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PREFACE

The international effort to develop new fuel materials and designs which
will make it feasible to fuel research and test reactors throughout the world
with low-enrichment uranium, instead of high-enrichment uranium, has made sig-
nificant progress during the past year. This progress has taken place at re-
search centers located in many different countries, and is of crucial interest
to reactor operators and licensors whose geographical distribution is even
more varied. It is appropriate, therefore, that international meetings be
held periodically to foster direct communication among the specialists in
this area.

To achieve this purpose, the Reduced Enrichment Research and Test Reactor
(RERTR) Program, at the Argonne National Laboratory, sponsored this meeting as
the third of a series which begun in 1978. The previous 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) and at Saclay (IAEA Consultants' Meeting on Research Reactor Core Con-
versions from HEU to LEU, Centre d'Etudes Nucl6aires de Saclay, Saclay,
France, December 12-14, 1979).

We at Argonne appreciate very much the assistance of all who participated
in this meeting and the cooperation given by their home organizations.

These proceedings were edited by various members of the RERTR Program.
M. M. Bretscher, J. R. Deen, R. F. Domagala, K. E. Freese, J. E. Matos,
E. M. Pennington, J. L. Snelgrove, T. Wiencek, W. L. Woodruff and myself
all contributed to the painstaking task of collecting the papers, checking
them for consistency and completeness, filling in the gaps and making correc-
tions whenever needed (with the help of the records provided by tape recorders
and by Youker Court Reporters, Inc.), and checking back with the authors to
make sure that the final product conformed with their intent. The task of
compiling the completed papers, of retyping many of them according to a con-
sistent format, and of assembling the proceedings in their final form was
accomplished through the combined efforts of S. Galassi, E. Johnson, C. Simpson
and J. Kopta. It is hoped that the final product reflects faithfully the
information which was exchanged at the meeting and the spirit with which the
meeting was held.

Armando Travelli
Program Chairman
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Current Status of the REM Program

Armando Travelli

Argonne National Laboratory XA04C1538

INTRODUCTION

The main purpose of this paper is to review the progress which has been
accomplished by the REM Program during the past year, the present status
of the program, the activities which are now in progress, and the program
plans for the coming years.

The changes that have taken place in the overall program plan are, in
themselves, not very significant. Some activities were found to be somewhat
more difficult than expected and required a longer time to complete; others
were found to be less difficult than expected and caused opposite readjust-
ments of the program plan. These effects tend to balance each other when the
program is considered as a whole.

OBJECTIVES

The main program objectives have not changed during the past year. The
primary goal of the RERTR Program is still to reduce the amount of HEU which
is shipped and used around the world in research reactors and, with it, the
nuclear proliferation potential which it creates. Also unchanged is the pro-
gram objective to reduce HEU use without significant penalty to the reactors
involved. This means that for every possible conversion, our technical goal
is to achieve good experiment capabilities and the economic advantages
that come from a long core lifetime and from relatively economical fuels.
We also intend to limit as much as possible the modifications which may have
to be made to the reactor in order to achieve conversion and, last but not
least, we intend to avoid any significant problems that might appear in the
safety and licensing areas.

Other important goals are the sharing of information about reduced-enrich-
ment technology and providing technical assistance to the U.S. Government on
special problems that may affect implementation of its policies.

STRATEGY

The strategy adopted by the program is based on several consecutive steps.
The first step is to demonstrate that fuel which is currently qualified with
high-enriched uranium can be safely and reliably used with low-enriched uranium.
This means that plate-type fuel with 16 grams of uranium per cubic centimeter
Q /CM3) is to be demonstrated with reduced enrichment. Similarly, rod-type
fuels (and specifically, TRIGA-type fuels) are to be demonstrated with
3.7 g U/Cm3 and reduced enrichment. This first step of the RERTR Program is
planned for completion in 1982.

The second task of the RERTR strategy is to refine, by 1984, the existing
fuel fabrication technology and to increase the uranium density which is
currently qualified. In plate-type fuels we aim to achieve about 26 g U/cm3
in the aluminide fuel and around 32 g U/cm3 in the oxide fuel.
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Simultaneously with the refining of existing technology, we plan to
develop a new technology based on uranium sicides with which densities of
up to 7 or g U/cm3 can be reached. This goal could be achieved as early
as 1986.

The three steps that have been described so far correspond to the main
goals of the fuel development activities. As soon as the fuel fabrication
technology is available and tested through miniplate irradiations, we plan to
fabricate full-size elements and to test them through full-size element irra-
diations and whole core demonstrations. Full-size element irradiations have
already been in progress for some years. The first full-size core demonstra-
tion is scheduled to begin in April 1981, in the Ford Nuclear Reactor (FNR)
at the University of Michigan.

The RERTR plans consider also the possibility of an intermediate uranium
enrichment 45%). Use of this enrichment is envisioned to be temporary and
applicable only to very special cases. In particular, this enrichment might
be considered for temporary application in reactors which could not be other-
wise converted while the better technology that will make it possible for
these reactors to use 20% enrichment is developed.

Assistance in the establishment of a worldwide commercial production
capability for the new fuels is also part of the RERTR Program. This assist-
ance is provided through subcontracts, procurement orders, direct cooperation
agreements and cooperation agreements with national programs in other
countries.

We plan to develop computational methods and design changes which will
make it possible to optimize the way in which low-enrichment uranium can be
used in research reactors. We also plan to interact with reactor organiza-
tions both in the United States and abroad to exchange information, to promul-
gate the technology and to obtain concurrence on convertibility. This is
to be done at the reactor level through joint interaction between our pro-
gram and individual reactors, at the national level through cooperation agree-
ments with national programs related to the fabrication or utilization of LEU
fuel in other countries, and at the multinational level through the INFCE and
the International Atomic Energy Agency.

The RERTR Program provides also (1) direct technical assistance related
to conversions to research reactor organizations, whenever such assistance is
needed; and 2 direct technical assistance to various agencies of the U.S.
Executive Branch which might need RERTR input to reach decisions on HEU export
control matters and other special conversion problems.

ORGANIZATION

The overall RERTR Program organization chart (Fig. 1) illustrates the
structure of the program and lists most of the activities in which the pro-
gram is involved. The four types of fuels which have been mentioned above
and around which the whole program may be considered to revolve, are specifi-
cally listed among the fuel development activities. An important feature of
the RERTR organization chart is the fact that it has not changed in the two
and a alf years during which the program has been in effect. To a large
extent, this stability reflects the success with which the program goals have
been met so far.

4



The relative importance of the various blocks of the organization chart
has somewhat changed, however. As time has progressed, much information
has come from the generic reactor studies and design activities. To some
lesser extent, information has begun to come also from specific reactor tech-
nical support and from fuel development activities. As maturity of the pro-
gram approaches, increasing activity is now developing in the two latter
areas. This is the very sign that we are making headway: there is less
emphasis on performing studies and more on using hardware and proceeding with
implementation.

TARGET SET

The reactors which are the focus of our attention (Table I) include
approximately 156 reactors using highly-enriched uranium with enrichment
services provided by the U.S. The total power of these reactors is close to
1,700 MW. The amount of highly-enriched uranium used every year to fabricate
their elements is in excess of 1200 kilograms. This might not seem to
be a very large number, but it must be remembered that the fuel is used in a
cycle which lasts approximately four years. This means that, on the average,
every kilogram of uranium remains in circulation for four years before being
eventually discarded. As a result, at any time there are about 5,000 kilo-
grams of highly-enriched uranium in the world which are at some point of
their life during fabrication, transportation, irradiation or storage, and
which are a somewhat easy target for diversion. This is the concern that we
are striving to eliminate, and the effectiveness of the RERTR Program can be
directly gauged by its potential for reducing the amount of HEU in circulation.

PROGRESS

On a more detailed basis, the progress of the program can be assessed by
listing the achievements of each single program activity.

(1) An extensive series of miniplates with high uranium densities have
been prepared by the fuel development activity. For aluminide fuels, these
miniplates contain up to 23 g U/cm3' which is close to the estimated limit of
2.6 g U/cm3. For oxide fuels, the miniplates contain up to 31 g /cm3' very
close to the assumed limit of 32 g U/cm3. For silicide fuels, densities of
up to 6 g U/cm3 have been achieved, approaching the estimated limit of
7-8 g U/cm3. These materials, and the tests that were performed on them, will
be described in detail in other presentations at this conference.

The miniplates which have been fabricated and irradiated have relatively
large size (-2.Ox4.5 in.). They may be considered as sections of a full-size
plate and their behavior is expected to be similar to the behavior of a full-
size plate. Irradiation of these miniplates in the Oak Ridge Reactor started
in July 1980. As of the end of October, the first batch of miniplates had
been irradiated for about 80 full-power-days with only positive results.

(2) Irradiation of TRIGA pins with up to 37 g U/cm3 has been in pro-
gress in the Oak Ridge Reactor since December 1979. A significant fraction of
the design burnup has been reached and the results obtained so far are con-
sidered excellent.
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(3) Contractual and cooperation agreements with CERCA, NUKEM, HFR-Petten
and CEA are almost complete for the fabrication and irradiation of full-size
reduced-enrichment elements with up to 22 g U/Cm3. Some of these irradia-
tions are scheduled to begin in January 1981, along with irradiation of
Texas Instruments-produced elements.

(4) Contract requests have been completed for the procurement of an LEU
demonstration core for the FNR, to be fabricated by CERCA and NUKEM. Fabrica-
tion of the elements is underway, and the FNR core loading is scheduled to
begin in April 1981.

(5) Extensive generic studies have been conducted to define and expand
the limits of applicability of LEU fuels. In particular, contributions
have been provided to INFCE and to several guidebooks prepared by the Inter-
national Atomic Energy Agency for core conversions of research reactors.

The first of these guidebooks is now in print, according to the latest
available information. It addresses the main conversion issues of light-water-
moderated research reactors. Two other guidebooks for the IAEA have been
proposed and some related work has already been initiated; one is an addendum
which will extend the material covered in the first guidebook to include
heavy water oderated reactors; the other, which will require much greater
effort and will be probably comparable in scope and size to the first guide-
book, will address the safety and licensing problems related to conversions of
research reactors from HEU to LEU.

(6) Cooperation agreements with international programs are in progress
with Germany, Japan and France, and cooperation agreements with five foreign
fuel fabricators and three domestic fuel fabricators are in force. Joint study
agreements are in effect for fifteen reactors from ten different countries. A
large number of HEU applications have also been reviewed.

International cooperation plays an essential role in the activities of the
RERTR Program. This conference is one important component of this cooperation.
Table II summarizes the other major interactions of the RERTR with other
organizations both in the U.S. and abroad.

ANTICIPATED PROGRAM IMPACT

On the basis of the fuel development efforts described above, planning
for MTR-type reactors has gradually focused on three primary types of fuels
with three different uranium densities 16-1.7 30-3.2,1 and 70-8.0 g U/cm3).
The number and magnitude of the conversions achievable with these densities
are shown in Figure 2.

Uranium aluminide is normally considered to be the first fuel, oxide the
second, and silicide the third. This distinction is useful as a first orien-
tation but is not quite correct because, for instance, aluminide can be used
with densities as high as 26 g U/cm3.

The first important message conveyed by the chart shown in Fig. 2 is that,
by 1982, the program plans to achieve all the information that will be needed
to consider the 16 g U/cm3 aluminide (or oxide) fuel to be well-qualified and
available for any of the reactors that want to use it. A similar conclusion
is expected in 1984 about the 30 g U/cm3 oxide fuel. Sometime later, in 1986,
the same conclusion is expected for the silicide fuel.
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Thus, considering only plate-type reactors, the chart indicates a doubling
time of approximately two years in the density of available research reactor
fuels. The uranium density that is customary today (about 0.8 g U/cm3) will
become 17 g U/cm3 in 1982 30 g U/Cm3 in 1984, and 8.0 g U/Cm3 in 1986.

As far as the TRIGA fuel with high uranium density (up to 37 g U/cm3)
is concerned, the irradiations that are underway in the ORR are planned to
show how this fuel behaves under irradiation testing by sometime in 1982 or
1983. The irradiations planned have high flux levels and high burnups;
very probably, information about important design parameters can be achieved
considerably earlier.

The impact of these uranium densities on the potential convertibility of
the 156 research reactors now using HEU of U.S. origin can be deduced from
Fig. 2 The figure shows the number of reactors that would be operating on
HEU) MEU and LEU at any given time, and the kilograms of HEU that would be
needed (or no longer needed) by those reactors if every reactor which poten-
tially could be converted were to be converted. By 1982, with fuels of
1.6 g U/cm3 successfully demonstrated, the 1267 kg of HEU now required every
year by 156 research reactors are expected to decrease to approximately 630 kg,
used in 25 reactors. Some low-power reactors (55) would be able to use LEU
by that time, eliminating the need for approximately 50 kg of HEU. The
balance of the reactors 76) would be able to use MEU 45% enriched) eliminat-
ing the need for the remaining 587 kg of HEU.

By 1984, with a 30 g U/cm3 fuel available, the weight of HEU still
required is estimated to decrease significantly, and to reach a level close
to 375 kg; only or 6 reactors would need to use it. The 140 reactors which
can convert to LEU will remove the need for nearly 650 kg of HEU. The
balance of the HEU currently in use 242 kg) is displaced by MEU in approxi-
mately 10 reactors.

Finally, in 1986, with an available uranium density close to 7 or
8 g U/cm3' it is estimated that all research reactors could operate on LEU.

It may be noticed, from the hystograms shown in Fig. 2 that increasing
uranium densities have different impacts on the amounts of EU used annually
and on the number of the reactors that use them. Essentially, the initial
impact of an increasing uranium density is much greater on the number of
converted reactors than on the amounts of avoided HEU, because, as you well
know, it is the lowest power reactors that statistically are easier to convert.
Thus, many reactors can be converted to LEU with small initial increases of
uranium density, even though the amount of fuel that is involved is relatively
small. The reverse takes place for the final increases of uranium density,
when conversion of only a few reactors involves very large amounts of fuel.
In other words, the amount of HEU that is eliminated as a function of time has
a significant time delay compared to the number of reactors which cease using
it.

It is also interesting to note that the presence of MEU reduces the time
delay, because it causes the amount of the HEU that will be needed inter-
nationally to decrease gradually with time, instead of vanishing suddenly
when all the reactors can be converted.
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SCHEDULE

A simplified version of the current RERTR Program schedule is shown
in Fig. 3 Only the Fuel Development and Fuel Demonstration activities
are addressed, because they lie on the critical path of the time schedule.
without detailed discussion of the schedule, it is easy to see reflected in
Fig. 3 circled in black, the dates by which the main fuels will become fully
tested and available. These dates match closely those which have been men-
tioned in other parts of this presentation for the achievement of higher
uranium densities in research reactor fuels.

CONCLUSION

The timetable of the RERTR Program has stretched slightly. At the time
of the previous ANL Conference, two years ago, a long range goal was set
which was anticipated to require about five or six years. This happened in
1978 and, therefore, the long range goal was considered to be achievable by
1984. This final deadline, the time when the long term goal of technical
convertibility of all research reactors can be achieved, has now been moved
to 1986.

In the meantime, good progress has been made towards the near-term goals.
Much more detailed knowledge is available about what lies ahead from a techni-
cal point of view. In addition, the general level of confidence in the
achievability of the goals that have been set for the Program is now much
greater than it was two years ago.
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Table I.

TARGET SET OF REACTORS

Number of Power, HEU, Inventory
Reactors MW kg/yr HEU kg

Foreign Countries 33) 102 1,040 771 3,084

U.S. 54 719 496 1,984

TOTAL 156 1,759 1,267 5,068
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Reactors, as Functions of Time and Achievable Uranium Density.
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Table II.

FOREIGN AND DOMESTIC PROGRAMS INTERSECTING REM PROGRAM

CATEGORY AND DESCRIPTION COUNTRY ORGANIZATION/REACTOR

1. National Programs

Utilization of Fuels with Reduced FRG NUXEM, INTERATOM
Enrichment in Research and Test Reactors France CERCA, CEA

Japan JAERI, KURRI

2. IAEA Program

(a) Preparation of Guidebook on Core Participating countries are:

Conversions: IAEA, FRG, France, U.K., Austria

Vol. I - Physics and Fuels Switzerland, Japan, Argentina
Vol. II - Safety and Licensing

(b) Expert Team Visits to Developing Participants from
Countries Various Developed Countries

(c) Fellowships to U.S. Various Developing Countries
(Training and Core
Conversion Studies)

3. Fuel Developers and Suppliers Pograms

Development, Testing, and FRG NUKEM
Commercialization of Fuels France CERCA, CEA
with Reduced Enrichment Denmark RISO

Canada CRNL
Argentina CNEA

U.S. EG&G AI
U.S. ORNL, TI
U.S. GA

4. Individual Reactor Conversion Studies

Core Conversion Studies: Japan KUHFR
Physics, Engineering, Safety Japan JMTR, JRR-2, JRR-4

Austria ASTRA
Romania SSR

Sweden R-2
Netherlands HFR

(a) Continuing Argentina RA-3
Peru RP-10

Taiwan TRR
U.S. FNR, UVAR
U.S. RINSC, ULR
U.S. ORR

(b) To start in Indonesia New Reactor
1980-1981 Chile La Reins, Lo Aguirre

Turkey TR-1, TR-2
Greece GRR-1

Yugoslavia TRIGA

5. U.S. Executive Branch Export Control Programs

Controls of Export of U.S. DOE. DOS. ACDA
Highly-Enriched Uranium

12



Figure 3 RERTR Program Schedule
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XA04C1539

Objectives and Status of the German AF Program

G. H. Thamm

KFA, Federal Republic of Germany

AF - PROGRAM

PROGRAM EXECUTION

Coordination: KFA Julich

Partners: Scope of Work

Industry:

- INTERATOM: General Analysis, Reactor Conversion Studies

- NUKEM: Fuel and Fuel Element Development

Research Centers:

- GKSS: Fuel and Fuel Element Irradiation Performance

- KFA: Tests PIE

- KFK: Studies on Advanced Fuels

Additional Irradiation Tests in BER II and FRM
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AF - PROGRAM

PROGRAM EXECUTION

Coordination: KFA Jdlich

Partners: Scope of Work

Industry:

- INTERATOM: General Analysis, Reactor Conversion Studies

- NUKEM: Fuel and Fuel Element Development

Research Centers:

- GKSS: Fuel and Fuel Element Irradiation Performance

- KFA: Tests PIE

- KFK: Studies on Advanced Fuels

*Additional Irradiation Tests in BER II and FRM
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AF - PROGRAM

OBJECTIVES

1. To develop research reactor fuels with high uranium density to
allow enrichment reduction on the basis of a fuel element design
as near as possible to that currently in use with a minimum of
loss in reactor performance and of penalties to the users
(crucial points: fuel cycle economy, flux requirements for
experiments, safety and licensing aspects).

2. To develop fuel fabrication technologies which enable fuel element
production on industrial and commercial scale 20%).

Basis: - Customary fuels (Alx - and U308/Al) mainly for short
term conversions of low power research reactors and
new designs required today.

- New fuels (U3Si, U3Si2, UA12, U6Fe,... dispersion
type and others) mainly for long term conversions of medium
and high power research reactors, reactor upgrading and new
designs in the future.

3. To elaborate by generic and specific studies conceptions to convert
existing research reactors to reduced enrichment and to construct new
powerful research reactors on the basis of 20% enrichment.

Priority: specific conversions studies on existing German reactors.

4. To test fuel (plates of reduced size) and full size elements under
irradiation conditions required for quality assurance and licensing
requirements in the Federal Republic of Germany.

Differentiations: - Statistical irradiation plate tests of high
density customary fuels (Alx-, U308/Al) prior
to full size element tests (simple facilities,
small PIE extent)

- Plate tests of new fuels (dispersion type and
others) of fundamental irradiation behavior
(sophisticated facilities, great PIE extent

In cooperation with licensing authorities and their experts.
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AF * PROGRAM

1978 - 1979: Preliminary studies for a reduced enrichment
program under the auspices of BUT

November 1979: Official Establishment of the German AF-Program.

PROGRAM DATA

Length: 5 12 years 1979 - 1984)

Costs: 32.5 Mi. DM
(30% industry, 70% research centers)

Partners: 5
(2 Ind. Comp.: INTERATOM, NUKEM,
3 research centers: GKSS, KFA, KFK)
close cooperation with 3 German
MTR-reactors: BER II, MRB, FRM

Tasks: 9
3 INTERATOM
2 NUKEM
2 GKSS
2 KFA
I KFK (NUKEM)

Reduction of enrichment in research reactors

Federal Ministry for Research and Technology
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AF - PROGRAM

STATUS OF FUEL DEVELOPMENT:

Customary Fuels (NUKEM)

UAlk-Al up to 22 g U/cm -45 vol%

-Al up to 23 g U/cm3U308 11

Plate fabrication on production scale according to "HEU" Specifications.

U03-Al up to 40 g U/cm3 - 43 vo1%

Unproblematic fabrication of laboratory scale.

New Fuels (KFK - NUKEM)

U6I6-Al Under consideration

UxSi Y-Al and partly under

U03- -Al investigation

Main Problem: Thermochemical instability single phase formation encouraging

results with U3Si-A1 and U3Si2-Al plates (intact matrix
of the fuel satisfactory bonding between meat and cladding
dogboning).

STATUS OF CALCULATIONS on core conversions need for specific calculations
for specific reactors:

3 specific cases - German low power research reactors

- FMRB - Brunswich I MW

- FRM - Munich, 4 MW

- BER II - Berlin, 5 MW

Results

A) Check of different criteria

B) Check of different fuel geometries

C) Results on cycle lengths, on discharge burnups

D) Results on flux changes incore and out of core

18



AF - PROGRAM

OUTLOOK

Discussions with operators about best choice out of the spectrum of calcula-
tions in order to check within a reduced number of fuels the safety aspects.

STATUS OF IRRADIATION TESTS(l):

I. Fundamental irradiation behaviour (new fuels) 2 devices (GKSS, KA)
designed for plates of reduced size 75 plates (total) in 3 rigs
(1982-1984). U03-Al, USJ Y-Al, U6Fe-Al and some reference plates
(UAlx-Al, U308-Al).

H. Statistical irradiation performance tests of reduced size available
mid-1981 (GKSS), Alx-A1 and U308-Al fuels, meat thickness 0.51-1.0 mm

III. Test Elements irradiations 30 full size elements 45%, UAlk-Al)

FRJ-1 (10) Start December 1980

FRG-l (10) Start August/September 1981

FRJ-2 (10) Start October 1981

In cooperation with AF-Program:

2 test elements 20%, Alx) BER II

2 test elements 45%, Alx) FRM

IV. Prototype Elements Tests

Prior to final HEU REU conversions of individual reactors

19



JAERI RERTR Program

M. Sato XA04C1540

Japan Atomic Energy Research Institute

In 1979, Japan Atomic Energy Research Institute (JAERI) has started a
five year program for the utilization of reduced enrichment uranium fuel, in
place of currently used highly enriched uranium fuel for the JAERI research
and test reactors, such as the JRR-2 (10 MWt), the JRR-4 35 MWt), the JMTR
(50 MWO and the JMTRC (100 Wt, nuclear mockup of the JMTR), for contributing
to the reduction of proliferation concerns.

In order to assess the feasibility of converting the JAERI reactors to
use of fuel with reduced enrichment uranium, ANL and JAERI have embarked on a
joint study program since January 1980.

This document provides outlines of the JAERI REM Program and of the ANL
- JAERI Joint Study, and main results of JAERI's Phase A report which was made
under the joint study.

1. Outline of JAERI RERTR Program

Figure shows a schedule of the JAERI RERTR Program. The major goals of
this program are to perform Full-Core Demonstration Tests of the JRR-2 and the
JMTR with MEU fuel and the JRR-4 with LEU fuel, and to complete the feasibility
studies of using LEU fuel for the JRR-2 and the JMTR.

The following five subtasks are to be carried out under the program.

Subtask 1. Core Design and Safety Analysis

These studies include reactor physics, thermo-hydraulics and structural
analysis. Reactor physics study involves reactivity lifetime and safety corr-
siderations, such as control rod worth, and negative temperature and void
coefficients.

Subtask 2 Flow Tests

Flow tests are performed using dummy fuel elements for each reactor. The
main objectives of the flow tests particularly for the JMTR are to confirm the
adequate margin of fuel mechanical strength against abnormal coolant flow. Drop
impact tests in water will be performed to check mechanical integrity of the
JMTR control fuel elements using a dummy fuel element. Flow distribution and
pressure drop measurements for those dummy fuels will be followed. The dummy
elements with depleted uranium for the JRR-2 and the JMTR are under fabrication
by CERCA in FRANCE and by NUKEM in the FRG, respectively.

Subtask 3 Critical Experiments

Purposes of critical experiments in the JMTRC are to validate nuclear
calculation and to obtain reactor characteristics of the MEU core. Items of
the experiments are shown in Table 

Safety review for the JMTR core conversion from HEU to MEU fuel is now
underway. Items of the safety review required are shown in Table 2(a).
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Subtask 4 Irradiation Tests

Several full-sized fuel elements will be irradiated in the JRR-2, the JRR-4
and the JMTR at their rated powers. The fuel specifications for the irradiation
tests are equivalent to those of full-core demonstration tests, as shown in
Table 3 The average burrr-up obtained will be up to about 60% of initial U-235.
Items of post irradiation experiments are shown in Table 4.

Safety review for the MEU fuel irradiation tests in the JRR-2, the JRR-4
and the JMTR are now underway. Items of the safety reviews required are shown
in Table 2(b).

Subtask 5. Full-Core Demonstration Tests

The full-core demonstration test of alternative fuel elements in each
reactor at both low power and rated power will be carried out in the middle
of 1983. The successful results of the demonstration will be the final goal
of the five year program.

2. Outline of ANL-JAERI Joint Study

Outline of ANL-JAERI Joint Study is presented in Table 5. Phase A of
the joint study terminated in July 1980. The frame-work of Phase of the
joint study was recently confirmed. The detailed plans for irradiation tests
and critical experiment of Phase are being examined by ANL and JAERI.

3. Results of Phase A Studies by JAERI

Following conclusions were drawn from the Phase A studies (see Figs. 2
through and Table 6.

JRR-2

MEU Case:

1) The present JR-2 fuel could be converted to the MEU fuel with
U-235 content of 210 g, that is uranium loading density of
1.6 g/cm3 to be available with currently qualified technique,
and with same dimensions to the present fuel.

2) The calculated keff for the MEU core is 122, which is high
enough to obtain the same core life as the present core.

LEU Case:

Preliminary calculation shows that keff Of 119 is necessary,
and it is attained with uranium density of 24 g/cm3 and
with meat thickness of 1.0 mm, pending burrr-up calculation.
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Table Items of Critical Experiments in the JMTRC NEU Core

1 Minimum critical core

. Critical mass

2 Full core

Excess reactivity

Control rod worth

Power calibration (Reactor noise technique)

Space dependent mass coefficient

RPIP (Pulsed neutron technique)

Flux distribution and power calibration

Shut-down margin

Void coefficient

Temperature coefficient

If infeasible in the JMTRC either JRR-4 with the

LEU fuel or JMTR is to be used for this item.
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Table 2 Items of Safety Reviews

(a) JMTRC Core Conversion

Nuclear characteristics of the MEU core.

Kinetic analysis.

Corrosion of the MEU fuel cladding.

Evaluation of radioactive hazard in the surrounding
area - Maximum Credible Accident.

(b) JRR-2, JRR-4, and JMTR Irradiation Tests

Nuclear characteristics.

Thermo-hydraulics.

Kinetic analysis.

Fast neutron irradiation effects on fuel cladding
material (A6061).

Blistering temperature of fuel.

Swelling of fuel.

Corrosion of fuel cladding.

Evaluation of radioactive hazard in the surrounding
area - Maximum Credible Accident and Hypothetical Accident.
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JRR-4

The present core could be converted with the LEU fuel under the
following conditions.

1) The number of plates in each element is increased from 15 to 19.

2) The fuel meat thickness is increased from 0.51 mm to 089 mm.

3) The uranium density in the fuel meat is increased from 07 g/cm3 to
1.75 g/cm3 by UAlk-Al powder metallurgy method.

4) The uranium enrichment is reduced to LEU.

JMTR

MEU Case:

1) The present JMTR fuel could be converted to the MEU fuel element
with 235U content of 310 g, that is, uranium loading density of
1.6 g/cm3 to be available with currently qualified technique,
and with same dimensions to the present fuel.

2) The calculated keff for the MEU core is 11146, which is high
enough to obtain the same core life as the present core.

3) Nuclear calculations show that fast fluxes are about the same,
and thermal fluxes decrease about 10% at most in the MEU case.

LEU Case:

1) Uranium 235 quantity per standard fuel element needed for the
same core life was estimated at 340 g, based on the relation
between calculated Pex and available core life, pending
burn-up calculation.

2) A uranium loading density as high as 40 g/cm3 is necessary,
providing dimensions of fuel element are maintained unchanged.

3) According to the preliminary thermo-hydraulics evaluation, the
limit of meat thickness will be 07 mm under the flow rate of
6300 m/hr, which is the practical maximum flow rate obtained
by the present pump smem. Uranium loading density of 29 g/cm3
will be required for 35U quantity of 340 g per element. Further
studies are indispensable for determining final fuel specifica-
tions.

4) Nuclear calculation shows that fast fluxes are about the same,
and thermal fluxes are about 14% at most lower in the LEU case
than in the HEU case.
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Table 3 Fuel Specifications for Burnup and Full Core

Demonstration Tests

Reactor JMTR JRR-2 JRR-4
Standard Follower

Fuel type ETR ETR Cylindrical JRR-4' ITrR

Enrichment
(wt.%) 45(93)* 45(93) 45(93) 19-75 19-75(93)

U-235/element
(gr) 310(279) 205(195)1 220(195) 174 225(166)

Plates/element 19 16 16
1 3 x 5 19(15)

Meat dimension 0-50x59-5:0-50A7.61 0.51x600 0.89x58.8 0.89x68x6OO
(mm) x752-5 !x743.5 x6oo (.50x68x6oo),

Cladding
thickness(mm) 0.385 o.385 0.38 0.38 0.38

Plate
thickness(mm) 1.27 1.27 1.27 1.65 1.65(l.26)i

12x2.67
Water gap(mm) 2x2.92 2.59 3.00 2.95 2.55(4.1)

4x3.02
Uranium
loading
density in iL.6 1.6 i.6 1.75 1.75
fuel meat 3)

(g/cm

Dimension of 76.2x76.2163.6x63.6'103�x950 76.2x76.2 8ox8o
element(mm) x1200 jx890 X950 x1025

Number of fuel
elements to
be tested:
Demonstration 22 1 5 24 0 20
Burnup 2 0 2 1 0

Burnup Test only.

The figure in parentheses is for the present 93% EU fuels.
For the full-core demonstration test in the JRR-4.
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Table 4 Items of Post Irradiation Experiments for Full-Sized

Fuel Elements

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
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OUTLINE OF ANL-JAERI JOINT STUDY
Table ON REDUCED ENRICHMENT FUEL, FOR JAERI REACTORS

Phase A (October 1979 - July 1980)

• Normalization calculations of 1AEA benchmark problem.

• Transmittal by JAERI of detailed information on JAERI reactors.

0 Feasibility studies on the use of LEU (<20Z) Fuels in
JAERI reactors.

• Planning and preparations for burnup tests.

• Planning and preparations for critical experiments and full-core
demonstration.

Phase (July 1980 - December 1981)

• Burnup tests in the ORR 20%, 45%).

• Burnup tests in te HFR etten (20%).

• Burnup tests in JAERI reactors 20%, 45%).

• Critical experiments and full-core dmonstration in the
FNR (20%).

• Critical experiments in the JMTRC 45%).

• Hydraulics tests at JAERI.

• Further feasibility and analytical studies.

Phase C (December 1981 -

• Full core demonstration tests in JAERI reactors.

• Final studies and evaluations.

27



Table 6 Neutron Flux Performance in the JMTR

Unit : n/cm2.sec

932 EU Case 45% EU Case 20% EU Case

Fast Neutron Flux
> I MeV)

Inner Fuel Region
Irradiation Holes 1.77 1014 1.73 1014 1.75 1014

Outer Fuel Region X 1014 X 1014
Irradiation Holes 1.32 114 1.31 1.32

First Layer Be
Reflector 5.73 1013 5.76 x 1013 5.75 x 1013

Second Layer Be
Reflector 1.28 x 1013 1.29 x 1013 1.31 . 1013

Thermal Neutron Flux
( <0.6826 eV)

Inner Fuel Region
Irradiation Holes 2.76 1014 2.53 x 1014 2.36 1014

Outer Fuel Region X 1014
Irradiation Holes 2.33 1014 2.13 x 1014 2.09

First Layer Be 1014 X 1014
Reflector 2.24 1014 2.11 x 2.02

Second Layer Be 1014
Reflector 1.12 1014 1.09 1014 1.06 x

Flux levels show the average.
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Fig. JAERI's Reduced Enrichment Fuel Development Program
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LICENSING PROCEDURES AND SFETY CRITERIA FOR CORE CONVERSION IN JAPAN

Safety Review of KUCA Conversion

K. Kanda, Y. Nakagome, and M. Hayashi

Research Reactor Institute, Kyoto University XA04C1541

PART- 1 SAFETY REGULATIONS OF NUCLEAR INSTALLATIONS IN JPAN

1. Introduction

In Japan, the establishment and operation of nuclear installations are
governed mainly by the Law for Regulation of Nuclear Source Material, Nuclear
Fuel Material and Reactors. This law lays down the regulations and conditions
for licensing of the various installations involved in the nuclear fuel cycle,
namely licensing of installations for refining, fabricating and reprocessing;
and reactors, as well as licensing of the use of nuclear fuels in research

facilities.

Although procedures for the installations listed above vary depending on
the installation concerned, only those relating to construction and operation
of reactor facilities will be analysed in this study, as the conditions and
principles applying to licensing and control of other installations are, to a
large extent, similar to those concerning reactor facilities.

2. Competent Authorities

The competent bodies responsible for safety regulations of nuclear activi-
ties are as follows:

Commercial Power Reactors: Ministry of International
Trade and Industry

Commercial Ship Reactors: Ministry of Transport

Research Reactors and Reactors
Under Development: Science and Technology Agency

The Nuclear Safety Commission (NSC) acts as the advisory body to the Prime
Minister's Offices. The NSC is the competent body in charge of preparing and
examining the necessary decisions in respect of safety regulations concerning
nuclear fuels and reactors, as well as the basic principles of protection
against hazards that may result from the use of atomic energy.

The NSC, may, on its own initiative, make recom ndations to the Prime
Minister or through the Prime Minister to the Ministerial Departments and
Agencies. Thus, the NSC plays an important part in the reactor licensing

procedure.

The functions of the NSC is to plan, deliberate and decide on the matters
mentioned in the following items:

(1) Matters concerning policies on the regulations to secure safety

of atomic energy.

(2) Matters concerning the regulations to secure safety of nuclear

fuel materials and reactors.
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(3) Matters concerning the fundamentals of protection from hazards
occured in the utilization of atomic energy.

(4) Matters concerning the fundamentals of counter-measures for
protection from hazards by fallout of radioactive substances.

(5) Any other matters concerning the regulations to secure safety
of atomic energy which are not mentioned in the preceding four
items.

3. Licensing Procedure

The installation license for a reactor facilities covers both construc-
tion and operation. However, before starting construction and operation of
the reactor facility, the licensee must be subject to certain procedures
which require the sanction or approval of the competent Minister.

The procedure consists of the following stages:

(1) Reactor Installation License

(a) Filing the application

(b) Examination and consultation

(c) Granting the license

(2) Authorization before construction

(3) Authorization before operation

(1) Reactor Installation License

(a) Filing of application

Applications for a license of reactor installation should be
addressed to the competent Minister. In addition, in the case of reactors for
electrical power generation an application for approval by the Minister of
International Trade and Industry of the construction plan of the facility
should be made under the Electricity Utility Industry Law.

The application form should include the items listed below:

(i) The name or title and the address and, in the case of a juridical
person, the name of the representative;

(ii) The purpose for which reactors are to be used;

(iii) The type, thermal output and number of reactors;

(iv) The name and address of the factory or the place of business where
reactors are to be established;

(v) The location, structure and equipment of reactors and their related
facilities;
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(vi) The plan of construction of reactor facilities;

(vii) The type of nuclear fuel material to be used in reactors and the
estimated annual consumption;

(viii) The method of dealing with spent fuel.

Before granting the authorization, the competent Minister must ascertain
from the Atomic Energy Commission that:

(i) The reactor will not be used for non-peaceful purposes;

(ii) The permission will cause no hindrance to the planned development
and utilization of atomic energy;

(iii) The applicant's financial position is sound enough to set up
reactors

and the Nuclear Safety Commission that:

(i) The applicant has the technical ability to operate them competently;

(ii) The location, structure and equipment of reactor facilities are
planned and designed in such a way as to prevent hazards from nuclear
fuel, from material contaminated by nuclear fuel material and from

reactors.

(b) Examination and Consultation

The competent authority examines the safety of reactor and pre-
pares the Draft Safety Analysis Report with the help of the Technical Advisors.
The competent Minister asks the Nuclear Safety commission for its opinion sub-
mitting the Draft Safety Analysis Report, application and other relevant

materials.

The Commission examines safety of reactor based on the Draft Safety
Analysis and other materials submitted to it in order to comply with the
various safety standards, guides, etc., set by the Commission as well as
relevant laws and regulations. The Commission, when it thinks necessary,
instructs the Committee on Examination of Reactor Safety, which is established
in the Commission, to consider and deliberate on matters concerning safety of
reactor.

In the course of examination of commercial nuclear power reactor,
although it is not legal procedure, the Commission holds the public hearing
to take into account doubts and opinions of public concerning to safety of
reactor. In the case of other major nuclear facilities, the same procedure
shall be taken.
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Notes: In the case of establishment of nuclear power station,
MITI is to hold the public hearing concerning the various
aspects of the station prior to the decision of draft
Basic Plan for the Development of Electric Power by the
Electric Power Development Coordination Council. In the
case of other major nuclear facilities, the same procedure
shall be taken.

(c) Granting of License

The reactor installation license is granted by administrative
Decision of the Competent Minister.

Any change in the contents of the application form should be subject to
the permission of the competent Minister.

The transfer of reactors or facilities including reactors should be sub-
ject to the authorization of the competent Minister which is granted according
to the same requirements as for a reactor installation license.

The transfer of a license under the merger of legal persons is also sub-
ject to the authorization of the competent Minister.

Furthermore, various conditions may be attached to the license, with the
object of the fulfillment by the licensee.

However, these conditions must be limited to the minimum necessary and
should not impose unreasonable obligations on the licensee.

(2) Authorization before Construction

Before starting construction of reactor facilities the licensee must
comply with the following obligations:

- Obtain the sanction of the competent regulatory bodies, with respect
to detailed design and method of construction of the reactor facilities;

- Obtain the approval for the construction plan of the reactor facilities
from the competent regulatory bodies.

(3) Authorization before Operating License

Before starting operation, the licensee must:

(i) Submit the construction work and the performance of the reactor
facilities to the competent regulatory bodies.

(ii) Have the competent regulatory body carry out inspections or
tests at each of the construction stages.

(iii) Prepare the operating programme of the reactor for submission
to the competent Minister.
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(iv) Lay down the internal safety regulations and obtain the sanction
of the competent Minister.

(v) Appoint the chief engineer for reactors from among the persons
who have a chief engineer's certificate and give him authority
to supervise the safety operation of reactors, and report his
appointment to the competent Minister within thirty days of the
date of such action.

4. Inspections of Nuclear Installations

The inspector of nuclear installations shall be appointed from among the
officials of the competent regulatory body according to relevant laws.

In addition to the inspections carried out with regard to construction
and performance of the reactor facilities, before starting operation of the
facilities ("Pre-Use Inspection"), the inspectors also have to undertake
annual inspections.

Moreover, the competent Minister may, within the limits necessary for
enforcement of the Law, empower his officials to enter the offices and fac-
tories of a reactor installation to inspect their books, documents and other
necessary objects.

If the Minister considers that, on the basis of the inspectors' reports,
a nuclear installation does not conform to technical standards in force, he
may order the necessary measures to be taken, in compliance with the standards.

When nuclear licensee refuse access to their installations for purposes
of inspection, according to the Law, they are subject to sanctions.

In principle, inspection reports are stored in the competent regulatory
bodies mentioned above, for more than 3 years after inspection.
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PART-2 SAFETY REVIEW OF KUCA CORE CONVERSION

1. Introduction

Due to mutual concerns in the USA and Japan about the prolifuition
potential of highly-enriched uranium (HEU), a joint study program 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 ?5) the fuel to be
used in the Kyoto University High Flux Reactor (KUHFR) . 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 water reflector with a certain distance between them. The phase A
reports of the joint ANL-KURR �3 ��ygram independently prepared by two
laboratories in February 1979 , concluded that the use of medium-
enrichment uranium (MEU, 45%) in the KUHFR is feasible, pending results
of the(S5itical experiments in the Kyoto University Critical Assembly
(KUCA) and of the burnup test in the Oak Ridge Research Reactor
(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 will be completed in March 1981. The critical experiments in
the KUCA with MEU fuel will be started on a single-core in May 1981 as a
first step. Those on a coupled-core will follow.

2. Safety Analysis Report of KUCA Core Conversion

The nuclear characteristics of the KUCA is shown is table 2.
Without changing the core geometry, the enrichment of fuel is reduced
from 93% to 45%.

For the safety review of the core conversion, the Committee on
Examination of Reactor Safety of Japanese Government examined mainly on
the nuclear characteristics and the integrity of aluminide fuel plates,
which was very severe because we had no experience to use aluminide fuel
plates in Japan. Figs. 23 and 4 were used to explain the integrity.

Table 3 shows the results of the worst accident analysis for the
MEU core. Figs. and 6 show the comparison between the HEU and MEU
cores. The significant difference was not observed between them.

Finally, all regulatory procedures were completed in September
1980.
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Table 2 Nuclear Characteristics of KUCA

HEU MEU
Fuel plate pitch (mm) 3.8 3.8

Moderator H20 H20

Reflector D2 0 D 20

Fuel meat U-Al Alloy UAl X_ Al

Enrichment 93.2 45

Uranium Content(w/o) 22.0 42

is - (g/cm3 ) 0.6737 0.7575

Minimum Critical Mass(gU-235) 3424 4347

ii - (No. of plates) 266 266

keff 1.00204 1.00581
Total Rod Worth 0.1481 0.1461

Computer Code: 2D-Diffusion code

KAK, 3-groups

1. 15MeV-5.53keV

2. 5.53keV-0.683RV

3. 0.683eV-
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Table 3 Worst Accident Analysis

Enrich- Max. Relpased Fuel Total
ment Power Energy Temperature Reactivity

Core Increase(ac) increase

M (KW) (MW.sec) Ave. Max. (%k/k)

s- 3.5 - 93 308 3.4 92 166 0.5
o

3.5-15-H 0 93 620 6.7 91 164 0.52

3.5-30-C 93 459 5.0 91 164 0.5

nc BK38RD 0MEU) 45 296 2.8 86 155 0.52
_ I

1-CH 2-100 93 135 1.3 141 211 0.35

I-C-800 93 139 1.4 151 227 0.35

-,S 2-1-U 93 1,307 7.4 195 293 0.35

2-1-Th 93 1.096 6.1 139 209 0.35

2-2-U 93 1,623 10.8 219 329 0.35

�2 2-2-Th 93 1,400 9.3 154 231 0.35
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LICENSING PROCEDURES AND SAFETY CRITERIA FOR
RESEARCH REACTORS IN FRANCE

J. L. Berry and B. Lerouge

Centre d'Etudes Nucle'aires de Saclay XA04C 542

1. Introduction

From the very beginning of the CEA up to now, a great deal of work has
been devoted to the development and utilization of research reactors in France
for the needs of fundamental and applied research, production of radioisotopes,
and training.

In recent years, new reactors were commissioned while others were decommis-
si�oned. Moreover some of the existing facilities underwent important modifica-
tions to comply with more severe safety criteria, increase the experimental
capabilities or qualify new low-enrichment fuels for research reactors (Osiris
and Isis).

This paper sumarizes the recent evolution of the French research reactor
capacity, describes the licensing process, the main safety criteria which are
taken into consideration, and associated safety research.

At the end, a few considerations are given to the consequences of the
Osiris core conversion.

2. Research Reactors in France

2.1

Table I presents the list of research reacotrs still or nearly in operation
in France. This list does not include pulsed homogeneous reactors devoted to
criticality experiments, nor fast neuton reactors such as Harmonie, Masurca,
Rapsodie which are subject to the same licensing process than the others but
present particular technical features which are not discussed here.

Some indications are given such as the owner, site, start-up date, maximum
power, type and fuel enrichment, main purposes.

From this list, several remarks can be made.

2.2

All research reactors in operation are owned by the CEA but two:

- the older is the 100 kw Ulysse training reactor owned by the Strasbourg
University, very similar to the Saclay Ulysse reactor,

- The other one is the Grenoble High Flux Reactor (called R.H.F.) built
and operated within an international cooperation framework between
the Federal Republic of Germany, United Kindgom, and France.

Nevertheless, none of these two reactors can be considered as a privately-
owned facility.
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2 3

There has been no real discontinuity in research reactor design and
construction work during nearly thirty years: it clearly appears when decom-
missionned research reactors are recalled (Table 2) and added to the list
of those still in operation. Very often, the same physicists and engineers
belonging to the same teams participated in this work over twenty years.

Consequently, experience gained was easily usable and improvement of design,
namely from a safety viewpont, was a continuous and natural process.

2.4

The experimental needs have changed along years and the facilities are
practically all different:

Triton and Melusine were at the beginning two 2 MW-pool reactors with
many common features. Both were transformed to respond to particular needs.
Even the two Ulysse reactors have also a few differences for economical or
safety reasons. There is a general trend to specialize research reactors
(safety, fundamental research mainly).

2.5

The more recent reactors in operation have various fuel enrichment and
fuel technologies. In Cabri and Phebus specific needs imposed a rod geometry
and use of low enriched uranium. As well known, Osiris and Isis have now U02
plates (Caramel).

A large experience has been gained for years, and progress in regulation
is clearly apparent when considering the successive safety reports. However,
codification was not deemed up-to now neither necessary nor useful: not
necessary because the work has been performed in a "one contractor-one client"
basis, without competition, not useful because sometimes codification curbs
progress.

