is LOCA-analysis. Three dimensional analysis of after heat
dissipation in a completely dry reactor core is under way in the framework of
LEU-studies*. A more complex situation is a partially submerged core, where
free convection of air is blocked by the water in the lower part of the core.
In this case the heat dissipation depends on radiation, conduction and the pro-
duction and convective transport of water vapour in the narrow channels, which
is a rather complicated physical situation that seems to be less amenable to
numerical analysis. We therefore consider it mandatory to perform LOCA-measure-
ments of electrically heated MTR-type fuel elements. However, due to limited
manpower and funds we are presently not in a position to include LOCA-analysis
in bur experimental program.

IAEA Guidebook, Draft no 2 March 1982: Research Reactor Core Conversion,
Safety and Licensing Issues
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FNR DEMONSTRATION EXPERIMENTS

PART I: BEAM PORT LEAKAGE CURRENTS AND SPECTRA

by

D. K. Wehe and J. S. King
Phoenix Memorial Laboratory

University of Michigan
Ann Arbor, Michigan 48109

Overview

The goal of the NR-LEU experimental program has been to

measure the changes in numerous reactor characteristics when the

conventional HEU core is replaced by a complete LEU fueled core
or by a single LEU element in the normal HEU core. We have ob-
served comparisons in a) thermal flux intensity, spatial distri-
bution and cadmium ratios, both in the core and in the light and
heavy water reflectors, b) fast flux intensity and spectral
shape at a special element within the core, c) the thermal leak-
age flux intensity at the exit positions of several beam ports
and its spectral shape at one beam port, d) shim and control rod
worths, e) temperature coefficient of reactivity, and f) xenon
poison worth.

The NR is a 2MW light water pool reactor, reflected on
three faces by light water and on one face by D20, composed of
MTR plate fuel elements. Figure shows a plan view of the core
grid, D20 reflector tank, and beam ports. The conventional HEU
fuel element contains eighteen MTR Al plates 30" x 24" x 006".
The center 002" of each plate is 93% u-235 enriched UAlx A
normal equilibrium HEU core loading is outlined in Figure 2.
Each new HEU element containsvl4O grams of U-235. The LEU low
enrichment fuel retains the same plate and element geometry but
the fuel is contained in a central 003" thick UAlx matrix with
19.5% U235 enrichment. Each new LEU element contains ov 167.3
grams U-235. In-core neutron fluxes were routinely mapped by a
rhodium SPND and by many wire and foil activations. The same

data, but in more restricted positions, were obtained through

the light water reflector (south) and D20 reflector tank (north).
Beam port leakage currents were measured during all power cycles,
by transmission fission chambers at the exits of ports GI, and
J, by a B3 detector at A-port, and by a prompt detector at
the F-port exit. Thermal neutron spectra for both HEU and LEU

cores were measured at I port using a single crystal silicon
diffractometer.

These measurements provide direct observation of the degree
to which the LEU conversion alters the flux conditions for fixed
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power, and at the same time provide a data base against which
model predictions can be compared.

These purposes are best fulfilled if the comparisons can be
made when both HEU and LEU have approached equilibrium burn-up.
Unfortunately this has not yet been possible, since only HEU con-
ditions near equilibrium 1979-1981) have been available, while
only a nearly clean, unburned r2.0%) LEU core has been a-
chieved. This means that until equilibrium a relatively small
(29-31 element) LEU core must be compared with the larger 38-39
element equilibrium HEU core. There is, of course, no reason
in principal why this initial substantial geometry difference
cannot be included in the computer modeling program. However,
the difference in buckling, for the HEU and LEU cores measured,
must be kept in mind in evaluating LEU/HEU changes. To show
the importance of these buckling effects extensive data were
obtained on special cores (which will be designated the "high
leakage" HEU) which mocked up the small LEU cores as closely
as possible.* This was done by reproducing the LEU 5-row load-
ing in the north-south direction and also the east-west dimen-
sion adjacent to the D20 tank along the north face of the core.

There were several experimental difficulties encountered in
obtaining reliable data. First, the conversion from HEU to LEU
and back again extended over many months. Changes of only a per-
cent or so in count rates or detector currents become important
.in such a time period. During this interval in the normal life
of the operating FNR, changes in core and beam port instrumenta-
tion had to be minimized and monitored. Control over beam port
changes was particularly difficult. As a result of pool water
leakage, G-port must be pressurized and small changes in pres-
sure require occasional repressurization, resulting in a vari-
able water vapor density in the port collimation. Again, un-
expected changes in A-port beam geometry occurred. As a con-
sequence G-port data is somewhat suspect, and A-port data was
available for only part of the experiments.

Second, the initial conversion to the LEU core was suffi-
ciently unpredictable in reactivity that fuel element additions
were necessary during the initial LEU experiments. As a conse-
quence three LEU cores of slightly different loading geometry
are reported herein; these we designate LEU 15-82), LEU(1-21-82),
and LEU 41-82). The cre geometries for these are shown in

*This experiment was suggested by Mr. Gary Cook, to whom we are
indebted.
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Figures3,4, and 5. The major difference in these cores, as is
evident in the figures, was a shift from east to west in the
core loading pattern. This had a considerable effect, apparent-
ly, in shifting the beam port leakage pattern, as will be dis-
cussed below.

Third, the D20 tank has presented several special problems.
Access to the volume of the tank is very limited; it is possible
to reach only the upper region of the tank, the deepest penetra-
tion being 5" below the core fuel top level for the SPND detec-
tor and, for wire activations. This requires a large extra-
polation from a position of maximum flux gradient to predict
data equivalent to core midplane. In addition there is now evi-
dence that the rhodium SPND response in the D20 tank does not
agree with either Fe or Rh wire activations when all three meas-
urements are normalized to measurements at the same point at the
center of the core.

Beam Port Leakage Currents

Accurate count rates were observed at the exit positions
for G-,I-, and J-ports during the period 819-81 through -1-82,
for A-port from 8-10-81 through 115-82, and for F-port from
4-14-82 through 519-82. Care was taken to wait for equilibrium
xenon, and data were invariably used only when shim rods were
within 24" of full withdrawal. All of these ports have source
planes either at the outer north face of the of the D tank2
(FGI) or are tangentially oriented 1050 from north and look
through reentrant voids to the central volume of the D20 tank
(AJ). That is, the effective source planes for the latter are
within 8" of the north-south tank center line, and within approx-
imately 4 of the D20 south face. Port axes for AF, and J are
at core midplane, port axes for G, and I are 6 above midplane.
The currents monitored at A and G are seen only after Bragg re-
flection at nominal specific neutron energies of 006 and 0072 ev
respectively, while those.from and F correspond to the full
leakage spectrum. I-port currents were also monochromatic, but
the intensities of all energies within the thermal leakage Max-
wellian were probed. There was no indication that the effect of
monochromatization influenced any of the intensity results.

The comparison of leakage currents are recoxded in Tables I
and II for three core loading changes. The first two are given
in Table I and compare the effects of transforming from a repre-
sentative HEU geometry to an LEU geometry, and then back again
in reverse order. In reading Table I it is not meaningful to
compare the two HEU cores or the two LEU cores because for the
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the G-port detector a recalibration was made. Care was taken,
however, to leave all detector stations untouched between the

HEU to LEU conversion in both comparisons. The April to May
LEU to HEU change should be most reliable since the data sets
are separated by only one month in time. The first change com-
pares data for the HEU loading taken in August, October and No-
vember, 1981, with that for the initial two loadings of LEU,
shown in Figures 3 and 4 taken in January, 1982. The reverse
change compares data from the LEU core of April, 1982 (Figure )
and the reinstalled HEU core of May, 1982 (Fig. 2. The two HEU
cores are closely equivalent to each other and to earlier HEU
data reported from September, 1979; they differ only in the sub-

stitution of a "special" element in place of a regular element
on the south face, as shown present in Figure 2 The LEU cores
were somewhat different as needed to meet reactivity require-
ments, as noted earlier. As may be seen by comparing Figures 3,
4, and there is a gradual shift toward the west face, partic-

ularly between January and April, 1982 and an increase in total
number of fuel elements.

The data of Table I for the January LEU cores show that
within counting statistics and reproducibility in time, there
was no change in leakage intensities from all three monitor
stations, the average ratios of LEU to HEU levels being
0.94±0.04, 099±0.04, and 100±0.01, giving an overall ratio
of 098±0.02. .

By contrast, the reverse transformation of LEU to HEU which

occurred between April and May, 1982 shows a significant increase
in leakage for the LEU over the HEU loadings, for three of the
four beam ports. These show LEU/HEU ratios of 120±.03 117±.03,
and 113±.04 for F-,G-, and I-ports. At the same time -port

shows a loss in leakage ratio of 095± .01. A crude estimate of
the change in thermal flux per unit volume of the D20 tank can be
obtained from the average of these form stations. This gives
1.1 ±04. While there has been a possible question about the
pulse channel electronics at J-port in April, we are inclined to

believe all the data are reliable. We observe two effects; (a)
a possible shift in leakage from east to west, consistent with
the LEU loading pattern of April, 1982, and (b) an average in-
crease in leakage flux from the LEU core of at least 11%. The
loss of A-port data to verify the shift is particularly unfor-
tunate.

To estimate the effect of the higher north-southbuckling for
the LEU cores a row "high leakage" HEU, Figure 6 was compared
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with the HEU loading of Figure 2 In addition to extensive wire
activation and SPND data taken in this core, beam port leakage
currents are shown in Table II. As expected an increase was

found and was about 6.

The data of Tables I and II are not simple to interpret, and
the correlation with in-core data, to be d scussed elow, s only
partially satisfactory. We draw the following tentative conclu-

sions:

a) Installation of a full, unburned LEU core in place of an
equilibrium HEU core will change beam port leakage by a factor
between 095 and 1.15.

b A significant fraction of this gain, perhaps the major

fraction, occurs because of the enhanced north-south leakage
associated with the clean LEU geometry. This gain would be ex-
pected to be reduced as the larger LEU equilibrium core is reached.

c) Interpretation of leakage currents from a D20 reflector with.

reentrant beam port voids is dependent both on the position and
angle of beam departure from the heavy water reflector. There is
evidence, for example, that J-port leakage currents closely fol-
low in-core changes as measured in the outermost lattice position

L-35 by SPND. (L-35 is the element adjacent to the D20 tank and
midway, east to west, between control rod special elements). If
both sets of data from the January, 1982 LEU core are normalized
to unity the changes in J-port current and L-35 SPND response for
successive LEU and HEU cores, as shown in Table III, are remark-
ably close. At the same time, the G-port current appears to com-
pare not with in-core results, but with SPND data taken in the

outer (northern) volume of the D20 tank (position D20-S). This
O'correlation", though less impressive is also shown in Table III.
It is evident, finally, that changes in the inner D20 position,
D20'-X, do not correlate well with either J- or G-port data.

Beam Port Thermal Neutron Spectrum Changes

The leakage spectrum at beamport I was measured for both the
equilibrium HEU core (November, 981) and the LEU core.of

April, 1982. This was undertaken to determine whether any signi-
ficant thermal neutron spectrum hardening of the leakage current
could be detected for the low enrichment design. Measurements
were made at I-port by use of a single silicon crystal diffrac-
tometer. Flux intensity as a function of energy, from E =0.02 ev
to 0140 ev, was obtained by a conventional 0-2e Bragg scattering
survey. A very narrow mosaic silicon crystal was used in a trans-
mission mode; the lllj planes were used to remove second order
contamination. Considerable attention was given to the crystal
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collimation allignment to guarantee that all of the Bragg beam,
in both the vertical and horizontal dimensions, was detected at
each energy. Integral Bragg peak counts were obtained first by
exact centering of the Bragg beam through very narrow vertical,
then narrow horizontal slits, then opening the apertures to in-
tegrate the total Bragg beam. The detector was a transmission
fission chamber of efficiency E-10-3. Such a detector allows
accurate energy dependent efficiency corrections because these
are simply proportional to the known fission cross section for
U-235. Background was determined as the count rate when the
crystal was rotated±20from the Bragg condition. The flux as a
function of angle, and therefore energy, was determined from the
net count rateaccording to

Q R. (9 = 
where K is a geometry constante'(O)is the detector efficiency,
and Rg'q) is the integrated reflectivity of silicon in trans-
mission. This last term is a well known function from kinematic
crystal theory which depends on crystal thickness t, silicon cell
geometry, and a mosaic width parameter Al, according to the rela-
tion 4- CPOR "2(e- 11 tlCOSOT

2 A3 NC It (2)

2 e
F(hkl) is the crystal structure factor and NC is the number of
silicon cubic unit cells per unit volume.

Although the leakage spectrum is well characterized by a
Maxwellian of neutron temperature T, the weakness of the method
lies in the need to calculate R( The absolute temperature
obtained is sensitive to the choice of the mosaic parameters.
While'rk was included as a parameter in the least square fitting
of the data, it was found to have a shallow minimum and is there-
fore somewhat suspect. This in turn makes the absolute tempera-
ture also suspect. However, it is believed that small tempera-
ture changes are reliably detected by the method.

Data points were obtained throughout the energy interval
noted above and the neutron temperature obtained by a fit to the
Maxwellian function

O(E) (3)
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where A is a constant and k is the Boltzmann constant. The data
is plotted ase, 1,;6C Y-s from which kT is determined, through
a least square fitting procedure, as the inverse of the slope of
the plot.

Figures 7 and show the resulting plots for the HEU and LEU
respectively. The data are extremely well fit by straight lines
between 002 ev and 013 ev. The temperatures obtained are
373.0±2.40K and 370.8±1.90K respectively. The difference is
well within error limits, so that we are led to conclude that no
apparent spectrum change is evident at I-port. The temperatures
measured are not to be considered accurate on an absolute basis,
but the relative values should be reliable.

It is evident that the temperature observed will depend on
the effective source volume in the D20 tank seen by the port col-
limation. I-port views the D20 tank from the NE corner face.
The I-port axial line extends almost diagonally from NE to SW
across the tank, making an angle of 630 with the north axis.
I-port does not have a reentrant void.

It is expected that the spectrum will soften as the port
axis moves away from the normal (north) In July, 1982 (Figure ) ,
the diffractometer was moved to -port where the angle of attack
is 1050. A scan was repeated using the same geometry and sys-
tematics. The temperature 'observed was indeed lower and was
found to be 330 ±50K. Unfortunately, this measurement was not
repeated for the standard HEU and LEU cores, so that a comparison
with I-port has not yet been possible at -port.
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TABLE I

POR HEU FALL 1981 LEU JAN.1982 TI AVG.LEU MERALL RATIC
OAVG.HEU,,

AUG OCT NOV AVG /s 1/8 1/21 AVG'/s AVG.

A 51.6!1.5 51.6tl.5 148.5il.E 48.5±1.5 0.94tO.O4

F

G 310.5±6 298±4 28916 299tlO 29614 298t4 297t4 0.99tO.O4 0.98f.02

I

J 1260tio 11210-!10 1242tlO 1237110 1223�10 �250110 1237tlO 1.0otO.01

HEU MAY 1982 LEU APRIL 1982

5 c AVG.LEU
PORT 5/14 5/16' 5/19 5/28 AVG 'Is 4/14 4/20 4/21 AVG /s TIOAV � AVG.

I I HEU

F 8.1 8.0 7.95 8.01fo.i( 5 9tQ. 9 - 9fQ 2 1 20 f 03

G 275.3 275.5 276.6 277.E 276.2f4 324.0 326.3 322.d 324.1fd 1.17t.03 1.11 t .04

1 77.4 77.5 77.0 77 3 2 87. d 87. 5f2 1.13�.04

i 1249 1269 1263 1258 1260tlO 1181 1196 12061 .1194t.1011 0.951.01



TABLE II

"HIGH ET`K-A-G-Ew'
HEU MAY 1982 HEU JULY'82

��AVG H. L. HEU'
PORTI 5/14 5/16 519 528 s 6/26 AV(f/s RATIO - OVERALL AVG.

AVG.HEU

G 275.3 275.5 276.6 277.5 276.2!4 290.2 290.214 1.050tO.021 1.062 -P .024

J 1249 1269 11263: E2�8 11260 101i 1353 1353 +10 1.074 0.012

TABLE III

CORE CONDITION J-PORT SPND G-PORT SPND SPND
L-35 D O-S D O-X2 2

LEU Jan 1982 1.0 1.0* 1.0 1.0 1.0

LEU Apr 1982 0.965 0.970 1.091 1.097 0.987

HEU May 1982 1.019 1.004 0.93 - 0.876

"H.L." HEU July 1982 1.094 1 1.108 -1 0.98 0.934

LEU Jan 1982 Current for SPND in L-35 taken as the average
of values measured for LEU-1-8-82 and LEU-1-21-82
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Introduction

The FNR HEU-LEU Demonstration Experiments include a compre-
hensive set of experiments to identify and quantify significant
operational differences between two nuclear fuel enrichments.
One aspect of these measurements, the subcadmium flux profiling,
is the subject of this paper. The flux profiling effort has been
accomplished through foil and wire activations, and by rhodium
self-powered neutron detector (SPND) mappings.

Activation Data

Techniques

The irradiation of wires and foils in and around the NR

core provides information on the reactor flux. Irradiations in
the core are made by taping the probe material to a thin (;;�(.010")
aluminum paddle approximately 30" long. In some cases, samples
are enclosed by 020" cadmium capsules or tubing. The bare and

cadmium covered probe materials are irradiated simultaneously,
mounted at the same core height, and separated in the horizontal

plane by about an inch. The paddles are curved to facilitate in-
sertion between two fuel plates (separation distance is 117") A
paddle stop rests on the top of the fuel plate and provides the ax-
ial reference point for the samples.

The heavy water tank on the north side of the core contains
a dozen 1" diameter, vertical tubes which penetrate into the tank.
The majority of these penetrate to 8" below the top of the fuel

plate. While these tubes are filled with H20, calculations indi-
cate that the measurements are representative, within a few percent,
of an unperturbed D20 environment. Samples are activated in these
tank penetrations by first securing the material to the outside of
a 5/8" diameter aluminum rod or tube, and then lowering the holder
to the bottom of the tank's vertical penetration. The samples are

rotated during the irradiation to ensure uniform activations. In
all cases, the reactor must be subcritical during both sample in-
sertion and removal.
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Post-irradiation Handling and Counting

After the irradiations, the handling of the samples depends

upon the activity and half-life of the activated material. For

long-lived isotopes, such as Mn-54, the material is normally
stored in the pool until ready for counting. For short-lived
isotopes, such as Rh-104m, the samples must be expeditiously
and remotely prepared for counting.

The counting of the activated samples is performed using

GeLi detectors. Wire samples are counted between two oppositely
facing detectors multiplexed together. The sample is positioned
by an automatic sample changer into a rotating, cylindrical plexi-
glass holder. Pulse pileup losses are accounted for with a pre-
cision pulser fed into the GeLi preamplifier. The amplified and

multiplexed signals are counted using an ND 570 ADC and fed into
an ND 6620 analyzer/computer for analysis. Absolute efficiencies
can be determined with NBS and Amersham mixed point source stan-
dards through a cross calibration technique at a separate GeLi
detector station. Background interference is made negligible for
most gamma ray energies with 26" lead shielding around all de-
tectors.

The counting data is processed to give a saturated activity
per unit nucleus, Asatn, through the relationship:

(PU15Cr UlSer' COM4-5
A tL)/(Psafn -At BP [m-Yo NE(e O.Vo Aw

where: decay constant
Cnet = net counts observed

ti = detector live time

tr = detector real time
ti = irradiation time

E = absolute detector efficiency
BR = branching ratio

tw = time between irradiation and counting
AW = atomic weight of element

Navo = Avogadro's number
a/o = atom percent of parent isotope
m = sample weight

Once the data is converted to saturated activity per nucleus, it
can be further processed to give flux data. The difficulty is
that there i no unique method for translating activities into

349



flux. Different approaches yield fluxes which can differ sub-

stantially in their magnitudes. Two separate techniques are
presented below.

1). Beckurts and Wirtz Approach. (Reference 1).

The thermal flux can be determined from bare and cadmium covered

activations according to:
600-e-

A54n F,..
2M (2)

where Fcd is a material dependent correction to account for the
epithermal activity produced below the cadmium cutoff energy.
(Formal definitions of the thermal cutoff energy [Etc,�� 0. e]

and the cadmium cutoff energy [Ecc,~%10.55 ev I can be found in
references and 2. To and T are the temperatures corresponding
to neutron velocities at 2200 m/sec and at the most probable
Maxwellian energy. The flux spectrum is assumed to change smooth-
ly from Maxwellian to l/E through the use of a Joining function.
The constant flux per unit lethargy expected in the epithermal

region is determined from the cadmium covered irradiation, and
this is used to infer the flux between Etc and Ecc. If this flux
is termed �it, i.e. "intermediate thermal", then one can define
the subcadmium flux to be:

4�c (�th + tt
2). Effective Cross Section Approach.

By defining effective group cross sections, one can deter-
mine group fluxes in a conventional multi-group spectrum calcu-

lation. Define an effective activation cross section <,>by
qZ

f 4(F)815

Ea.

where -�'(E) is a computed spectrum. Then the group flux between
Ea and Eb is:

F6 6are- kujmium
Eb

C
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The subcadmium flux is then determined by choosing the limits of
integration to be to Ecc.

In both approaches, some knowledge of the spectrum must be
known a priori. The Beckurts and Wirtz approach was used through-
out reference 2 The present paper, however, makes use of the
second approach, which is believed to be an improved treatment.
The spectral calculations needed to determine the effective cross
sections are discussed in a separate paper presented in this con-
ference.

Iron Wire Activation Data

Irradiation of iron wires in the FNR yields two useful re-
actions: Fe-58(nW)Fe-59, and Fe-54(np)Mn-54. Activation data
from the first reaction are used to measure flux in the thermal
regime, while data from the second (threshold) reaction respond
to fast flux near the fission regime. Pertinent material data
are summarized in Table I. The long half lives of these daugh-
ters obviates the necessity for rapid handling. The irradiations
are performed at equilibrium xenon, with the three FNR shim rods
typically 85% or more withdrawn from the core. Typically, 2911
lengths of bare and cadmium covered wire are irradiated at full
power for an hour, then cleaned, cut into one inch segments, and
coiled to simulate point sources.

To illustrate the quality of typical iron wire results,
Figure presents axial flux data at the center (L-37) of three
different FNR cores. The three cases have been normalized to
unity to emphasize the close similarity in axial profile typify-
ing all our HEU-LEU comparisons. Error limits, both vertical
and horizontal, as well as profile smoothness are also typical.
Figure 2 compares some of the same ion wire results with rhodium
SPND measurements to be described below. Again all profiles have
been normalized to unity at the core center. The close agreement
between the two techniques when normalized together is quite sat-
isfactory, we believe.

Rhodium Wire Activation Data

The activation and counting of rhodium. wire is quite differ-
ent from that of iron wire, as can be inferred from Table I.
Rhodium, because of its large cross section and short half life,
must be handled carefully, ad yet, expeditiously. Because of
lack of accurate beta counting equipment available near the re-
actor, and the difficulty in beta counting multiple samples
quickly, the weak 555 keV gamma was used to measure the reaction.
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The rhodium wire dimensions were chosen to match the emitter
dimensions of Rh SPND.

Typically, one inch lengths of 99.99% pure, bare and Cd-cov-
ered wires were irradiated at 20 kW for 30 minutes, in and around
the core. Power normalizations were determined by monitoring
the leakage flux at beam port J. (The beam port geometry is de-
scribed in Part I of this paper.) In several separate experiments,
the observed leakage intensity at J-port (and G-port as well)
showed remarkable agreement with reactor power (as determined by
the NR operational fission chambers) from 20 kw to 2 MW. Post
irradiation handling involved removing and cutting the wires into
1/411 segments remotely, drying the samples, and transporting them
to the counting facility. All times were calibrated to a single
clock.

1). Activation Kinetics.

The rhodium activation and simplified decay scheme is sum-
marized in figure 3.

Defining: Q= effective production cross section,
N = isotopic number density per Rh-103 nucleus,
A = activity,
-A = decay cnstant

and using subscripts g and m to refer to the ground and meta-
stable states, one finds that:

a) during the irradiation:
?lit

(3)

r4t e7-�It
/V4 +

(4)

Equations 3 and 4 show that for an irradiation of 30 minutes,
both the ground and metastable states are saturated.

b) after the irradiation:

AtC 4-
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since the minimum wait time is 10 minutes, the contribution from
the ground state term is negligible, so that

= ........ X9 O zenA5 W )�5_'Am

Thus, although the ground state decay is detected, the decay is
governed by the half life of the metastable state. Furthermore,
the effective cross section must be defined as:

Ecc E=

;kcj - -m CM () (E)

which we have assumed to be equivalent to:

E (5)
E'r") + E'v

where Eo is a fixed energy in the thermal spectrum. This cross
section is shown in Table I for different media.

2). Epithermal Correction Factors for the Rhodium SPND

As is discussed later, the rhodium SPND responds to neutrons
of all energies. If the subcadmium flux is desired, then it is
necessary to know the detector current corresponding to subcad-
mium neutrons. This is accomplished by measuring the rhodium
subcadmium fractions, fth, for rhodium wire with the same diameter
as that in the rhodium SPND. The results are shown in Table II
for locations in and around the equilibrium HEU and fresh LEU
cores. The data indicate that the flux is harder for the LEU
fuel.

3.) Rhodium Subcadmium Flux Measurements

Rhodium activation data can also be used to determine the
subcadmium flux intensity and thus provide an independent check
on other profile methods. This is more difficult because of the
problems of self-shielding (estimated to be 20-3(r/) and flux de-
pression (calculated to be of order 5%), as discussed in reference
3. Even for relative fluxes, differences in the self-shielding
are medium dependent and must be considered. However, between
the D20 reflector and the central core region, this difference is
calculated to be only about 5%. Relative subcadmium fluxes from
rhodium wire activations are presented below.
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Rhodium Self-Powered Neutron Detector Data

Rhodium SND Characteristics

The rhodium SPND has served as the primary flux profiling
tool at the FNR. The detector probe, shown in Figure 4 uses a
20 mil diameter, one inch rhodium emitter insulated from the 116"
outer diameter inconel sheath with aluminum oxide. A parallel
background lead, not shown in the figure, is used to correct for
background effects. The probe is mounted on an inconel 600 paddle
(.0931 x 625" x 36") with a 14" x 1.5" hole around the emitter

section to minimize flux perturbations. The probe can be posi-
tioned at any height in either of two water channels in any fuel
assembly. Special adapters have been fabricated to permit mea-
surements in H20 and D20 reflectors.

While rhodium has the largest sensitivity to thermal neu-

trons of any commercially available SPND, it also possesses two
principal disadvantages:

(i) it responds significantly to epicadmium neutrons

because of its 5000 barn resonance at 125 eV, and

(ii) the presence of a metastable state 43-4.4 minute
half life) requires waiting several minutes before an equili-
brium signal can be measured.

The first of these problems is overcome by measuring the
subcadmium contribution to the detector reaction rate, as de-
scribed above and evaluated in Table II. As shown in reference 4,
the subcadmium flux can be calculated from:

(6)

where: fth subcadmium fraction of the detector current,

Inet net detector current

S detector sensitivity to subcadmium neutrons.

The detector sensitivity can be calculated using the methods de-

scribed in reference 5, or calibrated through the use of the ac-

tivation data described earlier. The sensitivity is related to
the emitter reaction rate per unit incident flux, so that if k is
a proportionality constant, we may define a sensitivity factor
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which is applicable to any iven spatial volume (core, D20 or
H20 reflector) .4CC.

E) T E)
S' (7)

where 4tis the depressed and shielded flux in the detector,
7fo is the flux present without paddle or detector, at the vol-

ume position being measured,,and the integration is over the emit-
ter volume. A term similar to the one in brackets is calculated
in a manner described in a later paper presented at this conference.

It should be noted that there are many physical factors, such
as and �' behavior in the detector and detector leads, included
in the constant k. These factors may not be identical for core,
D20, and reflector regions. We assume, for the present, these
differences are small. Regardless of such possible variations,
as well as the differences in flux depression defined by equa-
tion 7 we have elected in this paper to prH ent all SPND re-
sults using the constant value of = 3.0-10- amps/nv, recom-
mended by the manufacturer, reference 7.

The second obstacle, the delayed response of the detector,
can be handled through the use of analytic techniques described
in reference 6 All of the data presented in this paper were
obtained from an equilibrium detector signal.

The quality of SPND profiles is illustrated by two of the
curves of Figure 2 There is generally greater smoothness than
for the activation data, but nearly the same axial resolution.
The latter is fixed by the-1.011 emitter length.

Experimental Results and Interpretations

Single LEU Element Replacement

In a single element replacement experiment fresh HEU and LEU
elements are alternately placed at the core center in an equilib-
rium HEU core. Iron wire activations were made along the full
axial length of the elements, but for this experiment only bare
wire activations were made. Figure shows the core geometry
used. For operational convenience the fresh elements were simply
interchanged between core center (L-37) and core edge (L-40).
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The reactivity change associated with this interchange is dis-
cussed in a separate paper in this conference. An average was
made of the saturated activities of the six one inch wire seg-
ments ymmetric about the core midplane, for both the HEU and
and LEU elements. Table IIIgives the ratio of these averages
for both iron wire rea .ctions. The (np) threshold reaction
responds to fast neutrons and suggests very little change in
fission rate. The (nY) ratio is consistent with the degra-
dation in low energy neutron intensity expected for the higher
U-235 loading in the LEU element. This reaction has a small
epicadmium contribution, not removed by cadmium covered acti-
vations. Since it is anticipated that the LEU spectrum is
somewhat harder than that of HEU, it may be observed that, if
anything, the HEU/LEU thermal flux ratio is larger than 119.
However, it is to be noted that the measured ratio is almost
exactly equal to the U-235 ratio.

Rhodium SPND Flux Profiles

Many SPND maps have been obtained during the HEU/LEU com-
parison program. These have included partial or full profiles
in the core, in the south H20 reflector and in accessible po-
sitions of the D20 north reflector. Activation results from Fe
and Rh wires have been used to verify SPND profiles at specific
points in both core and reflector. This verification has been
particularly significant in a) comparing profile intensities
from one core type to another, and b) comparing the core ver-
sus D20 peak intensities in the profile of any given core.

Although absolute intensities based on wire activation cal-
ibration could have been presented, we have elected to present
the extensive SPND results as they were measured according to

-21equation 6 with fixed sensitivity, of 30-10 amps/nv through-
out all regions measured. Improvements can be applied by inter-

ested readers for the absolute value of and its variation with
position. The reasons for this choice are several: the SPND
data is most easily reproducible, smooth without activation error
fluctuations. Perhaps most important is the existence of asig-
nificant discrepancy in the ratio of D20 peak flux to core peak
flux, as measured on the one hand by the SPND and on the other by
Fe wire activation. When this measured discrepancy is esolved
S will be calibrated by both Fe and Rh wire activities. For the
present paper all wire activations will be normalized to the core
center SPND value for each core investigated.
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As reviewed in Part I of this paper there are three sets of
cores that have been mapped; a) the large equilibrium.HEU cores

of dates 579, 979, 810,11/81, and 582. These cores should
be closely equivalent in flux profile since loading patterns
(Figure 2 Part I) are essentially identical; b) three small LEU

cores identified according to loading dates 18-82, 121-82, and
4-16-82 Figures 34, and 5, Part I). The April LEU core is some-
what larger than the January LEU and shifted in East to West in
loading geometry; c) the so-called "high leakage" HEU cores of

7,8,9,10/82 (Figure 6 Part I). These have the narrow five row
North-South loading of the LEU cores and are intended to mock-up
the LEU leakage conditions as nearly as possible. These will be
designated simply as HL- HEU cores in-this paper.

As described earlier, the geometry of the D20 tank precludes
making measurements beyond 8" below the top of the fuel plates.
Furthermore, the SPND can extend down to only 5" below the top of
the fuel plates because of its design. For mapping in a given
horizontal plane fluxes must be extrapolated 1" to yield a 1/4-
height value, and 7 for the quoted core midplane value. While
there is a significant uncertainty in the value of the D20 tank
flux extrapolated to core midplane, the ratio of the core to D20
tank fluxes should be reliable for the core 1/4-plane height.
Since the back row of tank penetrations (i.e., farthest north,
MQ) do not extend as far into the tank, this data should be
viewed with some suspicion. The D20 tank penetrations are shown
in Figure 6.

In the light water reflectors,, special assemblies were de-
signed to allow SPND measurements at four fixed distances radially
away from the core. These adapters were designed to fit snugly
against adjacent fuel assemblies. But because the fuel plates are
curved away from the SPND adapters, the radial position of the de-
tector channels must be defined carefully. The geometry of the
adapter is shown as an insert in Figure 7 The 1/81' aluminum face
plate and 116" slot position separators have been treated as voids,
and the H20 thickness dimensions are consistent with this assump-
tion. No adjustments to the data are made for the effect of the
aluminum sideplates.

In the core, the detector probe is designed to fit into water
channels 11/32" on either side of the center bail. The data is
plotted to reflect the actual radial position whenever it is known.
Otherwise, the detector is assumed to be positioned radially at the
center of the fuel assembly.
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The SND subcadmium flux maps from six core loadings are

given in Tables IV-IX. The tables are arranged so that the 14,

1/2, 34 height fluxes are arranged in vertical descending order
in each lattice position. (Figure gives the grid plate lattice
designations). All flux values are in units of 1013. Table X

lists the values Of fth used for each lattice or reflector posi-
tion, as interpolated from the measurements in Table II. The for-
mat of Table X gives a single value of fth for each lattice po-
sition7 the upper number applies to HEU cores, the lower to LEU
cores. No axial variation is assumed. In the D20 tank, extra-
polated data are presented with the 1/4-height flux above that
for the core midplane. The positions of the typed data on the
figure approximate the actual D20 positions measured.

The H20 reflector data is presented in the same format as

for the core. The primed (e.g., 12',3',41) H20 reflector chan-
nels shown in Table VI refer to measurements made at radial po-
sitions further into the reflector than the normal positions (e.g.,
1,2,3,4). The relative distances are shown in the H20 profiles
given in Figure 7 In this figure the two sets of points were
plotted from the two different LEU cores of Tables VI and VII but
appear to fit smoothly together. The H20 peaks for equilibrium
HEU cores fall considerably below the LEU peak, but in Figure 7
it is evident that the peak is slightly higher for the HL- HEU
loading.

Figures 9 and 10 are plots of the SPND data given in Tables
IV and VII, comparing the normal equilibrium HEU core with the
nearly fresh LEU core of 482. The plots are North-South and
East-West profiles both passing through the core center element
L-37. Differences in core size and burnup make easy assessment

of the effect of LEU fuel replacement difficult. Reflector peak-
ing in both H20 and D20.are clearly greater in the smaller North-
South geometry of LEU. The westerly shift in the LEU loading is
also evident in Figure 10. The LEU flux in L-37 is 13.5% lower
than for the same position in HEU. The large peaking at the spe-
cial element, L-57, is nearly the same for both cores. Because
of differences in East-West loading symmetry the maximum core flux,
seen in Figure 10, is 10.7% lower for the LEU core, rather than
the 13.5% for L-37.

Figure 11 provides a comparison between the normal HEU core
and the high leakage cores typified by HL- HEU 782). The latter
shows the effect on the North-South leakage pattern associated with
the smaller 5-row core. Although the core center flux is nearly
the same for both cores, the considerably larger H20 and D20 re-
flector peaking of the smaller core is quite similar to the effect
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from the LEU comparison of Figure 9 The change in both cases is
dominantly due to the larger buckling of the two small cores.

Comparison of Rhodium SPND and Wire Activation Data

The HL- HEU cores were deliberately designed to have the

same small North-South core dimension and core - D20 interface
geometry as for the LEU 482). The purpose for these cores was
two-fold; first, to compare fluxes for equal geometries, and
second, to compare experimental results when all measurement meth-

ods are made at the same time and same detector position. Figure
12 reveals several important answers to these questions. First,

the similarity in reflector peaking for equal core dimensions is
dramatically demonstrated. The dominating effect of large buck-
ling, inferred from Figure 11, is clearly evident. The LEU re-
flector peaks differ from the same peaks in the HL- HEU only by
+6% in D20 and 7.7% in H20. Second, despite this similarity,
the central LEU flux is depressed by 18.5%. This difference in
fact, easily accounts for the already small difference in H20 re-
flector peaking. Third, it is clearly evident that a gross dis-
agreement exists in the D20 tank between SPND and wire activation

data, when both sets of data are normalized at the reactor core
center.

This disagreement remains a source of serious concern and
until resolved provides no useful benchmark for the proper cross
sections to be modeled in the D20 tank. Small improvements of
order 15% can be anticipated from several sources such as more
rigorous evaluation of the sensitivity factor in equation 6 but
the disagreement in Figure 12 is much greater than this. Peaking
ratios of D20 flux to core center flux are given in Table XI for
all detectors in each of several core types. The ratios from
SPND data compare very poorly with those from both Fe and Rh ac-
tivations. Unfortunately no wire data was obtained from the LEU
loadings. Particular care was exercised in determining the actual
axial depths at which measurements were made simultaneously in both
core and D20 tank. It is worth noting that the D20 depths (the
lowest possible) are not the same in wire and SPND cases. The flux
ratios given in the last column are extrapolated from the measured

positions to correspond to the 6 or 14 core depth. This extra-
polation is believed to be reliable since it is easily seen from
the axial data points very near 6 The ratios correspond to the
midcore flux values given in Tables IV, VII, VIII, and IX and in

Figures 911 and 12, since the D20 midcore values are Dust those

at 6 multiplied by a c'onstant determined by an in-core axial pro-
file such as shown in Figure or 2.

359



A somewhat different summary of core and reflector peaking
at midplane is presented in Table XII for all representative
cores. Relative SPND numbers from core to core should be reli-

able and reproducible to perhaps 23%. Since the method of cal-
orimetric power calibration was the same in all details for all

cores, except HL- HEU 782), it is believed that no significant
error exists from this source [calibration thermocouples were re-
placed just prior to HL- HEU 782) and their calibration and po-
sitioning may have introduced some minor but unknown systematic

error for HL- EU 782)]. It is to be noted that the first two
cores should closely agree since both are equilibrium HEU load-
ings. The 582 core appears to show 20% to 5% higher levels
than the equivalent 779 numbers. We have no ready explanation

for this difference other than possible burn-up differences.
However, the five element "cross" at core center presents the
most reliable comparison and for this the disagreement is 20 -
within experimental uncertainty.

Summary Conclusions

Within the experimental limitations discussed in the sec-
tions above, the program to measure subcadmium flux profiles
leads to the following conclusions:

(1) Replacement of a single fresh HEU element by a fresh
LEU element at the center of an equilibrium HEU core produces a
local flux depression. The ratio of HEU to LEU local flux is
1.19 ±.036, which is, well within experimental uncertainty, equal
to the inverse of the U-235 masses for the two elements.

(2) Whole core replacement of a large 38 element equilibrium

HEU core by a fresh or nearly unburned LEU core reduces the core
flux and raises the flux in both D20 and H20 reflectors. The re-
duction in the central core region is 40% to 10.0% for the small
fresh 29 element LEU core, and 16% to 18% for a 31 element LEU

core 482) with low average burnup <3%). These changes are
consistent with the total core U-235 inventory. The increases
in reflector peaking are dominated by the reduced core dimension
in the North-South direction associated with the smaller LEU
cores.

(3) Special "high leakage" HEU cores, which reproduce the
smaller LEU North-South geometry exhibit reflector flux increases

similar to the LEU cores, and at the same time show a core center
(L-37) flux 18.5% to 20.5% greater than the LEU 482) core.

(4) There is no observable change in axial profiles between
HEU and LEU cores.

(5) Magnitudes of the D20 reflector fluxes relative to core

fluxes as measured by SPND with a fixed value of sensitivity, 

are in gross disagreement with the same flux ratios measured by
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Fe and Rh wire activations. Space dependent refinements ofS are
calculated to give some improvement in the discrepancy but the
major part of the correction remains to be resolved.
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TABLE I

Activation Material Data

Ef Cective Subcadmium Cross Section

Gamma -0-> barns 

Atomic Isotpic Energy Branch Half Core D20 H20 Normal IRRAD. IRRAD.

Reaction Weight Abund. (kev) Ratio Life Center Reflect. Diameter Time Power

58 59 44.56
Fe Fe 55.85 0.29/ 1099 56.5% days .911 .976 .020" 1 hr. 2MW

54 54 312.2
Fe Mq 55.85 0.29/ I 835 days - - .020" I hr. 2MW

RA113 P
'A04 102.91 100% 555 2.0% 43 sec. 104.5 109.4 112.5 .020" 30 min.120kW

RA13 J m- , 102.91 1 0 0% - - 4.28 min 8.58 8.98 9.23 .020" 30 in.120kW

*These values are based on preliminary spectral calculations and are subject to refinement.

TABLE II

MEASURED SUBCADMIUM CORRECTION FACTORS, f th

Position fthhE fthLE

L-35 Regular Fuel Element .786

(Core Boundary, North Face)

L-37 Regular Fuel Element .791 .749

(Core Center)

L-39 Regular Fuel Element .795

(LEU South Face)

L-40 Regular Fuel Element .830

(HEU South Face)

L-67 Regular Fuel Element .830

(Second Column from West Face)

1-57 Regular Fuel Element .860

(Third Column from West Face)

H20 Water Reflector, Second Channel .930 .914

(Center Plane, South Face)

D2 0 Heavy Water Reflector (Position X) .895 .892

(Center Plane, No3rth Face)

L-39 Special Fuel Element (waterhole) .913

TABLE III

SINGLE E-EM NT REPLACEMENT

IN EQUILIBRIUM HEU CORE

Reaction Ratio HEU Activity

LEU Activity

Fe-58(nY)Fe-59 1.19 ±0.036

Fe-54(np)Mn-54 1.02 t 0031
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TABLE XI
RATIO OF D2 0 TO CORE CENTER FLUXES

Actual Flux Ratio

Core Date Detector Depth measured* (D 2 O-X/L-37

HL- HEU 10/l/82 SPND 5.011 1.23
HL- HEU 10/1/82 Fe 7.511 .82
HL- HEU 10/1/82 Rh 7.5" .88
HL- HEU 8/25/82 Fe 7.511 .83

HEU 5/ /79 Fe 7.50' .73
HEU 9/ /79 SPND 5-001 1.25
HEU 5/ /82 SPND 5.011 1.25

LEU 4/ /82 SPND 5-oll 1.61

* The flux ratios shown in the last column result from axially

extrapolating the measurements at these depths, to te 6 or
1/4 core depth.

TABLE XII

HEU-LEU MIDPLANE FLUX SMMY

TOTAL H20 1-37 D20-X CENTRAL SIM FLUX
FUEL DATE ELEM'T SPEC-L �P-ND TPND -9PND WIRE 5 AVE. 3 AVE. MAX. COMMENTS

HEU 9/79 38 5 .859 i.48 1.87 l.o8 1.45 l 43 1.49 Slight flux tilt west.

HEU 5/82 38 6 ---- 1.56 i.98 ---- 1.48 1.50 1.56 Flux center L-37.

HL-HEU 7/82 35 5 1.43 1.57 2.11 1.28 ---- 1.51 ---- Five tiered core.
Not standard eqQilib. M.

LEU 1/8/82 29 6 ---- 1.43 ---- ---- 1.34 1.35 1.43 Cores.differ- Special
in 40 moved to regular

LEU 1/21/82 29 5 ---- ---- 2.26 ---- ---- ---- in L-65. Flux moves
west. atch core.

LEU 4/82 31 6 1.32 1.28 2.23 ---- 1.21 1.20 1.33 Fuel added to west face.
Flux shifts west.

NOTES,

(1). Wire data in D20 normalized to SPND I37 flux. Data taken on a similar core.

(2). ` AVE" is average of L-36, L-37, L38, L-27, and L-47.

(3). 3 AVE" is average of L-36, L-37, and L-38.

(4). "MAX" is the maximum value of the core subcadmium SPND flux excluding flux traps in special fuel elements

370



A 0 HEU 5/79) a_
0 0

i.0 A HEU 9/82)
X LEU 4/82)

0.9 -

0.8 -

0.7 - I 

0.6 a-
Ui

0.5 Z
Ui

0.4 0
Ui
ir

0.3 - 110

0.2

0.1

0.0
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 2 2 2

INCHES

Fig. 1. Axial Flux, s, at Core Center Element L-37.
Data Normalized.

0
0 HEU SPND 579
A HEU FE 579 O-
X LEU SPND U82 M

to

.9

8

.7

.6
X

.5
Jw

.4 -

.2 -

0
2 3 4 6 7 9 IO I 13 M 15 16 i7 iB i9 20 2i 22 23 24

DEPTH INTO CORE
Fig. 2 Axial Flux Profiles in L-37 Measured by SPND and Wire

Activation. Data Normalized.

371



Rh- 10
i brns

Rh-104m (4.3-4.4min)

Fig. 3 4 barns
Rhodium Decay Scheme

Rh-iO4 43 sec.)

555kev(20/.)

Pd-iO4

Inconel
Core

Aluminum Oxide Inconel
Insulator Collector

I I - -
4

W", 7?f-, 7 7 7 f Fig. 4.
SPND Construction

Emitter Insulation Inconel
Sheath

*N

D20 TANK

HEU iO-i5-8i
Fig. 5. Core Geometry Single Element Replacement

372



T
3.2 5

6.2 5

2"

25

Fig. 6 D 20 Tank Penetration Geometry

cr

1.4 - z
0
M
w

HL- HEU'82 cr0
u

1.0 - 2

u
8 LEU

'62
3A89.687

254
.4 - _F1.75

3.08" 2.45"2.i2s-1.95" 144'i-W'990' 355" 1 J.084

H20 LOCATION

Fig. 7 H20 Reflector Flux Profiles
and Adapter

373



Heavy Water Tank

L-65 L-55 L-45 L-35 L-25 L-15

C
Rod Rod

L-76 L-66 L-56 L-36 L-16 L-6

L-77 L-67 L-57 L-47 L-37 L-27 L-17 L-7

Rod Control
L-78 L-68 L-58 L-38 L-18 L-8

L-69 L-59 L-49 L-39 L-29 L-19

L-60 L-50 L-40 L-30

Regular Special Empty
Element Element Location

Figure B. Key to Lattice Positions

374



r L4 -0- HEU(9/79)
-X- LEU 4/82) zir D

< 0
2.2 a m /IIx-"

z z �e
:3 0 Z

2.0 0 0

1. - w w 0ir cr Nf
i.6 - o 0

i.4-

1.2 -

i.0 - x .01
.8

.6

.4

2 NORTH-

L-39 L38 L-37 L-36 L-35 X-W �_-S -N

Fig. 9 sc Core Midplane, LEU 419-82) vs HEU (9-27-79).
North-South Traverse

A --- HEU(9/79)
2.6 - LEU 4/82) z z

D D
2.4 - 0 0

m m
2.2 - w w

cr cr
2.0 - 0 00 0

1.8 - D D
w w

0 16 - _j 1:

1.4-

12 -

10 -

.8 -

.6 -

.4 -

.2 -

L-77 L-67 L-57 L-47 L-37 L-27 L 17 L-7
Fig. 10. sc Core Midplane, LEU 416-82) vs HEU 927-79).

tast-West Traverse

375



HEU 9/79)
--- HL-HEU 7/82) z

z z :3
'n 0
0 0 m

2.2 - In m y
w ui Z

2.0 - X X 9
0 8

1.8- CM

a) OD
U) 1.6 

1.4 -

1.2 - d

1.0 -

.8

.6

.2

L-39 L-38 L-37 L-36 L-35 O-N

Fig. 11. SC Core Midplane, HL-HEU 7-7-82) vs HEU 927-79)

cr cr
< -X- LEU 4 /82) SPN D
z _0_HL-HEU 7/82) SPND z
D :30 6 HL-HEU 7/82) FE WIRE C)

2.2 - CD 0 HL- HEU (7/ 82) RH WIRE CD

2.0 - X z
0 �<_

i.8 - 0

1.6 - \X

11.4 -

i.2 -

11.0 

.8

.6

.4

.2 NORTH

- H20- L-39 L-38 L-37 L-36 L-35 X-W R-S
REFLECTOR

Fig. 12. SC Core Midplane, LEU 419-82) vs HL-HEU 7-7-82)

376



XA04C 518

ANALYSIS OF THE FORD NUCLEAR REACTOR LEU CORE

J. A. Rathkopf, C. R. Drumm, W. R. Martin, and J. C. Lee
Department of Nuclear Engineering

The University of Michigan
Ann Arbor, Michigan 48109

Introduction

The University of Michigan Department of Nuclear Engineering
and the Michigan-Memorial Phoenix Project have been engaged in a
cooperative effort with Argonne National Laboratory to test and
analyze low enrichment fuel in the Ford Nuclear Reactor (FNR).
The effort was begun in 1979, as part of the Reduced Enrichment
Research and Test Reactor (RERTR) Program, to demonstrate on a
whole-core basis, the feasibility of enrichment reduction from
93% to below 20% in MTR-type fuel designs.

The low enrichment uranium (LEU) core was loaded into the
FNR and criticality was achieved on December 8, 1981. The criti-
cal loading followed one-for-one replacements of high enrichment
uranium (HEU) fuel elements with LEU fuel elements in the center
and periphery of the FNR core. Following the critical loading,
approximately six weeks of low power testing of the LEU core was
performed including measurement of control rod worths, full core
flux maps, and spectral measurements in-core and ex-core. This
was then followed by 2 months of high power testing 2w), during
which similar measurements were taken. These measurements were
performed as part ot the demonstration experiments portion of the
overall FNR LEU testing and are described in two companion
papers` to be presented at this meeting. The focus of this
paper is the analysis of the LEU core and prediction or simula-
tion of the various measurements, such as critical mass, control
rod worths, relative worths of LEU vs. HEU elements, and relative
flux profiles in-core and ex-core. Comparisons between measured
and calculated values are included wherever possible.

Previous reports` have described the demonstration experi-
ments program and t'he analytical effort to develop and verify the
calculational methods used for analyzing the FNR HEU and LEU con-
figurations. In particular, Section VI of Reference compares
the FNR LEU and HEU cores with respect to relative flux/power
distributions, control rod worths, various reactivity coeffi-
cients, and fuel cycle parameters. Noting that these comparisons
are strictly valid only for the FNR HEU/LEU comparison, we sum-
marize the important effects below. (These comparisons are for
fresh LEU versus fresh HEU cores.)

(1) The in-core thermal flux level in the fuel is expected to
decrease 15-20% due to the increase in fissile loading.

(2) The D 0 tank thermal flux is expected to decrease ap-
proxiKtely 48%. This decrease is less than that in the
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in-core flux due to the fact that the slowing-down source is
nearly constant.

(3) The control rod worths are predicted to decrease ap-
proximately 45% (relative).

(4) The cycle length increases approximately 50%.

(5) The shutdown margin decreases approximately 45% (relative).

The validity of these predictions can only be inferred from
comparisons of predicted versus measured values on the equi-
librium (depleted) HEU core and the fresh LEU core since it will
take a considerable time to reach an equilibrium LEU configura-
tion (at least 2 years) and a fresh HEU core was not available.
The purpose of this report is to give the status of such com-
parisons and indicate the areas of uncertainty which we are in-
vestigating at the present time.

Calculational Methods

In this section we will describe very briefly the cal-
culational methods used to perform the FNR HEU/LEU analyses.
References 4 and provide additional detail if needed.

Cross Section Generation

The cross sections that are used in the global diffusion
theory analyses are generated via an extensively modified version
of the LEOPARD code' suitable for slab lattices and enrichments
characteristic of HEU and LEU MTR-type fuel. The LEOPARD code is
a zero-dimensional spectrum code employing the MUFT code' in 54
fast groups and the SOFOCATE code8 in 172 thermal groups. A
critical buckling search is included to maintain the lattice cell
critical throughout the core lifetime and depletion is accounted
for. Within the past year we have incorporated an ENDF/B-IV data
base into the LEOPARD code, as discussed below.

The EPRI-HAMMER code' is also used to generate cross sec-
tions, but primarily for control rod calculations. The EPRI-
HAMMER code is a one-dimensional integral transport code which
includes a 30-group thermal calculation and a 54-group fast cal-
culation with an ENDF/B-IV data base. Although EPRI-HAMMER does
not include depletion, a link between the LEOPARD and EPRI-HAMMER
codes does allow for HAMMER-generated control rod cross sections
as a function of depletion (of the fuel in the rodded element).

Global Calculations

An extensively modified version of the 2DB code", 2DB-UM,
is utilized for all global calculations for flux and power dis-
tributions in the FNR. The 2DB code is a standard finite dif-
ference code for solving the neutron diffusion equation. The
2DB-UM code accounts for burnup via a macroscopic burnup method
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that is based on the interpolation of macroscopic cross sections
for a particular mesh as a function of the local depletion. The
burnup library is constructed from a LEOPARD depletion run for
the particular fuel type. The key to this method is efficiency
and ease of use--it is quite easy to simulate several years of
FNR operation, accounting for the bi-weekly startups and shut-
downs and accompanying fuel shuffles. We have also used the VN-
TURE code'' for 3-D calculations to obtain space and group
dependent bucklings for the 2DB-UM code. The PERTV code 12 

also employed for perturbation calculations for various reac-
tivity calculations. It interfaces with the 2DB-UM code.

Control Rod Aalysis

Reference should be referred to for a detailed description
of our overall method for performing control rod worth calcula-
tion. Basically, the EPRI-HAMMER code is used to generate cross
sections for the TWOTRAN code 13 which is a two-dimensional
discrete-ordinates transport theory code. The TWOTRAN code
generates reaction rate ratios which are then matched with the
2DB-UM code by adjusting the fast and thermal absorption/removal
cross sections for the control rod region. We have found that
the adjusted control rod cross sections are independent of the
fuel environment; therefore, only one set is needed for the HEU
fuel and one set for the LEU fuel.

Ex-Core Calculations

The ANISN" and ANDY" codes have been used to calculate
fluxes in the D20 and H 0 reflectors and the beam ports. The
ANISN code is a one-diminsional discrete-ordinates code and ANDY
is a general purpose multi-group Monte Carlo code. Cross sec-
tions for these codes are generated via the AMPX system.

ENDF/B-IV LEOPARD Library

Disagreement between macroscopic constants generated by the
HAMMER and LEOPARD codes have been attributed to differences in
their respective cross section data base'. The HAMMER code uses
END�/B-IV data while the LEOPARD code used an early industrial
cross section library. Inspection of microscopic cross sections
generated by the two codes shows serious disagreement for several
important isotopes including oxygen, aluminum, and 235U. In or-
der to remedy this discrepancy a library for LEOPARD was as-
sembled from MUFT and SOFOCATE compatible libraries obtained from
the Westinghouse Electric Corporation." Implementation of the
new library required modification of the LEOPARD code to accom-
modate the additional data contained in the ENDF/B-IV library.

verification of the ENDF/B-IV library included simulations
of critical experiments, comparisons with established benchmark
codes such as the HAMMER code, and modeling of the depletion of
fissile fuel in pressurized water reactor fuel. Table shows
some important microscopic cross sections obtained by the LEOPARD
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code with its two libraries and the HAMMER code. The disagree-
ment between HAMMER and LEOPARD results with the old library is
not present for the ENDF/B-IV library. This is expected because,
as mentioned earlier, the HAMMER code also uses ENDF/B-IV as its
data base. The disagreement on the macroscopic level between
HAMMER and LEOPARD results has not been completely eliminated, as
seen in Table 'L. In fact, for some parameters the old library's
values are closet to those of HAMMER than are the new 1 'ibrary's,
The serious discrepancies, such as the fast fission cross sec-
tion, have been reduced by the use of the LEOPARD ENDF/B-IV li-
brary.

Table 1. Comparison of Some HAMMER and LEOPARD
microscopic Cross Sections for MTR-Type Fuel

LEOPARD

Ele- Cross HAMMER old library ENDF/B-IV library
ment Section

value % diff. value % diff.

160 0 1.16-2 34.4-2 +3124. 1.14-2 -1.72al
27 Al 0 1.08-2 2.80-2 159. 0.997-2 -7.69a3
271A1 0 6.80-3 9.74-3 +47.24 6.36-3 -6.18al
27 'Al 0 3.06-3 3.50-3 +14.38 3.02-3 -1.31a2

235U Vo 3.07 3.12 +1.63 3.39 +10.42fl
2 3 5TJ 0 39.3 37.0 -5.85 3 9 7 +1.02a3
235U 63.9 59.3 -7.20 63.6 -0.47

%)of3 11 I 11 I

1.16-2 represents 1.16x10_ 2

Although the ENDF/B-IV LEOPARD library does not provide per-
fect agreement with benchmark codes, it can be used with more
confidence than the old data set. Differences between LEOPARD
calculated results and those of either benchmark codes or experi-
ment can now be attributed prirnarilv to LEOPAR D's methodology rather
than its data base.

Analysis and Comparison with Experiment

HEU/LEU Single Element Exchange
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Table 2 Comparison of HAMMER and LEOPARD
Two-Group Macroscopic Constants for

MTR-Type Fuel

LEOPARD

Parameter HAMMER old library ENDF/B-IV library

value % diff. value f.

HEU

k 1.76447 1.76302 -0.03 1.76610 +0.00co

3.6736 3.8063 +3.61 3.8311 +4.20

3.8131-3 3.8860-3 +1.04 3.7620-3 -1.34al

Zf1 2.1050-3 2.0138-3 -8.20 2.1608-3 -1.10

2a2 0.10832 0.11312 +4.43 0.11370 +5.05

Zf2 8.1130-2 8.4828-2 +4.56 8.5249-2 +5.08

LEU

k 1.65980 1.66196 +0.13 1.66368 +0.2300

�,/�2 4.6196 4.7911 +3.71 4.8317 +4.59

Zal 6.9685-3 6.9712-3 +0.04 6.8765-3 -1.32

Zf1 2.7718-3 2.5600-3 -7.64 2.7390-3 -1.18

Za2 0.12643 0.13252 +4.82 0.13327 +5.41

Zf2 0.0953 0.10063 +5.04 0.10111 +5.54

3.8131-3 represents 38131x10-3

In order to examine some of the performance differences of
the LEU and HEU elements as well as to provide additional oppor-
tunity for analytical methods verification, an experiment was
performed on September 15, 1981. The experiment consisted of the
substitution of a fresh LEU fuel element for a fresh HEU element
in an euilibrium HEU FNR core. The substitution was first made
at the center of the core. Then, after returning the core to its
original configuration, the exchange was repeated at the edge of
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the core. After each substitution the relative reactivity of the
LEU element was measured.

The reactivity of the exchange at the center of the core was
determined from the resulting positive period. At the edge, the
effect of the change was so small, however, that the period was
too long to accurately measure. Thus, in this case, the reac-
tivity effect was deduced from the change in the critical posi-
tion of the regulating rod. The configuration of-the HEU core is
shown in Figure 1. The center position is marked 37; the edge
position is 40. The results of the experiment are summarized in
Table 3.

Table 3 Reactivity Effect of
HEU/LEU Exchange

Ak/k W

Location of Exchange Analytic
Experiment

2DB-UM PERTV

Center (37) -0.1176 -0.1301 -0.1105

Edge (40) +0.011 +0.0036 +0.010

The HEU core and its three variations (LEU in the center,
HEU on the edge, and LEU on the edge) were simulated by the 2DB-
UM code. In the calculations each fuel element was approximated
by an 8x8 mesh. From the calculated eigenvalues, reactivity ef-
fects of the two exchanges were determined. These values are
presented in Table 3 as are those calculated by the PERTV code
which uses-forward and adjoint fluxes from the 2DB-UM code to
calculate.changes in eigenvalue. For the center exchange, where
the reactivity effect is large, both analytical methods provide
satisfactory results. On the other hand, the perturbation tech-
nique simulated the edge exchange much better than did the 2DB-UM
code. This is because the small reactivity effect strains the
eigenvalue convergence criteria in the 2DB-UM code.

The differences between the two elements are less apparent
on the edge of the core than at the center simply because of the
lower flux in that region. The reason why the LEU element is
less reactive than the HEU at the center of the core but more
reactive-at the edge is more subtle. Infinite medium calcula-
tions shed some light on this phenomenon. in particular, the LEU
element is less reactive in an infinite medium (k.(LEU <
kc,(HEU)) but for a finite core, the LEU fuel is more reactive
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Heavy Water Tank

75 65 55 45 35 25 15 5

76 66 56 146 36 26 16 6
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77 67 57 47 37 27 17 7

78 68 58 48 38 28 is 8

79 69 59 49 39 29 19 9

edge
70 60 50 40 30 20 lo

Regular Empty Special
Element Location Element

Figure 1. Core Configuration for Single-Element
Exchange Experiments
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(k (LEU) > k (HEU)), as predicted by the 2DB -UM code. This
is e;� so seen b9f �omparing the migration area, M2, for the two
fuels from the LEOPARD code, in that M2 (LEU < M2 (HEU), in-
dicating the LEU fuel is less "leaky". Therefore, inserting the
LEU fuel in the center of the core, where the leakage is low, is
similar to an infinite medium and hence results in a lower reac-
tivity. On the other hand, inserting it on the edge of the core,
where leakage dominates, the smaller M2 for the LEU fuel causes a
slight reactivity increase.

LEU Critical Loading

The December 1981 loading of the first LEU FNR core provided
another opportunity to verify the ability of the computational
methods to simulate an LEU experiment. The initial critical
loading took two days and was completed at about noon on December
8 after the placement of the 23rd LEU element. Figure 2 shows
the critical configuration, the positions of the three fission
chambers, and, in the upper right corner of each element.loca-
tion, the order of loading. Upon withdrawal of all control rods
except the regulating rod, the reactor experienced a period of
113 seconds, which corresponds to an excess reactivity of 0067%.
If the worth of the regulating rod (measured to be 0383% is
considered, the cold, clean LEU core had an excess reactivity of
0.45%.

The critical loading sequence was simulated twice by the
2DB-UM code using a structure of 36 (6x6) mesh per fuel element.
For each of the two simulations different LEOPARD generated cross
sections were used: one using the old library, the other ENDF/B-
IV. Table 4 presents the eigenvalues obtained from the two cal-
culations. The nominal masses of 111U were those considered in
the calculations. The masses labeled "actual" were calculated by
summing up the mass of each loaded element as reported by the
manufacturer.

The 23 element core was found to be slightly super-critical
in the 2DB-UM calculation using the ENDF/B-IV cross sections but
slightly sub-critical with the old library. The core simulated
by the 2DB-UM Code is one with all rods withdrawn. The measured
critical mass was for the 23-element LEU core with the regulating
rod fully inserted. The analytical and experimental results can
be compared by examining (1) the multiplication constant and 2)
the estimated critical mass. The LEU core with all rods
withdrawn was estimated from experimental results to have a
multiplication constant of 10045. This compares with the 2DB-UM
values of 10025 (ENDF/B-IV) and 09985 (old library). From the
mass of 3512.82 g for the super-critical core and the excess
reactivity a critical mass of 3436 g 235U is estimated. The
values estimated from the 2DB-UM code are 3471 g and 3545 g for
the ENDF/B-IV and old libraries, respectively. The better agree-
ment provided by the ENDF/B-IV library adds further support for
the new LEOPARD library.
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Figure 2 LEU Critical Loading Configuration at
the FNR, December 8, 1981
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Table 4 LEU Critical Loading

235 U mass (g) 2DB-UM calculated k
Number of

LEU Elements ENDF/B-IV
actual nominal old library library

21 3117.20 3178.7 0.9792 0.9835

22 3344.85 3346.0 0.9888 0.9926

23 3512.82 3513.3 0.9985 1.0025
1

235nominal elemental U masses
regular: 167.3 g
special: 83.65 g

Control Rod Worth Calculations

Among the many reactivity-related parameters measured for
the LEU configurations at the FNR during the past year, our
simulation effort to date has been limited to the shim rod worth
data. The rod worth calculations used a combination of transport
and diffusion theory codes as outlined above. In Table 5, the
calculated reactivity worths of shim rods are compared with the
full-rod worth measurements taken for the December 1981 LEU core.
In a similar comparison for the February 1982 LEU core presented
in Table 6 full-rod worths are estimated from the measured half-
rod worths. Based on the full- and half-rod worths data obtained
for the December 1981 LEU configurations, a multiplication factor
of 193 is chosen to convert the half-rod worths to full-rod
worths.

Table 5. Shim Rod Worth'Comparison
December, 1981 LEU Core with 27 Fuel Elements

Reactivity worth (%Ak/k)
Rod Relative error 

Measured Calculated

A 2.22 2.28 2.7
B 2.32 2.65 14.1
C 2.28 2.25 -1.6
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Table 6 Shim Rod Worth Comparison
February, 1982 LEU Core with 30 Fuel Elements

Reactivity worth (%6k/k'j

Rod Measured Relative error (%)

Half-rod Full-rod* Calculated

A 1.37 2.64 2.76 4.5
B 1.16 2.24 2.47 10.3
C 1.08 2.08 2.11 1.4

Estimated as 193 times measured half-rod worth

The comparisons given in Tables and 6 indicate that the
reactivity worths for shim rod are significantly overpredicted
by our calculations, while those for rods A and C are in
reasonable agreement with the measured worths. This discrepancy
for rod may be associated with inaccurate flux distributions
calculated for the LEU configurations, and is under further study
in conjunction with the flux distribution calculations discussed
below.

Thermal Flux Maps

Since the thermal neutron flux both in the core and reflec-
tor regions plays an important role in the use of the FNR as a
research reactor, emphasis has been placed on determination of
the thermal flux distribution both for LEU and HEU core con-
figurations. Based on the favorable comparisons noted in early
simulations' of the rhodium self-powered neutron detector (SPND)
and iron wire activation data, all of the thermal flux mappings
for the LEU configurations were performed with the SPND. Subse-
quent analysis and simulation of the SPND data, however, indi-
cated considerable discrepancy between the calculated flux dis-
tributions and the SPND data. This is in part due to resetting
of the reference vertical position for the SPND. To resolve this
discrepancy between the calculated results and SPND maps, both
iron and rhodium wire activations were performed for an HEU core
configuration in October, 1982. We performed simulation of the
recent HEU data as well as that of an LEU configuration of April
16, 1982 and of the HEU configuration of September 27, 1979
analyzed in Ref. 5.

For the purpose of our comparison here, the thermal flux
calculated through the 2DB-UM code, with a thermal cutoff of
0.625' eV, is assumed to correspond to the integrated neutron flux
below the cadmium cutoff. The 2DB-UM calculations were performed
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through the steps outlined above, with 6x6 meshes per fuel ele-
ment. Comparisons between the calculated thermal flux distribu-
tions and the SPND data are shown for the September 1979 HEU and
April 1982 LEU cores in Figure 3 and 4 respectively. Data are
given for all of the core locations where measurements were made,
and also for four locations in the D 20 tank on the north side of
the core and four locations in the H reflector on the south
side of the core. The fluxes are normalized so that the sum of
the measured and calculated fluxes within the core are the same.
The agreement between calculation and measurement is generally
good in the core, with some underprediction of the thermal flux
peaking in the water hole in the special fuel elements A large
underprediction is noted, however, in the 2DB-UM simulation of
the SPND data in the heavy water region.

Figure compares the thermal flux distributions on a north-
south traverse through the center of the 1979 HEU core. In addi-
tion to the rhodium SPND data, iron wire activation data are also
included in Figure 5, with the fluxes normalized at L-37.
Similarly, Figure 6 compares the SPND data and 2DB-UM results for
an east-west traverse through the center of the 1979 HEU core.
Figure indicates a good agreement between the iron wire data
and the 2DB-UM results, both of which are substantially lower
than the SPND measurements in the heavy water. Flux traverses
for the April 1982 LEU core are compared in Figures 7 and 8, with
a similar discrepancy between the 2DB-UM results and SPND data in
the heavy water region. To understand this discrepancy, we com-
pare in Figure 9 the 2DB-UM results with the iron and rhodium
wire activation data and the rhodium SPNI) data obtained for the
October 1982 HEU core. Figure 9 indicates that the 2DB-UM cal-
culations are in reasonable agreement with the wire activation
data, while a substantially higher thermal flux is obtained from
the SPND data.

The large discrepancy between the thermal flux distributions
obtained with the SPND, and the corresponding wire activation
data and 2DB-UM calculations is currently under investigation.
It appears that several factors may have to be accounted for
before this discrepancy can be resolved. One factor that has not
been considered explicitly in the 2DB-UM calculation is the ef-
fect of the aluminum and H 0 that surround the detector when
measurements are made in tie D tank. The measurements are made
in aluminum tubes that are filled with H 0 that penetrate the D 0
tank. The water in the tubes tends to iKrease the thermal fu3
that the detector would see. Another factor that needs to be
taken into account is the difference between the thermal neutron
spectrum in the core and that in the D tank. The spectrum is
softer in the D tank, which increasei the effective absorption
cross section oi the detector, yielding a larger detector current
there.'

The thermal flux depression is expected to be large in the
rhodium SPND because of the large resonance in rhodium at 12 eV
and also because of the Inconel paddle that the detector is-
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Figure 5. Termal Flux Profiles along the North-South Traverse,
September 27, 1979, HEU Core
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Figure 6 Thermal Flux Profiles along the East-West Traverse,
Septenber 27, 1979, HEU Core
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Figure 7 Thermal Flux Profiles along the North-South Traverse,
April 16, 1982, LEU Core
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Figure 8. Thermal Flux Profiles along the East-West Traverse,
April 16, 1982 LEU Core
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Figure 9 Thermal Flux Profiles along the North-South Traverse,
October 6 1982, HEU Core
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7mounted on. As indicated by Jaschik and Seifritz the flux
depression for an SPND in D 0 is expected to be smaller than in
the core and in the light wter reflector, which would yield, on
a relative basis, a larger signal in the heavy water tank. Under
investigation also is the possible effect of the difference be-
tween the actual detector configuration, characteristic of an
SPND, and the simple wire geometry.

In addition, as part of our investigation to understand the
uncertainties associated with the calculated flux distributions,
efforts are also underway to study the sensitivity of the 2DB-UM
results to different methods in generating few-group cross sec-
tions, especially the slowing down cross sections, in the D20
region and the water hole in the special fuel elements.

Finally, to gain some understanding of the difference in
thermal flux distribution between the LEU and HEU configurations,
we compare in Figure 10 the calculated flux distribution for the
April 1982 LEU core with that for the October 1982 HEU core. The
two core configurations considered here are by no means identical
but rather similar along the north-south traverse compared in
Figure 10. We note from Figure 10 that the thermal flux dis-
tribution is lower in the LEU configuration with the increased
fuel loading and the corresponding increase in the thermal ab-
sorption cross section. The decrease in the thermal flux in the
LEU configuration is much smaller in the reflector regions than
in the core region. This is because the decrease in the fast
flux is relatively small and the thermal flux distributions in
the reflector regions is primarily influenced by fast neutrons
leaking from the core into the reflectors. These observations
are in agreement with the predictions presented both for the
batch and equilibrium core configurations in Reference .

Summary and Conclusions

This paper has summarized the current status of the effort
to analyze the FNR HEU`/LEU cores and to compare the calculated
results with measurements. In general, calculated predictions of
experimental results are quite good, especially for global
parameters such as reactivity, as seen in the single HEU/LEU ele-
ment substitution experiment and the LEU full core critical load-
ing. Shim rod worths are predicted well for two of the rods but
too high for a third rod possibly due to inaccurate thermal flux
distribution calculation. The calculated thermal flux maps show
excellent agreement with experiment throughout the FNR core. In
the heavy water tank, however, experimental values for the ther-
mal flux obtained by different methods are inconsistent among
themselves as well as with the calculated finding. Work is
under.way to use our computational tools to correct the discrepan-
cies between the various measurement techniques and to improve
the computational results for flux distribution and the rod worth
experiment.

Although uncertainties exist in our analysis, as evidenced
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by the discrepancies mentioned above, we consider our present
calculational package to be a useful, reasonably accurate, and
efficient system for performing analyses of MTR LEU/HEU core con-
figurations.
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Comparison of Calculated Quantities with Measured Quantities
for the LEU-Fueled Ford Nuclear Reactor

M. M. Bretscher and J. L. Snelgrove

Argonne National Laboratory

I. Introduction

The Ford Nuclear Reactor (FNR) went critical on December 8, 1981 with 23
LEU fuel elements. Five of these 23 elements were fabricated by ERCA and the
others by NUKEM. Since that time a substantial data base of experimental
results for LEU cores has been accumulated by the University of Michigan FNR
staff. This paper compares some of the experimental data with analytical cal-
culations based, for the most part, on three-dimensional diffusion theory.
The critical configuration, control rod worths, axial rhodium reaction rate
profiles and thermal flux distributions have been calculated and compared with
measurements.

II. Critical Configuration

Figure shows the FNR critical configuration with 23 fresh LEU fuel
elements. The 18 plate standard FNR LEU fuel elements were fabricated by
NUKEM and CERCA and contain about 167 g 235U per element. Control elements
contain 9 fuel plates. For this critical assembly the 23SU mass was
3512.82 g. With the shim safety rods (A, and C) fully withdrawn and the
control rod fully inserted, the excess reactivity was measured to be 0067%.
The worth of the hollow stainless steel control rod was found to be 0383%
so that the excess reactivity of the cold, clean LEU core was about 045%.

Five-group cross sections, based on the ENDF/B Version IV data base,
were generated for each reactor region by the EPRI-CELL code (1). These
multigroup cross section generation methods are described in the Guidebook
(2). Table I shows the energy structure of the standard five-group set.

Using these cross sections, two- and three-dimensional diffusion calcu-
lations were performed to evaluate the eigenvalue for the 23-element, cold,
clean LEU core. For these calculations all rods are withdrawn and each fuel
element is represented by three regions -- a fuel region sandwiched between
two si de plate regions. Effects from the vertical H20-filled tubes which
penetrate.part way into the D20 tank and from neutron leakage through
the beam tubes have been ignored in these calculations. Table II summarizes
the eigenvalues calculated from two-and three-dimensional models for both
course and fine mesh structures. The XYZ fine mesh calculation gives an
excess' reactivity of 037%,, somewhat less than the 045% measured value.
Our experience with HEU cores has been to slightly overpredict the eigen-
value, but for this LEU core we have underpredicted keff,
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III. Shim Safety Rod Worths

The FNR shim safety rods are made from borated stainless steel contain-
ing 1.5 w/o natural boron. Each of the solid rods has a 3470 cm x 5668 cm
cross section with rounded ends having a radius of curvature of 1099 cm.
They are described in Ref 3.

To calculate the rod worths, group-dependent internal boundary condi-
tions (defined as current-to-flux ratios) were applied at the surface of the
absorber in diffusion calculations. These boundary conditions were evaluated
from Pl S8 transport theory calculations.

Cross sections for the outer, middle and inner regions of the rod were
generated by the EPRI-CELL code in cylindrical geometry. Since the rod is
essentially black to thermal neutrons, the outer radius of the cylindrical rod
was chosen so as to preserve the surface area of the actual rod. The outer
region of the rod was mm thick and the middle layer 3 mm thick.

Current-to-flux ratios were evaluated in the Pl S8 approximation using
both one-dimensional cylindrical and two-dimensional XY geometries. For each
model the surface area of the shim safety rod was preserved and for the XY
geometry the volume was also held constant. In both cases internal boundary
conditions were evaluated at the surface of the borated steel rod. The
ONEDANT 4 transport code was used for the one-dimensional problem and
TWOTRAN-II (5) for the XY geometry. Average boundary conditions were
obtained by perimeter weighting of the TWOTRAN point current-to-flux ratios.
The results of these calculations are summarized in Table III. Because of
modeling deficiencies, the ONEDANT internal boundary conditions tend to be
too large and the TWOTRAN values somewhat small.

Control rod worths were measured in a 27-element and a 30-element LEU
core. These two core configurations are illustrated in Figs. 2a and 2b. For
each of the configurations the worths of the shim safety rods were evaluated in
two dimensional XY calculations using the internal boundary conditions given
in Table III. The results are summarized in Table IV where the calculated-to-
experiment E) worth ratios are shown for each of the shim safety rods.
Doubling the number of mesh intervals in the core would increase these C/E
ratios by about 2. The shim rod worths are reasonably well-calculated for
the 27-element core, but are underpredicted for the 30-element case.

A 3D model of the FNR reactor with 27 fresh LEU fuel elements has been
used to calculate the differential worth of shim safety rod A. For these
calculations each fuel element was again divided into two non-fuel regions,
corresponding to the side plates, and a central fuel region. A 6 x 6 mesh
structure in the XY plane was chosen for most fuel elements. For the con-
trol fuel elements, however, the mesh structure was 7 x 8. Axial mesh
planes were separated by 250 cm in the core region except near the core-
axial reflector interfaces where the spacing was reduced to 0.50 cm. The
shim rods were represented as having a rectangular cross section whose dimen-
sions were chosen so as to preserve the volume and surface area of the actual
borated steel absorber. TWOTRAN internal boundary conditions (see Table III)
were applied at the absorber surface.
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For all these 3D calculations the control rod was assumed to be with-
drawn half way. Shim rods and C were moved as a unit in such a way as to
keep the reactor near critical for each step of withdrawal of shim rod A.
The DIF3D code 6 with internal boundary conditions, was used to calculate
the eigenvalues corresponding to each withdrawal step and these results are
summarized in Table V. The rod position for the fully inserted rod is taken
as 0.0 inches (bottom of core) and 24.12 inches for the fully withdrawn rod.
Figure 3 compares the calculations with the measured differential worth of shim
rod A. Note that the 3D calculation gives a total rod worth which is about
4.5% larger than that found on the basis of the 2 - XY calculation.

IV. Axial Rhodium Reaction Rate Distributions

Axial reaction rate distributions were measured in the FNR with a
rhodium self-powered neutron detector. Fig 4 shows the core configuration
of the 29 LEU fuel elements used during these measurements. A model of
this 29-element FNR reactor was used to calculate axial reaction rate dis-
tributions for the rhodium detector. For these calculations it was assumed
that each of the shim rods was 20.7 inches withdrawn from the bottom of the
core and that the control rod was withdrawn half way. Shim rods were treated
using the same WOTRAN internal boundary conditions as before (Table III).
The fuel element mesh structure discussed earlier was again used in these
DIF3D calculations of the XYZ fluxes from which the rhodium reaction rate
traverses were determined. Reaction rate distributions calculated with and
without equilibrium xenon and samarium were found to be nearly identical.

Measured and.calculated axial rhodium capture rate distributions are
compared in Figs. 5-11 for fuel element positions (FEP) 15, 19, 27, 35, 39,
47 and 37 (see Fig. 4. The curves are normalized at the peak of the dis-
tributions. In general, the measured and calculated distributions agree
quite well, but in all cases the calculations underpredict the peak heights
in the axial reflector regions. These calculated peak heights are very
sensitive to the aluminum-water volume fractions used to describe the various
axial reflectors. To illustrate this, Fig. 12 shows the axial capture rate
distribution in fuel element position 37 (FEP37) where the aluminum end boxes
above and below the fuel plates were explicitly represented in the 3D model.
Comparing this figure with the previous one shows the improved agreement in
the reflector peak regions.

The distribution in the H20 reflector (grid position 40) is shown in
Fig. 13. It is seen that the measured rhodium capture rate distribution in
the light water reflector is broader and shifted with respect to the
calculated one.

For measurements in the heavy water reflector, one inch diameter (I.D.)
vertical tubes penetrate the D20 tank to a depth of eight inches below the
top of the core and are filled with H20. Fig. 14, taken from Ref 7 shows
these tubes entering the top of the D20 tank and also identifies positions X,
S, W and R. Rhodium capture rate distributions at locations X and in the
heavy ater reflector are shown in Figs. 15 and 16' As Fig. 15 shows, the
H20-filled tubes produce additional moderation in the D20 tank, which is the
reason for the discontinuity in the calculated capture rate distribution at
the D20-H20 interface at the bottom of tube X. This effect is not as evident
at position (Fig. 16) because this location is farther from the core. In
the H20 region above the D20 tank the measured capture rate distribution, for
some reason, does not fall off as rapidly as the calculated one.

399



V. Thermal Neutron Flux Distributions

The rhodium self-powered neutron detector (Ref 7 pp.77 ff) was used
to measure thermal neutron flux distributions in the 31-element LEU core.
This core contains 25 standard fuel elements and 6 nine-plate control fuel
elements. Using techniques already described, this core was modeled in XYZ
geometry for diffusion calculations. For these calculations the control rod
was withdrawn half way and the shim safety rods were banked at the 20.7 inch
position. The H20-filled tubes at positions X, S, W and R in the D20 tank
(see Fig. 14) were explicitly represented in the 3D model. These tubes
penetrate the heavy water tank to a depth of inches below the top of the
fuel.

Figure 17 shows the 31-element core configuration and the calculated-to-
experiment (C/E) thermal flux ratios. The calculated thermal fluxes (group )
were normalized to the measured value on the core midplane at grid position
37. In addition, measurements were made at the 14 and 34 core height
positions so that the three numbers in a given grid location (Fig. 17)
correspond to the C/E values at the lower, middle and upper elevations. In
the 3D model these elevations correspond to axial positions for Z = 45, 60 and
75 cm. Because of access limitations,, measurements in the D20 tank were
made only on the Z = 78.26 cm plane. The calculated axial flux distributions
were used to extrapolate the measured values at positions X, W, S and R to the
core midplane and the 34 height position. Measurements in the 20 reflector
were made at four locations in grid position 40 in order to define the thermal
neutron flux peak in the reflector. The measurement at grid position 57 was
in the central water hole of the 9 plate special fuel element. For most
positions the C/E thermal flux ratios are within 10% of unity.

Figure 18 shows the calculated and measured thermal neutron flux distri-
butions in row 7 Flux peaking in the water hole associated with the special
fuel element at grid position 57 and in the H20 reflector regions is clearly
evident. Secondary peaks in the core correspond to the side plate regions
containing Al-H20 mixtures. In general, the agreement between the calcu-

lated and measured fluxes is quite good at both the middle and upper elevations.

Figure 19 shows a North/South traverse through the middle of column 3 and
then is displaced 1.5 inches to the west at the core-D20 tank interface so
as to pass through positions X and in the D20 tank. Note the flux peak-
ing in the upper elevation distribution in the H20-filled tube at position
X (Y = 72.28 cl) in the D20 tank. The effect is much less evident at
position S. No such peaking is seen in the midplane distribution since the
H20-filled tubes do not extend this deep into the D20 tank. Figure 20
shows similar curves with the upper part of the traverses displaced in the
opposite direction so as to pass through positions W and R in the D20
reflector. In general, these distributions are in satisfactory agreement
with the measured values.

In Figs. 17-20 the thermal fluxes are normalized to the experimental
value.on the midplane of position 37 and are ii units of 1013 n/cm2.s at a
power of 2 MW. The 3D diffusion calculation was also done for a 2 MW power
level, but the normalization required multiplying the calculated fluxes by a
factor of 0646. Thus, there is a large disagreement between the measured
and calculated absolute fluxes (C/E = .55). This discrepancy remains to be
resolved. The upper energy boundary of group is 0625 eV whereas the
cadmium cutoff energy is about 0.55 eV. This difference accounts for some of
the discrepancy.
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Table I. Energy Boundaries of Standard Five Group Structure

Gro!jR Upper Energy Bound

1 10.0 MeV

2 0.8208 MeV

3 5.531 keV

4 1.85 eV

5 0.625 eV

Table II. Diffusion Theory Calculations for the FNR LEU
Cold Clean Critical Configuration

Mesh in Standard
Model Fuel Element keff

2D-XY Nx NY = 6 x 6 1.00066

2D-XY Nx NY = 10 x 12 1.00292

3D-XYZ N N = 6 x 6 1.00193

3D-XYZ N N = 10 x 12 1.00371

Measured Value: 1.0045
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Table III. Group-Dependent Internal Boundary Conditions

TWOTRAN-XY ONEDANT-R
Group Eu - eV (-j/0 (-j/0

I 10.00 7 2.8411 - 2 3.5206 - 2

2 8.208 + 5 -8.3937 - 3 -1.2773 - 2

3 5.531 3 7.9673 - 2 1.0147 -

4 1.855 2.4479 - 2.7691 -

5 6.249 - 4.1490 - 4.4703 -

Table IV. Reactivity Worths of the FNR Shim Safety Rods

No. of Fuel Lattice Exp. C/E C/E
Elements Rod Position % AK/K TWOTRAN-XY ONEDANT-R

27 A 46 2.220. 0.989 1.051

27 B 48 2.320 0.974 1.035

27 C 26 2.283 0.947 1.006

30 A 46 2.642 0.991 1.053

30 B 48 2.233 0.943 1.003

30 C 26 2.085 0.915 0.973

These values are taken from the previous paper (J. A. Rathkopf, et al.,
"Analysis of the Ford Nuclear Reactor LEU Core") and are somewhat different
from the copy of this paper made available at the Conference.

11/12/82
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Table V. Calculated FN R Shim Rod A Differential Worth
in 27-Fuel-Element Core

Rod A Rod and C
Position Position AP Total p

Step Inches Inches K-Effective % %

1 24.12 13.04 1.002732 0.000 0.000
(out)

2 19.94 13.04 1.001214 0.151 0.151

3 16.00 13.04 0.997602 0.362 0.513

4 16.00 16.00 1.006252

5 12.06 16.00 1.000362 0.585 1.098

6 8.12 16.00 0.993904 0.650 1.748

7 8.12 20.92 1.002876

8 4.19 20.92 0.998774 0.410 2.158

9 0.00 20.92 0.997358 0.142 2.300
(In)
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Shim A Shim C
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Fig. I NR Initial LEU Critical Configuration (December 8, 1981)
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Heavy Water Tank
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4 
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Fig. 2a NR 27-Element LEU Core for Shim-Safety Rod Worth Measurements
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Heavy Water Tank
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40
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Fig. NR 30-Element LEU Core for Shim-Safety Rod Worth Measurements
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FNR DIFFERENTIAL SHIM ROD A WORTH

FEP46 WITH 27 LEU FUEL ELEMENTS
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Fig. 3
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Heavy Water Tank
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Shim A Shim C
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68 58 48 38 28 18

C-Rod

69 59 49 39 29 19
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H20

Fig. 4 NR 29-Element LEU Cote for Rhodium Reaction Rate Axial
Distribution Measurements
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RH AXIAL CAPTURE RATE DISTRIBUTIONS

FEP15 IN FNR WITH 29 LEU FUEL ELEMENTS
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RH AXIAL CAPTURE RATE DISTRIBUTIONS

FEP19 IN�FNR WITH 29 LEU FUEL ELEMENTS
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RH AXIAL CAPTURE RATE DISTRIBUTIONS

FEP27 IN FNR WI TH 29 LEU FUEL ELEMENTS
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Fig. 7
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RH AXIAL CAPTURE RATE DISTRIBUTIONS

FEP35 I N FNR WI TH 29 LEU FUEL ELEMENTS
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RH AXIAL CAPTURE RATE DISTRIBUTIONS

FEP39 I N FNR WI TH 29 LEU FUEL ELEMENTS
C;

�4

E-4

cj 

CALCULATED
MEASURED

0.0 20.0 40.0 60.0 8�.o' 100.0

AXIAL POSITION (cm)

Fig. 9

414



RH AX I AL CAPTURE R ATE DISTRIBUTIONS

FEP47 IN FNR WITH 29 LEU FUEL ELEMENTS
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RH AXIAL CAPTURE RATE DISTRIBUTIONS

FEP37 I N FNR WI TH 29 LEU FUEL ELEMENTS
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RH AXIAL CAPTURE RATE DISTRIBUTIONS
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RH AXIAL CAPTURE RATE DISTRIBUTIONS

H2OP40-3 FNR WITH 29 LEU FUEL ELEMENTS
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Fig. 14
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RH AXIAL CAPTURE RATE DISTRIBUTION
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RH AXIAL CAPTURE RATE DISTRIBUriON

POSITION IN D20 REFLECTOR TANK
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THERMAL FLUX DISTRIBUTION IN ROW 7
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THERMAL FLUX DISTRIBUTION IN COLUMN 3
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THERMAL FLUX DISTRIBUTION IN COLUMI\ 3
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Introduction

Due to mutual concerns in the USA and Japan about the proliferation

potential of highly-enriched uranium (HEU), a joint study program I was
initiated between Argonne National Laboratory (ANQ and Kyoto University
Research Reactor Institute (KURRI) in 1978. In accordance with the reduced
enrichment for research and test reactor (RERTR) program, the alternatives
were studied for reducing the enrichment of the fuel to be used in the Kyoto

University High Flux Reactor (KUHFR). 2 The KUHFR has a distinct feature in
its core configuration it is a coupled-core. Each annular shaped core is
light-water-moderated and placed within a heavy wat .er reflector with a certain
distance between them. The phase A reports of the joint ANL-KURRI program

independently prepared by two laboratories in February 1979, 3,4 concluded that
the use of medium-enrichment uranium (MEU, 45%) in the KUHFR is feasible,
pending results of the critical experiments in the Kyoto University Critical

Assembly (KUCA) 5 and of the burnup test in the Oak Ridge Research Reactor
6

(ORR).

An application of safety review (Reactor Installation License) for MEU
fuel to be used in the KUCA was submitted to the Japanese Government in March
1980, and a license was issued in August 1980. Subsequently, the application
for 'Authorization before Construction' was submitted and was authorized in
September 1980. Fabrication of MEU fuel -elements for the KUCA experiments by
CERCA in France was started in September 1980, and was completed in March
1981. The critical experiments in the KUCA with MEU fuel were started on a
single-core in May 1981 as a first step. The first critical state of the core
using MEU fuel was achieved at 312 p.m. in May 12, 1981. After that, the
reactivity effects of the outer side-plates containing boron burnable poison
were measured.

At Mich Meeting in Sept., 1981, we presented a paper on critical mass

and reactivity of burnable poison in the MEU core. 7 Since then we carried out

the following experiments: (1) temperature coefficient, 8 (2) flux

distribution, 9 and 3 void coefficient. 9

Due to a minor change of the KUHFR core design, the pitch of fuel plates
was changed f rom. 384 mm to 380 mm. Although 'in the present experiments,
both fuel pitches were seen as shown in Table 1, the 380 mm pitch would be
used thereafter.
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Table 1. Pitch of the fuel plates.

experiment Alich 1981) ANL 1982)

Critical Mass 3.84 mm 3.80 mm

Burnable poison 3.84 mm ---
3.80 mm

Temperature Coefficient --- 3.84 mm

Flux distribution 3.84 mm

Void effect --- 3.84 mm
3.80 mm

Experiments

Core Configuration

Figure I shows the view of the heavy water tank made f rom aluminum f or
the single-core experiments. Figure 2 shows the fuel elements assembled in a
cylindrical f orm, which is installed in the heavy water tank. The annular
shaped core is light-water-moderated and placed within a heavy water

reflector. 10 The core has a cylindrical center island of light water. The
fuel region is divided into two parts by the space for control rods, which are
called the inner and outer fuel regions, respectively. The inner region
consists of 6 fuel elements, while the outer region consists of 12 elements.
Each fuel plate which has some curvature, can be inserted one by one between
aluminum side-plates. Figure 3 illustrates the fuel plate and side-plates.
For the KUCA critical experiments using MEU fuel, the boron loaded side-plates
were fabricated. The plane cross-section of the assembly looks like a
Japanese fan or a kind of cake called Baumkuchen.

The core configuration employed in this work was called C38R(BK D 2 O)MEU

and is illustrated in Figs. 4 and 5. The outer fuel elements were numbered as
OUT-01 or E-01, OUT-02 or EX-01 and so on, while the inner as IN-01, IN-02
and so on. The maximum numbers of fuel plates which can be loaded in the
outer and inner fuel elements are 17 and 15 per element, respectively. The
core was mainly controlled by two rods, namely C2 and C3 rods, because all
safety rods were withdrawn to the upper limit at each operation and C1 rod was
apart from the core. The detectors were arranged around the heavy water tank.
The neutron source was located under the heavy water tank.

Critical Mass

The critical approach of the core, which all side-plates contained no
burnable poison and the pitch between the fuel plates was 380 mm, was
performed by the inverse multiplication method. The critical state of the
C38R(BK D2O)MEU core was achieved with 262 fuel plates of 380 mm pitch. This

number of fuel plates was the same for the 384 mm pitch core illustrated in
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Fig.4. The masses of 235 U and were also 4165.74 g and 9284 g, respectively.
The excess reactivity measured by the positive period was 0077 %Ak/k. Using
the measured mass reactivity coefficient for the fuel plate (0.018

%Ak/k/g- 235 U) , the least critical mass of the core was estimated as 4162
235

9- U or 9276 g-U. These results are listed in Table 2.

Table 2 The results of critical mass.

pitch number U-235 U excess
fuel (mm) of (g) (g) reactivity

plates (%Ak/k)

MEU (44.87%) 3.80 262 4165.74 9284 0.077

MEU (44.87%) 3.84 262 4165.74 9284 0.211

HEU (93.14%) 3.84 276 3524.46 3784 0.468

The change of fuel plate pitch caused a slight change in excess
reactivity, due to spectral hardening.

Neutron Flux Distributions

For the measurement of neutron flux distributions, the activation foil
technique was employed. Gold wires, with and without a cadmium sheath were
activated. Relative neutron flux distributions were obtained for various
positions in the core with and without a void at the center o the reactor.
The values of reflector savings were obtained for a few positions in the core
without the void. The positions of foil irradiations in the C38R(BK D 2O)MEU

core are shown in Figs. and 6 with its configuration. From these figures,
the differences of distributions between two cores are seen at the center
island region and the outer fuel region. In Fig. 5, all fuel elements except
one outer element contain boron burnable poison. An acrylic void tube of 
cm o.d. and 92 cm i.d. is located at the center island. In Fig. 6 one half
of outer fuel elements contain no burnable poison and there is no void at the
center island. Two hundred and ninety four fuel plates are fully loaded in
both cores. The numerical symbols (1 u 11) in Figs. and 6 indicate the
positions where gold wires were set vertically. The alphabetical symbols (a
p) indicate gold wires set horizontally.

Bare gold wires of 0.5 mm diameter were set at all positions. To obtain
thermal-neutron flux distributions, gold wires covered with cadmium sheaths 
0.5 mm thick and mm i.d. ) were set as shown in Fig. 6 The gold wires were
irradiated at approximately W. Each irradiation time was 30 minutes. After
the irradiations, gold wires were cut into small pieces (I 2 cm). The

gamma-rays emitted fom the decay of 198 Au were counted with an automatic
sample changer in which a well-type NaI(Tl) scintillator was installed. The
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weight of each piece of gold wire was measured. The counts measured by the

automatic 'sample changer were corrected with the decay of induced 198 Au
activities to obtain values proportional to the saturated activities. Those
values were normalized by the weights of gold wires and by the reactor power
levels of irradiations. The difference between such values with and without a
cadmium sheath was assumed to represent a relative flux of thermal neutrons.

Horizontal Neutron Flux Distributions

The horizontal neutron flux distributions are shown in Figs. 7 8 9 and
10. These neutron flux distributions were measured in the core with the
acrylic void tube at the center island.

Figures" 7 and show the neutron flux distributions in the fuel region
and in the heavy-water reflector, respectively. In Fig. 7 neutron flux
distributions (j 11, m) measured at the middle height of fuel plates between the
side-plates, have some depressions in the fuel region. The reason is that the
side-plates contained boron burnable poison. In the void region, the f lux
distribution (g) is flat. At the outside of the inner fuel region, the flux
distribution (f) measured on the top of fuel plates was reduced more than that
of (i). It is because there was the lower edge of the safety rod S4 near that
position, though S4 was withdrawn to its upper limit. In Fig. the neutron
flux in heavy-water reflector, measured at 44 mm below the middle height of
fuel plates, has no peak and decreases rather rapidly with the distance from
the center of the core. This phenomenon reflects the facts that there is a
light-water gap of approximately 25 cm thick between the outer fuel region
and the heavy-water tank and 30 cm thick layer of heavy-water is not
sufficient for a neutron reflector.

Figures 9 and 10 show the neutron flux distributions at the middle height
of fuel plates along the inner circular direction of the inner fuel region and
along the outer circular direction of the outer fuel region, respectively. In
Figs. 9 and 10, there are peaks near the side-plate regions, though the
regions contain boron burnable poison.

Vertical neutron flux distributions

The vertical neutron flux distributions in the core with a void at the
center island are shown in Figs. 11, 12 and 13; those for the core without
void in Figs. 14 and 15. Asymmetric features were observed in all of the
vertical distributions. Namely, the neutron flux near the upper edge of fuel
plates was higher than that near the lower edge. The reason was that the
thickness of light- or heavy-water layer was not the same at the upper and
lower site. At the upper site it was much thicker. In addition to that,
there were layers of other materials such as aluminum and stainless-steel at
the lower site. These materials are not favorable for the reflection of
neutrons. In fact, neutrons are strongly absorbed in te stainless-steel
layer.

Figure 11 shows the neutron flux distribution in the heavy-water
reflector. The irregular points near the peak in Fig. 11 might be caused by
the horizontal aluminum pipe installed in the bea�ry-water tank for the
measurement of neutron flux distributions.
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Figure 12 shows the neutron flux distributions in the inner fuel region
(between IN(B)-05 and 06) and outer fuel region (between EX-01 and 02,
OUT-07 and EX-08). In Fig. 12, the neutron flux 7 in the inner fuel region
is larger than those of 6 and (8) in the outer fuel region. The difference
between 6 and (8) in te outer fuel region was caused by the OUT-07 element
which contains no boron burnable poison.

Figure 13 shows the neutron flux distributions in the center island,
inner fuel region (IN(B)-06) and outer fuel region (EX-01, OUT-07). Figure 14
shows the neutron flux distributions in the center island, outer fuel region
(OUT-11) and heavy-water reflector. In Figs. 13 and 14, the neutron flux in
the center island is distinctly higher than the others for either core with
and without a void.

The thermal neutron flux distributions are shown in Fig. 15 in the center
island, outer fuel region (OUT-11) and heavy-water reflector.

Reflector savings

Neutron flux distributions measured with cadmium sheath were fitted by
the least square technique to a cosine curve and reflector savings were
obtained as follows:

Y=Acos (B(x-C)),

where

A, B, C : constants for a cosine fit,
y neutron flux,
x distance from the surface of grid plate (cm).

As the length of the fuel meat was 60 cm, the axial reflector savings (cm)
was obtained from the following equation,

Tr6=(- - 60)/2.
B

These results are listed in Table 3 Table 3 shows that the extrapolation
distance in the heavy-water reflector is larger than those in the fuel and the
center island of light-water, while the center position of the flux
distribution, C, is same in all regions.

430



Table 3 Axial reflector saving and extrapolation distance.

A B C 6
(n/sec-cm 2 (1/cm) (cm) (cm)

heavy water reflector 0.27 3.949xlO-2 40.4 9.8+0.3

outer fuel region 1.01 4.158xlO -2 40.2 7.8+0.1

center region -2
of light water 1.01 4.119x1O 40.0 8.1+0.1

Temperature Coefficients

The temperature reactivity coefficients were measured for two core
configurations. One had an acrylic void pipe at the center island of light
water and the other had no such a void. The outer diameter of the acrylic
void pipe was 100 mm and the inner diameter was 92 mm. In advance of the
measurements, 294 fuel plates were fully loaded in the core. The criticality
was adjusted by the number of side-plates containing burnable poison. All of
the inner and one half of the outer fuel elements contained poison, while, in
the core with the acrylic void pipe, all the fuel elements except only one
outer element contained burnable poison. The temperature of light and heavy
water were raised simultaneously by the electric heater installed in both
region and was adjusted to be the same in both regions. The temperatures of
several locations in the core were monitored by the thermocouples set there.
The excess reactivities of the core at seven temperatures from 20 C to 70 C
were measured by the positive period method and the temperature coefficients
of the core were obtained. In Fig. 16, the temperature reactivity
coefficients are shown.