As it will be seen in the following, progress in safety criteria did
exist and a coherent set of rules can now be set-up.

3. Licensing Process

3.1

Research reactors have the same licensing process as power reactors.
Same laws and same organizations are applicable to all nuclear installations,
from the critical facility to the large plants. We can summarize this process
as follows:

3.2 Organization

The licensing of nuclear installations is the responsibility of the
"Ministere de l'Industrie" and more paticularly of its "Service Central de
SOret6 des Installations Nucl6aires" (SCSIN). The setting up of the SCSIN

*Decommissionned critical experiments are not mentioned here (Cesar, Aquilon,
Aliz6, etc...).
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satisfies a need to clearly separate the role of the State, as a promoter of
nuclear power, and that of the Administration, as protector of the public
safety and of the environment. The Administration, in fact the Ministry of
Industry, is responsible for the laying down and implementation of a general
policy, the organization and overall coordination of the resulting activities,
the preparation and enforcement of Regulations, the licensing procedures for
nuclear installations, the inspection operations, etc...

The CEA's "Institut de Protection et de SCirete' Nucl'eaire" (*) provides
technical assistance of the SCSIN. In particular, the "Department de Saret6
Nucl6aire" (DSN) of this Institute performs safety analyses which are used:

- to evaluate the safety arrangements submitted by nuclear installation
operators in support of their license application.

- to define suitable safety related prescriptions accompanying licenses
issued by the Administration.

A "permanent group" of experts and civil servants (**) has been establish-
ed to study the technical safety problems raised by the construction, start-up,
operation, and shutdown of nuclear reactors. The "permanent group" is consult-
ed by the Head of the SCSIN as to the safety of every nuclear reactor and,
namely, examines the safety reports and operating rules proposed by the
operators.

3.3 Commissionning

We shall not describe in detail the licensing process of a new research
reactor, which involves public inquiries, advice of many Ministries and
concerned administrations, several examinations by the "Permanent Group",
etc...

From the operator point of view, the process is mainly characterized by
the issuance of three safety reports:

- The "preliminary safety report", delivered when asking for the
construction permit, before any specific work is carried out on
the site.

The preliminary report states the intentions; it gives a general
description of the reactor and sets out the general safety rules
and criteria to be complied with,

- The "provisional safety report", delivered at the latest six
months before the first loading of the reactor. At that time,
the reactor is practically completed, and the report sets out
how the installation is actually achieved. Provisional general
rules of operation and a program of start-up tests are Joined,

*The CEA a public establishment of scientific, technical and industrial
nature is - amongst other things - responsible for "proposing measures apt
to ensure the protection of persons and property and contributing to their
implementation "within a framework laid down by the Ministry of Industry.

appointed by the Minister of Industry.
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- the "final safety report", usually presented after about one
year of operation, takes into account the experience acquired
and embodies:

• the results of the tests,
• the possible modifications of the installation,
• the final general operating rules.

The indicatory plan of the safety reports is given in Annex. Radioactive
waste releases give rise to a particular parallel procedure with a preliminary
study, a public inquiry, and a ministerial authorization. In fact, continuous
discussions are held between the applicant and the licensing experts who
may send inspectors to verify at all stage, the compliance with the regulation
in force, and with the rules and standards proposed in the safety reports.

The preliminary safety report and the associated application lead to a
Decree of Creation signed by the Prime Minister.

The provisional safety report leads to an Authorization of Loading,
signed by the Minister of Industry. The final safety report leads to an
Authorization of Operation, also signed by the Minister of Industry.

3.4 Modification of a Research Reactor

A research reactor is more subject to modifications than a power plant:
the research program cannot be specified a long time in advance, experi-
mental devices have to be periodically up-dated and consequently, research
reactors are designed as flexible tools, to the maximum possible extent.
In the past, more swimming pool reactors have undergone modifications such as
power increase 2 to MW for Melusine, 15 to 35 MW for Silo6, 50 to 70 for
Osiris etc...) change in configurations, type of fuel and so on. Any modi-
fication having consequences on the safety has to be approved of by the
licensing authority. However, various situations may be encountered, and
practically, it appeared necessary to handle the problems differently depend-
ing on the importance of the modiftation. Three cases can be considered:

- slight modifications: For CEA reactors, an internal CEA Commission
de Saret6 des Piles (CSP)* has received delegation from the
SCSIN to deal with the following problems:

• modification or substitution of equipment having no safety
involvement,

• modification of the core configuration and of fuel storage
conditions,

• introduction of new experimental devices, including putting
a prototype loop into service.

The operator informs the CSP President of every new experimental
device.

It reports authorization directly to the SCSIN.

Reactor Safety Commission
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Important modifications: The SCSIN considers whether a new
Licensing procedure and a new Decree have to be asked for or not.
If no decree is needed relevant modifications to the Safety Report
have to be delivered in due time prior to execution of work. The
new design is examined by the Safety experts who propose recommenda-
tions. Execution of work, start-up tests and new general operating
rules are also examined by safety experts. The SCSIN authorizes
the successive steps.

Converting the Osiris core from high enriched uranium to low enriched
Caramel fuel was considered as falling under this category of modification

It is also to be noted that safety re-assessments are often performed at
the request of the Safety Authorities and that a few modifications can be re-
quired, in order to comply with new safety rules, or to take account of recent
incidents.

4. Safety Criteria and Related Safety Research

An extensive research program has been carried out in many fields and
can only be summarized in this report:

4.1

In the thermal-hydraulic field correlations have been qualified on many
fo�o`�s ��rki_ - Yn-all ranges of pressure, temperature, and power

out-of-pile ng
density encountered. A few accidental conditions were reproduced in the
Cabri reactor (first version with UAl plates). The new criteria, consider-
ing a fly-wheel rupture of one pump after a loss of the main electrical
supplies are much more severe than those formerly considered.

4.2

A great consideration has ben given to the maximum credible reactivity
accident.

Except when an intrinsic reactivity limitation does exist (for Instance
in the Ulysse training reactors) an explosive Borax-type accident is assumed.
The criteria are to keep the core remnants flooded and not to damage the
containment.

Simulations of the accident were conducted on various mock-ups (Pegases,
RHF, Triton, Osiris, Orph6e, etc... after perfecting the relevant methods
(pyrotechnical or vapor). Two goals were aimed at:

- to ensure the water tightness of the pool (several technical solutions
are possible such as protecting the concrete from the pressure wave,
interposing safety valves on horizontal beams, etc...).

- to ensure that the vertical water jet does not damage the hall roof
(by providing sufficient distance for example between the pool level
and the roof).

For example, a new Decree was necessary to transform the Pegase Reactor
at Cadarache, into an irradiated fuel storage facility.
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Taking account of BORAX accident has many consequences on the reactor
design. Preventive actions are strongly recommended to limit its probabi-
lity of occurrence (Fuel handling is epecially looked at) but this accident
is not considered as incredible.

4.3 Consequences of a Pipe-break

The applicant must prove that the core keeps flooded by passive means.

4.4 Fuel Integrity

Reactor operation is not allowed with failed fuel, even when a closed
primary circuit is concerned 020 reactors). Water activity is permanently
monitored and setting-up of delayed-neutron detectors is recommended. No
automatic safety action is usually required.

4.5 Radioactive Releases in the Containment

Even though Borax-type accidents can be intrinsically avoided, two causes
of fission product emission have to be considered in pool-type reactors:

- failure of an experimental device containing fissile samples,

- partial water flow blockage in the core due to a foreign material
(plastic sheet, etc... .

Consequently, it is very important to assess the fission product reten7
tion factor of water at the time of the accident and later on. A large experi-
mental program was carried out at the end of the 60's on fission product be-
haviour in water, resulting in adoption of standard values of emission rates
of noble gases and halogens. In particular a high retention rate of iodine
was evidenced.

4.6 Protection of Personnel and Population

Various measures are required to protect the operating staff and the
population from an important fission product release in the reactor hall:

- sufficient sheilding between the reactor hall and the control room
has to be achieved)

- sufficient tightness of the reactor hall has to be achieved
(access by air-lock systems, etc ... .

- Iodine traps and absolute filters have to be installed on the
emergency ventilation systems. Periodically, tests are to be
performed to check their efficiency.

4.7 External Events

Hazards due to external events are taken into account in the design.
Research reactors have to resist earthquakes and air-plane crashes (beyond
the probability threshold of 10-7 per year). For example, the OPHEE
reactor is built with a cylindrical containment in concrete withstanding
to the LEAR-JET crash.
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4.8 General Rules

General rules in force for power reactors have been progressively
adapted and adopted for research reactors: quality control, quality
assurance, electrical standards, fire protection, etc...

As a conclusion, it can be said that a complete set of codes and
standards is now applicable to research reactors.

5. OSIRIS Core Conversion

Work relative to the OSIRIS core conversion has been already presented
and will not be recalled here. As mentioned above, it was not deemed neces-
sary to ask for a new Decree, but a new safety report had to be delivered by
the Operator. Continuous discussions took place between the Operator and the
Safety Authorities from the beginning of the project up to the end of the
start-up tests. Special Authorizations were given for the loading and the
conduct of tests.

Two categories of modifications have to be mentioned:

- modifications due to the change of fuel itself,

- modifications independent of this change, but requested by the
Safety Authorities to take new safety criteria in account.

In the first category, it can be made mention of the following:

- modifications due to the weight of the new fuel (mechanical
reinforcement of the storage racks, strengthening of the control
rod coupling),

- modifications due to the new hydraulic characteristics of the
core (characteristics and number of the primary pumps, increase
of the electrical power and of the ventilation, flow-rate primary
circuit diagram, etc...),

- setting-up of a 23 delayed neutron detection system on the primary
circuit with two thresholds. An automatic shutdown in obtained
when the second threshold is reached, due to a cladding failure.

Under the second category, fall the following:

- Better separation of the control rod electrical supply lines.

- New design of the storage racks in order to prevent any criticality
hazard in any air-water media.

- Automatic stop of the primary pumps and of the reactor in case of
pool water level lowering (due to a large water leakage).

The analysis of the Safety Report substaintiated that the new OSIRIS
design and associated operating rules entailed a new safety level at least
equivalent to the former one.
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6. Conclusion

Safety of research reactors has been studied in detail and many improvements
have been brought due to:

- implementation of a specific experimental program,

- adaptation of safety principles and rules elaborated for power
reactors.

Research reactors in operation in France have been erected within a 22
year period. Meanwhile, safety rules have been improved. Old reactors do
not comply with all the new rules but modifications are continuously made

- after analysis of incidents,

- when replacement of equipment has to be carried out,

- when an important modification (fuel conversion for example) is
decided.

Aknowledgements: We are grateful to Rene Jacquemart (SCSIN) for his
advice in the drawing up of this report.
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T A L E I

FRENCH RESEARCH REACTORS IN OPERATION

Name Owner Site Start-up max.power T y p e p u r p o s e
date and fuel enrichment

MELUSINE C.E.A. Grenoble 1958 8, MW pool type U 93% fund.and appl.researchradio-isotopes

TRITON C.E.A. Fontenay-aux- 1959 6,5 MW fund.and appl.researchradio-isotopes
Roses

NEREIDE C.E.A. Is 1961 0,5 MW shielding and radiological research

ULYSSE C.E.A. Saclay 1961 0,1 MW H20 + training
concrete

SILOE C.E.A. Grenoble 1963 35 MW pool type fupd.and appl.research.radio-isotopes

SILOETTE C.E.A. Grenoble 1964 O'l MW N training, appl.research

Vn EOLE C.E.A. Cadarache 1965 O'OIMW 0 or H 0 various critical assembly
1.0 2 2

Isis C.E.A. Saclay 1966 0,8 MW Pool type U02 8% appl. research

OSIRIS C.E.A. Saclay 1966 70 MW is if appl.researchradio-isotopes

ULYSSE University Strasbourg 1966 0,1 MW H 0 + U 93% research
&crete

RHF ILL (t) Grenoble 1971 57 MW D20 U 93% fund. research

CABRI C.E.A. Cadarache 1977 pulsed pool type U02 6% appl. research (Safety)

MINERVE C.E.A. Cadarache **) 1977 0.1 kW pool type U 93% critical assembly

PHEBUS C.E.A. Cadarache 1978 37 mW UO 22.8% appl.research (Safety)

SCARABEE C.E.A. Cadarache 1981 20 MW U 93% appl. research (Safety)

ORPHEE C.E.A. Saclay 1980 14 MW fund. research

ILL Institut Max Von Laue - Paul Langevin

Originally located in Fontenay-aux-Roses from 1959 to 1977.



T A B L E II

C.E.A. RESEARCH REACTORS DECOMMISSIONED

ZOE (EL 1) Fontenay-aux-Roses 1949 - 1974 011 MW D20 Unat general research

EL 2 Saclay 19521- 1965 2 MW D20 Unat appl.and fund. research

EL 3 Saclay 1957 - 979 18 MW D 0 U 93% appl.and fund. research2

PEGASE Cadarache 1963 - 1975 35 MW Pool type
U 93% appl.research

PEGGY Cadarache 1962 - 1976 011 MW Pool type mock-up of PEGASE
U 93%



A N N E X

INDICATORY PLAN OF THE SAFETY REPORTS

(PRELIMINARYPROVISIONALFINAL)

VOLUME I - INTRODUCTION AND GENERAL SURVEY

Chapter I - Introduction

II - Site

III - General characteristics- Main technical alternatives

IV - Main safety principles

V - Summary of the safety analysis radiological consequences of
accidents for the site

VI - Storage, control and disposal of radioactive wastes

VII - Formation and training of the personnel

Appendices: - Table of characteristics

- General drawings

- Maps and tables concerning the site

VOLUME II EQUIPEMENT OF THE POWER REACTOR AND OPERATION

Chapter I - General survey

of II - Engineering - Buildings

III - Nuclear steam supply system and associated safety circuits

a) Fuel

b) Reactor primary system

c) Fuel handling

d) Associated safety circuits
IV - Containment and associated safety circuits

V - Nuclear auxiliary equipment

VI - Secondary system

VII - General auxiliary equipment

VIII - Electrical auxiliary equipment

IX - Control

X - Core physics

XI - Operation

Appendices to the previous chapters (t)

(2) In these Appendices will be collected information concerning Industrial Property.
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VOLUME III- SAFETY ANALYSIS

Chapter I - Quality Assurance

a) General rules of construction

b) Quality control

II - Tests to ascertain that the choices regarding safety are valid

III - Detailed analysis of safety (prevention, supervision, means
of action)

a) Core

b) Primary system

c) Pressure vessel

d) Containment

e) Handling safety

f) Secondary circuits safety

g) Safety of associated facilities

IV - Typical accidents and accidental releases

V - Health physics

a) Organization of personnel protection

b) Control of radioactive releases (EURATOM Plan 16.11.60)

VI - Lessons drawn from prd-operational tests

62



XA04C1543

Note on Experience with MTR Fuel in the United Kingdom

R. Panter

United Kingdom Atomic Energy Authority
(Research Reactors Division, Harwell)

U.K. Experience with MTR Fuel

Various designs of MTR elements, all UAl metal alloy of from 19 to 27%
and clad in "pure" aluminum, have been developed by Harwell and subsequently
produced by Dounreay for use in many U.K. research and materials test reactors,
at powers from a few watts to 12 MW per element. Enrichments between 46%
and 93% have been used, although bulk production has always been at 80 or
75%, to incorporate recycled material. Unfortunately no useful reactor physics
data are available for comparison with higher enrichments, as fissile loading
and reactor power changes were made simultaneously.

There have been no failures leading to release of fission products from
standard elements, but two failures have occurred with minor fission product
release, from special elements with a reduced clad thickness of 0012" nominal.
These were small tubes of 14" diameter, and actual clad thickness on the
failed inner surface was found to averge only 0.010", with thinner spots. We
believe actual perforations were present.

We have also experienced clad blisters or perforations after about two
years "dry" storage of an obsolete brazed element,, due to dip braze flux
being trapped in crevices between plate edges and structural components. It
is worth commenting that several thousand similar elements had been used with-
out any problems, after shorter storage life.

The heavy water reactors use a dry unload operation, normally with forced
gas cooling. While storage is in water ponds, transport for reprocessing is
again dry. Thus behaviour of irradiated elements with temperature rise is
important, and our experience, at present not quantified, is that there is pro-
gressive release of volatiles above 400'C.

Clad material has been to an UKAEA specification, basically BS 1471 with
restriction on boron content and copper (new digital nomenclature 1050A) No
corrosion prolems have occurred in U.K. reactors, even after 15 years of inter-
mittent use, or with post irradiation storage up to years, but water quality
has always been good.

It may be of interest that deliberate clad defects were made by machining
away 14" discs of cladding or by drilling 1/8" through holes, and the element
then irradiated at full power to normal life of 40% burn-up, in an attempt to
calibrate fission product detection systems. When subsequently examined,
corrosion of the exposed fuel alloy was very small, with no de-bonding of clad,
and when transferred to storage the exposed alloy surface was self-healing
after a few days.
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Summary

The accumulated experience of metal alloy MTR elements has been extremely
good, and has allowed up-rating of many MTR's with relaxation of fission pro-
duct monitoring. We do suggest that a minimum clad thickness of 0012 is a
practical limit.

Future Designs

Any new materials, for core or clad, therefore appear to require proving
not only during irradiation and post-irradiation storage, but also for pre-
irradiation storage in air, and long storage (or intermittent use) in water.
Some evidence will be required of acceptable defect behaviour and post irradia-
ton swelling and fission product release.
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FABRICATION OF HIGH-URANIUM-LOADED 308-Al
DEVELOPMENTAL FUEL PLATES

G. L. Copeland and M. M. Martin
Oak Ridge National Laboratory

ABSTRACT XA04C1544

A common plate-type fuel for research and test reactors is
U308 dispersed in aluminum and clad with an aluminum alloy.
There is an impetus to reduce the 235U enrichment from above 90%
to below 20% for these fuels to lessen the risk of diversion of
the uranium for nonpeaceful uses. Thus, the uranium content of
the fuel plates has to be increased to maintain the performance
of the reactors. This paper describes work at ORNL to determine
the maximal uranium loading for these fuels that can be fabri-
cated with commercially proven materials and techniques and that
can be expected to perform satisfactorily in service.

We fabricated developmental fuel plates with cores con-
taining from 60 to 100 wt U308 in aluminum encapsulated in
6061 aluminum alloy and evaluated them for aspects of fabrica-
bility, nondestructive testing, and expected performance. We
recommend 75 wt U308-Al 31 Mg U/m3) as the highest loading
in the initial irradiation test. This upper limit is based on a
qualitative assessment of the mechanical integrity of the core
made by using current fabrication techniques and materials. As
the oxide loading is increased beyond this point, planar areas
and extensive stringers of oxide and voids develop, which leave
little strength in the thickness direction. Fuel plates may
then blister over these areas as fission gases collect during
irradiation.

Current size plates are easily fabricable to the 75 wt %
U308-Al core loading by current fabrication techniques. Dogboning
is a potential problem at this loading for some applications;
however, this can be easily solved by using tapered compact
ends. Current nondestructive radiography and transmission x-ray
scanning are applicable to the highly loaded plates. Ultrasonic
testing for nonbonds is marginal because of the abrupt change in
conductance at the cladding-core interface. Plate thickness can
be increased if desired; we fabricated 75 wt plates with cores
up to 152 mm 60 mils) thick. We successfully formed a radius
of curvature of 84 mm 33 in.) in 75 wt plates with core
thicknesses up to 089 mm 35 mils). This is a sharper radius
than is required for most research reactor elements.

Void contents of the high-uranium-loaded plates agree
well with earlier data-and should serve to accommodate fission
products. Thermal conductivity measurements indicate that
opeating temperatures for the cores will be within acceptable
limits. Measurements of the energy releases from the thermite
reaction show that the higher levels Of U308 do not add a signi-
ficant chemical reaction hazard to the other considerations of
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safe reactor operation. Thus, assuming satisfactory performance
in irradiation tests to the required burnup, we anticipate being
able to increase the uranium loading in U308-Al dispersions to
the 31 Mg U/m3 level.

INTRODUCTION

A dispersion of uranium oxide (U308) in aluminum and clad in aluminum

alloy is one of three fuel materials commonly used in plate-type research

and test reactors. The other two materials in general use are uranium

aluminide (AlX with X ::� 3 dispersed in aluminum and uranium-aluminum

alloy, both clad in aluminum alloy. These fuels have generally used

uranium enriched to 93% in 235U to obtain high neutron flux and specific

power and/or extended fuel life, while maintaining low volume fractions

of fueled phases. Recent emphasis on reducing the risk of diversion of

enriched uranium for nonpeaceful uses has provided an impetus for reducing

the enrichment level of these research and test reactors to less than

20% 235U. The lowered enrichment requires an increase in the total

uranium loading to maintain the performance of the reactors. This report

presents the results of work at ORNL to determine the maximal uranium

loading for the U308-Al dispersion that can (1) be fabricated by using

essentially the commercially proven materials and techniques and 2 be

expected to perform satisfactorily in reactor service. A concurrent

program for the AlX is being conducted at the Idaho National Engineering

Laboratory and for higher density fuel compounds (e.g., U3SO at the

Argonne National Laboratory.

The maximal uranium loading in aluminum-based fuel tested and

qualified as reactor fuel is the 55 wt % U 65 wt U308--35 wt Al)

dispersions developed at ORNL for the Puerto Rico Nuclear Center (PRNC)

Reactor.1 The PRNC reactor operated satisfactorily with a core loading

of the U308 fuel with the uranium enriched to the 20% level. Thus, this

point serves as a base for further increased loading. Even higher loaded

test plates Of u t 00 wt U308 have been fabricated at ORNL for cer-

tain experiments, but were not fully evaluated.2,3
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The technical issues that require evaluation at the higher loadings

include those concerning fabricability, nondestructive evaluation, and

expected performance in-reactor. The fabricability issues with increased

loading are increased core end thickening (dogboning), increased void

fraction, potential difficulty in forming (curving the plate is required

for most element designs), mechanical integrity of the core during fabri-

cation, and the ability to fabricate plates with thicker cores as a means

of increasing total uranium loading. The nondestructive examinations sen-

sitive to the higher loadings are radiographing and x-ray scanning for

homogeneity and ultrasonic testing for bonding evaluation. The expected

performance in-reactor as the oxide content is increased and the aluminum

is decreased depends primarily on the mechanical integrity of the core,

the thermal conductivity, and the increased potential for A-U308 thermite

reactions in core meltdown accidents.

FABRICATION PROCEDURES

The fabrication techniques used in this investigation were essentially

those used for years in both developmental work and commercial fabrication

of aluminum-base dispersion fuel plates.4-6 The procedures consist of

1. weighing and blending the component powders for each fuel compact,

2. cold pressing at a gage pressure of 414 MPa 30 tsi) to form te green

compacts,

3. degassing the compacts at 590% at an absolute pressure less than 7 Pa

(0.05 torr) for I to remove pressing lubricants and absorbed gases,

4. cleaning the frames and cover plates for roll bonding - this consists

of caustic etching for 6061-6061 aluminum alloy cladding bonds,

5. assembling the degassed compacts into frames and welding on the cover

plates to form the rolling billet,

6. bonding the cladding to the frame and compact by hot rolling at 490'C

(914'F) to a reduction in thickness of 85%,

7. annealing at 490% for 1 h to soften and also to test for blistering,

8. cold rolling to a reduction in thickness of 10% (total reduction in

thickness of 86.5%),
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9 heat treating to the "O" temper for 6061 alloy, and

10. finishing operations - core location, plate shearing, machining,

cleaning, and inspections for dimensional requirements, fuel

homogeneity, and ultrasonic nonbond indications.

Three sizes of plates with several different core thicknesses were

fabricated during this work. In terms of widths and lengths the mini-

plates were either 31.8 by 73.1 mm 125 x 288 in.) with 28 by 69-mm

(1.1 2.7-in.) core or 50.8 by 114.3 mm 200 450 in.) with 45 by

99-mm (1.8 x 3.9-in.) core. Full-sized test reactor plates 71.1 by

624.8 mm 280 x 24.60 in.) with 61 by 597-mm 24 23.5-in.) core were

fabricated for the forming demonstration.

NONDESTRUCTIVE TESTING

Radiography was used to examine the plates for core configuration,

core and edge border dimensions, high-density inclusions, fuel particles in

the edge and end borders, and qualitative assessment of fuel homogeneity.

Radiographs suitable for these purposes were obtained with no difficulty at

loadings up to 100 wt % U308. Two radiographs of different intensities are

required: one suitable for examining the edge borders and one suitable for

examining the core.

Transmission x-ray scanning was used to evaluate the homogeneity of

the fueled region of the plates. This technique enables quantitative

measurement of the fuel loading over the entire plate, including the dog-

bone region. With suitable calibration standards, good results were

obtained up to the highest areal uranium loading examined, which was

3.2 kg/m2 for a 75 wt U308-Al core of 089 mm 35 mils) thickness.

Ultrasonic testing was -used to examine the plates for unbonded

regions. The drastic change in conductance at the cladding-core interface

makes this test difficult for the highly loaded plates. However, ultra-

sonic testing did prove to be a screening technique that was used to

select the better plates from several otherwise identical plates. Several

plates with known blisters were tested, and the blistered areas showed in

the trace in each instance.
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DOGBONING

Dogboning is the core thickening that occurs at the ends of the core

during roll bonding. This core thickening is of concern for two reasons.

First is the thinning of the cladding over the dogbone. Secondly, the

higher fuel concentration could result in excessive temperature during

irradiation. The temperature concern is more of a problem in irradiation

tests where the end of the test plate may be in the high-flux region of the

reactor core. In full-sized plates, the core ends are usually in the

lower flux regions of the core.

For fuel loadings in use up to now, dogboning has not been a problem

for U308-Al dispersions. However, dogboning increases with U308 content

and could potentially limit the loading for some applications. The

dogboning produced by typical fabrication sequences for several core

thicknesses, cladding thicknesses, and fuel loadings is shown in Table 

Dogboning does increase with U308 content and decrease with increasing

core thickness. For core thicknesses of 0.51 mm 20 mils), U308 contents

up to 75 wt should always exhibit dogboning less than 40%.

If it is desired to decrease the dogboning, several approaches may be

taken. The most effective approach is probably to taper the ends of the

fuel compact as it is pressed. This technique has been proven to reduce

dogboning effectively with UA1,�-Al dispersions.7 To determine the effec-

tiveness of the tapered cores in U308-Al dispersions, we fabricated

75 wt U308-Al plates from compacts with a double taper of 02 and

1.0 rad (11' and 55') over 76 mm 030 in.) as used in the manufacture

of the Advanced Test Reactor plates7 and a single taper of 03 rad (18')

over 46 mm (0.18 in.). Both types of tapered compacts essentially

eliminated dogboning for the 75 t U308-Al plates. The rolled core

diminished smoothly from full thickness to about 0.1 mm 4 mils) over a

length of about 75 mm 29 in.) in the finished plate. Thus, if desired,

dogboning could be essentially eliminated for U308 dispersions up to

75 wt by use of tapered compacts. For many applications, the level of

dogboning obtained by using untapered compacts will not be detrimental to

the performance of the fuel plate.
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Table 1. Maximal Dogboning and Minimal Cladding Measurements for
Miniature U308-Al Dispersion Fuel Plates

Thickness, mm Maximal Dogboning (Core Minimal
U308 Thickening) Observed, Cladding

Content Thickness

wt % Plate Cladding Core by X-raya by Metal- Observed
lographyb (mm)

60.0 1.52 0.38 0.76 10 10 0.30

65.0 1.27 0.38 0.51 27 46 0.25

65.0 1.52 0.44 0.64 15 2 0.38

65.0 1.27 0.25 0.76 23 24 0.15

65.0 1.52 0.38 0.76 22 23 0.30

65.0 1.52 0.32 0.89 9 3 0.25

70.0 1.52 0.32 0.89 14 14 0.23

70.0 1.52 0.38 0.76 27 27 0.28

70.0 1.52 0.44 0.64 16 15 0.30

70.0 1.27 0.38 0.51 24 38 0.28

75.0 1.52 0.38 0.76 24 17 0.28

75.0 1.52 0.44 0.64 24 19 0.30

75.0 1.27 0.38 0.51 26 48 0.25

75.0 1.52 0.32 0.89 18 21 0.20

77.5 1.27 0.38 0.51 39 46 0.25

80.0 1.27 0.38 0.51 38 35 0.30

82.5 1.27 0.38 0.51 38 66 0.25

82.5 1.27 0.25 0.76 12 17 0.18

82.5 1.52 0.38 0.76 28 40 0.15

100.0 1.27 0.38 0.51 75 110 0.00

100.0 1.27 0.25 0.76 16 30 0.10

100.0 1.52 0.38 0.76 29 50 0.13

aMaximum observed within five plates for transmission x-ray scan-
ning data as correlated with equivalent aluminum step-wedge thickness.

bThe maximum of a set of five plates (as determined by x-ray
scanning) was selected for metallographic examination.- Dogbone is
determined by measuring the minimal cladding on both sides and sub-
tracting from plate thickness to determine core thickness. The percent
dogbone is relative to the nominal core thickness.
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MECHANICAL INTEGRITY

The mechanical integrity of clad cores with increasing U308 content

was judged qualitatively by the appearance of the microstructure.

Figure I shows two polished cross sections of a clad dispersion of 75 w %

U308-Al. The aluminum matrix is on the verge of becoming the discon-

tinuous phase. At higher volume fractions of voids Plus U308, large

planar areas with little or no tensile strength in the thickness direction

occurred. These areas could accumulate fission gas during irradiation and

develop a blister. Thus, although the exact loading that could lead to

failure in-reactor is not clear, we chose to limit the loading to 75 wt %

U308 for the first irradiation experiment. This concentration yields a

uranium density in the fabricated core of 31 Mg/m3.

The cause of the planar areas of voids and U308 is the particle

breakup and stringering that occurs during rolling. Previous work8 showed

qualitatively that increasing the particle strength or changing the

morphology could delay the onset of particle breakup and thus minimize

stringering. Such changes in existing and proven materials are outside

the scope of this investigation.

FABRICATION VOIDS

Voids formed during the rolling of dispersion fuel plates play an

important part in the irradiation performance of the plates by allowing

room for solid swelling and fission-gas accumulation. Previous work209

has investigated the influence of several parameters on void volume and

has shown that oxide concentration has the strongest effect. The void

volumes obtained in this study are shown in Fig. 2 and agree well with

those reported earlier. The plates with thicker cores have slightly lower

void volumes. The void fraction must be considered when core loadings are

calculated and when fabricability of the plates is considered. Total

oxide plus void volume fraction appears to be the controlling factor in

fabricability.
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Y-160225A
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Y-160220A

(b) 500 pm

Fig. 1. Microstructure of 75 wt U308 in Aluminum Reveals that
Aluminum is on the Verge of Becoming Discontinuous. (a) Transverse.
(b) Longitudinal.
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Fig. 2 The Void Content Of U308-Al Cores Depends on the Concen-
tration of U308 and to a Lesser Extent on the Core Thickness.

FORMING

Many fuel element designs for research and test reactors require that

the plates be curved to a radius of curvature of about 140 mm (5.5 in.).

The ability to form the plates to this curvature without core cracking is

of concern as the loading or the core thickness increases. To determine

if this forming is a problem, we fabricated full-sized plates that con-

tained 75 t U308-Al (the highest concentration proposed for the first

irradiation test) and core thicknesses of 0.51, 076, and 089 mm 20, 30,

and 35 mils). These plates were rolled, fully annealed, and then suc-

cessively formed to smaller radii of curvature with interim visual and

radiographic examinations for core cracks. No cracking was observed after

forming to the smallest available radius die. This die produced a radius

of 84 mm 33 in.) in the plates. Subsequent metallographic examination
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of the plates confirmed the absence of cracks. Figure 3 shows the cross

sections of the three plates. We do not anticipate any problems in

forming within the limits investigated.

THICKER CORES

A potential method of increasing the uranium loading is to increase

the core thickness of the plates. To determine the feasibility of this

approach we fabricated miniature fuel plates containing 75 wt U308-Al

dispersions with a core thickness of 152 mm 60 mils) and overall plate

thickness of 229 mm 90 mils). No problems were encountered in the

fabrication of these plates. The dogboning was less than in corresponding

thinner cores - both in absolute magnitude and percentage. These plates

exhibited only 4 core thickening as measured metallographically No

attempts were made to form a curvature in the plates since they were not

full width. Plates of this thickness may possess sufficient stiffness so

that forming will not be necessary.

-175132

1 mm

Fig. 3 Cross Sections of 75 wt U308-Al Cored Plates Reveal no
Cracking After Being Formed to a Radius of 84 mm. Core thicknesses are
0.89, 076, and 0.51 mm from top to bottom.
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THERMAL CONDUCTIVITY

Thermal conductivity is important in determining the operating

temperature of the fuellcore and depends strongly on oxide concentration.

The thermal conductivity in the thickness direction was measured for

miniature fuel plates that contained from 60 to 82.5 wt % U308-Al.10

Disk samples 635 mm 025 in.) in diameter were cut from areas of the

fuel plates that had been selected for uniformity by eddy-current

measurements and radiography. The thermal conductivity measurements were

made in a comparative heat flow apparatus, which has been described

previously.11 The thermal conductivity of the fuel core correlates well

with the total oxide plus void volume fraction in the core, as can be seen

from the data presented in Fig. 4 The thermal conductivity values

obtained indicate that centerline operating temperatures will not limit

the fuel loading for most research reactor applications.

ORNL-DwG 80-18648R

60

(60)
TEMPERATURE 60'C

5 - 6 - 076 mm CORE
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z
0
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cr
W

7
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VOLUME FRACTION (U3 0 VOIDS)

Fig. 4 Thermal Conductivity Of U308-Al Core Region Depends Signifi-
cantly on the Volume Fraction of U308 Voids.
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THERMITE REACTION

The phase assemblage Al-U308 is a nonequillbrium mixture and tends to

react with heat evolution, a process known as a thermite reaction.

However, this reaction has been of little concern since at fabrication

temperatures up to 500'C (932'F) very little reaction occurs. Operating

temperatures of the fuel plates in-reactor are much less than this, often

less than 100'C (212'F), so that the potential thermite reaction was

inconsequential except in the event of a loss-of-coolant accident

involving fuel meltdown. In view of the possibility of a meltdown,

studies were undertaken of the ignition temperature and magnitude of heat

evolution for use in safety analyses.12 These early studies showed that

the peak energy release occurs in the 55 to 75 wt U308 range, which is

the region of interest for the current developmental high-uranium-loaded

fuel. Therefore, we repeated the investigation of ignition temperature

and maximal heat release for the compositions of interest using differen-

tial thermal analysis and heating of miniature fuel plates.13 The

observed ignition temperature of around 900% (1650'F) agrees well with

previous studies. The energy releases, however, were much lower than pre-

dicted and in general are low compared with the energy required to ini-

tiate them. The heating of miniature fuel plates to as high as 1400%

(2550'F) showed no violent thermal effects, explosions, or observable gas

release. We conclude from these tests that increasing the U308 loading

does not add a significant chemical reaction hazard to the other con-

siderations of safe reactor operation.

CONCLUSIONS

We have recommended 75 wt U308-Al 31 Mg U/m3) as the highest

loading to be tested in the initial irradiation test. This limit is based

on a qualitative assessment of the loss of mechanical integrity as the

aluminum atrix becomes discontinuous at higher loadings. We offer the

following conclusions and comments with regard to fabricability, testing,

and use of 75 wt U308-Al cored fuel plates:

1. Fabrication is easily accomplished with current technology and

materials.
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2. Dogboning is a potential problem for some applications; however,

this problem can be easily solved by using tapered compact ends.

3. Current radiography and x-ray scanning techniques can be used.

4. Ultrasonic testing for nonbonds is marginal because of the abrupt

change in sound conductance at the cladding-core interface.

5. Core thicknesses up to 152 mm 60 mils) can be fabricated with

good results.

6. Full-sized plates with core thicknesses up to 089 mm 35 mls)

can be successfully formed to a radius of curvature of 84 mm 33 in.);

this is a sharper radius than is required for most research reactor

elements.

7. Void contents agree well with earlier data and should accommodate

fission products.

8. Thermal conductivity measurements indicate that operating tem-

peratures will be within acceptable limits.

9. Measurements of the energy releases from the thermite reaction

show that the higher U308 loading does not add a significant chemical

reaction hazard to other considerations of safe reactor operation.
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Fabrication of Highly-Loaded Low-Enrichment Uranium Aluminide Fuel Plates

D. G. Newton

EG&G Idaho, Inc.

EG&G Idaho has been experimenting with the fabrication of highly-loaded
low-enrichment uranium aluminide fuel plates at the Idaho National Engineering
Laboratory. This is a report of the progress during fiscal year 980.

The objectives of the program were twofold. The first was to develop the
processes for producing experimental fuel plates with maximum practical Alx
loadings using the standard roll-bonding technique. The EG&G facility dupli-
cates in miniature a commercial fuel fabrication facility, so processes which
are developed for fabricating these plates can then be easily translated to a
commercial scale operation.

The second objective was to demonstrate that plates fabricated using these
processes will perform satisfactorily in a reactor. The target burnup was 60
to 80% of the fissile atoms. The plates consisted of cores of uranium aluminide,
UAlx� in a matrix of aluminum, roll bonded to 6061 aluminum picture frames and
covers as shown in Fig. 1. The mating surfaces were clad with 1100 aluminum to
facilitate bonding. These plates were loaded from 40 to 56 volume percent AlX.
Most of these plates were fabricated using 44 to 149 Pm Alx, although some
cores have been fabricated with UAIx particles sizes less than 44 Pm to deter-
mine the effect of particle size on the fabricability and on the irradiation
performance.

There were three major producibility problems to address: excessive
variation in core thickness, that is, variation along the length of the core in
its thickness; excessive over-all core thickness; and excessive thickening at
the core ends (dogboning).

The excessive variation in core thickness is particularly evident in the
56 volume percent sample shown in the lower right hand corner of Fig. 2 This
condition was detected in the in-process radiography as light and dark bands
traversing the core. That these bands were the result of core thickness varia-
tions was later confirmed by metallographic examination. Fifty-six volume
percent fuel perhaps exceeds the practical limit for fabricability of this
material, and for this reason 52 volume percent Alx was chosen as the upper
limit. The other loadings appeared to be relatively free of this particular
problem.

Table I gives the variation in the radiographic density ratios. The
radiographic density ratio is a measure of the uniformity of the thickness
of the core, which is quite sensitive to fuel loading.

Apparently, the problem with variation in the core thickness is not some-
thing that occurs suddenly between 52 and 56 volume percent material. There

is a trend in the data showing that the problem develops gradually with
increased loading.
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FiG. 1. Experimental Plate Design
1.52 07610.89
1.27: 0.6110.64-

.20 min

1.2711.52---a.�
Dimensions In mm
Minimum PF width 254

• Method of fabrication: Hot-roll bonding of compacted
powder cores In aluminum picture frames and covers

• Materials of construction:
- Picture frames and covers: Alloy 6061 clad with Alloy
1100 on bond surfaces
- Core: UALX dispersed In aluminum INEL-S-29 56



11

40 vol % 48 vol %

m

I&

- ww-

52 vol % i 56 vol % INEL-A-19 887
mm

Figure 2 Photomicrographs of highly loaded UAI X- Al fuel plates.
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TABLE I

Radiographic Density Ratios

Fuel Loading High Low Average
00-P. (VIO)

40 1.17 1.09 1.13

48 1.28 1.12 1.18

52 1.31 1.22 1.26

INEL-S-29 63



The second problem encountered was excessive over-all core thickness.
The micrograph of the 56 volume percent plate shows substantial core thick-
ness in relation to the plate thickness as compared to the 40 and 48 volume
perent plates. For 40, 48, and 56 volume percent plates, it was assumed
that the volume voidage would be 8%; the compacts were produced on the
basis of this assumption. After rolling and metallographic examination
it was found that the volume percent voidage was a reasonable assumption
for the 40 volume percent plates, but with the higher loadings the actual
core thicknesses were somewhat greater than the target core thicknesses.

Table II shows the effect of fuel loading on the core voidage. As the
data shows, the voidage is definitely dependent upon th fuel loading and it
is consistent and predictable. When these higher-volume voidages were
assumed in preparing the fuel core compacts, the actual core thicknesses
were closer to the nominal values. This virtually eliminated the problem
of oversize cores.

An extreme case of dogboning, the most severe problem, is shown in
Fig. 3 Most of the cores which were made using the 44 to 149 pm particles
were not as severe as the one shown here. A number of remedies were tried
to eliminate dogboning. First, the rolling schedule was changed and the hot
rolling temperature was lowered from 500'C to 400'C to see if this would help
to reduce the dogbone effect. This was not fruitful.

The next step was to implement a core taper (a compact taper), and this
did reduce the dogboning. As shown in Fig. 4 when the 48 volume percent
plates went from an untapered condition to a taper, the lowest amount of
dogbone reduced to 12%, and the average was reduced slightly. There was no
really significant improvement in the 52 volume percent plates with the use of
this particular taper.

Development work was done to determine the optimum taper shape. It was
found that the design shown in Fig. 4 was optimum for the 48, and perhaps
the 52, volume percent plates. This design was machined into the core punches.
However, there was not as much of an improvement in our dogbone problem as
had been hoped. There was some slight improvement, and without a taper
there might have been problems with getting acceptable 48 volume percent
plates fabricated.

In summation, experimental fuel plates were successfully fabricated
with UAIX loadings up to 48 volume percent facilitated by core compact
tapers. The 40 volume percent plates were consistently acceptable, the 48
volume percent plates were generally acceptable, and the 52 volume percent
plates were generally not acceptable. Plates at 52 volume percent are probably
fabricable with minor process changes, most likely in the form of a modification
to the compacting taper.

At present, there are 12 experimental UAIx plates being irradiated in
the Oak Ridge Research Reactor. They were inserted in the reactor on July 17,
1980, and of these 12, two contain fine <44 pm) cores to observe the perfor-
mance of cores of fine-grained Alx powders on reactor performance. There is
a good mix of enrichments 19 and 40%), core thicknesses, and plate thick-
nesses, as well as loadings of 40 and 48 volume percent. These plates will be
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TABLE II

Core Voidage

Fuel Volume percent
Loading

OD I (VIO High Low AverageON

40 11.3 6.1 8.3

48 14.4 9,5 11.7
52 16.1 11.3 14.0

UMMMMa
INEL-8-2 67
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Core end: 33% dogboning I Core midsection
I 1 mm INEL-A-1 W6

Figure 3 Thickening at core ends in 48 vol % UA1 x fuel platelet.



F1 G. 4 Compact Taper Design
..,,III-2.54

TYP

1.02 TYP

4.06-7.11 Rolling

1*�, Direction NT

Imenslons In mm
12.7co

UALx loading Percent Dogbone

(VIO) W/O Taper With Taper

H!gh Low Avg High Low Avg

40 - M .0 16 4 12

48 35 19 26 36 12 24

52 47 21 29 43 17 32
INEL-S-29 664



available sometime in early spring 1981) for postirradiation examination.
Postirradiation examination will include, as a minimum these items:

0 Visual examination to determine the general condition of
each plate, followed by photographic documentation.

0 Dimensional measurements and immersion density measurements
to determine the extent of swelling.

0 Gamma-scanning to determine burnup profile.

0 Metallographical examination of a selected plate or
plates to observe the extent of fission gas bubble
formation, fuel/matrix interaction, and cladding
oxide formation.

0 Chemical analysis on punchings obtained from some of
the plates for burnup analysis.

0 Blister anneal of selected plates to determine how susceptible
the plates are to fission product agglomeration.
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Abstract

As part of the national Reduced Enrichment Res-!arch and Test Reactor (RERTR)

Program, Argonne National Laboratory (ANL) is engaged in a fuel-alloy develop-

ment project. The fuel alloys are dispersed i an aluminum matrix and

metallurgically roll-bonded within 6061 Al allGy. To date, "miniplates"

with up to 40 vol. fuel alloy have been successfully fabricated. Thirty-one

of these plates have been or are being irradiated in the Oak Ridge Reactor (ORR).

Three different fuels have been used in the ANL miniplates: U 3Si (U + 4 wt.% Si),

U3 Si2 (U + 74 wt.% Si), or "U 3SiAl" (U + 35 wt.% Si 1.5 wt.% Al). All

three are candidates for permitting higher fuel loadings and thus lower

enrichments of 235 U than would be possible with either UA1 or U 0 the current
x 3 89

fuels for plate-type elements. The enrichment level employed at ANL is '�,19-8%.

Continuing effort involves the production of miniplates with up to "U60 vol. %

fuel, the development of a technology for full-size plate fabrication, and post-

irradiation examination of miniplates already removed from the ORR.

*Work supported by the U.S. Department of Energy
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by
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Argonne, Illinois 60439

November 1980

I. Introduction

During the course of the design, development, and construction of early

research and test reactors, dispersion-type fuel elements evolved that utilized

a uranium compound containing uranium at, typically, 93% enrichment. The

rationale supporting the use of such highly enriched U seemed valid in the

1950s and 1960s, although serious questions about the diversion of such fuel

materials to non-peaceful applications were raised.

By the 1970s, the earlier concerns about the possible diversion and the

proliferation-resistance of such fuels escalated in importance. Consequently,

the U.S. and other major users of nuclear technology have initiated develop-

ment programs for fuels with higher uranium content and concurrent lower

enrichment as replacement fuels for those in existing and future research

and test reactors. In the U.S., this fuel development activity is part of

the Reduced Enrichment Research and Test Reactor (RERTR) Program, managed

by Argonne National Laboratory (ANL) and supported by the Department of Energy.

The U.S. fuel development work has been divided into two parts:

(a) Increases in the U content of currently used fuels, including

rod-type U-ZrHX (by General Atomic Co.), plate-type UAlX Al

dispersion fuels (by EG&C-Idaho, Inc.), and plate-type U308 Al

dispersion fuels (by ORNL).
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(b) The development of new high-uranium-density plate-type

fuels such as U 3Si (by ANL).

The present report addresses efforts in the latter area only.

In defining the level of enrichment to be pursued in the RERTR Program,

current regulations for the safeguarding of significant nuclear materials must

be considered. Less stringent protection levels apply to enrichments of

<20 wt. %. Hence, in the current work an enrichment level of 'U19.8 wt. 

was adopted, implying a compromise in avoiding high 235 U content at the outset

and high Pu content after irradiation.