For the core without void, the temperature coefficient was positive
beyond 70 C while it changed sign from positive to negative at approximately
33 C for the core with acrylic void pipe at the center island of light water.
Two curves of the temperature coefficients were almost parallel to each other
and both curves tended to be linear beyond 35 'C. The difference between the

two was approximately 9 x 10-5 Ak/k/0C.

Reactivity Effects of Void

The reactivity effects of a void were measured by two different methods.
The one was that aluminum pipe was employed to simulate the void in the 384
mm pitch core% The other was that a N 2 gas bubbling was employed in the 380
mm pitch core.

The reactivity effects of a void, simulated by aluminum pipe, were
measured at four locations in the 384 mm pitch core, 294 full loaded. The
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locations were (1) the middle of the cylindrical center island of light water,
(2) the space for control rods, 3 the light water gap between the heavy
water tank and the outer fuel region and 4 the middle of the heavy water
reflector. Aluminum void pipes of several diameters were employed to simulate
the void. The excess reactivity was measured before and after pouring light
or heavy water into the pipe by the positive period method. The difference
between two reactivities before and after the injection corresponded to the
effects of the voids.

The reactivity effects of voids measured at four locations using aluminum
pipes are tabulated in Table 4 In the control rod space and at the middle of
the heavy water reflector, the reactivity effects of voids were negative.
While they were positive at the other locations. The void coefficient was

estimated as approximately I x 10-5 Ak/k/cm 3 at the middle of the center

island of light water, -5 x 10-6 Ak/k/cm3 at the space for control rods, 2 x

10-6 Ak/k/cm3 at the light water gap region between the outer fuel region and

the heavy water tank and 2 x 10-7 Ak/k/cm 3 at the middle of the heavy water
reflector, respectively.

Table 4 Reactivity Effects of Aluminum Void Pipes.

outer diameter inner diameter void reactivity

locations in the core cm cm ( %Ak/k

1.0 0.7 0.0249

2.5 1.9 0.171

middle of the center 2.5 2.1 0.212

island of light water 2.5 2.2 0.231

2.5 2.3 0.245

4.0 3.38 0.538

space for control rods 1.0 0.7 -0.0109

light water gap between 1.0 0.7 0.0042
the outer fuel region
and the heavy water tank 2.5 2.3 0.0632

3.5 2.9 -0.0096

middle of the 6.5 5.5 -0.0303

heavy water reflector 9.0 8.4 -0.0781
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The experiment of reactivity effects of void, simulated by N 2 bubbling,

consisted of an in-pile experiment on reactivity measurement and an
out-of-pile calibration on void fraction. The reactivity effects of void were
measured at six locations in the 38 mm pitch core, and measured in two
different cores, with and without burnable poison. The voids were produced in
the fuel elements by bubbling N 2 gas through a small needle-like nozzle which

was placed at the bottom of a fuel plate. Figures 17 and 18 show the core
configurations. The differences between the cores shown in Figs. 17 and 
are seen at the inner and outer fuel regions. In Fig. 17, strainless steel
tubes at the space for control rods between IN-02 and EX-07, 08 were utilized
for adjusting the excess reactivity of this core. In these cores,
measurements of reactivity as a function of N 2 gas flow rate were made in the

two fuel elements, IN-02, EX-04 (or IN(B)-02, EX(B)-04). The position of the
N2 gas outlet nozzle is shown in Fig. 19. With and without the N 2 gas

flowing, the excess reactivity was measured by the positive period method.
The difference between the two measurements gives the reactivity for each N 2

gas f low rate. The relation between f low rate and void ratio is now being
measured by an out-of-pile experiment.

The results f or various f low rates are shown in Figs. 20 and 21 and in
Tables and 6 where the space dependency of void coef f icient is clearly
observed. It is explained by the change of neutron spectra in the measured
locations. The location close to the moderator region, has a sof t neutron
spectrum; the other has a hard neutron spectrum. The dif f erence in void
coefficient by burnable poison is also observed.

The comparison between experiments and calculation will be done in
separate papers. The critical experiments with MEU fuel on a coupled core,
including measurement of dynamic parameter, will be follow as mock-up
experiments for the KUHFR.
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Table 5. Void reactivity for the flow rate in C38R(BK D 2 O)MEU
core without burnable poison.

IN-02 (without burnable poison) EX-01 (without burnable poison)

position flow rate reactivity position flow rate reactivity

(1/hr) (XIO-3 %Ak/k) (1/hr) (X10-3 %Ak/k)

50.1 - 0.52 50.0 - 356
inner 100.1 - 1.50 inner 100.0 - 663
flow 200.2 - 2.48 flow 199.9 -11.15
channel 300.3 - 3.54 channel 299.9 -15.10
(No.A) 400.5 - 4.30 (No.D) 399.8 -18.44

50.1 - 8.04 49.9 - 923
middle 100.2 -14.13 middle 99.8 -13.57
flow 200.3 -21.77 flow 199.6 -19.78
channel 300.4 -26.59 channel 299.4 -25.31
(No.B) 400.6 -31.23 (No.E) 399.1 -30.99

50.0 - 493 49.9 - 242
outer 99.9 - 918 outer 99.9 - 569
flow 199.8 -14.51 flow 199.7 - 747
channel 299.8 -20.22 channel 299.5 - 829
(No.C) 399.7 -23.03 (No.F) 399.3 -10.56

Table 6 Void reactivity for the flow rate in C38R(BK D 2 O)MEU
core with burnable poison.

INW-02 (with burnable poison) EX(B)-Ol (with burnable poison)

position flow rate reactivity position flow rate reactivity
3 3

(1/hr) (XIO %k/k) (1/hr) (X10 %Ak/k)

50.6 - 0.36 50.4 - 349
inner 100.7 - 1.85 inner 100.8 - 643
flow 201.5 - 1.21 flow 201.5 - 797
channel 302.2 - 2.30 channel 302.3 -12.34
(No.A) 402.9 - 3.14 (No.D) 403.0 -14.09

50.4 - 6.97 50.4 - 398
middle 100.7 -11.66 middle 100.7 - 779
flow 201.5 -17.08 flow 201.4 -12.87
channel 302.5 -22.36 channel 302.1 -18.04
(No.B) 402.9 -25.42 (No.E) 402.8 -22.79

50.3 - 523 50.4 - 358
outer 100.7 - 836 outer 100.7 - 320
flow 201.4 -12.79 flow 201.4 - 736
channel 302.1 -16.04 channel 302.2 - 986
(No.C) 402.9 -19.10 (No.F) 403.0 -10.56
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Fig. 1. View of the heavy water tank for a single-core.
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Fig. 2 View of the assembled fuel elements.
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Fig. 3 Illustration of the fuel plate and side-plates.
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IN-01 - IN-06 :Inner fuel elements (containing no burnable-poison)
EX-01 - EX-12 :Outer fuel elements (containing no burnable-poison)
C1 - C3 :Control rods
S - S6 :Safety rods
FC - FC3 :Fission chambers
UIC - IC6 :Uncompensated ionization chambers

EX-01 - EX-12 contain 17 fuel plates.
IN-01,-02,-05,-06 contain 10 fuel plates.
IN-03 - IN-04 contains 9 fuel plates.

Total 262 plates

Fig. 4 C38R(BK D 2O)MEU core configuration using the side-plates
with 38 mm pitch.
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for the measurement of void reactivity effects.
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Introduction

The joint ANL-KURRI programi was iitiated in 1978 for reducing the
enrichment of the fuel to be used in the KUHFR.2 The KUHFR has a distinct
feature in its core configuration, namely a coupled-core. The core consists of
two annular shaped modules that are light-water moderated and placed within a
heavy-water reflector with a specified distance between them. The phase A
reports of the joint ANL-KURRI program, independently prepared by the two
laboratories in February 1979,394 concluded that MEU fuel is feasible for the
KUHFR.

In accordance with an ANL-KURRI joint study concerning the RERTR program,
the critical experiments using MEU fuel in the KUCA5 were started in May 1982.
Thereafter, the KA experiments have been providing valuable data with regard
to the RERTR Program. 798

This paper provides some preliminary results on the anlaysis of the KUCA
critical experiments using the ANL code system. Since this system was employed
in the earlier neutronics calculations for the KUHFR, it is important to assess
its capabilities for the KUHFR. The KUHFR has a unique core configuration
which is difficult to model precisely with current diffusion theory codes.
The KUCA core employed in this series of critical experiments was similar to
that of the KUHFR, although it was not a coupled core (single core). Even for
this simpler KUCA core, it is still difficult to model the geometry precisely
with a finite-difference diffusion code.

This paper also provides some results from a finite-element diffusion code
(2D-FEM-KUR),900 which was veloped in a cooperative research program between
KURRI and JAERI. This code provides the capability for mockup of a complex
core configuration as the KUHFR. Using the same group constants generated by
the EPRI-CELL code,11 the results of the 2D-FEN-KUR code are compared with
the finite difference diffusion code (DIF3D(2D))12 which is mainly employed
in this analysis.
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Description of the ANL Code System

Microscopic broad-group cross-section data at ANL is enerated using the
EPRI-CELL code. This code combines a heterogeneous P1 GW3 type treatment
for the epithermalMectra and resonances and a heterogeneous integral-transport
treatment (THERMOS for the thermal range. The epithermal treatment
includes (1) an interpolation over tabulated groupwise-resonance integrals as a
function of temperature and potential scattering for the resonance self-shielding,
(2) resonance overlap corrections, 3 an optional buckling search, and 4)
many other refinements. The code also provides a cell depletion calculation
based on the CINDER code for each of the THERMOS space points in a depletable
zone. Cell-averaged cross-section data at preselected times in the depletion
history can be obtained in either a 2 3 4 or group structure. A flow
diagram for the EPRI-CELL code is shown in Fig. 

The EPRI-CELL libraries at ANL are based mostly on ENDF/B-IV data. The
68 group epithermal, GAM, library is generated using MC2-215 and the integral
transport RABANL option for the resonance self-shielding parameters. The
35-group thermal, THERMOS, library is generated using the AX16 or NJOY
codes with an S.,� treatment for hydrogen and deuterium.

The neutronics calculations are performed using the DIF3D code. This code has
the capability for 1-D through 3-D diffusion theory calculations for several
geometries based on the finite-difference method.

Description of KUCA Fuel Assemblies

In this study, experimental results of critical mass for HEU and MEU cores
and the boron burnable-poison effects were analyzed.

The specifications of HEU and MEU fuel plates are tabulated in Tables 
and 2 An illustration of the fuel plates and side-plates is shown in Fig. 2.
The HEU fuel plates were fabricated in Japan by Nuclear Fuel Industries, and
the MEU fuel plates were fabricated in France by CERCA. Each fuel plate can be
inserted one by one between aluminum side-plates. For MEU fuels, special side-
plates containing boron burnable-poison were also fabricated (see Fig. 2.

Figure 3 shows the heavy water tank which is employed in the single core
KUCA experiments. Figure 4 shows a view of the assembled fuel elements. This
assembly is then installed in the center of the heavy-water tank and filled
with light water. A typical core configuration is shown in Fig. 5.

The Generation of Group Constants

The single core employed in the KUCA critical experiments was divided into
10 regions for the MEU core and into 11 regions for the HEU core. For the MEU
core, these regions are (1) the inner and 2) the outer fuel regions, 3 the inner
and 4) the outer side-plate regions, (5) the light-water region in the center
of core, 6 the control rod region, 7 the outer vessel region between the outer
fuel elements and the heavy-water reflector including the inner wall of the annular
shaped aluminum tank for containing the heavy-water, (8) the heavy-water reflector

450



region, 9 the outer wall region of the aluminum heavy-water tank, and (10) the
light-water reflector region outside of the heavy-water tank. For the EU core,
the inner vessel (11) which separates the fuel from the center island containing
light water was also modeled.

In generating group constants, the EPRI-CELL code with slab geometry was
used for each region. The upper energy boundaries of the five-group structure
used at ANL are as follows: 10 MeV 0821 MeV, 553 KeV, 1855 eV, and 0625
eV.

For the inner (1) and outer 2 fuel regions, the materials between two
side plates were modeled as a unit cell for full fuel loading (see Fig. 6.
The fuel meat, aluminum clad, and light-water moderator were modeled as shown.
The residual region between the edge of the fuel meat and the side-plate was
taken into account as an extra-region. RABANL corrections were applied for
resonance self-shielding.

For the inner 3 and outer 4 side-plate regions in Fig 7 the treatment
of the side-plate with and without boron burnable-poison was different. In
each case, the small portion of the light water in the grooves of the side-plate
was ignored, but the light water in the gap between two side-plates was taken
into account. For the side-plate without burnable-poison, a simple fission
spectrum was assumed. With burnable-poison, the spectrum for collapsing cross
sections was generated using a homogenized core source. For the side-plate
with burnable-poison, all regions were represented explicitly. The end sections
of the side-plate containing no poison were included as an extra-region.

For the regions (5) through (11), a 235U fission spectrum was employed.
In the control rod region 6), aluminum sheaths for control rod insertion,
and aluminum spacers, and all other aluminum support structures were homogenized.
The inner (11) and the outer 7 vessel regions consist of aluminum and light-
water. In these regions, heterogenities were taken into account. For the
outer tank wall region 9 the group constants prepared for aluminum in outer
vessel region 7 were utilized. For the center light-water (5) region and the
light-water reflector (10) regions, group constants were prepared using a 235U
fission spectrum in the same thickness of light water.

Neutronics Calculations

Using the DIF3D code, two dimensional diffusion calculations were per-
formed. In the Phase B calculations17 for the KUHFR, extrapolation lengths
were derived using fitted data from R-Z computations. These varied by region
from -10 cm in the center to >15 cm in the heavy-water reflector. On the other
hand, the experimental results gives the extrapolation lengths as 8. ± 0. cm
in the center light-water region, 78 cm ± 0.1 cm in the outer fuel region and
9.8 t 03 cm in the heavy-water reflector, respectively. In this paper, the
experimental values of the extrapolation lengths were adopted.

The core configuration was modeled in X-Y.geometry (Fig. 8). In the inner
part of the core, a mesh of approximatey 025 x 025 cm was employed. In the
heavy-water reflector and in the heavy-water tank regions, a x 1 cm mesh was
used. In the light-water reflector region, a 2 x 2 cm mesh was used.

For some cores, the 2D-FEM-KUR code was applied to compare results with
the DIF3D(2D) code. Figure shows the core configuration simulated by the
2D-FEM-KUR code.
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Results and Discussions

Preliminary results of calculations for the cores employed in the critical
mass measurements are tabulated in Table 3 Results for the cores used in the
burnable-poison effects measurements are tabulated in Table 4.

Tables 3 and 4 show that ratios between the results of calculations and
experiments are less than 16%. Calculated eigenvalues are always higher
than the experimental values. One reason for this tendency is due to the
method employed in the fuel regions for generating group constants in this
paper. The extra-region in Fig. 6 tends to increase the H/U ratio in the fuel
meat region. This causes a shift from an under-moderated fuel region to a more
well-moderated region and leads to the over-estimation of the eigenvalue.
Calculations using group constants prepared without the extra region are
currently in progress.

Although the core configuration was not simulated exactly in the diffusion
calculations, and simple treatments were used in generating some of the group
constants, the agreement between the calculations and the experiments is
sufficient for design calculations of the KUHFR. Even for burnable-poison
effects, which are difficult to calculate accurately by means of the diffusion
theory, the differences shown in Table 4 are less than 7%.

The agreement between the results obtained using the DIF3D(2D) code and
the 2D-FEM-KUR code was quite good. 1oth the 2D-FEM-KUR code with its explicit
geometrical representation and the DIF3D(2D) code with a jagged X-Y approximation
for the core can be used with confidence for neutronic design calculations of
the KUHFR.

Acknowledgements

This study was performed as a part of the joint ANL-KURRI program. The
authors wish to thank Mr. T. Naito of JAERI and Mr. S. Tsuruta of Japan Informa-
tion Service who developed the 2D-FEM-KUR code. They are also grateful to
Prof. K. Nishina of Nagoya University, Dr. K. Tsuchihashi and Dr. S. Matsuura
of JAERI for valuable discussions.

452



References

1. K. Kanda and Y. Nakagome ed., "Research Reactor Using Medium-Enriched
Uranium," KURRI-TR-192 1972).

2. T. Shibata, "Construction of High Flux Research Reactor and Conversion
of Kyoto University Reactor KUR to TRIGA Type Pulsed Reactor," IAEA-214,
P. 83 1978).

3. T. Shibata and K. Kanda, "ANL-KURRI Joint Study on the Use of Reduced
Enrichment Fuel in KUHFR -- Phase A Report -- ," February 15, 1979.

4. A. Travelli, D. Stahl, and T. Shibata, "The US RERTR Program, Its Fuel
Development Activities, and Application in the KUHFR," ANS Trans., 36
p. 92 1981).

5. K. Kanda, K. Kobayashi, M. Hayashi, and T. Shibata, "Reactor Physics
Experiment Using Kyoto University Critical Assembly," J. At. Energy
Soc. Japan, 21, P. 557 1979), in Japanese.

6. K. Kanda, S. Shiroya, M. Hayashi, Y. Nakagome, and T. Shibata, "KUCA
Critical Experiments Using MEU Fuel," IAEA-SR-77/30 1981).

7. K. Kanda, S. Shiroya, M. Hayashi, K. Kobayashi, Y. Nakagome, and
T. Shibata, "KUCA Critical Experiments Using Medium Enriched Uranium
Fuel," Annu. Rep. Res. Reactor Inst. Kyoto Univ., 1 1982).

8. S. Shiroya, H. Fukui, Y. Senda, M. Hayashi, and K. Kobayashi, "Measure-
ments of Neutron Flux Distributions in a Medium Enriched Uranium Core,"
Annu. Rep. Res. Reactor Inst. Kyoto Univ., 15 1982).

9. M. Hayashi and S. Shiroya, "Few-Group Constants for the HEU and MEU
Cores in the KUCA," Annu. Rep. Res. Reactor Inst. Kyoto Univ., 14, . 153
(1981).

10. Y. Naito, S. Tsuruta, and M Hayashi, "A New Mixed Method with Finite
Difference and Finite Element Method for Neutron Diffusion Calculation,
J. Nucl. Si. and Technol., 18, p. 571 1981).

11. B. A. Zolotar, et al., "EPRI-CELL Code Description," Advanced Recycle
Methodology Program System Documentation, Part II, Chapter 5 Ot. 1975).

12. D. R. Ferguson and K. L. Derstine, "Optimized Iteration Strategies and Data
Management Considerations for Fast-Reactor Finite-Difference Diffusion
Theory Codes," Nuc. Si. ng., 64, pp. 593-604 (1977).

13. G. D. Joanu and J. S. Dudek, "GAM-1: A Consistent P1 Multigroup Code for
The Calculation of Fast Neutron Spectra and Multigroup Constants," GA-1850
(1961).

453



14. H. C. Honeck, "THERMOS, A Thermalization Transport Theory Code for Reactor
Lattice Calculations," BNL 5826 (1961).

15. H. Henryson II, B. J. Toppel and C. G. Stenberg, MC2-2: A Code to
Calculate Fast Neutron Spectra and multigroup Cross Sections," ANL-8144
(1976).

16. N. M. Greene, et al., "AMPX: A Modular Code System For Generating Coupled
Multigroup Neutron-Gamma Libraries from ENDF/B," ORNL/TM-3706 1976).

17. T. Shibata and A. Travelli, "ANL-KURRI Joint Study on the Use of Reduced
Enrichment Fuel in KUHFR -- Status Report on Phase B--," December 12, 1980.

454



Table 1. Specifications of HEU (NFI).

inner fuel plate outer fuel plate
plate
no. width width curvature Uranium U-235 width width curvature Uranium U-235

of fuel of mat radius or fuel ofmcat radius
(mm) (mm) (mm) (gr) (gr) (mm) (mm) (mm) (gr) (gr)

1 51.71 42.95 56.17 8.10 7.54 62.60 53.84 133.63 10-22 9.52

2 55.74 46.98 60.01 &83 8.22 64.61 55-85 137.67 10.54 9.82

3 59.76 51.00 63.85 9.70 9.03 66.62 57.86 141.51 10.97 10.22

4 63.78 55.02 67.69 10.49 9.77 68.63 59.87 145.35 11.33 10.55

3 67.80 59.04 71.53 11.22 )0.45 70.64 61.88 149.19 11.83 11.02

6 71.82 63.OG 75.37 12.06 11.23 72.65 63.89 153.03 12.13 11.30

7 75.84 67.08 79.21 12.84 11.96 74.66 65.90 156.87 12.57 11.71

8 79.8G 71.10 83.05 13.GO 12.67 76.67 67.91 160.71 12.98 12.09

9 83.88 75.12 86.89 14.37 13.38 78.69 69.93 164.55 13.54 12.61

10 87.91 79.15 90.73 15.07 14.04 80.70 71.94 168.39 14.03 13.07

11 91.93 83.17 94.57 15.68 14.60 82.71 73.95 172.23 14.17 13.20

12 95.95 87.19 98.41 16.46 15.33 84.72 75.96 176.07 14.73 13.72

13 99-97 91.21 102.25 17-41 16.22 86.73 77.97 179.91 14.90 13.88

14 103.99 95.23 106.09 18.32 17.06 88.74 79.98 183.75 15.28 14.23

15 108-01 99.25 109.93 10.96 17.66 90.75 81.99 187.59 15.54 14.47

16 - - - - - 92.76 84.00 191.43 15.91 14.82

17 - - - - - 94.77 86.01 195.27 16.42 15.29

enrichment 93.14 w% plate length = 650 mm

fuel plate pitch � 384 mm meat lngth � 600 mm

Table 2 Specifications of MHU (CERCA).

inner fuel plate outer fuel plate

plate wid Lh width curvature Uranium U-235 width width curvature Uranium U-235
no. of fuel of meat radius of fuel of meat radius

(mm) (mm) (mm) (gr) (gr) (mm) (mm) (mm) (gr) (gr)

1 48.70 39.50 54.4 20.00 8.99 61.16 51.96 133.3 25.96 11.67

2 52.68 43.48 58.2 21.64 9.72 63.15 53.95 137.1 26.94 12.11

3 56.66 47.46 62.0 23.67 10.64 65.14 55.94 140.9 28.51 12.81

4 60.64 51.44 65.8 25.67 11.54 67.13 57.93 144.7 28.99 13.00

5 64.62 55.42 69.6 27.57 12.39 69.12 59.92 148.5 30.12 13.54

6 68.60 59.40 73.4 29.57 13.29 71.11 61.91 152.3 31.04 13.91

7 72.58 63.38 77.2 31.87 14.21 73.10 63.90 156.1 31.92 14.36

8 76.56 67.36 81.0 34.26 15.41 75.09 65.89 159.9 32.85 14.76

9 80.54 71.34 84.8 36.18 16.24 77.08 67.88 163.7 33.89 15.23

10 84.51 75.31 88.6 X27 17.16 79.07 69.87 167.5 35.55 15.99

11 88.49 79.29 92.4 40.34 18.10 81.06 71.86 171.3 36.49 16.41

12 92.47 83.27 96.2 43.09 19.26 83.05 73.85 175.1 37.10 16.61

13 96.45 87.25 100.0 44.49 i9.98 85.04 75-84 178.9 38.25 17.10

14 100.43 91.23 103.8 46.74 20.89 87.03 77.83 182.7 39.68 17.76

15 104.41 95.21 107.6 48.30 21.64 89-02 79.82 186.5 40.69 18.27

16 - - - - - 91.01 81.81 190.3 41.45 18.63

17 - 93.00 83.80 194.1 42.69 19.11

enrichment 44.87 w. plate length - 650 mm

fuel plate pitch= 38 mm meat length - 600 mm
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Table 3 Critical Cores Without Burnable-Poison

Number Kcal C/E
Pitch of

Fuel (mm) Plates XexP DIF3D(2D) 2D-FEM-KUR DIF3D(2D) 2D-FEM-KUR

MEU 3.80 262 1.0008 1.0112 1.0111 1.0104 1.0103
(44.87%)

REU 3.84 262 1.0021 1.0112 1.0122 1.0091 1.0101
(44.87%)

HEU 3.84 267 1.0047 1.0198 1.0204 1.0150 1.0157
(93.14%)

Table 4 Cores with Burnable-Poison

Number Eigenvalue Reactivit2 Effect of BP
Pitch of Pexp Pcal

(mm) Plates Kexp Kcal C/E (Z,&k/k) (%Ak/k) C/E

Outer SP with BP 3.80
288 1.0047 1.0188 1.0141 -4.7 -4.408 0.94

Inner SP without BP 3.84

Outer SP without BP 3.84
277 1.0006 1.0130 1.0124 -3.6 -3.485 0.97

Inner SP with BP 3.80

All SP with BP 3.80 294 <0.986 0.9939 >1.008 (-8)* -7.666 (0.96)

All SP without BP 3.84 294 - 1.0759 - -

SP: side-plate, BP: burnable-poison.
*Estimated f rom experiment.
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Fig. 3 View of the heavy water tank for a single-core.
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Fig. 4 View of the assembled fuel elements.
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IN-01 - IN-06 : Inner fuel elements (containing no burnable-poison)

EX-01 - EX-12 : Outer fuel elements (containing no burnable-poison)

C1 - 3 : Control rods

S - 6 : Safety rods

FC - FC3 : Fission chambers

UIC4 UIC6 : Uncompensated ionization chambers

EX-01 EX-12 contain 17 fuel plates.

IN-01,-02,-05,-06 contain 10 fuel plates.

IN-03 - IN-04 contains 9 fuel plates.

Total 262 plates

Fig. 5. C38R(BK D 2O)MEU core configuration using the side-plates

with 38 mm pitch.
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Fig. 6. Model of the unit cell used in the
generation of group constants.
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Fig. 7 Model for the side-plate with burnable-poison.
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Fig. 8. Example of the core configuration (MEU) used
in the DIF3D(2D) code.

Fig. 9 Example of the core configuration (HEV)
used in the 2D-FEM-KUR code.
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An Analysis of KUCA NEU Cores

by the JAERI SRAC Code System XA04C1522

Takamasa MORI and Keichiro TSUCHIRASHI

Japan Atomic Energy Research Institute
Tokai-mura Ibaragi-ken Japan

I Introduction

As a part of Japanese RERTR program, a series of calculations have
been done for the KUCA critical experiments using MEU fuel by the code
system SRAC (Ref. 1-5 which has been developed since 1978 as the
nuclear design and analysis part of the JAERI standard thermal reactor
code system.

This report describes a preliminary analysis of the data measured
in the fiscal year of 1981 by the current data library of the SRAC.

2 Calculational Method

Cross Sections

The optional data library is taken to use that based on ENDF/B-4
files except the scattering law for H20 and D20 which are stored only
in ENDF/B-3.

The transport cross sections for PO transport calculations are
calculated by the B1 approximation which correspond to the diffusion
coefficients as D = 1(3 Etr).

Resonance absorption of heavy nuclides is calculated by the table
look-up method for E > 130.07 eV, and the ultra-fine (about 4500 ts.)
group collision probability method for 130.07 eV > E > 0993 eV
(thermal cut off).

The energy group structure for this analysis is as shown in Table I
composed of 22 fast groups and 31 thermal groups. This structure is
chosen to have sufficient number of energy groups in the core calcula-
tions to consider the spatial variation of neutron spectrum which is
foreseen by the heterogeneous disposition of H20 islands in the KUCA
cores.

Process

Step I Primary cell calculation for single fuel plate cell

A one dimensional plane cell composed of a fuel plate, cladding,
and coolant water is supposed as shown in Fig.l. In this step three
linear equations are successively solved for (1) fast groups (10 MeV
- 130.07 eV), 2 resonance 4500 groups, 3 thermal 31 groups.
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Step 2 Secondary cell calculation

To consider the neutron distribution in the azimuthal direction,
a one dimensional plane cell of side plate, side water, and homogenized
fuel region is supposed as shown in Fig. 2a A similar cell is also
supposed for the case where boron plate is inserted in the side plates
as shown in Fig.2b. Because spreading side plate spacing is assumed as
parallel, the plate to plate spacing is taken to keep the same volume
of fuel region Thus the spacing changes by fuel loading.

To compare the boron plate reactivity worth, both of collision
probability method and one dimensional SN routine were used.

Step 3 Core calculation

Using the 53 group cross sections obtained by the above process)
one dimensional diffusion equation is solved in the R-geometry shown in
Fig.3. The extrapolation distance in the axial direction is decided to
meet the critical mass of unpoisoned core.

To estimate the axial leakage through the central void pipe, a
series of two dimensional SN calculations in R-Z geometry are executed
with group energy cross sections which are condensed from the results
of one dimensional diffusion calculation.1

3 Comparison of calculated results with measured ones

In Table 2 the calculated Keff values to estimate the critical
mass and boron worth are listed. The values on the first column of Keff
are the results of I-D diffusion calculation where the secondary cell
are treated b the collision probability method, those on the second
column are Keff values with I-D SN routine in the treatment of the
secondary cell. Those on the third column are to show the effect of
axial buckling.

In Table 3 the mass coefficients are compared with experimental
values. The results show that t is difficult to predict the coeffic-
ients which shows sharp position dependence due to the heterogeneous
disposition of water islands by the diffusion approximation.

In Table 4 the reactivity worth of boron plates are compared. The
underestimate of boron worth by the collision probability method are
not improved by 1-D SN calculation. Any two dimensional analysis might
be suitable to take account of H20 regions which are located at inner
and outer radial direction of the secondary cell.

The reactivity effects of the alminum void pipes inserted in the
core center as to remove H20 are shown in Table 5. Some competing
effects ie., the positive effect due to decreasing neutron absorption
by H20, the negative effect of decreasing of slowin U and increas-
ing axial leakage result in the positive reactivity worth. Calculated
values shows that both of 2-D SN calculations and 1-D diffusion calcu-
lations overestimate this effect.
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The measured temperature reactivity coefficients of the cores, with
or without acrylic void pipe at the center island are integrated
numerically assuming linear dependence on temperature of experimental
values as plotted in Fig. 4 The experimental Keff values are norma-
lized to meet the calculational values at 300 'K. The calculated values
at 350 'K seem to show fairly good agreement with the experimental
ones. The calculations along the intermediate temperatures failed due
to the improper interpolation formula for the thermal scattering law

(, �) -

4 Discussion

We have not yet got the satisfactory results. The heterogenous core
configuration such as the local existense of water islands seems to
make difficult the analysis. Some approach using P1 coefficients of
cross sections might be necessary.

Until publishing the final report, the 2-D analysis of the secon-
dary cell for boron plate worth, the 2-D core analysis to predict the
extrapolation distance, and the improvement of the interpolation
formula of the thermal scattering law for the analysis of temperature
coefficients will be done,
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Table I Energy Group Strueture in Fast and Thermal Neutron Range
Fine Few Energy Range (eV) Lethargy Range

1 1 0.10000E+08 0.60653E+07 0.0 0.5000
2 0.60653E+07 0.36788E+07 0.5000 1.0000
3 0.36788E+07 0.22313E+07 1.0000 1.5000
4 0.2a313E+07 0.13534E+07 1.5000 2.0000
5 0.13534E+07 0.82085E+06 2.0000 2.5000
6 2 0.82085E+06 0.4-9787E+06 2.5000 3.0000
7 0.49787E+06 0.30197E+06 3.0000 3.5000
8 0.30197E+06 0.11109E+06 3.5000 4.5000
9 0.11109E+06 0.40868E+05 4.5000 5.5000

10 0.40868E+05 0.15034E+05 5.5000 6.5000
11 3 0.15034E+05 0.55308E+04 6.5000 7.5000
12 0.55308E+04 0.20347E+04 7.5000 8.5000
13 0.20347E+04 0.74852E+03 8.5000 9.5000
14 0.74852E+03 0.27536E+03 9.5000 10.5000
15 O.Z7536E+03 0.13007E+03 10.5000 11.2500
16 0.13007E+03 0.61442E+02 11.2500 12.0000
17 4 0.61442E+02 0.29023E+02 12.0000 12.7500
18 0.29023E+02 0.13710E+02 12.7500 13.5000
19 0.13710E+02 0.64760E+01 13.5000 14.2500
20 0.64760E+01 0.30590E+01 14.2500 15.0000
21 0.30590E+01 0.16374E+01 15.0000 15.6250
22 0.16374E+01 0.99312E+00 15.6250 16.1250

Fine Few Energy Range (eV) Velocity Range (cm/sec)
1 1 0.99312E+00 0.60236E+00 0.13784E+07 0.10735E+07
2 0.60236E+00 0.41399E+00 0.10735E+07 0.88996E+06
3 0.41399E+00 0,36528E+00 0.8B996E+06 0.83597E+06
4 0.36528E+00 0.31961E+00 0.83597E+06 0.78196E+06
5 0.31961E+00 0.29792E+00 0.78196E+06 0.75496E+06
6 0.29792E+00 0.27699E+00 0.75496E+06 0.72796E+06
7 2 0.27699E+00 0.23742E+00 0.72796E+06 0.67396E+06
8 0.23742E+00 0.20090E+00 0,67396E+06 0.61996E+06
9 0.20090E+00 0.18378E+00 0.61996E+06 0.59296E+06

10 0.18378E+00 0.16743E+00 0,59296E+06 0.56597E+06
11 0.16743E+00 0.15183E+00 0.56597E+06 0.53896E+06
12 0.15183E+00 0.13700E+00 0.53896E+06 0.51196E+06
13 3 0.13700E+00 0.12293E+00 0.51196E+06 0.48496E+06
14 0.12293E+00 0.10963E+00 0.48496E+06 0.45797E+06
15 0.10963E+00 0.97080E-01 0.45797E+06 0.43096E+06
16 0.97080E-01 0.85397E-01 0.43096E+06 0.40420E+06
17 0.85397E-01 0.74276E-01 0.40420E+06 0.37696E+06
18 0.74276E-01 0.64017E-01 0.37696E+06 0.34996E+06
19 4 0.64017E-01 0.54520E-01 0.34996E+06 0.32296E+06
20 0.54520E-01 0.45785E-01 0.32296E+06 0.29596E+06
21 0.45785E-01 0.37813E-01 0.29596E+06 0.26897E+06
22 0.37813E-01 0.30602E-01 0.26897E+06 0.24196E+06
23 0.30602E-01 0.24154E-01 0.24196E+06 0.21497E+06
24 0.2415-4E-01 0.18467E-01 0.21497E+06 0.18796E+06
25 5 0.18467E-01 0.13543E-01 0.18796E+06 0.16097E+06
26 0.13543E-01 0.93805E-02 0,16097E+06 0.13396E+06
27 0.93805E-02 0.59804E--02 0,13396E+06 0.10696E+06
28 0.59804E-02 0.33423E-02 0.10696E+06 0.79965E+05
29 0.33423E-02 0.14663E-02 0.79965E+05 0.52965E+05
30 0.14663E-02 0.3523BE-03 0.52965E+05 0.25965E+05
31 0.35238E-M 0.100IOE-04 0.25965E+05 0.43761E+04

465



Table 2 Calculated effective multiplication factors

Case: Outer Inner :Temp Keff
No.: Nbr. Nbr. PIJ* ANISN**: PIJ

Fuel B, Fuel H--74.Ocm H=70.0cm:

1 17 9 300 0.99339 0 98210
2 17 10 300 1,00731 0 99594
3 17 15 300 1.06692 I 05501
4 17 B 15 300 1.02WT 1.02782
5 17 15 B, 300 1.03463 1.03543
6 17 B 15 B 300 0.99246
7 15 15 B 300 0.99978
8 16 15 B 300 1.01570
9 17 B 13 300 1.00327

10 17 B 14 300 1.01738

Note PIJ* The secondary cell solved by collision prob. method
ANISN**:The secondary cell solved by ANISN

Table 3 Mass coefficients

Case : Core Exp Calculated
:(fuel plates) Ak/k/g U235 Ak/k/g U235

2 no (inner) 0. 0 1 W/o 0. 0 1 W119

7 inner (outer) 0.00859/0 0.0070-0.007EM
4 9 0 outer (inner) 0.01U - 0021% 0.0150,0.02ZT/

Table 4 Reactivity Worth of Boron Plate

Case Core Exp Calculated
Ak1k Keff Ak1k Keff

2 no boron 1.002114 1.002671
7 outer boron 4.7% 1.001332 3.Ero 1.009066
9 10 inner boron 3.7% 1.000570 3.00, 1.012678
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Table Reactivity effect by the central void tube

Case Outer Inner Exp Calculated
dia. dia. TWOTRAN ** : 1-D Diffusion
(cm) (cm) Ak/k Ak/k Keff : % Ak/k Keff

6 0. 0.99111 0.99246
A 1.0 0.7 : 0.0249: m� **40P* *******
B 2.5 1.9 : 0.171 0.271 0.99378 0.249 0.99492
C 2.5 2.1 : 0.212 0.2B2 0.9WW 0.262 0.99504
D 2.5 2.2 : 0.231 0.2BB 0.99395 0.268 0.9%10
E 2.5 2.3 : 0.245 0.294 0.99401 0.275 0.99517
F 4.0 3.38 : 0.538 0.665 0.99769 0.704 0.99944

Note Full insertion of boron plates is assumed
No upper, lower reflecter considered
The void tube is homogenized with surrounding water in the
central region (r < 5358 cm)

467



Atomic ensity
(X102t

meat 235U [9364-3
238 U 23496-3

Al 5.1883-2

Al Al 6.024-2

H20 dependent on
1.22mm 0.45MM 0.5mm temperature

(1.2mm for boron loaded side pte)

Fig-1 Primary Cell Model

secondary cell (no boron)

homogenized pmary cell
(fuel region)

Al + 1-�

Af

Fig.2a Secondary Cell Model (no boron)

468



boron r gion boron region
I mm (-0.96mm 0

homogenized primary cell
(fuel region

Al Hp IV
:N

At

inner outer
born 0B 2.03624-4 9922-4

1113 8.2981-4 81279-4
Al 6.00385-2 600385-2

Fig.2b Secondary Cell Model (with boron)

469



H20

D20
H20

fu

0 5.358 11292 a545 0955 23. 53. 70. r (cm)

H20

:L< Al

Al side plate+ H2 0

Ai + `120

Fig.3 Core Model for I-D Diffusion

keff

Ex p.

1.040- x Cal.

Central void case

1.035 -

No void case

1.0 0 

1.005
300 325 350

Temperature (OK

Fig.4 Temperature effect on keft

470



14

12

.P 10

Ne
'�111
N O

Ln 0 no void at the center Island

6
W

4--

0 4

2

0

-2

-4

-6

acrylic void pipe at the center Island

-10
20 30 40 50 60 .70

Core temperature *C

Fig. 5 Temperature reactivity coefficients

471



472



E I N V

November 10, 1982

SHIPPING

Chairman: J. E. Matos

GENERIC ANALYSIS

REACTORS AND NETHODS

Chairman: J. E. Matos

473





TRANSPORT OF NUCLEAR MATERIAL (PART I)

Horst Geiger
Transnuklear GmbH

Rodenbacher Chaussee 6

D-6450 Hanau 11 XA04CI523

Introduction

Please allow me to give you a short explanation of our company.

TNF - as a 0 % subsidiary of NUKEM and 20 of Transnucl4aire,
Paris, is involved in the transport of radioactive material since 1966
and is a member of the transnuclear group.

One main aspect of Transnuklear's activiti es is the worldwide transport
of your fuel in all forms like Uranium Hexafluoride, Uranium metal, fresh
and spent fuel elements.

In order to accomplish these activities Transnuklear works together with
partners in the United States,.France, Belgium, Spain., Great Britain and
since September 1981 in Canada and Australia.

I personally work in the TNF department which is responsible for ship-
ment of unirradiated fuel and will give you a short description of our
work in this department.

Mr. Staake, a collegue of mine will describe for you later on details
about shipment of spent fuel.

2) Regulations

It go-es without saying that nobody can handle a nuclear transport job
withou�t knowing the international transport regulations such as Imco, ADR,
IATA - RAR (Restricted ARticle Regulations) and IAEA Regulations, both
the 1973 edition for Europe and Japan and the 1967 edition for the
United States. In addition to these regulations quite a number of
restrictions are imposed by national laws and regulations such as customs
laws in the countries of export, origin, transit and final destination
plus the normal terms of an international business transaction, export
license etc. Last but not least there is the Infcirc safeguard recommen-
dation for physical protection for this kind of shipment and the result-
ing modifications to suit the needs of the countries involved.

According to these now valid German regulations the transport of highly
enriched uranium or plutonium. has to be carried out with the SIFA-
vehicle, i. e. this provision is also applicable for the transport of
MTR-fuel elements. If enrichment is less than 20 such a security
vehicle is not required.
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Transnuklear has in the meantime carried out four MTR-fuel element ship-
ments under this upgraded security provisions. In particular transports
of MTR fuel elements have been made from Hanau to KfA (Kernforschungsanlage)
in JUlich and to Sweden.

These transports were performed without problems on the required security
level.

5) Improvement of transport systems for HU fuel

In order to reduce the specific transport prices of HEU fuel from the
United States to Germany in the past we combined several deliveries to
one consignment.

For example the price for a shipment with about 20 kg HEU is approx.
US$ 2.000.-- per kg HEU 20 up to 93 enriched). In case approx.
200 kgs were delivered the specific price per kg HEU comes down to
$US 700.--. That reflects Mr. Travelli's statement which was published
in the Nuclear Fuel of May 24, 1982, of $US 565.-- per kg. The average
transport price for transport of fresh fuel elements with HEU from NUKEM
to clients in Sweden, Netherlands and Germany in accordance with the new
German prescriptions is only approx. US$ 500.-- per element.

That is also approx. the same specific price as mentioned by Mr. Travelli
in the Nuclear Fuel, May 24, 1982, edition of US$ 400.-- per element
before the new German prescriptions were in force.

In certain cases Transnuklear could calculate such good conditions
because the capacity of the security vehicle could be raised to a higher
number of elements per shipment. I mentioned it before in connection
with the allowed content of UKAEA 1612 containers.

6) Transport of fuel with the enrichment less than 20 

Concerning this kind of fuel I will give you a prescription in a very
short form:

- The same safety regulations as IAEA, IATA, ADR will apply

- The same containers can be used

- The same number of fuel elements can be shipped as far as the content
of U-235 per element is unchanged. If U-235 content will be raised
then new criticality calculations have to be made

- The security regulations especially in USA and Europe are not similar
to the regulations in force for HEU-fuel

- The specific transport costs per gram -5 will be different for the
whole nonirradiated fuel cycle

- If the U-235 content per element is increased approx. 6 months will be
required to perform the criticality calculations and to obtain the
necessary certificates.

Thank you very much and please Mr. Staake continue with the spent fuel
shipments.
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APPENDIX I

Description of UK 1612

The container UK 1612 is a type A packaging. Gross weight is 282 kg. It
consists of a rectangular steel box (Design no. 1612) with the exterior dimen-
sions of about 530 mm x 762 mm x 2015 mm, with inner transport positions.

Authorized content per packaging:

a) max. 6 nonirradiated tubic MTR fuel elements (active length: no less than
72 cm, per element containing 29 on max. 93 of u-235 enriched uranium
with max. 403 g u-235 in form of u/al-alloy (altogether max. 2418 kg
u-235)).

b) max. 7 nonirradiated rectangular MTR fuel elements with 19 plates each,
or MTR control elements with 16 plates each (type GE), containing per
element up to 559,44 g on u-235 in form of u/al-alloy (altogether max.
3,64 kg u-235)

c) max. 8 nonirradiated tubic MTR fuel elements (active length: no less than
60,96 cm, active diameter: max. 10,141 cm) in form of u/al-alloy contain-
ing per element up to 30 on about max. 81 % of u-235 enriched uranium
with max. 210 g u-235 (altogether max. 168 kg u-235)

d) max. nonirradiated MTR fuel elements (active length: between 38,1 and
63,5 cm, active surface-cross-section: max. 79,03 cm2) incorporating
uranium-metal of 94 % u-235 max. enrichment, in form of u/al-alloy
sandwiched in an al-sheet with a u/al mass ratio from max. 014. contain-
in per element max. 300 g u-235 (altogether max. 24 kg u-235)

e) max. 8 nonirradiated tubic or rectangular MTR fuel elements (active
length: between 35,56 and 64,5 cm, active surface-cross-section: max.
87,1 cm2) incorporating uranium-metal of 94 % u-235 max. enrichment, in
form of u/al-alloy with a u/al mass ratio from max. 014. containing per
element max. 300 g u-235 (altogether max. 24 kg u-235)
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Package classification

authorized content
mentioned under: a) b) C) d) e)

fissile class: II III II II II

transport index: 12,5 50 33 33 12,5

max. no. of container/shipment: 4 1 15 15 4
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TRANSPORT OF NUCLEAR MATERIAL (PART II)

Theo Staake and Thomas Schmidt
Transnuklear GmbH

Rodenbacher Chaussee 6
D-6450 Hanau 11

Providing a complete back-end service for MTR reactors is one of
the fundamental and traditional tasks of TRANSNUKLEAR GmbH (TN).
TN's services in this field cover everything from supplying the ideal
transport cask, providing technical assistance during the loading
operation, obtaining the necessary package approval and transport
licenses, providing the required insurance cover, carrying out the
transport, right thru to settling the reprocessing contract.

Up until 1976, TN carried out transports of MTR fuel elements to the
European reprocessing plants at Mol in Belgium and Marcoule in
France. In all, some 1000 fuel elements were transported in this
p e ri od.

However, following the decision by these plants not to reprocess
these elements anymore, subsequent transports had to be made to the
US-DOE reprocessing plants. TN pooled together the
interests of all her MTR customers and signed a reprocessing
contract with the US-DOE, which ensured a complete back-end service
for these reactors well into the future.

In close cooperation with our associated company, Transnuclear Inc.
in New York and Washington, a new transport concept was developed,
which proved itself to be both economic and reliable.

Up to now, a total of about 2050 MTR fuel elements have been transpor-
ted by TN-Germany to the USA in 65 separate shipments. The total
number of shipments performed by the TN group is 165 shipments. All
shipments were carried out routinely without any incident.

In March this year, the US-DOE made use of a clause in the contract,
in which 90 days' notice was given of a change in reprocessing plant.
Whereas previously all elements had been taken to the Savannah River
Plant (SRP) in South Carolina, in future all elements have to go to
the Idaho Chemical Processing Plant (ICPP) near Idaho Falls. This
change presented TN with the not inconsiderable problem of finding a
suitable transport route.
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Due to the large number of influencing factors, the TN-group carried
out a special feasibility study, in which particular attention was
paid to:

- economic aspects
- the licensing situation
- a reliable back-end service
- political aspects

whereby the following possible alternatives were analysed in detail:

- Europe - USA east coast (sea transport) - ICPP (road
transport)

- Europe - USA west coast (sea transport) - ICPP (road
transport)

- Europe - d[IdUICIN ast coast (sea transport) - ICPP (rail
transport)

- Europe - ICPP (air transport)

The choice fell clearly on the first alternative, namely a sea
transport from Europe to the American east coast (Portsmouth,
Virginia) and from there by road across 12 states to ICPP. We have
published the feasibility study in a summarized form in the latest
NUKEM MTR-Newsletter.

Up to the present moment (June thru November 1982), we have
transported 256 MTR fuel elements in 6 separate shipments to Idaho
All these shipments were successfully carried out as a result of
intensive preparation work by Transnuclear Inc. in close cooperation
with the American competent authorities. Based on initial
calculations, a turn-round time (loading-transport to ICPP -
unloading - return to Europe) of about weeks was assumed.
This could be later reduced to 7 weeks once the procedure had
established itself. In the ICPP, unloading the various transport
casks used presented no problems.

The following 4 different type transport casks are used:

1. GOSLAR

The GOSLAR cask weighs a total of nearly 11 tons, and
has a capacity for 13 uncut MTR fuel elements.

The maximum fissile uranium content presently authorized is
320 g per fuel element. There are 2 such casks available, and
they are used wherever the crane capacity at the reactor is
not sufficient for the larger and more economic casks.

2. TN 

The TN cask weighs approx. 18 tons and has a capacity of
42 cut fuel elements, whereby the elements ae placed in
3 separate internal baskets with 14 elements each, stacked
one above the other.
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The maximum fisSile uranium content presently authorized is
405 g per fuel element.

3. TN 7-1

The TN 71 cask weighs approx. 24 tons and has a capacity
for 60 cut fuel elements, whereby the elements are placed in
4 separate internal baskets, each with 15 elements, stacked
one above the other.

The maximum fissile uranium content presently authorized
is for the cylindrical DIDO-type elements 185 g per fuel
element, and for the rectangular MERLIN-type elements
270 g per fuel element.

4. TN 7-2

The TN 72 cask weighs approx. 21 tons and has a
capacity for 60 cut fuel elements, whereby the
elements are distributed in the same fashion as
for the TN 71.

The maximum fissile uranium content is also the
same as for the TN 71

This cask can also take 2 cut fuel elements from
the RHF reactor at Grenoble/France, whereby the
maximum fissile uranium content is 8670 g per fuel
element.

At present there are 2 such casks in use,
both of which were approved for transport purposes
by the German competent authority (Physikalisch-
Technische Bundesanstalt or PTB) in September 1982
One of these 2 casks was unloaded at the US-DOE
Savannah River Plant last week - one of the few
shipments not diverted to ICPP.

The TN 72 cask has been completely new designed.

As part of the type B(U) licensing procedure the
drop tests were carried out on a third-scale model
of the cask at the Federal Institute for Material
Testing (BAM) in Berlin. The tests have been
captured on film, from which we would like to show
you a small selection.

Firstly, the result of a 9 meter drop onto the
edge of the lid. The deformation of the shock
absorber can be clearly seen. The small vertical
pipe visible on the side of the cask was used to
house the acceleration measuring equipment.
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Here we have the situation after the horizontal 9 meter
drop test, in which the effectiveness of the shock
absorbers can be clearly seen.

This slide shows the "punch test" on the cask with the
predamaged shock absorbers. The drop was made from a
height of meter. The outer steel casing was not
pierced.

The cask survived all these tests, including the
fire test at 8OO'C, without losing any of its vital
functions. Leak tightness and shielding efficiency
was completely retained.

In view of the future use of low enrichted fuel we
have investigated the impact spent fuel transport.
The analysis shows that the existing cask can also
be utilized for this type of fuel. Of course each
different type of fuel required an appropriate modi-
fication of the package approval. Elements having
substantially more U235 than today can be shipped
by using modified basket inserts if necessary.

We hope very much that we have been able to provide you
with an insight into the problems surrounding the trans-
port of nuclear fuels. We would like in particular to
thank all those authorities, without whose helpful co-
operation such transports would scarcely be possible.
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ADMINISTRATIVE MECHANICS OF RESEARCH FUEL TRANSPORTATION

Diane W. Harmon

Edlow International Company

1100 17th Street, N.W.

Washington, D.C. 20036

202/833-8237

Good morning, I would like to start our discussion by thanking Dr.

Travelli and his staff for including a section on transportation this

year. On all of the nuclear fuel cycle flow diagrams one sees there is

an arrow from one processing site to the next. Like my colleagues on

this morning's panel, we represent the arrow. I would like to add that

the dlow arrow has been assisting governments and organizations in

accomplishing their goals for 25 years.

It is my understanding that you will be hearing about the technical

and physical factors of transportation from the other speakers this

morning, so I will discuss the multitude of administrative mechanics that

have to be meshed for the successful completion of a shipment of spent

fuel, HEU or LEU in the research fuel cycle. The costs associated with

transportation may be the equivalent of "a black hole" to many of you, so

I will'provide an overview of cost factors. At the end you may find that

this black hole factor in your budget is actually a bargain.

Quotation Phase

The first step is the quotation phase. An organization advises the

quantity, type of material, origin, destination, contractual delivery

date and any special criteria in their bid specification. They should

also advise who will supply the packages, the transporter or the

shipper. There may be significant discussion at this point on types of

packages available and their comparability with the fuel in question as

well as the package's status regarding certification for use in the

countries through which it will travel. There also may be a need for a

basket modification to accomodate the fuel. This would trigger the need

for another examination of the package's certificate of approval. The

acceptability of foreign packages is determined by each involved

country's regulations.

The matter of costs for the packages is determined by such factors as:

- whether the package must be purchased or leased;

- the home base location of a package versus where it is needed;

- when and in what condition it must be returned home (cleaned and

decontaminated or empty only);

- the rate of exchange for currency between the supplier, transporter

and shipper.
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Transport Routing

The next cost variable in the quotation is the complete routing of
the packages and the materials. If the material is moving in a routine
established pattern the rates are usually published in the carrier's
tariff. If a rate is astronomical it usually means one of two things:
1. No freight of its kind has actually moved over that route or, 2 the
carrier has had one or two bad experiences with this cargo and the rate
is a means of discouraging the traffic. In either case the transporter
should then meet with the carrier to negotiate reasonable rates and try
to establish a satisfactory relationship.

Routing Restrictions and Regulations

In selecting the optimum routing for the quotation, the transport
manager must be cognizant of all transport restrictions, regulations and
requirements from the international level through to the township level
along the route. In the United States, the Department of Transportation
will not preempt any jurisdiction's own set of criteria for the transport
of radioactive material as long as their rules do not totally prohibit
interstate commerce. Note that I said they may not prohibit, they can
and do inhibit commerce. This is currently the best compromise achieved
under the Department of Transportation's rulemaking known as HM 164. HM
164 was seven years in the making and is still in the courts. Today,
however, until the applicability of HM 164 is finally decided, state,
tribal and local governmental jurisdictions can prohibit the transport of
certain radioactive materials through their territories. Such is the
case at the East Coast ports of Miami, Savannah, Charleston, Wilmington
and New York regarding the transport of spent fuel. And now that the
U.S. DOE wants highly enriched spent research reactor fuel delivered to
Idaho Falls instead of Savannah River, we can look forward to more years
of fighting the creeping paralysis of bans on the West Coast as well.

The varying criteria from jurisdiction to jurisdiction can be seen
from the attachments and these variables are:

Notifications - Whom does one notify? In what timeframe? In what manner?

Permits - Where does one file? Who must register? What are the fees?
What is the duration of the permit? What information is required on
the application?

Scheduling of Transports - What hours may or may not be used? What days
are permitted for use?

Fines - Who gets fined (shipper or carrier)? What infringement results
in a fine? What recourse is there for unreasonable fines?

Two major problems arise from this mumbo jumbo of legislation:

1. Conflicting regulations result in defacto prohibition of interstate
commerce; and
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2. Since the enforcement officials may not know what materials may
travel unhindered, their solution is to challenge all radioactive
shipments. After normal working hours they may even delay a carrier
until a knowledgeable local regulator is available.

Security

So much for route restrictions, we now must look at physical security
regulations, and please keep in mind, that all of this effort is just to
provide a valid quotation not to accomplish the goal of completing a
shipment.

To transport EU a carrier must have all of his employees who have
any knowledge of the transport from typing Bills of Lading through to
drivers, obtain a security clearance at a cost of $1500 per employee. He
must also preclude access to the material or information relating to the
transport to any uncleared person. Extensive physical security training
including weapons use is required for his operators. I need not
elaborate on specific security measures required, for you are all aware
of them in your own organizations. Any costs to an organization involved
in this business must be pro7rated over the number of transports it
handles requiring these procedures. There are very few of these a year.

Costs

Having established the route, carriers, costs, regulations,
timeframe, size and weight of the packages and material for the
transaction, the quotation can then be submitted to the proper party.

Exhibit A gives an estimated cost quotation for the transportation of
20% versus 45% or 93% fuel from ak Ridge to France and Exhibit gives
an estimated cost quotation for the transportation of spent research
reactor fuel via the West Coast of the United States to Idaho Falls and
via the East Coast to the Savannah River Plant.

Operations

After the quotes are examined and the bid awarded, it is time for the
transport company to proceed with the operational arrangements:

1. obtain import and/or export licenses.

2. set up the physical security arrangements along the route.

3. comply with the multitude of regulations along the route and,

4. in some cases, deal with the press and various regulators who
want to know all about the transaction.
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Public Relations

At this point let me address for a moment the public relations
aspects of transportation, for it is definitely a cost factor in
administrative time consumed and yet CAN NOT BE IGNORED. The materials
we have been discussing this week are known to us as "HEU, LEU and SPENT
FUEL" but the press presents them to the public as "bomb grade material
and radioactive waste". That type of irresponsible, interpretive
reporting incites fear, and any professional, objective editor should
stop a writer if he learns the proper facts from the industry. DEMAND
OBJECTIVE REPORTING. Do not allow the media to defame the character of
your profession. We have rights too. The often heard statement "the
public has a right to know" must be countered with "yes they have the
right to know the facts, not interpretive, inflamatory remarks." Mr.
Jungblut of the German newspaper "Die Zeit", speaking at the Uranium
Institute meeting this September, asked the nuclear industry to be
factual and to inform for credibility not for education. An attempt to
explain risk and technology is harmful. For example, to ship spent fuel,
each state's governors office must be notified two weeks in advance of a
shipment transitting the state. The governor's designee may ask "why is
fuel originating in Europe crossing the country to Idaho when the
Savannah River Plant is only 100 miles from the East Coast?" For heavens
sake, do not tell them it is because kryton 5 is needed for research at
Idaho Falls. But explain that the majority of spent research fuel is
sent to Savannah River but for a short period of time some fuel is needed
for research in the Idaho Falls facility.

Finally, do not underestimate small vocal minorities like the
clamshell alliance, the conch shell alliance and the sunshine alliance,
they may be small in numbers but they are highly organized and well
financed and are following a planned course of shutting down nuclear
power by starting with the most visable link, transportation. This
alliance rhetoric" reaches the imagination of the general public, for

everyone lives near a road and can see the radioactive signs on the
trucks. of all the laws and regulations they have prodded public
officials to enact, any direct benefit of increased health and safety to
the general population is hard to measure, but it certainly has had its
desired result in costs rising so high that the economic edge that
nuclear power once had over fossil fuels has diminished. Please do not
think that the research sector is exempt from general attacks on nuclear
power.

The factors that result in the high costs to transport radioactive
materials have been outlined above but I can assure you that we are as
dismayed as you are that these arrows represent a significant part of
your budget. We must work together as a team to perform professionally
for a reasonable price.
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Exhibit A

HEU

Highly enriched uranium (HEU) over 20%, 45%, 93% weight percent U235
in quantities over kgs in the United States (and Germany) and over kg
in France. The uranium as metal packaged in an specification 6M drum*
from Oak Ridge, Tennessee to Romans, France. The price is 35,000.

This includes:

- special vehicle from Oak Ridge to East Coast airport
- all documentation and notices
- physical security requirements
- U.S. export and French import formalities
- special arrangements for French Package approval *(6M drum not

examined against latest IAEA recommendations)
- military airlift from U.S.A. to France
- special vehicle from airport to Romans
- supply of non-returnable drums

LEU

Moderate or low enriched uranium (LEU) 19.999% weight percent U235 in
quantities under kgs in France and any quantity over 10 kgs in the
United States. The uranium as metal packaged in a Spec 6M drum from Oak
Ridge, Tennessee to Romans, France. The price is 2600.

This includes:

- local truck delivery to Atlanta
- commercial cargo aircraft to Charles DeGaulle via JFK in New York
- all documentation, notices and security
- U.S. export and French import formalities
- special arrangements for French approval of the 6M drum
- local truck delivery to Romans
- supply of non-returnable drums

(Additional costs would be incurred if the material moves as uranium
hexafluoride for cylinders and protective package procurement and
return)

The cost to Hanau, West Germany would be similar

Basic airline insurance for loss and damage and minimum nuclear
liability is included in prices.
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Exhibit 

Estimated costs for a cask of spent research fuel via a West Coast
port to Idaho Falls is 7500.

Estimated costs for a cask of spent research fuel via a East Coast
port to Savannah River is $10,000.

In each case the costs are determined by:

- how many U.S. ports the ship calls at prior to unloading for
guards must be on duty during that time

- size of casks for special transport vehicles
- fees to register as a shipper through various jurisdictions
- the waiting time at the facility for unloading of the casks

Ocean freight for full fuel casks is approximately $550.00 per ton
and for the return of the empty casks is approximately $150.00 per ton.
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ATTACHMENT 

CONNECTICUT

Lead Agency: Department of Transportation (DOT)

Department of Environmental Protection (DEP)

Requirements: - Permits required

- Applications accepted no sooner than one working day
prior to shipment

- Two hours advance notice before application processing
begins

- Route prescribed y Connecticut DOT

- Shipments permitted only during daylight hours
(between 900 AM and 400 PM)

- No shipments on weekends or holidays

- Compliance with U. S. Department of Transportation
.regulations

(DEP) Materials must be pckaged and labeled in compliance with
Interstate Commerce Commission and other relevant federal
regulations.

FLORIDA

Lead Agency: Department of Health Rehabilitative Services

Requirements: - Compliance with U. S. Department of Transportation
regulations

- 10 days prior notice of:

mode of transport
proposed route
date of transport
name and address of consignee
special loading/unloading/handling procedures

record, vehicle inspection option of DHRS representatives

Other restrictions: Certificate of Authority required for shipping on Florida
Department of Transportation facilities
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ATTACHMENT 2

NORTH CAROLINA -- days advance notice; disclosure of
routes, time of shipment, origin, destina-
tion, length of time; compliance with U.S.
DOT, Coast Guard regulations.

CHARLOTTE- MECKLENBURG COUNTY- Adopted resolution urging
NRC to review current plans for transport of
spent fuel and postpone sent fuel transport
until safety modifications have been completed
through the Junction of I-77 and I85.

NORTH DAKOTA -- License required; compliance with U.S.
DOT regulations.

OHIO 1) Ban on facilities of State Bridge
Commission.

2) 48-hr. prior notification rquired
for all large quantity special or
byproduct material.

BEACE-WOODt BROOKLYN, EUCLIDt LAKEWOOD, MAYFIELD VILLAGE,
MIDDLEBURG HEIGHTS, OLMSTED VILLAGE, RICHMOND EIGHTS,
HEIGHTS, SOUTH EUCLID - Permit required for spent fuel

and other radioactive materials as follows:
a) Plutonium isotopes in a quantity

and form exceeding two grams or 20
curies, whichever is less;

b) Uranium enriched in the isotope -235
exceeding 25 atomic percent of the
total uranium content in quantities
where the -235 content exceeds one
kilogram;

c) Any of the actinides, the activity of
which exceeds 20 curies;

d) Spent reactor fuel elements or mixed
fission products associated with such
spent fuel elements the activity of
which exceeds 20 curies;

e) kny quantity of radioactive material
specified as a "large quantity' by the
NRC or

f) "Fissile Class III' materials.
CKLAEOKA CompliaLnce with U.S. DOT regulations;

compliance with U.S. DOT re: shipping on
.facilities of Oklahoma Turnpike Authority.

OREGON 1) License required.
2) Advance notice of routes and

schedules.
3) Rail transporters: advance notice

of movement report incidents.
PENNSYLVAN-A 1) 30'days Advance registration;

accident notification; Hazardous
Substance Transportation Board.

2) Permits for Pennsylvania Turnpike.
3) Compliance with U.S. DOT regulations

required.
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RESEARCH REACTOR FUEL TRANSPORT THE U.K. XA04C1526

R. Panter U.K. Atomic Energy Authority, Herwell.

Introduction

This paper describes the containers currently used for transport of

fresh or spent fuel elements for Research and Materials Test Reactors in

the U.K. their status, operating procedures and some of the practical

difficulties.

In the U.K. MTR fuel cycle work is almost entirely the responsibility

of the U.K. Atomic Energy Authority.

Fresh Fuel Container

The tpe 1612 container (Figs. I 2 is a rectangular box intended

to hold eight MTR fuel elements. It is made of sheet steel about 2m thick,

and lined with cork about 51mm thick, the fuel elements being supported in

blocks of synthetically bonded fibre. It weighs 160 Kg.

A shorter version, Type No. 3104, will be available shortly, and will

be more economical o handle or transport for elements up to 1070m in

length.

Spent Fuel Shielded Container

The 'Unifetch' containers (Figs 3 4 5 6 were designed some fifteen

years ago to a very severe specification, for road or rail tranSPort - in

the latter case the original design requirement being to survive a 40 miles

per hour impact against a granite tunnel or bridge abutment. We treated

the rail wagon, holding frame and -flask as a unit, which is no even now,

general practice.

The flask consists of a solid steel forging providing over 12 inches

of shielding, with welded-on fins to increase heat dissioation and provide

some energy absorption in the event of impact. It is intended for underwater

loading, the lid being removed and replaced underwater.
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There are-two versions, the type 1112 for short or cropped e6ments,

the type 1113 for longer elements. Various baskets are available, accepting

between 24 and 40 elements.

Status

All of these containers were approved under the 1967 IAEA egulations

as Type designs. In the UK we have had to prepare and sbmit a case

for re-approval shewing compliance with the 1973 regulations. These new

approvals have not yet been received, so we are operating under Temporary

Certificates o Approval (T.S.A.).

The type 1612 being a relatively small and inexpensive box we have

retested by both drop testing, flat, corner drop and punch test, then the

oil fire testing - all on the one box. This was successful, the elements

surviving intact, although the bottom layer were somewhat distorted by

the drop test.

Criticality cases are calculated for an infinite array, and cover several

likely loadings.

We believe the new permanent UK certificate will be issued without

further work. It is interesting that a separate German approval has been

obtained for this container.

The Unifetch is too heavy and expensive to destroy in tests, so a

quarter scale model was used for drop tests, while the temperatures under

fire test conditions were calculated.

The case was put to D.Tp. about 2 years ago, and some dditional work

has been necessary to deal with comments that have been made. The more

important items are a re-calculation of the fire test temperature, because

it is now known that a different heat-transfer Cefficient should be used

to represent flame behaviour - and this in turn means that the. thermoplastic

seals may have to be iset more deeply. However, it is accepted that with

small modifications the Unifetch will meet the full IR73 rgulations and

that a type certificate can be issued in due course. Meanwhile the T.S.A.

is renewed periodically.
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Comment

It can be seen from the above notes that it can now take 2 to years

to design, test, and obtain approval for a transport container, so an oerator

usually has to identify an existing container and extend the range of

approved use to the new requirement - not always an economical solution.

It is worth commenting on a particular feature of the UK approval

requirement. Leak tightness, both before and after drop test and fire

test, is taken to be the limit of testing technology. These extremely

high standards seem inappropriate for large flasks, for which temperature

control is difficult if not impossible. On the other hand, testing of

seals, by means of a connection between trim seal rings, where the trapped

volume is very small, is a quick and sensitive test which can be repeated

-for each journey, if necessary.

One recurring problem is contamination of painted flasks after

underwater use. Ponds at reprocessing plants seem to be frequently

contaminated, and the paint pigment appears to absorb caesium, which later

bleeds out. Tests have shewn that the paint film itself isimpermeable

and our pragmatic approach is to cover the paint with a coat of unpigmented

varnish, which does seem to reduce the problem.

Choice of ansport Method

Transport may be by air, road or rail for fresh fuel - possibly by

sea for ferry crossings. Irradiated fuel flasks may travel by road, rail

or sea.

The practical problems for the operator multiply if more than one type

of tansport is used, while security requirements exert a powerful influence

to restrict the quantity of fresh fuel in any shipment. There are few cases

in the UK whereresearch or materials test reactors have internal access to

rail sidings, while in any case any overnight stops must be in a secure

establishment.

This leads to the use of air and road transport for fresh fuel.

Irradiated MTR fuel flasks are shipped by road, and even in the UK this can

mean a journey of 3 to 4 days. Pre-arranged overnight secure accommodation

is required at 150 to 200 mile intervals.
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Costs

Fuel transport is expensive, requiring a great deal of staff time to

obtain approval for containers, or to design and test improved containers,

while maintenance, testing and decontamination absorb operator ef-fort.

Transport vehicles have to be arranged, and acceptances obtained from the

receiving establishment, overnight stop establishments, and in some cases

the responsible ministry and the police. This ties up a lot of staff time.

Is there anything we can do to minimise cost 

Of the equipment, we should reduce the number of different container

designs, make the contents as large as possible, within the security

limitations, and keep the equipment and handling operations simple. I

believe we should have flask surfaces smooth and corrosion resistant -

which probably means stainless stee - but there is a good cse for an

easily stripable coating for ease of decontamination.

Can we simplify administrative procedures 

I doubt if we can influence regulations, but procedures are simpler

if containers have full multilateral approval, and if fewer different

designs are in use. This would also help National approving bodies to

catch up with the backlog of re-approvals.

Equipment used only within sites is generally allowed to be used for

'Type quantities of radioactive material if approved to 'Type A' standards.

The application of speed limits and immediate availability of site fire

services and radiological and engineering support are accepted as

compensating for the lower test standard. The type A approval for non-

fissile containers can be given by nominated local staff, and it is therefore

a less slow process. The standard o trailers and tie-down -fitting has

been given particular attention, even for short journeys between buildings.

Summary

This note has briefly reviewed the status and procedures Tor MTR fuel

transport in the UK.
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Fig.

MTR Type fuel transit container

Design No. 1612. Issue No. 4

Reference Drawing No. FE 10758 Date of Issue 30th September 1980

General Description No. of Flasks
Non gas tight mild steel container with removable;lid. 29.

Unladen Weight
355 bs (Calculated)

Materials (shielding)
0. 1 28" mild steel. .

Cavity size or capacity
6'-4" x 2-O x l'-3%"
8 MTR fuel elements.

Safe Loading of Lifting Points

Approved Lifting Harness Drawing No.

Max. Loading of Harness

Lifting Harness Plant Item No.

Vehicle
Any suitable vehicle.

Approved Hold Down Equipment
Drawing No.

Speed Restrictions

Normal Storage
D 1202

Routes
Domestic and international.

Normal Usage
Transport of M.T.R. fuel elements.

Ancillary Equipment
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Fig 3

NEW~

'Unifetch' Type Transport Container

Design No. 1112 Issue No. 4

Reference Drawing No. DH 1767 Date of Issue 30th September 1980

General Description No. of Flasks
Gas tight (test pressure 150 p.s.i.g. hydraulic) vertical 1.

cylindrical finned M.S. container with removable lid. Unladen Weight
Ptimarily intended for the ransport of irradiated M.T.R. 15 tons 3 wts 3 trs. (without inner basket. Design No. 1423).

type fuel elements. using inner container Design No. Materials (shielding)
1423. 12%- mild steel.

Cavity size or capacity
2'-6" dia. x 2-5%"

Safe Loading of Lifting Points
22.5 tons.

Approved Lifting Harness Drawing' No.
EH 17671005 (Lifting frame) and EH 1767/001 I-ifting earl.
Both lift flask complete with hold-down equipment. Total weight
18.52 tons.

Max. Loading of Harness
Lifting frame - 25 tons.
Lifting ear - 25 tons.

Lifting Harness Plant Item No.

Vehicle
Any suitable and approved vehicle also transported by rail and sea.

Approved Hold Down Equipment
Drawing No.
By road - rail and sea - EH 1767/003.

Speed Restrictions
5 M.P.H. on site.

Normal Storage
Flask storage compound.

Routes
Primarily intended for the international traffic of M.T.R. type fuel
elements.

Normal Usage
Transport of M.T.R. fuel elements from various sites in U.K. and
abroad to D.N.P.D.E.

Ancillary Equipment
Inner container, design No. 1432, drawing No. EH 1767/8.
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Fig 

'Unifetch' Type 'L' Transport Container

Design No. 1113 Issue No. 4

Reference Drawing No. AE 231563
Date of Issue 30th September 1980

General Description No. of Flasks
Gas tight (test pressure 150 p.s.i.g. hydraulic) vertical 2.

cylindrical finned M.S. container with removable lid. Unladen Weight
Primarily intended for the transport of irradiated 16.8 tons (without inner basket).

M.T.R. type fuel elements. using inner container Materials (shielding)
Design Nos. 1331, 1376, and 1753. 12%" mild steel.

Cavity size or capacity
2'-6" dis. x X-5" long (approx.).

Safe Loading of Lifting Points Ancillary Equipment
22.5 tons. Inner container, design No. 1331 - Drawing No. ZAE 60705.

Inner container, design No. 1376 - Drawing o. AE 231573.

Approved Lifting Harness Drawing No. Inner container, design No. 1753 Drawing No. ZAE 61218.

(a) AE 231580 (this harness lifts flask complete with hold-down
equipment when eing trans-shipped).
Total weight 21.1 tons (approx.).

lb) AE 231585 (lid removal).

Max. Loading of Harness
(a) 25 tons.
lb) tons (lid removal).

Lifting Harness Plant Item No.

Vehicle
Off site -Any suitable and approved vehicle.
- also transported by rail and sea.
25 ton 'Carrimore' trailer (on site only).

Approved Hold Down Equipment
Drawing No.
By road - rail and sea - EH 1767/003,
25 ton 'Carrimore' trailer (on site only) ZAE 61075.

Speed Restrictions
MP.H. on site.

Normal Storage
D.E.R.E. flask storage area.

Routes
Primarily intended for the international traffic of M.T.R. type fuel
elements.

Normal Usage
I Transport of M.T.R. fuel elements between various sites in

U.K. and abroad o D.N.P.D.E.
2. Transport of F.R. breeder slugs from D 1206 to Windscale.
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XA04C1527

Excerpts from: Safety Analysis Report for packaging of TRIGA and MTR

Irradiated Fuel Assemblies in MH-lA Spent-Fuel Shipping Cask

by

Radihalgh, Eggers and Associates, Inc.

Presented by

R. Pope

Sandia Laboratories
Albuquerque, New Mexico

0.0 GENERAL INFORMATION

The MH-1A shipping cask was approved for transporting MH-1A fuel on

April 13, 1977 and given Certificate of Compliance Number 6639,

Revision Number 2 Docket Number 71-6639. The expiration date of this

Certificate of Compliance was August 31, 1979. Recertification is being

sought to ship other fuels.

0.1 INTRODUCTION

The Model No. MH-1A Spent Fuel Shipping Cask was originally designed

in 1964 by the Battelle Columbus Laboratories for the Martin Company,

Baltimore, Maryland. The cask was designed to ship four MH-1A spent

fuel elements. Both the design and fabricated cask complied with the

Atomic Energy Commission (AEC) regulations in effect at that time and

a report demonstrating compliance was prepared and published. The

cask was licensed at that time and has been used to ship MH-1A fuel.

The Department of the Army Headquarters, United States Army Facilities

Engineering Support Agency, Fort Belvoir, Virginia acquired this cask

and in 1971 contracted with Battelle Columbus Laboratories to upgrade

the Safety Analysis Report to comply with the 10-CFR Part 71 Regulations.

The Department of the Army application dated March 11, 1974 as

supplemented was favorably reviewed by the NRC and given Certificate

of Approval Number 6639, Revision Number 2 Docket Number 71-6639 with

an expiration date of August 31, 1979. This certificate included

shipment by land and water.
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Since the need to transport MH-1A fuel no longer exists, reference to

this fuel is deleted from applicable sections of this SAR. However, in

other sections, such as those containing structural and thermal analyses,

the original analyses are retained since parameter values (e.g.,

weight or decay heat rate) for the MH-1A fuel are eually severe as

those of all of the fuels planned to be transported. Therefore, these

analyses remain valid.

The Department of Energy (DOE) is now custodian of the MH-1A casks and

their use is managed by the Savannah River Operations (SRO) at Aiken,

South Carolina. The DOE plans to transport TRIGA and MTR spent fuel

from various U. S. universities to SRO. TRIGA fuel also is shipped

from the Diamond Ordnance Radiation Facility (DORF). Furthermore,

MTR spent fuel may be shipped from foreign-based research reactors

to SRO. In addition, other core components may be transported including

control rods, structural components, and handling equipment provided

these materials are not more radioactive or generate more decay heat

than the fuel analyzed in this safety analysis report.

The maximum numbers of TRIGA and MTR fuel elements carried per package

are presented in Table 0.1. The maximum number of MTR fuel elements

per package vary because of differences in cross sectional geometry

and length. Letters designating types of MTR fuel elements refer to

typical MTR fuel elements that were analyzed in detail. A University

of Missouri reactor (MURR) fuel element is one full-length, uncut MTR

fuel element which stands vertically in each of 12 compartments in a

basket. The high flux beam reactor (HFBR) fuel elements have been cut

top and bottom to a length of 24.5 0.25 inches and contain the entire fel

loading of two fuel elements. For the National Bureau of Standards

reactor (NBSR) fuel, each fuel element has not only been cut top and

bottom, but also in the middle so that each half or section contains the
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TABLE 0.1. MAXIMUM SPENT FUEL PER PACKAGE

Maximum
Fuel Number of Examples of

Assembly Fuel Elements Typical Fuel
Fuel Type per package Element Users

TRIGA 48 Pennsylvania State University and
University of Utah

MTR MURR 12 University of Missouri (MURR)

MTR HFBR 32 Brookhaven (HFBR)

MTR NBSR 24* National Bureau of Standards (NBSR

* 48 sections (half fuel elements) in a 4 by 4 array 3 tiers high

equivalent fuel of half a fuel element, and three tiers of sections are

stacked vertically in the cask. The lengths of the cut halves may vary

from 12.75 to 13.5 inches.

The shielding, thermal capacity and payload weight required for the four

MH-1A fuel elements previously transported are greater than those required

for maximum shipments of TRIGA and MTR fuel elements. Subsequent analyses

and descriptions present the requirements for the TRIGA and MTR fuels and

show that the proposed shipping systems comply with applicable regulations

(1 2 for shipping these types of radioactive materials by highway (truck)

and MRT fuel by water. Moreover, fresh fuel as well as spent fuel can be

shipped, since fresh fuel does not have significant neutron, decay gamma

ray, and decay heat sources due to irradiation.

The criticality and shielding analysis cover a sufficiently wide range of

parameters that any mixture of MTR may be transported, if it fits within

a basket compartment. However, if shorter fuel assemblies, such as NBS

half elements, are shipped with fuel, such as HFBR, dunnage should be added

so that the axial length of the dunnage and shorter fuel assemblies are

within 0.5 inch of the length of fuel designed for the basket.

The proposed classification of all shipments is Type (large quantity),

Fissile Class III, and a maximum of two packages can be carried per shipment.

These data are the same as those certified previously for MH-1A spent fuel.
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0.2 PACKAGE DESCRIPTION

0.2.1 Description of MH-1A Cask

The MH-1A cask is formed by two 304 stainless steel shells whose cavity

is filled with lead (Figure 0.1). The 0.62-inch-thick stainless steel

containment vessel is rectangular in cross section 14.75 by 17.0 inches)

and is 52 inches long. The external dimensions of the 0.5-inch-thick

stainless steel outer shell is 32.00 by 34.25 inches in cross section with

9.5-inch-radius corners and is 71 inches high over the cover or 75.75

inches over the lifting trunnions. However, the dimensions of the 0.75-

inch-thick permanently-attached stainless steel base are approximately

33.25 by 35.5 inches. The overall nrrowest cross sectional width of the

cask is 38.25 inches over the 3-inch-high stainless steel fins. The

widest overall dimension for shipment is 57.75 inches over the top

impact limiter and the overall height is 91.25 inches including the

heights of the impact limiters. The cask cover is a recessed plug-type

lead-filled stainless steel weldment with a 0.25-inch-diameter cross

section silicone rubber O-ring seal. Twenty ASTM A-325, Type 3 studs of

0.75-inch-diameter secure the 1.12-inch-thick, 30.5-inch-diameter cover

flange to the cask body. Two 0.75-inch-diameter forged-steel shoulder

eyebolts are used to lift the cover.

The cask is also equipped with a drain line, pressure relief valve,

pressure gage, two impact limiters, and four tiedown lugs. The stain-

less steel drain line is located at the bottom of the containment vessel

and terminates in a valve box on the side of the cask. A stainless

steel pressure line from the cover recess region terminates in a gage

box on the side of the cask near the top. A bronze pressure relief

valve, stainless steel filter, and a stainless steel alobe valve with

metal-to-metal seat also are located in the gage box. The impact limiters

are fabricated of redwood and sheathed in 0.25-inch-thick ASTM A-36 steel

plate. Four tiedowns are located near the top of the cask on the rounded

corners to tie the cask on the tansport vehicle.
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Shielding is provided by lead which is nominally 762 inches around the

cask, except at the four rounded corners the thickness is slightly

reduced to 732 inches. In the top cover and bottom the thicknesses of

lead are 75 and 762 inches, respectively.

Decay -heat is removed from the outer shell by 42 stainless steel fins

0.25 inches thick, 3 inches high, and 60 inches long. The longitudinal

(axially-oriented) fins are rectangular in cross section and welded

radially at centerline spacings of 262 and 275 inches on the shorter

and longer sides of the cask, respectively.

Spent fuel is shipped dry and air is the coolant in the containment

vessel. Air also was the previously certificated coolant for MH-1A

spent fuel (Reference 3.

The estimated maximum total weight of the cask is 27,340 pounds, including

impact limiters and TRIGA fuel.

The cask as it is presently envisioned, including modifications and fuel

baskets, is shown in Ridihalgh, Eggers and Associates (REA) Drawings

1038-1 through 1038-9.

0.2.1 Operational Features.

The loaded MH-lA cask is a passive system cooled by natural convection

and thermal radiation in air and does not use an auxiliary cooling system.

After being readied for shipment, no enroute procedures are required.

0.2.3 Contents of MH-lA Cask

The quantity of nuclear material is limited by the maximum decay heat of

1.73 kw and by regulatory dose rates from shielding considerations. Curves

in Section 40 (Shielding) are intended to be merely guidelines to assist

users in operation of the cask and are not limitations to cask usage. The

curves are based on the assumption that the cask is loaded with the same

aqe fuel. However, mixed-age fuel is permitted in the cask, if the maximum

thermal and regulatory shielding requirements are met.
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The nominal design pressure of the containment is 25 psig. Moreover,

the pressure relief valve will be set at 30 psig and 45 psig is needed

to yield the sides of the containment vessel under the conservative

assumption of 80 percent efficiency of welds. The maximum pressure

expected during an accident is 23.4 psig.

Boral is used in the baskets to control criticality for MTR fuels;

thus, the baskets must be in place before loading this type of fuel.

TRIGA fuel is loaded into the original MH-lA basket, which contains

Voral, but the boral is not needed to control criticality.

0.2.3.1. TRIGA Basket

TRIGA fuel is shipped in the basket that was originally designed and licensed

(Docket Number 71-6639) for shipping four MH-lA fuel assemblies. Additional

support for the TRIGA fuel assemblies is provided by clustersof 12 tubes

(Drawing 1038-51 made from 11/2 inch stainless steel pipe. Each

cluster fits in one of the four MH-lA basket cavities, which are

Sepa rated by 0.50 inch thick boral plates clad with 0062 inch stainless

steel sheets. The cluster of twelve 1112 inch stainless steel pipes

are welded together at both ends and provided with bottom plates to

support the fuel at the desired height in the cask. The tube bottom

plates are essentially squares of 0125 inch thick stainless steel

welded into the round pipe to provide drainage openings when the cask

is loaded under water. Since the follower and instrumented assemblies

are longer than the regular assemblies, two special length pipes are

provided in the center of each cluster for two of these longer units.

These pipes are color coded to identify them when loading the fuel.

The pipe cluster units are supported in the basket by the four corner

pipes extended to rest on the bottom of the MH-lA basket. The tube

cavities provided for the instrumented assemblies are permitted to

extend through the holes in the bottom of the MH-lA basket to provide

space for their 51 inch length. A 0.25-inch-thick stainless steel

plate having a 2-inch-diameter hole is welded to the top of the tubes

in the center of the cluster. This plate is used to lift the cluster
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of 12 tubes and to provide support for the basket against the cask

cover if the cask were to be accidentally overturned while loaded.

Spacer brackets extending out 062 inch are welded on the long side

of the tube bundles approximately inches from each end. These

brackets limit the free space and movement of the tube bundles in each

of the four former MH-IA basket cavities.

The MH-lA basket is used for shipping TRIGA spent fuel for conven-

ience and economy. The criticality safety of the loaded TRIGA fuel is

assured even if the MH-lA basket is broken in an accident.

Thecruciformpoison once needed for MH-lA fuel is not necessary for TRIGA

fuel but is left for further safety assurance. Thus, the structural

analysis of the cluster for TRIGA fuel is brief and is only included to

indicate that the clusters are designed so that they will be structurally

secure in the event of an accident.

0.2.3.2 HFBR and NBSR Baskets

The cross sections of the HFBR and NBSR baskets are identical. There are

two HFBR baskets each 25.62 inches long, overall (REA Drawing 1038-7) and

three NBSR baskets each 17.00 inches long, overall (REA Drawing 1038-6).

Each 16 element basket is separated neutronically into four sections

by a cruciform of 0177 inch thick boral clad in 0062 inch thick 304 stain-

less steel. Each fuel element is placed in a separate compartment within

a basket, which is fabricated of 14 gage 0075 inch thick) stainlesssteel.

The bottom of each basket consists of 025 inch diameter stainless steel

rods, which supports the fuel elements.

A lifting plate is provided at the top of each basket for removal from

the cask. Boral is extended into the lifting plate to maintain fuel

separation if the cask should be turned upside down in an accident.

REA Drawing 1038-8 indicates the clearances of the baskets within the

MH-lA cask and of fuel within the baskets. The baskets are designed for

generous clearances between the top of the cask and the ts of the upper

baskets to allow thermal expansion but they are less than inch

to prevent excessive axial movement during an accident.
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Each bottom corner of each basket containsa 1.18 inch triangular stainless

steel plate large enough to permit stacking the baskets vertically in the

cask. Due to the generous clearance 025 inch nominal, 012 inch

minimum) between the sides of the basket and the containment vessel

and the relatively thin basket stock (OX75 inch thick), only three

corners of a basket can be assured of supporting the stacked baskets.

0.2-3.3 MURR Basket

The MURR basket design is shown on REA Drawing 1038-3. It is 33.5 inches

overall in height to receive the 32.5 inch long fuel elements. Two

strips of 0177 inch thick boral separate the fuel into three regions,

each with four fuel elements. The fuel compartments are fabricated of

0.125 inch thick 304 stainless steel. Rods 025 inch in diameter support

the fuel in the basket.

A 17.5 inch high spacer is used in the bottom of the containment vessel

to support the basket. Thus, the top of'the fuel is near the top of

the cask, which is convenient for loading the cask with the basket in

place inside the cask.
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The remaining mentioned drawings are not available.
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NUCLEAR MATERIALS TRANSPORTATION AT BATTELLE

by
T. R. Emswiler and D. Stahl

Battelle, Columbus Laboratories XA04C1528

Good morning Ladies and Gentlemen. I would like to thank

our host, Dr. Travelli, for giving me the opportunity to speak about

Battelle's interest, involvement, and contribution to nuclear materials

transportation.

First, however, I would like to say a few words about Battelle.

Battelle Memorial Institute was established in 1929 as a result of the be-

quest by Gordon Battelle to "provide research in the service of man".

Since that time, Battelle has grown to over 7000 employees in five major

divisions: the Columbus Laboratories which comprises the original research

center; the Pacific Northwest Laboratories which we manage for the U.S.

Department of Energy; the Project Management Division which operates the

Office of Nuclear Waste Isolation; and the Geneva, Switzerland, and Frank-

fort, Germany, laboratories. In addition, Battelle operates other special-

ized facilities in the United States and has offices throughout the world.

Battelle's involvement in the nuclear endeavor began in 1942

under the Manhattan Project, particularly in the development of fuels and

materials for gas-cooled and water-cooled reactors. The Battelle-Columbus

Nuclear Facility is located in West Jefferson, Ohio, about 18 miles west of

Columbus. At this site, Battelle operates a large, well-equipped Hot Cell

Facility. A research reactor (the BRR) a critical facility, and a plu-

tonium laboratory have been decommissioned after serving their purposes.

The hot cells serve both industry and government in such areas

as postirradiation examination of complete LWR fuel assemblies, component

failure analysis such as condenser and steam generator tubes, examination

of pressure vessel surveillance capsules, analysis of fuel behavior under

dry storage conditions, and evaluation of resins from TMI-2 reactor.

The operation of the Hot Cell and the other nuclear facilities

requi.red us to become expert in the handling and transportation of nuclear

materials. Thus, Battelle-Columbus has been a pioneer in designing and

developing shipping containers for its own needs and to meet the require-

ments of the nuclear industry. We have participated in the design and

testing of approximately 80 licensed shipping casks. Our involvement has

included cask design and testing and the preparation and updating.of

safety analysis reports. Battelle's capabilities also include all the
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computer codes needed for thermal, shielding, criticality, and structural

analyses as well as a drop test facility for validating codes and obtain-

ing data to supplement structural analyses.

These facilities have also been used in the design and licensing

of Battelle's four shipping containers, all of which are currently in

service. These casks are used principally to transport radioactive sources,

surveillance capsules, and spent research reactor fuel--the latter being

the subject of this session.

Battelle-Columbus designed, licensed, built, and maintains four

shipping casks, primarily to support our Hot Laboratory postirradiation

programs on highly irradiated structural and spent fuel materials. These

casks--BMI-1 and BCL-2, 3, and -4--vary in size and shipping capacities.

Weights range from 1200 to 23,000 pounds. Internal cavities range from

4-1/2 in. I.D. x 5 in. deep to 15-1/2 in. I.D. x 54 in. deep. Each is

licensed by the U.S. NRC for Type fissile quantities and each has an

IAEA Competent Authority Permit.

. Although they are used primarily for our own purposes, the casks

are available for lease to industry and the government. When leased,

Battelle can, if requested, provide technical assistance to the leasee at

his site, assist in obtaining transportation, route approvals, additional

licenses, and any other items required to ship from one point to another.

Battelle-Columbus is not licensed to be the shipper of record from another

facility but we are pursuing this with the U.S. NRC because we find our

leasees rely heavily on our shipping experience and would prefer us to

handle all aspects of the shipments. This stems primarily from the fact

that most of the leasees very rarely make shipments of radioactive material

and cannot keep up to date on regulatory requirements.

The Battelle BMI-1 cask is in great demand by industry because

its license for shipment covers a variety of fuel and nonfuel radioactive

materials such as 24 MTR assemblies, 38 TRIGA assemblies, PULSAR.assemblies,

and several others. This cask has also been used in the import/export

cycle. We are presently working on a license to allow us to ship the fuel

equivalent of 75 light water reactor (.LWR) fuel rods which have been de-

structively examined at our hot cells and will be shipped as TRU waste to the

DOE Rockwell-Hanford facility. This cask has been used by many universities
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and companies such as the universities of Michigan, Arizona, Iowa, and Vir-

gina and Union Carbide and General Atomic, to name a few.

Battelle-Columbus averages about 150 outgoing and incoming ship-

ments of radioactive material a year in packages that range from 50,000-

pound spent fuel casks to small 5-gallon cans.

The regulatory requirements for each shipment are becoming more

detailed and restrictive every day, thus each shipment can almost be con-

sidered a major project in itself. Three years ago, a truckload of radio-

active waste leaving our site required the generation of only two docu-

ment; now 13 internal and external documents are required.

We feel we have a capable staff to perform the packaging and

transporting operations. A one-on-one relationship with the regulatory

bodies and personnel at other facilities is necessary to make a poten-

tially difficult task into a much easier one.

The recent change which requires MTR fuel assemblies to be shipped

to Idaho INEL instead of Savannah River makes the job more expensive and

difficult for the reactors in the East and other parts of the world.

Transportation costs and 10CFR73 security requirements are the major factors.

Routing and escort requirements around or through embargoed areas become a

much more difficult and detailed task. Battelle-Columbus has made several

spent fuel and large quantity shipments over long distances and we're able

to give advice and assistance to anyone who may require it.
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FUEL CYCLE COST COMPARISONS WITH
OXIDE AND SILICIDE FUELS

J. E. Matos and K. E. Freese
XA04C1529

RERTR Program
Argonne National Laboratory

INTRODUCTION

This paper addresses fuel cycle cost comparisons for a generic 0 W
reactor with HEU aluminide fuel and with LEU oxide and silicide fuels in
several fuel element geometries. The intention of this study is to provide a
consistent assessment of various design options from a cost point of view.

The status of the development and demonstration of the oxide and silicide
fuels are presented in several papers in these proceedings. Routine utilization
of these fuels with the uranium densities considered here requires that they
are successfully demonstrated and licensed.

Thermal-hydraulic safety margins, shutdown margins, mixed cores, and
transient analyses are not addressed here, but analyses of these safety issues
are in progress for a limited number of the most promising design options.

Fuel cycle cost benefits could result if a number of reactors were to
utilize fuel elements with the same number or different numbers of the same
standard fuel plate. Data is presented to quantify these potential cost
benefits.

REACTOR DESIGN

The reactor studied was the IAEA generic 10 MW reactor (Fig. 1) described
in detail in Ref. 1. This x 6 element core contained 23 MTR-type standard
fuel elements and control fuel elements. The core was reflected by graphite
on two opposite faces and surrounded by water. One water-filled flux trap was
located near the center of the core and another near an edge.

FUEL ELEMENT DESIGNS

The fuel element designs shown in Table I were studied using aluminide
fuel with HEU and oxide and silicide fuels with LEU.

The reference HEU standard (control) element with aluminide fuel contained
23 17) fuel plates and 280 207) g 235U The water channel thickness was
about 22 mm.
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Fig. 1. Core and Fuel Shuffling Pattern
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Table 1. Fuel Element Designs Studied

Plates Fuel Water 235U
per Meat Channel Uranium per Std.

Fuel Enrich- Element Thick., Thick.. Density Element,
Type ment, Std./Cnti. mm mm R/CM3 9

UAlx 93 23/17 0.51 2.19 0.68 280

U308 19.75 16/10 0.76 3.45 3.13 284

U308 19.75 18/12 0.76 2.90 3.13 320

U3(8 19.75 20/14 0.76 2.46 3.13 355

U308 19.75 22/16 0.76 2.10 3.13 391

U308 19.75 20/14 0.88 2.34 3.13 411

U308 19.75 20/14 1.00 2.22 3.13 467

U3SiAl 19.75 23/17 0.51 2.19 3.65 320

U3SiAl 19.75 23/17 0.51 .2.19 4.11 360

U3SiAl 19.75 23/17 0.51 2.19 4.45 390

All cases had clad thicknesses of 038 mm on the inner plates and 0.495 mm
on the outer plates. The fuel meat had a width of 63 mm and a length of
600 mm.
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With LEU silicide fuel, the geometry of the HEU element was preserved and
the 235U content was varied by changing the uranium density in the fuel meat.
Elements with 235U loadings of 320, 360, and 390 g were selected for study.
The corresponding uranium densities in the fuel meat were about 37 41, and
4.5 g/cm3' respectively. For convenience in determining sensitivities, addi-
tional cases were computed with 315 and 330 g 235U per element.

With LEU oxide fuel, two types of design variations were made with a view
to the possible standardization of fuel plate designs. These fuel plate
designs and design variations were:

(1) One standard fuel plate with 076 mrr-thick meat and a uranium
density of 31 g/cm3 was first defined. Fuel element designs
with 16, 18, 20, and 22 of these standard plates were then studied.
The corresponding 235U loadings per element were 284, 320, 355, and
391 g, respectively.

(2) For the case with 20 fuel plates per element, the fuel meat thickness
was increased from 076 mm to 0.88 mm 411 g 235U per element) and to
1.0 mm 467 g 235U per element) in order to determine the additional
fuel cycle cost benefits that could result. The plate with 1. m-
thick meat and 31 g U/cm3 is nearly identical with one utilized by
INTERATOM in Ref 2 and could be considered as a second standard
fuel plate.

CALCULATIONAL METHODS

The methods and codes used for cross section generation (EPRI-CELL) and
burnup calculations (REBUS-2) are described in detail in Appendix A of Ref. 1.
However, the fuel shuffling pattern was changed from the inside-out scheme used
in Ref I (one standard element was replaced per cycle) to the five-batch,
outside-in scheme shown in Fig. 1. This shuffling pattern is similar to that
used by INTERATOM in Ref 2 and was adopted here to enable detailed comparisons
of calculated results oft the same basis.

In Fig. 1, five, four, five, four, and five standard elements and one
control element were replaced with fresh fuel in successive cycles in a pattern
which was repetitive after every five cycles. Fresh fuel was inserted into
position and spent fuel was discharged from position for paths A, B, C,
and from position 4 for paths D, E. In paths D and E, the fuel was not
shuffled during one cycle out of five so that all elements were in the core
for five cycles. Control elements were inserted into position I and dis-
charged from position .

PERFORMANCE RESULTS

In order to generalize the results to include a number of reactors with a
variety of experimental loads and reactivity control requirements, the calcula-
tions were performed with the end-of-cycle (EOC) excess reactivity as a variable.
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For each of the fuel element designs in Table 1, a series of burnup
calculations were first performed for a number of cycle lengths. The resulting
curves of EOC excess reactivity and average 235U discharge burnup (in the
standard elements) versus the cycle length are shown in Fig. 2 for the HEU
aluminide and LEU silicide cases, in Fig. 3 for the HEU aluminide and LEU
oxide cases with 076 mm-thick meat, 31 g U/cm3' and different numbers of
fuel plates per element, and in Fig. 4 for the HEU aluminide and the LEU oxide
cases with 20 plates per element, 31 9 /CM3' and fuel meat thicknesses of
0.76, 0.88, and 1.0 mm. The average 235U discharge burnup in the control fuel
elements was generally 56% larger than in the standard elements. These curves
are not shown here.

From Figs. 24 and discharge burnup curves for the control elements, cycle
lengths and average 235U discharge burnups were obtained for EOC excess reacti-
vities of I - 4 Wk. The results are shown in Table 2 for the reference HEU
design and the oxide fuel designs and in Table 3 for the reference HEU design
and the silicide fuel designs. From the cycle length data, the number of
standard and control elements that would be utilized per year for a 00% duty
factor were derived. The mass of metal in each spent element was also tabulated
for later use in computing reprocessing costs.

The data in Tables 2 nd 3 show the expected result that higher 235U
loadings per element yield longer cycle lenghts and higher 235U discharge
burnups, and lead to smaller annual fuel element consumption. Relative to the

HEU reference case, the peak and the average thermal <0.625 eV) flux ratios in
the central flux trap vary from 096 to 090 as the 235U content per element
is increased. It should be noted that these are relative values for a central
flux trap filled with water only and that actual thermal flux depressions will
depend on the specific design of each irradiation rig.

FUEL CYCLE COSTS

The model and assumptions used here for computing the annual costs for
each fuel cycle component are described in detail in the attached Appendix.
There are exceptions of course to some of the assumptions, especially those
that depend on the locations of the reactor and the fuel fabricator. However,
the intention here is to perform a consistent analysis for a generic reactor
in order to provide a perspective on the fuel cycle cost issues. For specific
reactors, the model can be used with pertinent cost input data. The cost
components and assumed input data that were used are outlined below.

Enriched Uranium Costs

The price of uranium feed on the spot market for the month
of September 1982 was about $17/lb U308 and the cost for con-
version to UF6 was about $3.1/lb U.

Using a feed assay of 071% a tails assay of 02%, and
the August 1982 DOE enrichment price of $138.65/SWU, the prices
for uranium (in UF6) with enrichments of 93.15% and 19.75% were
$45.06 and 41.53 per gram of 235U.
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Fig. 2 EOC Excess Reactivity and Average 235U Discharge Burnup
in Standard Elements for the Reference Design With HEU
Aluminide and LEU Silicide Fuel as Functions of Cycle Length.
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Fig. 3 EOC Excess Reactivity and Average 235U Discharge Burnup in
Standard Elements as Functions of Cycle Length for the HEU
Reference Design and the LEU Oxide Fuel Element Designs with
16-22 Plates Containing 31 g U/cm3, 076 mm Thick Fuel Meat.
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Fig. 4 EOC Excess Reactivity and Average 235U Discharge Burnup in
Standard Elements as Functions of Cycle Length for the HEU
Reference Design and the LEU Oxide Fuel Element Designs
Containing 20 Plates and 31 g U/cm3 Fuel Meat with Thick-

C) nesses of 0.76, 0.88, and 1.0 mm.
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Table 2 Calculated Performance Results for Reference Design with HEIJ UAI. Fuel and
for Six Designs with LEU U308 Fuel as a Function of EOC Excess Reactivity.