The goals of the work at ANL are to develop new dispersant alloys that

can extend the uranium-loading capabilities in fuel plates beyond those

possible with the highest UA1 x or U 308 loadings developed to date; and to

demonstrate, in ad out of an irradiation environment, that low-enrichment

fuels so developed function satisfactorily in plate-type elements.

The potential advantage of a dispersant based on a phase such as U 3Si is

illustrated in Fig. 1, which relates the weight fraction of uranium to the

volume fraction of dispersant for three different dispersed phases, U 3Si,

UAI , and U3O.. These curves have been constructed for a void content of

11,7-10 %; the matrix in each instance is commercially pure aluminum powder.

U3Si has the highest uranium content of the three, i.e., �,96.1 wt. 

(,,L,3.9 wt. Si). The density of U 3Si is also high, with a calculated value

3 3
of 15.6 g/cm ;measured values have averaged 15.24 g/cm , as shown in

Table I, which summarizes the density and uranium loading concentrations for

all the fuels being used or developed in the current program.
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TABLE .

DENSITY AND URANIUM LOADING OF FISSILE DISPERSANTS

Density Uranium Loading

Compound (g/cm3) (g/cM3)

UAl2 8.1 6.6

UA13 6.7 5.0

UA14 6.0 4.1

U308 8.40 7.1

U3Si 15.24** 14.6

(U 4 wt.% Si)*

UlSiAl 14.24** 13.5

(U + 35 wt.% Si + 1.5 wt.% Al)*

U3Si2 11.9** 11.0

(U 74 wt.% Si)*

*Actual compositions of alloys prepared at ANL.

**Values measured at ANL on alloy material treated for 72 hours at
800"C.

94



II. Effort at ANL

A. Mini2late Production

The development of the technology for producing plate-type fuel

elements with U 3Si (or other U-base silicide alloys) as the dispersant

followed the standard picture-frame method currently used. The choice of

a silicide dispersant was based on its high density and good corrosion

resistance and irradiation performance. Although work with uranium-silicon

materials as fuel alloys had been conducted by researchers at Atomic Energy

Of Canada, Ltd. (AECL), their efforts were exclusivply with solid fuel

alloys for power reactors, as opposed to dispersant fuels. (More recently,

the Canadian studies have included uranium silicon-aluminum alloy particulate

as a dispersant.) The most expedient way to develop the ANL capability was

to build upon existing procedures and, to the extent possible, to adapt these

to plates made with the "new" dispersants.

The U-Si system, in spite of the many studies focused on it, is still

incompletely understood in several (not critical) areas. Figure 2 summarizes

our present knowledge of the system. Our work is primarily concerned with

the U-rich portion of the system up to and slightly beyond U 3Si 2' The most

important feature of the system in this region is the peritectoid formation

of U3Si. It had been demonstrated by others, and confirmed in our work, that

a 72-h anneal at 800% is sufficient to complete the reaction in an as-arc-cast

alloy. In order to be sure that no excess uranium solid solution exists in

alloys so heat treated, the composition chosen for the U 3Si alloy was

U + 4 wt. Si - slightly to the Si-rich side of the stoichiometric, compound.

Other alloy compositions selected as candidate fuel alloys include U 3Si2
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(with alloys made at 74 wt. Si, again slightly to the Si-rich side of

stoichiometry) and U + 35 wt. Si 1.5 wt. Al. The ternary alloy was

developed by AECL researchers during the course of their work with sicides

and is referred to as "U3SiAl" in this paper. This alloy exhibited improved

corrosion resistance and irradiation performance over the binary U 3Si.

Microstructures of U 3Si, 3Si 23' and U3SiAl are shown in Figs. 3 4 and

5, respectively, both before and after heat treatment. Briefly, the as-cast

structure of U3Si (Fig. 4a) contains primary U 3Si2 with a matrix of uranium

solid solution and U3 Si2eutectic. After heat treatment (Fig. 4b), the micro-

Structure consists of U3Si2 particles dispersed in UP . The structure of

U3 Si2in either the as-cast (Fig. 5a) or heat treated (Fig. 5b) condition

consists of U3Si2plus a small amount of M. In the as-cast condition
J i a eutectic matrix

(Fig. 6a), U 3SiA' consists of U3Si2plus UA12 of U3S'2

plus uranium solid solution. After heat treatment (Fig. 6b), the dominant

phase is U3Si with small amounts of uniformly dispersed U 3Si2 and UAl 2'

Figure 6 illustrates the geometry of the "miniplate" designed for insertion

into the Oak Ridge Reactor (ORR) for the irradiation experiments. The thick-

ness of the miniplates approximates that of full-size research reactor plates.

However, a full-size plate is approximately one inch wider and five times

longer than the miniplate.

The fabrication procedure that finally evolved at ANL for the three candi-

date fuel alloys is summarized in Fig. 7 Of the steps identified, two were

anticipated to be difficult and are still of concern:

(1) Problems were expected with the generation of uranium alloy

powder in the quantities necessary for fuel plates. Whereas
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Fig. 6 Miniplate Geometric Specifications. (Conversion factor: in. = 25.4 mm.)
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Fig. 7 Fabrication Procedure for ANL Miniplates (Contd. on following page).
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U3Si2 is brittle and comminutes easily, the other two

alloys are tough and the generation of particulates is diffi-

cult. 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. For the U 3Si and the U3 SiAl,

a Spex "Shatterbox" has worked effectively. U 3Si2 has been

crushed with a steel mortar and pestle.

(2) The production of homogeneous mixtures of fuel alloy particles

with commercially available Al powder was expected to be a

problem. However, compacts and miniplates comprising up to

40 vol. % (and probably up to 50 vol. %) fuel alloy, and falling

within the allowable limits of heterogeneity, have been produced

by more or less conventional mixing techniques.

The powder of Fig. 8a is typical of the fuel alloy powders employed in

this study. The MD-101 Al powder (Fig. 8b), produced by Alcan, is a much

finer aterial, with 100% at 100 mesh and '�,85% at 325 mesh.

Other important details relating to the procedures in Fig. 7 include the

following:

(1) The fuel alloy employed in compacts was always 85% in the

-100 325 mesh range and 15% at 325 mesh.

(2) Individual charges for each compact were weighed and mixed

separately. Small glass vials with screw-top lids lined with

Al sheet were employed. The vials were supported and separated

from each other in a Vblender; mixing time was n2-1/2 h.
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(3) Powders were pressed at Q5 tsi (n,35 kg/mm2) to generate a

compact with the required dimensions and green strength and

approximately 10% porosity. No binder or lubricant was mixed

with the powders, but an invisibly thin layer of stearic acid

dissolved in methylene chloride was swabbed on the die cavity

and punches.

(4) Cleaning, assembling, and peripheral welding of each unit was

done with meticulous attention to such details as cleanliness

of surfaces, fit of the compact, and avoidance of mechanical

shock.

(5) Hot rolling was conducted at 500% with a well-defined program

of eight passes, the first two at 25% reduction. The total

reduction by hot rolling was ,-80%.

(6) A minimum of 10% cold rolling was reqaired for all plates.

Two anneals, serving multiple purposes, were conducted; one

before and one after the cold-working operation.

Aardware before assembly and after rolling is shown in Fig. 9 along with

a completed miniplate. An enlarged view of the same miniplate is shown in

Fig. 10. Cross sections of miniplates produced with the various depleted

uranium alloys are shown in Figs. 11 through 14.

Of the plates produced to date, all with ,,19.8 % U-enriched fuel alloy,

a total of 31 have been or are being irradiated in the ORR. Table II summa-

rizes the ANL test matrix for these plates.

B. CopTatibility Studies

Concurrently with the production of plates for irradiation in the ORR,

studies of limited scope and objective have been conducted to determine the
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Fig. 9 Miniplate Hardware Before Assembly (Bottom Left) and After Rolling (Top),

and Finished Miniplate (Bottom Right).



Aj

Fig. 10. Closeup of Finished Miniplate. (Scale in Inches.)
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TABLE II.

ANL MINIPIATE TEST MATRIX

FUEL

U3Si U3SiAl U3Si2

Volume %, Nominal 30 30 40 30

(Actual) (30.8) (33.2) (44.2) (30.8)

Weight %, Nominal 75.1 73.8 82.1 70.2

(Actual) (75.6) (75.7) (83.5) (70.8)

Grams U/cm 3 4.4 4.4 5.9 3.4
In Fuel Zone

Meat Thickness, mm* 0.51 0.51. 0.51 0.51

Clad Thickness, mm* 0.38, 0.51 0.38, 0.51 0.38, 0.51 0.38, 0.51

Number of Plates 6, 5 6 7 2 1 2 2
irradiated in ORR

*0.38 mm = 0.015 in.
0.51 mm = 0020 in.



compatibility of the silicide fuel alloys with the Al as well as the 6061 Al

alloy cover plates. The purpose of these studies was to simulate diffusion

processes in a neutron environment and to determine the end-products of the

reaction. Also, studies of the U-Si-Al system beyond the regions defined

by other investigators were conducted and are still in progress.

Compatibility specimens approximately in. x 2 in. x 0.050 in. (1X'25 mm x

50 mm x 127 mm) containing 30 vol. depleted fuel alloy, were annealed for

1000 h at 300% plus 1000 h at 450'C. X-ray data for fuel meat removed from

these thermally reat--I (unirradiated) plates �:re consistent with the ongoing

phase-equilibria studies. In all cases, UAl 3 with dissolved Si is present as

dictated by the diag.-am studies. However, whereas all three alloys at 30 vol. %

fuel should have shown diffraction lines for Al, only two samples displayed

such evidence. Compatibility studies are still in progress.

C. Corrosion Tests

Two 0.050-in. (1.27-mm)-thick miniplates in the 0-temper condition

were tested for corrosion resistance. The plates contained 30 vol. % depleted

uranium fuel (one U 3Si and one U 3SiAl). 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 below.

Original Weight Final Weight
Plate (&)- (g)

30 vol. % U 3Si 32.487 32.487

30 vol. % U 3SiAl 32.232 32.220

112



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.

III. Status of Irradiation Testing

At present, 19 miniplates are being irradiated in the ORR. Twelve

plates from one module located close to the peak flux (,%,2 x 10 14 n/cm 2_sec)

were removed in early October after an exposure of over 2100 MWd 70 full-

power days). Burnup is estimated to be about 25% of the 235 U. Interim

channel spacing probe have indicated that these plates have

not swelled or blistered. These plates are cooling in the pool of the ORR;

at the time this report is presented, the plates may be in the ANL Alpha-

Gamma 11ot Cell Facility (AGHCF) for the start of the post-irradiation

examination (PIE).

Photography, physical measurements, and metallography are currently

underway at the AHCF on unirradiated uranium silicide miniplate controls

to provide experience and a baseline for the studies on irradiated plates.

IV. Current and Future Fabrication Work at ANL

The major experiments currently in progress, and planned for the future,

are summarized below.

(a) Produce miniplates with 50, 55, and 60 vol. fuel. At this

writing, four 50 vol. plates have been produced; none has

been destructively examined. Appropriate plates at the higher

loadings must be selected for irradiation testing in the ORR.

(b) Scale up operations to produce full-size plates. This entails,

among other things, the development of procedures for producing

powder more efficiently. Problems may also arise in the
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generation of homogeneous fuel zones from the larger cmpacts

required for full-size Plates.

(c) Complete the study of U-Si-Al phase relationships,

(d) Determine the thermal conductivity of silicide fuel alloys

in an aluminum matrix at volume percentages and over a

temperature range to be defined.

Although not part of the fabrication effort per se, discussions are under

way with Savannah River Laboratory personnel to initiate reprocessing studies

on silicide fuels. A preliminary ANL study has indicated that standard

aqueous reprocessing methods should work.

V. Summary

Successful processing of three uranium-silicon alloys (U 3Si, 3SiAl, and

U3Si 2) as dispersant powders to produce miniplates has been demonstrated,

The technology developed has yielded acceptable plates containing at least

40 vol. % fuel alloy. Thirty-one such plates have been or are currently being

irradiated in the ORR.

Experiments are in progress to determine the maximum possible fuel load-

ings. Several plates at 50 vol. fuel have been made; plates at 50, 55, and

60 vol. % fuel are scheduled.

Interim examinations with an ultrasonic channel spacer probe indicate

that no swelling or blistering has occurred up to Q5% burnup. PIE and test-

ing of plates removed from the ORR will, in the near future, be invaluable

in defining the suitability of fuel plates based on uranium silicide dispersant

fuels to satisfy the nonproliferation goals of the REM Program.
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IRRADIATION TESTING OF MINIATURE FUEL PLATES
FOR THE RERTR PROGRAM*

R. L. Senn M. M. Martin

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

ABSTRACT

An irradiation test facility, which provides a test bed
for irradiating a variety of miniature fuel plates mini-
plates) for the Reduced Enrichment Research and Test Reac-
tors (RERTR) program, has been placed into operation. The
objective of these tests is to screen various candidate fuel
materials as to their suitability for replacing the highly-
enriched uranium fuel materials currently used by the
world's test and research reactors with a lower enrichment
fuel material, without significantly degrading reactor oper-
ating characteristics and power levels. The use of low-
uranium enrichment of about 20% 23SU in place of highly en-
riched fuel for these reactors would reduce the potential
for 235U diversion.

Fuel materials currently being evaluated in this first
phase of these screening tests include aluminum-base disper-
sion-type fuel plates with fuel cores of (1) high uranium
content U308-Al being developed by ORNL, 2 high uranium
content UAIX-Al being developed by EG&G Idaho, Inc., and
(3) very high uranium content U3Si-Al- being developed by
ANL.

The miniplates are 115-mm long by 50-mm wide with over-
all plate thicknesses of 127 or 152 mm. The fuel core di-
mensions vary according to overall plate thicknesses with a
minimal clad thickness requirement of 020 mm. Sixty such
miniplates (thirty of each thickness) can be irradiated in
one test facility.

The irradiation test facility, designated as HFED-1 is
operating in core position E-7 in the Oak Ridge Research Re-
actor (ORR), a 30-MW water-moderated reactor. The peak neu-
tron flux measured for this experiment is 196 x 1018 neu-
trons 2 s-1. The various types of miniplates will achieve

*Research performed under Memorandum Purchase Order o. 31-109-
38-4529 with Argonne National Laboratory under Union Carbide Corporation
Contract W-7405-eng-26 with the U.S. Department of Energy.
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burnups of up to approximately 22 x 1027 fissions/m3 of
fuel, which will require approximately eight full power
months of irradiation.

During reactor shutdown periods, the experiment is re-
moved from the reactor, moved to a special poolside station,
disassembled, and inspected for dimensional changes, blis-
ters, or any other visible defect. After inspection the ex-
periment is reassembled and reinserted into the reactor for
further irradiation. At completion of the specified in-
reactor exposure of the miniplates, the experiment will be
disassembled, and the irradiated samples will be returned to
the respective fuel plate fabricators for detailed post-
irradiation examination. Ultimately, fuel plate types with
suitable characteristics will be manufactured into full-
sized plate-type fuel elemental suitable for testing in the
ORR.

INTRODUCTION

The Reduced Enrichment Research and Test Reactors (RERTR) program
is directed toward the replacement of fully enriched uranium fuel ma-
terials currently used by the world's research and test reactors with a
lower enrichment fuel material. It is necessary to implement this
change, however, without significantly degrading reactor operating char-
acteristics and power levels. The use of low-uranium enrichment of
about 20% 235U in place of highly enriched fuel for these reactors would
reduce the potential for 235U diversion.

As part of the overall program designed to implement this goal, an
irradiation test facility has been designed, built, and put into opera-
tion. This facility provides a test bed for irradiating a variety of
miniature fuel plates (miniplates). This experiment is in direct sup-
port of the Argonne National Laboratory (ANQ program to develop high-
uranium density research and test reactor fuel to accommodate the use of
low-uranium enrichment. ANL coordinates and manages the national pro-
gram for the Department of Energy (DOE). ANL, through DOE, has dele-
gated the responsibility for irradiation testing of the various candi-
date fuels to the Oak Ridge National Laboratory (ORNL).

OBJECTIVE

The objective of these irradiation tests is to screen various can-
didate fuel materials as to their suitability for replacing the fully
enriched uranium fuel materials currently in use. Fuel materials to be
evaluated in the first phase of these screening tests include aluminum-
base dispersion-type fuel plates with fuel cores of (1) high uranium
content U308-Al being developed by ORNL 2 high uranium content
UA1xA1 being developed by EG&G Idaho, Inc., and 3 very high uranium
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content U3Si-A1 being developed by ANL. These plates are being irra-
diated in a core position in the Oak Ridge Research Reactor (ORR) with a
peak neutron flux of approximately 196 x 1018 neutrons m-2 - to
burnups of up to 22 x 1027 fissions/m3 of fuel core volume. Ulti-
mately, fuel plates with suitable characteristics will be incorporated
into full-size plate-type fuel elements suitable for testing in the ORR.

DESCRIPTION OF TEST FACILITY

The irradiation test facility, designated HFED-1 (High-Uranium-
Loaded Fuel Element Development test No. 1) is designed to fit into a
core position in the ORR, a 30-MW water-moderated reactor. The HFED-1
experiment is currently operating in core position E-7 of the ORR.

A rectangular miniplate, 115-mm long by 50-mm wide, was chosen as
the standard test size. The facility was designed to accommodate over-
all plate thicknesses of 127 and 152 mm, with the fuel core dimensions
varying according to overall plate thickness with a minimal clad thick-
ness requirement of 020 mm. Sixty such miniplates (thirty of each
-thickness) can be irradiated in one facility.

Five separate modules, each containing 12 miniplates, stack one
above another inside a spit aluminum holder. The holder, when closed,
fits inside a standard ORR aluminum core piece. This assembly, being
the same outside dimensions as an ORR fuel element, can be placed in any
of the fueled positions of the ORR core. A photograph, showing an ex-
ploded view of the HFED-1 experiment and its various parts, is presented
in Fig. 

Each aluminum module is designed to hold twelve miniplates: six of
each thickness in an alternate fashion. Figure 2 shows a detailed view
of a typical module with dummy miniplates installed. The miniplates are
held in position in their respective slots by a hafnium grid located in
the bottom of each module. The hafnium grids not only retain the mini-
plates, but also serve as neutron absorbers to depress the power peaks
that might occur at the ends of the plate because of higher fuel loading
due to dogboning * and/or because of neutron flux peaking that may
occur in the water gap that exists between the ends of each module as-
sembly. The modules are designed to provide a 2.54-mm-wide water
channel between each plate for cooling. The reactor coolant water flows
down through all five modules in series. Plates of the same thickness
are all in the same vertical plane through all five modules, thus
ensuring that each 2.54-mm coolant channel is a constant dimension from
the top to the bottom of the experimental section. The modules are
stacked into the module holder one above an other, with Module No. 
uppermost, through Module No. at the bottom of the assembly. Each of
the twelve slots in each module is numbered such that a specific loca-
tion may be assigned to each miniplate under test.

*Dogboning - A term used to describe fuel core thickening that may
occur near the ends of a fuel plate as a consequence of fabrication
technique.
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Fig. 1. Exploded view of the RERTR HFED-1 irradiation-experiment
showing all pertinent components.
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Fig. 2 Detailed view of Module No. with dummy miniplates in-
stalled showing typical arrangement of miniplates. Note electron beam
welds along edges. Slots are widened at top edge to aid in miniplate
installation.

When the five modules are placed in their respective positions
within the module holder, the holder can be closed and fastened with a
screw at the top. The entire assembly can then be inserted into the
aluminum core piece, which is then ready for insertion into the reactor.
In a reverse fashion, the experiment may be removed from the reactor
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EXPERIMENT DESIGN PARAMETERS

Extensive thermal-hydraulic calculations were required in order to
define acceptable operating limits for the various fuel materials, en-
richments, and uranium loadings that were proposed for irradiation. A
major criterion was that no boiling is permitted within the reactor.
Because of the reactor flux pattern, Module No. 4 (fourth in line from
the top) sees the peak flux. Therefore, maximal fuel loadings for this
module are restricted to a level that will provide for a peak surface
temperature of the fuel plate that is 17'C (30'F) below the saturation
temperature, -1180C (-2450F), of the reactor coolant water at that
position. Similar determinations were made for the maximal fuel load-
ings permitted for each of the five modules. Typical results from these
calculations are shown in Fig. 3.

The hydraulic calculations were confirmed by performing an out-of-
reactor flow test in a facility designed to provide flow rates and
pressure drops equivalent to those obtained in the reactor core. Al-
though the flow patterns through the experiment are complicated because
of the flow through the channels between the plates, the flow around the
module holder and the modules, and the flow between the module holder
and the core piece, the calculations and test results were in good
agreement, as shown in Fig. 4.

Further confirmation of the thermal calculations was achieved by
performing fission rate tests with the HFED-1 assembly in the ORNL Pool
Critical Assembly (PCA). Three tests were performed to determine fis-
sion rates at various elevations in the experiment as compared to a
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Fig. 3 Temperature profile of miniplate surface temperature vs
elevation within the reactor core - middle channel.
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Fig. 4 Full scale flow test results for HFED-I irradiation test.

standard 240 g 235U-Bearing ORR fuel element at the same elevations. A
small fission chamber was mounted on the end of a long probe that was
moved up and down to known elevations within the assemblies. The fis-
sion chamber was attached to electronic counting equipment which pro-
vided a digital printout of the 235U fission count rate at predetermined
time intervals.

The first of these tests was conducted with the HFED-1 experiment
loaded with the test miniplates in their design locations. Module No. I
was replaced with trial module No. IS which has a stainless steel grid
in place of the hafnium (Hf) grid located in the bottom of each module.
The fission chamber was inserted into the center channel of the mini-
plate array, and these results compared to similar measurements made on
the standard ORR element. The PCA was operated at 50 watts during all
tests. The results from this first test, shown in Fig. 5, showed that
there was indeed a sharp flux depression in the vicinity of the Hf
grids, and a sharp flux peaking in the vicinity of the stainless steel
grid. The general shape of the fission rate profile for the HFED-I
assembly compared quite well with the shape of the profile on the stan-
dard element, except in the grid areas. The effects of the hafnium and
stainless steel did not seem to influence the center regions of the
miniplates, however. There was a general flux depression of 50 as
shown by a count ratio of about 0.5 for the experiment compared to that
with an ORR fuel element in the same position.
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Fig. 5. Fission rate profile for HFED-1 irradiation test in the
pool critical assembly.

A second test was performed to assess the value of removing some of
the hafnium from the grids (without remaking the module assembly). The
lower bars and the comb were cut away from the Hf grid in Module No. 6,
one of the spare modules that was built. This removed about 35% of the
Hf that was originally in the grid and left an -5-mm-water gap between
the bottom of this module and the top of the next. The miniplates pre-
viously installed in module No. 3 were placed in module No. 6 which was
installed in the third position in the HFED-1 assembly. The miniplates
originally installed in module No. 1S were removed and placed in Module
No. 1, and this module was installed in the first (top) position in the
assembly. Thus, the configuration for this second experiment was as
follows: Module No. 1, with Hf grid; Module No. 2 with Hf grid; Module
No. 6 with 23 Hf grid; Module No. 4 with Hf grid; and Module No. 
with Hf grid. The fission rate scan was then conducted by inserting the
fission chamber down the center channel and measuring the fission rates
at various elevations. Results from this experiment showed that, as
expected, there was a sharp increase in the fission rate where the water
gap existed at the bottom of the third module (No. 6 and a somewhat
less depression where the remaining Hf was located than was seen with
the complete Hf grid. Again, these localized fission rate changes did
not seem to influence the adjacent central areas of the miniplates, and
the fission rates in the center of the miniplates were virtually the
same as in the previous test.

A third test was conducted using the same configurations described
above. The fission chamber was inserted into the first full sized
channel at the edge of the module (between the first and second mini-
plates in the module) and the fission rates were again measured at
various elevations. This was an attempt to determine the effects of
self shielding and to compare the fission rates of the center plates vs
the edge plates under the same conditions. The shape of the curve of
the count ratio between the experiment and the standard element was
essentially the same as in the previous tests, except that the ratios
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were about 35% higher in the edge channel. Plates along the edge of the
assembly will still operate within the required temperature envelope,
even at these higher fission rates, but probably would not without a
flux depressing grid of some sort between the modules.

Based on the results from these three tests, we determined that the
experiment would operate within the specified limits using the facility
as designed with the hafnium grids intact. A typical comparison of the
fission rate profile of the RED-1 assembly as compared to an ORR fuel
element is shown in Fig. 5. The hafnium grids served to depress the
flux locally and prevent excessive temperatures from dogboning and flux
peaking in the vicinity of the water gap between modul 'es.

Based on both the calculations and the experimental results dis-
cussed above, the -mximal fuel loadings that could be accommodated
within each module wz.-e determined. As additional safety factors, a 15%
flux uncertainty was imposed and each miniplate was assumed to contain
the maximal loading uniformally distributed over the heat transfer area.
This latter assumption accounts for any localized region of excess
uranium content that may occur during plate fabrication. The resulting
maximal fissile loadings are 500 g/m2 for fuel in Modules I and 2 and
290 g/m2 for fuel in Modules 3 4 and 5. It was shown that under the
above conditions, the fuel plate surface temperatures should remain
below the coolant saturation temperature during normal reactor opera-
tion. It was also shown that the reactor upper limiting setpoints are
adequate to prevent fuel burnout should an excursion occur in the ORR.

Some typical results from the thermal-hydraulic calculations are
shown in Tables I and 2 showing coolant flow rates and peak surface
temperatures for a middle channel and an outer channel, respectively. A
computer program was written which provides this information for all
coolant channels and for each module.

Table 1. Results from the HFED-l experiment
thermal hydraulic calculations

Middle channel

Normal Accident

Reactor power level, MW 30 33

Delta P across experiment, Pa 132 72

One main channel coolant flow, m3/h 3.7 2.7

One end channel coolant flow, m3/h 2.0 1.4

Stalk channel coolant flow, m3/h 8.3 6.0

Total coolant flow, m3/h 52.6 38.0

Maximum fuel surface temp., 'C 104 124

Minimum delta T, sat. to surf., 'C 20.4 -4.2
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Table 2 Results from the HFED-1 experiment
thermal hydraulic calculations

Edge channel

Normal Accident

Reactor power level, MW 30 33

Delta P across experiment, kPa 132 72

Main channel coolant flow, m3/h 3.7 2.7

End channel coolant flow, 3/h 2.0 1.4

Stalk channel flow, m3/h 8.4 6.0

Total coolant flow, m3/h 52.8 38.1

Maximum fuel surface temp., 'C 114 138

Minimum delta T, sat. to surf., 'C 8.9 -17.8

FUEL PLATE SPECIFICATION

A fuel plate specification was prepared to provide guidance to the
fabricators and to ensure uniform clad properties of the miniplates.
The latter condition confines all testing variables to the uranium bear-
ing regions of the miniplates. Appendix A presents document Q11821-ET-
002-S-0, "Fuel Plate Specification for RERTR Irradiation Tests."

POOLSIDE STATION AND METROLOGY

As part of the overall irradiation experiment plan, it was recog-
nized that a facility would be necessary to permit underwater examina-
tion of the RFED-1 experiment during the course of the test period.
Accordingly, an underwater table was designed, built, and installed in
the ORR pool. Fixtures designed to hold the experiment and the dis-
assembled components of the experiment were fastened to the table.
Special handling tools were built that permit opening the module holder
and removing the modules, removing single plates, and reassembling the
experiment. Figures 6 and 7 are photographs of the Poolside Station
with the HFED-1 experiment partially disassembled after approximately
two months of irradiation.

Another technique used for intermittent (during reactor down times)
examination of the experiment is to measure the channel gap spacing. A
probe, supplied by EG&G Idaho, Inc., incorporating two ultrasonic trans-
ducers and the necessary electronics, may be inserted down through each
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of the channels. The elevation of the probe and the width of the chan-
nel can be measured over the entire length of the experiment. The
channels are nominally 2.54-mm wide. The probe has a range of -. 52 to
3.18 mm. The channel gap measuring device has been used sucessfully for
five separate runs to date.

IRRADIATION TESTING

The HFED-l experiment was installed in core position E-7 of the ORR
on July 17, 1980. The reactor subsequently reached full power operation
at 2250 hours on July 18, 1980. The experiment continues to operate
satisfactorily.

A description of the various miniplates, and their positions within
the assembly, is shown on drawing X3E-11821-0105-Rev. B, attached as
Appendix B. Note that the actual maximal fuel loadings are 472 g/m2 for
plate 048-2 in Module I (of the high loaded group, Modules I and 2 and
284 g/m2 for plate A16 in Module 3 (of the low loaded group, Modules 3,
4, and 5). A detailed drawing of the miniplate and notations regarding
the numbering system are also shown on drawing 0105 in Appendix B. The
irradiation of a few miniplates with uranium enrichments of 40 and 45%
235U was required to achieve the burnup goal of 22 x 1027 fissions/m3.
The one miniplate with 93% enriched fuel permits a comparision of per-
formance to existing ORR fuel.

Cobalt flux monitor wires were inserted in the middle of the HFED-1
miniplate array and at the outer edge of the array just prior to the ini-
ial startup of the reactor with the experiment in place. These wires
were irradiated with the reactor operating at 0265 W. The wires were
subsequently cut into measured segments and analyzed to determine the
neutron flux and flux profile for the experiment.

The peak measured neutron flux extrapolated to 30-MW reactor power
level, based on 2200 m cross section for cobalt 37 b), was 196 x 08
neutrons m-2 S-1. This peak was located at the mid-plane of Module 4 A
minimum flux of approximately 0.5 x 1018 neutrons m-2 s1 was measured
near the top of Module 

The flux profile was shown to be as expected from our earlier tests
in the PCA, showing an increasing f lux f rom the top of Module I to the
mid-plane of Module 4 and then decreasing through Module 5, as shown on
Fig. 8. Strong local depressions were seen where the hafnium grids are
located. Note the shift in flux gradient that occurred near the mid-
plane of Module 4 where the flux measured for the inner plates is
higher than that measured for the outer plates. We believe this is due
to control rod effects near the experiment.

RESULTS TO DATE

During some of the reactor refuelling shutdowns, which occur ap-
proximately every 10 days, the experiment has been removed from the
reactor and channel gap spacing measurements have been made. The
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measurements to date have included the initial preirradiation measure-
ments, measurements made during shutdowns on July 31, 1980; August 14,
1980; October 5, 1980, and prior to installation on October 20, 1980,
with new plates in module position No. 3 Results from these measure-
ments have been compared. We experienced some difficulty during the
second of these measurements in being sure which of the channels the
probe was actually inserted. Templates were prepared for subsequent
measurements that would ensure the probe was in the desired channel and
that we could repeat the measurements.

The probe has revealed minor changes in spacing of a few channels,
but we have not detected any measurements that have shown any blisters
in the cladding or severe narrowing of the channel. We have measured a
minimum gap spacing of 2 mm (gap is nominally 254 mm), but this
appears to be the result of bowing rather than a fuel plate defect. The
assumed bowing has not changed during the last three measurements. A
typical channel gap spacing measurement is shown in Fig. 9 Twenty-four
such scans are made with each channel gap measuring run: one on each
side of the center comb (in the hafnium grid) for each of the twelve
inner channels within a module and through the experiment.

The experiment was removed from the reactor for an extended period
after the October 1980, shutdown. After the fourth channel gap
spacing measurement, the experiment was disassembled in preparation for
removing Module 3 for replacement with a new set of ANL miniplates.
This afforded our first opportunity for a detailed visual examination of
the modules and plates. There were no detectable differences between
the pre and postirradiated modules. A underwater periscope was used
to exam-ine the fuel plates without removing them from the modules.
Again, no detectable changes were noted. Even the bowing that was
indicated by the channel gap spacing measurements was not apparent.

In accordance with the fuel module management plan, shown in
Fig. 10, Module 3 containing 12 ANL uranium silicide fueled miniplates,
was scheduled for removal, and replacement with new miniplates, after
approximately two full power months of operation. Accordingly, at the
Oct. shutdown, Module 3 was removed in preparation for shipping back
to ANL for postirradiation examination, and twelve new miniplates were
inserted into a spare module and returned to position No. 3 At the
time of the removal of Module 3 the experiment had been irradiated for
2241 MWd, corresponding to approximately 75 full power days. The
estimated burnup for these plates is 5% FIFA (fissions per initial
fissile atom), or -5 x 1026 fissions/m3.

The fuel module management scheme, shown in Fig. 10, is designed to
equalize, to some degree, the burnups for plates in the various modules.
By exchanging modules in the high flux regions (Modules No. 4 and 
with those in the low flux regions (Modules No. I and 2 the desired
burnups can be approached for all test miniplates.

Detailed descriptions of the twelve new miniplates received from
ANL are presented in Table 3 These plates have been examined in ac-
cordance with our established QA procedures to ensure that they meet all
required specifications. They were accepted as received and have been
installed in a spare module (labelled No. 7 and placed in the No. 3
position in the HFED-l assembly. The experiment was replaced in the
reactor for further irradiation on October 21, 1980. We expect to
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Fig. 9 Typical channel gap spacing measurements.
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Table 3 Replacement fuel plates for module position No. 3 in HFED-l experiment

Nominal Meat attributes

Slot fuel plate Fuel 235U Total 235U Maximal areal
number thickness plate Fissile- Thickness Uranium 235U loading

number bearing density enrichment loading
[PM (Milo)) compound [PM (Milo)] (kg/m3) (wt ) (mg) [g/m2 (%)I,

1 1270 (50) A-26 U3SiAl 510 (20.1) 4639 19.88 2088 273 16

2 1524 (60) A-22 U3SiAl 503 (19.8) 4592 19.88 2088 258 12

3 1270 (50) A-42 U3SiAl 508 (20.0) 4513 19.88 2089 252 11

4 1524 (60) A-30 U3SiAI 488 (19.2) 4619 19.88 2090 238 6

5 1270 (50) A-32 U3Si2 480 (18.9) 3754 19.87 1591 197 10

6 1524 (60) A-36 U3Si2 496 (19.5) 3751 19.87 1591 200 8

7 1270 (50) A-34 U3Si2 442 (17.4) 3761 19.87 1591 186 13

8 1524 (60) A-46 U3Si2 498 (19.6) 3723 19.87 1590 195 6

9 1270 (50) A-24 U3Si 494 (19.4) 4798 19.88 2079 261 11

10 1524 (60) A-23 U3Si 465 (18.3) 4773 19.88 2078 284 28

11 1270 (50) A-38 U3Si 468 (18.4) 4813 19.88 2080 281 25

12 1524 (60) A-28 U3Si 483 (19.0) 4812 19.88 2079 269 16

aPercentage maximum above average areal loadings.
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Fig. 10. Fuel module management plan.

achieve the design burnup for the test miniplates near the end of March
1981. At this time the plates will be removed from the assembly and
shipped to the respective fuel plate fabricators for detailed post-
irradiation examination.

FUTURE PLANS AND CAPABILITIES

To ensure that adequate parts would be available for the first
HFED-1 experiment, a complete spare set of modules and a spare module
holder were built. One of the modules was modified by removing part of
the hafnium grid during the PCA tests but could be used in the No. 
position at the lower end of the experiment. A second spare module,
No. 7 was used to replace Module 3 which was recently removed. We
expect that Module No. 3 can be reused after removal of the miniplates.
If this is the case, a full set of modules is ready for another experi-
ment.

Discussions are underway within the RERTR program with various fuel
plate fabricators regarding future tests in the HFED facility. These
possibilities, of course, depend on the need for future testing which
may be deduced from the results of these present tests, the requirements
of other fabricators, and the necessary funding that is required for
irradiation tests such as these. In any case, a facility is available
in which fuels of many different characteristics may be tested, assuming
the maximal fissile loadings and fuel plate fabrication techniques meet
the specifications determined for the RERTR irradiation test series.
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CONCLUSIONS

Operation of the HFED-1 irradiation test facility to date has esta-
blished the capability for testing miniature fuel plates of various fuel
matrix compositions, fissionable material densities, and enrichments in
a core position in the ORR. The maximum total flux in this position has
been measured at 196 x 1018 -itrons m-2 S-1. Burnups of about 22 x
1027 fissions/m3 of fuel can be achieved in approximately eight full
power months.

The miniplates have been shown to operate under reactor conditions
without evidence of cladding failure for more than 75 full power days to
burnups greater than 45% FIFA >5 x 1026 fissions/m3).

We have demonstrated the capability of removing the experiment from
the core, making channel gap spacing measurements, disassembling and ex-
changing modules, reassembling the experiment, and reinstalling it in
the reactor to continue the irradiation. To date we have not demon-
strated removal of an individual miniplate from a module remotely, or
reinsertion or replacement of a miniplate, although a special tool
exists for this task.

In summary, a test facility is in operation in the Oak Ridge Re-
search Reactor which is serving as a test bed for the RERTR program's
miniature fuel plates. The experiment is currently operating with mini-
plates made with U308-Al, UAIX-Al, and U3Si-A1 fuel cores at a peak
flux of 196 x 1018 neutrons m-2 -1 in an environment equivalent to
that seen by the standard ORR fuel elements.
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Appendix A

FUEL PLATES FOR RERTR IRRADIATION TEST

1.0 Scope

This specification applies to Reduced Enrichment Research and Test
Reactor (RERTR) fuel plates suitable for irradiation in the Oak Ridge
Research Reactor (ORR). These aluminum-base dispersion-type plates pre-
sently include (1) the high uranium content U308-bearing miniplates
being developed and fabricated at ORNL 2 the high uranium content
UAIX-bearing miniplates being developed and fabricated at EG&G Idaho,
Inc., and 3 the very high uranium content U3Si- and (U3Si + Al)-
bearing miniplates being developed and fabricated at ANL.

2.0 UCC-ND Drawings

ORR- HFED Experiment Plate Details XfE-11821-0105-A
ORR-HFED Experiment Assembly Xrll821-0101-A

3.0 Materials

3.1' All materials that compose te cored region of the miniplates
shall conform to the requirements of this document and the specifica-
tions of the cognizant organization (e.g., ORNL will specify the core
materials within the U308-bearing miniplates).

3.2' Cover plate and frame cladding shall conform to Standard Speci-
fication for Aluminum-Alloy Sheet and Plate, ANSI/ASTM Designation B209-
77, for alloy 6061 and Al clad 6061.

4.0 Fuel Plate Requirements

4.1 The fuel plates shall be rolled by a combination of, first,
hot rolling, and second, cold rolling at room temperature to a reduction
in thickness of at least 10% to insure uniform cladding properties among
fabricators.

4.2 After completion of hot rolling and before cold rolling, the
fuel plates shall be annealed for 60 ±10 min at 485 ±20'C. After
cooling to room temperature, both sides of every fuel plate shall be
visually examined for blisters. Visual detection of one or more
blisters that would remain in the finally-sized fuel plate shall be
cause for rejection.
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4.3 After completion of cold rolling, the fuel plates shall be
heat-treated at 485 ±20'C for 60 ±10 min followed by a cooling at a rate
of <28'C/h to <260'C. After further cooling to room temperature, both
sides of every fuel plate shall be visually examined for blisters.
Visual detection of one or more blisters that would remain in the
finally-sized fuel plates shall be cause for rejection.

4.4 Fuel plate, core, and cladding dimensions shall conform to
UCC-ND Drawing XU11821-0105-A.

4.5 Within the maximum core outline of UCC-ND Drawing X3E11821-
0105-A and for any 4 to 2-mm-diam spot, the U235 surface density, in
g/m2 of core suface area, shall be <290 for fuel plates to be irradiated
in Modules 3 4 and (see UCC-N5' Drawing X11821-0101-A for module
numbering scheme); and 500 for fuel plates to be irradiated in Modules
I and 2.

4.6 The interfaces between the cover plates and frames of the fuel
plates shall be metallurgically bonded. Grains that have grown across
these interfaces for a minimum of 50% of the interfacial length consti-
tute acceptable bonding.

4.7 The surfaces of the fuel plates shall be free from all foreign
matter including moisture, dirt, oil, organic compounds, scale, paint,
ink, graphite, all solders, silver, lead, mercury, thorium, chlorine,
and fluorine.

4.8 The exterior surfaces of the fuel plates shall be free from
uranium after fabrication. A final pickling treatment, which shall be
performed before packaging for shipment to ORNL, of submerging the fuel
plates in 45 vol% HN03-55 vol% H20 solution for 2 to 4 min at room
temperature followed by rinsing in either demineralized or distilled
water meets the intent of this requirement.

4.9 The fuel plates shall be identified as shown on UCC-ND Drawing
X3E-11821-0105-A. Serial numbers of 0-001 through 0999, E001 through
E-999, and A-001 through A-999 are permitted, respectively, for fuel
plates supplied by ORNL, EG&G Idaho, Inc., and ANL.

5.0 Inspection

The fuel plate fabricator shall be responsible for inspection and
certification of the achievement of requirements set forth in paragraphs
3 and 4 above and in paragraph 6 below.

6.0 Quality Assurance Documentation

6.1 The preirradiation data package for the fuel plates shall
include the following items:

(1) dimensional inspection reports (including an estimation of minimum
clad thickness) for each plate;

(2) radiographs of each plate; and
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(3) results from determination of the meat attributes including a tabu-
lation of (a) plate number, (b) weight of plate, (c) weight of
meat,(d) elemental com 3osition of the meat, (e) 235U enrichment
(vt ), and (f) total 2 5U loading.

6.2 Certified copies of inspection and test records to assure com-
pliance with this specification and the preirradiation data package
shall be supplied to R. L. Senn, Bldg. 9201-3, MS-5, P.O. Box 'Y', Oak
Ridge, Tennessee 37830.

7.0 Shipping

7.1 Storage of the fuel plates and final assembly of the HFED ex-
periment will be conducted in Building 3012, ORNL. The fuel plate fa-
bricators shall provide shipping containers and shall have full respon-
sibility for the fuel plates while in transit to the site designated be-
low. A duplicate copy of the tabulation of 61 3 shall be included in
the shipping container with the plates.

7.2 Fuel plate fabricators shall ship the fuel plates by accept-
able means to the Oak Ridge National Laboratory, Building 3012, Oak
Ridge, Tennessee 37830, Attention: H. C. Austin, Bldg. 3037 for M. M.
Martin, Bldg. 4508, ORNL.

7.3 Accountability shall be transferred to facility F.Z.C., H. C.
Austin, Bldg. 3037, ORNL.

139



APPENDIX B. ORR-HFED EXPERIMENT, FUEL PLATE DETAILS,
FROM DRAWING X3E-11821-0105-B
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APPENDIX B. IRRADIATION TEST MATRIX OR HFED-1 FACILITY,
FROM DRAWING X3E-11821-0105-B
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Improved Capability of U-ZrH Fuels

A J Gietzen

General Atomic Company
XA04C1548

This paper will provide a brief background on TRIGA fuels and a smmary
of the development of U-ZrH fuels utilizing higher uranium loadings in the
alloy. Most of the development work was reported two years ago; however,
in this paper some emphasis will be placed upon applications that General
Atomic Company is now making with these higher alloy fuels. They are referred
to as higher uranium content alloys because their development was not really
LEU development; the TRIGA fuel has used low enrichment since its inception.

The original TRIGA type of fuel element (rod) was developed in the
late 1950's for small research reactors, generally in the range of about one
megawatt or below. Initially it was clad in aluminum, but after the very first
few reactors (the first one was started up in 1958) a change was made to a
stainless-steel-clad fuel element. It was rather simple in construction, as
shown in Fig. 1, with a pellet of uranium zirconium-hydride fuel, 81/2 by
weight uranium (about 4 by volume).

At that time there were three principal reasons for using uranium irconium-
hydride, all of which were safety related. First of all, the uranium zirconium-
hydride, since it has hydrogen homogeneously mixed in the fuel, provided a
larger prompt negative temperature coefficient for the reactor. This made the
reactor immune to reactivity-type accidents and, therefore, very amenable for
training purposes in universities. The uranium zirconium-hydride also has a
feature of very low release of fission products. That is, the fission products
stay within the fuel meat, so even in the event of a cladding rupture, there
would be very low levels of fission products released into the atmosphere. This
allowed TRIGA reactors, and still allows TRIGA reactors, to be sited in con-
ventional buildings without the necessity for a containment building. The third
feature is the absence of metal-water type reactions. U-ZrH fuel pellets at
1200'C have been dropped into water and found to behave very benignly.

Based on the definitions in the Atomic Energy Act of 1954, 20%-enriched
uranium was defined as not being strategic nuclear material. Therefore General
Atomic chose to use 20%-enrichment for the TRIGA fuel.

Conversion of reactors from HEU to LEU is an old story because there have
been eleven reactors converted from plate fuel to the TRIGA low-enrichment U-ZrH
fuel using the standard element just described. Also, some of the reactor con-
versions at that time occurred not because of the enrichment question, but be-
cause of the operating characteristics of TRIGA reactors, and, in particular
perhaps, because of the pulsing capability of the U-ZrH fuel.

As things evolved in time, and as they still do, more is better, so
higher and higher power levels are being considered. The current geometry of
the TRIGA large-diameter element for use in reactors up to three megawatts
consists of three pieces of uranium zirconium-hydride fuel. Small rods of
plain zirconium go inside a hole that is drilled in the three fuel meats.
There are graphite reflectors at each end of the element to complement the
graphite radial reflector which is in most of the nuclear reactors designed.
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The fuel meats and reflector pieces are put into a stainless steel tube with a
0.020-in.-thick wall and closed with stainless steel end fittings The end
fittings of the current design, shown in Fig. 2 are somewhat stream-lined
compared to the original, as required by a two-megawatt operation with natural
convection cooling and a three-megawatt operation with forced downflow cooling.

In most cases this fuel was low enriched, in fact about 19.9%. In some
reactors, however, particularly with power levels above one megawatt, the user
wanted a longer-lifetime fuel. General Atomic developed what is called the
FLIP (Fuel Lifetime Improvement Program) fuel which uses 70%-enriched uranium.
This was done in the early 1970s a time at which there was no particular con-
cern about the use of highly-enriched uranium.

Going on from there, again increasing in power level, General Atomic
designed and proof-tested elements nominally a half inch in diameter in order
to get the power densities up. This particular fuel rod again is rather
simple. It has four uranium zirconium-hydride fuel meats contained in an
Incoloy 800 tube which is closed with stainless steel end fittings. These
particular rods are used in two types of element configurations. One, shown
in Fig 3 is a 16-rod, or a 4 x 4 array, element which is dimensionally
identical, basically, to a standard MTR plate-type element so that they can be
exchanged on a one-to-one basis. This fuel contained 93%-enriched uranium for
use in reactors having power levels of five to ten megawatts with a 4 x 4
array and for use in a x 5 array, shown in Fig. 4 for the currently-opera-
ting 14-MW TRIGA reactor in Romania.