Average
Thermal

Plates Fuel EOC 235u No. of Spent Metal Flux Ratio
per Meat Excess Cycle Discharge Elements Mass per in Central

Design Fuel Element Thick., 235U per Element React., Length, Burnup, % per Years Element, kg Flux Trapb
Noe Type g U/cm3 Std./Cntl. mm Std. Cntl. % 6k/k Days Std. Cntl. Std. Cntl- Std. Cntl. Peak Avg-

HEU UAI, 0.68 23/17 0.51 280.0 207.0 1.0 58.7 51.0 56.5 28.6 6.2 5.0 4.7

LOX-1 U308 3.13 16/10 0.76 284.1 177.6 1.0 53.0 43.6 50.6 31.7 6.9 5.3 4.6

2 U308 3.13 18/12 0.76 319.7 213.1 1.0 64.6 46.8 53.5 26.0 5.7 5.8 5.1

3 U308 3.13 20/14 0.76 355.2 248.6 1.0 73.9 47.9 54.0 22.7 4.9 6.2 5.6

4 U308 3.13 22/16 0.76 390.7 284.2 1.0 80.0 46.9 52.2 21.0 4.6 6.7 6.0

5 U308 3.13 20/14 0.88 411.3 287.9 1.0 87.1 48.7 54.6 19.3 4.2 6.7 5.9

6 U308 3.13 2OA4 1.00 467.3 327.1 1.0 96.9 47.6 53.3 17.3 3..8 7.2 6.3

HEU UAI, 0.68 23/17 0.51 280.0 207.0 2.0 55.7 48.1 53.6 30.1 6.6 5.0 4.7 3.56 2.17

LOX-1 U308 3.13 16/10 0.76 284.1 177.6 2.0 49.2 40.4 47.2 34.1 7.4 5.3 4.6 0.96 0.95

2 U308 3.13 18/12 0.76 319.7 213.1 2.0 60.1 43.6 50.0 27.9 6.i 5.8 5.1 0.96 0.94

3 U308 3.13 20/14 0.76 355.2 248.6 2.0 68.7 44.6 50.4 24.4 5.3 6.2 5.6 0.96 0.94

4 U308 3.13 22/16 0.76 390.7 284.2 2.0 74.2 43.6 48.7 22.6 4.9 6.7 6.0 0.97 0.93

5 U308 3.13 20/i4 0.88 411.3 287.9 2.0 81.5 45.6 51.3 20.6 4.5 6.7 5.9 0.96 0.92

6 U30B 3.13 20/14 1.00 467.3 327.1 2.0 90.5 44.5 50.0 18.6 4.0 7.2 6.3 0.96 0.91
X-

HEU UAl' 0.68 23/17 0.51 280.0 207.0 3.0 52.3 45.2 50.3 32.1 7.0 5.0 4.7

LOX-1 U308 3.B 16/10 0.76 284.1 177.6 3.0 45.0 37.0 43.3 37.3 8.1 5.3 4.6

2 U308 3.13 18/12 0.76 319.7 213.1 3.0 55.3 40.1 46.2 30.4 6.6 5.8 5.1

3 U308 3.13 20/14 0.76 355.2 248.6 3.0 63.2 41.0 46.5 26.6 5.8 6.2 5.6

4 U308 3.13 22/16 0.76 390.7 284.2 3.0 67.9 39.9 44.7 24.7 5.4 6.7 6.0

5 U308 3.13 20/14 0.88 411.3 287.9 3.0 75.2 42.1 47.6 22.3 4.9 6.7 5.9

6 U308 3.13 20/14 1.00 467.3 327.1 3.0 83.5 41.1 46.3 20.1 4.4 7.2 6.3

HEU UAI, 0.68 23/17 0.51 280.0 207.0 4.0 48.6 41.9 46.8 34.6 7.5 5.0 4.7

LOX-1 U308 3.13 16/10 0.76 284.1 177.6 4.0 40.5 33.3 39.1 41.5 9.0 5.3 4.6

2 U308 3.13 18/12 0.76 319.7 213.1 4.0 50.2 36.4 42.1 33.5 7.3 5.8 5.1

3 U308 3.13 20/14 0.76 355.2 248.6 4.0 57.3 37.2 42.3 29.3 6.4 6.2 5.6 -

4 U308 3.13 22/16 0.76 390.7 284.2 4.0 61.1 35.9 40.4 27.5 6.0 6.7 6.0

5 U308 3.13 20/14 0.88 411.3 287.9 4.0 68.5 38.4 43.5 24.5 5.3 6.7 5.9

6 U308 3.13 20/14 1.00 467.3 327.1 4.0 75.9 37.4 42.3 22.1 4.8 7.2 6.3

aFor 100% duty factor.

bCentral flux trap filled with water only. Values for the HEU cases are the peak and the average thermal <0.625 eV) flux in n/cm2/8 x loll.

For the LEU cases, ratios of the LEU to HEU thermal fluxes are shown.



Table 3 Calculated Performance Results for Reference Design with HEU A1x Fuel and LEU
U3SiAl Fuel with Five Uranium Densities as a Function of EOC Excess Reactivity.

Average
Thermal

Plates Fuel EOC 23SU No. of Spent Metal Flux Ratio
per Meat Excess Cycle Discharge Elements Mass per in Central

Design Fuel Element Thick., 235U per Element React., Length, Burnup, % per Years Element, kg Flux Trapb
-No. Type g U/cm3 Std./Cntl. mm Std. Cntl. % 6k/k Days Std. Cntl. Std. �qntl. Std- Cntl- Peak Avg.

HEU UAlX 0.68 23/17 280.0 207.0 1.0 58.7 51.0 56.5 28.6 6.2 5.0 4.7 3.60 2.20

LSI-l U3SiAl 3.65 23/17 0.51 320.0 236.5 1.0 60.6 43.2 48.3 27.7 6.0 6.1 5.5 0.96 0.93

2 U3SiAl 4.11 23/17 0.51 360.0 266.1 1.0 75.5 47.7 53.2 22.2 4.8 6.3 5.6 0.95 0.92

3 U3SiAl 4.45 23/17 0.51 390.0 288.3 1.0 86.3 50.4 56.2 19.5 4.2 6.4 5.7 0.94 0.90

U3SiA1 3.60 23/17 0.51 315.0 232.8 1.0 58' 6 42.4 47.5 28.7 6.2 6.1 5.5

U3SiAl 3.77 23/17 0.51 330.0 243.9 1.0 64.4 44.4 49.8 26.1 5.7 6.2 5.5

HEU UAIx 0.68 23/17 0.51 280.0 207.0 2.0 55.7 48.1 53.6 30.1 6.6 5.0 4.7 3.56 2.17

LSI-I U3SiAl 3.65 23/17 0.51 320.0 236.5 2.0 55.7 39.7 44.6 30.1 6.6 6.1 5.5 0.96 0.93

2 U3SiA1 4.11 23/17 0.51 360.0 266.1 2.0 70.5 44.6 50.0 23.8 5.2 6.3 5.6 0.95 0.92

3 U3SiAl 4.45 23/17 0.51 390.0 288.3 2.0 81.1 47.4 53.0 20.7 4.5 6.4 5.7 0.94 0.90

Ul U3SiA1 3.60 23/17 0.51 315.0 232.8 2.0 53.8 39.0 43.8 31.2 6.8 6.1 5.5
U3SiAl 3.77 23/17 0.51 330.0 243.9 2.0 59.6 41.2 46.3 28.2 6.1 6.2 5.5

Ln

HEU UAlx 0.68 23/17 0.51 280.0 207.0 3.0 52.3 45.2 50.3 32.1 7.0 5.0 4.7 3.52 2.14

LSI-l U3SiAl 3.65 -23/17 0.51 320.0 236.5 3.0 50.4 35.9 40.4 33.3 7.2 6.1 5.5 0.96 0.93

2 U3SiAl 4.11 23/17 0.51 360.0 266.1 3.0 64.9 41.1 46.1 25.9 5.6 6.3 5.6 0.95 0.92

3 U3SiAl 4.45 23/17 0.51 390.0 288.3 3.0 75.3 44.0 49.2 22.3 4.9 6.4 5.7 0.94 0.91

U3S:LAl 3.60 23/17 0.51 315.0 232.8 3.0 48.6 35.2 39.6 34.6 7.5 6.1 5.5

U3SiAl 3.77 23/17 0.51 330.0 243.9 3.0 54.0 37.3 41.9 31.1 6.8 6.2 5.5

HEU UA1, 0.68 23/17 0.51 280.0 207.0 4.0 48.6 41.9 46.8 34.6 7.5 5.0 4.7 3.48 2.11

LSI-l U3SiAl 3.65 23/17 0.51 320.0 236.5 4.0 44.8 31.9 36.0 37.5 8.2 6.1 5.5 0.96 0.93

2 U3SiAl 4.11 23/17 0.51 360.0 266.1 4.0 59.0 37.4 42.1 28.5 6.2 6.3 5.6 0.95 0.92

3 U3SiAl 4.45 23/17 0.51 390.0 288.3 4.0 69.1 40.4 45.3 24.3 5.3 6.4 5.7 0.94 0.91

U3SiAl 3.60 23/17 0.51 315.0 232.8 4.0 43.0 31.1 35.2 39.1 8.5 6.1 5.5

U3SiAl 3.77 23/17 0.51 330.0 243.9 4.0 48.3 33.4 37.6 34.8 7.6 6.2 5.5

aFor 100% duty factor.

bCentral flux trap filled with water only. Values for the HEU cases are the peak and the average thermal (<0.625 eV) flux in n/cm2/8 x 101'.
For the LEU cases, ratios of the LEU to HU thermal fluxes are shown.



Fabrication Costs

The fabrication cost for a reference HEU standard element
with 23 fuel plates was assumed to be 9,000, and that for a EU
control element with 17 fuel plates and 4 aluminum guideplates
was assumed to be $8,100.

The fabrication costs for the LEU elements were obtained by
using multiplicative cost factors that depend on (1) the fuel type
and uranium density, and 2 the number of fuel plates per standard
element. Values used for the first factor are based on data presented
in Refs. 3 and 4 The second factor was incorporated since appro-
ximately 70-80% of fuel element fabrication costs are due to plate
production and, in principle, an element with fewer plates should
have a lower cost.

In addition, cost benefits in plate production could result if
fuel fabricators were able to make production runs on a limited number
of standard fuel plate designs that could then be assembled into
custom elements for specific reactors. To assess the potential cost
benefits of fuel plate standardization, an additional variable was
introduced into the second factor. This variable was treated para-
metrically here since estimates of the potential reduction in plate
production costs are not presently available.

Shipping Costs

The price for shipping UF6 from the USA to the fuel fabri-
cator was assumed to be $100-$500/kg U, and the price for shipping
fresh elements from the fuel fabricator to the reactor was assumed
to be $300-$500/element. The price for shipping spent fuel from
the reactor to the USA was taken to be $1000-$3000/element.

These prices can vary considerably from country to country,
from reactor to reactor, and from time to time depending on many
variables. The high values were used in this analysis, and the low
values were used to btai a sensitivity estimate.

Reprocessing Costs and Uranium Credit

Reprocessing charges were assumed to be $1000/kg of total delivery
weight for both the HU aluminide fuel and the LEU oxide and silicide
fuels. Uranium credits were computed in the same manner for all fuels.
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Cost Results

The annual costs (in thousands of U.S. $) for each fuel cycle cost
component are shown in Table 4 for the HEU aluminide and LU oxide cases and
in Table for the HEU aluminide and LEU silicide cases. These costs are shown
for a duty factor of 100%, but can be scaled directly to obtain values for any
duty factor. Also shown are the costs in $/MWd and the cost ratios between the
LEU and HEU cases.

Plotted in Fig. are the ratios of the total fuel cycle costs with LEU
oxide fuel 076 mm meat, 31 g U/cm3) and with LEU silicide fuel to the corre-
sponding cost with the reference HEU aluminide fuel as a function of the 235U
loading per standard element. (The oxide curve with 4 6k/k dips below 1. at
about 370 g 235U per element. The dip is due to a spline function fit with four
data points. The curve should be flat with a value of 1.0 in this loading
range. See Table 4) Some of the conclusions that can be drawn from Fig. are:

- With oxide fuel, the costs are significantly lower than with
silicide fuel for element 235U loadings less than about 370 g.
The main reasons for this are the higher fabrication costs
anticipated with silicide fuel (Refs. 3 and 4 and the
smaller number of plates per element with oxide fuel. In
addition, for fewer than 19 oxide plates per element
(- 340 g 235U), the element water volume fractions are higher
than in the silicide design with 23 plates per element.

- With more than 20 oxide plates per element, the oxide cost ratio
curves are relatively flat. The cost ratio curves with oxide
and silicide fuels approached each other and cross for 235U
element loadings between 380 and 390 g for EOC excess reacti-
vities between 1% and 4 6k/k.

- The element 235U loading needed to match the total fuel cycle
costs with HEU and LEU fuels increases with increasing EOC excess
reactivity (Pex). For 1% Pex, the HEU costs are matched
using oxide fuel elements with 320 235U (18 plates) and using
silicide fuel elements with about 360 g _35U. For 4 Pep the
corresponding 235U element loadings are 360 g 20 plates) with
oxide fuel and about 380 g with silicide fuel.

For the generic reactor with 23-plate HEU elements containing 280 g 235U,
fuel element designs using 18-20 plates with 076 mm-thick, 31 g U/cm3, LEU
oxide fuel meat would be recommended if this fuel is successfully demonstrated
and if all safety criteria are satisfied. With LEU silicide fuel, the 23-plate
fuel element with 360-390 g 235U 4.1-4.5 g U/cm3) would be recommended under
the same conditions.

For the cases in Table 4 with 20 plates per element and 31 g U/cm3
oxide fuel, increasing the fuel meat thickness from 076 mm to 0.88 mm and
1.0 mm leads to significant reductions in the total costs. The LEU/HEU cost
ratios with 2 Pex, for example, were 097, 087, and 082 with fuel meat
thicknesses of 076 mm) 0.88 mm, and 1.0 mm, respectively. The calculations
with 0.88 mm thick meat were done here only to define the trend of the costs.
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Table 4 Annual Fuel Cycle Costs (In Thousands of Dollars) for Reference Design with HEU UAl x
Fuel and for Six Designs with LEU U308 Fuel as a Function of EOC Excess Reactivity.

No. of EOC
Plates, 9 U/cm3' Excess Ship Ship

Design Fuel 235U per Meat React., U Fabr. Fresh Spent Repr. Uranium $/MWd
No. Type Element Thick.,m % 6k/k Cost Cost Fuel Fuel Cost Credit Total MWd $/MWd LEU/HEU

HEU UA1, 23/280 0.68/0.51 1.0 429.3 307.8 22.5 104.5 172.0 -194.3 841.8 3650 230.6 1.00

LOX-1 U308 16/284 3.13/0.76 1.0 435.3 342.0 45.8 115.7 199.7 -210.3 928.3 3650 254.3 1.10

2 U308 18/320 3.13/0.76 1.0 404.9 304.3 40.5 94.9 178.7 -182.4 841.0 3650 230.4 1.00

3 U308 20/355 3.13/0.76 1.0 395.8 286.7 38.0 83.0 169.2 -174.1 798.6 3650 218.8 0.95

4 U308 22/391 3.13/0.76 1.0 404.3 284.0 37.4 76.6 168.3 -182.2 788.5 3650 216.0 0.94

5 U308 20/411 3.13/0.88 1.0 388.9 243.3 35.4 70.4 153.4 -168.1 723.3 3650 198.2 0.86

6 U308 20/467 3.13/1.00 1.0 397.3 218.7 34.8 63.3 147.5 -176.3 685.3 3650 187.8 0.81

HEU UAlx 23/280 0.68/0.51 2.0 452.4 324.3 23.7 110.1 181.3 -217.2 874.5 3650 239.6 1.00

LOX-1 U308 16/284 3.13/0.76 2.0 469.0 368.5 49.4 124.6 215.2 -241.4 985.2 3650 269.9 1.13

2 U308 18/320 3.13/0.76 2.0 435.3 327.1 43.5 102.0 192.1 -210.3 889.7 3650 243.8 1.02

3 U308 20/355 3.13/0.76 2.0 425.8 308.4 40.8 89.3 182.0 -201.7 844.6 3650 231.4 0.97

i-n 4 U308 22/391 3.13/0.76 2.0 435.9 306.2 40.3 82.6 181.5 -211.2 835.5 3650 228.9 0.96

OD 5 U308 20/411 3.13/0.88 2.0 415.6 260.0 37.9 75.2 163.9 -192.6 760.0 3650 208.2 0.87

6 U308 20/467 3.13/1.00 2.0 425.2 234.1 37.2 67.7 157.8 -201.9 720.1 3650 197.3 0.82

HEU UAlX 23/280 0.68/0.51 3.0 481.8 345.4 25.3 117.2 193.1 -244.8 918.1 3650 251.5 1.00

LOX-1 U308 16/284 3.13/0.76 3.0 512.6 402.8 54.0 136.3 235.2 -281.9 1058.9 3650 290.1 1.15

2 U308 18/320 3.13/0.76 3.0 473.0 355.4 47.3 110.9 208.8 -245.2 950.2 3650 260.3 1.04

3 U308 20/355 3.13/0.76 3.0 462.9 335.4 44.4 97.0 197.9 -235.9 901.8 3650 247.1 0.98

4 U308 22/391 3.13/0.76 3.0 476.4 334.7 44.1 90.3 198.4 -248.5 895.4 3650 245.3 0.98

5 U308 20/411 3.13/0.88 3.0 450.4 281.8 41.0 81.5 177.6 -224.7 807.7 3650 221.3 0.88

6 U308 20/467 3.13/1.00 3.0 461.0 253.8 40.3 73.4 171.1 -234.7 764.9 3650 209.6 0.83

REU UAlx 23/280 0.68/0.51 4.0 518.6 371.8 27.2 126.2 207.8 -280.1 971.4 3650 266.1 1.00

LOX-1 U308 16/284 3.13/0.76 4.0 569.6 447.6 60.0 151.4 261.4 -334.8 1155.2 3650 316.5 1.19

2 U308 18/320 3.13/0.76 4.0 521.2 391.6 52.1 122.2 230.0 -289.8 1027.3 3650 281.4 1.06

3 U308 20/355 3.13/0.76 4.0 510.5 369.8 48.9 107.0 218.2 -279.9 974.5 3650 267.0 1.00

4 U308 22/391 3.13/0.76 4.0 529.3 371.8 49.0 100.3 220.4 -297.5 973.4 3650 266.7 1.00

5 U308 20/411 3.13/0.88 4.0 494.5 309.3 45.1 89.5 195.0 -265.3 868.1 3650 237.8 0.89

6 U308 20/467 3.13/1.00 4.0 507.1 279.2 44.4 80.8 188.2 -277.1 822.5 3650 225.3 0.85



Table 5. Annual Fuel Cycle Costs (In Thousands of Dollars) for Reference Design with EU UAI FuelX.
and LEU U3SiAl Fuel with Five Uranium Densities as a Function of EOC Excess Reactivity.

No. of EOC
Plates, g U/cm3 Excess Ship Ship

Design Fuel 23SU per Meat React., U Fabr. Fresh Spent Repr. Uranium $/MWd
No. Type Element Thick.,mm % dk/k Cost Cost Fuel Fuel Cost Credit Total MWd $/MWd LEU/HEU

REU UAlx 23/280 0.68/0.51 1.0 429.3 307.8 22.5 104.5 172.0 -194.3 841.8 3650 230.6 1.00

LSI-l U3SiA1 23/320 3.65/0.51 1.0 438.1 387.6 43.6 101.2 202.3 -214.0 958.8 3650 262.7 1.14

2 U3SiA1 23/360 4.11/0.51 1.0 395.6 335.0 37.6 81.2 166.8 -174.9 841.3 3650 230.5 1.00

3 U3SiA1 23/390 4.45/0.51 1.0 375.0 314.1 34.7 71.1 148.9 -155.7 788.1 3650 215.9 0.94

U3SiAI 23/315 3.60/0.51 1.0 446.0 400.8 44.6 104.6 208.3 -221.2 983.1 3650 269.3 1.17

U3SiA1 23/330 3.77/0.51 1.0 425.1 364.7 41.8 95.2 191.6 -202.1 916.4 3650 251.1 1.09

HEU UAlx 23/280 0.68/0.51 2.0 452.4 324.3 23.7 110.1 181.3 -217.2 874.5 3650 239.6 1.00

LSI-l U3SiA1 23/320 3.65/0.51 2.0 476.6 421.6 47.4 110.1 220.0 -249.4 1026.3 3650 281.2 1.17

2 U3SiAI 23/360 4.11/0.51 2.0 423.7 358.9 40.3 87.0 178.6 -200.6 888.0 3650 243.3 1.02

Ln 3 U3SiA1 23/390 4.45/0.51 2.0 398.9 334.1 36.9 75.6 158.4 -177.7 826.2 3650 226.4 0.95

U3SiA1 23/315 3.60/0.51 2.0 485.7 436.6 48.6 114.0 226.8 -257.8 1053.9 3650 288.7 1.21

U3SiAI 23/330 3.77/0.51 2.0 459.3 394.0 45.1 102.9 207.0 -233.6 974.8 3650 267.1 1.12

REU UAlX 23/280 0.68/0.51 3.0 481.8 345.4 25.3 117.2 193.1 -244.8 918.1 3650 251.5 1.00

LSI-l U3SiA1 23/320 3.65/0.51 3.0 526.7 466.0 52.4 121.6 243.2 -295.9 1114.0 3650 305.2 1.21

2 U3S:LA1 23/360 4.11/0.51 3.0 460.1 389 7 43.8 94.5 194.0 -234.3 947.8 3650 259.7 1.03

3 U3SiA1 23/390 4.45/0.51 3.0 429.8 360.0 39.8 81.4 170.6 -206.2 875.4 3650 239.8 0.95

U3SiA1 23/315 3.60/0.51 3.0 537.8 483.3 53.8 126.2 251.1 -306.1 1146.1 3650 314.0 1.25

U3SiA1 23/330 3.77/0.51 3.0 507.0 434.9 49.8 113.5 228.5 -277.7 1056.1 3650 289.3 1.15

HEU UAlX 23/280 0.68/0.51 4.0 518.6 371.8 27.2 126.2 207.8 -280.1 971.4 3650 266.1 1.00

LSI-l U3SiA1 23/320 3.65/0.51 4.0 592.7 524.3 58.9 136.9 273.7 -357.0 1229.5 3650 336.9 1.27

2 U3SiAI 23/360 4.11/0.51 4.0 506.3 428.8 48.2 103.9 213.5 -276.8 1023.9 3650 280.5 1.05

3 U3SiA1 23/390 4.45/0.51 4.0 468.3 392.2 43.3 88.7 185.9 -241.8 936.6 3650 256.6 0.96

U3SiA1 23/315 3.60/0.51 4.0 607.8 546.3 60.8 142.6 283.9 -371.0 1270.4 3650 348.1 1.31

U3SiAI 23/330 3.77/0-51 4.0 566.8 486.3 55.7 127.0 255.5 -333.1 1158.2 3650 317.3 1.19



Fig. 5. Ratios of Total Fuel Cycle Costs (in $MWd) Between the LEU Oxide
(0.76 mm Meat, 31 g U/cm3) and Silicide Fuel Designs and the HEU
Reference Design as a Function of Standard Element 235U Loading for
EOC Excess Reactivities of 14% Sk/k. The Element Loading Was Varied
by Increasing the Uranium Density in the Reference Design for the Cases
with Silicide Fuel and by Increasing the Number per Element of a Fixed
Standard Plate in the Cases with Oxide Fuel.
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The oxide fuel element with 20 plates, 1.0 mm meat, and 31 g U/cm3 has a
235U loading of 467 g. For some reactors, this element may not be a viable option
since the reactivity requirements for fresh and spent fuel transportation and
storge may be exceeded. These issues must be examined on a case by case basis.

Cost Sensitivities

For these sensitivity studies, three fuel element designs with roughly the
same total costs were compared for an EOC excess reactivity of 2 Wk. Other
choices are possible, but the conclusions would not be altered significantly.
The cases chosen for this comparison are:

HEU: Reference design with aluminide fuel,
23 plates, and 280 g 235U per element.

LOX-3: LEU design with 20 oxide plates 355 g 235U
3 -thickper element, 31 g U/cm and 076 mw

fuel meat.

LSI-3: Reference design with LEU silicide fuel,
23 plates, 45 g U/cm3' and 390 g 235U
per element.

The reference cost data are contained in Tables 4 and 5, and any sensiti-
vities can be readily computed.

In Table 6 the cost components for the three cases are broken down as
percentages of the total fuel cycle costs in order to obtain a perspective on
the various contributions. The enriched uranium costs have been combined with
the uranium credit in these comparisons. For each element design, the contri-
butions of each cost component to the total cost is approximately the same.
On the average, these contributions are: 38% for fabrication costs, 27% for
U costs plus U credit, 20% for reprocessing costs, and 15% for shipping costs.

The percentage increase in the total costs due to 30% increases in the
individual cost components are shown in Table 7 On the average, these values
are: 11.4% for fabrication costs, 8.0% for U costs plus U credit, 62% for
reprocessing costs, and 44% for shipping costs.

In this analysis, the fabrication cost for a reference HEU standard
element was assumed to be 9,000 and that for a reference control element was
assumed to be $8,100. Table shows the total costs and LEU/HEU cost ratios
for three designs if these fabrication costs had been assumed to be 7,000 and
$6,300, respectively, for the standard and control elements for the case with
an EOC excess reactivity of 2 Wk. The fuel cycle cost with the reference
HEU design would have been lower by about 83%, and that for LOX-3 and LSI-3
would have been lower by 8.1% and 90%, respectively. Since the LEU/HEU cost
ratios are very nearly the same, the cost ratio curves shown in Fig. are
nearly independent of a 9,000 or 7,000 assumption for the reference HEU
element fabrication cost.

The costs for shipping UF6, fresh elements, and spent elements were
assumed to be $5OO/kg U, $500/element, and $3,000/element, respectively. If
the corresponding costs had been assumed to be $1OO/kg U, $300/element, and
$1,000/element, the total costs for the HEU reference case would have been
lower by 97%. Similarly, the total costs for LOX-3 and LSI-3 would have
been lower by 10.2% and 91%, respectively.
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Table 6 Breakdown of Fuel Cycle Cost Components as Percentages of Total
Costs for Three Designs With an EOC Excess Reactivity of 2 Wk.

No. Plates/ Ship Ship
Element 235U per Total U Cost Fabr. Fresh Spent Repr.
Design Element $/MWd U Credit Cost Fuel Fuel Cost

HEU 23/280 239.6 26.9 37.1 2.7 12.6 20.7

LOX-3 20/355 231.4 26.5 36.5 4.8 10.6 21.6

LSI-3 23/390 226.4 26.8 40.4 4.5 9.1 19.2

Ave. 26.7 38.0 4.0 10.8 20.5

Table 7 Percentage Increase in Total Cost Due to 30%
Increases in Individual Cost Components.

No. Plates/ Ship Ship
Element 23SU per Total U Cost Fabr. Fresh Spent Repr.
Design Element $/MWd U Credit Cost Fuel Fuel Cost

HEU 23/280 30 8.1 11.1 0.8 3.8 6.2

LOX-3 20/355 30 8.0 10.9 i.4 3.2 6.5

LSI-3 23/390 30 8.0 12.1 1.3 2.8 5.8

Table 8. Fuel Cycle Costs in $/MWd and LEU/HEU Cost Ratios for Assumptions
of 9,000 per Standard Element and 7,000 per Standard Element.

$9,000/Std. Element $7,000/Std. Element
No. Plates/

Element 235U per $/MWd $/MWd
Design Element $/MWd LEU/HEU $/MWd LEU/HEU

HEU 23/280 239.6 - 219.9 -

LOX-3 20/355 231.4 0.966 212.6 0.967

LSI-3 23/390 226.4 0.945 206.0 0.937
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Standardization

Over the years, there has been much discussion among fuel fabricators
and research reactor operators about standardization of MTR-type fuel elements
designs in order to reduce fabrication costs. The probability for standardi-
zation of complete fuel elements is very small for a variety of reasons. A
more realistic approach is to consider a reasonable number of standard fuel
plate designs which could be utilized in manufacturing the custom elements
that are in use today.

The potential cost benefits which could result from fuel plate standardi-
zation are shown in Fig. 6 for three fuel element designs. A reduction of
about 35-40% in fuel plate production csts is needed to reduce the total
fuel cycle costs by 10%. For a 10 MW reactor with a 70% duty factor, a 0%
reduction in total fuel cycle costs implies a savings of about 60,000 per
year. The maximum cost savings are in the range of 26-30%.
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Fig. 6 Percent Reduction in Total Fuel Cycle Costs Versus Percent
Reduction in Fuel Plate Production Costs ue To Standariza-
tion for Three Fuel Element Designs.
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CONCLUSIONS

This analysis shows that there are a number of fuel element designs
using LEU oxide or silicide fuels that have either the same or lower total
fuel cycle costs than the HEU design. Use of these fuels with the uranium
densities considered requires that they are successfully demonstrated and
licensed. All safety criteria for the reactor with these fuel element
designs need to be satisfied as well.

With LEU oxide fuel, 31 g U/cm3 1 and 076 mm--thick fuel meat, elements
with 18-22 plates 320-391 g 235U) result in the same or lower total costs
than with the HEU element 23 plates, 280 g 235U). Higher LEU loadings (more
plates per element) are needed for larger excess reactivity requirements.
However, there is little cost advantage to using more than 20 of these plates
per element. Increasing the fuel meat thickness from 076 mm to 1.0 mm with
3.1 g U/cm3 in the design with 20 plates per element could result in signi-
ficant cost reductions if the reactivity requirements for fuel transportation
and storage are satisfied.

With LEU silicide fuel in the HEU element geometry, 235U loadings
between 360 and 390 g 4.1 - 45 g U/cm3) result in the same or lower total
costs than with EU fuel.

In fuel element designs with HEU aluminide, LEU oxide, and LEU silicide
fuels that have roughly the same total fuel cycle costs, the contributions
of the individual cost components are approximately 38% for fabrication
costs, 27% for U costs plus U credit, 20% for reprocessing costs, and 15%
for shipping costs. Percentage changes in individual cost components scale
the total costs according to these proportions. For example, a 30% increase
in fabrication costs results in an 11.4% increase in total costs. The fab-
rication cost for an HEU standard element was assumed to be 9000 in this
analysis. However, the LEU/HEU cost ratios are very nearly the same if a
value of 7000 per element had been assumed.

A reduction of about 35 - 40% in plate production costs due to the
standardization of fuel plate designs is needed in order to reduce the total
fuel cycle costs by 10%. The maximum cost savings due to standardization
are in the range of 26 - 30%.
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APPENDIX

FUEL CYCLE COST MODEL

1. ANNUAL ENRICHED URANIUM COSTS

0 93.15% Enriched Uranium: $45 061.89/kg 231U in UF a6
a0 19.75% Enriched Uranium: $41$534.05/kg 235U in UF6

0 Uranium Losses During Conversion of UF6 and Fuel
Element Fabrication: 25%

0 UF6 Conversion Price is Included in the Factor, Fd,
described below.

Annual Uranium Costs = 1025 C5 (Ns M5 + N, M5)0 8 c

Ns(Ne) = Number of Standard (Control) Elements Used/Year

M5(M5) = Mass of 235U per Fresh Standard (Control) Elements C

c5, Price for I kg 235U in UF6 (for U with enrichment co)

aSee Attachment I for detailed computation.

2. ANNUAL FUEL ELEMENT FABRICATION COSTS

0 Cf: Fabrication Cost for Reference
HEU Standard Element: $9,000

23 Fuel Plates 0.51 mm Meat, 038 mm Clad
UAl. Fuel, 0.6� g U/cm3 9280 g 235U

0 0.9 x Cf: Fabrication Cost for Reference
HEU Control Element: $8,100

17 Fuel Plates, 0.51 mm Meat, 038 mm Clad
UAl. Fuel, 068 g U/cm3, 207 g 23SU

0 Fd: Fabrication Cost Factor that Depends on Fuel
Type and Uranium Density. Values Assumed Here
Are 13 for 31 g U/cm3 Oxide Fuel and 13 14,
and 1.5 for 37 41, and 45 g U/cm3 Silicide Fuel.

Fp: Fabrication Cost Factor that Depends on the
Number of Plates per Standard Fuel Element and on
a Parameter, Fs.$ Related to Possible Standardization
of Fuel Plate Designs

F p = ( - p) + p Fs N/NRef

= Fraction of Fuel Element Fabrication Cost due to
Plate Production. A Value of p = 075 Was Used in
This Analysis.
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Fs =Parameter Accounting for Possible Reduction in Plate
Production Costs due to Standardization. A Value
of Fs = .0 Was Used Here, and a Sensitivity
Study Performed for Values Between 1.0 and 0.0

Np = Number of Plates per LEU Standard Fuel Element

NRef = Number of Plates per Reference HEU Standard Fuel Element

Annual Fabrication Costs = Fd F Cf (Ns 09 N)

3. ANNUAL FRESH FUEL SHIPPING COSTS

0 Ship UF6 from USA to Fuel Fabricator: $10 - $500/kg Ub

Annual Cost = 1025 $50 N M5 N M)
co s C

0 Ship Fresh Standard and Control Elements from Fuel Fabricator
to Reactor: 300 - 500/Elementb

Annual Cost = $500 (Ns NC)

4. ANNUAL SPENT FUEL SHIPPING COSTS

0 Ship Spent Fuel from Reactor to USA: $1,00 - 3,000/Elementb

Annual Cost = 3,000 (Ns NC)

5. ANNUAL REPROCESSING COSTS

0 $1000/kg Total Delivered Weight

Annual Cost = $1000 (Ns Mm N. Mm)s C

Mm (MM) = Total Delivered Weight ofs C
One Spent Standard (Control) Element

6. ANNUAL URANIUM CREDITC

Dollar Value of the Spent Uranium (Computed for the Appropriate
Enrichment) that Would be Processed for Use as Feed Material for
Re-enrichment, Reduced by

0 Uranium Losses During Reprocessing and Conversion to UF6: 23%

0 Price for Conversion of Uranyl Nitrate to UF6: $175/kg U

0 Price for Shipment to Enrichment Plant: $23/kg U

bThese prices can vary considerably from country to country, from reactor
to reactor and from time to time depending on many factors. A reasonable
range has been assumed here. The high value was used in this analysis.

CSee Attachment 2 for detailed computation.
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ATTACHMENT I

COMPUTATION OF
ENRICHED URANIUM PRICE

Price/kg U Quantity of (Price of U No. of (Price/SWU
eni. Unat Required) nad + Require'WU)

Quantity of Unat Required

The mass of feed material (natural uranium concentrate) required to pro-
duce a given mass of product material (enriched uranium) can be obtained from
a mass balance.

M = M Mt

ef M � E Mp + et Mt

where

M = mass of the feed, product, or tails

= assay of the feed, product, or tails

Eliminating Mt from these equations,

M = 6p -Et M
ef Ft p

For example, 38.2583 kg of natural uranium feed would be required to pro-
duce kg of uranium with an enrichment of 19.75% if the feed had an assay of
0.711% and the tails had an assay of 02%.

Price of Unat

For the month of September 1982, the price of uranium concentrate on the
spot market was 16.50 - $17.40/lb U308, and the price for conversion Of U308
to UF6 was 2.90 - $3.30/lb U.

Taking average values,

Uranium Price: $16.95/lb U308 = $44.07/kg U

Conversion Price: $3.10/lb U = 6.83/kg U

Total Unat Price = 50.90/kg U
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Number of Separative Work Units (SWU) Required

The required SWU/kg U can be computed from the equation

SWU/kg U = (ep) - V(6t + 6 6t Met) - V(ef)]
Ef Et

where

V(6) 2 ln

6 assay of feed, product, or tails.

For example, to produce kg of uranium with an enrichment of 19.75% using
feed with an assay of 0711% and a tails assay of 02% would require
45.1182 SWU.

Price/SWU

As of August 1982, the DOE price for enrichment was $138.65/SWU.

Total Price for Enriched Uranium

Thus, the total price for I kg of uranium enriched to 19.75% would be

(38.2583) ($50.90) + 45.1182) ($138.65 = 8,202.99

and the price of kg of 235U contained in uranium with an enrichment of
19.75% would be 41,534.13. For convenience, enriched uranium prices for the
month of September 1982 are tabulated in the attached table. Values in the
table are different in the "cents" column from those that are computed by hand
because of the number of digits carried by computers.

539



ENRICHED URANIUM PRICES, SEPTEMBER 1982

Price for
1 kg U or 235 U

Enrichment Kg Nat. U Price for Price for Contained in UF6
(%) Required Nat. SWU Enrichment ENR U U-235

0.71 1.0000 50.90 0.0 0.0 50.90 7158.93
1.00 1.5656 79.69 0.3302 52.72 132.41 13240.59
2.00 3.5225 179.30 2.1941 304.21 483.51 24175.49
3.00 5.4794 278.90 4.3065 597.09 875.99 29199.83
4.00 7.4364 378.51 6.5437 907.28 1285.80 32144.92
5.00 9.3933 478.12 8.8509 1227.17 1705.29 34105.83
6.00 11.3503 577.73 11.2032 1553.32 2131.05 35517.48
7.00 13.3072 677.34 13.5873 1883.88 2561.22 36588.84
8.00 15.2642 776.95 15.9953 2217.75 2994.69 37433.66
9.00 17.2211 876.56 18.4219 2554.19 3430.74 38119.38

10.00 19.1781 976.16 20.8634 2892.71 3868.87 38688.74
11.00 21.1350 1075.77 23.3174 3232.95 4308.72 39170.24
12.00 23.0920 1175.38 25.7818 3574.65 4750.02 39583.52
13.00 25.0489 1274.99 28.2552 3917.59 5192.57 39942.89
14.00 27.0059 1374.60 30.7365 4261.61 5636.21 40258.64
15.00 28.9628 1474.21 33.2247 4606.60 6080.80 40538.72
16.00 30.9198 1573.82 35.7190 4952.44 6526.25 40789.06
17.00 32.8767 1673.42 38.2189 5299.04 6972.46 41014.48
18.00 34.8336 1773.03 40.7238 5646.35 7419.37 41218.75
19.00 36.7906 1872.64 43.2333 5994.29 7866.93 41404.88
19.75 38.2583 1947.35 45.1182 6255.64 8202.97 41534.05
20.00 38.7475 1972.25 45.7470 6342.82 8315.06 41575.32
25.00 48.5323 2470.29 58.3693 8092.91 10563.18 42252.76
30.00 58.3170 2968.33 71.0638 9852.99 12821.31 42737.72
35.00 68.1017 3466.38 83.8154 11621.00 15087.36 43106.76
40.00 77.8865 3964.42 96.6156 13395.74 17360.15 43400.39
45.00 87.6712 4462.46 109.4593 15176.54 19638.99 43642.21
50.00 97.4559 4960.50 122.3441 16963.00 21923.49 43847.00
55.00 107.2407 5458.55 135.2690 18755.04 24213.57 44024.68
60.00 117.0254 5956.59 148.2348 20552.75 26509.33 44182.23
65.00 126.8101 6454.63 161.2442 22356.51 28811.13 44324.83
70.00 136.5949 6952.68 174.3022 24167.00 31119.66 44456.66
75.00 146.3796 7450.72 187.4174 25985.43 33436.13 44581.52
80.00 156.1643 7948.76 200.6047 27813.84 35762.59 44703.25
85.00 165.9491 8446.80 213.8920 29656.12 38102.91 44826.95
90.00 175.7338 8944.85 227.3403 31520.73 40465.56 44961.74
93.00 181.6046 9243.67 235.5500 32659.00 41902.65 45056.61
93.15 181.8982 9258.61 235.9650 32716.54 41975.14 45061.89
93.30 182.1917 9273.55 236.3805 32774.16 42047.70 45067.21

Enriched Uranium Input Data

Assay of Uranium Feed : 0.711%

Assay of Tails : 0.2%

Price of Uranium Concentrate : $16.95/lb U308
: $44.07/kg U

Price of Conversion to UF6 : $3.10/lb U
: $6.83/kg U

Price of Enrichment : $138.65/SWU

540



ATTACHMENT 2

COMPUTATION OF
URANIUM CREDIT

The uranium credit is the dollar value of the spent uranium (computed for
the appropriate enrichment) that would be processed for use as feed material
for re-enrichment, reduced by

Uranium losses during reprocesssing and conversion to UF6: 23%

Price for conversion of uranyl nitrate to UF6: $175/kg U

Price for shipment to enrichment plant: $23/kg U

Credit for the contained plutonium has not been calculated here.

The enrichment (60 of uranium with a 235U burnup, B, is given by

(I - B) co (I B co
6B = �� a -N = 

I co I 0.84 co 
(I I a)

where co is the initial enrichment and -0.19) is the capture to
fission ratio in 235U.

Value of Contained 235U, Reduced by Process Losses

The mass of 235U M 5) contained in the spent fuel elements is

I I 1 5 5
M = 5s + M5c = Ns (I-Bs) Ms NC (I-Bc Mc

where

NS(Nc) = Number of standard (control) elements

M 5 M5) = Mass of 235U in one fresh standard (control) element
s C

M IsWd = Mass of 235U in one spent standard (control) element5

Bs (B,) = 235U average burnup in standard (control) elements

Thus, the value of the contained 235U, reduced by 23% losses during repro-

cessing and conversion of the uranyl nitrate to UF6 is

5 1 5 1
0.977 CBs M5s + CcBc M5
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5 235U contained in UF6 with an enrich-where CCB is the dollar value of kg
ment CB, and is computed using the formulae and method described in Attachment ,
"Computation of Enriched Uranium Price."

Conversion and Shipping Charges

Assuming that the price for conversion of uranyl nitrate to UF6 is $175/kg U
and the price for shipment to the enrichment plant is $23/kg U, the conversion
and shipping charges are given by

0.977 ($198) + M;c
6Bc

Uranium Credit

The uranium credit is thus

M;c
U credit 0.977 5 I CS 198 +

CBs 5 CB 5 6Bc

542



XA04C1530

SHUTDOWN REQUIREMENTS IN LICENSING OF RESEARCH
REACTORS AND CONSEQUENCES FOR OPERATION

H.-J. Roegler
J. Stein

INTERATOM
Internationale Atomreaktorbau GmbH

Friedrich-Ebert-Str.
5060 Bergisch Gladbach 1

West Germany

Most countries start their nuclear life with the setup of a
research reactor. Most countries have at this time no licen-
sing authority established which can act on existing laws,
rules and regulations. Thus, most countries have during this
starting phase to rely on the regulations fixed by interna-
tional institutions such as the IAEA (or by national insti-
tutions as the former NRC in US, which happens to take place
more often from reasons below). This implies a specific res-
ponsibilitiy for international regulations since they have
to be very clear and unique. Moreover they have to be appli-
cable to all plants they are set forth for and they have to
give no unavoidable restrictions on the use of the plant.
Additionally some recheck of the rules based on national
rules in forth will be of help.

The enrichment reduction for research reactors gave frequent
cause to look at the existing IAEA-publications for research
reactors. They are layed down in the safety series no. 35
edited 1971. I will only discuss here specific parts of these
considerations or requirements. Since the authors' personal
impressions are that the published considerations are neither
that clear nor that less restrictive as necessary the sub-
sequent discussion is carried out.

One of the confusing points of the existing IAEA-regulations
is the lengthy discussion of reactivity considerations (p 22
to 24) for critical assemblies first, no similar separate
discussion for research reactors and a second discussion
titled 'control-rod considerations' (p. 78 - 84) under the
main title "considerations applying to critical assemblies
and research reactors". This discussion will be restricted
to the latter since the critical assemblies with their timely
Constance of maximum excess reactivity do not present any pro-
blem for all shut-down conditions.
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To consider the shut-down conditions in more detail it needs
to read them down. We have 3 rules expressed:

The first rule dealing with the required shut-down reactivity
in case of failures opens the possibility of interpretation
by two ways of reading the sentence (fig. 1). For the follow-
ing we start from the second split-up of the sentence and
accept it as the overall rule for determining the limits of
excess reactivity.

Two complementary rules are stated right after the overall
rule which deals with the excess reactivity (fig. 2.

- The first one is limiting the total or maximum excess
reactivity

- the second is limiting the available excess reactivity

To make clear what this means figure 3 uses all the 3 rules
for a reactor core recently designed at INTERATOM, i. e. the
MPR 30 for Indonesia. First one sees the different levels of
the overall reactivity balance the two complementary rules
are bound up with. Secondly one recognizes the fulfilment
of rule but the non-fulfilment of rule 2 which appears
mainly due to the high loss of reactivity during burn-up
which is typical for high power research reactors. The only
way to overcome this will be the use of burnable poisons
which themselves enlarge the cost of fuel element fabrica-
tion.

The only point that needed to be discussed for the specific
reactor with the non-fulfilment of rule 2 is whether this
fact means any reduced safety r not. Since we cannot see
here any difference whether the 200 or 180 of the avail-
able excess reactivity are within the shut-down rods we do
not think that there is any reduction in safety. More gene-
rally one can imagine that during an enrichment reduction
procedure the above percentage may vary slightly for the
different mixed cores which will not mean any reduction in
safety margin from our point of view. If there is no clear
reason for the 200 which can anyone tell us we would re-
commend to omit this rule 2.

In a similar way as before one can handle the rule 1. When
looking through the ANS-Directory on Reasearch Reactors
from 1979 one can find examples for the violation of this
rule as well. As one example may serve the Lynchburg MW-
Reactor (see fig. 4. Due to its relatively high reactivity
provided for experimental purposes rule is violated where-
as rule 2 is fulfilled. Again it is questionable whether
this non-fulfilment has safety related consequences. We do
not see them, but we are willing to learn about them.
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To extent the discussion of those shut-down rules a
little bit some further examples of violations of the
rules are prepared (fig. to 7:

-Fig. provides' the information about the MW-TRIGA at
Pensylvania State University

-Fig. 6 shows similarly the evaluation for the M-MTR-
reactor at Hamilton, Ontario

-Fig. 7 presents the 10 MW-core for the RP 10 under con-
struction in Lima, Peru, which fulfills all three rules.

As far as the stuck rod rule is concerned all graphs are
based on the % subcriticality limit. Due to lack in in-
formation on what is the existing subcriticality demanded
for calculations and/or for experimental prove worldwide
we based the figures on the existing German regulations
(foil 8). It would be of help for the authors to et sim-

ilar rules from other countries.

We think that the rule of the German licensing authorities
is sufficient to cover the whole subject, since the fore-
going discussion may have shown, that the other IAEA-rules
are violated from time to time anyhow.

A first final remark should be made on the consequences for
the operation for research reactors. The simple stuck rod-
criterion never forces you to distinguish between reactivity
for experiments and reactivity for operational demands. You
can simply shift from experiments to cycle length and vice
versa. In case one has those percentage-rules one has to be
careful with such shifts. This is another reason to omit
those rules. A change of planning of experiments for the next
operational cycle shortly after the setup of the core may
force you to load the core again because of too high reacti-
vity available for burnup now instead of its planned compen-
sation by eperiments inserted. This is a clear example where-
to the percentage-rules may lead.

A second final remark is on the potential split-up of con-
trol rod subsystems. Such split-ups (foil 9 may complicate
the discussion furthermore. Therefore the assessment presen-
ted here is restricted to the weakly recommended (p. 79/80
of the Safety Series No. 35) way of all control rods having
shut-down and shim action.
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RESEARCH REACTORS

A GENERAL SAFETY RULE IS THAT THE REACTOR SHOULD NOT BE

CRITICAL WHEN ANY SINGLE ROD IS WITHDRAWN COMPLETELY WHILE

THE OTHERS ARE FULLY INSERTED WHEN SEPERATE SHUT-DOWN AND

SHIM RODS ARE USED;

IT IS USUALLY REQUIRED THAT CRITICALITY SHOULD NOT BE RULES FOR THE TOTAL REACTIVITY WORTH REQUIRED FOR THE

REACHED ON WITHDRAWAL OF THE SHUT-DOWN RODS CONTROL RODS (FOR RESEARCH REACTORS)

c7s A GENERAL SAFETY RULE IS THAT THE REACTOR SHOULD NOT BE THE CONTROL RODS (THOSE WHICH SCRAM) SHOULD BE WORTH

CRITICAL WHEN ANY SINGLE ROD IS WITHDRAWN COMPLETELY WHILE 50 MORE THAN THE TOTAL OR MAXIMUM EXCESS REACTIVITY

THE OTHERS ARE FULLY INSERTED AVAILABLE IN THE CORE

Maxim-m ercefs reactivity is defined as the excess reactivity available if all

WHEN SEPERATE SHUT-DOWN AND SHIM RODS ARE USED; IT IS poisons from experimental devices, monitors, etc. are removed and if
all the reactivity from the shut-down control system is added.

USUALLY REQUIRED THAT CRITICALITY SHOULD NOT BE REACHED

ON WITHDRAWAL OF THE SHUT-DOWN RODS

2 THE MINIMUM CONTROL ROD WORTH IS GENERALLY CHOSEN AS

FIG. TWICE THE AVAILABLE EXCESS REACTIVITY

.Available excels reactivity is defined as the excess reactivity which could
be added by the shut-down cntrol system.

FIG. 2
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Fig. Fig. 9

Weisungsbeschluss of the German Research Reactors
Licensing Authority Shutdown System

Rule for First Shutdown System of First Possible Design

PWR and BWR Reactors - Safety (Shutdown) Rods

In case the most reactive control - Shim Rods

rod sticks, the subcriticality - Regulating Rod
must be at least 03%.

The calculational value of the sub- Second Possible Design

criticality must be at least 1%. All control rods have shutdown
It must be shown that with calcu- and shim action
lational. uncertainties the value
of 03% is granted.
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Licensing Aspect on JMTR MEU Program and
Remodelling of JRR-3

M. Sato, R. Oyamada and Y. Miyasaka

Japan Atomic Energy Research Institute

I. Licensing Aspect on JMTR MEU Program

A. Introduction

JMTR is a 0 NW tank type research reactor cooled and moderated by
pressurized light-water. Safety review for the JMTR core conversion from the
HEU to the MEU fuels is nw in progress.

The moderations to be made to rectify LOCA and scenario for the hypo-
thetical accident which is being revised are described in this chapter.

B. Base for Revise of Hypothetical Accident

The hypothetical accident is being revised because of its inadequate
scenario comparing with those of the current light water power reactors, as
well as postulated accidents such as control rod withdrawal etc. which are
directly affected by the core conversion.

The present scenario of the JMTR hypothetical accident is outlined below;

Core flow blockage and small pipe rupture as large as area of 100 cm2 are
occured at the same time. 10% of core is to be melt due to the core flow
blockage. 100% of inert gas and 50% of iodine accumulated in the melted fuel
after an operation for 120 days at 50 MW, are released into the reactor build-
ing through the ruptured pipe.

Reasoning for this only 100 cm2 pipe rupture is impossible to verify so
that a main pipe guillotine type break is considered as LOCA. In order to
rectify this problem, the secnario is being revised with following modifica-
tions on the primary coolant system and on the ventilation system of the
reactor building.

C. Modifications

(1) On the Primary Cooling System

It is confirmed by the thermal-hydraulic analysis that the fuel in the
core does not burn-out as long as being covered by water. In order to prevent
the core from being uncovered by water in coase of LOCA, following modifica-
tions are planned.

(a) Larger syphon breaker valves 2 x 125 cm) are to be
installed in order to break syphon phenomenon even at the guillotine type
break, and automatically open by LOCA signal.
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(b) The connecting valves are to be automatically open by LOCA
signal, which allows the pool water enter the reactor pressure vessel.

(c) The leaked water is to be fed into the pool from Nos I
and 2 storage tank.

(2) On the Ventilation System

In order to decrease fission product release to the atmosphere from the
primary coolant system, following modifications are planned.

(a) The exhaust system consists of the ordinary, the experi-
ment and the emergency exhausts. The former two exhausts are to be automati-
cally closed when LOCA or fuel failure occures.

(b) The off-gas system is to be automatically closed when
fuel failure occures.

The planned modifications are shown in Figs. and 2.

In addition, the supports of the primary cooling system are to be modified
since the present design does not meet criteria such as the ASME Section 3.

D. Revised Scenario of Hypothetical Accident

The core flow blockage is selected as the hypothetical accident because
it has possibility of a large quantity of FP release.

And the following two FP release paths are considered.

(1) Fuel -- Primary Coolant -- Off-gas Tank Experiment
Exhaust -- tack -- Atmosphere

(2) Fuel -- Primary Coolant -- Instrumentation Pipes --
Reactor Building -- Emergency Exhaust -- Stack --
Atmosphere

Path 1 : 5 minutes

Path 2 30 days

Shemma of FP release is shown in Fig. 3.
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II. Remodelling of JRR-3

Japan Research Reactor No 3 (JRR-3) is scheduled to be shut down in
1983, and to be replaced with a 20 MW pool-type reactor JRR-3(M) in 1987.
JRR-3 is a heavy water moderated/cooled tank-type reactor of 10 NW, using
natural and slightly enriched uranium di-oxide fuels. The maximum thermal
neutron flux is 3 x 113n/CM2.sec.

Another research reactor JRR-2 of Japan Atomic Energy Research Institute
has been operated for 22 years at higher flux of 2 114n/CM2.sec than that
of JRR-3 and is considered to end its life in the near future (within several
years) by corrosion troubles of the thermal shilding tank of aluminum alloy.
The reactor JRR-3(M) should be in operation before the shutdown of JRR-2 in
order to serve for beam experimentals, irradiation of materials and fuel
samples, isotope production, and others.

The fuel assemblies and heavy water of JRR-3 will be unloaded in 1983.
Following the decontamination of primary cooling syteras by "CAUDECON" method,
the primary cooling sytems and other systems will be dismantled.

The reactor biological shield.with the graphic reflector and empty core
tank will be cut off from the reactor building by means of drilling and over-
lapped core-boring. Then, these reactor components which have total weight
of approximately 2250 tons, will be jacked up and transferred to the storage
installed under the ground outside the reactor building.

The reactor JRR-3(M) is a pool type reactor with heavy water as reflector,
using ETR-type fuel elements. Specifications of JRR-3(M) are lised in the
table, compared with the present reactor JRR-3-

The core consists of 26 standard fuel elemtns with 45% enriched uranium,
6 control rods (with follower fuel elements), and irradiation elements.
The maximum thermal neutron flux is 2 x 114n/cmz.sec at 20 W. Heavy water
reflector in the cylindrical aluminum tank around the core provides higher
thermal neutron flux for beam experiments. The excess reactivity for cold-
clean core is calculated to be 15% Ak/k.

Uranium loading density within fuel plate is I g/cm3. The loading amount
of 235U at cold-clean condition is as follows:

235U core : 6 kg

235U standard fuel element : 220 g

235U follower fuel element : 142 g

Low enrichment fuel such as 20% enriched uranium will be used when it becomes
available.
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SPECIFICATIONS CF JR-3 & inR-3(M)

Item JRA-3 JRR-3(KJ

Reactor type Heavy wite� moderated and cooled, Light idater moderted and cooled. medium
(General Description) slightly enriched uranium, tank enriched uranium, wming pool type reactor

type reactor. with heavy.water reflector tank.

Thermal utput iomw 2OMW

Neutron Flux vex J thermal 3 x 10'sn/cmz-30C thermal 2 x 0/calsec
fast - I x 10'2n/Cm2-seC fast 2 x 10'4n/cml,3ec

Reactor Care
(1) Shape Cylinder Cylinder
(ill Size 2600mm i x 2100mm (active length) 620mm diam. x 750mm (active lngth)
(iii)Lat tice pitch 150mm trigonal 77.2mm square
Uv) Number of fuel 243 semblies 26 elements

assemblies per core including 6 control rod elzmenLs and 
incore irradiation elements.)

Fuel Element
U) Fuel U02 pellet UAl . Al cermet plate
Ull EnrLchment 1.5% 45%
(ill) Type or ruel Cluster type ETR type

assembly 4 rods per embly 21 ruel plates per sembly
140 pellets per rod

UO Size of ruel 44mm dia x 2100am (active length) 76.2 square x 75(bn (active length)
assembly

(V) 23$U quantity 104 g 220g
per asembly

NU Cladding Zircalloy-2 Aluminum

Moderator Heavy wati�r ( D20 Water (H20)

Reflector Heavy water Beryllitm
Graphite block layer Peavy Water

(surround the core tank)

Coolant Heavy w ter Water
flow amount 17.3mZin 35.0 /min

Control rod
U) Absorber Cadmium aluminum Cladding) Hafnium (with follower fuel)
Ui) Shape tube Box
(ill) Number 17 6

Shielding Heavy concrete Water 4000mm diam.x 800mm depth)
Top hielding firon : 250mm)
Heavy concrete 2100mm thickness)

Experimental Facility Vertical experimental hle 6 Horizontal experimental hole 7
Thermal column I Thermal neutron guide tube I
Horizontal experimental hole 8 Cold neutron slide, tube I
Pneumatic tube 2 Pneumatic tube 2
Vertical irradiation hole 30 Vertical irradiation hole is
Horizontal irradiation bale 2 Hydraulic tube 2
13ctope train 4
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The PARET Code and the Analysis
of the SPERT I Transients

William L. Woodruff
XA04CI532

Argonne National Laboratory

Introduction

The PARET codel has been adapted for the testing of methods and models and
for subsequent use in the analysis of transient behavior in research reactors.
Comparisons with the experimental results from the SPERT-I transients 31 3
are provided. The code has also been applied to the analysis of the IAEA 10
MW benchmark cores for protected and unprotected transients.4,5

The PARET code was originally developed for the analysis of the SPERT-III
experiments for temperatures and pressures typical of power reactors. This code
has now been modified to include a selection of flow instability, departure
from nucleate boiling (DNB), single and two-phase heat transfer correlations,
and a properties library considered more applicable to the low pressures,
temperatures, and flow rates encountered in research reactors. The PARET code
provides a coupled thermal, hydraulic, and point kinetics capability with
continuous reactivity feedback, and an optional voiding model which estimates
the voiding produced by subcooled boiling.

The present version of the PARET code provides a convenient means of
assessing the various models and correlations proposed for use in the analysis
of research reactor behavior. For comparison with experiments the SPERT-I
cores B-24/32, B12/64, and D12/25 were chosen. The B-24/32 core is similar
in design to many plate type research reactors in current operation, and the
D-12/25 core is of interest because the test included both nondestructive and
destructive transients.

The PARET Code and Modifications

The PARET code provides a coupled thermal, hydrodynamic, and point
kinetics capability. The core can be represented by one to four regions. Each
region may have different power generation, coolant mass flow rate, and hydraulic
parameters as represented by a single fuel pin or plate with its associated
coolant channel. The heat transfer in each fuel element is computed on the
basis of a one-dimensional conduction solution in each of up to 21 axial
sections. The hydrodynamics solution is also one-dimensional for each channel
at each time node. The heat transfer may take place by natural or forced
convection, nucleate, transition, or stable film boiling, and the coolant is
allowed to range from subcooled liquid, through the two-phase regime, and up to
and including super-heated steam and allows for coolant flow reversal. The
code also has an optional "voiding model" which estimates the voiding produced
by subcooled boiling.

A modified Runge-Kutta method is used for the solution of the point
kinetics equations. The solution may include up to 15 groups of delayed
neutron data. Axial power distribtuions may be specified for each representa-
tive region. The externally inserted reactivity may be specified as a func-
tion of time, and feedback reactivity accounts for the effects of changes in
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fuel temperature, linear thermal expansion, and initially only the moderator
density (changes with the moderator temperature were not explicitly included).
The code has now been modified to include a moderator temperature (spectrum)
component, as well as, a void/density component. Separate coefficients and
axial distributions for the fuel temperature, moderator temperature, and
void/density components may be specified for each of the regions represented.
The total reactivity feedback is a volume weighted sum of the pointwise
contributions.

The heat transfer solution is obtained at each axial segment for each region
represented. Each representative fuel element (region) may be subdivided into a
maximum of 43 sections over a maximum of three zones (fuel, gap, and clad). The
zones are characterized by their temperature dependent thermal conductivity and
volumetric heat capacity. The coolant at each axial segment is represented by a
bulk temperature and average coolant properties. The heat transfer at the clad-
coolant interface is determined by the heat transfer correlation selection and
the local flow regime.

The hydrodynamic solution in the code is based on a modified Momentum Inte-
grated Model (MIM). The conservation equations are expressed as

ap 3G= _ - (1)
at az

3G + 3 tG2 ap (f I G) Tg (2)�t `a I - _� _z P �72_DP e

P" aE + G aE (3)
at az

where

G = mass flow rate

P = pressure

E = enthalpy

f = friction factor

9 = gravitational acceleration

q = heat source per unit volume

with

P Pt a) P a Average density

y)2/[pt - )] + X2/(pva) Momentum ensity

and P" [Pt X + G 01 aa Slip flow density
DX
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where

pX and pv are the saturated liquid and vapor densities,
respectively, at some reference pressure.

a = vapor volume fraction (void fraction)

= vapor weight fraction (quality)

In Eq. 3 the pressure change terms

DP + (G ) 3P
at P az

and the dissipation term

f GIG2/2pDe
P

are neglected.

The basic assumptions of the MIM are 1 a channel averaged mass flow
rated can be used for the momemtum equation, Eq. 2 with

- 1
G =L G dz for channel length L,

0

and 2 all coolant properties are independent of pressure and evaluated at
some reference pressure. In the modified MIM for PARET, the coolant density
is evaluated as a function of the localized pressure, while all other coolant
properties are functions of temperature only. The local density also depends
on the voiding predicted (the voiding model option is discussed in a later
section).

The code system includes an extensive coolant properties library. This
library is used to generate internal tables at a specified reference pressure.
The code uses a table look up to evaluate local coolant properties. The code
was originally developed at the Idaho Natonal Engineering Laboratory to analyze
the SPERT-III experiments with temperatures and pressures typical of power
reactors. Thus, the original properties library covered a broad range of
temperatures and pressures with little detail over the range of interest to
research reactors. A revised properties library has been generated for the
analysis of research reactors. Only properties for light water applications
are available.

The code has been modified to include a selection of flow instability and
DNB correlations applicable to the low pressure regimes typical of research
reactors, and the McAdams and Bergles-Rohsenow (B-R) two-phase correlations
have been added as options to the original Jens-Lottes (J-L) correlation. A
transition model from the onset of ucleate boiling (ONB) to fully developed
nucleate boiling is also now available on option. Either the original Dittus-
Boelter (D-B) correlation or the Sieder-Tate (S-T) correlation may now be used
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for the single-phase, subcooled forced convection regime. The code also now
includes a model for predicting the decay heat power based on the ANS curve
for fission product decay heat, a model for simulating control insertion
with trip settings for overpower and low flow, enhancements in the data
available for edits, and a plot file summary. The code provides edits of
the elapsed time, power, energy release, period, reactivity, mass flow rate,
heat flux, burnout ratio, local pressure, and temperatures at each (or
selected) time steps and writes selected data at each time step to a summary
file for subsequent processing or plotting.

The SPERT I Experiments

The SPERT program was initiated in 1954. The purpose of the program was
to obtain a better understanding of the behavior of nuclear reactors under
transient conditions. The tests included a variety of configurations under
a broad range of conditions up to and including destructive tests.

The tests on highly enriched uranium, plate-type fuel in the SPERT I
series are well suited to the purpose of this study. The SPERT I facility
consisted of an open tank of light water into which various core configurata-
tions could be assembled. This facility had no provisions for pressurization
or forced cooling. The water level over each core was maintained at a height
of 61 cm 2 ft). In the B-cores the fuel assemblies provided for the removal
of selected fuel plates, and a variety of core characteristics were achieved.
The experiments covered a wide range of transients characterized by the initial
period or inverse period induced by a step insertion of reactivity. The
measurements included reactor power, plate surface temperature, and pressure.
Tests in the SPERT I facility ended with destructive tests on the D12/25 core
in November of 1962.

Two SPERT I cores in the B-series and the D12/25 core were selected for
these comparisons. The characteristics and kinetics parameters for these cores
are provided in Table I. The B-24/32 core with 24 fuel plates/element and 32
elements is quite similar in design to many plate type research reactors in
current operation. The 12 plate/element B12/64 core has larger water channels
and a much smaller void reactivity coefficient. These two choices of SPERT I
B-cores cover a range of temperature and void reactivity coefficients. The
D-12/25 SPERT I core includes both nondestructive and destructive transients
for comparison.

With the exception of the void reactivity coefficient for the B12/64
core the kinetics parameters for the SPERT I cores are data obtained by Clancy
et a.7 from perturbation theory computations. The experimental values
quoted for the temperature reactivity coefficients are not considered appropriate
for the analysis of fast transients. As noted in Ref 7 these measurements
were made by uniformly heating the coolant in the reflector as well as the
core, and a significantly lower coefficient is obtained due to the positive
component from the reflector. The temperature of the coolant in the reflector
would not change during the transients considered in this comparison. The
other coefficients computed from the perturbation theory model generally
agree well with the experimental values. The void reactivity coefficient
computed for the B12/64 core, however, is only about half the value determined
from the experiments. Thus, the quoted experimental coefficient has been used
for this core.
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The PARET Models and Correlation Selections

Many attempts have been made to develop models which predict the SPERT
results. Forbes et al.8 used various empirical models based on modifications
of the Fuchs model with some degree of success. The work of Turner9 included
expressions for the heat transfer rate and void formation with fitted coef-
ficients and was only moderately successful in predicting the experimental
results. These empirical and fitted models give little insight into which
physical properties and feedback mechanisms are important in describing the
behavior of a reactor under-transient conditions. Clancy et al.7,10 used a
"boiling" model which neglects any explicit voiding contributions. This model
has been quite successful in predicting a wide range of transients but has had
some difficulties when substantial voiding is expected.

The PARET code provides for feedback from coolant temperature changes, the
expansion of the fuel plates with temperature, the Doppler, and changes in the
density of the coolant with temperature and with voiding. Voiding may occur as
a result of bulk boiling of the coolant or from the optional voiding model for
subcooled boiling. Thus, all of the major feedback mechanisms are included, and
separate reactivity coefficients may be assigned for each component. The
reactivity coefficients for each SPERT core were taken as those specifi-
ed in Table I. The Doppler coefficient was neglected in these fully enriched
uranium cores. A uniform axial weighting was assumed for each coefficient.

A two channel model was used in the PARET code with one channel repre-
senting the hottest fuel plate in the core and the second channel represent-
ing the remainder of the core. For the second, "average," channel a cosine
distribution was assumed for the axial power shape with a peak of 1311
corresponding to the buckling used in computing the reactivity coefficients.
The overall peak/average as quoted in Table I was applied for the hot channel.
The axial dimension for each channel was divided into 21 equally spaced nodes
over the active core region, and the fuel and clad regions were assigned and
2 nodes, respectively, for the radial heat transfer solution. While the PARET
code provides the capability for an accurate description of the inlet and
outlet plenum regions, sufficient details were not available for this purpose.
The inlet plenum length was specified as 0.0 cm, and an outlet plenum length
of 61.0 cm 24 in) was specified corresponding to the water level over the'core
region. The nominal pressure is specified at the plenum outlet as atmospheric
pressure. The inlet and exit loss coefficients were set at 0.55 and 065,
respectively. A flow-forced problem was specified with an initial inlet flow
rate of 03 cm/s to simulate natural convection. All transients were initiated
from a power level of 5W, an inlet temperature of 20'C, and with a ramp inser-
tion of reactivity to 70 ms (approximate step).

The PARET results over the range of transients covered by the SPERT I
experiments have been found to be relatively insensitive to the choice of
plenum model and loss coefficients (only the friction pressure drop across the
plenum is affected), the inlet coolant flow rate, and the reactivity insertion
ramp rate. The results are somewhat more sensitive to the choice of parameters
chosen for the void model used in PARET and strongly dependent on the choice
of heat transfer correlations with both single and two phase flow. There has
long been a-concern about the applicability of steady-state correlations for the
analysis of reactors under transient conditions. There is also still uncertainty
about which feedback mechanism is dominant in limiting the transient when sub-
cooled boiling is present. The choice for a best model or a best set of corre-
lations, at this time, is not clear, and one of the purposes of this comparison
is to see if a preferred choice can be determined.
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Table I. Core Characteristics and Parameters

SPERT I
Parameter B-24/32 B-12/64 D-12/25

Plates/Element, Std. (ContI.) 24 17 12(6)

Number of Elements, Std. (Contl.) 32 64 20(5)

Fuel Thickness, cm 0.051 0.051 0.051

Clad Thickness, cm 0.051 0.051 0.051

Water Channel, cm 0.165 0.483 0.455

235U/plate, g 7.0 7.0 14.0

Temperature (spectrum)*
Coeff., $/OC -2.528-2 -4.157-2 -2.801-2

Void Coefficient, $/% Void -0.3571 -0.150 -0.4214

Neutron Generation Time, lis 50.0 77.0 60.0

aeff 0.007 0.007 0.007

Peak/Ave. Power 2.5 2.2 2.4

The Doppler Coefficient is negligible for all cases.
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The PARET code includes an optional voiding model for subcooled boiling
of the form

3 = K(q ,)n _ _ C at (4)
at T az 31

where

the void fraction at axial location z and time t

X = the fraction of the surface heat flux producing voids

K = a constant at a given operating pressure

q" = the heat flux at axial location z and time t

n = the source exponent

T = the bubble life time

C = the flow distribution parameter

and v = the flow velocity of the coolant.

The void fraction impacts the modified MIM solution, Eqs. (1 - (3),.through
the local density. This model and variants of this model along with some of
the experimental work on void formation are discussed by Morgan.11 The terms
X, n, T, and C are adjustable parameters (input to PARET) dependent on the
degree of subcooling. The value of n is generally taken as 1.0. The fraction
of the heat flux contributing to the generation of voids, X, varies with
pressure in the range from 00.4, however, a value of 0.05 has been suggested
from the SPERT III tests. The bubble life time, from experiments should
range from 100 Vs for highly subcooled regions where bubble collapse is rapid
to an infinite value with bubbly flow. Finally, for the parameter C a value of
0.8 is recommended for the highly subcooled region where bubbles do not
detach from the surface but move at about 80% of the coolant velocity along
the surface) and a value of 113 is suggested for slightly subcooled regions
where vapor velocity exceeds the coolant velocity with bubbly flow. The
suggested values from the SPERT III experiments of n = 1.0 = 5, T =
0.001s, and C = .8 were initially tested in this analysis. Values for A and T

must be specified in PARET for both the nucleate boiling and transition boiling
regimes, and a value for must be input for film boiling. The transition and
film boiling parameters were set to the suggested values and remained fixed.

In preliminary studies with no subcooled boiling it was apparent that the
existing heat transfer correlation for natural convection (Reynolds number, Re,
<2000) was inadequate, and that the heat transfer coefficient was too low. Thus,
the single phase heat transfer model in PARET was revised to incorporate an appro-
ximation of the heat transfer coefficient proposed by Rosenthal and MillerI as

h P p
T

where

h = the heat transfer coefficient at the clad-coolant interface

k = the thermal conductivity of the coolant

p = the density of the coolant

CP= the specific heat of the coolant

and T = the period of the power rise
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This expression is based on the analysis of transient experiments in which
the power in an electrically heated ribbon was increased exponentially as
et/T with time, t, and should be valid for t > T. This coefficient may
now be used with both natural and forced convection if the value is larger
than the original heat transfer coefficient for Re < 2000, and if this
coefficient is larger than that computed for the chosen forced convection
correlation with Re > 2000. The use of this method requires the selection
of an appropriate period. In the current version of PARET T is chosen as
the minimum Tm such that Tm Tm7-11 /TjEr-j is less than 0.01, where
Tm is the instantaneous period at time step m. This has proven to be a
reasonable criterion under most conditions.

Preliminary studies have also shown that the ONB is best predicted by
the B-R correlation, and that the McAdams and J-L correlations are better
choices for fully developed nucleate boiling conditions. The transition model
for two phase flow must then be chosen over the original scheme to provide the
B-R correlation for ONB while allowing fully developed nucleate boiling to be
described by either the McAdams or the J-L correlation. These two choices for
fully developed nucleate boiling give approximately the same results as long
as the subcooled boiling regime is restricted to nucleate boiling.

If transition boiling is predicted, the results will depend on not only
which two phase correlation was selected but on the choice of correlations
selected for predicting a critical heat flux as well. The two phase correlation
selected for nucleate boiling is also used to estimate the critical temperature
corresponding to the computed critical heat flux. If the current clad surface
temperature is greater than this estimated critical temperature but less than
or equal to the temperature for departure from transition boiling, then transi-
tion boiling is predicted. The predicted temperature for departure from
transition boiling is likewise dependent on the critical heat flux and the
corresponding temperature.

Implicit in this formulation is the assumption that the critical heat flux
is also the DNB heat flux. This may or may not be the case. It appears that
some choices of correlations for two phase and critical heat flux are overly
conservative and prematurely predict film boiling for some transients. Thus,
the McAdams two phase correlation and the original DNB correlation for critical
heat flux were found to give the most realistic estimates for the more energetic
transients. These predictions for early transition boiling and finally film
boiling may still be questioned.

Results

The "best" model for the PARET code consists of the use of the Rosenthal
and Miller relation for the single phase heat transfer coefficient (at least
at low flow rates), the McAdams correlation for fully developed two phase flow
with the B-R correlation for ONB and transition to fully developed nucleate
boiling, the original DNB correlation for critical heat flux estimates, and
the voiding model as described earlier for the generation of voids with sub-
cooled boiling. The model also includes feedback contributions from the
radial expansion of the clad. Contributions to the feedback due to Doppler
have been neglected. The results from the application of this model to the
SPERT I B-24/32 and B12/64 cores are shown in Figs. I and 2 These figures
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FIGURE 1. SPERT 1: B-24/32 Data and PARET Comparison
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FIGURE 2 SPERT 1: B12/64 Data and PARET Comparison
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show the SPERT I experimental data points and the PARET computed results for.
the peak power, the energy release to the time of peak power, and the peak clad
temperature at the time of peak power as a function of the inverse period. The
PARET results generally agree quite well with the experimental data.

The B-24/32 core has the larger void reactivity coefficient of the two 
cores considered and a smaller temperature coefficient. The PARET code
predicts the onset of nucleate boiling in the average channel at an inverse
period of about 44s-1. This agrees well with what the SPERT I data show.
The effects of enchanced two phase heat transfer are most evident in the
energy release data (see Fig. 1). These data show an inflection and a sub-
sequent plateau for inverse periods larger than 40s-1. The clad tempera-
ture data show a similar trend, although the scatter of these data make this
more difficult to see. The shape of the PARET curves agree well with the
data. For inverse periods greater than about 44s-1 the dominant feedback
component is due to voiding.

The energy release and clad temperature results are the most sensitive to
the choice of parameters for the void generation model. The suggested parameters
of = 5 and T = 0.001s for Eq. 4 from the SPERT III analysis have been
shown to give an energy release value which is about 7 too low while the clad
temperature is about 7 lower than that shown for the largest inverse period
computed. The results were insensitive to the choice for C (perhaps due to the
low flow rate). The original PARET code contained only a void/density feedback
coefficient, and the voiding model parameters determined from the SPERT III
experiments may be suspect. The parameters used in this comparison are ) = 003
and T = 0.0005s for the nucleate boiling regime. The larger heat flux fraction

and the longer bubble life time from the SPERT III tests would give better

agreement for clad temperature but somewhat poorer agreement for the energy

release. The lower values used here give a conservative estimate for the clad

temperature from a safety point of view.

The B12/64 core has a very small void reactivity coefficient, but the

temperature coefficient for the coolant is larger than that of the B-24/32

core. This is consistent with the large water channels for this case. With

• small void reactivity coefficient one might expect that voiding would play

• rather minor role, however, this is not the case. This core, as predicted

by PARET, shows more extensive and more intensive subcooled boiling than

the B-24/32 core. The code predicts the onset of nucleate boiling in the

average channel for an inverse period of about 25s-1 and transition boil-

ing for inverse periods greater than about 40s-1.

Transition boiling is predicted over about one third of the core for the

most energetic transient. It is, of course, questionable that stable transition

boiling actually occurred in the experiment. The code predicts transition

boiling only because the conditions described earlier were satisfied. This

sugg ests that this critical heat flux correlation is also probably too conserva-

tive to give agreement with experiment. Other correlations will even predict

film boiling.

The agreement with experiment is quite good except for the energy release

to peak power, and this somewhat poor agreement covers a range where no

subcooled boiling is predicted. This is very similar to the disagreement

observed by Clancy et al.7 for this core. One can certainly not fault the
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the voiding model for this disagreement. The voiding model does, however,
impact the results for the more energetic transients, and the choice of
the voiding parameters for transition boiling now must be considered. The
values used for this comparison were = 5 and T = 0.001s with transition
boiling and 0.03 and T = 0.0005s, as before, with nucleate boiling. With
a value of 0.03 for transition boiling, the energy release to peak power
for the most energetic transient increases by 13% to 19.4 MWs and agrees well
with the experimental data. The clad temperature, however, increases by 15%,
and the peak clad temperature at peak power is further over-estimated.

The D12/25 SPERT I core provides data which include destructive tests.
The tests are reported to show stuctural damage to the plates, rippling and
bowing due to thermal stresses, for periods 7 ms, and several plates melted
at the core center for periods -5 ms. While the exact onset of clad melting
was not determined, the onset is in the range 5.0 < T < 60 ms. The last test
with a period of 32 ms resulted in melting of 35% of the fuel and severe
damage to the core and structurals. The SPERT results for peak power, energy
release to peak power, and the clad temperature at peak power are shown in
Fig. 3 along with the results computed by PARET. The PARET results for the
D-12/25 core show good agreement over the range of short periods where core
damage (inverse period ao - 140s-1, Ap - 2.16) and melting (ao > 166s-1,
Ap - 2.36) were reported. The code also showed that the clad surface tempera-
ture in the hot channel exceeds the melting point for the clad (5820C) with a
$2.30 insertion and a period of 66 ms (ao t 152s-1). Thus, the PARET
code gives a slightly conservative estimate for onset of clad melting compared
with experiment.

The D12/25 core estimates, like the B12/64 core, show somewhat poorer
agreement for clad temperature and energy release over the range of transients
where no voiding is predicted. This suggests that either the single phase heat
transfer rate to the coolant is too small or the coolant temperature coefficient
for feedback is too low. The usual application of steady-state correlations
for the analysis of transients is an open question, and more experimental
data is needed in this area. The applicability of isothermal and uniformly
weighted temperature feedback coefficients is likewise questionable for trans-
ient analysis. From a safety standpoint, however, the errors introduced appear
to be on the side of conservatism. At the higher reactivity insertions,
where subcooled boiling is predicted, feedback from the void/density component
clearly dominates. Feedback from changes in the coolant temperature are only
a few percent of the total, and feedback due to expansion of the fuel plate
is an even smaller component.

DNB and the onset of film boiling does not necessarily result in "burnout"
or critical heat flux conditions. With a 2.00 insertion (aO - 118s-1) in the
D-12/25 core, for example, the code predicts film boiling, but the clad tempera-
ture does not reach the melting point. The peak fuel meat temperature never
exceeds the melting point of the clad. Thus, even with the poor heat transfer of
film boiling the clad temperatue can never reach the melting point.

As already noted, many critical heat flux correlations are overly corr-
servative. This is particularly true with the use of flow instability correla-
tions. These correlations may not be applicable to transient conditions.
Flow instability conditions have not been noted as a difficulty in the SPERT
test.
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FIGURE 3 SPERT I: D12/25 Data and PARET Comparison
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Only modest pressure pulses are reported in all but the final destruc-
tive test. The code, however, predicts stronger changes in pressure and
flow with subcooled boiling including flow reversal in some cases. In the
more extreme transients the code shows a series of setbacks in the clad tempera-
ture associated with partial collapses in the film boiling and voiding. The
experimental data3 show a similar structure in the clad surface temperature
measurements. These data are considered unreliable at the higher tempera-
tures,13 and no Attempt is made to compare results. It is also difficult to
separate and assess the influence of limitations in the methods and code insta-
bilities on the PARET results. In spite of some questions of detail, the code
predicts the onset of clad melting in good agreement with experiment.

While no attempt has been made to assign experimental uncertainties to the
SPERT I data, the measured temperatures would probably have the highest degree
of uncertainty. The reported values were taken from different thermocouples
and from slightly different locations in the core. Also, any delays in response
time would tend to show a lower temperature. Overall the agreement for the
clad temperature should be considered quite good.

Application to Research Reactors

The IAEA 10 MW benchmark core4 has been selected here as typical of a
large class of research reactors. The specifications include a highly enriched
uranium (HEU) core and low enrichment 20%) uranium (LEU) core. These cores
have been used as benchmarks for the transient analysis of research reactors.5
The detailed specifications are given in Refs. 4 and 5, and the results for the
specified benchmarks using the PARET code are provided in Ref. 5. Although
the transients specified for the benchmark cores did not include self-limiting
cases, it is of interest to consider such cases, and the limits imposed on re-
activity insertions by the clad melting temperature.

The PARET options and parameters used here are identical to those derived
from the SPERT I comparisons. These options now include the S-T correlation
for forced convection single phase flow. Based on the favorable results from
the SPERT I comparisons, this model should give reasonable estimates for the
peak clad temperature for the benchmark cores. The clad melting temperature
is again taken as 582% for 6061 alloy.

Table II provides a comparison of both the HEU and LEU benchmark cores for
both protected and unprotected transients of $1.50/0.5s. This table also pro-
vides a comparison of some of the reactivity feedback coefficients and parameters
for the HEU and LEU cases. Uniform (isothermal) coefficients with a uniform
weighting were assumed. The prompt neutron generation time, A, and the Doppler
coefficient show the largest changes with enrichment, and these differences are
largely responsible for the observed differences in the transient results.

The influence of the larger Doppler coefficient for the LEU core in the
cases with scram is overshadowed by the negative reactivity from the inser-
tion of control rods. The shorter A for the LEU core produces a smaller
initial period and a faster rise in power. Consequently, the LEU case with
scram shows a slightly higher peak power than the HEU case. In the unpro-
tected (self-limited) transients, the strong influence of the large Doppler
feedback in the LEU cases is quite apparent. All of the values recorded are
substantially lower for this LEU case. The larger void/density coefficient
with LEU also contributes to the differences noted. The prompt Doppler feed-
back in the LEU case dominates during the early stages of the transient. The
LEU case without Doppler feedback is also shown, and without the Doppler con-
tribution the transient response is substantially worse.

573



Table II. $1.50/0.5s Benchmark Cases with and Without Scram

Period, Tclad cC
Case Ms P'MW (tM's) Etm, MWs at tm max. (ts)

ith Specified Scram 14.5 132 0656) 3.29 131 156 0672)
HEU

Self-limited 14.5 371 0667) 7.30 220 308 0685)

ith Specified Scram 11.9 146 0613) 2.94 126 157 0628)

LEU Self-limited 11.9 283 0622) 5.56 181 263 0642)

elf-limited (no Doppler) 11.9 445 0621) 6.87 220 314 0636)

Reactivity Coefficients and Parameters

Coolant
Temperature Void/density, Doppler,

A, ps Oeff $PC $/% Void $/OC

HEU 55.96 7.607-3 1.537-2 0.3257 3.6-5

LEU 43.74 7.275-3 1.082-2 0.4047 3.31-3
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The PARET code has also been used to determine the reactivity insertion
limits imposed by the clad melting temperature. For the HEU benchmark core,
a step insertion of -$2.35 is the limiting case, i.e. for reactivity inser-
tions larger than this limit the peak surface temperature of the clad is
predicted to exceed the clad melting temperature. The results from the 2.35
step at the time of peak power are compared with results obtained r the SPERT
I D12/25 core Fig. 3 The agreement with experiment is remarkably good even
though the two cores have quite different characteristics. This simularity of
behavior was also noted in the diversity of cores considered in the SPERT I
series of experiments.8 The threshold for clad melting can serve as a useful
indicator for the limits on reactivity insertions.

Figure 4 provides a comparison of the HEU and LEU benchmark cores show-
ing the lad melting threshold for reactivity insertions over a range of ramp
durations (from a step to 0.75s). The areas above the curves indicate where
clad melting would be expected. Also shown in this figure is the corresponding
maximum net reactivity inserted (the difference between the external reactivity
inserted and the reactivity from feedback). This maximum generally occurs
at the same time in the transient as the minimum period.

While the two curves in Fig. 4 for HEU and LEU fuel show some similarities,
they also show some substantial differences. The LEU core can clearly tolerate
a larger reactivity insertion before clad melting than the HEU core. The
maximum step insertion is -$2.80 for the LEU core compared to -$2.35 for
the HEU core. Both curves show the same general shape. The ramp insertions
of short duration are equivalent to a step insertion. The entire ramp is
inserted before the power, temperatures, and feedback have increased substan-
tially, and the limiting reactivity insertion remains constant. For ramps of
longer duration, the feedback reactivity limits the net reactivity and turns
over the transient before the maximum of the ramp is reached. A limiting
ramp rate (constant slope) is reached, and a constant maximum net reactivity
is observed for each case. The limiting ramp rate for the LEU core, 14.8 $Is,
is more than double that for the HEU core, --6.4 $Is. The LEU core also shows
an earlier transition from the limiting step portion of the curve to the
limiting ramp rate range.

Table III shows the limiting cases for LEU with a 0.5s ramp as the Doppler
and the larger void coefficient are eliminated to approximate the HEU case.
The Doppler contributes about 23 of the difference noted between the LEU and
the HEU limits, the larger void coefficient contributes another 28% of the dif-
ference, and the remaining -% difference can be attributed to other unresolved
differences such as the prompt neutron generation time, for example. The
benefits of a prompt Doppler coefficient with LEU fuel are clearly demonstrated
by these results.

Conclusions

The results of this comparison of the PARET code with the SPERT I cores
are generally quite favorable. The agreement with the B-24/32 core is parti-
cularly good. This cote might be considered a more representative core for
research reactors than either the B12/64 or D12/25 cores. These results

575



Table III. Feedback Components with 0.5s Limiting Ramp

Relative Change
Case Limiting Ramp, (% of Total)

LEU Base 7.40 -

LEU without Doppler 4.60 -2.80 67)

LEU without Doppler 3.40 -4.00 95)
and with HEU void
Coefficient

HEU 3.20 -4.20 (100)
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Figure 4 Reactivity Insertion Limits for Clad Melting
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have demonstrated that the voiding model in the code can successfully describe
the behavior of transients with subcooled boiling, and that certain choices of
methods and correlations are preferred. It would appear that many steady-state
critical heat flux correlations are too conservative for use in the analysis of
transients. Finally, the code seems to provide conservative estimates for the
peak clad temperature with the more energetic transients, and the limiting
reactivity insertion cases (clad melting) can be determined.

The limiting clad temperature for the 10 MW HEU benchmark core agrees
exceptionally well with the SPERT I data for a step insertion. The LEU bench-
mark core can withstand a substantially larger reactivity insertion without
clad melting compared to the HEU core. The prompt Doppler coefficient with
the LEU fuel is shown to be the major contributor to this improved behavior.
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ABSTRACT

The performance and fuel cycle costs for a 25 MW, JANUS 30 reactor con7
ceptual design by INTERATOM, Federal Republic of Germany, for BATAN, Republic
of Indonesia have been studied using 19.75% enriched uranium in four fuel
element design options. All of these fuel element designs have either
been proposed by INTERATOM for various reactors or are currently in use with
93% enriched uranium in reactors in the Federal Republic of Germany.

Aluminide, oxide, and silicide fuels were studied for selected designs
using the range of uranium densities that are either currently qualified
or are being developed and demonstrated internationally. These uranium
densities include 17 - 23 g/cm3 in aluminide fuel, 17 - 32 g/cm3 in oxide
fuel, and 29 - 68 g/cm3 in silicide fuel. As of November 1982) both the
aluminide and the oxide fuels with about 17 g U/cm3 are considered to be
fully-proven for licensing purposes. Irradiation screening and proof test-
ing of fuels with uranium densities greater than 17 g/cm3 are currently
in progress, and these tests need to be completed in order to obtain licens-
ing authorization for routine reactor use.

To assess the long-term fuel adaptation strategy as well as the present
fuel acceptance, reactor performance and annual fuel cycle costs were computed
for seventeen cases based on a representative end-of-cycle excess reactivity
and duty factor. In addition, a study was made to provide data for evaluating
the trade-off between the increased safety associated with thicker cladding
and the economic penalty due to increased fuel consumption.
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1. INTRODUCTION

This study on the performance and fuel cycle costs of one JANUS 30 reactor
conceptual design was prepared within the Reduced Enrichment Research and Test
Reactor (RERTR) Program at the Argonne National Laboratory using data that was
provided to BATAN and to ANL by INTERATOM. The reactor design studied was valid
as of mid-1981 and does not represent the final design. The work was sponsored
by the U.S. Department of Energy and the International Atomic Energy Agency.

2. JANUS 30 DESIGN DESCRIPTION STUDIED

The JANUS 30 conceptual design studied here was for a 25 MW, MTR-type,
multipurpose research reactor that is cooled and moderated by light water and
uses fuel containing 19.75% enriched uranium. The reactor was designed by
INTERATOM, Federal Republic of Germany, for BATAN, Republic of Indonesia, and
is scheduled to begin operation around 1985.

The setup for the representative working core studied here is shown in
Fig. I (provided by INTERATOM), and a description of the salient features of
the core and the reference fuel element design that were valid in mid-1981
are shown in Table 1. Briefly, the core consisted of 36 standard fuel elements
and 6 control fuel elements surrounded on two sides by two rows of beryllium
reflector elements and on two sides by two beryllium block reflectors. The
large incore irradiation position occupied four grid locations. There were also
three incore irradiation positions each occupying one grid location and ten
irradiation positions among the beryllium reflector elements.

3. FUEL ELEMENT DESIGN OPTIONS STUDIED

The four fuel element designs along with the fuel meat compositions and
uranium densities that were studied are shown in Table 2.

Table 2 Fuel Element Designs Studied

Plates Fuel Clad Water
per Meat Thickness Channel Uranium

Design Fuel Element Thick., Inner/Outer, Thick., Densities,
No. Type Std./Contl. mm mm mm g/cM3

Ref. U308 21/15 0.70 0.30/0.30 2.557 2.29 - 32

2 U308 20/14 0.735 0.38/0.495 2.5145 2.29 - 32

3 U308 20/14 1.0 0.38/0.495 2.217 1.7 - 32

UAl 20/14 1.0 0.38/0.495 2.217 1.7 - 229
x

4 U3SiAl 23/17 0.51 0.38/0.495 2.23 2.9 - 68

Ref erence Desi&n

The reference INTERATOM standard (control) element had 21 (15) fueled
plates with 070 mn-r-thick, U308-Al fuel meat and a uranium density of 229 gM3.
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Table 1. JANUS 30 Conceptual Design Description

Proposed by INTERATOM in mid-1981

Reactor Design Description

Reactor Type Pool Type MTR

Steady-State Power Level, MW 25

Number of Standard Fuel Elements 36

Number of Control Fuel Elements 6

Irradiation Positions I Incore 4 Grid Positions)
3 Incore O Grid Position Each)
10 Reflector (I Grid Position Each)

Active Core Geometry 7 x 7 Positions

Grid Plate 9 x 9 Positions

Lattice Pitch, mm2 81.0 x 77.1

Moderator, Coolant H20

Reflectors Be, H20

Reference Fuel Element Design Description

Type MTR, Straight Plates

Uranium Enrichment, w/o 235U 19.75

Fuel Element Dimensions, mm3 80.65 x 76.1 x 900

Plate Thickness, mm 1.30

Water Channel Thickness, mm 2.56

Plates/Standard Fuel Element 21

Plates/Control Fuel Element 15 4 Al Plates

Fuel Meat Composition U308-Al

Fuel Meat Dimensions, mm3 0.70 x 62.75 x 600

Clad Material Al or AMgl

Clad Thickness, mm 0.30

Uranium Density in Fuel Meat, g/cm3 2.29

235U/Standard Fuel Element, g 250

235U/Control Fuel Element, 179
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The clad thickness on each fuel plate was 030 mm. Each fresh standard
'(control) element contained about 250 179) g 23SU and was designed to achieve
an average 23-5U discharge burnup of about 50%.

Design 2

The second fuel element design was chosen to provide a design equivalent
to the reference, but with a nominal clad thickness that is the international
standard for MTR-type fuel elements. With 20 plates per standard element
and clad thicknesses of 038 mm on the inner plates and 0495 mm on the outer
plates (to provide additional protection on the faces not enclosed by the
side plates), a fuel meat thickness of 0735 mm provides the same fuel meat
volume as the reference design. Thus, the 235U content with a uranium density
of 229 g/cm3 is identical with that of the reference, and the flux and fuel
lifetime performance are expected to be about the same.

Design 3

The third fuel element is a design with 20 plates per standard element and
1.0 n thick fuel meat that has been proposed by INTERATOM (Ref. 1). Both
U308 and UAIX fuel with appropriate ranges of uranium densities were
considered for this option. Although explicit calculations were not performed
here, U3Si fuels are also an option with this element geometry. Design 2
discussed in the preceding paragraph is INTERATOM Design 3 with a fuel meat
thickness of 0735 mm instead of 1.0 mm.

Design 4

The fourth fuel element design with 23 plates per standard element and 0.51
mm-thick fuel meat is identical with the fuel elements currently used with 93%
enriched uranium in four reactors in the Federal Republic of Germany and in
reactors in at least four other European countries. NUKEM currently fabricates
fuel for most of these reactors. The design is shown explicitly in Ref 2
(Appendix C, p. 299).

Uranium Densities

The uranium densities that were studied for the U308, Alx, and U3SiA1
fuel types cover the ranges that are currently qualified or are being developed
and tested for each fuel type. For each geometry, the lowest uranium density
considered provided a loading of about 250 g 23SU per standard element. Higher
uranium densities were studied in order to show the potential of each design and
fuel type for reducing overall fuel cycle costs if the proof"testing of each
fuel type is successful. The reactor performance and economic implications for
each case are discussed in subsequent sections.
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4. CALCULATIONAL METHODS

The methods used in the calculations are identical with those described
in detail in Appendix A of Ref 2 A brief description of these methods is
provided below.

Five-group microscopic cross sections were generated as a function of
burnup for each fuel type2 and uranium dnsity with the EPRI-CELL code using
shielding factors from MC 2 in order to provide a more accurate resonance
treatment in 238U. Separate cross sections were also prepared for the beryllium
reflector, the light water reflector, and other materials. The core was then
modeled in RZ geometry in order to compute axial extrapolation lengths for
later use in the burnup calculations.

The REBUS-2 fuel cycle analysis code was used for the burnup calculations
in XY geometry. The 36 standard elements and 6 control elements were divided
into six batches (see Fig. 2 each consisting of six standard elements and one
control element. After each operating cycle, seven spent elements were dis-
charged from batch position 6 the remaining elements were rotated sequentially,
and seven fresh elements were inserted into batch position . Starting from a
fresh core, this pattern was repeated until the equilibrium core was obtained.

This fuel shuffling pattern (Fig. 2 was chosen very early in the calcula-
tions based on the power distribution in a core with all fresh fuel, and is
not necessarily the best choice since it produces a skewed flux distribution
in the central irradiation position (see Fg. 3). If the calculations were
to be redone, burnup calculations with several shuffling patterns would be
performed to find a pattern that causes the thermal flux to peak near the center
of the central irradiation position. However, the conclusions of this study
will not be affected significantly by the chosen fuel management strategy.

5. CALCULATED PERFORMANCE RESULTS

In defining the scope of calculations, it was recognized that all of the
experiments to be performed in the reactor had not been defined. Hence, all
of the irradiation positions were filled with water only in order to obtain
data on relative flux performance. In addition, the cycle length will be
variable in actual operation since the excess reactivity available to accomo-
date fuel burnup will be affected directly by the reactivity worth of the
experimental loads. In order to provide a broad overview of the possibili-
ties, parametric studies of cycle length versus end-of-cycle (EOC) excess
reactivity were performed for EOC reactivities between 0% and 6 6k/k for the
17 cases shown in Table 3.

5.1 Fuel Lifetime Performance

In order to simplify the presentation of the performance and fuel cycle
cost results, a reasonable EOC excess reactivity of 30% Sk/k was selected
for detailed analysis. This excess reactivity was intended to account for
2.0% 6k/k for experimental loads, and 1% 6k/k for the cold-to-hot reactivity
swing, xenon override and other possible reactivity effects. The parametric

235data on cycle length and U average discharge burnup versus EOC excess reac-
tivity were interpolated to the 30% 6k/k value. The results are presented
in Table 3 for the four element designs with various fuel types and uranium
densities. From the cycle length data, the number of standard and control
elements that would be utilized per year for a duty factor of 075 were
derived. The mass of metal in each spent standard and control element was
also tabulated for later use in computing reprocessing costs.
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Fig. 2 The Six-Batch Fuel Management Scheme Used in These
Studies. Fresh Fuel Is Inserted into Batch Position 
and Is Discharged from Batch Position 6.
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Table 3 Calculated Performance Results. All Cases Have 30% Wk. Excess Reactivity at End of Equilibrium Cycle.

Average
Thermal

Plates Fuel 235U No. of Spent Metal Flux
per Meat Cycle Discharge Elements Mass per Ratio

Design Fuel Element Thick., 235U per Element Length, Burnup, % per Year Element, kg in Cjpb
No. Type g U/cm3 Std./Cntl. mm Std. Cntl. Days Std. Cntl. Std. Cntl. Std. Cntl. BOC EOC

Ref. U308 2.29 21/15a 0.70 250.3 178.8 29.2 52.0 54.2 56.3 9.4 5.0 3.9 1.00c 1.00d

2.7 295.1 210.8 40.0 59.6 62.2 41.1 6.9 5.1 4.0 0.98 0.99

3.2 349.8 249.9 52.5 65.5 68.2 31.3 5.2 5.3 4.1 0.95 0.96

2 U308 2.29 20/14 0.735 250.3 175.2 28.6 50.6 52.5 57.4 9.6 5.3 4.i 1.02 1.02

2.7 295.1 206.6 38.6 57.5 60.0 42.6 7.1 5.4 4.2 1.00 1.00

3.2 349.8 244.9 51.2 63.0 66.2 32.1 5.4 5.6 4.3 0.97 0.99

3 U308 1.7 20/14 1.00 252.8 177.0 25.8 44.9 46.5 63.7 10.6 5.9 4.6 1.07 1.06

2.29 340.6 238.4 46.0 58.5 60.5 35.7 6.0 6.2 4.7 1.02 1.03

t-n 2.7 401.5 281.1 59.5 63.3 65.5 27.6 4.6 6.3 4.9 1.00 1.01
00

3.2 475.9 333.1 76.0 67.0 68.2 21.6 3.6 6.5 5.1 0.97 0.99

UAlx 1.7 20/14 1.00 252.8 177.0 25.0 43.5 45.5 65.7 11.0 5.8 4.5 1.07 1.06

2.0 279.4 208.2 35.2 52.0 54.0 46.7 7.8 6.0 4.7 1.04 1.04

2.29 340.6 238.4 45.0 57.3 59.5 36.5 6.1 6.2 4.7 1.02 1.03

4 U3SiA1 2.9 23/17 0.5i 252.9 186.9 29.0 50.7 53.0 56.6 9.4 5.3 4.3 1.01 1.00

3.2 279.1 206.3 35.5 55.2 57.5 46.3 7.7 5.4 4.3 0.99 1.00

4.8 418.7 309.5 66.8 68.0 71.0 24.6 4.1 5.9 4.7 0.93 0.95

6.8 593.1 438.4 104.5 73.2 76.0 15.7 2.6 6.5 5.1 0.88 0.90

aReference INTERATOM design had 030 mm clad on inner and outer plates. All other designs have 038 mm clad on inner
plates and 0495 mm clad on outer plates.

bCentral Irradiation Position filled with water only.