Because of the use of the fully-enriched uranium in the case of these half-
inch-diameter rods and also because of the 70%-enriched uranium in the FLIP fuel,
in about 1976 General Atomic recognized the need to replace these fuels with a
low-enriched fuel which would be more readily exportable, since most of General
Atomic's reactor business was overseas. Therefore, in 1977, General Atomic
embarked upon a program, in conjunction with the DOE, to develop, or at
least prove, the capability to increase the uranium content in these alloys
up to about 45 weight percent. This would allow the use of low-enriched fuel
in all of the TRIGA reactors.

The work on the new alloys started from the base of the proven U-ZrH
fuels, that is, the existing TRIGA fuel which has been used for many years and
the 20-weight percent fuel which was proven under the SNAP Reactor Program at
Atomics International. The new fuels are those that go on up from there to 30
or 45 wt%. The volume percent of uranium contained in the fuel is approximately
half of the weight percent of uranium, so for example, a 45-weight-percent fuel
contains 21% uranium by volume. At 45 weight percent the uranium density in
the fuel meat is about 37 g/cm3. A comparison of some properties of the
proven and new fuels is given in Table I.

The fuel meat is still substantially zirconium in the more-highly-loaded
alloys, and for that reason, the characteristics of the so-called proven fuels
and these new fuels are very much the same. The form of the alloy is a solid
solution with very fine uranium homogeneously dispersed in the matrix for both
the old and new fuels. There is a slight egregation of the uranium at the
grain boundaries on the microscopic scale. In the new, or higher-uranium-
content, alloys these characteristics are very similar. There is some slight
change in the grain boundary structure and there is slightly more segregation
of the uranium at the grain boundary in the new fuels, but the continuous
zirconium matrix predominates.
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When this work was carried out in 1977, rather extensive metallography and
electron-microprobe analysis were performed. Based on the characteristics just
described, the metallurgists at General Atomic predicted that the irradiation
behavior of these so-called new fuels would be very much like that of the
proven fuels. At that time also, the thermal-physical properties, meaning
thermal expansion and thermal conductivity, were measured and again were found to
be very similar. From the design standpoint, basically the same parameters
can be used for both the proven and the new fuels.

The fission-product release from the fuel meat was also measured. Tpically,
the fission-product release from the proven fuels was on the order of 10 of
the available fission products for the given operating conditions. For the same
conditions with the higher-alloy-content fuels, it was found that the fission-
product release is described by the very same analytical relationship. In fact,
because of the slightly greater segregation in the grain boundaries, in some
cases an order of magnitude lower fission-product release was found for the
higher-U-content alloys than for the lower-U-content alloys.

There also, of course, was concern about properties such as the prompt
negative temperature coefficient for the reactor. Typically, in the TRIGA
reactor it is about 10-4, which is rather large. With a 45-weight-percent
fuel there is about a 20% decrease in that coefficient. However, even with
that decrease the coefficient is still large.

The reason for increasing the uranium content in the alloy, obviously, is
to try to get at least the same amount of 235U into the fuel as contained in
the original fuel. It should be noted here that the 235U density in the 93%-
enriched fuel used in the half-inch-diameter rods at 10 weight percent was about
0.56 g/cm3. At 45 weight percent with 20% enrichment, this density is 075 g/cm3'
which is somewhat higher than that in the older, fully-enriched version.

In the LEU fuel more 235U is needed from the standpoint of reactivity to
overcome the poisoning effects of the 238U. However this high 235U content made
it possible with the LEU fuels, to retain a very long core lifetime and good
fuel cycle economics.

One of the more encouraging things about the new fuel and, certainly, one
of the simplifying aspects, was that the identical fabrication process could be
used for these higher-weight-percent fuels as for the standard fuels. In fact,
it was found that for the 30- and 45-weight-percent fuels, the fabrication is
less troublesome than it is in the 12- to 20-weight-percent range. That is
probably not too surprising because one of the most difficult processes is
the hydriding, and the uranium does not hydride; only the zirconiu 'm hydrides.
The zirconium undergoes a volume change as it hydrides, and with less zirconium
in this material, there is slightly less volume expansion during hydriding.

Another measurement performed was a quench test from 1200' contrigrade.
Again, with the new fuels, behavior was the same as with the old fuels. Thermal
cycling tests were also performed because of the concern about the phase change
that the uranium goes through around 600'F. The fuel was recycled through that
temperature point many, many tiems to make sure that the continuous zirconium
matrix stabilized the fuel in the same manner as for the proven fuels.
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Last but not least, because we use the same process and the materials are
basically the same, the fabrication price is identical to that for the
earlier fully-enriched fuel. However, since the uranium content in these
so-called new fuels is slightly higher, the uranium component of the total
price is slightly higher.

All of the tests described so far have been laboratory tests, and the
final proof, of course, is in the irradiation test program. There are two
components to that, the first of which is testing that has been underway now
at the General Atomic TRIGA reactor since April of 1978. Testing is being
performed on 20-weight-percent and 45-weight-percent fuels. The principal
purpose of those tests is thermal cycling from ambient conditions to operat-
ing conditions. The fuel elements that are in the reactor have now undergone
more than 3000 such cycles, and there is no apparent detrimental effect.
These same fuel elements have also been pulsed a number of times in that
reactor.

The second part of the irradiation test program is a high-burnup irradia-
tion test in progress in the ORR for the 30- and 45-weight-percent fuels. The
30-weight-percent fuel is being tested in this case as a backup. In addition,
some 20-weight-percent fuel is also being irradiated. As of October 30th, the
test has run approximately 300 days. The power generation per rod -- and these
are standard-production, half-inch diameter rods -- has been about 30 kilowatts,
which is a little bit lower than had been anticipated in designing the tests.

The 235U contained in these rods in the case of 45 weight percent is about
55 grams and is 30 grams in the 30-weight-percent case. The approximate urn-
up after 300 days is about 11 grams of 235U, giving, on a percentage basis, 20%
of the 235U in the 45-weight-percent case and 37% in the 30-weight-percent case.
In the 30-weight-percent case, the core designs call for an average burnup of
40%, with peak burnups that run to about 55%. Therefore, the burnup achieved
is very close to that which would be considered a design value in a reactor.
For the 45-weight-percent fuel, the core is designed for an average burnup of
about 50, but, of course, the burnup level which can be achieved depends on
the given reactor conditions. The peak burnups would be about 60%; therefore,
the burnup achieved so far is under half, perhaps one-third, of the goal.
However, as predicted by the metallurgists, there have been no noticeable
changes in the behavior of these fuel rods to date. This is a very important
and encouraging success in the RERTR Program.

The application of these fuels will now be considered rather briefly.
Considering first the large-diameter element, a 70%-enriched version (FLIP) has
been used for some time. A replacement for that is the fuel with 20-weight-
percent uranium in the alloy. Production elements of this type have been
fabricated and sold to Thailand and Taiwan. Also, General Atomic fabri-
cated a full core for the new three-megawatt TRIGA for Bangladesh.

The 30-weight-percent fuel could be made available as a replacement for
the FLIP fuel. However, since enriched-uranium prices have increased rather
drastically in the last few years, it appeared that a lower inventory of 235U
in the FLIP-replacement fuel would be more nearly optimum from a fuel-cycle-
cost-optimization standpoint. The 20-weight-percent fuel still gives a very
long life, and it is a well-proven fuel.
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In the half-inch diameter element, the 45-weight-percent fuel is used,
and, from a fabrication standpoint, the first work that was done on 45-weight-
percent material utilized the existing fully-enriched configuration, specimens
were then taken from those for metallography and other tests. These rods have
been fabricated for the ORR tests, and more recently under the RERTR Program,
General Atomic fabricated 125 of these rods for five clusters to replace some
fully-enriched clusters in the 14-megawatt reactor in Romania. Incidentally,
the fabrication yields for this 45-weight-percent material were very, very
high and very encouraging.

The parameters of the fuel rod which is refered to as the nominally half-
inch diameter rod are: outside diameter, about 14 cm; fuel diameter, about
1.3 cm; over-all fuel length, 56 cm; 45-weight-percent fuel. The original
enrichment was 19.9%; however, that is no longer available and 19.7 ± 0.2%-
enriched uranium is now being used. This uranium loading and enrichment gives
about 55 grams of 235U per rod, and, in a 16-rod cluster, about 680 grams of
235U. This fuel element is of a geometry which could, on a one-for-one basis,
replace an MTR plate-type element. Incoloy 800 cladding, 0.016-in. thick is
used. This information is summarized in Table II.

One comment should be made here regarding the fabrication of this fuel
in relationship to the fabrication of the plate fuel. That is, the fuel meat
and the cladding are really two separate entities, so one does not have to
worry about variations in cladding thickness. There are no dogbones at General
Atomic; the tube can be inspected so that it is known that the cladding thick-
ness is 0016 in.

In order to go to higher and higher power densities an additional design
has been developed which uses a slightly smaller diameter rod. This rod now
is about one centimeter in diameter. A half-inch diameter rod is used,
typically, in designs where the average power density in the core is about 300
killowatts per liter with peak powers of about 525 kilowatts per liter. Going
to this smaller diameter rod, General Atomic has designed to average power
densities of around 440 kilowatts per liter with peak power capabilities of
around 1000 kilowatts per liter. This fuel uses the same materials as the
half-inch diameter rod: incoloy cladding and 45-weight-percent low-enriched
TJ-ZrH fuel. The properties of this smaller rod are listed in Table III. The
overall configuration of the element again is very much like the standard MTR
plate-type element and can be used on a one-for-one replacement basis. In a
36-rod cluster, that gives about 850 grams of 235U for one fuel element. The
fuel element was designed to go into a 25-MW TRIGA multi-purpose test reactor,
shown in Figs 5 and 6 to be used for power-reactor-fuel irradiation testing,
radioisotope production, and high flux beamport experiments.
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TABLE I .

NOMINAL FUEL SPECIFICATIONS FOR A SINGLE FUEL ROD

16-ROD CLUSTER

OUTSIDE CLAD DIAMETER 1.377 cm 0542 IN.)

OVERALL LENGTH 76.2 cm 30.0 IN.)

FUEL OUTSIDE DIAMETER 1,295 cm (0.510 IN.)

FUEL LENGTH 55.88 cm 22.0 IN.)

URANIUM CONTENT 45 WT-%

URANIum-235 ENRICHMENT 19.9 

MASS OF U-235 -55 G

ERBIUM -0.8 WT-%

CLADDING MATERIAL INCOLOY 800

CLADDING THICKNESS 0,41 mm (.016 IN.)
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TABLE I I .

NOMINAL FUEL SPECIFICATIONS FOR A SINGLE ROD

36-ROD CLUSTER

OUTSIDE CLAD DIAMETER 0.360 IN. 0914 cm)

OVERALL LENGTH 29 IN. 74 cm)
FUEL OUTSIDE DIAMETER 0.336 IN. 0853 cm)

FUEL LENGTH 22.0 IN. 56 cm)

URANIUM CONTENT 45 WT-%

URANIum-235 ENRICHMENT 19.9 

MASS OF U-235 23.7 G

ERBIUM, -1.5 WT-%

CLADDING MATERIAL INCOLOY 800

CLADDING THICKNESS 0.30 mm 0012 IN.)
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,--,'STAINLESS STEEL
TOP END-FIXTURE

STAINLESS
STEEL SPACER

GRAPHITE

ZIRCONIUM

CLADDING HYDRIDE-
THICKNESS 8.5 WT-%

28-37 IN. 0.02 IN. URANIUM
15 IN.

1.43 IN.

1.47 IN.

3.47 IN.
STAINLESS
STEEL TUBE

STAINLESS STEEL GRAPHITE
BOTTOM END-FIXTURE

Fig. 1. TRIGA fuel rod configuration
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Fig. 2 TRIGA fuel rods showing new end fitting geometry
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Fig. 3. TRIGA 4-rod cluster for direct replacement of
plate-type element
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Fig. 6.

TRIGA MULTIPURPOSE TEST REACTOR
CORE CONFIGURATION

TEMPERATURE SENSING
FUEL ROD

STANDARD FUEL ROD
8 IN. THROUGH BEAMPORT

CONTROL ROD
GUIDE TUBE NATURAL CONVECTIVE

COOLING BY-PASS
020 TAN WITH SHUT-OFF

BERYLLIUM
REFLECTOR ELEMENT

>1-00"

8 IN. RADIAL
BEAMPORT

36ROD
FUEL CLUSTER GRID

PLUG

REMOVABLE
GRID

8 IN. THROUGH SEGMENT
BEAMPORT

CORESHROUD GRID

PLATE

CORESUPPORTSTRUCTURE
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COEXTRUSION OF 60 to 80 t 7% NUCLEAR FUEL ELEMENTS

by

H. B. Peacock XA04C1549
E. I. du Pont de Nemours Co.
Savannah River Laboratory, Aiken, SC 29808

ABSTRACT

Aluminum-clad billets with up to 80 wt % U308 in U308-Al

cores have been coextruded at SRP. However, above 70 wt % U3082

yields are low because core-cracking takes place in about 40 of

the fuel tubes during coextrusion. Proper selection of materials

and extrusion parameters will give process conditions for success-

ful fabrication. Studies have begun at SRL to define the effects

of these parameters on the flow of metal during coextrusion.

The particle size distribution of the ceramic fuel phase has

a strong influence on fabricability. In coextruded tubes, cracks

are formed in large uranium oxide particles in the core material.

Cracking is caused by the high tensile deformation of these

particles that occurs as the cermet material flows through the

die. Lower extrusion ratios and larger die angles appear to

reduce severe particle cracking and increase fabrication yields.

Six P/M assemblies with up to 57 wt % U308 in U308-Al cores

were successfully irradiated to 16 x 1021 fissions per cm of

core. No swelling or blistering of the tubes occurred.
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Tests are continuing aimed at developing a coextrusion process

for manufacture of fuel tubes with up to about 80 wt % U308 in

U308-Al cores. Fabrication and irradiation of tubes containing 60

to 70 wt % U308 is planned for early 1981. After irradiation, the

tubes will be tested to evaluate swelling behavior of cores con-

taining 70 wt % U3 8

IWMDUCTION

Powder metallurgy (P/M) is a useful technique to manufacture

nuclear fuel elements that contain high uranium contents. The P/M

process uses powders to form cores for reactor fuel elements

directly or to make preforms for further fabricating operations

such as extrusion. Cermet elements have cores that contain a

fissionable ceramic fuel (for example, U2 or U308) that is

uniformly dispersed in a metallic matrix such as aluminum. These

cores are then clad with a suitable material. Solid radioactive

fission products and gases are contained within the core by the

cladding. Both plate and tubular fuel elements have been made for

nuclear reactors.

At the Savannah River Laboratory (SRL), development is

directed toward tubular elements made by coextrusian of aluminum

billets with U308-Al P/M cores.1 The cores have high uranium

oxide contents in an effort to utilize fuel of lower enrichment

and reduce waste generation during separations.

This report discusses results obtained from coextrusion tests

using billets with up to 80 weight percent (wt TJ30 in
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U308-Al cores. Also, information is presented on inspection of

irradiated fuel tubes with 57 wt % uranium oxide from the last

irradiation test.

DISCUSSIOW

Fuel assemblies generally consist of 3 concentric tubes with

3.8-m-long 12.5 ft) cores (Figure 1). The inside (ID) and out-

side (OD) diameters of the assembled tubes range from about 44 to

9.4 cm 175 to 370 in.), respectively. Savannah River Plant (SRP)

fuel tubes operate at less than 300*C centerline temperature and

use aluminum to facilitate chemical separations. A P/M process is

being developed that will produce fuel tubes by co-extrusion of

billets to form U308-Al cores clad with 8001 aluminum alloy.

Cores are made with U308 and commercially pure aluminum

powders. For fabrication development, depleted U308 serves as a

stand-in for enriched powder. Characterization studies show that

the two uranium oxide powders have almost identical morphology and

tests show thev behave similarly during fabrication.

Uranium trioxide (UO3) is calcined at 800'C in nitrogen to

produce U3081 The U03 owder is made by denitration of uranyl

nitrate2 at Oak Ridge Y12 and has an average particle size of

about 09 mm. After calcining, U308 powder is roll-ground to

match closely the particle size of the commercially pure aluminum

powder for uranium blending. Grinding is a slaw process, so other

alternatives are being investigated that will produce the required

particle-size distribution directly without subsequent comminution.
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The alternative methods include ion exchange and precipita-

tion of uranyl formate from formic acid solution followed by a

calcination steD. Powders have been produced by these methods at

SRP and are now being evaluated. Oak Ridge is determining the

effect of process parameters on changing the size of U03 particles

made by continuous denitration.

Blending of V308 and Aluminum Powders

Uranium oxide and aluminum powders are uniformly blended for

the billet fabrication process. To overcome the tendency of fine

U308 powder <44 um) to agglomerate and segregate, preblending and

sieving steps are incorporated. After a 5-minute preblend in a

horizontal drum blender, the powder is transferred through a U.S.

standard 80-mesh 0177 mm) vibrating screen into the final blend

container. This final screening breaks down the agglomerated U308

in the feed so that no large particles get into the final mixture.

The aluminum powder hinders any reagglomeration of U308-

After screening, the drum and screen are removed, the tum-

bling blender is closed and adjusted to the horizontal blending

position, and the feed is tumbled about 10 minutes to obtain a

uniform mixture. The tumbling blender is a horizontal drum mixer

that has 2.5-cm-diameter (1 in.) pins to increase shear mixing.

Blended powder is transferred from the mixer to the compaction

mold (which is connected directly to the mixer) by tilting the

mixer as it rotates and the powder tumbles directly into the mold.

The U30, and aluminum powders tend to segregate because of
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differences in density 84 g/cm3 for U308 and 27 g/cm3 for Al)

and in particle-size distribution of the two constituents. There-

fore, mechanisms which tend to separate owders (such as pouring

and vibrating) are controlled closely. Mold vibration, which is

necessary to produce the desired density of the mold powder (-55%

of solid density), is limited to 20 seconds to reduce potential

segregation.

Isostatic Compaction

A hollow cylindrical billet core is made by isostatic compac-

tion of the blended 308-Al mixture. The powder is sealed in a

1.27-cm-thick (0.5 in.) elastomeric urethane mold and compacted

under high fluid pressure to make a compact that is about 1 cm

(6 in.) long and has an OD and ID of 12.2 cm and 86 cm 48 and

3.4 in.), respectively. Binders are not used. A steel mandrel

forms the inside diameter of the core and no machining of the

compacted core is required.

A 21 x 105 kPa 30,000 lb/in.2) isostat is used to compact

the cores to typically 80% of theoretical density before extru-

sion. For a given pressure, the solid density of the compact is

a function of the oxide content of the mixture (Figure 2 At

2.1 x 105 kPa a 70 wt % 308 core can be compacted to about 79%

of the theoretical value, while an 80 t % U30, core can be com-

pacted to only 742 of the theoretical density. An isostat with

higher working pressure is needed to obtain an 80% dense core for

mixtures with uranium oxide contents greater than about 65 vt %

U3 �
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Compacted Billet Core

Photomicrographs (Figure 3 show sections of an as-compacted

70 wt % (thin wall production type) billet core. The metallo-

graphic section was taken along the axis of the core (longitudi-

nal). The 3308 particles appear randomly distributed and are

generally surrounded by aluminum particles. The uranium oxide

powder to make the compact was roll-ground, depleted U308 with a

particle-size distribution of 100 percent less than 150 um and

no more than 40 percent less than 44 Pm. The very fine oxide

particles <44 um) are generally distributed along aluminum

particle boundaries. The theoretical volume fraction of oxide

is 043; but due to random fabrication voids, the fraction may

appear to be somewhat larger.

Extruded Core

During coextrusion, the compact is forced through the die

which compresses and elongates the core. Extrusion reduces the

cross-sectional area by a factor of thirty. Uranium particles

are aligned in streamlines and form elongated areas of continuous

particles called stringers (Figure 4a). Increasing the uranium

oxide content increases the probability of stringers.

As the extrudate approaches the die exit, large tensile

deformation occurs which can cause cracks in large oxide particles.

The cracks are generally perpendicular to the extrusion direction,
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as shown in Figure 4b. At Points A and B, the cracks extend

through the two large oxide particles and fractures the aluminum

matrix between them. At Point B, the compressive deformation has

forced an oxide fragment and the aluminum matrix into the crack of

the above oxide particle.

The billet is preheated between 400' and 500% before extru-

sion. The high temperature makes the aluminum ductile, but has

little effect on the mechanical properties of the TJ308 particles.

The uranium oxide particle size distribution is a factor that must

be considered in fabrication because cracks occur primarily in

large particles. These large articles cannot undergo large ten-

sile deformation during extrusion and, therefore, crack. Linkage

of these cracks results in tearing of the aluminum cladding of the

tubes. Increasing the uranium oxide content increases the likeli-

hood of failure. Extrusion parameters such as temperature, die

angle, and extrusion ratio also affect the flow of material

through the die.

Laboratory Small-Scale Extrusion Studies

Studies are being developed on a small-scale in SRL with a

4.6 MN (520-ton) extrusion ress. The 2.5-cm-diameter O in.)

tubes have 1.85 to 1.91-mm-thick 73 to 75 mils) cores with

0.76 mm 30 mils) of inner and outer aluminum cladding. The

cladding/core thicknesses are the same as those of production

tubes. Billet cores are blended and compacted bv the P/M process
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described earlier in the report. The extrusion ratio is also 30:1

as in the production process. Test conditions have included var-

ying the uranium oxide content, the tooling temperature, and the

die angle.

Photomicrographs of longitudinal and transverse sections from

coextruded small-scale tubes are shown in Figures and 6 for 60,

70, and 80 wt % uranium oxide in U308-Al cores. The extrusion

parameters are given in Table 1. Figures and 6 show that oxide

stringers occur in the longitudinal direction and become progres-

sively worse with increasing oxide content. All tubes were

extruded using the same tooling, but the core containing 80 wt

U308 is thicker because the compressibility of this high oxide

content core is less.

TABLE I

Small-Scale Coextrusion Tests

U308 Extrusion
Content, Equiv. U* 3 Tooling Temp., Semi-Cone
Wt % Dens., g/cm *C Die Angle, Deg.

60 2.3 165 60

70 3.1 300 37-1/2

80 4.0 280 52-1/2

Theoretical for natural uranium enriched to 20 wt % 235U;
excludes porosity.
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Particle cracks perpendicular to the extrusion direction

(seen in Figures and 6 are more frequent for the 70 wt % core

which was extruded with the 37-1/2 degree die. The die angle and

tooling temperature for 60, 70, and 80 wt % cores are different.

initial studies indicate that the final state of deformation at

the die exit is a function of die angle even if the extrusion

ratio is the same. A plausible explanation for fewer large var-

ticle cracks observed in the 80 wt % core (Figure 6 is the 25%

lower core reduction caused by a less compressible powder mixture.

The reduction or extrusion ratio is directly related to the amount

of tensile deformation at the die exit. Decreasing the extrusion

ratio reduces the probability of cracking the oxide particles.

Tooling temperature affects the cladding temperature more

than the core temperature because the thermal conductivity of the

high wt core is greatly reduced by the oxide phase. In fact,

the calculated thermal conductivity of a 70 wt % U308 in a U308-Al

mixture is about 035 the conductivity of aluminum. Billets are

preheated to a high temperature before extrusion to increase the

ductility of the core. The cladding is cooled faster because of

the higher thermal conductivity of aluminum giving added strength

that helps prevent tearing of the tube surface and ribs. Studies

are continuing to evaluate qualitatively the effect of extrusion

parameters on the flow of metal and on P/M cores during coextru-

sion.
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Irradiation Testing

In 1976, six P/M test assemblies containing 57 wt % U30 in

U308-Al cores were irradiated in SRP reactors. The P/M assemblies

were successfully irradiated to a maximum of 16 x 1021 fissions

per cm3 of core. No swelling or blistering of the tubes occurred.

During subsequent underwater examination in the fuel element cool-

ing basin, a "black" oxide surface was observed on the lower part

of both the standard production U-Al tube and also the 30,_A1

test fuel tubes. The "black" oxide was flaked off near the bottom,

as shown in Figure 7.

Sections were cut from the tubes and examined in a shielded

facility at SRL. Oxide samples were scraped from the surface for

x-ray diffraction analysis. The oxide was identified as boehmite

[AlO(OH)], the -high-temperature form of alumina. Near the flaked

area, the thickness of the oxide was 0064 to 0076 mm 25 to

3 mil) thick. The cladding was thinned about 3 due to this oxi-

dation. Continued oxidation and spalling of an oxide layer while

in the reactor may expose the core to the moderator to cause the

release of fission products and gases. For 8001 aluminum alloy,

these conditions form an upper limit for reactor operations.

"Black" oxide has been produced on the surface of 8001 aluminum

samples in SRP corrosion tests outside the reactor.
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Microstructure of Fabricated and Irradiated P/M Cores

The U308-Al microstructure is significantly altered during

irradiation. Aluminum diffuses through the U308 particles and

reacts with them to form AIX-tvpe particles. Irradiation

damage or incomplete reaction negates positive phase identifica-

tion bv x-rav diffraction. However, electron-microprobd and

XES4 studies indicate that several UAl hases exist. The as-

fabricated and irradiated microstructure is shown in Figure for

the 57 wt % oxide core. The as-fabricated microstructure shows

individual U308 particles dispersed in the aluminum matrix.

After irradiation, many voids are observed in the microstruc-

ture. The fraction of void volume for as-fabricated tubes is a

function of the oxide content and varies from approximately 7 to

18% for 30 to 70 wt % U308 in U308-Al cores. Voids occur from:

1) less than theoretically dense U 0 particles, 2 fabrication,3 

and 3 U308-Al reactions. The voids are sites for fission gases

and reduce the propensity for swelling.

Future Development at SRP

Irradiation of tubes with 70 wt % of U308 in U308-Al cores is

scheduled for March 1981 at SRP. Fabrication is in progress and

will be completed about Februarv 1981.
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Development of coextrusion techniques for the fabrication of

80 wt % J308 in U308-Al cores is in progress at SRL. The flow of

metal through dies is being studied. Variables known to affect

the extrudabilitv of P/M billets are being evaluated.
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Producibility Studies Using UAl
for Low Enrichment Fuel Platesx

D. F. Atkins

Atomics International

XAO4C155O

1. INTRODUCTION

As part of the government's nonproliferation policy, many of the

low-power research reactors are being requested to reduce the enrichment

level of their fuel from 93% down to 20%. This reduction will substan-

tially reduce the risk of diversion of strategic nuclear material by

unauthorized persons. To reduce the enrichment level to 20% will re-

quire the uranium content in the fuel form be increased to compensate

for the reduction in U-235 enrichment. This increased uranium require-

ment places a burden on existing technology.

It appears that the LEU fuel for the low-power research reactors

can be made using the standard UA1X fuel process currently being employed

at AI. In order to investigate this hypothesis and to establish the

upper practical limit of uranium concentration in this type of fuel

plate, the test matrix shown in Table was conducted. This test matrix

evaluated the uranium concentration between 40 vol %, the current base-

line, and 80 vol %. Two different plate thicknesses were also evaluated.

Fully enriched uranium was used in the study, but for plate loading

calculations, it will be considered as 20% enrichment.

The objective of this development study was to demonstrate the

ability to produce acceptable fuel plates with high UAlx loadings. For

this study, Michigan size fuel plates were used. The resulting fuel

plates were nondestructively evaluated using the fluoroscope, ultrasonic

inspection, min-gauge inspection, radiography, void-volume determina-

tion, and visual inspection. Metallography was conducted to determine

core thickness, grain growth across interfaces, and the minimum cladding

thickness.
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II. PROCEDURE

The Low Enrichment Uranium (LEU) Test Program for UAl x fuel consisted

of the fabrication and evaluation of 28 full size Michigan-type fuel

plates. For convenience, the program was divided into four. phases as

shown in the test matrix, Table 1. Phase I was designed to determine

the highest UAl x loadings which can be achieved using a 0.050-in. thick

fuel plate and a 0.020-in. thick fuel core. The Alx loadings ranged

from 40 to 80 vol % at 10% increments. Two plates of each UAl x loading

were rolled to size and inspected. Particular emphasis was placed on

evaluation of core geometry, lamination or cohesiveness of core, dog

boning at the core ends, and cladding thickness over the core region.

Evaluation of these core features permitted definition of the maximum

UAIX core loading for 0.050-in. thick fuel plates using the AI process.

In Phase II, the same approach as in Phase I was used to fabricate

and evaluate 0.060-in. thick fuel plates with a 0.030-in. core. With

the thicker plate/core design, greater UAl x loadings can be achieved for

a given volume ratio. In place of the 60 vol % UAl x loading (as used in

Phase I), a 58.3 vol loading was selected. This gives a uranium

loading which is close to the required Michigan plate requirement for

20% enriched UAl x

Phase III provided information for adjusting core geometry on

0.060-in. thick fuel plates. Two different cover plate thicknesses were

used to evaluate the influence of this cover plate feature on core

length and thickness. The UAl x loading for LEU Michigan fuel plates was

used for this study. Two plates of each cover plate dimension were

evaluated by fluoroscopy, UT, and radiography.

Phase IV demonstrated the feasibility of rolling the LEU Michigan

cores in tandem. Two billets, each containing two cores, were fabricated

into 0.060-in. thick plates.
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Fabrication processes were essentially the same for all four phases,

except for rolling schedule changes necessitated by plate thickness

requirements. The UAIX powder was taken from production supply and was

of 93% enrichment. For plate loading calculations, the UAI X was con-

sidered as a 20% enrichment. The required UAl X powder for each plate

was next mixed with a precalculated quantity of aluminum powder. This

mixture, representing the calculated amounts of UAlX and aluminum powder

for each plate, was pressed into compacts. The compacts were then

assembled with 6061 aluminum picture frames and cover plates to form

rolling billets. After hot rolling, the plates were blister annealed

and examined for evidence of blisters on the plate surfaces. The plates

were next cold rolled to finish thickness. After rough shearing, the

trimmed plates were ready for evaluation.
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Ill. RESULTS AND EVALUATION

Following the plate fabrication operations, the plates were examined

by nondestructive and destructive techniques. Quality assurance pro-

cedures for Michigan fuel plates were employed to evaluate bonding, core

void density, and core configuration. The following paragraphs identify

the tests performed and discuss the results and observations.

A. PLATE ROLLING OBSERVATIONS

During hot rolling it was observed that the plate cores containing

greater than 60 vol % UAlxdeveloped a ripple pattern on the plate

surfaces above the cores. This ripple condition became obvious during

the latter roll passes and resulted in a high-low surface condition

which matched the ripple pattern. Slight variations in plate thickness

over the ripple region were apparent to the touch. The ripples were

transverse to the rolling direction of the plates and were present only

over the fuel core region. Initial evaluation seemed to suggest that

the rippling was associated with core cracking or the inability of the

heavy loaded cores to roll uniformly.

In cold rolling to finish thickness, the plates containing the

ripple core condition developed extensive cladding cracks. These

cracks, random over the plate core area, seemed to develop at the peaks

of the ripples. Cracking in the cladding was also observed in the dog

bone region at the plate core ends.

This cracking condition, occurring on plate cores with greater than

60 vol % UAlx, limited the amount of nondestructive evaluation which

could be performed on these plates. Evaluations involving submersion of

the plates in water, specifically ultrasonic inspection and void fraction

measurement, could not be performed on these cracked plates.
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B. BLISTER TESTS

After hot rolling, each plate was annealed, and after cooling the

plate surfaces were examined for blisters. None of the plates exhibited

blisters over the core area. Small blisters were noted at the plate

ends but were sufficiently remote from the core so that the affected

regions would be copped off on final shearing.

C. ULTRASONIC INSPECTION

Plates which did not exhibit surface cracking 60 vol and lower)

were examined by ultrasonic scan for nonbonds. No nonbond condition was

detected over the fuel core on any of the plates.

D. VOID DENSITY MEASUREMENTS

Measurements of the percentage void in the fuel plate cores were

made using a standard technique based on Archimedes' water displacement

method. Since water imersion was required, only those plates with

uncracked surfaces were measured. The percentage of voids of the fuel

core is tabulated in Table II. The trend is for the void fraction to

increase with increasing UAl x composition. The finished plate thickness

and likewise fuel core thickness did not influence the core void volume.

All of the values are within the generally accepted range for UAl x fuel

cores.

E. RADIOGRAPHY

All plates were X-rayed to reveal the core geometry and homogeneity;

measurements of the core length and width were taken and the values are

listed in Table III. The width values are an average of five individual

measurements equally spaced along the core length. The recorded core

lengths reflect an average of three measurements.
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As observed from the table, all UA1 X compositions met the Michigan

specification requirement on core width. Core lengths were within

specification limits on most of the UAIX compositions but there was a

tendency toward shorter cores with the high compositions.

From the study conducted under Phase III of this program, core

length can easily be adjusted by changing cover plate thickness. The

results of this brief study are shown in Figure 1. For a Alx loading

of 58.3 vol %, the nominal Michigan core length can be achieved by using

thicker cover plates. As illustrated, the nominal Michigan core length

should be obtained using cover plates of 0146 in. thickness.

A review of the radiographic film showed that the 70 and 80 vol %

UAlX plates possessed gross inhomogeneity and core segregation with a

striped pattern of the same appearance as the ripple condition visible

on the plate surfaces. Lower UAl X compositions exhibited uniform core

homogeneity except for evidence of a dog bone on the 60 vol % and

58.3 vol % plates. A slight dog bone condition was also evident on the

50 vol plates. Prints of the radiographs of the plate core ends for

the 0.050 in. thick plates are shown in Figure 2 These prints are

positives of the X-ray negatives and, therefore, the dark regions on the

prints are actually light on the X-ray film. Prints of the 0060 in.

thick plate radiographs are shown in Figure 3 and depict the same

characteristics as observed with the 0.050 in. thick plates.

To evaluate the homogeneity of the fuel plate cores, densitometer

readings were taken on the radiographic film. For this study, readings

were taken of both light and dark regions in the central area of each

plate. The extreme of the high and low readings for each plate was used

to obtain the ratio plotted on the ordinate of the graph in Figure 4.

This curve is a graphical presentation of the homogeneity of the fuel

cores as a function of UAl X. content. The lower the ratio the more

uniform and homogeneous the plate core. The curve shows rapid departure
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from homogeneity as the UAl X composition exceeds 60 vol %. Both plate

thicknesses show essentially the same characteristics with the 060 in.

thick plates slightly more homogeneous at the higher loadings.

F. METALLOGRAPHY

Metallographic examination was performed on selected fuel plates to

provide information on core thickness, cladding over fuel core, and dog

bone condition at the core ends. The plates were sectioned according to

the diagram in Figure 5. The polished sample sections were examined

under the microscope for core thickness and the amount of cladding over

the core.

Average fuel core thickness measurements for the examined plates

are given in Table III. It is seen that the 0.050 in. thick plates

contained fuel cores close to the intended 0020 in. thickness. How-

ever, the 0060 in. thick plates had cores which were several mils under

the 0030 in. thick target. In the case of the 70 and 80 vol % UAl X

plates, the core thickness was so irregular that values are not reported.

To illustrate this irregularity, the montage of a 70 vol % UAl X core is

presented in Figure 6 This core irregularity was typical of the 70 and

80 vol % UAlx cores of both plate thicknesses. These core undulations

were reflected visually as the ripple condition on the plate surfaces

and as the striped pattern and inhomogeneity on the plate radiographs.

It is suspected that the uneven core condition is the result of

insufficient aluminum powder in the core matrix. Apparently, a minimum

of about 40 vol % aluminum powder is needed with the UAl X mixture in

order to provide sufficient ductility during rolling. Less than 40 vol %

aluminum powder does not allow the UAI X particles to flow and respond

uniformly to the rolling pressures.
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Plate core ends were examined metallographically for dog bone

tendencies which would reduce the amount of cladding over the fuel.

Typical photomicrographs for 0.050 in. thick plates are shown in Fig-

ure 7 The 40 vol % UAl x core shows no dog bone problem. The 50 vol %

UAlx core showed a dog bone condition resulting in clad thinning. Only

the trailing end of the plate core had this condition. It is expected

that this problem can be corrected by changing rolling schedule or by a

modification of compact design. In the case of the 60 vol plate, a

more serious dog bone condition was found. Development work involving

UAlx particle size, compact geometry, and/or rolling schedule would be

necessary to try to correct this problem. In the case of the 70 and

80 vol % UAlx cores, gross dog boning occurred on both ends of the

plates with clad cracking over the dog bone.

Similar characteristics were observed on the 0060 in. thick plates

as shown in Figure .

G. PLATE FORMING

One of the concerns with fabricability of high UAl X loaded fuel

plates is the formability of the plates after processing. For example,

the Michigan element design requires that the finished plates be formed

to produce a curvature of specific crown height along the axial plate

direction. The possibility that this forming operation would create

nonbond conditions over the high loaded cores had to be investigated.

To evaluate this, those plates which did not contain cladding

cracks and hence were previously examined for nonbonds by ultrasonic

scan were formed using the Michigan forming die. After forming, the

plates were flattened by roller leveling. A rescan by UT did not show

any disbond condition resulting from the forming process.
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H. TANDEM ROLLING

In Phase IV of the test matrix (Table 1), four cores containing the

projected Michigan LEU loading 58.3 vol % UAlx) were hot rolled as two

separate plates--each containing two cores end to end.

The resulting four finished fuel plates were examined primarily by

radiography to determine if there were any significant differences

between the fore and aft cores. From the length and width measurements

given in Table IV, it appears that the cores are essentially the same

dimensions in both the fore and aft position of the tandem core billets.

From other observations of homogeneity and dog bone condition, it was

concluded that the tandem rolled cores compared favorably with the

single rolled cores.
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IV. CONCLUSIONS

Based on the evaluation of the UAlx loaded fuel plates, it was

concluded that a 0 vol % UAlx loading is the maximum limit that can be

achieved without further development. Even the 50 vol % UAIX plates

showed some tendency for dog bone formation, but this problem can probably

be corrected by process modifications.

The 60 vol % UAlx plates exhibited strong dog bone tendencies at

both ends of the plate cores. Possible approaches to reduce or eliminate

this dog bone problem would be a redesign of the fuel compact, change in

the rolling schedule, and/or selective particle size distribution of the

UAlx powder.

Increasing the plate thickness and core thickness allowed more

aluminum powder to be added to the fuel mixture. This would tend to

provide a softer core with better rolling characteristics. However, the

resulting .006 to .007 in. increase in final core thickness did not

cause any dramatic improvement in plate quality within the 10 vo % UAl x

increments used in this study. Although slight improvement in core

characteristics were observed, the same problems of dog bone and inhomo-

geneity were encountered on both the 0.050 in. and 0060 in. fuel plates

with corresponding UAlx loadings.

In plates containing greater than 60 vol % Alx, gross core segrega-

tion and inhomogeneity was found. These high loaded Alx plates apparently

do not contain sufficient aluminum powder to provide a ductile matrix

for uniform rolling characteristics.
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TABLE I

LEU TEST MATRIX FOR MCHIGAN-TYPE FUEL PLATES

Phase I Phase 11 Phase III Phase IV

Plate Type I A I I C I 0 1 El 11 Al 11 B 11 C. 11 D 11 E III A III IV A

Number of Plates 2 2 2 2 2 2 2 2 2 2 2 2 4

Compact Thickness .185 .185 .185 .165 .1851 .235 235 .235 .235 235 .235 .235 .235

Core Thickness .020 .020 020 .020 020' 030 .030 .030 .030 .030 .030 .030 .030

Cover Plate Thickness .125 125 125 .125 .125 .135 135 .135 .135 135 .145 .155 .135
00

Vol UAlx 40 50 60 70 80 40 50 58.3- 70 80 58.3- 58.3- 58.3-

Wt % UAlx 62 71 79 85 91 62 71 77.6* 85 91 77.6* 77.6* 77.6*

Finished Plate Thickness .050 .050 .050 .050 .050 .060 .060 .060 .060 .060 .060 .060 .060

Mass U-235 (g) 27.4 34.2 40.6 46.3 51.7 35.3 44.1 50.9 59.7 66.7 50.9 50.9 50.9
R I 1. - I 11 I I I I I I

'Baseline ichigan assuming 35% increase in U-235 required.



TABLE II

VOID DENSITY OF LEU PLATES

Plate S/N Plate Thickness, in. V/0, Alx Void Volume,

01FW 002 .050 40 6.67

003 .050 so 7.76

013 .060 40 5.75

015 .060 50 7.53

019 .060 58 9.38

033 .060 58 9.82

187



TABLE III

SUMMARY OF FUEL CORE DIMENSIONS - LEU

Core Width Core Length Core Thickness
vol % Alx Average, in. Average, in. Average, in.

0.050 in. Plates

40 2.14 23.01 0.020

50 2.15 23.10 0.020

60 2.13 22.52 0.021

70 2.14 22.62

80 2.15 22.76

-0.060 in. Plates

40 2.149 22.71 0.027

50 2.152 22.44 0.026

58.3 2.143 22.24 0.026

70 2.144 22.27

80 2.156 22.53

Michigan Spec. 2.041/2.401 22.50/24.00 0.020 t 0.005
Requirements
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TABLE IV

TANDEM ROLLED FUEL CORE DIMENSIONS

Core Width Core Length
Plate Serial No. Average, in. Average, in. Rolling Position

01FW - 032 2.144 22.50 Forward

- 033 2.148 22.64 Aft

- 034 2.147 22.49 Forward

- 035 2.144 22.41 Aft
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FIGURE 2
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FIGURE 3
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FIGURE 4

RADIOGRAPHIC HOMOGENEITY OF
FUEL PLATE PLATE CORES WITH UALx LOADINGS
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Status of Fuel Element Technology for Plate Type Dispersion Fuels with High
Uranium Density

M. F. Hrovat,+ H. Huschka,+ K. H. Koch,+ S. Nazare',* and G. Ondracek

+NUKEM and *Kernforschungszentrum Karlsruhe

1. Introduction and Objective

A number of about 20 Material Test- and Research Reactors in Germany and
abroad is supplied with fuel elements by the company NUKEM. The power of
these reactors differs widely ranging from up to about 100 MW. Consequently,
the uranium density of the fuel elements in the meat varies considerably
depending on the eactor type and is usually within the range from 04 to 13 g
U/cm3 if HEU is used. In order to convert these reactors to lower uranium
enrichment 19.75% 235U) extensive work is carried out at NUKEM since about
two years with the goal to develop fuel elemnts with high U-density. This
work is sponsored by the German Ministry for Research and Technology in the
frame of the AF-program. The institutions participating in the AF-program
are:

GKSS, Geesthacht

- KFA, ich

- KfK, Karlsruhe

- INTERATOM

- NUKEM

In the following, the present state of development for fuel elements
with high U-density fuels at NUKEM is reported. The development works were

so far concentrated on Alx, U308 and U02 fuels which will be described
in more detail. In addition fuel plates with new fuels like e.g. U-Si or U-Fe
compounds are developed in collaboration with fK (Institut fl�ir Material-
und FestkBrperforschung).

In Fig. I the required uranium densities for some typical reactors with
low, medium, and high power are listed allowing a comparison of HEU and LEU
uranium density requirements. The 235U-content in the case of LEU is raised
by 18%. Two different meat thicknesses are considered:

- Standard thickness of 0.5 mm

- increased thickness of 076 mm

From this data compilation follows the objective that, in the case of
conversion to LU 19.75% 235U-enrichment), uranium densities have to be made
available up to 24 gU/cm3 meat for low power level reactors, up to 33 gU/cm3
meat for medium power level reactors, and between 575 and 703 g/cm3 meat
for high power level reactors according to this consideration.

2. UAlx and Uranium Oxide Dispersion Fuels

2.1 Alx Fuel

Starting from the proved Alx technology the first goal was to raise
the uranium density in the meat as much as possible.
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The development work was concentrated on optimizing the rolling parameters
of fuel plate fabrication. The properties of Alx fuel grains were kept
unchanged according to previous specifications with 69 3 w/o uranium and
a grain size 125 Pm. Figure 2 shows a typical scanning electron microscope
(SEM) photograph of such Alx fuel grains. As expected the Alx fuel grains
are highly dense and have a low BET surface. The SEM photograph does not
reveal any porosity even at a magnification of 3000 x. Figure 3 shows micro-
graphs of the Alx fuel plate with 22 gU/cm3 in the meat. This figure also
show x-ray determination of U-homogeneity along the total 600 mm active length
of the plate.

The cladding thickness is uniform, only slight dog-boning can be seen
at the plate end. The uranium distribution is homogeneous, meeting the speci-
fication also in the dog-boning area.

2.2 U308 Fuel

Apart from UAIX also U308 Is very well proved in-pile as dispersion fuel,
e.g. in the HFIR reactor. Compared to AlX U308 has a higher U-density so
that increased uranium densities in the meat can be attained at equal fuel
volume fraction. We investigated the fabrication of fuel plates with uranium
densities from 20 to 32 gU/cm in the meat. The U308 fuel grains have to
fulfil several requirements from fabrication and irradiation point of view.
The U308 powder must have a high density, low BET surface and high compres-
sive strength. Besides, the grain size spectrum has to meet narrow specifica7
tions. In order to meet these requirements a new procedure was developed at
NUKEM: First uranium oxihydrate is precipitated from the uranyl nitrate solu-
tion at a pH value of <2. The oxihydrate is then converted t U308 powder by
calcinating in air, molded to pellets with subsequent grinding and screening of
the pellets to a granulate of defined grain size. The granulate is finally
sintered in air at a temperature of about 1400'C and thereby deadburned.

Figure 4 shows a SEM photograph Of U308 fuel grains fabricated in this
way. Similar to the Alx fuel the U308 fuel grains have also a desired high
density of 99% theoretical value and a low BET surface. At a magnification of
3000 x no porosity in the fuel grains can be recognized.

Figures and 6 show micrographs and X-ray measurements of the uranium
distribution for U308 fuel plates with 22 and 32 gU/cm meat. In both
cases equal cladding thickness without any discernible dog-boning at the ends
of the fuel plates and very good uranium homogeneity can be recognized.

The plate with 22 gU/cm 3 meat shows the advantages of a distinctly
higher Al matrix volume fraction in the meat compared to equal Alx fuel
plate shown in Fig. 3.