CIn the reference design at BOC, the average thermal <0.625 eV) flux in the CIP was 271 x 1014 n/cm2/s and the peak thermal fux
was 453 x 1014 n/cm2/s.

dIn the reference design at EOC, the average thermal <0.625 eV) flux in the CIP was 287 x 1014 n/cm2/s and the peak thermal flux
was 461 x 1014 n/cm2/s.



The cycle length data in Table 3 are plotted versus uranium density
in Fig. 4 and the average 235U discharge burnup in the standard and control
elements are plotted versus uranium density in Fig. 5. Only a portion of the
curves for silicide fuel are shown.

Design 2 with U308 fuel, 20 plates, 0735 mm eat, and 038 mm clad
is approximately equivalent to the reference design with U308 fuel, 21
plates, 070 mm meat, and 030 mm clad. Design 2 offers the advantage of the
additional safety provided by a thicker clad.

Design 3 with 20 plates, 1.0 mm meat, and 038 mm clad has about the
same cycle lengths with U308 and UAIx fuel for uranium densities between 17
and 23 g/cm3. For the same uranium density, U308 fuel has a slightly
longer cycle length since oxygen is less absorptive than aluminum. U308 fuel
offers the potential of higher uranium densities than UAIx fuel and, hence,
lower fuel cycle costs if currently planned fuel demonstration efforts are
successful. Design 3 with U308 or Alx fuel and a uranium density of
1.7 g/cm3 has a cycle length of about 25 days, while the reference design and
Design 2 with 229 U/c�3 U308 fuel have cycle lengths of about 29 days.

Design 4 with 29 U/cm3 U3SiAl fuel, 23 plates, 0.51 mm meat, and
0.38 mm clad has nearly the same cycle length 29 days) as the reference design
since the 235U loadings and metal-to-water ratios are nearly the same. U3SiAl
fuel offers the potential of very high uranium densities, long cycle lengths,
and very high discharge burnups if current irradiation screening and demonstra-
tion efforts are successful.

5.2 Thermal Flux Performance

Table 3 also shows the ratios at BOC and at EOC of the thermal <0.625 eV)
flux, averaged over the midplane cross section of the central irradiation
position (CIP), for each of the cases relative to the reference design with
2.29 U/cm3 U308 fuel. In Fig. 6 fast, epithermal, and thermal fluxes
for a midplane traverse through the CIP (from FA 17 through RI 9 in Fig. 
are shown for the reference design with 229 27, and 32 U/cM3 U308 fuel.
For simplicity, the flux profiles shown in Fig. 6 do not pass through the peak
flux position in the CIP since the ordering of the fluxes by uranium density
at the peak is influenced by the fuel management strategy that was chosen (see
Section 4.

For each geometry and fuel type, increasing the uranium density in
the fuel decreases the average thermal flux in the CIP. However, as shown in
Table 3 the thermal flux degradation in the CIP is small in comparison with
the increased cycle length and decreased fuel consumption. Since the largest
absorber in the core is 235U, the thermal fluxes in the fuel will in general
be decreased in approximate inverse proportion to the increase in 235U content.
As mentioned above, though, relative fluxes in specific locations are influenc-
ed by the fuel management strategy.

The various cases in Table 3 with about 250 g 235U per fresh standard
element show an increase of - 7 in the average thermal flux in the CIP
relative to the reference design.
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Fig. 4 Cycle Length versus Uranium Density in the Fuel Meat for 30%
6k/k Excess Reactivity at EOC
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Fig. 5. Average 235U Discharge Burnups in Standard and Control Fuel
Elements as Functions of Uranium Density for an EOC Excess
Reactivity of 30% Wk.
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Fig. 6 Midplane Flux Traverse Through CIP from FA 17 ThrouP RI 9
for Reference Design with 229, 27, and 32 g U/cm U 308 Fuel
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5.3 Effect of Increasing Clad Thickness

In order to provide a perspective on the reactor performance penalties
associated with clad thicknesses greater than 038 mm, a parametric study was
performed on Design 2 with 20 plates per standard element, 229 g Ulem 3 U308
fuel, and 0735 mm-thick fuel meat. For this case, EOC excess reactivity
changes were computed for clad thicknesses ranging from 038 - 045 mm on the
inner plates of the standard and control elements and from 0495 - 0.55 mm on
the outer plates of the standard elements. Cycle lengths corresponding to the
decreased EOC excess reactivities were determined from parametric curves of
cycle length versus EOC excess reactivity. For an EOC excess reactivity of
about 30% Sk/k a % Sk/k decrease in the EOC excess reactivity reduces the
cycle length by about 19 days. The results are shown in Table 4 and are
plotted in Fig. 7.

One of the trade-offs to be considered is the increased safety resulting
from thicker cladding versus the economic penalty of increased fuel consumption.
However, the fuel consumption penalty can be neutralized by increasing the
uranium densit� in the fuel meat. The data for Design 2 in Table 3 with 229
and 27 g U/cm 3indicate that the uranium density needs to be increased by
about 004 g/cm in order to increase the cycle length by one day. For the
0.45/0.55 mm case, for example, the uranium density would need to be increased
from 229 g/cm3 to about 236 /cm3 to achieve the same fuel consumption as the
0.38 0495 mm case.

5.4 Burnable Poisons

Burnable poisons have not been addressed in this study. However, for a
number of the cases studied here with very high uranium densities in U308 and
U3SiAl fuels, burnable poisons are likely to be required to maintain a safe
shutdown margin.

6. FUEL CYCLE COST ANALYSIS

This analysis provides a consistent comparison of the estimated annual fuel
cycle costs for each of the options listed in Table 3 The model used here for
computing annual costs for each fuel cycle component is described in detail in
Ref 3 Since accurate data for a number of the fuel cycle cost components were
not available, assumed data were utilized. Actual costs may be significantly
different from those that were assumed. However, the model described in Ref 3
will enable updated analyses to be performed as accurate cost data become
available. The fuel cycle cost components assumed here are outlined below.

6.1 Assumed Fuel Cycle Cost Components

Enriched Uranium Costs (September 1982)

- 19.75% Enriched Uranium: $41,534.05/kg 21U in UF6

- Uranium Losses During Conversion of UF6 and Fuel Element
Fabrication: 25%

Fuel Element Fabrication Costs

- Reference Standard Element: 9000
21 Fuel Plates, 070 mm Meat, 030 mm Clad

3 235U308 Fuel, 229 g U/cm 250 g U
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Table 4 Effect of Increasing Clad Thickness for
Design #2 with U308 Fuel, 229 g U/cm3.

Change
Clad in EOC Approx.

Thickness Excess Cycle Cycles* Elements
Inner/Outer React. Length, per per Year

mm % Wk -Days Year Std. Cntl.

0.38/0.495 0.0 28.6 9.57 57.6 9.6

0.40/0.515 -0.26 28.1 9.74 58.2 9.7

0.42/0.535 -0.52 27.6 9.92 59.4 9.9

0.45/0.550 -0.92 26.9 10.2 61.2 10.2

*Duty Factor 0.75

Fig. 7 Cycle Length and Change in EOC Excess Reactivity as
a Function of Clad Thickness for Design 2
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Reference Control Element: 09 x Ref. Std. El. = 8,100
15 Fuel Plates, 070 mm Meat, 30 mm Clad
U308 Fuel, 229 g U/cm3 , 179 MU

Fabrication Cost Factors That Depend on Fuel Type
and Uranium Density. These factors are based on data
presented in Ref 4 and are shown below.

Uranium Fab. Uranium Fab.
Fuel Density Cost Fuel Density Cost
Type g/cm3 Factor Type -g/cm3 Factor

U308 1.7 0.9 U3SiAl 2.9 1.3

2.3 1.0 3.2 1.3

2.7 1.1 4.8 1.5

3.2 i.3 6.8 1.7

UAIX i.7 1.1

2.0 1.2

2.3 1.3

Fabrication Cost Factor That Depends on the Number of Plates
per Standard Element. It is assumed here that 75% of element
fabrication costs are due to plate production. The cost
factors used are 1.0 for the reference 21 plate design, 096
for the designs with 20 plates, and 107 for the 23 plate
design.

Fresh Fuel Shipping Costs

- Ship UF6 from USA to FRG: $500/kg U

- Ship Fresh Standard and Control Elements from FRG to
Indonesia: $500/Element

Spent Fuel Shippi g Costs

- Ship Spent Fuel from Indonesia to USA: $3,boo/Element

Reprocessing Costs

- $1,000/kg Total Delivered Weight

Uranium Credit

Dollar Value of the Spent Uranium (Computed for the Appropriate
Enrichment) that Would Be Processed for Use as Feed Material for
Re-enrichment, Reduced by
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Uranium Losses During Reprocessing and Conversion to UF6: 23%

Price for Conversion of Uranyl Nitrate to UF6: $175/kg U

Price for Shipment to Enrichment Plant: $23/kg U

6.2 Fuel Cycle Cost Results

The annual fuel cycle costs (in thousands of U.S. $) for the four designs
with various uranium densities are shown in Table 5. Since the reactor power
was 25 MW and the duty factor was assumed to be 075, all cases have the same
number of MWd. The $1MWd of operation are plotted in Fig. as a function of
the uranium density in the fuel meat for the reference design and each of the
design options. Only a portion of the cost curve for the silicide fuel is
shown in this figure. The annual costs are 156.8 $/MWd at 48 g U/cm3 and
125.7 $/MWd at 68 g U/cm3.

The reference design and Design 2 (both with U308 fuel) have nearly
the same fuel cycle costs. Design 3 with AlX fuel has higher fuel cycle
costs than with U308 fuel over the uranium density range of 17 - 23 g/cm3
mainly because the fabrication cost factors by fuel type and uranium density
are considerably higher for Alx fuel. These fabrication cost factors are
larger for UAIx fuel than for U308 fuel at the same uranium density because
the cost of manufacturing the U308 powder is lower with NUKEM's production
methods (Ref 4 and because the volume fraction of the dispersed phase is
larger with Alx fuel.

The fabrication cost factors for silicide fuel are not as well defined as
those for the conventional Alx and U308 fuels. More experience with pro-
duction of silicide powder is required before the factors for silicide fuels
can attain credibility comparable with the factors assigned to Alx and U308
fuels. With the fabrication cost actors assumed in this anlaysis, however,
both Design 3 with U308 fuel and Design 4 with silicide fuel have about
the same potential for minimizing overall fuel cycle costs with the high
uranium densities if the irradiation testing of these fuels is successful.
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Table 5. Fuel Cycle Costs Per Year (In Thousands of Dollars)

g / 3, Ship Ship
Design Fuel No. Plates/ U Fabr. Fresh Spent Repr. Uranium

No. Type Meat Thick., mm Cost Cost Fuel Fuel Cost Credit Total MWd $/MWd

Ref. U308 2.3,21/0.7 670.8 582.2 73.7 196.9 317.8 -271.6 1569.7 6843.7 229.4

2.7 577.3 467.5 59.1 143.7 236.8 -190.0 1294.5 6843.7 189.2

3.2 521.3 420.9 50.0 109.5 187.2 -141.2 1147.7 6843.7 167.7

2 U308 2.3,20/0.735 683.3 574.6 75.1 201.0 343.6 -286.5 1591.2 6843.7 232.5

2.7 597.0 468.4 61.2 148.9 259.6 -209.0 1326.2 6843.7 193.8

3.2 533.4 417.2 51.2 112.3 202.6 -157.4 1159.5 6843.7 169.4

3 U308 1.7,20/1.0 765.1 573.2 83.8 222.8 424.4 -364.5 1704.9 6843.7 249.1

2.3 578.1 357.2 56.1 125.0 249.3 -196.9 1168.8 6843.7 170.8

2.7 526.9 303.8 48.2 96.6 196.5 -154.4 1017.6 6843.7 148.7

3.2 489.0 281.1 42.4 75.6 158.9 -126.0 921.0 6843.7 134.6

UAlx 1.7,20/1.0 789.6 723.1 86.5 229.9 430.3 -386.9 1872.5 6843.7 273.6

2.0 659.6 560.1 67.4 163.3 316.6 -267.2 1499.6 6843.7 219.1

2.3 591.0 474.8 57.3 127.8 254.9 -208.2 1297.5 6843.7 189.6

4 U3Si 2.9,23/0.51 684.9 812.9 74.8 198.2 340.8 -286.1 1825.6 6843.7 266.8

3.2 617.5 664.0 64.6 161.9 283.0 -230.3 1560.8 6843.7 228.1

4.8 492.2 407.1 44.3 86.0 164.3 -121.0 1072.9 6843.7 156.8

6.8 445.8 295.0 36.3 55.0 115.5 -87.1 860.5 6843.7 125.7



Fig. 8. Estimated Annual Fuel Cycle Costs ($/MWd) versus Uranium Density
in the Fuel Meat for 30% Wk Excess Reactivity at EOC.
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7. CONCLUSIONS

All of the fuel element designs studied here are viable options provided
that the development and demonstration of the fuels with the uranium densities
considered are successful.

As of November 1982,1 both the aluminide and oxide fuels with a uranium
density of about 17 g/cm3 are considered to be fully-proven from a licensing
point of view. INTERATOM Design 3 with 20 plates per standard element, 1. mm
thick fuel meat, and a nominal clad thickness of 038 mm that uses either
aluminide or oxide fuel with a uranium density of 17 g/cm3 is considered to
qualify for licensing authorization now. Irradiation screening and proof-
testing of fuels with uranium densities greater than 17 g/cm3 are currently
in progress (see pertinent papers in these proceedings), and these tests need
to be completed in order to obtain licensing authorization for routine reactor
use.

Aluminide fuel with uranium densities up to about 23 g/cm3 and oxide fuel
with uranium densities up to about 32 g/cm3 are also viable options if the
irradiation tests and post-irradiation examinations are successful. Utilization
of fuels with uranium densities greater than 17 gM3 can result in significant
fuel cycle cost savings. For example, with the relatively low risk oxide fuel
with a uranium density of 229 g/cm3 in Design 3, the overall fuel cycle cost
savings were computed to be about U.S. 700,000 per year in comparison with
aluminide fuel at 17 g U/cm3 and about U.S. 540,000 per year in comparison
with oxide fuel at 17 g U/cm

Except for the reference design, all cases studied here utilized a nominal
clad thickness of 038 mm. A safer design could be achieved with clad thick-
nesses greater than 038 mm. For Design 2, it was shown that the cycle length
and fuel consumption penalties associated with nominal clad thicknesses even
up to 045 mm may not be unreasonable. It was also shown that relatively minor
increases in the uranium density would allow the fuel cycle cost penalty caused
by the thicker clad to be neutralized.
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1. INTRODUCTION

More than two years ago the government of Indonesia announced plans to
purchase a research reactor for the Puspiptek Research Center in Serpong,
Indonesia to be used for isotope production, materials testing, neutron
physics measurements, and reactor operator training. Reactors using low-
enriched uranium (LEU) plate-type and rod-type fuel elements were considered.
This paper deals with the neutronic evaluation of the rod-type 25-NW LEU
TRIGA ultipurpose Research Reactor (MPRR) proposed by the General Atomic
Company of the United States of America.1

2. REACTOR AND FUEL ELEMENT DESCRIPTIONS

The 25-MW TRIGA Multipurpose Research Reactor is of the swimming pool type
and is fueled by U-ZrH-Er rods arranged in 36-rod clusters or fuel elements.
The core, which has an active height of 22 in., is water-moderated and beryllium-
reflected.

An 11 x 12 aluminum grid plate is used to position the nominal core con-
sisting of 40 fuel elements, a central 14.7-cm-square cavity and six 734-cm-
square in-core irradiation positions. The active core is surrounded by 0
beryllium reflector blocks, half of which contain central irradiation holes.
Six natural boron carbide rods are used to control the reactor. Figure I
shows the arrangement of the fuel, control, irradiation, and beryllium reflector
elements. Not shown in the figure are three eight-inch-diameter radial beam
tubes and one through tube tangent to the core at the lower flat face. Normally
the in-core irradiation spaces would contain experiments or dummy experiments
to reduce, for safety reasons, power peaking in adjacent fuel rods. For
caloulational purposes, however, these in-core irradiation positions were
assumed to be water-filled.

The fuel elements consist of 36 fuel rods arranged in a 6 x 6 square array
within a square aluminum shroud 734 cm on a side. Table I describes the fuel
pins, which are clad in Incoloy 800, and the 36-rod fuel cluster.

3. CALCULATIONAL METHODS

The calculational methods used in this study are those which have been
described in detail in Appendix A of Ref 2 A brief description of these
basic methods is given below.
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The EPRI-CELL code3 was used to generate broad group, burnup-dependent
cross sections and atom densities for subsequent diffusion-theory and transport-
theory calculations. PRI-CELL combines a GAM-14 resonance treatment in the
epithermal energy range with a HERMOs5 heterogeneous, integral-transport
treatment in the thermal energy range. As input, EPRI-CELL utilizes a 68-group
epithermal GAM library updated with ENDF/B-IV data processed using the integral-
transport option of the MC2-26 code to account for resonance self-shielding
and a 35-group thermal THERMOS library updated with ENDF/B-IV data processed
using either the XACSI module of the AMPX system7 or the NJOY code-8 Spatial
self-shielding factors, calculated using MC2-2, were also used as input to
EPRI-CELL.

The MC2-2 code has a more rigorous resonance treatment than does the
EPRI-CELL code. Therefore, energy self-shielding factors were used for the
238U resonance capture region and the 235U resonance absorption region.
Use of these energy self-sheilding factors effectively replaces the 238U and
235U resonance cross sections gnerated by PRI-CELL with those calculated by
the MC2-2 code.

An 11-group cross section set consisting of four fast, three epithermal,
and four thermal groups was used for most of the calculations in this study.
Some calculations were also performed using the standard five-group structure
commonly used at Argonne National Laboratory for MTR plate-type reactor
studies. It was found, however, that the five group set did not adequately
account for thermal neutron upscattering from excited ZrH energy states in
TRIGA fuel. The broad group energy boundaries for both group structures are
listed in Table 2.

Different cell models were needed to generate appropriate EPRI-CELL
cross sections for the various reactor regions. Once generated, these cross
sections sets were combined into one master set and used for multigroup
diffusion and transport calculations. Burnup-dependent cross sections were
calculated only for isotopes in the fuel pin. Separate unit cell calculations
were made for the fuel rod, beryllium reflector, water radial reflector, water
axial reflector, internal water-filled flux traps, control rod, and control
rod follower.

. Most of the results of this study are based on XY multigroup diffusion
calculations. Energy-independent axial extrapolation distances derived
from flux profiles calculated in an RZ diffusion-theory model were used to
account for the axial leakage and power profile. The extrapolation distances
used are given in Table 3. Studies have shown that axial buckling values
are, to all practical purposes, independent of core temperatures. This is
because temperature effects the thermal portion of the neutron spectrum
whereas leakage is due mostly to high energy neutrons.

The REBUS-2 fuel cycle analysis code9 was used to perform burnup calcu-
lations. The XY model shown in Fig. 1 was used for the diffusion-theory calcu-
lations in REBUS-2. The water thickness outside the beryllium reflector was
taken to be 14-68 cm. Except for the outside water pool, each grid position
was represented by a uniform x 5 mesh. The use of more mesh intervals was
studied briefly. The chief effect was an increase in the eigenvalue by -0.7%
Ak for a doubling of the number of mesh intervals used. The mesh spacing had
little effect on calculated flux profiles or control rod worths. Therefore,
even though keff may have been underestimated by up to 1% Ak, the x 5 mesh
spacing was used to conserve computer resources. Both non-equilibrium and

600



equilibrium fuel cycle calculations were performed. In the non-equilibrium
calculations a core of 40 fresh fuel elements was allowed to burn down with no
fuel replacement. In the equilibrium calculations a fixed number of fuel
elements were replaced at the end of each cycle and the remaining fuel elements
were moved to new locations in the core. After some preliminary studies, a
five-path fuel management scheme as given in Table 4 was selected. Cross
sections representative of the middle-of-cycle burnup were used in the REBUS-2
calculations. The fuel temperature was assumed to be 800K.

Because of the very strong absorbing quality of the B4C control rods,
the conditions for the valid application of diffusion theory are severely
violated, and, therefore, diffusion theory cannot accurately predict control-
rod worths. However, approximate control-rod worths can be obtained using
diffusion theory with suitable internal boundary conditions calculated from
transport theory. The internal group-dependent boundary condition is just
the ratio of the neutron current to flux at the surface of the control rod cell.
The internal boundary conditions were calculated for a cell consisting of a
control rod surrounded by homogenized fresh fuel using the one-dimensional
transport-theory code ONEDANT.1( To account for flux and scattering
anisotropics, the calculations were performed in the PIS4 approximation.
For the case of a fully-withdrawn rod, the aluminum follower and water were
homogenized and normal diffusion theory was used. In order to validate these
control-rod-worth calculations, the control rod cell, both with a rod in-
serted and a rod withdrawn, were calculated using ONEDANT, the VIM Monte
Carlo code,11 and diffusion theory. The results of all three calculations
were in excellent agreement.

4. CALCULATIONAL RESULTS

4.1 Fuel Cycle

A plot of keff vs- integrated reactor power is shown in Fig. 2.
The graph shows that once equilibrium concentrations of 135Xe and 149Sm have

been reached, keff increases with burnup until a maximum value is obtained
at about 4000 MWd and thereafter decreases with burnup. This behavior results
from the fact that the burnable poison, 167Er, burns out faster than 235U.

In order to determine the length of such a fuel cycle it is necessary to

decide how much excess reactivity is required at the end of cycle. Since the

calculations are performed with cross sections representative of hot fuel and

with equilibrium xenon and samarium, one needs only that excess reactivity

at end of cycle (EOC) sufficient to compensate for the absorption of experi-

ments and to provide for xenon override. In this study it has been assumed

that 2 excess is required. Therefore, the non-equilibrium cycle length is

calculated to be 8000 MWd 320 full-power dys).

The equilibrium fuel cycle is much more economical and results in much

smaller reactivity swings and power shifts. For the five-path fuel manage-

ment scheme described earlier, Fig 3 shows the end-of-cycle keff as a

function f cycle length. For a fuel temperature of 800K and a 62 day cycle

length the beginning-of-cycle (BOC) and HOC eigenvalues were found to be

1.0293 and 10194, respectively. For this case, the BOC and HOC 235U and 167Er

burnup levels, power generated, and 239pU generation are tabulated for each

fuel element in Tables and 6. For example, the discharged fuel element

from the first path generated a power of 0622 MW, contained 33.3 g 239Pu, and

had 235U and 167Er burnup levels of 43.4% and 84.0%, respectively. Of course,
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if less excess reactivity were to be eeded at end of cycle, as, for example,
with a small experiment load, a longer cycle length can be obtained. It
should be noted that the power sums to -0.5% less than 25 MW in Tables and
6 because some power is produced by captures in non-fissile regions.

4.2 Neutron Flux Distribution

Thermal (En < 0625 eV), epithermal 0625 < En < 553 keV), and
fast 553 keV < E < 0.0 MeV) neutron flux distributions for the beginning
of equilibrium cycle (BOC) are plotted in Figs 4 to for several axial
midplane traverses through the core and reflector regions of the MPRR 25 MW
LEU TRIGA reactor. Figure shows the location of these traverses which are
between columns F and G, at the center of columns H and J, and at the center
of row 9 These BOC flux distributions were taken from the two-dimensional
XY full-core REBUS calculation corresponding to the 62 day cycle length for a
fuel temperature of 800 K with the core operating at 25 NW.

These figures also show EOC/BOC neutron flux ratio distributions. These
plots show how the thermal flux in the core regions increases with burnup.
The higher average burnup of the core requires that the EOC fluxes be
increased relative to the BOC in order to maintain the 25 NW power level.

Maximum and region-averaged thermal fluxes for several irradiation posi-
tions are shown in Table 7 Values are given for the BOC and EOC configura-
tions.

Figure shows the flux distribution through row 12 in the pool water
region 1835 cm from the beryllium reflector. Although not modeled in the Y
calculations, this is the region where the beam tubes are to be located.
Fluxes shown in this figure should be used with caution since they can be
expected to be significantly smaller when leakage through the beam tubes is
taken into account.

4.3 Safety-R lated Parameters

This section presents the results of calculations on safety-related
neutronic parameters needed for transient analyses of the 25 MW MPRR LEU TRIGA
reactor. These parameters include kinetic parameters (0-effective and the
prompt neutron lifetime), prompt negative temperature coefficients, isothermal
feedback coefficients and power peaking factors. In most cases calculations
were performed for fresh fuel, beginning-of-equilibrium-cycle BOO and end-
of-equilibrium cycle (EOC) cores for the 62-day cycle-length case.

4.3.1 Kinetic Parameters

The prompt-neutron lifetime (.e the neutron generation time (A), and
the effective delayed-neutron fraction (�eff) were calculated for fresh
fuel, BOC, and EOC equilibrium cores using the two-dimensional diffusion
theory perturbation capability of the ARC System.12 Table shows the
results of these calculations. For these calculations burnup-dependent atom
densities were taken from the REBUS calculation for a cycle length of 62 days.
The delayed neutron data, used in the calculation of 4ff, were taken from
Version V of ENDF/B. Delayed neutron constants for BOC and EOC equilibrium
cores are shown in Table 9 All calculations were performed using 11-group
cross sections.

602



4.3.2 The Prompt Negative Temperatur Coefficient

One of the characteristics of U-ZrH-Er TRIGA fuel is its large prompt
negative temperature coefficent. For small diameter fuel pins, such as those
proposed for the MPRR 25 MW TRIGA reactor, the primary contribution to the
prompt negative temperature coefficient is a hardening of the thermal neutron
spectrum resulting from an increase in the fuel temperature. The binding of
the ZrH molecule is described in terms of a harmonic oscillator potential with
excited states separated in energy by about 014 eV. Thus, the population of
excited oscillator states increases with fuel temperature. Thermal neutrons
scattered from excited ZrH molecules receive a boost in energy with a sub-
sequent hardening of the neutron spectrum. With this spectral shift toward
higher energy, increased absorption in the --0.5 eV double resonance of 167Er
occurs, resulting in a negative reactivity effect. Since the fuel pin is a
solid uniform mixture of U-ZrH-Er,, the negative reactivity effect as a function
of temperature is prompt. This characteristic of TRIGA fuel provides a built-
in safety feature in the event of an unplanned power transient.

To evaluate the prompt negative temperature coefficient, 11-group core
cross sections were generated at various temperatures using the EPRI-CELL
code which was described earlier. Cross sections for H in ZrH were created
for temperatures of 296, 500, 800, 1000 and 1200 K using temperature-dependent
S(a,0 data. Doppler broadening of the 238U resonances, as well as those for
the other uranium and plutonium isotopes, was determined by a resonance calcu-
lation at each of the above temperatures. However, the EPRI-CELL code does
not permit an interpolation on temperature for resonances in the thermal 167
neutron energy range, which is the case for 167Er. Therefore, 166Er and Er
resonances have been Doppler broadened only at those temperatures for which
these cross sections exist in the EPRI-CELL library, namely 293, 564, 886, 1100,
and 1200 K. Thus, a mismatch exists between the temperatures for which the
erbium resonances have been Doppler broadened and the temperatures at which the
H (in ZrH), U and Pu cross sections apply. This mismatch is summarized below.

Temperature (K) for H in ZrH and for Temperature (K) for
Doppler-Broadened U and Pu Resonances Doppler-Broadened Er Resonances

296 293
500 564
800 886

1000 1100
1200 1200

Except for Zr, all other core materials were assumed to remain at room
temperature.

The core-isothermal prompt negative temperature coefficients were calcu-
lated for fresh fuel atom densities and cross sections and for REBUS atom
densities corresponding to the BOC and EOC configurations for the 62-day cycle-
length case. For these calculations it was assumed that the changes in core
temperature are independent of position. The effect of this approximation on
the value of the temperature coefficient is thought to be small, but has not
been investigated.
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Diffusion theory calculations of keff at each ZrH temperature were made
using the XY model of the 25 MW MPRR TRIGA Reactor (Fig. 1) and the appro-
priate 11-group temperature-dependent cross sections. It was assumed that all
control rods are fully withdrawn, experiment regions are water-filled, the
fuel pin composition is at the specified temperature, and all other materials
are at room temperature. It was also assumed that the axial bucklings are
independent of temperature.

The calculated values of keff were fitted by the least squares process
to a rd degree polynomial in temperature and the prompt negative temperature
coefficient (ap) was evaluated as the derivative of the polynomial. The
prompt negative temperature coefficient decreases as a function of burnup
because of the depletion of 167Er in the fuel.

4.3.3 Equilibrium '5Xe and 149Sm Worths

The reactivity worths of equilibrium concentrations of '5Xe and 49SM
were evaluated for the BOC configuration using REBUS-calculated atom densities
for the case of a 62 day cycle length at a fuel temperature of 800K.
Table 10 gives the results.

4.3.4 Isothermal Reactivity Feedback Coefficients

Isothermal feedback coefficients were evaluated for the combined effects
of temperature and density changes in the water moderator. These reactivity
changes are the results of two physical effects:

1. The hardening of the thermal neutron spectrum resulting
from an increase in the water temperature.

2. The increase in neutron leakage resulting from a reduction
in the density of the water as it heats (or boils).

Using 11-group cross sections generated for various water temperatures in
the core, XY diffusion calculations were performed with fresh fuel atom densi-
ties to evaluate the feedback coefficients. Table 11 shows the feedback
coefficients for the combined effects of temperature and water density
changes. In this table, SP = (k2 - kl)/klk2 is the change in reac-
tivity related to changes in core water temperature and density. The tempera-
ture and density of the reflector and flux trap water were not allowed to vary.
RZ calculations were performed at each water density to determine the axial
extrapolation distances needed for the XY calculations.

4.3.5 Power Peaking Factors

Radial, axial, and local power peaking factors have been calculated for
the MPRR LEU TRIGA for the beginning7-of-cycle BOO and end-of-cycle (EOC)
equilibrium core. The radial peaking factor, Fr, is the ratio of the power
density at the hot spot on the axial midplane to the average midplane power
density, as calculated in XY diffusion theory problems. The axial peaking
factor, Fa.- is just the peak-to-average value of the chopped cosine axial
shape. The local peaking factor, Ft, is the radial peak-to-average power
density in the local fuel element. Finally, the total peaking factor is the
product of these three components.
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Peaking factors were evaluated for BOC and EOC equilibrium cores. The
hot spot is in uel element FE9G (see Fig. 1) adjacent to the water-filled
irradiation hole ES9H. Power peaking factors are given in Table 12. These
are over-pessimistic values since in actual practice the irradiation positions
would be filled with aluminum or beryllium blocks containing small holes to
accomodate samples so as to minimize power peaking effects. Figure 11 shows
how the power density varies in the X and Y directions across fuel element
FE9G. The Y-traverse is 0734 cm from the core-water interface. Note the
very large power peak in fuel next to the water-filled irradiation hole.

4.4 Control Rod Worths

The results of the control rod worth calculations are summarized in
Table 13. In the BOC configuration, rod OF is the most reactive; when it
is stuck out, the worth of the remaining five rods is 647% 6p. In the
beginning-of-cycle condition the five inserted rods should be able to shut
down the reactor with all experiments removed, with all xenon decayed, and
with the fuel cold. For the 62-day cycle-length case, the BOC excess
reactivity is 285% 6p with an 800 K fuel temperature (Section 41), the
xenon worth is 250% 6p (table 10)-, and the increase in reactivity upon
cooling of the fuel meat to room temperature is 192% 6p (Fig. 9, giving a
maximum excess reactivity of 727% 6p. Therefore, if the control rod worth
calculations are correct, there is not an adequate shutdown margin when one
rod is stuck out of the core. Also, the fresh core has an inadequate shut-
down margin with one rod stuck. In relation to the accuracy of the control
rod worth calculations it must be emphasized that no comparisons with
measured data have been made for control rod worths in LEU TRIGA cores.
However, the same methods for individual borated stainless steel rods in the
LEU core of the Ford Nuclear Reactor at The University of Michigan yielded
worths within 02% 6 of the measured values.17

Higher-worth control rods of a different design could be considered.
For example, higher worth rods would result if the borated stainless steel
poison material were in the shape of a square annulus about 7 cm on a side
and cm thick with a water hole at the center. The water hole serves to
thermalize and trap fast neutrons which penetrate the borated stainless steel
annulus. Relative to the cylindical rod, the square shape of the borated
stainless steel absorber povides a greater surface area and this too tends
to increase the value of the rod worth. However, no calculations were made
for the worth of control rods of this design.

5. CONCLUSIONS

In all aspects except for the shutdown margin, the 25-MW LEU TRIGA
Multipurpose Research Reactor performs very well. The high uranium density
of the U-ZrH-Er fuel with its burnable poison makes possible a long equili-
brium cycle length with a relatively small reactivity swing. Therefore,
control rod movement is minimized during the cycle, leading to a stable
flux. The lack of adequate shutdown margin can probably be remedied by the
use of a higher-worth design of the control rods.
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Table 1. Data For The 36-Rod TRIGA Fuel Cluster

Parameter Design Value

Fuel Diameter (unclad) 0.853 cm 0336 in.)

Rod Diameter (with clad) 0.914 cm (0.360 in.)

Rod-Rod Clearance 0.203 cm (0.080 in.)

Rod-shroud Clearance 0.203 cm (0.080 in.)

Shroud Side Dimension 7.214 cm (2.840 in.)

Lattice Pitch 7.341 cm (2.890 in.)

Fuel Length 55.88 cm (22.0 in.)

Fuel Composition: U-Er-ZrHl.6

Uranium Content 45 wt%

Er Content 1.5 wt%

235U Enrichment 19.9 atom 

Hydrogen-to-Zironium Ratio 1.6

Fuel Pin Loading:

Uranium 119.12 g

235u 23.71 g

Erbium (natural) 4.0 g

.167Er 0.9 g

Fuel Cluster 36 Rods) Loading:

Uranium 4,29 kg

U-235 0.853 kg

Erbium (natural) 0.143 kg

167Er 32.8 g
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Table 2 Group Structure for 5- and 11-Broad-Group Cross Section Sets

Group Upper Energy Upper Energy
Number of Group () of Group (eV)

(5-Group Set) (11-Group Set)

1 1.OOOOE+7 1.OOOOE+7
2 8.2085E+5 8.2085E+5
3 5.5309E+3 6.3928E+5
4 1.8550 9.1188E+3
5 6.2493E-1 5.5308E+3
6 1.8550
7 1.1664
8 6.2493E-1

9 4.1704E-1

10 1.4573E-1

11 5.6925E-2

Table 3 Extrapolation Distances and Corresponding Bucklings

Reactor Region

Outer Inner Control Beryllium Pool
Quantity Core Flux Trap Flux Trap Rod Follower Reflector Water

5 Group Structure:

6" cm 5.560 5.504 5.511 6.524 6.089 5.895

B2 cm-2 2.1986E-3 2.2060E-3 2.2051E-3 2.0773E-3 2.1308E-3 2.1553E-3z

11 Group Structure:

6" cm 5.550 5.471 5.476 6.714 6.162 5.955

B2 cm-2 2.1999E-3 2.2103E-3 2.2097E-3 2.0546E-3 2.1217E-3 2.1477E-3z

Table 4 Fuel Element Positions Arranged in the Order of
Increasing Burnup for the Five Path Fuel
Management Scheme

Path: I II III IV V

Burnup Stage

I FE10E FE10F FE10G FE9E FE8C

2 FE7C FE9D FE8I FE6C FE4 H

3 FE6J FE5J FE7J FE5D FE8J

4 FE5C FE8E FE3H FE7D FE3G

5 FE6I FE3F FE4I FE5H FE1OH

6 FE9G FE3E FE9I FE8F FE7E

7 FE8H FE8G FE4D FE7H FE6H

8 FE6E FE5G FE41 FE5E FE5F

The five columns give the uel shuffling sequence from top to bottom.
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Table 5. BOC Fuel Element 235 U Mass, 167 Er Mass, Burnup and Power for the
MPRR 25MW LEU TRIGA Reactor

Case: Fuel Temp 800K, Cycle Length = 62 days days, k eff (EOC) = 1019

Fuel 235u 167Er 235u 167Er 238u 239pu

Management Mass Mass Burnup Burnup Power Mass Mass
Path Stage Region 9 9 % % MW 9 9

1 FEIOE 849 32.7 0.0 0.0 0.572 3438 0.0
2 FE7C 801 26.9 5.6 17.8 0.624 3431 6.8
3 FE6J 753 21.3 11.3 34.9 0.639 3421 13.9
4 FE5C 705 16.8 16.9 48.7 0.580 3411 19.8
5 FE6I 663 13.7 21.9 58.1 0.637 3403 23.3
6 FE9G 617 10.7 27.3 67.4 0.665 3393 27.6
7 FE8H 569 8.3 33.0 74.6 0.659 3382 30.3
8 FE6E 523 6.5 38.4 80.1 0.622 3372 32.2

1 FE1OF 849 32.7 0.0 0.0 0.573 3438 0.0
2 FE9D 801 26.4 5.6 19.2 0.640 3430 7.7
3 FE5J 751 21.2 11.5 35.4 0.641 3421 13.9
4 FE8E 703 16.9 17.1 48.5 0.622 3412 19.2
5 FE3F 656 13.1 22.6 59.9 0.565 3401 24.4
6 FE3E 616 10.6 27.4 67.7 0.610 3392 27.8
7 FE8G 572 8.6 32.6 73.8 0.652 3384 29.5
8 FE5G 526 6.7 38.0 79.4 0.622 3374 31.4

1 FENG 849 32.7 0.0 0.0 0.573 3438 0.0
2 FE81 801 26.4 5.6 19.2 0.623 3430 7.7
3 FE7j 754 20.9 11.2 36.1 0.644 3420 14.6
4 FE3H 706 16.5 16.8 49.6 0.590 3410 20.3
5 FE4I 663 13.5 21.9 58.9 0.625 3402 23.8
6 FE9I 618 10.8 27.2 67.0 0.672 3394 26.8
7 FE4D 570 8.6 32.9 73.6 0.612 3385 28.5
8 FE4F 527 7.o 37.9 78.5 0.611 3377 30.0

IV 1 FE9E 849 32.7 0.0 0.0 0.598 3438 0.0
2 FE6C 800 26.0 5.8 20.5 0.625 3429 8.3
3 FE5D 752 20.7 11.4 36.7 0.585 3419 14.9
4 FE7D 707 16.5 16.6 49.5 0.634 3410 20.3
5 FE5H 660 12.9 22.2 60.6 0.616 3400 25.3
6 FE8F 616 10.1 27.4 69.0 0.673 3390 29.0
7 FE7H 568 7.9 33.1 75.8 0.666 3376 31.3
8 FE5E 522 6.2 38.5 80.9 0.608 3370 32.8

V 1 FE8C 849 32.7 0.0 0.0 0.637 3438 0.0
2 FE4H 797 26.2 6.1 20.0 0.603 3429 7.8
3 FE8J 751 20.8 11.5 36.3 0.624 3420 14.6
4 FE3G 704 16.8 17.0 48.5 0.590 3412 19.3
5 FE10H 661 13.5 22.1 58.8 0.629 3402 23.7
6 FE7E 614 10.8 27.6 66.9 0.665 3394 26.4
7 FE6H 567 8.4 33.2 74.2 0.652 3384 29.3
8 FE5F 521 6.7 38.6 79.6 0.607 3374 31.3

Total: 27379 678.8 19.3 48.1 24.886 136247 773.7
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Table 6 EOC Fuel Element 235U Mass, 167Er Mass, Burnup and Power for the
MPRR 25MW LEU TRIGA Reactor

Case: Fuel Temp 800K, Cycle Length = 62 days days, k eff (EOC) = 1019

Fuel 235U 167Er 235U 167Er 238U 239pu

Management Mass Mass Burnup Burnup Power Mass Mass

Path Stage Region 9 9 % % MW 9 9

1 FEIOE 801 26.9 5.6 17.9 0.573 3430 6.8
2 FE7C 753 21.3 11.3 34.9 0.625 3421 13.9
3 FE6J 705 16.8 16.9 48.7 0.639 3411 19.8
4 FE5C 663 13.7 21.9 58.1 0.580 3403 23.3
5 FE6I 617 10.7 27.3 67.4 0.636 3393 27.6
6 FE9G 569 8.3 33.0 74.6 0.665 3382 30.3
7 FE8H 523 6.5 38.4 80.1 0.659 3372 32.2
8 FE6E 480 5.2 43.4 84.0 0.622 3362 33.3

1 FE10F 801 26.4 5.6 19.2 0.575 3430 7.7
2 FE91) 751 21.2 11.5 35.4 0.641 34321 13.9
3 FE5J 703 16.9 17.1 48.5 0.640 3412 19.2
4 FE8E 656 13.1 22.6 59.9 0.623 3401 24.4
5 FE3F 616 10.6 27.4 67.7 0.565 3392 27.7
6 FE3E 572 8.6 32.6 73.8 0.610 3384 29.5
7 FE8G 526 6.7 38.0 79.4 0.653 3374 31.4
8 FE5G 484 5.4 43.0 83.5 0.622 3364 32.6

III I FElOG 801 26.4 5.6 19.2 0.574 3430 7.7
2 FE8I 754 20.9 11.3 36.1 0.623 3420 14.6
3 FE7j 706 16.5 16.9 49.6 0.643 3410 20.3
4 FE3R 663 13.5 21.9 58.9 0.590 3402 23.8
5 FE4I 618 10.8 27.3 67.0 0.625 3394 26.8
6 FE9I 570 8.6 33.0 73.6 0.672 3385 28.5
7 FE4D 527 7.0 37.9 78.5 0.611 3377 29.6
8 FE4F 485 5.6 42.9 82.8 0.610 3367 31.4

IV 1 FE9E 780 26.0 5.8 20.5 0.599 3429 8.3
2 FE6C 752 20.7 11.4 36.7 0.625 3419 14.9
3 FE5D 708 16.5 16.6 49.5 0.585 3410 20.3
4 FE7D 660 12.9 22.2 60.6 0.634 3400 25.3
5 FE5H 616 10.1 27.4 69.0 0.615 3390 29.0
6 FE8F 568 7.9 33.1 75.8 0.674 3380 31.3
7 FE7H 522 6.2 38.5 80.9 0.665 3370 32.8
8 FE5E 481 5.0 43.4 84.6 0.607 3360 33.9

V 1 FE8C 797 26.2 6.1 20.0 0.638 3429 7.8.
2 FE4H 751 20.8 11.5 36.3 0.603 3420 14.6
3 FE8J 704 16.8 17.0 48.5 0.624 3412 19.3
4 FE3G 661 13.5 22.1 58.8 0.589 3402 23.7
5 FElOH 614 10.8 27.6 66.9 0.630 3394 26.4-
6 FE7E 567 8.4 33.2 74.2 0.665 3384 29.3
7 FE6H 521 6.7 38.6 79.6 0.652 3374 31.3
8 FE5F 480 5.4 43.4 83.6 0.606 3364 32.5

Total: 25545 541.8 24.7 58.6 24.876 135873 937.4
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Table 7 Thermal Neutron Fluxes (En < 0625 eV) in the
Axial Midplane for the 25 MW LEU TRIGA Reactor

BOC, 1014/cm2-sec EOC9 X 1014/CM2-sec

Region Comp. Max. Ave. Max. Ave.

E67FG H20 4.49 2.62 4.50 2.64

ES9H H20 3.79 2.18 3.77 2.17

RFL11F Be 1.28 0.80 1.23 0.77

RFL2F Be 1.22 0.79 1.27 0.83

Table 8. MPRR 25 MW LEU TRIGA Reactor Kinetic Parameters

Fresh
Fuel

Quantity K = 1086366 BOC WC

Fuel Temperature, OK 296 800 800

Neutron Generation Time, ps 28.62 31.23 32.15

Prompt Neutron Lifetime, ps 31.09 32.11 32.74

Effective Delayed Neutron 0.00733 0.00696 0.00687
Fraction
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Table 9 Delayed Neutron Parameters for the MPRR 25 MW
LEU TRIGA Reactor

Beginning-of-Equilibrium End-of-Equilibrium
Cycle Cycle

Group, i Xi -S- 0i XVS-1

1 1.2730-02 2.5971-04 1.2732-02 2.5562-04

2 3.1716-02 1.4774-03 3.1705-02 1.4606-03

3 1.1703-01 1.3060-03 1.1718-01 1.2893-03

4 3.1284-01 2.8139-03 3.1306-01 2.7719-03

5 1.3984 9.0938-04 1.3982 8.9728-04

6 3.8558 1.9309-04 3.8487 1.9098-04

Total: 6.9595-03 6.8657-03

Table 10. 135Xe and 149Sm Reactivity Worths
Beginning-of-Equilibrium Cycle MPRR
25 MW LEU TRIGA Reactor

Condition keff

BOC with 135Xe and 149SM 1.02953

BOC without 135Xe 1.05671

BOC Without 149sm 1.03605

135Xe 149sm

Reactivity Worth, 6k-% 2.72 0.65

6p-% 2.50 0.61

k 1 k2
Note: 6p

k 1k 2
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Table 11. NPRR LEU TRIGA Isothermal Feedback Coefficients for the
Combined Effect of Water Temperature and Density Changes

P
H20

T 0C 3 kH20) g/cM eff -6p X 000

23 0.998 1.08509 -

60 0.983 1.08061 3.82

77 0.974 1.08021 4.16

127 0.900 1.06617 16.35

Table 12. Radial, Axial) and Local Power Peaking Factors for
the MPRR 25 MW LEU TRIGA Reactor Equilibrium Core

Peaking Factor BOC EOC

Radial, F r 1.692 1.629

Axial, F a 1.355 1.355

Local, F k 1.532 1.528

Total: 3.512 3.373
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Table 13. Control Rod Worths for the MPR 25 MW LEU TRIGA Reactor

Fresh Fuel BOC EOC
Fuel Temp. = 296 K Fuel Temp. = 00 K Fuel Temp. = 00 K
Mod. Temp. = 298 K Mod. Temp. = 298 K Mod. Temp. = 298 K

Position of Rods keff 6k-% 6p"% keff 6k-% 6p-% keff 6k-% 6p-%

All B4C Rods Ot 1.08775 1.02953 1.01963

All C Rods In 0.99373 9.40 8.70 0.93469 9.48 9.86 0.92381 9.58 10.174

C4G Out, Others In 1.02325 6.45 5.79 0.96029 6.92 7.00 0.95050 6.92 7.14

OF Out, Others In 1.01834 6.94 6.27 0.96520 6.43 6.47 0.95199 6.76 6.97

C6D Out, Others In 1.02021 6.75 6.09 0.95922 7.03 7.12 0.94984 6.98 7.20

C7I Out 31 Others In 1.01969 6.81 6.14 0.96256 6.70 6.76 0.95322 6.64 6.83

C8D Out, Others In 1.00697 8.08 7.37 0.95130 7.82 7.99 0.94058 7.90 8.24

C5I Out, Others In 1.00812 7.96 7.26 0.95002 7.95 8.13 0.94073 7.89 8.23

Note: 6P 1 2

k1 k2
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1.0 Introduction

The University of Florida Training Reactor (UFTR) is located on the
University of Florida campus in Gainesville, Florida. The reactor is the
Argonaut type, heterogeneous in design and currently fueled with 93% enriched,
uranium-aluminum alloy MTR plate-type fuel. Investigations are being performed
to examine te feasibility of replacing the highly-enriched fuel of the current
UFTR with 48% enriched, cylindrical pin SPERT fuel. The SPERT fuel is
stainless steel clad and contains uranium dioxide (UO2) pellets.

On a broad spectrum, training reactor conversion from high enrichment
uranium (HEU) to low enrichment uranium (LEU) fueled facilities has been a
continuing concern in the International Atomic Energy Agency (IAEA)1,2 and
significant work has been done in this area by the Argonne RERTR Program. The
International Atomic Energy Agency cites three reasons for reactor conversion to
low-enriched uranium. The main reason is the desire to reduce the proliferation
potential of research reactor fuels. The second is to increase the assurance of
continued fuel availability in the face of probable restrictions on the supply
of highly-enriched uranium. The third reason is the possible reduction in
requirements for physical security measures during fabrication, transportation,
storage and use!. This same IAEA report points out that the three reasons
stated for the conversion of the fuel of research reactors are interrelated and
cannot be considered individually.

The concerns of the Nuclear Engineering Sciences Department at the
University of Florida relating to the REU fuel of the UFTR coincide with those
of the International Atomic Energy Agency. The primary reason for going to
low-enriched pin-type fuel is the concern with proliferation provoked by the
highly-enriched plate fuel which has led to tighter security of nuclear
facilities such as the UFTR. A second reason for changing to the pin-type fuel
is because of difficulties that are being encountered in the supply of the
plate-type fuel. A final reason for converting to the SPERT fuel is related to
a desire to upgrade the UFTR from a 00 to a 00 kw facility. Such a change
would be difficult with the current aluminum-uranium alloy plate fuel since
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warping of the plates has been experienced at the 100 kw power level. A
motivating force in the proposed UFTR conversion is the existence of the SPERT
fuel in-house at the University of Florida (under a DOE agreement) and the DOE's
encouragement to pursue the described conversion.

The purpose of this paper is to present the results of detailed neutronic
investigations performed as part of the feasibility study for the UFTR
conversion from HEU to LEU fuel. These ueutronics studies included two phases.
In the first phase, the efforts were directed primarily towards finding a
satisfactory metal-to-water ratio for the SPERT fuel. An acceptable
metal-to-water ratio has to satisfy the following neutronics criteria:

1'. The neutron multiplication factor, or kefffor the unrodded UFTR must
lie in the range of 103 to 1093 both for te current power limit of
100 kw and also for the proposed upgraded rating of 500 kw.

2. The system must be in an undermoderated state.

3. Reactivity coeffients and other safety-related neutronics parameters
(e.g. effective delayed neutron fraction and prompt neutron lifetime)
must be such that current UFTR safety levels are either maintained or
enhanced.

For the Phase studies, the only permanent UFTR structural modification allowed
is the insertion of new grid assemblies into the existing fuel boxes to hold the
the cylindrical SPEkT fuel in place.