2.3 U02 Fuel

In spite of high uranium density, good irradiation performance and
proved reprocessing U02 has not attained broad application as dispersion
fuel for MTR-fuel elements produced by picture frame rolling technique. The
use Of U02 is mainly opposed by its unsufficient chemical compatibility with
aluminium. This disadvantage is especially experienced in the folling fabrica-
tion step of the fuel plates. In case it would be possible to suppress the
undesired reaction between U02 and aluminium this fuel can also be used for
plate fabrication.
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NUKEM started the development Of 102 fuel plates with the objective
to decrease the reactivity Of U02 with aluminium.

In the first tests a highly dense U02 granulate of the grain size 90 m

was used. Similar to the U308 fuel also the U02 granulate was fabricated by
grinding and screening of highly dense U02 pellets. The pellets were fabricated
by the so-called "Hot Impact Pellet densification Procedure" (HID). This pro-
cedure is primarily developed for the fabrication of plutonium containing
pellets in collaboration with KfK. The essential advantage of the procedure
is the possibility to densify an extremely inactive U02 powder to pellets of
high density (up to 99.5% of the theoretical value).

In the HID procedure premolded U02 compacts are heated above 2000'C
and densified in one step to final density and precise final dimensions
using high forming pressure.

The main feature of this new process is an extremely short time of contact
between pellet and die. Injection, densification and ejection of the pellet
take only a few milliseconds. Since there is only little time for thermal
interaction, it is possible to use 2cold dies and punches, which make a high
forming pressure of about 600 MN/m and high temperature up to 2200%
applicable. When leaving the die, the pellets are still within the plastic
temperature range. They are then already stable in shape, but not brittle.

Figure 7 shows the experimental HID facility.

In Fig. a section of a HID pellet is shown. The geometrically determind-
ed density is 98.4% of the theoretical value. Remarkable is the fine grained
structure with equal closed porosity and small pore diameters below 3 Pm.

Figure 9 presents a SEM photograph of the U02 fuel granulate fabricated
by grinding and screening of the pellets. The granulate thus obtained was used
for fabrication of fuel plates with uranium density of 4 gU/cm3 in the meat.
AlMg I was used as cladding material. The maximal fabrication temperature was
500%. The plates allowed good rolling, no dimensional growth as detected.

Figure 10 shows a micrograph of the U02 fuel plate with 4 gU/cm3 in
meat and the corresponding X-ray determination 3of the uranium distribution.
Similar to the Alx fuel plates with 22 gU/cm meat the cladding thickness
is equal, except that at the plate end slight dog-boning can be seen. In
spite of the relatively high fuel fabrication temperature of 500% the used
U02 granulate did not react with the aluminium matrix.

3. Status of Plate Type Fuel Element Technology at NUKEM

The present state of development is presented in Fig. 11. Fuel plates
of Alx fuel with uranium densities up to 22 gU/cm3 and Of U308 fuel with
uranium densities up to 32 gU/cm3 can be fabricated. These uranium densities
amount to a fuel loading in the meat of about 46 vol% and correspond for
UA1x and U308 fuel to 47.6 and 61 w/o U respectively.

The first results with U02 fuel are encouraging. The plates with 40
gu/CM3 meat allow un 3roblematic fabrication in the laboratory scale. A uranium
density of 40 gU/cm corresponds to a fuel fraction of about 43 vol% or 70
w/o U.
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4. New Fuel Development at KfK

As advanced fuel type some additional uranium compounds with very high
uranium densities were considered. In this context U6Fe-Al, UxSiy-Al and
U02-Mg-Al are being considered and work has been performed with:

- U6Fe-A1

- UxSi2-Al and

- U3Si-Al systems.

The problem in all these combinations is their thermochemical instability
and - therefore - interaction kinetics. Due to their peritectic formation the
preparation Of U6Fe and U3Si by melting techniques does not usually lead to a
single phase material (Fig. 12). This is also true for the high temperature
formation Of U3Si2- Concerning the reaction between these compounds and
Al as a matrix phase the final state in the case Of U6Fe-A1 seems to be U
(FeAl)2-Al 12) where the formation of the laves phase goes parallel with a
considerable volume increase (approx. 80% after approx. 70% reaction).
Although the interaction causes particle alterations and some swelling in the
U3Si-Al system (Fig. 13) no major technological problems are encountered
producing miniature plates by picture frame technique on a laboratory scale.
However, the rolling procedure has to be optimized. Cross sections through
U3Si-Al as well as U3Si-Al as well as U3Si2-Al plates as produced by picture
frame technology demonstrate intact matrix structures of the fuel, satisfactory
bonding between meat and cladding and constant minimum clad thickness (Fig. 14).
In order to be as general as possible from a rd-point of view in developing
fuels for "MTRR" with low enriched uranium, alternative ways and systems are
being considered.

- to consider the system U02Mg and

- to produce single phased fuels as well.

Initial experiments by mixing U- and Al-powders using atomic weight
ratios of maximum 14 resulted in plates by picture frame rolling technique
with the UAl-mixture as meat. In spite of some swelling due to interaction
between U and Al subsequent heat treatment is however necessary to form UA14
as a single phase fuel

- which would not further react with the Al cladding and

- which probably would behave properly under irradiation and

- which would not cause reprocessing problems by additional
elements other than U and Al

revealed difficulties due to volume changes and plate deformation. Further
r+d - work is necessary - and under way.

5. Irradiation Testing

5.1 Prototype Fuel Elements

5.1.1 Alx Fuel

In order to investigate the irradiation behaviour of Alx fuel of
reduced 235U enrichment irradiation test elements are being fabricated for
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various material test reactors. The dimensions of the test elements correspond
to the standard HEU fuel elements with 0.51 mm meat thickness and 45% 235U
enrichment. In detail the following test elements are in preparation:

- 10 for FRJ-1 KFA JUlich

- 10 for FRG-2 GKSS Geesthacht

- .5 for SAPHIR EIR WUrenlingen

- 5 for ASTRA SGAE Seibersdorf

- 2 for ORR ORNL Oak Ridge

- 2 for JMTR Japan

The 10 fuel elements for FRJ-1 are completed, for the other types the
fuel pictures or the plates are partly finished. Besides it is scheduled
to convert the FNR to fuel elements with 19.75% 235U enrichment with meat
thickness amounting to 076 mm. The supply contribution of NUKEM comprises
25 fuel and 10 control elements. The element supply is scheduled for the
first quarter 1981, presently the fuel element fabrication is being qualified.

5.1.2 U308 Fuel

To cover the irradiation behaviour of fuel elements with low enrichment
(19.75 w/o 235U) and to meet the requirements of licensing authorities addi-
tional prototype fuel elements are presently fabricated, as the oxide U308
fuel produced using an advanced procedure developed at NUKEM. The meat thick-
ness is partially increased up to a maximum of 1.5 mm. Two of these fuel
elements with meat thickness 1.5 mm will be irradiated in the ORR reactor,- Oak
Ridge, two with meat thickness 132 mm in the HFR reactor, Petten, and two
with meat thickness 0.51 mm in the BER II reactor.

The test elements for the ORR and HFR reactors are being fabricated.
The insertion is scheduled for the first quarter of 1981.

5.2 Test Plates

In addition high U-density test fuel plates with reduced 23SU enrichment
are in preparation which will be irradiated in the ORR reactor (dimensions
114 x 51 =2).

Figure 15 shows a compilation of the test plate data. Two different
meat thicknesses, 0.51 and 076 mm, are tested. The uranium density of the
U308 fuel is 22 RU/cm3 30 gU/cm3, and 32 gU/cm3, that of Alx fuel is only
2.2 gU/cm3. The �35U content and, thus, the �35U areal loading is constant
for all plates. The different total uranium densities are adjusted by the
235U enrichment. AMg I is used as cladding material. The nominal clad thick-
ness is 038 mm (minimum: 02 mm). The plate fabrication is nearly finished,
the insertion into the reactor is scheduled for the beginning of 1981.
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A Contribution of French Industry to RERTR
(State of Development in September 1980)

XA04C1552
Y. Fanjas, Ph. Dewez, and B. Savornin

Compagnie pour 1Etude et la R'ealisation de Combustibles Atomiques

In order to compensate the loss of 235U due to the reduced enrichment of
uranium to be used in research and test reactors, CERCA initiated three years
ago a development program in order to reach higher uranium densities in the
fuel meat both for AlxA1 and U308-Al fuel dispersions; on another hand the
possibilities Of U3Si-A1 remain a great point of interest for CERCA.

As far as Alx and U308 are concerned, CERCA has obtained the fol-
lowing results: for any core thickness between 0.5 and 1.5 mm, 22 g/cc of
total can be introduced in the meat with UAIX fuel and 32 g/cc of total
U with U308 fuel, in respect with the most severe specifications. Combining
these loadings and, when necessary and feasible, the increase of core thickness,
it is thus already possible to convert most of low and medium power reactors
either to 45 or 20% enrichment.

Each reactor conversion has to be made on a case by case study. In
order to cooperate with reactor operators who do not have the necessary
computing equipments, CERCA has already available a calculation program (built
with the French CEA contribution) and resulting in sets of curves that allow
to evaluate roughtly but very quickly the possibilities of converting a given
reactor to reduced enriched fuel. This study, based upon the conservation of
fuel cycle length, takes into account both neutronics and thermo-hydraulics
point of view. The technological results mentioned above have to be confirmed
by irradiation demonstration. For this purpose CERCA has prepared an irradia-
tion program in cooperation with three reactors: HFR Petten, ORR, and SILOE
Grenoble.

The uranium necessary for fabrication of the test fuel elements arrived
in Romans very recently. Thus, the first results for this irradiation pro-
gram will begin to be available at the end of next year. AB far as U308
is concerned, our technological developments are achieved and we are now de-
fining our irradiation program.

It is worth pointing out that as far back as eight years ago, in 1972,
an extensive irradiation test was carried out in France on a full size CERCA
fuel element in the OSIRIS reactor at Saclay. This test demonstrated that to
an average burn-up of 58.5% and to maximum burn-up of 70%, UAIX and U308
fuel dispersions containing 45 w% U (about 17 g/cc), these fuels behaved
entirely satisfactorily under irradiation.

In conclusion, CERCA is ready to produce MEU or LEU UAIX-Al and U308-Al
fuels. Consequently CERCA has already received important orders for MEU and
LEU fuels from countries such as Japan and the United States; the production
of MEU fuel for Kyoto University is being performed at this time, plus several
prototype fuels for different countries.
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ABSTRACT

As part of the world wide move to proliferation resistant
fuels, new fuels which use reduced enrichment uranium are being
developed for use in the NRX and NRU reactors. A fuel consisting
of particles of a USiAl alloy dispersed in an Al matrix has been
selected for development along with Al-37 wt% U alloy and Al-U308
cermet as backup fuels. This report outlines the progress made in
the development of the Al-USiAl and Al-37 wt U.

Results show that good quality extruded rods containing
either fuel can be made with techniques similar to those used to
fabricate the current NRX and NRU fuels. However, the new fuels
will be more expensive to make. Although the oxidation behaviour
of the Al-USiAl is not as good as that of the Al-U alloys, its
corrosion behaviour in high temperature water does not seem much
worse. The oxidation and aqueous corrosion of A-37 wt U are not
much different from those of the Al-U alloys currently used.
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THE DEVELOPMENT OF LOWER ENRICHMENT FUELS FOR
CANADIAN RESEARCH REACTORS

by

M.A. Feraday, L. B61anger, M.T. Foo and C.M. Grolway

1. INTRODUCTION

Canadian research reactors play a vital role in the
development of peaceful uses of atomic energy. The two reactors
(NRX and NRU) at the Chalk River Nuclear Laboratories provide
outstanding experimental facilities for testing new fuels and
materials and for research in neutron physics. Not only are the
reactors fully utilized as research tools for the Canadian, US and
international programs, they are also used as production reactors
for large quantities of radioisotopes. A large percentage of the
world's supply of Mo-99 for medical use is made in these reactors.
Therefore it is essential that any new fuel designs developed for
NRX and NRU be very reliable so as not to interfere with reactor
utilization.

Both reactors have very large cores. Figure shows a cross
section mockup of the NRX core 27 m dia. by 32 m long) which has
a peak thermal flux of 1018 n/m2.s. The NRU co5e 32 m dia by
3.7 m long) has a peak thermal flux of 3 x 1018 n/m s Both
reactors are capable of testing stringers of CANDU power reactor
fuel bundles or full length prototypes of the US design of LWR fuel
elements in high temperature, high pressure loops.

As a result of the very large cores, the fuel elements for
these reactors are very long and markedly different from the
smaller plate type elements used in many research reactors. The
NRU rod design (Figure 2 consists of twelve 29 m long pins
fuelled with Al-21 wt% U having 93 wt% U-235 in U. The NRX rod
design consists of seven similar pencils fuelled with Al-28 wt U
having the same U-235 enrichment (Table 1).

A typical reactor loading in NRU consists of 90 fuel rods
and 100 other reactor positions filled with closed circuit loops,
isotope rods, special rods and other experiments.

As part of the world wide move to proliferation resistant
fuels (1), we are developing new fuels which use low 20%)
enrichment uranium or medium 45%) enrichment uranium. After
consideration of various alternatives, a fuel consisting of
particles of the USiA1* alloy dispersed in an aluminum matrix

*"USiAl" refers to the patented 23) U-3.5 wt% Si-1.5 wt% Al alloy
which consists of a matrix of U3Si containing 0.5 wt% Al in
solution and particles Of U3Si2 and UA12-

224



was selected for development. The high uranium density of the
USiAl alloy 13.6 g/cm permits us to achieve the high uranium
densities we require in the dispersion fuel and still use fuel pins
identical in physical design to current rods. Also the aluminum
matrix is a large (-70%) volume fraction of the material in our
designs which means that the dispersion fuel is ductile and can be
fabricated in the same manner as the Al-U alloys currently used,
that is by extrusion. Using the same rod design minimizes the
fabrication, physics and thermohydraulic work required to develop
new fuels.

An Al-37 wt% U alloy (Table 1) and Al-U308 cermet have been
selected as backup fuels. No work has been done yet on the Al-U308
cermet.

2. Al-USiAl DISPERSION FUELS

2.1 General

The development program (Figure 3 includes production and
characterization of USiAl powders and Al-USiAl billets, production
of fuel elements by extrusion, out-reactor corrosion tests on fuel
pins, compatibility studies, defining fuel material properties and
irradiation testing. Irradiation of small fuel pins is expected to
commence in early 1981 followed by full size rods a year later.
The schedule would permit conversion of both reactors within five
or six years providing no major problems develop.

A detailed review of the thermohydraulics, physics and
safety of the two reactors fuelled with selected fuel materials and
designs will be done once preliminary irradiation tests have been
completed.

Work to develop plate type elements fuelled with Al-USiAl
dispersion fuels is in progress at the Argonne National Laboratory
(4).

2.2 USiAl Powder Preparation and Characterization

The USiAl alloy is very difficult to crush into powder
directly from cast rods or buttons. However, suitable powders can
be fabricated by machining rods into chips which are then
granulated to produce powder.

At CRNL, we have used this technique to produce about kg
of USiAl powder for the fabrication development and irradiation
tests. Table 2 shows a typical powder size distribution of USiAl
powder produced in this way. All size fractions are used to
produce the dispersion fuel billets, however we prefer to have most
of the powder in the coarse size range (88 to 149 pm). Figure 4 is
a photograph of a polished particle of USiAl showing the typical
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etched structure (U3Si matrix, U3Si2 particles (white) and
UA12 particles (dark)). Figure shows secondary electron
micrographs of 100 170 mesh 149 to 88 Vm) particles and 325
mesh <44 pm) particles. The shape of the particles tends to be
boulder shaped rather than acicular. We feel that this shape of
powder assists in achieving good homogeneity in the billets and
extruded rods. Spectrographic analysis of the powder shows that
the impurity level is not significantly higher than the
specification required for the as-cast rods.

Since about 500 kg of 20% enriched USiAl powder would be
required each year to refuel the NRX and NRU reactors, faster and
better ways of producing such powder are being reviewed. For the
longer term, a facility to examine the possibility of directly
casting USiAl shot (z�150 �tm) is being set up. About 45 kg of
U3Si shot were produced in 1968 for another program; however
most of the shot was quite coarse ;�-,2 mm) and would require further
attrition. This coarse shot would probably cause considerable wear
on the teeth in the granulator.

Another possibility for making shot is numerically
controlled machining of USiAl rods with one operator supervising
several lathes or mills. Methods of casting large quantities of
USiAl rods have been developed in the past by Eldorado Nuclear
Limited in Port Hope, Ontario. Although this method of powder
preparation may be more expensive than the shot technique, the
chips can be sized to go through granulators which are currently
available.

2.3 Production of Al-USiAl Billets

The Al-U alloy billets for the present NRX and NRU reactor
fuels are induction melted and cast into moulds and are about 37 mm
diameter by 150 mm long (Figure 6 The billets are extruded into
rods which are drawn to size, stretch straightened and extrusion
clad in aluminum after the end plugs are installed. The proposed
fabrication route for Al-USiAl fuels is similar except that billets
are produced by powder metallurgical techniques.

The Al-USiAl billets for extrusion tests were made as
follows. The 325 mesh aluminum powder and 100 mesh USiAl powder
were blended for 30 minutes, vacuum dried overnight at 1000C and
pressed into small billets using a lubricant on the die and
plunger. Billets were vacuum degassed overnight before being
extruded into rods.

The powders were pressed at room temperature at pressures
ranging from 100 to 350 MPa (15,000 to 50,000 psi) to produce
billets ranging from 75 to 90% of theoretical. The lower density
billets were examined as a possible means of including porosity in
extruded fuel pencils (Section 24). The billets were well formed
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with shiny aluminum coloured surfaces. Surface finishes on billets
pressed at higher pressures were generally smoother than those at
lower pressures.

Attempts made to press billets without a lubricant were
unsuccessful because billets deformed badly as they were pushed out
of the die.

Billets having fuel compositions ranging from Al-50 wt%
USiAl to A-75 wt% USiAl (Table 1) have been fabricated success-
fully.

2.4 Extrusion of Al-USiAl Billets

2.4.1 Heatinq Tests

A series of Al-USiAl billets having the composition and
densities shown above were heated for one hour at temperatures
required for extrusion 300 to 4001C) to determine if oxidation of
the fuel is a concern.

Results show that heating of dispersion fuel billets in air
is not possible because they oxidize badly. Billets heated in an
argon purged furnace also oxidized while those heated in vacuum or
pure argon to 4000C showed no change.

In comparison Al-U alloy billets containing 21,28 or 40 wt%
U showed no signs of oxidation after being heated at 5001C in air
for one hour (Section 3.

2.4.2 Fuel-Element-Fabrication

Small billets containing either Al-75 wt% USiAl or Al-55 wt%
USiAl at two density levels (about 80 and 94% TD) were extruded
into 5.8 mm diameter rods. Billets were vacuum degassed overnight
at room temperature before extrusion to remove residual die
lubrication. Billets were then heated in vacuum at temperatures
between 300 and 3501C and extruded into air or water.

The results of these tests show that:

- billets extruded at pressures of about 1.1 MN 125 tons)

- samples extruded into air showed some surface oxidation (�-_0.2 mm
thick) and roughening. A short section of rod produced from
low density billets oxidized completely. Samples extruded into
water showed a slight darkening of the surface but no rough-
ening.

- porosity in billets collapsed during extrusion resulting in high
density rods >97% TD).
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at 3001C extrusion temperature, rods produced from Al-75 wt%
USiAl showed tear marks over the first half of the rod
indicating that the extrusion temperature was too low. These
rods extruded well at 3501C. The Al-55 wt% USiAl billets
extruded well at 3001C.

Rods of both compositions were drawn 03 mm to produce good
quality 5.5 mm diameter rods. These rods were extrusion clad in
aluminum to produce fuel elements having a cross section similar to
that shown in Figure 2.

Stretch straightening of bare Al-USiAl rods at temperature
has not yet been demonstrated.

Metallographic examination of billets and extruded rods
show that the homogeneity of the fuel is good. In Figure 7 are
photographs of polished longitudinal sections of the Al-55 wt%
USiAl and Al-75 wt% USiAl rods. Figure shows a photograph of a
cross section of an Al-55 wt% USiAl rod. All sections show a
uniform distribution of USiAl particles (dark) in a white aluminum
matrix.

3. FABRICATION OF Al-U ALLOY FUELS

For comparison with the Al-USiAl extrusion tests, Al-U alloy
billets containing 21,28 and about 37 wt% U were extruded into
5.8 mm diameter rods. The 21 and 28 wt% U alloys are currently
used in NRU and NRX respectively with 93% EU and the 37 wt% U alloy
is to be used with 45% EU as a backup fuel in the development
program.

The 37 mm diameter billets were heated in air at 5001C for
one hour and extruded at about 1.1 MN. Neither billets nor rods
showed any signs of oxidation. Rods were cold drawn 03 mm) to
size and stretch straightened using the technique employed for NRX
and NRU fuel, that is by applying a current to heat the 27 m long
rod while it is being stretched about 30 mm.

The 5.5 mm diameter fuel rods were all extrusion clad in
aluminum to produce elements having a cross section similar to that
shown in Figure 2.

4. OUT REACTOR CHARACTERIZATION OF FUELS

4.1 Corrosion Tests

The out-reactor defect behaviour of the five fuel materials
(Table 1) is being tested at 1501C and 1800C in a static autoclave
using short mini-elements similar to those shown in Figure 9 A
one mm diameter hole was drilled through the cladding and into the
fuel for these tests.
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After two weeks in 1501C water or one week in 1800C water,
only the Al-75 wt% USiAl element showed changes. It had a slight
bow, a 1.5% increase in diameter and a increase in length.

After a total of 32 weeks in 1500C water or two weeks in
1801C water all elements showed little defect holes and small
bubbles at various places along the elements (Figure 10). These
elements are being destructively examined.

We believe that the results of these corrosion tests are
encouraging since the behaviour of the new fuels under the
conditions of these tests is not a great deal worse than currently
used fuel. However, in a flowing water environment the fuel in all
elements would probably erode more than in a static autoclave.

4.2 Compatibility Tests

Reactions between the USiAl particles and the aluminum
matrix or between the fuel and cladding could occur in reactor as a
result of temperature induced and fission induced events. In NRU,
the maximum fuel temperature is likely to be around 2000C while the
temperature at the fuel sheath interface will probably be 1500C.

Samples (�t25 mm long) of Al-75 wt% USiAl, Al-55 wt% USiAl,
AL-40 wt% U, Al-28 wt% U and Al-21 wt% U clad in aluminum are being
heated in vacuum at 2500C and 4000C. The temperatures are higher
than those expected in reactor in an attempt to simulate the
enhanced reaction expected as a result of fission induced events.

After 29 days at 4000C the Al-U alloys did not show much
change (Table 3 However, the Al-USiAl samples showed significant
diameter, and length increases and some bowing, with the Al-75 wt%
USiAl sample having the greatest changes.

Preliminary metallographic examination of the dispersion
fuel samples indicates that a severe reaction has occurred and the
composition and structure of the fuel particles has changed
considerably. The samples are being examined in more detail to
determine the phases present. In contrast there were no signs of
reaction between the UA14 particles and aluminum matrix in any
of the Al-U alloy samples heated for 29 days at 4000C. The 2500C
samples have not been examined yet.

These preliminary results show that the compatibility of the
USiAl particles with the Al matrix is not nearly as good as for the
UA14 particles at 4000C. Apart from this comparative
conclusion, we are not sure that 4000C will simulate in-reactor
effects; the temperature may be too severe. However, these samples
and those being heated at 2500C will give us an opportunity to
identify phases and reactions that might also occur in reactor as a
result of thermal and fission induced events.
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It is known that the structures of the Al-U fuels currently
used in NRX and NRU are not appreciably affected by irradiation to
high burnup (Figure 11).

4.3 Thermal Conductivity and Electrical Resistivity

Thermal conductivity (TC) samples 19 mm dia. by 25 mm long)
of each of the five materials shown in Table have been made up
and the conductivities are being measured. These results are not
yet available. In the interim we have calculated the TC of the
dispersion fuels using the known TC of aluminum and USiAl and TC
equations for multicomponent systems.

To determine a suitable equation for predicting the TC
of Al-USiAl cermets, measurements on Al-A1203 (5) and
Al-U308 6 cermets were compared with values calculated
using Maxwell's 7 and Eucken's (8) equations for multicomponent
systems. The calculated results from both equations agreed well
with measured results up to about 20-30 vol% of the dispersed
ceramic phase.

Maxwell's equation was used to calculate the TC of Al-USiAl
samples. This equation was derived for randomly sized spheres of
one medium randomly distributed in another medium and is given by:

�Mix 1 + 2 - 2(x-l)

XCONT 1 + 2x + Ox-1)

where X is the TC of the mix, continuous phase or dispersed phase

XCONT= X
DISP

fractional volume of dispersed phase

Maxwell's equation is thought to be good up to 30 vol% dispersed
phase.

In Figure 12 the TC values of Al-USiAl calculated from the
measured thermal conductivity of the components and using Maxwell's
equation are plotted assuming aluminum is the continuous phase
(Curve A) and a second curve assuming that USiAl is the continuous
phase (Curve B). It is likely that the real curve will be a
composite of the left side of curve (A) and the right side of curve
(B) with an interconnecting curve (C) between the two. Such 
shaped behaviour has been noted by Kingery in two phase systems
(8).

Using these calculated data for Al-USiAl and data from the
literature for Al-U alloys the central temperatures of the NRX and
NRU fuel rods were calculated for the five fuel materials. In most
cases the temperature increase in rods fuelled with the new
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materials over those using current fuels is less than 60C. However
with the Al-37 wt% U alloy the NRU fuel temperature increases by
170C. The maximum fuel central temperatures in current fuel
designs are about 1730C (NRX) and 2000C (NRU).

Based on these calculated results, it would appear that fuel
temperatures in NRX and NRU rods using the new fuels should be
acceptable, providing that compatibility is not a problem.

The electrical resistivity (p) of bare rods (5.5 mm in dia.)
of each of the five fuel materials is also being measured. The
relationship between and is given by the Lorenz number (L),

L = XP
T

which is fairly constant with temperature (T) for a particular
metal or alloy 9 This relation allows to be calculated from P
at other porosities and compositions.

5. IRRADIATION PROGRAM

Short fuel pins (Figure 9 containing fuel compositions of
interest to the NRU reactor (Al-21 wt% U, A-37 wt% U and Al-63 wt%
USiAl) are being fabricated and will be installed in a special
carriage in the NRU reactor in early 1981.

In the first test, 16 elements will be irradiated at a
linear power of 955 W/cm 290 W/cm2 surface heat flux). Four
elements will be removed after a burnup (BU) of 20% of U-235 atoms,
four after 40% BU and the remainder at 80% BU for dimensional
measurements, metallographic examination of the fuel and burnup
analyses.

If the short pin irradiations are successful, full size rods
will be fabricated and installed in about one year. This schedule
would permit conversion of both reactors within to 6 years
providing no major problems develop.

6. CONCLUSIONS

The following tentative conclusions can be made based on the
work reported.

6.1 Al-USiAl Fuels

(1) Good quality rods containing Al-USiAl fuel can be fabricated
for the NRX and NRU reactors using extrusion techniques
similar to those used for the present Al-U rods. However the
new fuel will be more expensive because of the cost of
producing USiAl powder and special extrusion conditions.
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(2) Although the oxidiation behaviour of the Al-USiAl fuel is not
as good as that of the Al-U alloys, the aqueous corrosion of
Al-USiAl does not appear to be a great deal worse.

(3) After 29 days at 4000C the USiAl particles react severely
with the aluminum matrix while the UA14 particles in all
three Al-U alloys show no signs of reaction.

(4) Fuel temperatures in rods containing Al-USiAl will probably
be acceptable.

(5) Al-USiAl rods produced by current extrusion techniques
contain no porosity. Therefore any fuel swelling will result
in external dimensional changes in fuel pins. If fuel
swelling is large, the spacing of fuel pins might have to be
changed.

6.2 Al-37 wt% 

(1) Good quality rods containing Al-37 wt% can be fabricated
using current fabrication techniques. These rods will be
slightly more expensive than current fuels because the
billets are more difficult to cast.

(2) The oxidation and aqueous corrosion behaviour of this fuel
are about the same as for the currently used Al-U alloys.

(3) Fuel temperatures in rods containing Al-37 wt% U alloy will
probably be acceptable.
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DEVELOPMENT PROGRAM FOR LEU FUELS AT CRNL

1) PRODUCTION AND CHARACTERIZATION USiAl POWDERS

Al-USiAl BILLETS

AI-U ALLOYS AND Al-U30,

2) EXTRUSION TESTS

3) OUT-REACTOR CORROSION TESTS

4) COMPATIBILITY STUDIES: FUEL/SHEATH; FUEL PARTICLEWMATRIX

5) PROPERTIES: THERMAL CONDUCTIVITY, DUCTILITY

6) IRRADIATION AND P.I.E. - MINI-ELEMENT

- PROTO-TYPE RODS

7) THERMOHYDRAULICS, PHYSICS AND SAFETY ANALYSES

Figure 3
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U-3.5 wt% Si-1.5 wt% Al PARTICLE SHOWING
U Si MATRIX U3Si PARTICLES (WHITE) AND
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ROUTES TO FABRICATE FUEL ELEMENTS FOR NRU REACTOR

Al-U ALLOY Al-USiAl FUEL

1) CAST BILLETS 1A) BLENDAIANDUSiAIPOWDERS

1B) DRY POWDERS

1C) PRESS BILLETS

2) EXTRUDE INTO 5.8mm DIA. CORES

3) DRAW CORES TO SIZE (5.5mm)

4) STRETCH STRAIGHTEN, CUT TO LENGTH 2-.7m)

5) INSTALL END PLUGS

6) EXTRUSION CLAD IN ALUMINUM

Figure 6
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LONGITUDINAL SECTIONS OF EXTRUDED RODS

Al-55 wt% USiAl

7'

2 mm

Al-75 wt% USM

2 mm

Figure 7
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CROSS SECTION OF AN A-55 wt% USiAl EXTRUDED ROD

Figure mm
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184 mm TOTAL LENGTH

140 mm FUEL CORE

120 mm SOLID FUEL CORE

---------------
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Figure 9 MINI ELEMENT FOR CORROSION AND IRRADIATION TESTS
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Figure 11 Structure of Al-21 wt% U alloy after irradiation
showing UA14 particles in an aluminum matrix.
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Figure 12 Thermal conductivity of 95% theoretically dense Al-USiAl
dispersion fuel vs USiAl composition calculated using
Maxwell's equation. (10 - 200"C).



Table 

Fuel Materials Currently Being Tested in the
AECL Program for Reduced Enriched Fuels

Fuel Material Density g/cm3) Comments
Uranium U-235

Al-21 wt% U alloy 0.68 0.63 Current NRU fuel 93% EU*

Al-28 wt% U alloy 0.97 0.90 Current NRX fuel 93% EU*

Al-37 wt% U alloy 1.42 0.63 Possible contender for use
with 45% EU*

Al-55 wt% USiAl 2.55 0.51 Dispersion fuel compositions
covering the range of fuels of

Al-75 wt% USiAl 4.77 0.95 interest to the AECL program
20% EU*

*%EU = wt% U-235 in U
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Table 2

Typical Powder Size Distribution on USiAl Powders

Mesh Size Weight (g) wt%

-100 170 149 to 88 pm) 517 66.5

-170 230 (88 to 62 pm) 68 8.7

-230 325 62 to 44 pm) 59 7.6

-325 <44 pm) 133 17.2
777

Table 3

Compatibility Test* (4001C - 29 Days)

% Diameter % Length
Fuel. Change -Change Bowing

Al-21 wt% U +0.1 +0.4 Nil

Al-28 wt% U -0.1 +0.2 Nil

Al-40 wt% U 0.0 +0.2 Nil

Al-55% USiAl +1.5 +3.7 (Fuel) Slight 02 mm)
+2.4 (Sheath)

Al-75% USiAl +2.5 +7.9 (Fuel) Most 04 mm)
+6.3 (Sheath)

*25 mm long samples of each fuel type clad in finned aluminum
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Reduced Enrichment Activities in Denmark

A. Jensen

Risi National Laboratory

XA04C1554

This paper will describe briefly on-going activities in Denmark concerning
reduction of uranium enrichment in research reactor fuels.

The Ris6 National Laboratory in Denmark operates the DR-3 a DIDO-type
multipurpose reactor with a power level of 10 megawatts. The fuel for this
reactor is normally supplied by the Elsinore Shipyard Co., which is a private
Danish company.

After the information exchanged at the 1978 meeting at Argonne National
Laboratory became available, a small group was formed at Ris6 to discuss
the best course of action that could be taken at the laboratory in connection
with reduced enrichment. The conclusion was that Ris4 should implement
all the activities necessary to support such a reduction to the maximum
extent possible.

The assumptions on which this group based its considerations, concerning
what was technically achievable, were similar to those described in the
opening lectures presented today in this conference.

It was also assumed that the experimental capability of the reactor should
be maintained, and that the economic aspects of the fuel should not be
significantly worsened.

Safety and licensing issues were also assumed to play an important role.
In our opinion, it is essential that accelerated fuel testing in a reactor
facility be performed before the fuel is routinely used in a research reactor.

On this basis, a program was outlined in support of the reduced enrichment
efforts. After some scoping calculations it was concluded that a reduction to
45 percent enrichment would not significantly affect the reactor performance.
The Ris6 group is not sure that the same conclusion can be reached about the
20 percent enrichment, because use of this enrichment might violate some of
the assumptions that have been mentioned earlier. However, it is planned to
follow the international developments and to be prepared as much as possible
for all possible eventualities.

The technical program to develop 45 percent enriched fuel at Elsinore was
implemented on the basis of the technology which has been used in the past
for the 93 percent enriched fuel.

There are several reasons for this decision. Elsinore has only limited
resources. In addition, it is already operating a fabrication line with a low
level of uranium content in the produced fuel; thus, there is a good possi-
bility that the same process can be used at a much higher level of uranium
content.
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In line with these considerations, a program was initiated in which
the alloy was extended from below 20 weight percent uranium in aluminum up to
40 weight percent uranium in aluminum. The new alloy was produced using
the same procedure as the previous alloys. No special difficulties were
encountered in doing so.

Elsinore should be able to fabricate 45 percent enriched fuel for the
DR-3 reactor according to this procedure. This will require an alloy composi-
tion of about 38 or 40 weight percent uranium in aluminum. After completion
of the first series and analysis of the results, it was decided to select a
composition very close to that which had been used in the first series and to
go through the entire process with that composition, even though it was not
optimized. This was done without difficulties.

All intermediate and final products of the process (plates, tubes, etc.)
were produced with characteristics very close to those expected in normal
production. To confirm the general applicability of this result, a more
detailed program has recently been started. The purpose of this program is
to control the production of melted or cast alloy in a way that makes the
grain size and intermetallic forms directly predictable.

Some of the first results that have been obtained in these activities will
now be discussed.

A deliberate effort has been made to achieve a grain size distribution
concentrated at the low end of the allowable diameter range. When metallo-
graphs of the produced 38 weight percent uranium in aluminum alloy are
examined, it is possible to compare the grain size distributions obtained
without additives with those obtained using two different additives. The
results obtained in the presence of the two different additives show that it
is possible to remove the particles which otherwise would tend to accumulate
in the high end of the allowed grain size range; a more uniform grain distri-
bution can thus be obtained.

The current time schedule indicates that the first fuel elements of these
new types will be ready for insertion into the DR-3 reactor around August or
September 1981. An irradiation period will follow and, on the basis of the
results of this irradiation, a decision will be reached on how to convert
operation of the DR-3 from the present 93 percent enriched fuel to a
45 percent enriched fuel.
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UNITED KINGDOM ATOMIC ENERGY AUTHORITY XA04C1555

NOTE ON CURRENT POSITION REGARDING THE DEVELOPMENT BY THE UKAEA OF EDUCED
ENRICHMENT FUELS FOR RESEARCH AND TEST REACTORS

B. Hickey

Dounreay Nuclear Power Development Establishment

1. The United Kingdom Atomic Energy Authority have an MTR fuel fabrication
plant located at Dounreay on the north coast of Scotland. The prime function
of the plant is to manufacture fuel elements for the UKAEA's own DIDO and
PLUTO heavy water reactors located at their research establishment at Harwell.
The plant, which has a capacity of about 1000 fuel elements per annum, also
manufactures fuel elements, on a commercial basis, for university reactors
in the United Kingdom and for a number of customers in overseas countries.
The UKAEA have been manufacturing MTR fuel elements of a wide range of designs
for over twenty-five years.

2. Following the initiative of the US Government's RERTR programme, the
UKAEA have embarked on a modest programme of MTR fuel manufacturing develop-
ment., irradiation and post-irradiation examination to establish the techniques
required to manufacture fuel elements containing uranium of a significantly
lower enrichment than that in the fuel elements they currently manufacture.
In the first instance this work is being directed towards the production of
fuel elements containing uranium of 45% enrichment.

3. After an initial anlaysis it was recognised that although a satisfactory
45% enriched version of certain of the designs of fuel elements currently
manufactured could probably be produced using established U/Al alloy technology,
it would be necessary to utilise powder technology for other elements in order
to achieve the higher uranium density required. Studies of published informa-
tion and consideration of the technology and facilities already available at
Dounreay prompted the decision to concentrate on the development Of U308/Al
cermet type fuel elements of similar geometry to those currently manufactured.

4. The table below lists some of the fuel element designs currently manu-
factured by the UKAEA and shows the order of uranium loadings which would be
required for fuel elements of 45% enrichment. (The table assumes an increase
of 9 in the U-235 content and 8% voidage in the core).

Current Current Order of U Loading
Enrichment U Loading for 45% enrichment

Fuel Element Type % g /cc g /cc

Concentric (Extruded) 74 0.62 1.32
Concentric (Plate) 80 0.60 1.19
Concentric (Plate) (ii) 80 0.53 1.11
Flat Plate (Swaged) 80 0.83 1.72
Flat Plate (Mechanically 90 0.69 1.63

assembled)
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5. The work carried out so far can be summarised. as follows:

i. Precipitation trials from uranyl nitrate followed by calcining of
800'C and further treatment at 1400'C have resulted in the pro-
duction Of U308 particles in the desired size range of 325/
-100 mesh with densities of up to 82 g/cc and surface areas down
to 006 m2/g. Studies of variables are continuing in order to
maximise the production of particles within the above size range.

ii. Pressing trials at various pressures have confirmed that compacts
averaging 95% theoretical density can be produced without the use
of a binder. A study of the use of power-weighing as an assessment
of uranium content indicates that a precision of ±0.5% can be
achieved; this is comparable with current instrument measuring
techniques.

iii. Rolling trials have shown that close control of core dimensions and
good metallurgical bonding can be achieved using an aluminium-clad
6082 alloy for the clads and frames. Dogboning, clad thickness and
uranium segregation determined by radiography are within the limits
currently applied to U/Al alloy plates.

iv. Welding and forming trials on the plates produced have been satis-
factory and it is not anticipated that difficulties will be en-
countered in fuel element assembly.

6. At the present time, prototype fuel elemnts, both concentric and plate-
type, containing U308/Al cermet cores at 45% enrichment are being manu-
factured for irradiation trials. Proposals for these trials are being studied
by the appropriate reactor safety committees and it is anticipated that irradia-
tion in UK reactors will commence early in 1981. Arrangements are being made
for post-irradiation examination of the fuel elements.
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LEU Fuel Development Activities in Argentina

D. Giorsetti and E. Perez

CNEA, Argentina

XA04C1556

Since 1978 the Argentine CNEA has conducted its own program to develop
fuels with high uranium density for use with LEU in the 35 MW RA-3 reactor.
The program has concentrated on development of the U308 and Alx fuel
types. The RA-3 is the only reactor that Argentina has for production
of radioisotopes for use in medical and other applications.

In 1979, it was estimated that a uranium density of about 35 g/cm3 -65
wt% U) would be required if no changes were made in the RA-3 fuel element
geometry or in the reactor thermal-hydraulic system. If the clad thickness
could be reduced from the current 042 mm to 038 mm and the width of the fuel
meat increased from 59.5 mm to 63 mm, the required uranium density would be
about 28 g/cm3 60 wt% U). Again, no changes would be required in the
reactor thermal-hydraulic system since the thickness of the current plates and
water channels would be preserved. On the other hand, with some redesign of
the RA-3 fuel elements, for example, simultaneously increasing the thickness
of the meat and decreasing the number of fuel plates per element, it may be
possible to match the initial excess reactivity of the current HEU core
using a uranium density of about 24 g/cm3 (-55 wt% U) in the fuel meat.

With these uranium densities in mind, work was begun on two fuels: U308-Al
and AlX-Al. Since 20% enriched uranium was not available at that time, the
development work was begun using natural uranium. In June of 1980, the CNEA

received from the U.S. 35 kg Of U308 with depleted uranium, 30 kg Of U308 with
20% enrichment and 800 g of uranium metal, 45% enriched.

Today, two years after the CNEA's decision to participate in the RERTR
Program, the irradiation of miniplates will begin in the ORR reactor in April
of 1981. Due to the small number of irradiation spaces in the ORNL miniplate
irradiation vehicle, the CNEA has decided to manufacture twelve miniplates
(enough for one module) with 20% and 45% enrichments. All of the miniplates
are to be manufactured to specifications provided by the RERTR Program. These
tests are considered to be the minimum for establishing our technology since
little duplication is possible with only twelve miniplates.

With U308-Al fuel, the loadings that have been achieved range from 65 to
75 wt% U308 24 to 30 g U/cm3). With Alx fuel, a loading of 70 wt%
UAlx 24 g U/cm3) has been achieved. Approximately, these loadings cover
the range required for conversion of the RA-3 to LEU fuel.

In its fuel development activities to date, the CNEA has spent on the
order of three million U.S. dollars for the equipment and modifications to
our fabrication plant that were necessary to establish our powder metallurgy
capability. Upon completion, the total cost is estimated to be more or less
on the order of five million U.S. dollars.

The CNEA has only a small quantity of 20% enriched uranium available and with
this it is possible to manufacture two full-size fuel elements in the future.
One of these elements will be irradiated in the RA-3 reactor and the other,

possibly, in the ORR.
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Performance and Fuel Cycle Cost
Comparisons with HEU and LEU Fuels

J E Matos and T. A. Daly

RERTR Program XA04C1557
Argonne National Laboratory

Introduction

The objective of this study is a consistent analysis of the performance
and fuel cycle costs with HEU 93%) fuel and the various LEU 20%) fuels
that are under development, undergoing irradiation testing of small samples,
or in the demonstration phase. All calculations were performed using the
generic 10 MW reactor that has been studied extensively by a number of labora-
tories in the IAEA Guidebook (Ref. 1).

The fuels to be compared are shown in Table 1, and the fuel element and
core designs considered are shown in Figs. and 2 respectively. The detailed
fuel element designs are described in Ref. 1.

Table 1. Fuels Considered

No. of Fuel Meat
Enr. % g /cm3 Plates Thicknesses, mm

HEU: UAlk-Al (Ref.) 93 0.7 23 0.51

LEU: UAIx-Al 20 2.3 19 1.24

U308-Al 20 3.0 19 1.24

U3Si-Al 20 6.0 23 0.51

CARAMEL 6.5 8.4 16 1.45

UZrH 20 3.7 16* 12.95**

*Pins

Fuel Outer Diameter

The x 6 element reference core using HEU contained 23 standard MTR
elements 280 g 235U per element) and control elements 207 g 23SU per
element). 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. The burnup studies of the equilibrium
cores for all plate-type fuels utilized one fuel shuffling pattern in which a
single fresh standard element was inserted near the center of the core and the
remaining standard elements rotated equentially after each operational cycle.
The control elements were fixed. The model for the burnup studies using
UZrH rodded-type fuel was based on a 6 x 6 element core (Ref. 1) designed by
General Atomic for operation at 10 W. This core had 30 fuel clusters, 4
control rods (containing no fuel), and 2 water-filled flux traps. The fuel
shuffling pattern was chosen to be similar to that of the HEU reference core
in order to compare performances on as nearly an equal basis as possible.
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FIG. 1. FUEL ELEMENT DESIGNS
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FIG. 2. CORE DESIGNS
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Table 2 compares the geometry, 235U loading, and burnup data for the HEU
reference case and the cases with LEU fuels. The average cycle length is a
function of the 235U loading of a fresh standard element, the water volume
fraction, the geometric buckling, and the uranium enrichment. From Table 2,
some simple and predictable conclusions inter-relating these variables can be
drawn:

- For the same water volume fraction, a higher 235U loading

yields a longer cycle length.
- For the same 235U loading, a larger water volume fraction

yields a longer cycle length.
- For a larger core size (i.e., smaller geometric buckling) or

for a higher enrichment, a smaller 235U loading per element
is required to maintain the same cycle length.

Thermal fluxes at end of equilibrium cycle are shown in Fig. 3 (except
for the oxide case) for a midplane traverse through the central flux trap and
the water-reflected faces. One of the thermal flux peaks for the UZrH case is
displaced by about one fuel element since the size of the UZrH core is larger
than the reference core by one row. Although the thermal fluxes in the central
flux trap and at the reflector peaks depend on several variables (such as burnup
and fast leakage from the core), these peaks are ordered in approximate inverse
relation to the 235U loading of a fresh standard element. Thermal fluxes in
the core are ordered in inverse relation to the average 235U loading of the
core at EOC.

Fuel Cycle Costs

The methods and assumptions used for computing fuel cycle costs are based
on a model developed by A. Burtscher for the ASTRA reactor in Seibersdorf,
Austria. The details of this model are described in Appendix I of Ref. 1, and
are repeated here with minor modifications for clarity and completeness.

The assumed fuel cycle cost components are shown in Table 3 Several
points are worth mentioning:

- The enriched uranium prices that were used were valid as of October
1979 ($47.8/g 235U for 93.15% enrichment and $45.2/g 235U for 20%

enrichment).

- The reference HEU aluminide fuel element had a cost of 6600 per
element, and the cost for an LEU aluminide, oxide, or silicide
element was assumed to be higher by a factor of 135 - .5. Since
little information is available at this time on the cost of caramel
fuel, its fabrication cost factor 135 - 54) was treated as a
parameter in this exercise. The published General Atomic catalogue
price of 22,100 per element was used for UZrH fuel.

- Reprocessing charges for aluminide, oxide, and zirconium hydride
fuels are based on Federal Register Notices valid through December
1982. For simplicity, the same prices were assumed for both HEU and
LEU fuels. Since there is no information available on reprocessing
charges for either the silicide or caramel fuels, the price was
assumed to be the same as that for HEU aluminide fuel for purposes
of this comparison. Actual prices may be quite different.
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Table 2 Comparison of Geometry, 235U Loading, and
Burnup Data for the HEU Reference Case and

Cases with LEU Fuels

Plates Uranium Fuel Me t/ Water Average Average Grams per
Fuel Type or Rods Density in Water Ch:nnel Volume 235U in Cycle Grams Fisaile Burned Discharge Discharged

and per Std. Fuel Heat Thickness Fraction Fresh Std. Length, in Discharge Element Burnup Element
Enrichment Element g/cm3 mm Std. El. Element, Days 235U 234p,+241p, % 235U HWda 239pu/240pu/Total Pu

Aluminide, 93% 23 0.68 0.51/2.188 0.561 280.0 16.7 178.4 0 63.7 142.7 0.39/0.12/0.58

Alumialde, 20% 19 2.27 1.238/2.188 0.468 403.0 16.7 170.5 10.7 42.3 143.3 11.0/2.1/14.2

Oxide, 20% 19 3.0 1.238/2.188 0.468 533.5 28.0 253.9 25.6 47.6 219.6 16.3/4.0/22.8

Silicide, 20% 23 6.0 0.51/2.188 0.561 532.1 37.8 367.7 44.0 69.1 322.5 15.615.4/24.4

Caramel, 65% 16 8.41 1.45/2.75 0.519 497.5 23.7 216.7 35.6 43.6 196.3 35.2/6.8/45.7

UZrHb 20% 16 3.72 12.95c/- 0.395 876.8 40.8 477.5 56.0 54.5 418.1 33.0/7.1/45.8

SEnergy production based on burnup of 125 g 235U/MWd and 1.55 g (239pu + 24lPu)/MWd

bO.81 t% Erbium

cFuel outer diameter



Fig. 3 Comparison of Thermal Fluxes at EOC for 10 W Reactor Between HEU
Reference Case and Cases with Different LEU Fuels for a MIdplane
Traverse Through the Central Flux-Trap and Water-Reflected Faces
(ns - not shown).
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Table 3 FUEL CYCLE COST COMPONENTS

URANIUM COSTS

- Enriched Uranium

- Uranium Losses During Conversion and FE Fabrication: 25%

- Conversion of UF6 to U-Metal: $330/kg U

FUEL ELEMENT FABRICATION COSTS

HEU Reference Element (Approx. NUKEM Price for ASTRA Element): $6600

LEU Fuel Elements:

- UAI,-Al, U308-Al (NUKFM Estimate)

(1.35-1.5) x HEU Ref. FE: -$8910-$9900

- U3Si-Al (Estimate for this Comparison)

(1.35-1.5) x HEU Ref. FE: -$8910-$9900

- CARAMEL (Estimate for this Comparison)

(1.35-5.4) x HEU Ref. FE: -$8910-35,640

- UZrH (General Atomic Catalogue Price): $22,100

FRESH FUEL SHIPPING COSTS

- Ship UF6 from USA to Europe (Based on Shipment of 200 kg
Enrichment Uranium): 3000 $550/kg U

- Ship Fresh Fuel from NUKEM to ASTRA: $400/Element

• SPENT FUEL SHIPPING COSTS

- Ship Spent Fuel from ASTRA to Savannah River Plant: $3140/Element

• REPROCESSING COSTS

- $400/kg Metal (UAlk-Al, U308-Al) Based on Federal Register
Notices Valid Through

- $145/kg Metal (UZrH) December 1982.

- $400/kg Metal (U3Si-Al, CARAMEL) Estimate for this
Comparison Only.

• URANIUM CDIT

Price for Contained 235U (Interpolated for Different Enrichments),
Reduced by:

- Uranium Losses During Reprocessing and Conversion: 25%

- Conversion Costs: $260/kg U

- Shipping Charges to Enrichment Plant: 2 of Uranium Credit
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Uranium credits were computed in the same manner for all fuels and
enrichments.

Additional assumptions for these cost comparisons are shown in Tables 4
and 5. All calculations were performed for a batch size of 26 fuel elements.
The annual capital interest rate (P) was treated as a variable and the annual
escalation rate (E) was fixed at 10%. All costs were referred to the beginning
of the fuel cycle for various values of (P - E).

The results of this study are shown in Fig. 4 where the fuel cycle
costs in $/MWd are plotted against (P-E) for the reference HEU fuel and the
various LEU fuels (except for the caramel). Since the curves in Fig. 4 are
all relatively parallel, it can be concluded that, within a reasonable range,
differences between interest rates and escalation rates are not important
since they influence all of the fuels in about the same manner. Thus, interpre-
tation of the results can be simplified by considering only the case where
these rates are equal (P - E = ).

The fuel cycle cost components (in thousands of U.S. $) for this case are
shown in Table 6 along with the cost in $/MWd for each of the fuels. Some of
the conclusions that can be drawn from Table 6 are:

- Aluminide fuel with a uranium density of 23 g/cm3 and 19 thick
plates would not be a good choice for conversion of this reactor
since the overall fuel cycle costs would be increased by about 20%.

- A better choice would be oxide fuel with 30 g U/cm3 in this element
with 19 thick plates since the fuel cycle costs would be reduced by
about 7. The larger 235U loading that can be achieved in the oxide
fuel leads to a considerably longer operating cycle and reduced
costs.

- If the irradiation testing of silicide fuel is successful, the high
uranium densities offer the advantage of a simple substitution of a
new fuel meat without any changes in the 23-plate HEU fuel element
geometry. With 60 g U/cm3 LEU silicide fuel meat, the fuel cycle
costs would be about 73% of the costs with HEU fuel.

- Referring to Table 2 it is interesting to note the advantage of
the thin fuel meat case with 23 plates and LEU silicide fuel over
the thick fuel meat case with 19 plates and LEU oxide fuel. Both
designs contain about 530 g 235U per element, but, because of the
larger water volume fraction with 23 thin plates, the cycle length
would be about 38 days instead of 28 days and the average 235U
discharge burnup would be about 69% instead of 48%. This translates
into fuel cycle costs of $114/MWd with the silicide element and
$145/MWd with the oxide element.

- The 16-pin UZrH fuel element with erbium burnable poison has a high
235U content, a long cycle length, and a high 235U discharge burnup.
The resulting fuel cycle costs would be about 87% of those with the
reference HEU aluminide fuel.
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Table 4 Additional Assumptions for Cost Comparisons

0 Equilibrium Core

0 Methods Based on Fuel Cycle of the ASTRA Reactor

Batch Size of New Elements Ordered: 26 Elements

0 Reactor Operated until 26 Elements Have Achieved Discharge
Burnup (Spent Fuel Shipments are Usually 26 Elements)

0 Costs Referred to Beginning of Fuel Cycle Using Assumptions
for the ASTRA Reactor for Various Values of (P-E).

P - Capital Interest Rate/Yr. Duty Factor - 40%

E - Escalation Rate/Yr. (10%) (Ref.1; Appendix I)

Table 5. Cost Flow Assumptions for Fuel Cycle Cost Components

Time in Months at Which Different
Costs are Incurred

Shipment Shipment
Cost Component Cycle I Cycle 2

1. Uranium Cost 0 X

2. Ship UF6 to Europe 0 X

3. Convert UF6 to U Metal 9 X + 9

4. Fabricate Fuel Elements 9 X + 9

5. Ship Fresh Fuel to Reactor 12 X + 12

6. Ship Spent Fuel to U.S. X + 18 2X+ 18

7. Reprocessing Cost X + 24 2X + 24

8. Uranium Credit X + 30 2X+ 30

X Resident Time for Burnup of 26 Fuel Elements

261



Fig, 4 Fuel Cycle Costs vs. P-E for Ref. HEU Fuel and LEU Fuels
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Table 6 COST COMPARISON (P-E 0)
($000)

SHIP SHIP
U FABR.a FRESH SPENT REPR. URANIUM

FUEL COST COST FUEL FUEL COST CREDIT TOTAL MWD $/MWD

UA.IX-A.1 341 172 18 82 48 -113 548 3524 156
(HEU Ref.)

UAlx-A1 482 232 41 82 71 -232 676 3575 189

U308-Al 639 232 50 82 65 -275 793 5478 145

U3Si-A1 631 232 50 82 62 -146 911 7964 114

UZRH 1094 575 76 82 50 -397 1480 10871 136

CARAMEL 567 232b 116 82 154 -213 938 4797 195

464 1170 244

928 1634 341

aFabr. costs for LEU Alx-A1, U308-Al, and U3Si-A1 assumed to be 135 x HEU Ref. ($6600/element).

bFabr. costs for CARAMEL parameterized as 135, 27, and 54) x HEU Ref.



Table 7 COST COMPONENT COMPARISON (P-E = )

(Percent of Total)

SHIP SHIP
U COST FABR.a FRESH SPENT REPR.

FUEL U CREDIT COST FUEL FUEL COST

UAIX-Al 41.6 31.4 3.3 15.0 8.8
(HEU Ref.)

UAlx-A1 37.0 34.3 6.1 12.1 10.5

U308-Al 45.9 29.3 6.3 10.3 8.2

4' U3Si-A1 53.2 25.5 5.5 9.0 6.8

UZRH. 47.1 38.9 5.1 5.5 3.4

CARAMEL 37.7 24.7b 12.4 8.7 16.4

30.3 39.7 9.9 7.0 13.2

21.7 56.8 7.1 5.0 9.4

aFabr. costs for Alx-Al, U308-Al, and U3Si-Al assumed to be 1.35 x HEU Ref.($6600/element)

bFabr. costs for CARAMEL parameterized as 135 27, and 54) x HEU Ref.



As mentioned above, the fabrication cost for the caramel fuel was
treated as a parameter in this study since information on this fuel
cycle component was not available. Using a fabrication cost factor
of 135 in comparison with the reference HU fuel, the fuel cycle
cost was computed to be $195/MWd, about 25% higher than the HEU
case. Overall costs rise sharply if higher fabrication costs are
assumed.

In Table 7 the cost components are broken down as a percentage of the
total for each of the fuels. As expected, enriched uranium costs and fabri-
cation costs are the major components, and these constitute 65 - 5% of the
totals.

Conclusion

The conclusion of this study is that there are excellent opportuni-
ties for reducing fuel cycle costs in conversions from HEU to LEU if the LEU
fuels that are being developed and tested are successful and if all safety
considerations allow. The cost reductions described here are the direct
result of the longer cycle lengths that can be obtained with increased 235U
loadings. Each reactor is an individual case and fuel cycle economics should,
along with safety considerations, be an integral part of choosing the optimal
fuel and fuel element design for conversion to LEU.

Ref. 1: `IAEA Guidebook on Research Reactor Core Conversion from the Use of
Highly Enriched Uranium to the Use of Low Enriched Uranium Fuels,"
IAEA-TECDOC-233,1 August 1980.
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Economic Projections for Advanced Fuel Fabrication

H. W. Hassel

NUKEM, GmbH

XA04C1558

This paper presents a fabrication cost evaluation based on the status
of MTR fuel development at NUKEM as of November 1980, and includes advanced
chemical and mechanical processes starting with UF6 (including chemical scrap
recovery). It also assumes that there will be just one fabrication line for
each fuel type.

UAlx-Al fuel with a uranium density of 1.0 g/cm3 was taken as the
iOO% cost reference (Fig. 1). Excluding enrichment for the moment, the 00%
reference values shown in Fig. I for all fuels are individually different for
each reactor because of the different fuel element designs. Plate type,
thickness of meat, length of meat, number of plates per element, bent or flat
plates/tubes, upper and lower components, assembly design, materials, element
quantity per order, etc., are all important in determining the final costs.

New activity in research and development (R&D) has been started at NUKEM.
In the very beginning, all the steps involved in fabrication were examined,
starting with UF6 conversion and chemical treatment of the fuel (mainly, the
oxide fuels), and continuing through powder production and plate fabrication,
including intermediate chemical scrap recovery and final scrap recovery. The
latter is very important because these procedures can also be used in repro-
cessing later on. If the mechanical or technical capability and/or the costs
no longer makes sense, that R&D activity is stopped if there is an alter-
native fuel. At the moment, the prospects for alternative fuels are promising.

The RO on a particular fuel is stopped if its cost to the reactor operator
would be increased by more than 30% over the current fuel cost. For this reason,
the R&D on UAl alloy fuel was stopped about two years ago at a uranium density
of roughly 12 g/cm3. Similarly, the R&D on UAIx fuel is now being stopped at
around 22 g U/cm3 because the 30% limit has been reached. The R&D on U308
fuel is continuing up to about 32 g U/cm3, but there is some possibility of
achieving up to 35 g U/cm3 within the 30% cost increase limit.

As reported in Ref. 1, NUKEM is currently developing a U02-Al dispersion
fuel. This fuel is expected to have approximately the same cost at about 40
g U/CM3 as AlX7Al fuel does at 1.0 g U/cm3 (see Fig. 1). We hope to begin
the irradiation testing Of U02-Al miniplates in the spring of 1981.

For the UAl alloy, UAlk-Al, U308-Al, and U02-Al fuels, the curves shown
in Fig. are quite accurate. RO at NUKEM on xSi y-Al and other fuels
is at an early stage and it is not possible to determine their costs at
this time. The main difficullty is calculating the cost of scrap recovery.

Again, NUKEM's process for chemically converting UF6 directly into U308
or U02 without first converting to uranium metal could result in significant
cost advantages for the oxide fuels over the aluminide fuel if the planned
irradiation tests are successful.

Ref.: M. F. Hrovat, H. Huscha, K. H. Koch (NUKEM) and S. Nazard, G. Ondracek

(KfK Karlsruhe), "Status of Fuel Element Technology for Plate Type
Dispersion Fuels with High Uranium Density," these proceedings 1980).
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Figure 

Fabrication Cost Evaluation on Basis of Present Status of MTR-Fuel R&D at NUKEM (Nov. 1980) and Advanced
Chemical, Metallurgical echanical Procedures (Starting with UF 6, incl. Chemical Scrap Recovery) and
Assuming That There Will be Just One Fabrication Line Concerning the Fuel Type.

Q) 100% Costs for Around 1.0 g U/cc, UAl -Al Fuel. (These 100% are Individually Different for each
Reactor Because of Different Plate and Meat Thickness, Meat Lengths, Number of Plates per Element,
Bend or Flat Plates/Tubes, Upper and Lower Components, Assembly Design, Materials, Element Ouantity
per Order, etc.).
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Status of RERTR Fuel Demonstrations

J. L. Snelgrove

Argonne National Laboratory

A near-term objective of the U.S. Reduced Enrichment Research and Test
Reactor (RERTR) Program is to demonstrate that the use of reduced-enrichment
fuels meets the criteria of reliability, performance, safety, core lifetime,
and economics. Two types of demonstrations are planned to meet this objective:
fuel element irradiation testing and whole-core demonstrations. Data related
to the first three criteria will come primarily from the element irradiations,
whereas data related to the latter two, and, to some extent safety, will come
from the whole-core demonstrations.

The fuel element irradiations which will be discussed in this paper will be
limited to those anticipated to be accomplished in the near term, that is, over
the next 2 to 2 12 years. The fuel types to be tested are A12C-Al and U308-Al
dispersions for plate-type reactors and U-ZrHx for rod-type reactors. The test
fuel elements'are being procured from CERCA (France), NUKEM (Germany), Texas
Instruments (USA), and General Atomic Company (USA). The latter company is,
of course, the manufacturer of U-ZrHx TRIGA fuel. Fuel elements for testing
were procured from the two U.S. companies through normal contractual processes.
The procurement of test fuel elements from CERCA and NUKEM, however, is on a much
more cooperative basis. The U.S. Department of Energy is supplying the uranium
needed for fabrication of these fuel elements on a no-cost basis, and the RERTR
Program is arranging shipment of the uranium to the fabricators. The two fabri-
cators are providing the fabrication services free of charge. Contracts cover-
ing this work are now in force.

It is planned that the irradiations will take place in the Oak Ridge Research
Reactor (ORR, USA), the High Flux Reactor at Petten (HFR-Petten, The Netherlands),
the SILOE reactor (France), and the steady State Reactor (SSR, Romania). The
latter is a new 14-MW TRIGA reactor. As for the fuel procurement, the irradia-
tion tests in reactors outside the U.S. are being provided on a no-cost basis.
The RERTR Program is responsible for shipping the spent fuel elements back.to
the U.S. and for disposing of them.

The fuel elements being procured for irradiation testing are listed in
Table I and some details of the element designs are shown in Figs. - The
45%-enriched element for irradiation in the ORR is the standard 19-plate ORR
element (Fig. 1) in which the 0.51-mor-thick high-enriched uranium (HEU) fuel
meat 07 g U/cm3) has been replaced with 17 g U/cm3 fuel meat. Figure 2
shows a section of the standard 23-plate SILOE element, which will also remain
unchanged with 45%-enriched fuel meat. In order to test fuel elements which
might have some near-term applications for conversions to low-enriched uranium
(LEU) using Alx-Al and U308-Al fuels of intermediate density, the elements shown
in Figs. 3 and 4 are being procured. Each element consists of a number of
thick, flat plates. The fuel meat thickness is 1.5 mm for the ORR element and
1.32 mm for the HFR-Petten element. In each of these elements three plates
have been removed and replaced with aluminum adapters for the curved-plate
geometry of the present cores. The TRIGA cluster for the SSR is shown

in Fig. 5. It is identical to the HEU fuel cluster currently used in the
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reactor, except that the HEU fuel meat has been replaced with 19.9%-enriched,
3.7 g U/cm3 fuel meat. A similar, 16-pin TRIGA cluster containing U-ZrHx
fuel containing 13 22, and 37 g U/cm3 is currently under irradiation in
the ORR. It should be noted that each fabricator will utilize its standard
materials and processes in fabricating the test elements in order that the
irradiation data can be applied to fuel elements which might be procured for
core conversions.

A tentative schedule for the irradiations and postirradiation examinations
is shown in Table II. The burnups listed refer to average depletion of the
2355,U originally contained in the fresh element. The goal of 75% burnup really
represents achieving twice the fluence needed for 50% burnup. It is estimated
that the actual burnup will be in the range of 70 to 75%. At the hot spot in
the fuel element, the local burnup may be as high as 90%. That level of
burnup should certainly demonstrate that the reliability criterion has been
achieved.

Postirradiation examinations are planned for all of the types of plate-type
elements. Visual inspections will be conducted in the reactor pool following
irradiation. It is planned, for those elements irradiated in the ORR, to try to
detect if any fission products are being released from the elements. After suf-
ficient cooling time the elements will be transferred to a hot cell where a
detailed visual inspection will be performed and dimensional measurements will be
made to detect any changes from the as-fabricated dimensions. Selected elements
will then be disassembled for plate gamma scanning, absolute burnup determina-
tion, swelling measurements., blister-threshold-temperature measurements, and
metallography. Some physical property measurements might be performed if needed
to provide data for licensing. The postirradiation examinations performed on
the SILOE element and the TRIGA rods will be nondestructive only unless
evidence of unusual behavior is found.

A whole-core demonstration of the physics properties of LEU plate-type
cores will be conducted in the Ford Nuclear Reactor (FNR) at the University of
Michigan. The objectives of this demonstration are to provide the detailed
data from both the current HEU equilibrium core and a fresh LEU core needed to
verify analytical capabilities for plate-type fuel, to provide a direct
experimental demonstration of changes to be expected in a conversion to the
use of LEU fuel, and to demonstrate the licensability of near-term, reduced-
enrichment, plate-type fuels. The license amendment needed for this demonstra-
tion is currently being processed by the U.S. Nuclear Regulatory Commission.
The FNR is a 2-MW, pool-type reactor currently using fully-enriched, 18-plate
fuel elements containing 140 g of 235U. The LU fuel element for the FNR is
shown in Fig. 6 It is a copy of the original FNR element with 1.52-mm-thick
plates, except that the fuel meat in the LEU element will be 076 mm thick
rather than 0.51 mm thick. The element will be 19.75% enriched and will
contain 167 g of 235U. The fuel elements will be procured from CERCA and
NUKEM. The measurements which are currently planned and a tentative schedule
for the demonstration are listed in Table III.

Consideration is also being given to a whole-core demonstration in a
higher-power reactor for the purpose of demonstrating the fuel cycle which
can be achieved with reduced-enrichment fuel. Such a test could also be used
to demonstrate one of the higher-density fuels currently being developed. No
candidate fuel or reactor has been chosen at this time.
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In summary, the fuel demonstration activity of the U.S. RERTR Program
is moving ahead on several fronts with the active participation by European
fuel fabricators and reactor operators. A number of fuel elements are
currently being fabricated or will soon be fabricated for irradiation in
several reactors in the U.S. and Europe. A whole-core demonstration of the
physics properties of LEU fuel is scheduled to begin in about half a year.
The data from the irradiations and the whole-core demonstration are expected
to show, by early 1983, that the near-term intermediate-density LEU fuels can
indeed be used reliably and safely. A full demonstration of fuel cycle
economics must await, however, results of a second whole-core demonstration or
the establishment of an equilibrium fuel cycle in the FNR. In either case
several more years will have passed before such data is available.
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TABLjE I

PROCUREMENT OF FUEL ELEMENTS FOR TEST IRRADIATIONS

U DENSITY ENRICHMENT NO. OF COMPLETION
FABRICATOR FUEL TYPE (G/CM3) (Z) ELEMENTS DATE REACTUR

TI U308-AL 1.7 45 4 9/80 ORR

CERCA UALX-AL 1.7 45 2 3/81 ORR

NUKEM UALX-AL 1.7 45 2 3/81 ORR

CERCA. UALX-AL 2-o 45 1 12/80 SILOE

CERCA UALx-AL. 2.1 <20 1 6/81 ORR

CERCA UALX-AL 2.3 <20 1 6/81 ORR
-�j
4_1 NUKEM U308-AL 2-2 <20 2 3/81 ORR

CERCA UALx-AL 2-1 <20 2 6/81 HFR-PETTEN

NUKEM U308-AL 2-1 <20 2 3/81 HFR-PETTEN

1-3 1/80

GA U-ZRHX 2-2 <20 1+ 9/79 ORR

3-7 9/79

GA U-ZRHX 3-7 <20 5` 9/80 SSR

CLADDING MATERIALS: TI, 6061 AL; CERCA, AG 2 N.E. OR AG 3 N.E A NUKEM, ALMGlj GA, INCOLOY 800

+ONE 16-ROD CLUSTER: 5 RoDs 13 G/cm3j RODS 22 G/cm3; 6 RODS 37 G/cm3.00

`FIVE 25-ROD CLUSTERS-



TABLE I I

TENTATIVE SCHEDULE FOR FUEL ELEMENT IRRADIATIONS

FUEL U DENS. ENRICH. START 1ST ELEM. IST ELEM. BEGIN COMPLETE
TYPE (G/cm3) (%) REACTOR IRRAD. 50% B- 75% 8U. P.I.E. P.I.E.

UALx-AL 1.7 45 ORR 2/81 8/81 2/82 6/82 3/83
U308-AL

UALx-AL 2-0 45 SILOE 11/80 5/81 - 10/81 12/81

UALx-AL
2-1-2.3 <20 ORR 5/81 11/81 5/82 9/82 3/93

U308-AL

UALx-AL 2.1 <20 HFR-PETTEN 5/81 11/81 5/82 9/82 6/83
U308-AL

U-ZRHX 1.3-3.7 <20 ORR 12/79 1/82* 9/82+ - -

U-ZRHX 3.7 <20 SSR 6/81 6/83 - 12/83 6/84

*END OF 13 Glcm3 IRRAD-

+END OF 37 /3 IRRAD-



Table III

WHOLE-CORE DEMONSTRATION IN THE FNR

Measurements in the FNR

Core and Reflector Flux Distributions

Flux Intensity and Spectrum at Beam Port Exit

Control Rod Worth

Critical Rod Heights

Core Excess Reactivity

Void Coefficient of Reactivity

Temperature Coefficient of Reactivity

Critical Mass

Tentative Schedule

Delivery of First Fuel Elements - March 1981

Begin Experiments with Few Elements - April 1981

Begin Experiments on Whole Fresh Core - June-July 1981

Complete Experiments - March 1982

Complete Analysis - September 1982
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Petten Activities in the RERTR Field

Peter von der Hardt

Joint Research Centre - Petten Establishment

During the course of this conference the High Flux Reactor (HFR at
the Petten Establishment of the Joint Research Centre ORO will be mentioned
several times as one of the irradiation facilities for tests on reduced-
enrichment fuels. The purpose of this paper is to describe how the JRC
fits into the total scheme of the reduced-enrichment effort.

The HFR Petten is an ORR-type reactor which has been upgraded to a license
level of 50 MW. It currently operates at 45 MW. The main characteristics of
the reactor are given in Fig. 1. The high annual availability of 78% and high
average utilization (annual consumption of irradiation units/theoretical
number of irradiation units available) of 75% for the HFR Petten should be
noted. The principal uses ofthe reactor are listed in Fig. 2 There is a
very heavy, long-term commitment to several major irradiation programs in
Europe.

Studies of the possibilities for using reduced-enrichment fuel in the
HFR Petten began in early 1977 and resulted in what later was called the
Petten reference LEU element, namely, a 20%-enriched element with thick
plates and an increased uranium density in the fuel meat. At that time a
uranium density in the area of 20 g/cm3 was being considered. Very little
effort has been spent in studying 45%-enriched fuel. The author's personal
opinion is that converting to 45%-enriched fuel results in a loss of time and
money. Some consideration is being given to the possibility of going to
enrichments considerably lower than 20% through the use of caramel-type fuel
or through other high-density fuels currently being developed. Figure 3
summarizes the Petten enrichment-reduction studies. In addition, some studies
have been made of the complete fuel cycle cost of the Petten reference LEU
element. Another point of special concern has been the reprocessing of the
low-enriched fuels. The United States remains the only place where the new
fuels can be reprocessed, and a willingness needs to be expressed to consider
the reprocessing of really novel and exotic fuels. The possible impact on
security measures of the low-enriched fuels has also been considered.

The JRC organized in Petten last year a small workshop for the European
reactor operators and fuel manufacturers in order to find out what the parti-
cular aspects in Europe are. The European approaches to reduced-enrichment
fuels for research and test reactors at the time of the workshop are summarized
in Fig. 4 During the workshop, the problem areas listed in Fig. were
identified.

The preceding part of this paper has described the reduced-enrichment
activities of the JRC as a reactor operator. The role of the JRC as an
irradiator of reduced-enrichment fuels will now be discussed. In cooperation
with the U.S. REM Program, the JRC volunteered to perform test irradiations
and post-irradiation examinations using the Petten reference LEU element. A
section of the irradiation testing element is shown in Fig. 6 and the Petten
reference LEU element is compared to the present HEU element in Fig. 7 When
this element was designed about three years ago, it was assumed that bending
of fuel plates containing the new high-density fuels would not be possible.
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Although it now seems that curved plates can probably be made with most of the
novel fuels, the flat-plate design has been retained for the time being. However,
allowing for flat plates at this time does not place an extra constraint on the
utilization of this design with any fuel type which might be developed. In
order to make the test element compatible with the curved-plate geometry of
the present core, three fuel plates have been replaced by two inert filler pieces.
The cadmium wires which are contained in every second sideplate groove results
from an idea which was developed at Petten and which has been subsequently
studied at ANL. The burnup behavior of the cadmium wires is more nearly
compatible with the fissiorr-product buildup behavior of the LEU fuel than is
that of the boron used in the present HEU element.

Figure shows schematically the rather complicated contractual arrange-
ments for the fuel procurements, irradiations, and post-irradiation examina-
tions. In fact, the contractual arrangements have taken more time than the
design of the fuel element. Prior to the involvement of the JRC with ANL and
the U.S. program, the JRC had negotiated contracts with CERCA and NUKEM for
the fabrication of the Petten reference LEU element. In order to simplify
provision of the uranium by the U.S., it was necessary for ANL to contract
separately with CERCA and NUKEM. Also, the contract for irradiation and
post-irradiation examination was made between ANL and ECN (Netherlands Energy
Research Center), which operates the HFR Petten for the JRC, rather than between
ANL and JRC, for convenience. All but the ANL-ECN contract are in force at the
present time.
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Fig. 1. Main Characteristics of the HFR Petten

ORR Type 45 MW H20/Cooled/Moderated BE Moderated/Reflected

MTR (Plate) Type Fuel Elements, 93% Enriched, g 10B per Element

29 Irradiation Positions, 11 Horizontal Beam Tubes

Coolant Pressure 024 MPa, Coolant Temperatues 313'K

Annual Availability 78%

Average Utilization 75%
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Fig. 2 Main Utilization of the HFR Petten

0 Fast Breeder Reactor Structural Materials Irradiations

0 Fast Breeder Reactor Fuel Pin Testing under Abnormal Conditions
and under Operational Transients

0 Light Water Reactor Fuel Pin Power Ramping

0 High Temperature Gas Cooled Reactor Graphite and
Fuel Element Irradiation

0 Nuclear Structure and Solid State Physics Experiments

0 Radioisotope Production, Activation Analysis

0 Neutron Radiography, Neutron Dosimetry Development
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Fig. 3 Petten Enrichment-Reduction Studies

20% Enrichment, Increased Plate Thickness, AlX, 420 g 235U

(Petten Reference Fuel Element), 19 Plates 1977 - 78

45% Enrichment, UAl., Straightforward Extrapolation 1979

5 ... 8% Enrichment, U02 Zr-Clad (Caramel), 18 Plates 9 g /CM3

660 g 235u 1978 - 0

(HEU Element Upgrading from 390 to 405 g 235U, 1979- 80)
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Fig. 4 European Approaches to Reduced-Enrichment Fuel
for Research and Test Reactors

1. "Wait and See".

2. 45 to 65% Enrichment, Alx, Unchanged
Geometry, Increased U Density.

3. 19.5% Enrichment, Thick Plates, Increased
U Density, UAlk-Al and U308-Al.

4. 5 to 8% Enrichment, Thick Plates, Increased
U Density, U02, Zr Clad.
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Fig. 5. Problem Areas in Converting to Use of Reduced-Enrichment Fuels.

Fuel qualification Operation cycle length

Neutron flux levels Transient core cooling

Core reactivity Normal operation thermal
safety

Replacement of highly activated core components

Fuel cycle cost

Licensing of fuel, possible relicensing with systems' backfitting
of the whole plant

Problems during the transition period from HEU to LEU

0 core thermohydraulics,

0 core physics and irradiation conditions,

0 fuel cycle transition logistics

Pu breeding
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PRESENT HEU ELEMENT REFERENCE LEU ELEMENT

X

19 Plates, 208 mm thick, 1.32-mm-thick meat

2.25 g U/cm3' UAlx-Al or U308-Al

420 g 235U, 19.75% enriched

Fig. 7 The Petten Reference LEU Fuel Element.
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Irradiation Tests of Fuel and Fuel Elements under the German
AF Program - Revised Test Program

G. Th m

Kernforschungsanlage Jlich XA04C1561

This paper presents a revised irradiation test program of fuel plates
and fuel elements to be carried out in Germany under the German Anreicherungsre-
duzierung in Forschungsreaktoren (AF) Program. The test program as it stands
today is quite different than it was one year ago, and more changes will pro-
bably occur in the next one or two years as fuel development and testing pro-
gress in all of the reduced-enrichment programs.

The main objective of the irradiation test program of the AF Program,
outlined in Fig. 1, is to demonstrate that reduced-enrichment uranium (REU)
fuels fulfill the same safety criteria during reactor operation as do the
current high-enriched uranium (HEU) fuels. The important safety aspects to
be considered during the tests are corrosion behavior, stability of the fuel
particles in the presence of the matrix and cladding materials, swelling,
plutonium buildup, fission-product release, burnup limits, and overload
behavior. The irradiation tests in the Federal Republic of Germany have to
provide all of the data required for the licensing of an HEU to REU conversion.

The participants in the German irradiation test program are listed in
Fig. 2 The fabrication of the fuel plates and elements to be tested will
be carried out by NUKEM using procedures developed in cooperation with the
Karlsruhe Research Center (KfK) for the basic fuel development of advanced
fuels. The irradiation testing will be performed in the FRJ-1 and FRJ-2
reactors at the JUlich Research Center (KFA), in the FRG-1 and FRG-2
reactors at Geesthacht (GKSS), in the BER II reactor at the Hahn7-Meitner
Institute in Berlin, and in the FRM reactor at the University of Munich.
Post-irradiation examinations will be performed at Geesthacht and Jillich
with the participation of the KfK.

Four types (stages) have been identified for the irradiation tests, as
outlined in Fig. 3 These stages of testing, all of which an entirely new
fuel would have to undergo, have been agreed upon by the German licensing
authorities and their experts. However, if there are good experiments and
results from other testing programs for a particular fuel type, that fuel
would not necessarily have to go through all four stages of testing in Germany.
The first type of testing will be carried out in instrumented loops with
isolated cooling circuits with a relatively small number of miniature fuel
plates. These tests are intended to determine the fundamental irradiation
behavior of new fuels, and because of the use of loops, failures of the minia-
ture plates can be tolerated. Having chosen fuel types which apparently behave
well under irradiation, a much larger number of plates 40 to 50) will be
tested in a device similar to the one in use in the ORR and cooled by the
reactor primary water in order to obtain better statistics on the irradiation
behavior. Next there will be tests performed on full-size elements. The first
of these tests will provide data needed to prepare general fuel element
specifications. Finally, in order to provide data needed to prepare fabrication
specifications for individual reactors, there will be tests of prototype fuel
elements in those reactors. The tests of prototype elements will not neces-
sarily be part of the AF Program, but they are closely related to, and in some
cases identical with, the third type of testing mentioned above.
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Post-irradiation examinations are planned for each type of irradiation
testing, with the extent of the examinations decreasing from type to type.
The post-irradiation examination plan is summarized in Fig. 4 The most
extensive examinations will be performed on miniature plates following the
irradiations to characterize in detail the irradiation behavior of the various
fuel types. The measurements to be performed, as listed in Fig. 4 are relative-
ly standard and are similar to those planned in the U.S. RERTR Program. The
physical property measurements should include an examination of hardness.
Following the second stage of the irradiations, a much more limited set of
examinations will be performed on each plate, including visual inspections,
dimensional measurements, swelling measurements, and, possibly, gamma scanning.
In particular cases all of the other examinations will be performed, especially
on a plate which behaved poorly during the irradiations. The extent of the
post-irradiation examinations for the full-size elements is yet more limited.
There will be visual inspections, some dimensional measurements, a check of
the cooling channels, and, to some extent, fissiorr-product-release measurements.
If needed, either because of poor behavior of the element or because of an
agreement with the licensing authorities and experts, certain elements will be
removed to a hot cell for further examination up to the full extent of the
list for the first type of irradiation. Also, special needs of particular
research reactors will be considered in planning the extent of examinations of
the prototype fuel elements.

The remainder of the paper will be devoted to providing more details about
the tests and the test schedules. Figure shows the relationship between the
volume fraction of the dispersed phase and the uranium density in the fuel
meat for the various fuels now under study in the AF Program. It is planned to
include all of these fuel types in the irradiations of the first stage. These
tests are summarized in Fig. 6 Two irradiation devices have been designed.
The GKSS Type-A rig is designed to hold five 200 mm x 60 mm plates, and the KFA
Type-B rig is designed to hold ten plates. General data and test parameters
for the Type-B rig are given in Fig. 7 and a cooling system schematic diagram is
shown in Fig. 8. The time needed for the irradiations is nearly one year for
the Type-A rig and approximately one-half year for the Type-B rig. At the
present time it is planned to perform three separate irradiations in the Type--A
rig and six irradiations in the Type-B rig, giving a total of 75 irradiated
plates. The schedule for these tests runs through 1984. The presently-planned
distribution of fuels in these tests is also shown in Fig. 6 Of course, this
schedule may change significantly within the next year. It is planned to begin
with the AlX-Al and U308-Al fuels, although it is quite probable that some
new fuel types will be included in the first irradiation in the Type-B rig. It
is also possible that irradiation of the U02-Al fuel will precede that of the
uranium-silicide fuel. The contents of the third and fifth irradiations with
the Type-B rig will be decided according to the state of the fuel development
at that time.

The irradiation device for the Type-II (statistical) irradiations will be
available in June or July 1981, and the irradiations are planned to begin during
August. The irradiations will be performed in the FRG-2. The plate dimensions
will be similar to those of the Stage-I irradiations, and meat thicknesses in
the range of 0.51 to 1.00 mm can be accommodated. The content of the first load
is presently under consideration. Figure 9 smmarizes this information.
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The status of the full-size element irradiations is shown in Figs. 10 and
11. Most of the tests which have been defined thus far are with 45%-enriched
elements, although two 20%-enriched elements have been ordered for the BER II.
It should be noted that, in general, more than two elements of each type are
tested. This is in anticipation that the German licensing authorities might
require a data base having better statistics.

In summary, the German AF Program has embarked upon an extensive irradia-
tion program for REU fuels designed to provide the data needed for licensing
approval of conversions from HU to REU fuels. During the first three years
of testing a number of fuel types will be screened and irradiations of selected
fuel plates will be performed to achieve a statistically valid data base. Full-
size elements of the intermediate density fuels will be irradiated in several
reactors.
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FIG. 

AF-PROGRAM

THE MAIN OBJECTIVE OF THE IRRADIATION TEST PROGRAM IS TO

DEMONSTRATE THAT REU-FUELS FULFIL THE SAME SAFETY CRITERIA

DURING REACTOR OPERATION AS CURRENT HEU-FUELS.

IMPORTANT SAFETY ASPECTS:

- CORROSION BEHAVIOUR

- STABILITY OF FUEL (MATRIX)

- SWELLING

- PU-BUILD UP

- FISSION PRODUCT RELEASE

- BURNUP LIMITS

- OVERLOAD BEHAVIOUR

THE IRRADIATION TESTS HAVE TO PROVIDE ALL FUEL DATA REOUIRED

FOR HEU To REU CONVERSION LCENSING PROCEDURES IN THE FEDERAL

REPUBLIC OF GERMANY.

E.G. IRRADIATION INDUCED REACTION OF FUEL PARTICLES

WITH AL-MATRIX
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FIG. 2

AF-PROGRAM,

PARTICIPANTS IN IRRADIATION TEST-PROGRAMME

NUKEM: FUEL (PLATES OF REDUCED SIZE) AND TEST

ELEMENT FABRICATION 

GKSS FUEL AND FULL SIZE ELEMENT IRRADIATIONS IN THE
RESEARCH REACTORS FRG-1, 2 AND FRJ-1, -2

KFA POST IRRADIATION EXAMINATIONS (PARTICIPATION

OF KFK AND NUKEM)

IN COOPERATION WITH AF-PROGRAM

HMI FULL SIZE ELEMENT IRRADIATIONS IN BER 11 AND FRM
UNI MUNICH

FABRICATION ON INDUSTRIAL SCALE ACCORDING TO SPECIFICATIONS

AS NEAR AS POSSIBLE TO THOSE OF HEU-FUELS
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FIG. 3

AF-PROGRAM

TYPES OF IRRADIATION TESTS.

FUEL (PLATES OF REDUCED SIZE),

1. TESTS OF FUNDAMENTAL IRRADIATION BEHAVIOUR OF NEW FUELS.
SMALL NUMBER ( - 0) OF FUEL PLATES IN AN IRRADIATION

DEVICE (INSTRUMENTED, WITH A SEPARATED COOLING CIRCUIT)

(FRG-2, FRJ-2).

II. STATISTICAL IRRADIATION PERFORMANCE TEST.
GREATER NUMBER 40 50) OF FUEL PLATES IN A SIMPLE

IRRADIATION DEVICE (NOT INSTRUMENTED, COOLED BY REACTOR

PRIMARY WATER)

(FRG-2).

FULL SIZE. ELEMENTS.

III. TEST ELEMENT IRRADIATIONS TO PREPARE GENERAL FUEL ELEMENT

SPECIFICATIONS WITH RESPECT TO DEFINED STANDARD PARAMETERS

(FUEL TYPE, MAX. U-DENSITY, PLATE (MEAT) THICKNESS,

ENRICHMENT

FRG-1 2 FRJ-1, 2 IN COOPERATION WITH AF-PROGRAM

BER-II, FRM).

IV. IRRADIATION PERFORMANCE TESTS WITH PROTOTYP-ELEMENTS
TO PREPARE FABRICATION SPECIFICATIONS FOR INDIVIDUAL

RESEARCH REACTORS PRIOR To HEU - REU CORE CONVERSION

(THESE TESTS ARE NOT NECESSARILY PART OF AF-PROGRAM TO

SOME EXTENT SUCH TESTS ARE IDENTICAL WITH THOSE ACC TO

DEVICE VERY SIMILAR TO THAT USED IN ORR (RERTR-PROGRAM)

298



FIG. 4

AF-PROGRAM

POST-IRRADIATION EXAMINATIONS.

DIFFERENT EXTENT FOR THE 4 TYPES OF IRRADIATION TESTS.

1. IN HOT CELL IMMEDIATELY AFTER IRRADIATION

IN ANY CASE:

- VISUAL INSPECTIONS

- DIMENSIONAL MEASUREMENTS

- DENSITY MEASUREMENTS

- GAMMA-SCANNING

- RADIOCHEMICAL BURNUP MEASUREMENTS

- SWELLING MEASUREMENTS

- ANNEALING MEASUREMENTS (BLISTER TESTS)

- METALLOGRAPHY

- PHYSICAL PROPERTY MEASUREMENTS.

ON SELECTED SAMPLES
- LEAK TESTS

- THICKNESS OF CORROSION LAYER MEASUREMENTS.

11. IN HOT CELL IMMEDIATELY AFTER IRRADIATION

IN ANY CASE:

VISUAL INSPECTIONS

DIMENSIONAL MEASUREMENTS

SWELLING MEASUREMENTS

(GAMMA-SCANNING)

ON PARTICULAR OCCASIONS

TESTS ACCORDING TO

299



FIG 4 (CONT.)

AF-PROGRAM

POST-IRRADIATIO14 EXAMINATIONS (CONTINUED).

III. IN POOL IMMEDIATELY AFTER IRRADIATION

IN ANY CASE:

- VISUAL INSPECTIONS

- DIMENSIONAL MEASUREMENTS (REDUCED EXTENT)

- (FISSION PRODUCT RELEASE)

IN HOT CELL ON PARTICULAR OCCASIONS REDUCED PIE

EXTENT ACC. TO I.

(SPECIAL ARRANGEMENTS)*

IV. MAINLY ACC. To III.

SPECIAL ARRANGEMENTS UE TO RESEARCH REACTOR OPERATORS

REQUESTS

ON AGREEMENT WITH LICENSING AUTHORITIES AND EXPERTS
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Fir, 6

AF-PROGRAM

IRRADIATION EXECUTION

TYPE 

2 TYPES OF IRRADATION DEVICES

- TYPE A (GKSS) 5 PLATES RIG

- TYPE (KFA) 10 PLATES RIG

A 1 RIG YEAR; TOTAL 3
B 2 RIGS/ YEAR; TOTAL 6

TOTAL: 75 PLATES 200 x 60'mm2)*

IRRADIATION PERIOD 1982 - 1984.

SCHEDULE:

1982 1983 1984

No. Al No. A2 No. 

No. Bl No. B3 No. 5
No. B2 'No. B4 No. Bb

STANDARD THICKNESS 127 mm (0,51 MEAT 0,38 CLADDING)
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FIG 6 (CONT.)

AF-PROGRAM

TYPE I (CONTINUED)

IRRADIATION URANIUM 3
No. FUEL DENSITY G/CM

Al UALX_ AND U308-AL 2.2 �.3,0

Bl UALX_ AND U308-AL 2.2 :�.3,0

B2
U3SI / U3S12-AL 3,2 4,5 5,8

A2

B3 ? ?

A2
U02-AL 3,2 4,0 4,5

B4

B5 ?

A3
U6FE-AL 5,0 6,5 7,0

B6

REMARKS:
Al, Bl.

IRRADIATIONS WITH CUSTOMARY REFERENCE FUELS Typ WILL POSSIBLY
INCLUDE NEW FUELS (U Si-AL MOST PROBABLE DUE To AF-PROG STATUS
AND RERTR-PROG. IRR.�
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Fl G. 7

AF-PROGRAM

I R R A D I A T I N D E V I C E

KFA - JOLICH

GENERAL DATA.

REACTOR: FRJ-2 (DIDO)

IRRADIATION POSITION: 6V-CHANNEL (RREFLECTOR)

MAX. THERMAL FLUX 1,67 1014 CM-2s-l
(UNDISTURBED):

IRRADIATION FACILITY: AF-Loop-JULICH

Loop CAPACITY: 10 PLATES PER RIG

MAX. Loop POWER: 250 KW
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FIG. 7 (CONT.)

AF-PROGRAM

I R R A D I A T I 0 N D E V I C E

KFA - JOLICH

TEST PARAMETERS.

TEST PLATE DIMENSIONS: 200 mm x 60 mm

MEAT DIMENSIONS: 180 mm x 5 mm

POWER DENSITY: 80 W/CM2
130 W/cm2

MAX. PLATE TEMPERATURE: go Oc

130 OC

POWER FRM FACTOR: 1,07

POWER PER PLATE: 14,2 KW

23,1 KW

GAMMA-POWER OF STRUCTURE: 3 KW

TOTAL POWER OF RIG: 145 KW

235 KW
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FIG. 

AF-PROGRAM

MAIN COOLING SYSTEM
Measurements

C el. Conductivity

P Pressure

Q Flow rate SEC. COOLING

T Temperature SYSTEM (D-
X Activity (D- -- O (D-

PUMPS

__j PRESSURE RESISTANCE FILTER CIRCUIT

IN PILE SECTION SYSTEM

FLOW SCHEME IRRADIATION DEVICE
KFA - JOLICH

EMERGENCY COOLING SYSTEM



FIG. 9

AF-PROGRAM

TIME SCHEDULE.

TYPE II.

IRRADIATION DEVICE (FRG-2) AVAILABLE JUNE/JULY 1981

START OF IRRADIATIONS AUGUST 1981

PLATE DIMENSIONS SIMILAR TO THOSE OF

MEATTHICKNESS: 0,51 mm - ,0 mm

FUEL TYPE: UAL X- AND U30 8-AL

DENSITY: > 22 G U/CM 3 AND 3,2 G U/CM3

RIG LOAD DSTRIBUTION OF 1. RIG UNDER CONSIDERATION

IRRADIATION RESULTS OF NUKEM FABRICATED PLATES IN

RERTR-PROG. (ORR) WILL BE CONSIDERED
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FIG. 