The Phase 2 neutronic studies examined the effects of certain additional
UFTR structural changes using the metal-to-water ratio lattice determined in the
Phase studies. These changes included systematic alterations in certain
region ticknesses and compositions. Te primary intention of the Phase 2
studies was to optimize the peak thermal neutron flux level in the UFTR while
maintaining an acceptable k ef f value. Optimal configurations discovered during
these investigations provide a potential means of maintaining, or even
enhancing, te current value of te UFTR peak termal neutron flux, for a given
power, despite the change from EU to LU fuel.

2.0 Uniyprgity nf ElnriAa Training Rparfor Dpanriptinn

2.1 Physinal Dnription

The UFTR is a light water-and graphite-moderated, water-cooled reactor and
is a variation of the Argonaut type reactor which originally was designed by
Argonne National Labortory. The reactor is heterogeneous in design and consists
of six fuel boxes surrounded by graphite. Te graphite is further surrounded by
a biological sield made of removable concrete blocks. A shield tank,
containing demineralized water is located at the west end of the reactor. The
overall dimensions of the reactor, placement of the fuel boxes relative to other
regions, along with the various material regions associated with the reactor are
indicated on the horizontal cross-sectional view of the UFTR presented in Figure
1. Two fuel regions are indicated i this figure; each region consists of
three fuel boxes separated by control blade shrouds and a void region where the
control blades are located.
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The UFTR currently employs a highly-enriched 93 wtX aluminum-uranium
alloy flat plate TR-type fuel. A cutaway view of the placement of the
plate-type fuel in a fuel box is shown in Figure 2 Eleven plates make up an
assembly and four assemblies bolted together make up a full fuel box.

The fuel which is proposed to replace the plate-type fuel of the current
UFTR is in the form of cylindrical pins and is referred to as SPERT (F-1) type
fuel which contains uranium-dioxide fuel pellets enclosed by stainless steel
cladding. Figure 3 includes a sectional, isometric view of the SPERT fuel rod
as well as a list of physical characteristics. A key feature of the SPERT fuel
is its 48% enrichment compared to the 93% enrichment of the MTR plate-type
fuel.

The number of SPERT fuel pins in a fuel box is dependent upon the selected
metal-to-water ratio. For example, the 1.0 M/W ratio configuration has pins
per box in the north-south direction and 10 pins per box in the east-west
direction for a total of 80 pins per box and 480 pins for the reactor. A
cutaway view showing the proposed placement of the SPERT fuel pins inside the
existing fuel boxes and restrained by spacer grids is presented in Figure 4.

2.2 Description of Regions Used in Neutronic Calculations

The regions of the UFTR specified to facilitate neutronic calculations are
illustrated by two figures: a horizontal cross-sectional view of the reactor is
presented in Figure and a vertical view at the location of a fuel box is shown
in Figure 6 The centerlines indicated on Figure represent the dividing lines
between te north. souths east and west directions. The centerline in Figure 6
divides the core into upper and lower sections. A schematic of the fuel regions
in Figure 7 shows that each fuel region includes three fuel boxes. The fuel
boxes consist of unit fuel cells, water jacket and aluminum. Magnesium control
blade shrouds and a void region which separate the fuel boxes are considered to
be part of the fuel region. The material surrounding the fuel region is
reactor-grade graphite.

The unit fuel cells consist of four regions: a) uranium dioxide, (fuel),
b) gap, c) cladding 304 stainless steel). and d) moderator (water). Figure 
includes a schematic of a unit fuel cell as well as values for the radii of the
various regions of the equivalent- cylindrical unit fuel cell for the 1.0
metal-to-water ratio lattice.

3.0 Phase I Neutronic Calculations

3.1 Introduction

The Phase neutronic studies were directed towards determining an
acceptable metal-to-water ratio for the UFTR using the LEU SPERT fuel.
Acceptability is based upon satisfying the neutronic design criteria under the
design constraint set forth in Section 1.0.

The initial step in the neutronic calculations was to obtain group
constants for the various fuel and non-fuel regions in the UFTR. A different
set of group constants was obtained for each examined metal-to-water ratio and
for each studied power level. Four broad group fast groups and thermal
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group) macroscopic neutron cross section data were generated using computer
codes based upon approximate solutions to the neutron transport equation. Te
UFTR theral group constants were generated using BRT (Battelle-Revised
THERMOS) which solves the integral form of the neutron transport equatio in
one-dimension. The UFTR fast group constants were generated using PHROG Thich
solves a -1 or P-1 approximation to the energy-dependent transport equation.

Four group diffusion theory calculations were then performed on the UTR to
determine keff's and flux and power distributions for various metal-to-water
ratio configurations and power levels. One-, two- or three-dimensional
diffusion theory calculations were performed using CORA6 EXTERMINATOR-27 and
CITATION CORA is a one-dimensional few group diffusion theory code while
EXTERMINATOR-2 is a multigroup two-dimensional diffusion theory code. CITATION
is a one-. two- or three-dimensional multigroup diffusion theory code capable of
solving fuel depletion problems. For the UTR analysis, only standard
eigenvalue calculations were performed with CITATION; the fuel depletion
capabilities were bypassed.

With regard to the one-and two-dimensional four-group diffusion theory
calculations on the UFTR. there are two important considerations that should be
mentioned. The first is the representation of the perpendicular leakage(s) from
all material regions associated with a calculation. This is accomplished by
using perpendicular bucklings. Perpendicular buckliugs for the various regions
were determined by performing detailed buckling iteration calculations. The
second consideration is identifying neutronically the most important
directions) of the system. The north-south direction is neutronically the most
important direction of the system since 1) it includes explicitly the important
graphite I region located between the two parallel fuel regions and 2 the
leakage of neutrons from the north-south direction is larger than from either
the east-west or height directions. Neutronically, the east-west direction is
the second most important direction due to its superior reflecting abilities
compared to the height direction. Consequently, the X-Y plane
(north-south/east-west plane) is neutronically the most important plane for the
UFTR calculations.

The three-dimensional diffusion theory calculations eliminate the need to
identify the most important directions) and use perpendicular bucklings to
account for perpendicular leakage. However, due to the great expense associated
with such a calculation, preliminary one-and two-dimensional scoping
calculations were always performed prior to any three-dimensional run.

3 2 Results From Phase I k ef f Calculations

A number of preliminary calculations at various metal-to-water ratios
indicated that the 1.0 M/W ratio configuration for the UFTR would satisfy the
design criteria specified in Section .0. Three different power levels at 1,100
and 500 kw were examined for the 1.0 M/W ratio lattice; corresponding fuel and
moderator temperatures are listed in Table 1. One of the reasons for studying
different power levels is because this allows an overall temperature coefficient
of reactivity to be determined for the UFTR system. The temperature coefficient
of reactivity for the SPERT-fueled 1FTR can then be compared with the value for
the current UFTR configuration. Although the current UFTR is limited to a power
level of 100 kw, the calculation performed at 500 kw is intended to support the
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Table 

Fuel and Moderator Temperatures As A Function
of Power for the 1.0 M/W Ratio Lattice

Power Level Average Fuel Average Moderator
(kw) Temperature (OK) Temperature (OK)

1 303.9 303.3

100 359.7 309.4

500 473.9 333.7

UFTR Conditions: Coolant Flow Rate of 4100 cm 3/sec
(65 gals/min) and Inlet Temperature of 3030K.

Table 2

Average Flux Data for the UFTR System taken from
CORA North-South run for the 1.0 M/W Ratio

at a Power Level of 10 KW

FUEL REGION
Energy Average Flux Peak-to-Average
Group Per Wtt Flux Ratio

(n/cm**2-sec-watt)

1 4.523E+06 1.070

2 6.311E+06 1.104

3 5.457E+06 1.122

4 2.804E+06 2.093

Peak-to-Average Power Density is 1909.

keff =1.192

max = . 07 X 10 7n/cm 2sec watt
th
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feasibility of operating the UFTR system at a higher power level.

As indicated in Section 31, the one direction which best represents the
UFTR system when performing a one-dimensional neutron multiplication factor
calculation is the north-south direction. The CORA neutron multiplication
factor and the peak thermal flux obtained for a north-south direction
calculation at a power level of 100 kw are 1192 and 107 X 10 7n/cm 2sec watts
respectively. The average group fluxes and peak-to-average flux ratios in the
fuel region as obtained from this calculation are presented in Table 2.

The one-dimensional CORA calculations provide an initial estimate for the
keff for a specific power level of the UFTR. To further pinpoint the keff for
the system, two-dimensional neutron diffusion theory calculations were performed
at a power level of 100 kw using the computer code CITATIONO As indicated in
Section 31, the plane which best represents the UFTR system when performing a
two-dimensional keff calculation is the X-Y plane. The CITATION keff and peak
thermal neutron flux for an X-Y plane calculation at a power level of 100 kw are
1.143 and 904 X 1 6n/cm 2sec watts respectively. The average group fluxes and
peak-to-average flux ratios for the fuel region for this calculation are
presented in Table 3.

Comparison of Tables 2 and 3 shows some differences in results for the one-
and-two-dimensional UFTR calculations. For example, the one-dimensional k effis
4.3% higher than the two-dimensional value while average fluxes in the fuel
region as predicted by the one-dimensional calculation are as much as 20%
greater than corresponding values from the two-dimensional calculation. These
differences can be attributed to limitations associated with te technique of
using perpendicular bucklings to account for perpendicular leakage. The method
for using perpendicular bucklings to account for the perpendicular leakage has
no theoretical justification in the general case It is nearly valid for some
idealized systems such as large, bare homogeneous reactors of certain regular
shapes but the configuration of the UFTR does not fit into this category.

The above-cited differences between the one and two dimensional neutron
multiplication factors indicates the need for a three-dimensional calculation.
Such a calculation was performed on the UFTR system at a power level of 10 kw
using the computer code CITATION. The neutron multiplication factor obtained
from this three-dimensional calculation is 1069; the peak thermal neutron flux
level is 983 X 1 6n/cm 2see watt. Average group fluxes and peak-to-average
flux ratios for the fuel region for this three-dimensional calculation appear in
Table 4.

An important conclusion that can be obtained from the results of the
three-dimensional calculation is that fairly significant errors arise from the
representation of perpendicular leakage by means of perpendicular bucklings for
the UFTR. For example, comparison of data in Tables 2 3 and 4 shows that oe-
and two-dimensional k ef f values dif f er f rom, the three-dimensional result by 12%
Ak/k and 7 Ak/k, respectively. For preliminary scoping or parametric
comparison studies this loss of accuracy for the one-dimensional or
two-dimensional calculations as compared to the three-dimensional analysis can
be justified by the significant cost savings for the former as compared to the
latter. Final assessment of a design for the UFTR, owever, requires results
from the expensive three-dimensional analysis.
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Table 3

Average Flux Data for the UFTR System taken from
the CITATION X-Y Plane Run for the 1.0 M/W Ratio

at a Power Level of 100 M4

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

FUEL REGION
Energy Average Flux Peak-to-Average
Group Per Watt Flux Ratio

(n/cm**2-sec-watt)

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

I 3.867E+06 1.171

2 5.326E+06 1.176

3 4.597E+06 1.187

4 2.331E+06 1.656--------------------------------------------------------------------------------
Peak-to-Average Power Density is 1671.

keff = 1143

max 6 2
th = 904 10 n/cm sec watt

Table 4

Average Flux Data for the UFTR System taken from
the Three-Dimensional CITATION run for the

1.0 M/W Ratio at a Power Level of 10 KW

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

FUEL REGION
Energy Average Flux Peak-to-Average
Group Per Watt Flux Ratio

(n/cm**2-sec-watt)

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

1 4.183E+06 1.601

2 5.660E+06 1.572

3 4.794E+06 1.586

4 2.306E+06 1.874

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

Peak-to-Average Power Density is 1817.

keff = 1069

" = 983 X 106 n/cm2 sec watt
th
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The three-dimensional neutron diffusion theory calculation for the 1.0 M/W
ratio yields a keff Of 1069 at 100 kw-, the keff at 500 kw is found to be
1.064. Thus. this metal-to-water ratio satisfies the first design criterion,
even at the proposed increased power rating. In addition* this metal-to-water
ratio results in a safe undermoderated system9 to satisfy the second design
criterion as well. The suitability of the 1.0 M/W ratio with regard to the
third design criterion is examined in the next two sections.

3.3 Temperature Coefficient of Reactiyjty

The temperature coefficient of reactivity is calculated for the UFTR using
the equation given below so that

(Lk) (Ak
k from moderator k from fuel

temperature change + temperature change
T

A Tmoderator

comparisons can be made with the experimental value of the current UTR. Using
the difference in moderator temperature between kw and 100 kw along with the
corresponding k ef�s obtained from the one-dimensional CORA runs for the 1.0 M/W
ratio configuration yields aT= -3.24E-04/'K = -1.80E-04/'F. The experimental
temperature coefficient of reactivity for the current UFTR for the same power

10. ccrange is T = 3.OE-05/oF.

Since operation of the UFTR system is planned for 500 kw the temperature
coefficient of reactivity for the power range of kw to 500 kw, using the above
equation, is also of interest. The result of this calculation is: aT=
-2.49E-04/'K =1.38E-04/'F.

3.4 Effective Delayed Neutron Fraction
and Prompt Neutron Lifetime

Standard first-order perturbation theory calculations were performed on the
UFTR for the 1.0 M/W ratio using the two-dimensional computer code
EXTERMINATOR-2 in the X-Y plane. The purpose of te perturbation calculations
was to obtain the effective delayed neutron fraction and effective prompt
neutron lifetimes for the UFTR. These values are necessary not only for
comparison with the current UFTR values but also for neutron dynamic and reactor
safety studies that are currently being performed on the proposed SPERT-fueled
UFTR.

The effective delayed neutron fractions for each delayed group for the UFTR
system as obtained from the perturbation calculations are �rinted in Table .
The total effective delayed neutron fraction is 678 X 10 3. The delayed
neutron effectiveness factors which is te ratio of the effective delayed
neutron fraction to the actual delayed neutron fraction. is 1025 for the
SPERT-fueled UTR. The first order rturbation theory approximation to the
effective prompt neutron lifetimes for the various material regions of the -Y
plane are presented in Table 6 The total effective prompt neutron lifetime,
obtained by summing up te values for each region. is 28 X 10 4sec.
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Table 

Effective Delayed Neutron Fractions for the
UFTR System Using a 1.0 M/W Ratio*

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

Effective Delayed
Group Neutron Fraction

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

1 2.85E-04

2 7.77E-04

3 2.68E-03

4 1.33E-03

5 1.48E-03

6 2.20E-04

Total 6.78E-03

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

*Calculated from the Computer
Code EXTERMINATOR.

Current UFTR value: 7.05E-03

Table 6

Effective Prompt Neutron Lifetimes for the
UFTR System Using a 1.0 M/W Ratio*

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

Effective Prompt
Material Region Neutron Lifetime (sec)

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

Graphite I 5.61E-05

Graphite II 9.15E-05

Graphite III 5.09E-05

Graphite IV 6.51E-05

Fuel 1.58E-05

Shield Tank 3.76E-07

Total 2.80E-04

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

*Calculated from the Computer Code
EXTERMINATOR.

Current UFTR value: 2.42E-04 sec

635



The current UFTR has a calculated total effective delayed neutron fraction
of 7.05E-03 "and a delayed neutron effectiveness factor of 1.085. The
calculated effective prompt neutron lifetime is 2.42E-04 see

3.5 Comparison of Flux Profile

The use of low-enriched fuel in training reactors has brought concern that
the peak thermal flux would be severely reduced from the value for the same
reactor using high-enriched fuel. The purpose of this section is to make some
comparisons between the flux profiles of the SPERT-fueled UFTR system with those
of the current UTR.

The flux profiles in the north-south direction for the SPERT-fueled UFTR
with the 1.0 M/W ratio lattice are presented in Figure 9 These flux profiles
were obtained from one-dimensional CORA calculations at a power level of 100 kw.
The group-dependent fluxes along the north-south direction for the current UTR
are presented in Figure 12 Tese profiles were also calculated from the
one-dimensional computer code CORA at a power level of 100 kw.

From Figures 9 and 10, the peak thermal neutron flux for the SPERT-fueled
UFTR system using the 1.0 M/W ratio is 107 X 10 /n/cm 2sec watt while the
corresponding value for the current UFTR is 122 X 17n/cm2 see watt. Thus, at
100 kw the reduction in peak thermal neutron flux that occurs due to a
replacement of the EU MTR fuel with the LEU SERT is only 12%.

3.6 Phase Conclusions

In Section 32 it was shown that the SPERT-fueled 1.0 M/W ratio UFTR system
satisf ies the f irst two design criteria, namely that the system k ef f be in the
range of 103 to 109 when unrodded and that the system be in an undermoderated
state. These criteria were satisfied not only at the current power rating of
100 kw but also at the proposed limit of 500 kw.

The third criterion requires that reactivity coefficients and other
safety-related neutronic parameters be such that current UTR safety levels be
maintained or enhanced. In Section 33 it was shown that at 100 kw, the overall
temperature coefficient of reactivity for the SPERT-fueled UFTR is six times
larger (more negative) than for te current UTR. Even at 500 kw, the
SPERT-fueled UTR has a temperature coefficient of reactivity that is over four
times larger (more negative) than for the current UTR at 100 kw. In Section
3.4 it was observed that the effective delayed neutron fraction for the
SPERT-fueled UFTR is slightly smaller, by about 16%, than for the current UTR.
The slight decrease in effective delayed neutron fraction represents no
significant safety problem and in fact is more than compensated for by the much
larger (more negative) overall temperature coefficient of reactivity and larger
effective prompt neutron lifetime.

In going from the current HEU MTR-fueled system to the LEU SPERT-fueled 1.0
M/W ratio configuration, there is about a 12% decrease in the peak thermal
neutron flux (units of n/cm 2sec watt) in the UTR. However, since upgrading to
a 500 kw power level could easily be accomplished with the SPERT-fueled system,
the peak thermal neutron flux in the UTR could actually be increased by about
340% relative to the current value.
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The above conclusions are based on an analysis in which the only allowed
structural modification to the current UFTR is the insertion of new grid
assemblies into the existing fuel boxes to hold the cylindrical SPERT fuel. The
Phase 2 neutronic studies, covered in the next section, examined the effect that
certain additional structural changes have on neutron fluxes and keff values for
the UTR using the SPERT fuel 1.0 M/W ratio lattice.

4.0 Phase 2 Neutronic Calculations

4.1 Introduction

The primary intention of the Phase 2 studies was to optimize the peak
thermal neutron flux level in the UTR while maintaining an acceptable keff
value. A variety of modifications involving the fuel and non-fuel regions of
the UFTR were examined. The fuel region composition, however, was maintained
constant by fixing the SPERT fuel lattice to the 1.0 /W ratio configuration.
Consequently, reactivity coefficients and other safety-related neutronics
parameters are essentially unchanged from the values reported in Section 30.
Optimal configurations discovered in these investigations thus provide a
potential means of maintaining, or even enhancing, the current value of the UFTR
peak thermal neutron flux, for a given power level, despite the change from EU
to LEU fuel.

The calculation of k ef f and peak thermal neutron f lux for the various
modifications to the UFTR were determined by using the one-dimensional CORA
code. Justification for the use of the one-dimensional code in this type of
comparative scoping calculation is based upon a cost versus accuracy
consideration. Desired information on relative effects of various modifications
can be determined with sufficient accuracy, for preliminary studies, from
one-dimensional calculations.

4.2 Phase 2 Results

Although many modifications were investigated, results are presented only
for two of the more interesting cases. In the first modification, the
half-thickness of the graphite I region is varied while the fuel region width is
maintained fixed at the standard value of 13.34 cm (see Figure 5, the
north-south direction). The thickness of the graphite III region is varied so
as to compensate for changes in the graphite I region thickness and thus keep
the overall UFTR dimension constant in the north-south direction.

The results of analysis of Modification I on the 1.0 M/W ratio
configuration are presented in Figure 11. For graphite I regions of less than
15.24 cm half-thickness, a reduction in k effand the peak thermal neutron flux
relative to the standard values occurs. Graphite I region half-widths larger
than 15.24 cm cause an increase in k effand the peak thermal neutron flux from
the standard values thus indicating one possible way of simultaneously raising
the peak thermal neutron flux and k eff. Although not shown in Figure 11, the
curves tracing the variation of keff and maximum thermal neutron flux eventually
peak and then decrease for a continuing increase in the thickness of the
graphite I region. The decrease is caused by the decoupling of the two fuel
regions that are separated by the central graphite I region.
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For Modificatio 2 a water region is added on the inner side of the fuel
region (see Figure 5. north-south direction). The graphite I and graphite III
region thicknesses are fixed at the existing 30.48 cm and 47.63 cm,
respectively. The water region thickness is increased from cm while the fuel
region thickness is decreased from 13.34 cm in such a manner so as to maintain
the overall system dimension constant in the north-south direction. Results
from analysis of Modification 2 (Figure 12) indicate that both k ef f and peak
thermal neutron flux reach a maximum and then decrease with increasing water
region tickness. The maximum increase in keff relative to the standard
configuration value is about 1% Ak/k and this occurs at a water thickness of 06
cm. The maximum icrease in peak thermal neutron flux relative to the standard
configuration value is about 210% at a water thickness of around 4 cm.

Practically speaking. the water region on the inner side of the fuel region
can be achieved by removing te innermost (east-west) row(s) of SPERT fuel. For
the 1.0 M/W ratio configuration, the removal of one row of fuel would yield a
water region thickness of about 1.5 cm (see Figure 8). From Figure 12, this
implies a 120% increase in peak thermal neutron flux and a 0.5% decrease in
keff. The three-dimensional keff prediction for one row of fuel removed is thus
projected to be 1064 at 100 kw and 1059 at 500 kw. Both of these values are
within the range specified by the first design criterion. The removal of two
rows of fuel yields a water region thickness of about 3 cm and an increase in
the peak thermal neutron flux by about 195% compared to the standard
configuration value. However, there is about a 78% decrease in keff. This
implies a three-dimensional keff prediction of about 0985 at 100 kw which is
well below the range specified by the first design criterion.

5.0 Summary

The results of te Phase I studies indicate that a 1.0 M1W ratio satisfies
the neutronic design criteria set forth for the SPERT-fueled UFTR system both at
the current 100 kw rating and also at the proposed 500 kw rating. These results
also show that there would be changes in the flux profiles as compared to those
of the current UFTR. For a given power level, the calculations show that with
the SPERT fuel there would be a small reduction 12%) in the peak thermal
neutron flux level as compared to the current UTR, if the existing fuel boxes
are completely filled with fuel rods.

The results of the Phase 2 studies show that either Modification or 2
could be used to compensate for the 12% decrease in peak thermal neutron flux
incurred by going from the EU MTR fuel to the LEU SPERT fuel. In fact, either
one of these modifications could lead to a net increase in the peak thermal
neutron flux for the UTR without adversely affecting keff or reactivity
coefficients and other safety-related neutronics parameters. For example, for
the SPERT-fueled 1.0 M/W ratio lattice at 500 kw. the addition of a .5 cm water
region to the inner side of the fuel region (Modification 2 could lead to a
peak thermal neutron flux that is about 460% higher than for the current UFTR.
The addition of the water region could be achieved by removing the inner
(east-west) row of SPERT fuel from each fuel box.

Finally. calculations have been performed to address the proliferation
concern with regard to plutonium production for the SPERT-fueled UTR. For the
current UFTR, the total plutonium production rate is calculated to be around 02
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mg/full power day at 100 kw. For the SPERT-fueled 1.0 M/W ratio configuration,
the calculated total plutonium production rate is around 50 mg/full power day at
100 kw and around 250 mg/full power day at 500 kw. Assuming a constant
plutonium generation rate at the 500 kw value leads to a requirement of 11 full
power years of operation in order to achieve a total plutonium production of 
kg. At a 25% duty cycle, it would thus take 44 years to achieve a total
plutonium production of kg. Because of plutonium consumption, the minimum
time to achieve a net production of kg of plutonium would be significantly
longer than 44 years. Consequently, it is concluded that plutonium production
poses no significant proliferation problem for the LEU SPERT-fueled UTR.
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Abstract

A group of computer codes have been selected and obtained from the
Nuclear Energy Agency (NEA) Data Bank in France for the core conversion study
of highly enriched research reactors. ANISN, WIMSD-4, MC2, COBRA-3M, FEVER,
THERMOS, GAM-2, CINDER and EXTERMINATOR were selected for the study. For the
final work THERMOS, GAM-2, CINDER and EXTERMINATOR have been selected and
used. A one dimensional thermal hydraulics code also has been used to
calculate temperature distributions in the core.

THERMOS and CINDER have been modified to serve the purpose. Minor modi-
fications have been made to GAM-2 and EXTERMINATOR to improve their utiliza-
tion. All of the codes have been debugged on both CDC and IBM computers at
the University of Illinois. IAEA 10 MW Benchmark problem has been solved.
Results of this work has been compared with the IAEA contributor's results.
Agreement is very good for highly enriched fuel (HEU). Deviations from IAEA
contributor's mean value for low enriched fuel (LEU) exist but they are small
enough in general. Deviation of keff is about 0.5% for both enrichments at the
beginning of life (BOL) and at the end of life (EOL). Flux ratios deviate
only about 1.5% from IAEA contributor's mean value.

Introduction

The first reactor in Turkey has been in operation since 1962. About 4
years ago this MW research reactor had been removed from the pool to make
necessary modifications in the pool to accommodate a new MW and the old 1 MW
MTR type reactors in the same pool. The new MW research reactor has only
been in operation since December 1981 and in the very near future I MW
research reactor shall also be put into the same pool. New fuel for both of
the reactors is 93% enriched uranium. In view of proliferation concerns, in
the near future 93% enriched fuel shall not be available. Therefore, it is
necessary to look into the problems of core conversion for TR-1 and TR-2.

Several parametric and specific studies2 have been carried out by
several laboratories but none of the results can be applied directly to TR-1
and TR-2. The purpose of this study is to select, obtain, debug and bench-
mark a group of computer codes to be used in core conversion studies of W
Turkish Research Reactor (TR-2) located in Istanbul, Turkey.
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Selection of the Computer Codes

A simplified core calculational model is given in Figure 1. It is seen
that in general four types of codes are required for reactor calculations.
These are: (a) Microscopic or Macroscopic Group Constant Calculation Codes,
(b) Few group Reactor Calculation Codes, (c) Thermal Hydraulic Codes, and
finally, (d) Depletion codes. These four sets of codes are necessary for an
accurate reactor core evaluation. Under steady state operation of an MTR
research reactor, there is not strong coupling between thermal hydraulics and
neutronics since operation temperatures do not change much during the life of
the reactor. Depletion of fuel and buildup of fission products shall strongly
influence neutron spectrum and cross sections. Since any reactor is a finite
system, shape of the flux as a function of position shall also be time depen-
dent. Therefore, for accurate calculations a combination of three dimensional
codes are required. Unfortunately, such systems require very large computers
and they are costly. In most of the calculations cell codes with one dimen-
sional corrections are used for group constant calculations since neutron
energy spectrum is not very strongly dependent on the position in a homogen-
eous reactor. Spectrum, however, shall be very much dependent on the region.
Fuel and moderator regions of a heterogeneous cell is assumed to be homogen-
eously mixed and their effective group constants are used in Depletion and
Few Group Reactor Calculation Codes.

IAEA 10 MW Benchmark problem2 shall be used for benchmarking of the
computer codes. 10 MW benchmark is a two dimensional core as seen in Figure 2.
Therefore, it is necessary to select a two dimensional (2D) code for reactor
calculations. Several uniform burnup regions are seen in the figure. During
life of the reactor, burnup shall be function of position and will depend on
fuel loading programs. For benchmark problem a cell depletion code shall
suffice. For real reactors smaller cells may be assumed to be at constant
burnup and calculations may be carried using cell codes and a D or 3D few
group Reactor Calculations code with small time steps to find flux distribu-
tion, keff etc. as a function of time.

The benchmark is a 0 MW MTR swimming pool reactor. Quarter geometry is
shown in Figure 2 It has one element size irradiation (water) channel at
the center. The core is assumed to be reflected by one fuel element wide of
graphite blocks from two sides. Three fuel element wide water reflector is
surrounding the core as a reflector. Beginning of life (BOL) is defined by
5,25 and 45% burnup of U-235 atoms as shown. At the end of life (EOL) each
fuel element is assumed to be burned an additional 5%. Thus EOL burnup
values are 10,30 and 50%. Additional IAEA 10 MW Benchmark specifications are
given in Table 1. The only required results for comparison purposes are flux
ratios along the two symmetry axes of the core and keff at BOL and EOL.

For this study, it is intended to choose widely used codes. The closest
Nuclear Code Distribution Center at the time of selection was the Nuclear
Energy Agency (NEA) Data Bank in France. The abstracts of NEA Data bank have
closely been examined for the selection of computer codes. Codes to the
center were supplied by National Energy Software Center (NESC), Radiation
Shielding and Information Center (RSIC) and NEA Research Centers. There were
many codes available for the use. Candidates for few group 2D Reactor Calcu-
lations code also were several but EXTERMINATOR3 has been selected due to
its common use. For the calculation of thermal and fast group constants and
fuel depletion, one shot codes like EPRI-CELL and WIMS-D4 were considered.
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TABLE 1. IAEA 10 MW BENCHMARK SPECIFICATIONS.[21.

Aims: Comparison of the different calculation methods and cross-section data
sets used In different laboratories, limited conclusions for real con-
version problems.

Specifications for the Methodical Benchmark4roblem

Data and Specifications Agreed Upon:

Active Core Height 600 mm
Extrapolation Length 80 mm (in 0 mm distance from the core. the
cosine-shaped flux goes to zero)
X-Y Calculations only

Space at the grid plate per fuel element 77 mm x 8 mm

Fuel element cross-section
76 so x 80.5 mm including support plate
76 mm x 0.0 a without support plate

Nest dimensions
63 mm x 0.51 mm 600 mm

Aluminum-canning with PAI - 27 g cm-3

Thickness of support plate 475 mm; PA - 27 g COC3

Number of fuel plates per fuel element:
23 Identical plates, each 127 mm thick

Number of fuel plates per control element:
17 dentical plates, each 127 mm thick

Identification of he remaining plac ! itions of the control element:
4 plates of pure aluminum PAI - 17 m-3 ech 127 . thick
In the position of the first, the third, the twenty-firsc, and the
tventy-third standard plate position; water gaps between the two sets
of aluminum plates.

Specifications of the different fuels (UAI.-Al Fuel) for HEU, H,
LEU corresponding to the previous definitions.

HEU: Enrichment 93 w/o (weight U-235

280 U-235 per fuel element, which corresponds
to 12.174 g -235 per each fuel plate

21 w/o of uranium in the UAI,-Al

only U-235 and U238 in the fresh fuel

MEU: Enrichment 45 w/o U-235

320 g U-235 per fuel element 23 plates)

40 w/o of uranium in the UAlk-Al

only U-235 and U-238 in the fresh fuel

tEU: Enrich�ent 20 w/o U-235

390 U235 per fuel element 23 plates)

72 w/o of uranium In the UAI.-Al

only U-235 and U-238 in the fresh fuel

Total power: I H[Wth (power buildup by 31 x 1010 fission/Joule)

Thermal hydraulic data:
Water temperature 20'C
Fuel temperature 20'C
Pressure at core height 17 bar

Xenon-State:
Homogeneous Xenon content corresponding to average-power-density

Results

kgff; fluxes and flux ratios along the two symmetry-axes of the core
in three groups and for begin of cycle (BOL) and end of cycle (EOL).

respectively. #thermal with eV < En < 0625 eV

+epithermal with 0625 eV < En < 5531 keV

ftast with En 5531 keV
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EPRI-CELL is a combination f GAM-1, THERMOS and CINDER. It was not available
through NEA Data Bank and its internal details were not known. The internal
details of WIMSD-4 were also not known and its manual is poorly prepared. A
newer code, MC2 was available for the calculation of fast group constants.
Its use, however, was ruled out because of its largeness (about 60,000 cards).
No other suitable codes were found as a complete system, therefore, GAM-24,
THERMOS5 and CINDER6 were selected for the calculation of fast group constants,
thermal group constants and fuel depletion and fission product analysis, re-
spectively. These separate codes tend to give more flexibility when combined
to form a code system. A one dimensional code, MITH7, was selected for the
calculation of temperatures in the flow channel. Except MITH, all of the
selected codes have been obtained from the NEA Data Bank.

EXTERMINATOR is a two dimensional diffusion code. Code is capable of solv-
ing problems in x-y, r-z and r-O geometry. The equipoise method is employed
to solve multigroup diffusion equations. Eigenvalue problems, constant source
problems, poison search problems, and nuclide density search problems may be
solved. The code will calculate adjoint fluxes and do perturbation calcula-
tions when required.

GAM-2 is a cell code to calculate fast neutron spectrum 0.473 eV -
14.9 MeV) and fast group constants. Any number of neutron groups may be speci-
fied. Output includes specified number of spectrum averaged few group con-
stants and one fast group constants. Relative flux in each few group and in
99 fast groups shall also be printed. Code uses a 99 fast group library
derived from ENDF/B-I.

THERMOS is a one dimensional integral transport code. It computes scalar
thermal neutron spectrum as a function of position in a one dimensional slab
or cylindrical cell. Isotropic neutron scattering is assumed. The code will
print out spectrum averaged macroscopic absorption and scattering cross sec-
tions as a function of position and their cell and spectrum averaged values.
Neutron velocity spectrum is evaluated and printed. Code is limited to 30
energy groups, 20 space points and regions in the cell.

CINDER is a point depletion and fission product code. The desired deple-
tion and fission product chains, microscopic cross sections and other data are
specified by the user. The code will calculate and print out densities of
depletion and fission products, infinite multiplication factor and acroscopic
x-sections of each nuclide specified. Up to 4 neutron groups, 400 nuclides
and 99 time steps may be specified.

NITH is a one dimensional thermal hydraulics code obtained from the
University of ichigan and modified at METU-Ankara-TURKEY to include plate
geometry. The code calculates and prints out temperature distribution along
the channel as well as average values for fuel, cladding and coolant for an
average and hot channel. Pressure drop and DNBR are also evaluated and printed
out.

Modifications Made to the Computer Codes

Modifications have been made to THERMOS and CINDER, and EXTERMINATOR has
been modified for the economical use of the computer memory.
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EXTERMINATOR requires either macroscopic (Eai, vEf, D) or microscopic

(Gal, f Otr)v) parameters. Original THERMOS codes does not calculate VEf, D,
and Otr. The calculated parameters Ea and Oa are averaged for the cell regions
but not for the whole cell. The library for the code was not available.
Existing 109 group library have been used to generate 30 group library for
THERMOS. The new library not only contains absorptions and scattering cross
sections of the materials, but also fission x-section, nu(v) and one minus

average of cosine of scattering angle (1-p). Macroscopic cell and spectrum
averaged parameters (Et) ss trl VEf, D and are evaluated and printed.

Average flux ratios for fuel and moderator are also evaluated in
order to be able to evaluate cell averaged microscopic effective cross sections
for isotopes in the cell and for edit.

A percent depletion option has been added to CINDER and a minor modifica-
tion has been made to the main program of EXTERMINATOR.

Benchmarking

Calculational scheme used for IAEA Benchmark problem is presented in
Figure 3 Calculations were carried out for 20% and 93% U-235 enriched cores.
Since fuel is burned up to 50%, spectrum during burnup, thus cross sections
will change. An average burnup of 25% is assumed to find lifetime average
values of cross-sections to be used in CINDER for depletion and fission pro-
duct buildup calculations. Average value of cross sections at 25% burnup is
obtained by running THERMOS-GAM-2 and CINDER successively.

The cell first burned to 25% burnup using no burn (fresh core) cross
sections evaluated using GAM-2 and THERMOS. 25% burn number densities then
have been used in GAM-2 and THERMOS to find approximate 25% burn cross
sections. These cross sections are approximate, since no-burn cross sections
have been used to find 25% burn densities. Approximate cross sections thus
obtained then have been used in CINDER to find 5, 10, 25, 30, 45 and 50%
burnup densities and k for 20% U-235 enriched core. For 93% U-235 enriched
core, 25% burn cross sections were calculated more accurately than 20% U-235
enriched core by feeding number densities, obtained from CINDER by using 25%
burn approximate cross sections, into THERMOS and GAM-2. CINDER has been used
a third time to find more accurately calculated 5, 10, 25, 30, 45 and 50%
burnup number densities and infinite multiplication factor for 93% U-235
enriched core.

5, 10, 25, 30, 45, and 50% burnup number densities then have been used
in THERMOS and GAM-2 to find corresponding macroscopic and microscopic group
parameters to be used in EXTERMINATOR. Temperature of the core is set at 200C
by IAEA. EXTERMINATOR has been used to find effective multiplication factor
(keff) Of the reactor and reactor flux distribution. To find macroscopic
and microscopic parameters for the control cell the same method has been used.
Parameters for graphite reflector and water have been calculated using THERMOS

and GAM-2.

Aluminum cladding is assumed to be smeared into moderator and physical
distance between the meats of adjacent fuel plates have been used for "d" A
value of C = 07 has been calculated and used in GAM-2.
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The value of square root of buckling used in the code is 0.0855 cm-1
which corresponds to a cylindrical core of 45.4 cm diameter and height of
60 cm with cm reflector savings around the core.

Cross section of a fuel element showing all of the dimensions is given in
Figure 4 Unit cell is assumed to be made of half thickness of the fuel plate,
cladding thickness, half the moderator thickness and extra region. Thickness
and composition of the extra region for each plate is calculated by lumping
all the water around the fuel element and aluminum support plates. Figure 
gives cell dimensions for the normal and control cell used in TERMOS.

Cross sections were evaluated for three groups. Two group x-sections
were used in burnup calculations. Cross sections for U-235, U-236, U-238,
Pu-239, Pu-240, Pu-241, Xe-135, and Sm-149 have been evaluated using THERMOS
and GAM-2 codes. Two depletion and eight fission product chains have been
used in CINDER. Some of these chains include other chains as recommended.
Fast to thermal flux ratio of 406 have been calculated using Esl+?i

and have been used with average reactor power for HEU fuel.Ea?2

Table 2 gives evaluated average x-sections which have been used for HEU
fuel in CINDER. The same chains and the same isotope data have been used
for LEU fuel as for HEU fuel. Fast to thermal flux ratio is 563 for LEU
fuel.

B-1 option of GAM-2 have been used for all calculations. The reactor
has been modelled in x-y geometry as quarter core for the EXTERMINATOR code.
Height of the reactor has been included by inserting a transverse buckling of
1.209x10-3 m-2 corresponding to an active core height of 60 cm with cm
reflector savings at the bottom and at the top. Several mesh sizes have
been used. Control element channels have been taken as a uniform mixture of
constituents in the control element. Zero current boundary conditions have
been used at the core symmetry axes. Flux is assumed to be zero after three
element wide reflectors on both sides.

10 MW Benchmark Results

A. THERMOS-GAM2-CINDER Results

Atom densities obtained by CINDER as a function of burnup have been
used in THERMOS and GAM-2 to evaluate cross sections as a function of burnup.
Table 3 and 4 give number densities for important time varying isotopes and
core parameters for HEU and LEU cores, respectively. Fresh core number
densities are given in Table .

Figure 6 shows variation of Xe-135 densities for 93 and 20% U-235 enrich-
ment. Concentrations suddenly reach to the equilibrium and the equilibrium
values decrease as thermal flux increases due to fuel burnup. Vertical bars
indicate the range of the IAEA contributor's results. Large circles on these
bars are the averages of the contributor's results. Maximum deviations are
seen as 5.5% for HEU and 7 for LEU. Figure 7 gives variation of macroscopic
poison as a function of burnup for HEU and LEU. Sm-149 poison is due to decay
of Pm-149 (yield 113%) and Nd-147 (yield 236%). Other poison includes all
poison obtained by CINDER with combined chain representation excluding
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TABLE 2 IAEA BENCHMARK. MICROSCOPIC AVERAGE CROSS SECTION OF
ISOTOPES USED IN CINDER FOR LEU CORE

Cross Sections, barn Cross Sections, c-1

Isotope cfa af Esl,2 EC

Fast Thermal Fast Thermal Fast Thermal

CORE -- -- -- -- 0.023 2.29-4 1.26-2

U-235 14 436 9 371

U-236 10.4 4.55 0.25 0

U-238 2.34 1.79 0.11 0

Pu-239 15.5 1045 9.7 674

Pu-240 242 204 0.64 0

Pu-241 24 1054 19.3 774

Sm-149 89 4.5+4 0 0

Xe-135 190 1.95+6 0 0
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TABLE 3 IOMW BENCHMARK ATOM DENSITIES IN THE MEAT AND CELL
PARAMETERS AS A FUNCTION OF BURNUP FOR EU CORE

Atom Densities, (barn-cm)-l 2 Group Core Parameters

Burnup,
% U-235 U-238 Pu-239

X103 x104 x106 D Ea Vzf Esl-2

1.39 3.199-3 4.26-3
0 1.1679 1.2021 0 .0245

0.1998 .09977 0.178

1.388 3.230-3 4.027-3
5 1.537 1.1976 0.42 .02457

0.199 0.10057 0.1685

1.388 3.291-3 3.84-3
10 1.456 1.1934 0.76 .02457

.199 0.79-2 0.1618

1.389 3.398-3 3.218-3
25 1.213 1.1805 1.59 .02488

.196 8.817-2 0.1386

1.389 3.412-3 3.02-3
30 1.132 1.1756 1.81 .02488

.196 8.497-2 0.13137

1.39 3.337-3 2.377-3
45 0.8898 1.1617 2.2 .02522

.1904 7.351-2 .1058

1.39 3.287-3 2.185-3
50 0.8089 1.1563 2.26 .02522

.1904 6.983-2 .0983
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TABLE 1MW BENCHMARK. ATOM DENSITIES IN THE MEAT AND CELL
PARAMETERS AS A FUNCTION OF BURNUP FOR LEU CORE

Atom Densities, (barn-cm)-i 2 Group Core Parameters

Burnup,
% U-235 U-238 Pu-239

X103 x103 X105 D Z' jl:f Es1+2

1.363 6.36-3 6.03-3
0 2.2536 8.9005 0 .023

.206 .1266 .2317

1.363 6.45-3 5.76-3
5 2.1409 8.895 1.34 .0255

.207 .1289 .2218

1.363 6.60-3 5.53-3
10 2.0282 8.881 2.44 .0226

.206 .1267 .2147

1.364 6.89-3 4.783-3
25 1.6902 8.836 5.15 .0228

.2027 .1176 .1905

1.363 6.97-3 4.538-3
30 1.5775 8.820 5.87 .0228

.2016 .1143 .1824

1.363 7.14-3 3.77-3
45 1.2395 8.877 7.30 .023

.198 .1078 .1554

1.363 7.13-3 3.526-3
50 1.1268 8.749 7.55 .023

.197 9.37-2 .1461

TABLE 5. IOMW BENCHMARK. FRESH CORE NUMBER DENSITIES FOR THE
CELLS USED IN THERMOS AND GAM-2

Number Densities, (barn-cm)-l
Smeared

Enrichment Cell. Isotope Regionwise Densities
Cell

Meat Clad Mode. Structure Densities

AX 5.7-2 6.03-2 -- 4.48-2 2.57-2
Normal

H20 -- -- 3.34-2 8.56-3 1.89-2
93%

Al 5.7-2 6.03-2 -- 2.86-2 2.43-2
Control

H20 -- -- 3.34-2 1.76-2 1.98-2

AZ 3.82-2 603-2 -- 4.48-2 2.35-2
Normal

H20 -- -- 3.34-2 8.56-3 1.89-2
20%

Al 3.82-2 603-2 -- 2.86-2 2.26-2
Control

H20 -- -- 3.34-2 1.76-2 1.98-2
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Sm-149 and Xe-135. In Figure 7 it is seen that other poison almost reaches
to the levels of Xe-135. Figure shows buildup of Pu-239 for HEU and LEU.
Vertical bars and circles on the bars give ranges and averages of the IAEA
contributor's results, respectively. Maximum deviations from IAEA average
(excluding most deviating result) is indicated as and 15% for HEU and LEU
cases, respectively. It is observed that about 30 times more Pu-239 is gen-
erated in LEU cell compared to HEU cell. Quantities are low enough to be of
any proliferation importance 300 gr/reactor). Figure 9 presents k. as a
function of burnup for HEU and LEU cells. Maximum deviations from the IAEA
contributor's average results are 07% and 22% for HEU and LEU, respectively.
k.0 values for 10% and 50% burnups are also shown on IAEA plot2 of k. in
Figures 10 and 11 for comparison purposes.

B. EXTERMINATOR Results

Cost of running EXTERMINATOR on computer is very much dependent on mesh
size and number of groups used. Figure 12 shows keff as a function of mesh
size and number of energy groups. Differential mesh size has been used to
save computer time. Uniform mesh size will cost about six times more, com-
pared to differential mesh size if uniform mesh size is taken as the minimum
mesh size of the differential scheme. Cases marked as BOL curve in Figure 12
contains Xe-135 and Sm-149 only. About 0.5 and 4 cm have been used as min-
imum and maximum mesh sizes. Extra fine differential scheme has about 0.5 cm,
1 cm, and 2 cm mesh sizes as shown in Figure 13. Table 6 lists mesh sizes
used in EXTERMINATOR for all schemes. CPU time required is about minutes
for extra fine scheme on IBM 4143 and about 30 seconds on IBM 3081.

Errors indicate that keff from most inaccurate 2 groups, coarse mesh)
to most accurate 3 groups, extra fine mesh) calculation is at most 0.5% for
fresh core and 16% for BOL core with Xe-135 and Sm-149 only.

Throughout this study, mostly 2 groups and coarse mesh size have been
used. Keff values calculated using 2 groups and coarse mesh spacing is com-
pared in Table 7 Calculated keff values for fresh cores are outside of the
ranges of calculated values by IAEA contributors. Extrapolated value of keff
for fresh HEU core to zero mesh size is in the range. Extrafine, 3 groups
result is not available for LEU core. Percent reactivity loss from BOL to
EOL deviate about 14% and 14% for HEU and LEU cores, respectively.

Ratios of thermal and fast fluxes are given in Figure 14. Figure indi-
cates that, although thermal flux in the core region is about 33% lower for
LEU core compared to HEU core, in the water channel where experiments are
carried, is only about 10% lower. Maximum deviation of about 1.5 is
observed compared to averages of the contributors results. Circles in
Figure 15 indicate relative positions of flux ratios found in this study as
compared to IAEA contributors. Figures 16 and 17 give actual values of
fluxes. IAEA contributor's results normalized to the flux at the center
are shown as vertical bars on these figures. Circles on these bars indicate
IAEA contributor's averages. Deviations in thermal flux from contributor's
average are indicated as zero and 6 for HEU and LEU, respectively.
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TABLE 6 10MW BENCHMARK. MESH SIZES USED IN THE EXTERMINATOR

Core- Other
Element Mesh Channel Boundary Places,

Along Width, cm Type Region, cm Region, cm cm

Extra Fine .506 1.012 2.025

x 8.8 Fine 1.012 1.012 4.05

Coarse 4.05 4.05 4.05

Extra Fine 0.481 0.962 1.925

y 7.7 Fine .962 .962 3.85

Coarse 3.85 3.85 3.85
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TABLE 7 10 MW BECHMARK. CALCULATED REACTIVITIES AND

MULTIPLICATION FACTORS.

Range of Average
Enrichment Core Calculated of This %

Values Values Study Deviation

FRESH 1.i8q-1.2o i.192 1.209 i.4
(1-197)* (0.4)

93% BOL 1.023-1.042 1.035 l.o4oi 0.5

EOL 1.00 -1.022 1.0124 1.0176 0.5

LOSS 1.88-2.24 % 2.161% 2.163% 0.1

FRESH 1.160-1-183 1.175 1.194 1.6

BOL 1.017-1-058 1.033 1.0285 -o.4
20%

EOL 1.0 -1.041 1.0137 1.0071 -0.7

LOSS 1.51-1.94% 1.824% 2.o8i% 14.0

K BOL_ K EOL

LOSS-

KBOL

Three group 0.0 cm mesh-size value.
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Conclusions

Calculated results show good agreement for HEU with contributor's results.
Experience shows that calculations get more critical for HEU or LEU fuel due
to increased U-238 content. Dancoff-Ginsberg factor, as well as, method of
resonance treatment increases or decreases U-238 cross sections. Therefore,
larger deviations are observed for LEU case among the TAEA contributor's
results as well as the results of this study and the average values of IAEA
contributor's results. Most of the cross sections used in CINDER have been
evaluated using a typical PWR spectrum6. Although cross sections for more
influential isotopes (U-235, U-236, U-238, Pu-239, Pu-240, Xe-135, and Sm-149)
have been re-evaluated and used, all other data have been taken from refer-
ence 6 CINDER results have later been updated using new ENDFB/B-IV data10.
It has been observed that some isotopes in reference 10 have completely
different cross sections compared to the data given in reference 6 Number
densities evaluated using new data are about the same. Although some results
may differ slightly, it is not worth repeating all THERMOS-GAM-2-EXTERMINATOR
calculations. Absorption cross section of U238 is very important in predict-
ing Pu-239 buildup. As much as 50% deviation from their mean value is observed
on Pu-239 production among IAEA contributors for LEU fuel (most deviating
results have been excluded). Results of this study deviate from IAEA contri-
butor's mean about 15%.

Flux ratios used in CINDER are evaluated assuming no leakage from the
cell. Actual space averaged fast to thermal flux ratio in the core is lower
due to preferential leakage of fast neutrons. Lower fast to thermal flux
ratio means higher thermal flux since power is constant, thus more poison
shall be burned thus slightly higher k. is expected. About 22% deviation
is observed from IAEA contributor's mean value in k for LEU fuel.00

Agreement with IAEA results is very good for HEU fuel. Deviations for
LEU fuel exist and it is hoped that it may be reduced by careful calculation
of cross sections for CINDER, and by using ENDF/B-IV data if required. In
this study mostly Version III and older data has been used. About 1% decrease
in keff is expected if Version IV data is used for uranium2. Deviations
are small enough in general, and is not worth spending time to improve the
results. Codes, therefore, may safely be used for core conversion study from
high enriched uranium to low enriched uranium.
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