AF-PROGRAM

TIME SCHEDULE.

TYPE Ill.

FRJ-1: 45 TEST ELEMENTS FABRICATED, FINAL TOV INSPECTION

(10 EL.) 48TH WEEK 1980.

START OF IRRADIATION TESTS DEC. 1980/JANUARY 1981.
TESTS COMPLETED MAY/JUNE 1982 (MAX. BURNup 45
COMPLETION OF GENERAL FUEL ELEMENT

SPECIFICATION (AND FOR FRJ-1) DEC. 1982

FRG-2: 45 TEST ELEMENTS, ORIGINALLY THE SAME SCHEDULE AS

(10 EL.) FOR FRJ-1
URANIUM NOT YET AVAILABLE

IRRADIATION START EXPECTED FOR JULY/AUGUST 1981 TESTS

COMPLETION EXPECTED FOR JULY/AUGUST 1983
(MAX. BURNup 60 )
COMPLETION OF FRG-2 FABRICATION SPECIFICATION EXPECTED

DEC. 1983/JAN. 1984

FRJ-2: 45 TEST ELEMENTS ORDERED

020) START OF IRRADIATION TESTS AUG. 1981
(10 EL.) TESTS COMPLETED OCT. 1982 (MAX. BURNUP 50 %)

COMPLETION OF STANDARD SPECIFICATION MARCH/APRIL 1983

TESTS POSSIBLY COVER REQUIREMENTS ACCORDING TO TEST TYPE IV
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FI G. 

AF-PROGRAM

TEST IRRADIATIONS IN COOPERATION WITH AF-PROGRAM.

STATUS START LENGTH REMARKS

BER 11 20 TEST-EL. AUGAEPT. -. ,1,5 YEARS TEST OF

ORDERED 2 1981 TYPE III

(UALX-AL)

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

FRM, 45 TEST-EL. -SEPT./OCT.---,2 YEARS TEST OF

ORDERED 2 1981 TYPE III

(UAL X-AL)

TYPE IV

TYPE III TESTS IN FRJ-1, 2 AND FRG-2 POSSIBLY MIGHT BE

CONSIDERED TYPE IV TESTS .

FOR BER 11 AND FRM ADDITIONAL TYPE IV TESTS ARE EXPECTED TO

BE NECESSARY. START OF SUCH TESTS BEFORE COMPLETION OF TYPE III

TESTS SEEMS TO BE FEASIBLE. 

DUE TO THE RESULTS OF INTERIM INSPECTIONS AND WITH THE

APPROVAL OF LICENSING AUTH6RITIES
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The Caramel Fuel in OSIRIS:
The Complete Conversion of a High Flux Research to a Low Enriched Fuel

Francois Cherruau

Centre d'E'tudes Nucl6aires de Saclay

1. Introduction

Following a broad research and development program initiated in the
early Seventies and a study, launched in 1976, about the possibility of
using a low enriched caramel fuel in a research reactor, it was decided in
1977 to operate a complete conversion of OSIRIS, the high flux research
reactor located in Saclay.

ISIS, a mock-up reactor of OSIRIS, was completely loaded with caramel
fuel elements in October 1978 and OSIRIS, after transformations that took
place during 1979, begun its operation with a new caramel core in January
1980.

Since this date, OSIRIS is operating at 70 MWth, its nominal power,
using exclusively caramel fuel elements. Equilibrium enrichment of this new
fuel is 7 as against the 93% previously used in the reactor, assembly's
overall geometry and power remaining unchanged.

This paper presents the main characteristics of the caramel fuel, a
description of the transformations to OSIRIS that were decided in line with
its conversion and the results of its operation since then.

2. Characteristics of the Caramel Fuel

The Caramel fuel is mainly made from sintered U02 square or rectangular
pellets contained in diffusion welded flat zircaloy clads forming the plates
of the fuel assemblies. The technology employed thus essentially comprises:

0 oxide sintering,

0 cladding and diffusion welding to form the plates,

0 machining and electron bombardment welding to produce
the assembly.

The dimensions of the U02 and their arrangement with the zircaloy
frame can be adapted to each specific project.

This new type of fuel was developed at first to cope with the following
essential aims:

0 to minimize the risk of contamination:

Each pellet being physically isolated from its
neighbour, the consequences of a clad failure
are limited.
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0 to improve the cooling characteristics:

The heat transfer area per unit volume is greater than
that of the "pin cluster" technology.

Another important feature of this fuel used in a research reactor is
that it allows for low enriched uranium. The high specific weight Of U02
(about 20.3 g per m3 instead of 1.5 g U per c in U/Al) produces a weight
of uranium per unit volume of core of as much a 2 kg per dm3, reducing the
enrichment need to as little as 3 to 10%.

The caramel fuel plate used for OSIRIS presents itself as a thin zircaloy
casing, 700 mm long, 80 mm wide, 225 mm thick. In that casing, the fuel
consists of small flat square pellets Of U02, called caramels, 17.2 x 17.2
sided, 145 mm thick. These pellets are packed in a regular array within a
square-pitched grid made from zircaloy wire and are thus isolated from each
other when the welding of the different pieces of the plates has been per-
formed.

The fuel assembly is then realized by mounting a bundle of plates 17 for
the standard OSIRIS assembly) in parallel position, held between two slotted
side-plates and equipped with a foot and a handling head.

The fabrication of the caramel elements is being performed in the work-
shops of the CEA or of its subsidiaries, starting from components manufactured
in the industry.

The U02 pellets are obtained from U02 powder by sintering, this
operation taking of course benefit of all the know how which is gained on the
technology of PWR fuels.

The caramels are mounted in the grid, 4 per row, 34 in length.

The zircaloy sheets and side and end pieces are mounted together and
welded tightly to form the cladding.

The plate, which has been closed under vacuum, is treated for diffusion
welding in a high pressure chamber.

The plates are then machined ground, mounted on the slotted side-plates
and fixed on to them by electron beam welding.

The capacity of the fabrication unit can be of about 200 assemblies per
year.

Let us mention that, since in that case the CEA has been both the buyer
and the supplier of the fuel elements, a procedure has been set up by which
the controls and final reception of elements and assemblies are performed by
an independent body on account of OSIRIS reactor.

3. General Description of the OSIRIS Reactor

This high-performance reactor, located at Saclay, is designed for irradia-
tions of materials and fuels under high fast and thermal neutron fluxes. It
first achieved criticality in September 1966, at an initial rated power of
50 MW. After two years of operation in these conditions, the power level was
raised to 70 MW (December 1968).
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The reactor is of the pool-type, and the fuel elements are cooled by
deionized water flowing in the upward direction.

The reactor core is open and placed at the center of the pool, within
a zircaloy casing with inner dimensions 062 x 07 m, accommodating a 56-
cavity rack. The fuel elements, control elements 6 reflector elements
(Be) and part of the experimental devices are inserted in these cavities.

The experiments can be placed:

• inside the core and, in this case, they are cooled
by the core circuit and must be retained by clamping
rods, like the fuel elements,

• outside the core, in grids surrounding the casing
at its base.

One of these grids is occupied by a beryllium reflector, on the measure-
ment chambers side.

The pool water is sucked in under these grids, ensuring the cooling of
these external experiments.

The OSIRIS reactor is used for many applications:

• irradiation, under high fast or thermal neutron flux, of
structural materials and fuels intended for the different
types of power reactor (PWR, FBR etc.),

• activation analysis,

• radioisotope production,

• gammametryl

• neutron radiography.

It offers many advantages, related to the direct access to irradiation
locations, which are positioned:

- inside the core casing:

9 in the fission network: in this case the experiment
benefits from high fast flux levels, which are useful
for investigations of damage to structural materials.
In this case, the thermal neutron flux is also high,
and so is the gamma flux. These locations can be used
to test WR fuels. This was done to test the first
caramel elements, whereas the OSIRIS load still con-
cisted of 93% enriched U/Al alloy,
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in the immediate vicinity of the fissile network: a
row of seven rack cavities can accommodate beryllium
reflector blocks or radiation experiments. The thermal
fluxes are similar to these in the network, but the
fast fluxes are lower.

All these locations are readily accessible from the
poolsurface, through the stack.

outside the casing: grids designed to support the experi-
ments (mesh 82.4 mm) are placed on three outer sides. The
experimental devices may occupy several locations, and
their position in relation to the core can be adjusted to
compensate for potential variations in flux levels (move-
ment of control rods).

The thermal neutron flux is very high in the locations of
the first periphery.

The irradiation locations, in and around the core, have flux character-
istics which are known from calculations and measurements made on the ISIS
critical mock-up. The reactor runs at constant power of 70 MW. Operation
is divided into cycles: each cycle, which lasts about four weeks, is fol-
lowed by an 8-day shutdown for reloading and rearrangement of the fuel and
experiments, and for maintenance.

4. Adaptation of the Installation

The new caramel elements have thermohydraulic and neutron characteristics
which are different from those of the older U/Al elements. To maintain the
rated power of 70 MW, while observing the safety requirements, the essential
change to the installation involved an improvement in removal conditions of
the core power, by increasing the primary cooling rate.

With unchanged rated power 70 MW) and a number of fuel elements closely
comparable to the previous arrangement, the mean power liberated by a caramel
element approaches that liberated by a UA1 element.

However, since the number of plates per element is lower 17 compared
with 24), the power liberated per unit area increases and, conversely, the
cooling water flow rate between the fissile plates must be increased. To do
this, the cooling rate must be adjusted.

The primary circuit consists of a group of four main pumps and four
heat exchangers.

In the previous operating scheme, a heat exchanger was associated with
each pump. In normal operation, three of these assemblies cool the core.

The increase in total flow obtained by the installation of more powerful
pumps requires the simulaneous use of all four heat exchangers. To allow
this new operating scheme, the four heat exchangers were installed in parallel,
with a "main pipe" connecting the pump discharge with the exchangers' inlet.
Only three of the main pumps are in operation, with the fourth on standby.
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The primary circuit flow rate was thus raised from 4250 m3/h to 5500 m3/h,
and the variation in water temperature across the core was accordingly reduced
from 14' to 10.5'C.

Other changes made to the installation covered the following:

• adaptation of control elements, the cobalt absorbent having
been replaced by 36 mm thick hafnium to increase the mean
absorption cross-section in comparable proportions to that
of the fuel elements,

• the Clad Failure Detection system: exceeding the limits on
two of the three neutron measurement circuits or on the
gamma circuit causes reactor shutdown by lowering the safety
rods - and not only an alarm in the control room - and also
automatic isolation of the purification and filtration
circuit with bypass to a battery of submerged filters.
These changes satisfy the need to limit any contamination
resulting from a clad failure to the minimum, while ensuring
purification of the core circuit water,

• storage and handling conditions: the higher weight of the
new caramel elements 20 kg compared with 7 kg for a standard
element) required the strengthening of certain structures
intended to support them (storage racks, floors).

5. State of Progress of the Program

ISIS loading and tests

Preparation of OSIRIS start up, loaded with oxide fuel, was carried out
on the ISIS reactor starting in autumn 1978.

Tests intended to check the calculation results and required to obtain
authorization from the safety authority for OSIRIS loading and testing served
to confirm:

• the available reactivities,

• the antireactivity of the control elements,

• the power distribution within the core in the horizontal
symmetry plane of the core and along the vertical direction
for various control element configurations,

(The measured values, slightly different from the calculated
values, showed that the rated power of 70 MW could be main-
tained by keeping the safety margins imposed by safety
organizations).

• the flux measurements.
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OSIRIS loading, tests, and operation

The OSIRIS reactor was loaded in October 1979. Sub-critical approaches
served to check that criticality would be achieved for the planned control
rod configuration.

Hydraulic tests with power-off served to:

0 check that the desired characteristics were obtained (the
primary rate measured cold was 5515 m3/h, or pratically
the planned value),

0 check the satisfactory operation of the overall assembly
in all configurations of permanent and transient states,

0 calibrate the overall circuit for flow rate, pressure, etc.,

0 make sure of the satisfactory operation of the natural
convection valves,

0 check the diesel start up.

Tests at low power begun in December and the start up of operation took
place at the beinning of January.

Since then, six cycles took place with the following characteristics:

Test cycle EO 22 EFPD

Cycle El 22.1

Cycle E2 25.9

Cycle E3 26.6

Cycle E4 23.9

Cycle E5 after the summer shut down.

Taking into account the last cycle E5 that took place in October,
the statistical results obtained are the following:

0 2 elements reached an average burn up of 24 000 MWD/TU

0 21 elements reached an average burn up between 22 000 and 24 000 MWD/TU

0 12 elements reached an average burn up between 18 000 and 20 000 MWD/TU

0 15 elements reached an average burn up between 15 000 and 18 000 MWD/TU.

94 caramel elements have been loaded in the OSIRIS core, the first aim
being an average burn up of 20 000 MWD/TU.

Some elements will be burnt up to 30 000 MWD/TU to test the possibility
to later on increase the irradiation value.

A program of examination of the fuel after irradiation is in progress
to carefully measure the evolution of its characteristics after irradiation.
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6. Changes in Experimental Conditions

For experimental irradiation, the important parameter is the thermal
and fast neutron flux level. The gamma flux causes the liberation of
additional energy, which can be detrimental to cooling. A certain quality
of the nuetron spectrum is aimed at, for certain investigations of damage
(better ratio of fast to thermal flux). We shall examine the irradiation
conditions with the caramel fuel and compare them with the previous situa-
tion (U/Al.).

At first calculations, then a series of measurements taken on ISIS
and OSIRIS provide us with an accurate idea of the changes in experimental
conditions in OSIRIS.

All the.flux levels are given in the horizontal symmetry plane of the
core (maximum flux/average flux - 13) and correspond to the center of each
irradiation location.

(a) Fast neutron flux (E > 1 MeV)

The loss of fast flux in the network locations is low, as may be seen
in the table below.

maximum fast flux oxide fuel

10 14 n/cm2per sec MI fuel

93 cycle D.62 1st cycle 2nd cycle
E >x 1 MeV

mean of central 2.27 2.02 2.06

network locations

variation 11 % 9 

This variation of about 10% is essentially due to the loading method
adopted. The fuel elements containing the most 235U are first placed at
the periphery. They then occupy more central positions as their burn up
increases. This method, which favors peripheral irradiation locations with
respect to the neutron flux levels, is however less useful with respect
to available reactivity.

(b) Thermal neutron flux

The values are given at 2200 m/sec.

316



The very large absorption cross-section of the new caramel fuel, due to
its high 235U content, is reflected (at equivalent total power) by a signi-
ficant drop in thermal flux in the network 35 to 40% for the experiments).
The spectrum quality is however better (gain of about 40% in the fast/
thermal flux ratio). The drop in thermal flux has no detrimental con-
sequences on the experimental program, the network being exclusively used
for its characteristics in fast flux.

maximum thermal flux oxide core
U/Al core

1014 n/cm 2 per sec cycle D.62 1st cycle 2nd cycle

mean of central 2.24 1.46 35 %) 1.33( 41
locations

mean of north side 2.42 1.86 23 %) 1.81(- 25 
locations 9)

mean of west side 1.72 1.64 5 %) 1.53(- 12 
locations (10)

mean of east side 1.36 1.55 ( 14 %) 1.55(+ 14 
locations (10)

The thermal fluxes of the periphery, outside the casing, decline on two
of the sides and increase on the third. While a slight drop in thermal neutron
flux is observed on the average, a greater number of locations can be used on
the external grids.

M Gamma heating

Gamma heating decreases in the network, and this is an advantage for
irradiation experiments.

In the fissile network:
total heati2A

• U/Al core 10 to 15 watts/g

• oxide core 4 to watts/g.

At the periphery, no significant variation is observed.
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7. Conclusion

In conclusion, the replacement of the previous fuel, 93% enriched U/Al,
by low enriched oxide 7%) causes some variations in irradiation experimental
conditions.

These can be summarized briefly as follows.

Advantages

- Experiments placed within the network:

• sharp improvement in neutron spectrum (fast/thermal),

• very significant drop in heating due to gamma radiation.

- Experiments located at the periphery: increase in number of
high thermal flux locations (adopted reloading procedure and
core size).

In all cases, the irradiation cycle duration is lengthened between two parti-
al reloadings, permitted by the large amount of 235U immobilized in the load.

Drawbacks

Inferior thermohydraulic performance of the new fuel elements which, des-
pite an increase in total flow rate, does not allow operation with a core
smaller in size than a 7 x 7 configuraion, ad hence any gain in flux levels.

Moderate drop in thermal neutron flux level in the peripheral irradiation
locations (-10%).

The operation of the reactor has not been significantly modified in spite
of some handicaps of the caramel fuel in comparison with the highly enriched
U/Al fuel (mainly the light drop in thermal and fast fluxes and the necessary
increase in the primary flow). No experiment has been hindered by the new
characteristics of the reactor: many of them, located at the periphery are
put on moving devices allowing for an adjustment of the power to the target
value. For some others, the irradiation duration has been lengthened by 10%.

Since 1978, through previous tests under irradiation on various scale (from
elementary pellet samples to full scale fuel element) and various operation
conditions, the caramel fuel is qualified and available for use in low and
medium power research reactors.

The choice of OSIRIS for a full scale demonstration was made to show the
capacity under a statistic scale of the caramel fuel to fulfil the most severe
operation requirements. The first year of experience is an important step toward
this aim.
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A STUDY OF UO2 WAFER FUEL

FOR VERY HIGH-POWER RESEARCH REACTORS

by

T. C. Hsieh, V. Z. Jankus, J. Rest and M. C. Billone

ABSTRACT

The Reduced Enrichment Research and Test Reactor Program
is aimed at reducing fuel enrichment to < 20% in those research
and test reactors presently using highly enriched uranium fuel.
U02 caramel fuel is one of the most promising new types of
reduced-enrichment fuel for use in research reactors with very
high power density. Parametric studies have been carried out
to determine the maximum specific power attainable without
significant fission-gas release for U02 wafers ranging from
0.75 to 1.50 mm in thickness.

The results indicate that (1) all the fuel designs
considered in this study are predicted not to fail under full-
power operation up to a burnup, of 19 1021 fs/cm3; 2 for
all fuel designs, failure is predicted at approximately the same
fuel centerline temperature for a given burnup; 3 the thinner
the wafer, the wider the margin for fuel specific power between
normal operation and increased-power operation leading to fuel
failure; 4 increasing the coolant pressure in the reactor
core could improve fuel performance by maintaining the fuel at
a higher power level without failure for a given burnup; and
(5) foi a given power level, fuel failure will occur earlier
at a higher cladding surface temperature and/or under power-
cycling conditions.

I. INTRODUCTION

As part of the U. S. effort on proliferation resistance of fuels and
fuel cycles, the Reduced Enrichment Research and Test Reactor (RERTR) Programi
is aimed at reducing fuel enrichment to less than 20% in those research and
test reactors presently using highly enriched uranium fuel. Generally, the
enrichment reduction can be accomplished by increasing the total uranium
loading of the fuel and/or by increasing the fuel volume fraction through
element redesign. The candidate fuels for research and test reactors under
this program2 include UAI -Al dispersion fuel, U308-Al dispersion fuel,
U3Si-Al fuel, and U02 fuel. The first two of these are current research
reactor fuels with fuel loadings 1.2-1.7 g U/cm3, but with the potential for
development of higher uranium loadings. U3Si-A1 and 02 are new types of
fuel which provide the enrichment-reduction potential for research reactors
with very high power density (VHPD). In France, the CEA fuel development
program aimed at reducing proliferation potential in research reactors has
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concentrated on U02 caramel fuel, with U-Mo alloys as a backup fuel. The
French have successfull irradiated U02 test wafers, arranged in Zircaloy
separators and cladding in the 70-MW Osiris reactor, to a burnup of 726 x
10 0 fis/cM3 30,000 Wd/T).

In VHPD research reactors, the fuel centerline temperature must not

approach a level at which a significant amount of fission gas is released from

the fuel: The accumulation of released fission gas can push the cladding

outward to form a fuel-cladding gas gap, thus causing a degradation of the

heat transfer across the gap and subsequent higher fuel temperatures. These

effects can eventually lead to fuel blistering and cladding breach. Owing

to its poor thermal conductivity, U02 wafer fuel must be fabricated in the

form of thin <1.5-mm) plates to maintain a sufficiently low centerline

temperature. The specific limitations on U02 wafer thickness, which vary with

research reactor type and irradiation conditions, in turn limit the specific

power of the fuel. The purpose of the present report is to provide a

description of the development of a production code for U02 plate fuel and to

report the results of parametric studies performed to establish the operating

limits for U02 wafer fuel in VH.PD research reactors. Based on the available

information on the French caramel fuel design and the operating conditions

in the Osiris reactor, parametric studies have been carried out to determine

the maximum fuel specific power possible before significant fission-gas

release occurs (dausing the formation of a fuel-cladding gap) for U02 wafer

thicknesses of 1.50, 145 125, 1.00 and 075 mm. In the following section,

French caramel fuel design for the Osiris reactor will be described. In

Section III, a description of the development of a fuel modeling code for U02

plate fuel and subsequent code verification will be given. The results of

parametric studies are given and discussed in Section IV, and conclusions are

presented in Section V.

II. CARAMEL FUEL DESIGN FOR THE OSIRIS REACTOR

The French 'Osiris reactor is a pool-type reactor that used MTR-type

93% enriched UAI fuel elements before conversion to caramel fuel in 1979. The

reactor first achieved criticality in 1966 and operated at the initial design

power of 50 MW. The operating power was raised to 70 MW in 1968 with the

introduction of advanced UAl fuel elements.4 The UAl fuel elements were made

of 24 flat plates with fuel meat dimensions of 0.508 x 68.55 x 600 mm and a

fuel loading of 16.3 g 235U per plate. The coolant flow rate and coolant

pressure at the core inlet were 4250 m3/h and 107.6 kPa 15.6 psi), respec-

tively.

The French caramel fuel design uses U0j fuel (density of 10.25 g/cm3)

and Zircaloy cladding in a plate form. The 2 5U enrichment is less than 10%.

The thickness of the U02 fuel ranges from 4 mm for very low-power reactors

and critical experiments to 145 mm for VHPD research reactors. For the 70-MW

Osiris reactor, the caramel fuel design utilizes U02 wafers in a compart-

mentalized Zircaloy cladding arrangement (Fig. la). The wafer dimensions are

1.45 x 17.1 x 17.1 mm and the maximum fuel enrichment is 75 The caramel fuel

design is similar to that employed in the second core of the Shippinport re-

actor (Fig. lb), which used U02-ZrO2 as fuel and U02 in the blanket. For

complete replacement of UAl fuel by caramel fuel in the Osiris reactor, the

coolant flow rate was increased by 30% (from 4250 to 5700 m3/h) and the core

volume was increased from 30 to 42 assemblies. Table I shows the design pa-

rameters of the caramel fuel elements and the operating conditions in the

Osiris reactor.
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Fig. 1. Schematic Representations of Cladding and Fuel Components for
Compartmented Plate-type Oxide Fuel Elements. (a) Caramel
fuel for the Osiris reactor; (b) fuel element for the
Shippingport reactor.
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Table I

Design Parameters and Operating Conditions for Caramel Fuel
as Used in the Osiris Reactor

Total number of standard/control 36/6
assemblies

Number of plates per standard/control
element 17/14

Overall plate length, cm 67.5

Plate thickness, cm 0.225

Active fuel length, cm 58.14

Active fuel width,- cm 6.84

Active fuel thickness, cm 0.145

Cladding thickness, cm 0.04

Water-channel thickness, cm 0.2456

Average heat flux, W/cm2 126.45

Peak heat flux, W/cm2 323.5

Total heat-transfer area, m2 56.13

Axial peaking factor 1.3

Radial peak-to-average power factor 1.966

Velocity in coolant channel, m/s 12.54

Coolant inlet temp. (max.), 'C 41

Peak coolant temp. rise, 'C 27

Core temp. rise, C 10

Coolant pressure at core inlet, psi 15.64

Peak specific power, W/cm3 4400
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III. CODE DEVELOPMENT AND VERIFICATION

The thermal and mechanical behavior of the U02 plate was analyzed by
means of a com uter code, LIFE-PLATE, generated from an existing production
code, LIFE-LWR , which was developed for cylindrical fuel under Light Water
Reactor (WR) operating conditions. The idea is to mathematically map the
plate fuel into a thin, hollow cylindrical fuel with appropriate boundary
conditions to achieve similarity in thermal and mechanical behavior between
plate fuel and cylindrical fuel. In a plate fuel of dimensions 2S x W x L
(Fig. 2, the temperature distribution can be expressed as

T (x) T X2
p m 2kf

where

Tm fuel centerline temperature,

kf fuel thermal conductivity, assumed constant,

q11T fuel specific power,

and

x distance from fuel centerline.

FUEL CLAWNG

2

L

I

Fig. 2 Schematic of Thin Plate-type Fuel and Cladding.

With the same fuel material and irradiation conditions, the temperature
distribution of a hollow, cylindrical fuel (Fig. 3 with inner radius, outer
radius, and thickness r, r 0 and S, respectively, is (again assuming constant
kf) given by

q1111 r2 r 2 - 2 ln r
T (r = T r (2)

r m 4k f ri

Note that T"I is the temperature at the inner cylinder surface, and no heat
flow inward, i.e., into the center of the cylinder is allowed.
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Substituting r = r + x into Eq. 2 results in

q11 2 r +x 2 r +x
T (x) = T - i _ 21n i 1 (3)

r m 4k ri ri

The constant thermal conductivity, volumetric heat rating, outer
surface temperature, and cylindrical thickness of the fuel, given by

kf = 0.0252 W/cm-'K,

q11 = 4552 W/cm3'

T(S = 786.3 C,

and

S = 0.076 cm,

are used to compare Eqs. (1) and 3.

Fig. 3 Schematic of Hollow Cylindrical Fuel and Cladding.

The fuel temperature distributions given by Eqs. (1) and 3 are shown
in Fig. 4 In Fig. 4 the solid line represents the plate fuel temperature,
the dotted line represents the cylindrical fuel temperature with r = 10S,
and the dashed line represents the cylindrical fuel temperature with r = 50S.
As shown in Fig. 4 with r equal to 50 times the half-thickness of the plate
fuel and with the same fuel outer surface temperature, the fuel temperature
distribution in the cylindrical fuel is almost identical with that of the
plate fuel; the maximum temperature difference, at the fuel centerline is
quite small <0.3%). For a plate cladding of dimensions C x W x L (Fig. 2)
and a constant cladding thermal conductivity ks, the temperature distribution
in the cladding can be expressed as

T (x = T -R_!� 9 (4)
p i kc

where

Ti = cladding inner surface temperature,
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qVII fuel specific power,

S half thickness of the plate fuel,

x outward distance from the cladding inner surface,

and

k thermal conductivity of the cladding.
c

Similarly, the temperature distribution in a cylindrical cladding (Fig. 3 is

qVIV 0 i2) 1n -- 
2 r (5)

T (r = T Cl

c

or III r 02 ri2 rCi + x

q 2 ln

Tl(x = T. - Ci (6)
r k

c

where

r0 = fuel outer radius,

ri = fuel inner radius,

rCi = cladding inner radius,

and

rco = cladding outer radius.

Given practical values of

qfit = 4552 W/cm3

kc = 0.164 W/cm-'K,

*i = 3.80 cm,

*0 M 3.876 cm,

*Ci 3.886 cm,

r 3.946 cm,
co
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S = r 0 - r = 0076 cm,

T0 = (cladding outer surface temperature) 130*C,

and

C = r co - ri � 0.06 cm,

one may calculate

4552 0076 0.06T, 130 256.4 (plate);0.1642

3.8762 3.82 3.946
4552 - 2 In 6

T, 130 0.1642 253.9% (cylinder).

I'SOO -----

1200

1000

E 11
700 . ..... Eq () WITH IOS

Eq 13) WITH 5DS

500 1 1 1 1
0 0 002 03 04 005 006 07

X IC.)

Fig. 4 Fuel Temperature Distributions in'a Thin Plate
and a Thin Cylindrical Shell.

Again, the cladding temperature distribution for the cylindrical
geometry is almost identical with that of the plate cladding; te maximum
temperature difference (at the cladding inner surface) is very small <.0%).
Therefore, the use of cylindrical geometry for representation of a flat plate
is valid in terms of the temperature distribution in both fuel and cladding,
as long as the inner radius of the cylindrical fuel is chosen to be 50 times
larger than the half-thickness of the plate fuel.

For the mechanical analysis, the thin-slab thermoelastic solution was
compared with the thin-tube solution with regard to maximum tensile stress
(at fuel and cladding outer surface) and maximum compressive stress (at fuel
and cladding inner surface) to show the adequacy of employing a cylindrical
geometry for representation of a flat plate.
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For a thin slab of thickness 2c (Fig. 5a), the following assumptions
are made:

(a) Plane stress, i.e., a z = .

(b) xy yz zx

(c) Temperature distribution in the slab is a function of z only;
i.e., T = T(z).

(d) aXx � f(z) and ay = f(z).

(e) The edges of the plate are perfectly restrained against expansion
and rotation; i.e., E x = Eyy = .

M Constant thermoelastic properties.

The thermoelastic solution is obtained from the stress-strain relationship as

a (Z) _T(z) + 1 c T(z)dz (7)
2c

V f-C

For the thin shell (Fig. 5b), the thermoelastic solution8 is given bV

2/r2 b fr
CF (r) E T(r) + 1 a T(r)lrdr + I T(r) rdr (8)

8 2/b2 b2a r2
a a

where

a = the inner radius of the thin shell,

b = the outer radius of the thin shell,

and

E, a, v = constants.

X

-C z

Y (a) (b)

Fig. 5. (a) A Thin Plate of Thickness 2c; (b) Cross Section of a
Thin Cylindrical Shell with r . a and r 0 = b.
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For fuel and cladding with dT and dT < 0, the maximum tensile stress occurs
at z = c and r = b for the Tsfab angr sRell geometries, respectively. A linear
temperature distribution in the cladding region is assumed for simplicity,
i.e.,

T (z - T + AT(c - z) (slab) (9)
0 2c

and

T (r = T AM - r) (shell). (10)
0 b - a

Substitutirgthe above temperatures into Eqs. 7 and (8),

a(c = 12
1 V

and

EaAT b + 2a
a (b) (12)

1 3(b a)

for maximum tensile stress, and

a(-c) 1/2 (13)
V

and

a (a) EaAT a + 2b (14)
8 -

- v 3(b a)

for maximum compressive stress.

As the thickness of the wall (b - a) becomes small in comparison with the
outer radius (b) of the cylinder, i.e., b/a - 1, it can be shown that

• (b) = 12 ic�AT a(c) (15)
0

1

and

!(iAT
• (a) 1/2 d(-C) (16)e 1 V

In order to evaluate the thermal stresses in the plate and thin shell for the
case where b/a--/4-1, consider a = 5156 cm and b = 5207 cm.
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From Eqs. 12) and 14), it is seen that

• (b = 049 9 Eaff (17)

and

• (a) = - 0.501 EaAT (18)
e 1 V

Equations (17) and (18) are almost identical with Eqs. (15) and 16).
Therefore, assuming a linear temperature distribution in the cladding for
plate and cylindrical geometries, the distribution of thermal stresses over
the thickness of the wall for a cylindrical shell is almost identical with
that for a flat plate of thickness 2c = b - a.

For fuel, a quadratic temperature distribution is assumed:

T(z = T 0 + AT I 1 (19)

and

(r - a2
T(r) = T 0 + AT 1 (20)

(b - a2

Substituting these temperatures into Eqs. 7 and (8), it is seen that

a(c 2 Ea AT (21)
3 - v

and

(b) EaAT _ 1 (3b + a) (22)
6 1 V 6 (b a)

for maximum tensile stress, and

• (-c = 1 'Ec� AT (23)
3 

and

• (a) = EaAT 1 [(3b a (24)
e I (b a)
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for maximum compressive stress.

Again, with b/a-e.-l, it is found that

• (b 2 Ea a(c) (25)
e 3

V

and

• (a) 1 EaAT a(-c). (26)
6 3 -

1 

In order to evaluate the thermal stresses in the plate and thin shell for
the case where bla74-1, consider

a = 5.08 cm

and

b = 5156 cm.

These values lead to

Cy (b = 0665 (27)e V

and

a (a) = 0.335 EaAT (28)
E)

1 V

These calculations indicate tha; the maximum tensile and compressive stresses
of a cylindrical-shell fuel region are almost the same as those of a flat-
plate fuel region, assuming a quadratic temperature distribution in the fuel.
Furthermore, the distribution of thermal stresses over the thickness of the
wall for a cylindrical fuel is almost identical with the case of plate fuel
of thickness 2 = b - a, since the temperature distribution over the thickness
of the wall is identical in the two cases.

LIFE-PLATE is an integral fuel-modeling code that has been generated
for U02 plate fuel irradiated under normal operation conditions (i.e., start-
up, steady power, slow power changes and shutdown). The code is based on
LIFE-LWR, which is an LWR fuel-rod performance code for U02 fuel and Zr
cladding. A number of modifications have been made in LIFE-LWR to generate
LIFE-PLATE. These include the following:

(a) A code option has been added which allows the cladding outer
surface temperature to be specified as an input to the code.
The cladding surface temperature input to the code can be
obtained from a simplified hand calculation or from a sophisti-
cated thermal-hydraulics code.
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(b) A mechanistic gas release and swelling code, FASTGRASS,9 has
been coupled to LIFE-PLATE to predict the fission-gas behavior
in the fuel. The approach of coupling FASTGRASS to LIFE-PLATE
is similar to that used in an experimental version of LIFE-LWR
developed by Rest.10 After the operating conditions, such as
fuel dimensions, local fuel temperatures and stresses, grain
size, fuel densities, and linear power are calculated in LIFE-
PLATE, the FASTGRASS subroutine calculates the bubble radii for
the various size classes of bubbles; the bubble diffusivities,
mobilities, and coalescence probabilities; and the bubble dif-
fusion and migration rates. Then FASTGRASS solves for the
bubble size distributions and calculates the amount of fission
gas released and retained, as well as the fuel swelling strain
due to retained fission gas. For plate wafer fuel, the amount
of gas released from the fuel is crucial in deciding whether the
fuel will fail or not. Therefore, a fundamental and reliable
gas release and swelling code should be used.

(c) A boundary condition, which assumes that the pressure at the
inner surface of the fuel (corresponding to the midplane of the
plate fuel) is the same as the pressure of the coolant at the
outer surface of the cladding, has been added to LIFE-PLATE.
This assumption is based on the plane stress approximation to
treat a flat plate. Practically, this boundary condition pre-
vents cylindrical fuel and cladding, which are in intimate
contact under steady-power operation before fuel failure, from
creeping either inward or outward.

W The code is modified such that fission gas is not permitted to
enter the central hole of the cylindrical fuel. However, fission
gas released from the fuel is allowed to go into a hollow
cylindrical plenum located atthe top of the fuel, with radius as
large as the inner radius of the cladding. Plenum size is
specified according to the experimental observations of the
fission gas release necessary to start the blistering and is
treated in the code as a calibration parameter.

(e) During the opening of the fuel-cladding gap, caused by the
accumulation of fission gas inthe plenum, the plenum pressure is
permitted to vary only within ± 3 of its value from the
previous time step in order to eliminate numerical oscillations
of the code (due to the small plenum in the U02 wafer fuel).

LIFE-PLATE has been tested numerically using various coolant-pressure, fuel-
radius, fuel-cladding gap conductance, and fuel-length values to debug and
streamline the code. LIFE-PLATE predictions have been compared with results
of plate irradiation experiments which were conducted in the NRX reactor at
Chalk River in 1960 by Westinghouse,11 to ensure that the code is predicting
reasonable fuel deformations and fission-gas releases. The irradiation
program was part of the development of the U02 plates for the blanket em-
ployed in the second core of the Shippingport reactor. About 200 U02 wafer
samples (including about 30 plates that had failed'during irradiation) were
irradiated. They covered a wide range of fuel densities 88-99% TD), fuel
enrichments 38-63.7%), fuel widths 0318-1.27 cm), fuel wafer thicknesses
(0.76-4.06 mm), irradiation temperatures (254-324'C) at cladding OD, and fuel
burnups (0.5-15.0 at. .
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Table II shows the as-fabricated data and irradiation conditions
in the NRX reactor for five plate samples, M42-1C, M31-1C, 4H2-IA, 6H2-1A,
and 21,2-1A. Each test element contained six or twelve fuel wafers (Fig. la)
and was assembled, seal welded, evacuated, and then bonded at 843'C for 4 hours
under a helium pressure of 69 MPa (10,000 psi) without deliberate incorporation
of a void volume. Table III shows LIFE-PLATE predictions of fission-gas
release and fuel centerline temperature at the beginning of life for the five
plate samples. Since neither the contact conductance Of U02-Zircaloy inter-
faces nor the contact pressures were known accurately, the above calculations
were performed by assuming a constant gap conductance of 0625 W/cm2oC As
shown in Table IV, fair agreement between measured and calculated fission-gas
release was obtained. Fuel failures were observed in test plates M42-2C,
M31-1D, 2Hl-2C and lH2-2A.

Based on the power history of the test samples, the plenum volume
was adjusted in the code so that the opening of the fuel-cladding gap (taken
as the onset of fuel blistering here)!predicted by LIFE-PLATE would be in
agreement with the experimental observations. Table IV shows plenum volumes,
fuel densities, and initial fuel porosities for test samples M42-2C, M31-ID,
2Hl-2C and lH2-2A. The plenum volume is very close to the initial fuel
porosity in each failed plate. With plenum volumes equal to the initial fuel
porosities, LIFE-PLATE predicted no fuel failures for test runs 4H2 and 2L2,
in agreement with experimental data. Therefore, the plenum volume was set
equal to the initial fuel porosity in the code.

The fuel deformations predicted by LIFE-PLATE have also been qualita-
tively compared with the experimental data for plate samples M42-1C, M31-IC,
4H2-lA, 6H2-lA, and 2L2-lA (Table V). For eact test element, the measurements
were made at several positions and only the average value was reported, while
LIFE-PLATE predictions are for the maximum fuel deformation at the center of
the plate. As shown in Table V, the predictions made by LIFE-PLATE agree
fairly well with the experimental data.

IV. INVESTIGATIONS OF U02 WAFER FUEL PERFORMANCE

Parametric studies with U02 wafer thickness ranging from 075 to
1.50 mm were conducted for caramel fuel irradiated in the Osiris reactor to
determine the maximum specific power at which significant fission-gas release
and gap opening would occur. The fuel design is taken from Ref. 3 and the
design parameters are listed in Table VI. Owing to limited information on
French caramel fuel design and operating conditions in the Osiris reactor,
most data in Table VI are our best guesses. Table VI gives the possible
design parameters for 075, 1.00, 125 and 1.50-mm-thick fuel wafers. In these
designs, the cladding thickness, reactor core size and power, and coolant
mass flow rate are kept the same. The fuel enrichment has been increased for
thin wafer designs to compensate for the decrease in fuel volume fraction.
The parametric studies are based on the data listed in Table VI, which differ
from those of Table I; however, at the end of this section, it will be shown
that the domain of these parametric studies actually included the design
case given in Table I. The studies were based on the following assumptions:
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Table II

As-built Data and Irradiation Conditions for Five Plate Samples in NRX Reactor

Fudl Sample

M42-lC M31-IC 4H2-lA 6H2-lA 2112-1A
aWidth, cm 0.635 0.635 0.635 0.318 0.635

235 U Enrichment, wt% 52.1 52.1 52.0 63.7 55.4

Fuel Density, % TD 88 97 97 97 87

Cladding Thickness, 0.051 0.051 0.051 0.051 0.051
cm

Coolant Pressure, 2000 2000 2000 2000 2000
psi

Average Heat Flux, 167.2 179.8 201.9 186.1 173.5
W/CM2

Burnup, at. 14.89 7.88 7.45 13.58 7.88

aAll samples were 381 cm long and 0102 cm thick.
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Table III

LIFE-PIATE Predictions for Five Plate Fuel Samples

Fission Gas
Released, Th Fuel Centerline

Fuel Sample Burnup, at.% Measured Calculated Temp. BOL OF

M42-1C 14.89 14.1 8.38 1708

M31-1C 7.88 3.7 3.75 1657

UH2-1A 7.44 2.8 4.50 1695

6G2-1A 13.58 7.8 6.84 1680

2L2-1A 7.88 4.1 6.32 1828

334



Table IV

Fuel Plenum Volume, Fuel Density, and Initial Fuel Porosity

for Four Failed Plate Samples

Initial Fuel
Plenum Volume, Fuel Density, Porosity,

Test Plate percent of.fuel volume % TD %

M42-2C 12.3 88 12

M31-1D 1.7 97 3

1H2-2A 2.7 97 3

2H1-2C 2.7 96.4 3.6

Table V

Fuel Deformations Predicted by LIFE-PIATE for Five Plate Samples

At (mils)
Fuel Sample Burnup,_at.% Measured (average) Calculated

M42-1C 15.81 2.1 3.64

M31-IC 7.59 2.1 3.08

4H2-1A 7.17 1.5 2.1

6H2-lA 13.08 4.1 3.94

2L2-lA 8.47 2.0 3.0
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Table VI

Design Parameters a for French Cara-el Fuel Irradiated in
Osiris Reactor

Wafer Thickness, mm

0.75 1.00 1.25 1.50

No. of fuel plates per 20 18 17 16
fuel element

Plate thickness, mm 1.77 2.02 2.27 2.52

Active fuel thickness, 0.75 1.00 1.25 1.50
mm

Water channel thick- 2.35 2.56 2.58 2.63
ness, mm

Average heat flux, 115.74 128.60 136.17 144.68
W/CM2

Total heat transfer 60.48 54.43 51.41 48.38
area, 2

Velocity in coolant 10.31 10.48 11.1 11.47
channel, m/s

Peak specific power, 7283 6070 5060 4552
W/CM3 oxide

Fuel enrichment, % 11.2 9.4 8 7

aThe following design parameters are the same for all four wafer designs:

Total no. of fuel assemblies - 45 Core temp. rise, 'C - 25.1

No. of wafers per plate - 84 Coolant pressure at - 15.64

core inlet, psi

Active fuel length, cm - 56

Fast neutron flux, - 194/

Clad thickness, mm - 0.51 avg/max 4.16x1014

Radial peak-to-average - 2.36 Thermal neutron - 0.85/2x1014

power factor flux, avg/max

Fuel density, TD - 93.5
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(a) The fabrication processes for French caramel fuel
are the same as those for elements of the x-l-p and
x-3-m tests, which included test samples of M42-1C,
M31-1C, 4H2-IA, 6H2-IA, and 2L2-lA: i.e., fuel
platelets that were sintered at 1750'C, coated with
0.356-1.02 Pm of pyrolytic carbon by cracking methane
at 1030% and isostatically pressure bonded without
deliberate incorporation of any void volume.

(b) Before fuel-cladding gap opening, the gap conductance
has a constant value of 0625 W/cm2'C, and the plenum
volume is 65% of total fuel volume.

(c) A constant water film coefficient of 454 W/cm2oC
can be used in the cladding OD temperature cal-
culations.

W There is no heat transfer through fuel-cladding
interfaces in the thickness-length plane (i.e., ribs).

For each fuel wafer design, the performance of the hottest wafer
was analyzed by using LIFE-PLATE. Figure 6 shows the centerline temperatures
of the peak power wafers irradiated in the Osiris reactor vs fuel burnups of
up to 19 x 1021 fs/cM3 45,000 MWd/T) and for wafer thicknesses of 1.50,

1.25, 1.00, and 075 mm. As shown in Fig. 6 the thinner the wafer, the

lower the calculated fuel centerline temperature. By varying the specific

power of the IJ02 fuel in each wafer design (assuming cladding OD temperature

and irradiation conditions remain the same), LIFE-PIATE predicts the time at

which the fuel-cladding gap starts to form as a result of the internal

pressure arising from the accumulation of fission gas released from the fuel.

In LIFE-PLATE, when plenum pressure exceeds fuel-cladding interfacial pressure

by one percent, a gap between fuel and cladding is allowed to form. The

opening of the gap will cause degradation in the fuel-cladding heat transfer

and will lead to high fuel temperature. These processes will lead to fuel

blistering and cladding failure. Therefore, for a conservative approach,

the opening of the gap can be regarded as the onset of fuel blistering and

fuel failure. The curve of fuel specific power vs time of fuel failure (as

described above) is defined here as the fuel failure curve. Figure 7 shows

the fuel failure curves for 1.50, 125, 1.00, and 0.75-mm-thick fuel designs.

In order to clarify the meaning of the fuel failure curves in

Fig. 7 we will consider the following example for a 1.50-mm-thick wafer

design. Under full power, the peak specific power (which is used here to

mean fuel power per unit volume of oxide fuel) of the fuel wafer is 4552

W/CM3 and LIFE-PLATE predicts that there is no gap between fuel and cladding

up to a burnup of 109 1021 fis/CM3 45,000 MWd/T). However, if the

fuel specific power were raised to 5462 W/cm. 3, LIFE-PIATE would predict

fuel failure at a burnup of 629 x 1020 fis/CM3 26,000 MWd/T) and thus

generate a point on the fuel failure curve (Fig. 7.

Figures and 9 show the fuel centerline temperature under full-

power conditions and the fuel failure curve, respectively, for the standard
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(1.45-mm-thick) caramel wafer design according to the data listed in Table I.

Comparing Fig. with Fig. 6 one sees that the'fuel centerline temperature

of 1.50-mm-thick fuel (data taken from Ref 3 is about 167% higher than

that of 1.45-mm-thick fuel (data taken from Ref. 5). This is due mainly to

the lower average heat flux and thinner cladding of the fuel in the 1.45-mm

fuel design. The following observations can be made: (a) All of the fuel

wafer designs considered are predicted not to fail under full-power operations

up to a burnup of 19 x 1021 fis/cM3 (45,000 MWd/t). (b) For each fuel

design and a given initial fuel temperature, the fuel is predicted to fail at

approximately the same burnup (Fig. 7 (c) The thinner the wafer, the larger

the margin that exists for fuel specific power between normal operation and

increased-power operation leading to fuel failure. (d) For the same goal

burnup, the thinnest wafer design has the shortest residence time in the core.

This conclusion is based on the assumption that the cladding thicknesses and

reactor core sizes are the same in all four wafer designs. The increases in

fuel enrichment, which are required in thin wafer designs to compensate for
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the decrease in fuel volume fraction in the core and to reach criticality,
cause the decrease of fuel residence time for a given goal burnup. If the
fabrication technology allows the cladding thicknesses to be varied in
proportion to wafer thicknesses, e.g., a cladding thickness of 0.51 mm for
a 1.50-mm wafer design and a cladding thickness of 026 mm for a 0.75-mm wafer
design, then

q" (0.75-mm wafer) = i q" (1.50-mm wafer)

and

q111 (0 7 5-mm waf er =2 q" (0.75-mm wafer) = 2 " (1.50--mm wafer)
0.75 1.50

= q1" (1. 50-mm waf er)

where

q" heat flow rate of fuel per unit area

and

q... fuel specific power.

Thus, the fuel specific powers and fuel enrichments are the same in all
four wafer designs (neglecting flux depression), and fuel residence time would
be the same to a Riven burnun. Table VII shows the maximum specific power
each wafer design can reach before fuel failure for the goal burnups of 726 x
1020 and 1 .09 1021 fis/CM3 30,000 and 45,000 MWd/T). The fuel centerline
temperature at each fuel power level at the beginning of life is also in-
cluded. The values of peak specific power listed in Table VII can be inter-
preted as follows: Under steady reactor power conditions similar to that of
the.0siris reactor, if the peak fuel specific power was increased to 4940,
5,350, 6440, 8,500, and 12,600 W/cm3 for the 1.50, 145 125, 1.00 and 0.75-
mm wafer designs, respectively (through increases in fuel enrichment), the
wafer designs could be used in the research reactors with powers of 76, 85,
89, 98,1 and 123 MWI respectively, to a fuel burnup of 109 1021 fis/CM3
(45,000 MWd/T) without fuel failure. Under the above reactor powers, the
fuel centerline temperatures at the beginning of life for all five wafer
designs are about the same (w 14000C) The fuel residence time for peak-
power wafers is 93.4, 86.2, 71.6, 4'.3, and 36.6 days for the 1.50 145,
1.25, 1.00, and 0.75-im wafer designs, respectively.

Fuel failure could conceivably be affected by factors such as coolant
pressure, cladding temperature, and power cycling. Figure 10 shows the fuel
failure curve for the 1.50-m wafer design under similar operating conditions
in the Osiris reactor with a coolant pressure of 69 Pa (i.e., a much larger
coolant pressure than used in the previous calculations). The maximum speci-
fic power a fuel wafer can sustain is 5460 and 5280 W/cm3 for burnups of
7.26 x 1020 and 109 1021 fis/CM3 30,000 45,000 MWd/T), respectively,
about 10% higher than that listed in Table VII. The higher coolant pressure
exerted on the cladding surface will make the formation of a fuel-cladding gas
gap more difficult, i.e.,,release of more fission gas from the fuel is required
to generate a pressure great enough to overcome the coolant pressure and f o= the
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Table VII

Maximum Fuel Power Attainable at Two Different
Goal Burnups for Various Wafer Designs

Goal Burnup, Peak Specific Power, Fuel Centerline
Wafer Thickness, mm fis/CM3 W/CM3 Oxide TeT2. BOL, 'F

0.75 7.26X1020 12,700 2,560
1.09X1021 12,600 2,540

1.00 7.26x1020 8,620 2,540
1.09X1021 8,500 2,500

1.25 7.26X1020 6,470 2,560
1.09X1021 6,470 2,500

1.45 7.26X1020 5,540 2,570
1.09X1021 5,350 2,480

1.50 7.26X1020 4,980 2,550
1.09XI021 4,940 2,520
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gas gap. Therefore, for a given fuel specific power, the effect of higher
coolant pressure is to prolong the time to fuel failure and, for a given
fuel burn�up, the effect of higher coolant pressu're is that the fuel can
operate at a higher power level.

If the fuel wafer were irradiated with a higher cladding temperature, one
would expect a higher fuel centerline temperature [from Eq. (1), the fuel
surface temperature is higher] and release of a larger amount of fission gas
from the fuel for the same power level. This effect is shown in Fig. 11,
which gives results for a 1.50-mm wafer irradiated with a cladding temperature
of 260%. The fuel is predicted to fail at a burnup of u 17 x 1020 fs/cm3
at a fuel power of 5240 W/cm3.
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Fig. 11. Fuel Failure Curve for a 150-mm Wafer at a High Cladding Surface
Temperature.

Figure 12 shows the fuel failure curve for a 1.50-mm wafer irradiated
in the Osiris reactor under power-cycling conditions. The reactor power is
assumed to start up and shut down every 200 hours. For a very high fuel
specific power (say, 5,500 W/cm3)' the power-cycling effect is not prominent
because the fuel fails before the end of one or two power cycles. Therefore,

341



BUR NU P (I.%)

1 2 3 4

15,000 -
Tt GI BOL' 0 1774C

A 1627C
12,500 - 0 1435C

0 161C

10,000

7500 -

5000 -

2500 

2 4 6 8 10 12

BURNUP 16-" FISSIONS/cm3)

Fig. 12. Fuel Failure Curve for a 1.50-mm Wafer Under Power-cycling
Conditions.

there is no significant difference between Figs. 7 and 12 with respect to
the high-power regions of the 1.50-mm fuel failure curves. At a fuel
specific power of 5,010 W/cm3, power-cycling conditions and steady-power
operation will result in fuel failure at burnups of 484 1020 and 605 x
1020 fs/cm3 20,000 and 25,000 MWd/T), respectively. Here, the earlier
fuel failure for the power-cycling case is due to the larger fuel defor-
mations and greater amount of gas release from the fuel.

V. SUMMARY AND CONCLUSIONS

The potential for conversion of any reactor to reduced-enrichment
fuel-generally depends on the reactor type, the current uranium density in
the fuel, and the power density, and must be assessed on an individual basis.
The evauluation of the fuel design depends on the fuel-cycle cost and fuel
performance. An economical fuel-cycle cost requires thick plates separated
by wide water channels. High fuel performance, on the other hand, is
achieved with thin plates and narrow water gaps. The proposed compromise will
depend on the characteristics of each reactor. LIFE"PLATE analysis of the
French caramel fuel, which is designed specifically for the Osiris reactor,
indicated that the goal burnup of 109 x 1021 fs/cm3 45,000 MWd/T) will be

reached without fuel failure by the peak-power wafer under full-power condi-
tions for 1.50 145, 1.253. 1.00, and 0.75-mm wafer designs. At the indi-
cated goal burnup, these designs would allow a maximum specific power of
4940, 5350, 64401. 8550, and 12,600 W/cm3 V respectively. The thinner the
wafer, the larger the margin that exists for fuel specific power between
normal operation and increased-power operation leading to fuel filure.
Thin wafers provide the potential for fuel conversion for even high-power
WO MW) research reactors. Very high fuel performance can be achieved with
a fuel design that uses thin wafers as well as thin cladding. Increasing
the coolant pressure in the reactor core could improve the fuel performance,
by maintaining the fuel at a higher power lvel without failure for a given
burnup. Fuel failure will occur earlier for a given power level at a
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higher cladding surface temperature and/or under power-cycling conditions.

The new fuel types considered for conversion of very high-power
research reactors include U3Si, U-Mo alloys, and U02 fuel, which are all in
the form of flat plates. With modifications in descriptions of fission-gas
release and swelling and substitution of appropriate thermal and mechanical
parameters, LIFE-PIAIE will be capable of analyzing fuel performance Of U3Si
and U-Mo fuels under normal reactor operating conditions. Furthermore,
fuel behavior under reactor transient conditions can also be predicted by
LIFE-PIATE with some code modifications which have already been employed in
LIFE-4T12 a combined steady-state and transient fuel performance code for
IMFBR fuel.
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Safety Analysis Calculations for Research and Test Reactors

S. Y. Chen, R. MacDonald and D. MacFarlane
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1.0 Introduction

The goal of the RRTR (Reduced Enrichment in Research and Test Reactor)
Programl at Argonne National Laboratory is to provide technical means for
conversion of research and test reactors from HEU (High-Enrichment Uranium) to
LEU (Low-Enrichment Uranium) fuels.

In exploring the feasibility of conversion, safety considerations are a
prime concern; therefore, safety analyses must be performed for reactors
undergoing the conversion. This requires thorough knowledge of the important
safety parameters for different types of reactors for both EU and LEU fuel.
Appropriate computer codes are needed to predict transient reactor behavior
under postulated accident conditions.

In the following discussion, safety issues for the two general types of
reactorst i.e., the plate-type (MTR-type) reactor and the rod-type (TRIGA-type)
reactor, resulting from the changes associated with LEU vs. EU fuels, are
explored. The plate-type fuels are typically uranium aluminide (Alx) compounds
dispersed in aluminum and clad with aluminum. Moderation is provided by the
water coolant. Self shut-down reactivity coefficients with EU fuel are entirely
a result of coolant heating, whereas with LEU fuel there is an additional shut
down contribution provided by the direct heating of the fuel due to the
Doppler coefficient.

In contrast, the rod-type (TRIGA) fuels are mixtures of zirconium hydride,
uranium, and erbium. This fuel mixture is formed into rods (-I cm dia ter)
and clad with stainless steel or Incoloy. In the TRIGA fuel the self-shutdown
reactivity is more complex, depending on heating of the fuel rather than the
coolant. The two most important mechanisms in providing this feedback are:
1) pectral hardening due to neutron interaction with the ZrH moderator as it
is heated and 2 Doppler broadening of reasonances in erbium and U-238. Since
these phenomena result directly from heating of the fuel, and do not depend on
heat transfer to the moderator/colant, the coefficients are prompt acting.
Results of transient calculations performed with existing computer codes, most
suited for each type of reactor, are presented.

2.0 Plate-Type Reactor Fuel

2.1 Safety Limits

The plate-type reactor comprises fuel elements containing fuel plates
with thin (less than mm) fuel meat sandwiched between aluminum cladding.
Because of the large surface-to-volume ratio of the core, the normal operating
temperature of the fuel is generally low (less than 100'Q, and the thermal
gradient across the plate thickness is very small. Consequently, safety
limits for the plate-type reactor rest more on the concerns over: (1) the
DNB (departure from nucleate boiling) crisis, and 2) the flow instability
crisis. Exceeding either one of these criteria can produce steam blanketing,
rapid fuel plate temperature increases, and burnout (plate malting at about
600"C).
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The DNB crisis is caused by the continuous formation of steam bubbles on
the heated clad surface which eventually blanket the heat-transfer area and
inhibit the removal of heat from the fuel. The flow instability phenomenon
is reported2 to be initiated by the detachment of bubbles from the hottest
plate in the hot fuel element. Since the detachment and the subsequent
formation of bubbles increase the flow resistance through the water channel of
the hot fuel plate, some of the hot channel coolant flow is redirected through
other cooler channels, resulting in a decrease in flow rate through the hot
channel. This tends to enhance the formation of more bubbles and eventually
leads to DNB crisis in the hot channel.

Since it appears that flow instability crisis occurs sooner than the
onset of DNB during a transient, the former is considered a more stringent
limiting criterion in the safety analysis for plate-type reactors, as verified
in the calculations discussed in the later section.

2.2 HEU Fuel

Because of the high enrichment, the required uranium loading in HEU fuel
is generally low (e.g., 06 g/cm3 for a 0 MW core). The most commonly used
fuel material is uranium aluminide (A1x-A1).

For the purpose of comparing REU and LEU cores, the generic 10 MW reactor
described in Vol. I of the IAEA Guidebood was selected as a reference
design. Several design parameters for this core are shown in Table 1. The
HEU core consists of fuel elements with 23 fuel plates each. Design specifica-
tions for a standard fuel element are shown in Fig. 

For the core using HEU fuel, the calculated fast neutron generation time
is 50 ps, and the effective delayed neutron fraction is 00077. Various
reactivity feedback components are shown in Fig. 2 for both HEU and LEU fuel.
As shown, the feedbacks include: the water temperature effect, the water void
effect, and the fuel Doppler effect. The water density coefficient, shown in
Fig. 2 is equivalent to the water void coefficient for water temperatures
below the boiling point. Values for each of the feedback coefficients are
shown below.4

-6p/6T x 10-3/OC -6p/6T 10-3/OC
Effect (HEU) (LEU)

Water Temperature (23OC-77-C) 0.121 0.074

Water Density (38OC-500C) 0.107 0.140

Doppler (20'C-100'C) 0.0 0.026

0.228 0.240

It is seen that the overall feedback coefficient is lower for HEU. More
important, because of the presence of only a small amount of U238 in HEU fuel,
the Doppler effect has virtually no contribution to the feedback for HEU.

Several power peaking factors, which would determine the hottest spot in
the reactor core, are listed in Table 2 for HEU and LEU fuel. These power peak-
ing factors include: the peak element-to-core average, axial peak-to-average,
and peak plate-to-element average. These values were calculated for a flux
trap where a 50.0 mm thick water channel was assumed.
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2.3 LEU Fuel

For the LEU fuel with 20% enrichment, the required uranium loading is
much higher than that for the HEU fuel. For instance, the generic 10 M LEU
core contains a uranium loading varying from 227 g/cm3 to 359 g/cm3.
Potential fuel materials to meet this high loading are: A1,C-Al, U308-Al,
and U3Si-Al. The high loading of uranium also mandates thicker fuel plates
and fewer plates per element, as seen in Table .

For LEU fuel using UAlk-Al, the calculated prompt neutron generation
time is 37.7 ps and the effective delayed neutron fraction is 00075. The
reactivity feedback components are shown in Fig. 2 There is a significant
contribution from Doppler effect for LEU that is not available with HEU fuel.

The power peaking factors for LEU are also shown in Table 2 where they
are seen to be slightly less than those for HEU.

2.4 Safety Analysis Calculations

This section describes the analytical methods (computer codes), demorr-
strates their application to the plate-type reactors, and compares the trarr-
sient behavior of HEU and LEU cores. Since the initiating events for safety
analysis are quite system specific, no attempt has been made to define these
events in detail. Rather, sample calculations were done for the generic KW
reactor for several selected cases within two broad categories: (1) loss of
flow transients, and 2 reactivity insertion transients.

2.4.1 Computer Code Selection

Because it is desirable to use a generally available code, the possibility
of adapting safety codes commonly used in the nuclear industry for power
reactors was investigated. Among the codes considered for plate-type reactors,
two of them are found to be most suited in terms of aplicability and availa-
bility, i.e., ELAP4/MOD65 and COBRA-3C/RERTR.6 RELAP4 was designed to
predict reactor behavior for a variety of accident situations for light-water
power reactor systems. In the analysis of power reactors, the code is primarily
used-to study the system transient response to postulated perturbations such
as coolant loop rupture, circulation pump failure, power excursions, etc.
RELAP4 models system fluid conditions including flow, pressure, mass inventory,
fluid quality, and heat transfer. Component thermal conditions and energy
transfers are also modeled. The reactor system is subdivided into discrete
volumes which are treated as one dimensional homogeneous elements. RELAP4
solves an integral form of fluid conservation and state equations for each
volume and generates a time history of system conditions.

The major attraction of the RELAP4 code for application to research
reactors was its coupling of reactor neutronics and thermal-hydraulics models.
The eutronics model is point-reactor kinetics. This is coupled with the
thermal-hydraulics model through a reactivity feedback model which accounts
for the reactivity feedbacks from: Doppler effect of fuel, coolant tempera7-
tures effect, and coolant void effect. The fuel element coolant flow and heat
transfer from fuel to clad to coolant are predicted from correlations derived
for power reactor designs and conditions. The heat-transfer correlations
include the Dittus-Boelter correlation for the single-phase, subcooled forced
convection regime, and the Thom correlation for the nucleate boiling regime up
to a void fraction of 0.80. Since these two heat-transfer correlations are
generally applicable and not restricted only to power reactors, the applic-
ability of RELAP4 to the research reactors within the specified ranges is valid.
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The COBRA-3C/RERTR code, modified (from COBRA-3C/MIT) at AUL to include
plate-type geometry, a flow instability correlation, and a number of DNB
correlations applicable to the low pressure regimes typical of research
reactor operations, was used to investigate the flow instability and DNB
crises under transient conditions. These correlations include the Forgan
flow instability correlation and the Macbeth, Labuntsov, Bernath, and Mirshak
DNB correlations that are discussed in more detail in Ref 3 In modeling the
plate-type cores with COBRA-3C, a single channel was used to represent the hot
channel where the reactor power peaks. The power history was taken from the
RELAP4 runs and multiplied by the hot-channel factor to account for the power
peaking effect. In the COBRA-3C calculations, the temperatures at the plate
centerline and at the clad surface were calculated as functions of time. The
plate average temperature as well as the coolant exit temperature were also
calculated. The flow instability ratio (FIR) and minimum DNB ratios were
calculated as function of time for each transient.

2.4.2 Loss of Flow Transients

Loss of flow transients were calculated starting from full power operation
at 10 MW with a coolant flow rate of 1000 m3/hr, and coolant inlet temperature
of 38'C. The coolant flow rate was assumed to decrease exponentially,

_t/TW Woe

where,

W - flow rate at time, t,

W - flow rate at time t - ,

T - flow decay parameter.

The flow rate was allowed to decay to a minimum value of 025% of full flow
and maintained at this level thereafter. Reactor scram was programed to
initiate when the flow decreased to 80% of full flow, with a delay time of
0.50 sec for the shut-down reactivity insertion.

HEU Fuel

Results of the loss of flow calculations for T - , 5, and 10 sec for HEU
fuel have been obtained; however, to avoid lengthy presentation of the details
for each case, only the results for T - sec are presented in Fig. 3 and Fig. 4.
The HEU fuel for this case is the 23 plate assembly A1x fuel with a uranium
loading of 06 g/cm3 and a thermal conductivity of 104 W/cm K. As shown in
Fig. 3 the flow decrease is initiated at t - sec and has decreased to about
38% of full flow by t - 2 sec. The power decrease starts at about t - sec,
initially due to feedback from coolant heating and then drops rapidly at
t - 17 sec when the control rods move in. As shown in Fig. 4 the maximum
fuel temperature increases from the initial steady state value of 85% to a
peak vlue of 102'C, but decreases rapidly to a minimum value of 58% following
reactor scram. As the coolant flow rate continues to decrease, however, the
fuel temperature rises again, reaching a value of 90% at t - 10 sec, when the
calculation was terminated. This temperature rise occurs because our model
did not provide for shutdown coolant flow by a back up emergency pump or by
natural convection. Accordingly, the rise would not occur in an actual

reactor which would have provisions for assuring a minimum coolant flow.

*Detailed results for T - and 10 see can be seen in Sec A.6.3.2 on Ref 4.
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Figure 3 also presents the calculated time dependent minimum flow-
instability-ratio (FIR) and minimum departure-from--nucleate-boiling-ratios
(DNBR) calculated along the hottest fuel plate using the four different
correlations available in COBRA-3C/RERTR. They are: the Mirshak correla-
tion, the Labuntsov correlation, the Macbeth correlation at high-velocity
regime, and the Bernath correlation. Of these the Mirshak correlation was
derived from experiments based on plate-type fuel. As always there is some
question about applying correlations derived from steady state experiments to
transient conditions, particularly when the rates of change cover a wide range
Nevertheless the calculated curves representing the different correlations
presented in the figure are interesting because of the wide varitions shown,
particularly at normalized flow rates below about 020. At initial steady
conditions the four correlations give DNB ratios ranging between 75 and 15,
while the FIR is the most restrictive with a value of 4 Because of the
limitations on their applicability we do not recommend that any of the cal-
culated ratios be taken seriously below a normalized flow rate of about 0.05.
Indeed because of these limitations, the deviations exhibited at low flow rates
are not unexpected. As shown in Fig. 4 the more restrictive ratio at steady
state, the FIR, still predicts an adequate margin of safety, with a value of 3,
at this low flow rate. All the DNBR correlations, with the exception of
Bernath, give DNBR's considerably greater than this.

It was found that for T - and 10 see transients, the fuel temperature
excursions are milder than for the T - see case, reaching a peak value of
94'C. Also, the slowly decaying flow rates tend to delay the occurrence of
both flow instability and DNB crises to much later times.

LEU Fuel

Curves for the loss of flow calculations for LEU fuel are again shown
for T - I see case (Fig. and Fig. 6. The LEU fuel for this case is the
19 plate assembly Alx fuel with a uranium loading of 227 g/cm3 and a
thermal conductivity of 069 w/cm K. As can be seen by comparing these figures
with the earlier curves (Figs. 3 and 4 for HEU fuel, the results are virtually
the same for LEU fuel, as would be expected. The difference that does exist
is de to slightly greater negative reactivity feed-back, prior to scramming
the reactor, for the LEU fuel. This shows up as a slightly greater initial
power decrease prior to reactor scram. As a result of this, the peak fuel
temperatures achieved with the LEU core are a few degrees lower for the same
transient. These small differences can be seen by comparing the reactor power
and fuel temperature curves between LEU and HU cases for the various transients.

The conclusion to be drawn from this series of loss of flow calculations
is that it would be difficult to exceed a peak fuel temperature much above
100% even for a sudden flow stoppage, as long as the reactor is scrammed.
When the flow decay occurs on a time scale of tens of seconds, as would
be more characteristic of a realistic pump coastdown, the peak fuel tempera-
tures are even less. There is a negligible difference between HEU and LEU
fueled cores.
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2.4.3 Reactivity Insertion Transients

Reactivity insertion calculations started from an initial condition
with the reactor just critical at I watt and at a uniform temperature of
38% with full coolant flow. The reactor response to step inputs of $1.1 and
$1.2 without reactor scram was calculated for the following EU and LEU fuels:

1. HEU - 23 plate assembly with 06 g/cm3 U loading in
UAlx fuel; k - 104 w/cm K

2. LEU - 19 plate assembly with 227 g/cM3 U loading in
UAlx fuel; k - 069 w/cm K

3. LEU - 19 plate assembly with 227 g/cm3 U loading in
U308 fuel; k - 048 w/cm K

4. LEU - 19 plate assembly with 30 g/cm3 U loading in
U308 fuel; k - 014 w/cm K.

In each case the core was assumed to be completely loaded with the given fuel,
and the power peaking factors and reactivity feedback coefficients associated
with the fuel (Fig. 2 were used.

HEU Fuel

Curves showing the calculated response of the HEU fueled 10 MW reactor
to a step input of $1.1 are presented in Figs. 7 to 9 As shown in Fig. 7,
the initial reactor power peak of 40 MW is turned around by negative reactivity
feedback at about 09 sec after the step insertion. Thereafter the power rises
steadily because of the absence of a reactor scram, eventually exceeding the
initial peak at t - 4 sec. The pwer rise after the initial peak would not
occur in an actual reactor since a reactor scram would have occurred and term-
inated the power rise.

The calculated peak fuel temperature (Fig. 8) shows an initial maximum of
132% at t -1 sec, followed by a drop of about 12'C, and then a steady rise
because of the increase in reactor power above the 10 MW level. In an actual
reactor transient the second rise would not occur because the reactor would be
scrammed by the safety system.

Figure 9 presents the minimum DNBR and FIR calculated along the hottest
fuel plate during the transient. As in the flow transients, the FIR is more
restrictive than the DNBR given by the Mirshak correlation, although the dif-
ference between the two is much smaller at the full flow conditions maintained
throughout this power transient. As shown, the FIR drops below 1.0 at t - 4
sec, when the reactor power is 4 times design, or 40 MW. This is also the
time when the coolant exit temperature exceeds 100% (Fig. 8). Bulk coolant
boiling begins at t - 66 sec when the saturation temperature for the reactor
exit pressure of 20 psig is exceeded.

Similar results for a step reactivity insertion of 12 were also calculated.
The major difference for this case is a more rapid initial power rise (to 40 W
in 056 sec) and a higher peak fuel temperature (222%). In contrast to the $1.1
step case, the initial power peak produces an initial reduction in the FIR that
drives it below .O. Thereafter the FIR recovers briefly above 1.0, and drops
below 1.0 at t - 2 sec when the reactor power is 40 MW and the coolant exit
temperature has just exceeded 100'C. This latter behavior is consistent with
the results for the $1.1 transient.

350



LEU Fuel

The same set of calculations described above were run for the LEU core
comprised of the 19 plate aluminide fueled assemblies. Aside from the differ-
ences in fuel plate spacing and thickness, as compared to the HEU core, the
major difference is the prompt component of reactivity feedback due to the
Doppler effect in the 20% enriched fuel (Fig. 2. Additionally, the LEU fuel
core has a somewhat shorter prompt neutron lifetime, which leads to a more
rapid response in super prompt critical transients.

Figure 10 presents the calculated response of reactor power to the $1.1
step insertion. As shown, the power increases to an initial peak of only
28 MW 073 sec after the reactivity insertion. The corresponding initial peak
fuel temperature is about 103% at t - I sec (Fig. 11). This compares with a
peak power of 40 MW at 09 sec and a peak fuel temperature of 130% with the
HEU fuel for the same transient.

Calculated DNBR and FIR ratios (Fig. 12) show trends similiar to those
for the other transients, namely a decrease in the FIR to when the power
reaches 4 times normal, or 40 MW and the coolant exit temperature exceeds
100%. Because the power rise is slower, the coolant has not reached bulk
boiling by the time the calculation was stopped at t - 10 sec.

Similar calculations for a 1.2 step insertion have shown that power
initially increases to 90 MW in 044 sec before being turned around by the
combined prompt Doppler and delayed coolant density feedback coefficients.
The initial peak fuel temperature was 130'C. These values compare with a peak
power of 140 MW in 056 sec and a peak fuel temperature of 222% for the same
transient with HEU fuel.

The calculated FIR and DNBR show results consistent with the earlier
transients namely, the FIR drops to 1.0 when the reactor power reaches 40
KW and the coolant outlet temperature exceeds 100%. As in the $1.1 transient
with LEU fuel, the coolant has not reached the boiling temperature at the time
the calculation was stopped.

To investigate the effects of varying fuel properties on the LEU fueled
reactor transient response, two additional cases were run with a 1.2 step
reactivity input. The results for the first case, which is based on U308-Al
dispersion fuel with a uranium loading of 227 g/cm3, were calculated. For
this case the fuel thermal conductivity was reduced to 048 W/cm. K, an appropri-
ate value for 30g dispersion fuel (see Section A.2 of Ref 4. All reactor
kinetics, reactivity feedback and power distribtion parameters are the same as
those ued for the other cases with LEU fuel. The initial reactor power peak
of 95 MW was reached in about 044 sec before being turned around by the
negative feedback. The reactor power trace is virtually identical to that for
the LEU higher thermal conductivity aluminide fuel for a 1.2 insertion. The
corresponding peak reactor fuel temperature was 130'C, which is only a few
degrees higher than the temperature for the aluminide fuel. The calculated FIR
and DNBR ratios showed the same result as in the other transients. The FIR
decreases to 1.0 when the reactor power reaches 40 MW and the coolant exit
temperature exceeds 100% at t - 6 sec.
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The second of the two additional cases was run for a U308 dispersiorr-
type fuel with a thermal conductivity 014 W/cm K) correspondng to a uranium
loading of 30 g/cm3 in order to investigate the sensitivity of transient
parameters to a further decrease in thermal conductivity. All other reactor
parameters, including the power peaking factors, remained the same as for
the case with a uranium density of 227 g/cm3. It was shown by the calcula7-
tion that the reactor power trace is relatively unaffected by this change,
again reaching 94 MW in about 04 sec. The peak fuel temperature, however,
is increased about 17"C to 147%. Also, the difference between the clad and
peak fuel temperature is greater as the power increases after the initial
spike.

The trend with the FIR and DNBR, is as in all the earlier transients,
with the FIR reaching a value of 1.0 when the reactor power is at 40 MW As
compared with the other 1.2 LEU cases, the power rise after the initial peak
is slower, reaching 40 MW in 7 sec instead of 6 sec.

3.0 Rod-Type Reactor Fuel

3.1 Safety Limits

Unlike the plate-type reactor, the rod-type (TRIGA) reactor comprises
fuel bundles containing uraniunr-zirconium hydride fuel rods with a relatively
large diameter M cm). The thickness of the fuel pin, combined with the
existence of a gap between fuel and cladding, tends to develop a relatively
high operating temperature 0300% for a 14 MW TRIGA) and a large thermal
gradient across the pin radius. This high temperature level is further
enhanced in the hot fuel pin where several power-peaking factors are super-
imposed.

In addition to the usual power peaking caused by nonuniform radial
and axial power distributions, a highly skewed power peaking caused by local
flux peaking is found to exist in the fuel pin adjacent to a large irr-core
water cavity(for experiment access). Consequently, in contrast to the DNB
crisis discussed above for plate-type fuel, temperature of the hottest fuel
pin sets the limiting conditions for a rod-type reactor. This is because the
rod-type fuel, having a thicker cross section and lower thermal conductivity,
has -a much lower time constant for heat transfer. Therefore, in a power
transient, a limiting peak fuel temperature is usually reached before the heat
flux at the rod surface increases enough to produce the DNB crisis. With the
TRIGA fuel, this peak temperature limit is determined by the dissociation pres-
sure of the zirconium hydride and is about 750'C.

3.2 HEU Fuel

Since the rod-type reactors under consideration here are TRIGA's manu-
factured by the General Atomic Company, a 14 MW TRIGA was selected for compari-
son between HEU and LEU cores. This allows a close comparison of the results
derived from this study and those from the existing TRIGA reactors7 currently
in operation. Design specifications for a fuel element (5 x 5 array) are given
in Fig. 13.

The fuel material for TRIGA reactors is uraniuw-erbiuw-zirconium hydride
alloy. The presence of erbium. contributes largely to the negative reactivity
(Doppler) feedback. This feedback coefficient is shown in Fig. 14, where it
is displayed over the fuel temperature range from O'C to 900'C. Unlike the
plate-type fuel, feedback components from coolant are insignificantly small
for the TRIGA reactors.

*Since the coolant is allowed to mix freely between subchannels for the rod-
type reactor, the flow instability crisis does not apply to a TRIGA-type reactor.
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The power peaking factors that determine the hottest spot in the core
are,

Core axial peak/average 1.35

Core radial peak/average 1.9 (or 25)

Hot-pin radial peak/average - 2.12

Total 44 (or 716)

The last power peaking factor is determined by the skewed power profile in the
hottest pin mentioned in the previous section. This power profile is shown in
Fig. 15 along the radial axis and in Fig. 16 over the azimuthal angle. It is
seen that the power peaks near the pin edge facing the water cavity.

Two important neutronic parameters calculated for the HEU core at end of
life (EOL) are the fast neutron generation time 39 s) and the effective
delayed neutron fraction 0007).

3.3 LEU Fuel

A study of the generic TRIGA reactors 3 has revealed that the original
HEU core configuration can rain unchanged while the uranium loading is
raised to meet the loading requirement for the LEU core. Thus, the relevant
changes in relation to the safety concerns involve only the neutronic and
thermal properties of the fuel.

For LEU, the feedback coefficient is shown in Fig. 13. The curve for HEU
is also shown for comparison. The trend shows a stronger feedback contribu-
tion from HEU for fuel temperature greater than about 300'C. The skewed power
profile is also affected. As shown in Fig. 15, the power peaks at 252 for
the LEU fuel. The neutron lifetime was found to be 32 Us at EOL, and the
effective delayed neutron lifetime remains the same (i.e., 0007).

Thermal properties specifically for the LEUfuel were not available, so
it was assumed that the changes from HEU are not great, and the effect on
results is not significant.

3.4 Safety Analysis Calculations

3.4.1 Computer Code Selection

For the purpose of calculating the power trace and DNB ratios, both
RELAP4 and COBRA-3C codes, descibed in Section 24, were also applied to the
TRIGA reactor calculations. Procedures used for modeling the TRIGA reactor by
these two codes were similar to those described for the plate-type reactor,
except that the TRIGA parameters and appropriate configuration were used. In
addition to RELAP4 and COBRA-3C, a conduction code (HEATING5) was employed.

HEATING57 is a multi-dimensional, time-dependent code, designed to
perform detailed heat conduction calculations for norr-uniform source
distributions in heterogeneous media. In applying the code, the boundary corr-
ditions between the medium Interfaces are to be supplied. Also, the power
history is also supplied externally (from the RELAP4 run). HEATING5 is needed to
carry out the detailed temperature distribution calculations in the hottest
fuel pin where the skewed power profile due to flux peaking produces a highly
asymmetric heat source. Provision for this asymmetric source input is not
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available in either RELAP4 or COBRA-3C. The model of the hottest pin used in the
HEATING5 calculations is shown in Fig. 17, where the mesh intervals are taken
on the cross section at the axial midplane of the rod. In the calculation,
the power density corresponding to the skewed profile (see Figs. 15 and 16)
was input as the heat source for each node.

3.4.2 Loss of Flow Transients

In this accident, it is postulated that the coolant flow rate through the
core is coasting down from the full rate of 8,000 gpm. to the 300 gpm rate
maintained by the emergency pump. The flow rate as a function of time is
assumed to follow an exponential form characterized by the coastdown time, T.
That is, at time t seconds after the accident, the flow rate W is described
by,

W(t - 000 exp, (t) gpm, for t < T,

- 300 gpm, for t > T,

where A - In 300/8000)
T

The following conditions were assumed in this calculation: (1) the reactor is
at full power of 14 MW 2 the core-radial peaking factor is 21 3 the
reactor scrams on low-flow (less than 7000 gpm) signal; 4 control rod motion
is delayed for 02 seconds following a scram signal.

HEU

Calculations were carried out for coastdown times ranging from to 5
seconds. The power trace of the average core following scram was first
calculated by RELAP4, and is shown in Fig. 18 for the hot pin with radial
peak/average factor of 25. This power trace was fed into COBRA3C/RERTR for
cases corresponding to different values of the coastdown time, T. In these
calculations, the Mirshak correlation was used to determine the DNB ratio
results which are presented in Table 3 for core-radial peaking factors of 9,
2.1, and 25.

The COBRA results in Table 3 indicate that DNB is reached for T equal or
less than 3 sec for the peaking factor of 19. For higher power-peaking
factors, DNB occurs at higher flow coastdown times. A check of the results can
be seen from Fig. 19, where the similar coastdown situations were followed by
a different approach,7 using a core-radial peaking factor of 20. In Fig.
19, a somewhat optimistic result, i.e., no DNB for T - 2 sec, was predicted.

LEU

No major differences were found for LEU in the flow transient cases. The
results presented in Table 3 for HEU remain essentially unchanged for LEU.

3.4.3 Reactivity Insertion Transients

Reactivity insertion calculations included two separate cases: (1) Step
insertion from 1W with the reactor critical and a very low flow rate, 2 Step
insertion from full power with full flow rate. The reactor responses to a
step input of 1% 6k/k in case (1) and 1% 6k/k and 075% Sk/k in case 2 were
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obtained. In the calculations, scram was assumed to function. The power
setpoints of 36 MW and 14.7 W were chosen for case (1) and 2 respectively.
A 02 sec delay between scram signal and start of rod motion was assumed.
Temperature-dependent thermal roperties were used, with specific heat of the
fuel given by Cp - 0086 + 10-& T al/gm-C and fuel conductivity by k -
0.042 179 x 1-5 T al/sec C where T is the fuel temperature in 'C.

HEU

For the transient described by case (1), the power trace calculated by
RELAP4 is presented in Fig. 20, where a peak of 448 MW is found to occur at
t - 052 sec. Similar calculations without scram action are also shown in the
same figure. It is seen that in both cases the power rise is turned by the
negative temperature feedback. During the transient, the maximum average
core temperature was 232'C. The power history from RELAP4 was input to
HEATING5 to calculate the fuel temperature distribution in the hottest pin.
It was found that a peak temperature of 691'C was reached at node 7 when the
power peaks (see Fig. 21).

For the case 2 transient, a peak power of 281 MW occurs at 03 sec
after the insertion of reactivity. With the reduction in shim-bundle worth
from 1% 6k/k to 075% 6k/k the peak power drops to 119 MW (see Fig 22). The
peak power achieved in this accident is considerably lower than in the similar
accident discussed above. This is because feedback coefficients are higher at
high fuel temperatures and thus serve to suppress the rise of power to a
greater extent. In the RELAP4 calculations, the maximum average core tempera-
tures were 389% and 342% for the shinr-bundle worths of 1% 6k/k and 075%
6k/k, respectively.

The EATING5 calculations for this transient used the convective heat
transfer coefficients corresponding to the full-flow case. The calculated
time history of fuel temeratures are presented in Fig. 23 for the step worth
of 1% Sk/k. A peak temperature of 909'C was located at node 6 (described in
Fig. 17). For the step worth of 075%, a peak of 792% was found at node 4,
which is farther from the edge of the pin than in the same transient from low
power. This is primarily attributable to the large temperature gradient
already established at the edge prior to the transient, causing the peaking
location to shift away from the edge during the transient. A large temperature
drop across the clad is also observed in this transient case.

LEU

Figure 24 presents power versus time histories for transient case (1),
calculated by RELAP4 for both scram and no-scram situations. Peak power in
both cases reached 460 MW at 052 sec. The maximum average core temperature
calculated was 210'C.

Figure 25 shows the HEATING5 results on node 7 (where peak temperature
occurs), the centerline temperature, and the pirr-average temperature. The
peak temperature calculated was 671'C.

Figure 26 presents the power versus time histories for case 2 transients
with step worths of 1% 6k/k and 075% 6k/k. Peak power reached in the former
is 427 MW and the latter, 119 MW. The respective maximum core-average tempera-
tures calculated by RELAP4 were 426% and 353'C.
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The HEATING5 results for fuel temperatures are presented in Fig. 27 for
the same case with shiur-bundle worths of 1% Wk. Similar to the situation
for the HEU fuel, the peak temperatures in both cases were located at node 6
and node 4 for shim-bundle worths of 1% 6k/k and 075% 6k/k, respectively.
They are 1050% and 841% for the shim-bundle worths of 1% 6k/k and 075%
6k/k, respectively.

4.0 Conclusions

With proper selection of existing computer codes and the ranges of
applicability, methods previously used for pwer reactor transient calculations
can be adapted to applications for research and test reactors with satisfactory
results. Further verification will be conducted by comparison against experi-
mental test results, such as the SPERT tests.

From the results shown in the loss of flow transients with reactor
scram, it can be concluded that for sudden stoppage of flow in a matter of one
or two seconds, the safety limit may be violated for both the plate-type and
rod-type reactors. However, a longer coastdown period (say, greater than 0
sec) would prove to be benign.

For plate-type reactors the conclusions to be drawn from the series of
reactivity insertion transients are that the LEU fueled cores show a more
rapid power turn around, with a lower peak power and lower fuel temperatures,
because of the significant prompt Doppler feedback due to fuel heating. This
lower peak power, combined with the lower power density due to the thicker
fuel meat, results in lower peak temperatures in the LEU fuel. To verify the
accuracy of the calculations the models used must be validated or benchmarked.
In spite of this, the comparative behavior of the two types of cores should be
qualitatively correct.

As shown by the calculations, the response of the LEU fuel core is
insensitive to reduced fuel conductivity. In the calculation of response to a
$1.2 input, a reduction of the conductivity of the U308 fuel by a factor
of 35 gave a slight decrease in the peak of the power pulse, from 94 to 93
MW, and an increase in peak fuel temperature from 130 to 147'C. Although a
stronger Doppler feedback is anticipated by the increase of fuel temperature
due to the lowering of conductivity, the magnitude is somewhat offset by a
weaker feedback from coolant due to the poorer heat transfer.

Although peak temperatures in TRIGA reactors during reactivity transients
have been shown to be higher for LEU than for HEU, these differences are
acceptable.

Our overall conclusion, based on these results, is that there appear to
be no particular safety problems associated with the LEU fueled cores. The
differences that do exist are for the most part in the direction of improved
safety with the LEU fuel.
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Table 

10 MW Reactor - Cycle Length Hatching Criterion 16.7 Days),
Fuel Element Design Variations Wh 20% Eriched uranium Fuel

Thickness
Number Thickness of Water Volume Uranium 235u 235 pr

of Enrich- 11/235U of meat, Channel. of Meat Density, Density. Element,
b 3/Element g/cM3 3 cPlates ment, % Std. Element TM mm cm &/cm wt.% grams

23 93 196 0.51 2.188 443 0.68 0.632 22 280

23 20 172 0.51 2.188 443 3.59 0.718 66.3 318

21 20 145 0.839 2.188 666 2.60 0.523 56.6 346

19 20 207 0.51 2.916 366 3.96 0.792 69.2 290

19 20 184 0.70 2.726 503 3.05 0.610 61.4 307

19 20 171 0.80 2.626 575 2.-77 0.554 58.6 319

19 20 158 0.90 2.526 646 2.56 0.512 56.2 331

t-n 19 20 145 1.00 2.426 718 2.42 0.483 54.4 3.4 7
00

19a 20 113 1.238 2.188 889 2.27 0.453 52.6 403

18 20 97 1.471 2.188 1001 2.23 0.445 52.1 446

O 20 83 1.731 2.188 1112 2.24 0.448 52.2 498

aAll calculation i te table were done with microscopic cross sections corresponding to he fuel element With
average burnup i te core. To investigate changes in cycle length and uranium density in the fresh feed elements
due Lo cross eion variation with burnup te calculations for both the reference 93% enriched case and the 19
plate case wit 1238 mm tick fuel meat were repeated for extreme values of the cross aections. With microscopic
cross sections corresponding to slightly-burned (i.e., at equilibrium Xe and Sm) fresh elements, the cycle length
in both te 93% and the 20% eriched cases wag 15.9 days, and the uranium density in the fresh feed elements of
tire 20% eriched case was 226 g/cm3. With microscopic cross sections corresponding to elements with the discharge
burnup, e cycle lengch in both te 93% and 20% enriched cases was 17.4 days, and the uranium density in he
fresh feed elements of te 20% enriched case was 224 g/cm3.

bLnelude a mm water channel surrounding each element.

ePorosiLy of 10 volume percent assumed wiLh 20% enriched UAl X-Al fuel.



Table 2 Power Peaking Factors

HEU LEU

Flux Trap Flux Trap

50.0 mm 50. mm

Radial 1.63 1.38

Axial 1.31 1.31

Local 1.23 1.34

Total 2.63 2.41
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Table 3 Results of COBRA-3C/RERTR Calculations for Coastdown Accidents

Core Radial Time to
Coastdown Power Peaking Minimum Exceed CHF CHF
Time (sec) Factor DNB Ratio (sec) (106 Btu/hr-ft2)

1.0 1.9 ---- 0.9 0.19

2.0 1.9 ---- 1.8 0.17

3.0 1.9 ---- 3.6 0.11

4.0 1.9 1.26 - 0.12

5.0 1.9 1.65 0.13

15.0 1.9 2.74 1.57

4.0 2.1 1.02 --- 0.10

5.0 2.1 1.35 0.12

15.0 2.1 2.39 - 1.60

4.0 2.5 ---- 3.2 0.20

5.0 2.5 ---- 5.6 0.11

15.0 2.5 1.95 --- 1.56

Critical Heat Flux at time of minimum DNBR or time CHF exceeded.
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FIGURE 1. 1 MW Reactor - Standard a ('13 'Plates/Element) and
Controlalb 17 Plates/Elament) Fuel Elements.

0.48

0.05i

V-///////////77777///
h

0.2188

0-038

8.o

6-3

6.&

7.6

A33. dimensions in c=.

aThe t outermost plates have a clad thickness of 00495 c.
bControl fuel elements have four 2 plates/ele=ent, assuming two fork-type
absorber blades/element.

CIncluding a mm water channel surrounding each element.

VOLMIE RACTTONSC

Standard Fuel Element -Control F-jel 'Element

Fuel Meat 0.1185 Fuel Mea 00876
Aluminum 0.3205 Aluminum 0.3244
Water 0.5610 Water 0.5860
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Figure 2 Isothermal Reactivity Feedback Data Corresponding to changes
in Water Temperature only. Water Density Only, Doppler effect
only and Water Voidage Only for HEU and LEU Cores
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Time Histories of Fuel and Clad Temperatures
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1OMW REACTIVITY INSERTION ACIOENT
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Figure 7 Step Reactivity Insertion, HEU Fuel, Step $1.10

Power vs. Time
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IOMW REACTIVITY INSERTION ACCIDENT
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1OMW REACTIVITY INSERTION ACCIDENT
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1OMW REACTIVITY INSERTION ACCIDENT
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TRIGA FUEL CLUSTER
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Figure 13. TRIGA 5 x 5 Fuel Cluster Design
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Figure 21. Time Histories of Fuel Temperatures in the Hottest Pin for
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Figure 23. Time History of Fuel Temperatures in the Hottest Pin for the Shim-Bundle
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Figure 25. Time Histories of Fuel Temperatures in the Hottest Pin for the
Shim-Bundle Accident at Low Power (LEU. core radial peaking factor = 19)
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I. Introduction

Burnable absorbers are used primarily to reduce the excess reactivity
caused by using high loadings of U-235 in fuel elements instead of having to
rely entirely upon control rod strength to perform this function. In the
design of a poisoned fuel element, one must be sure to meet the primary require-
ments of having: (1) the proper amount of poison at BOC and 2 the proper
depletion rate of the neutron poison. If the depletion rate of the absorber is
too slow, the result would be unburned poison remaining in the fuel elements,
shortening the lifetime of the element and the cycle length. If the
depletion rate is too fast, the excess reactivity could exceed the prescribed
limits for the reactor at some later time during the operating cycle. There-
fore, an appropriate burnable poison must satisfy these primary requirements
before the secondary considerations become significant.

If a burnable absorber material could provide adequate supplementary
reactivity control without causing significant loss in cycle length, then
cycle lengths could be greatly increased by the use of heavier uranium loadings
in LEU fuel. This would result in lowered fabrication costs to the reactor
operator since fewer elements would now be required to provide an equivalent
amount of energy. In some higher-powered reactors the benefits today from
using burnable absorbers would be minimal because of the limitations imposed
by uranium densities technologically possible at this time. However, with the
development of U3Si fuels, uranium densities could be as high as 7 to 9
g/cM3. This would open the door for lowered fabrication costs from heavier
loadings of LEU fuel even in the higher powered reactors without significant
changes in the thermal hydraulic requirements of the reactor system.

Fabricators could conceivably offer a standard set of LEU fuel elements
that would be suitable for most MTR-type reactor installations having power
levels in the range of to 50 MW. This could be accomplished by offering to
the research reactor community 200, 300, 400 or 600 g of U235 per element
with the burnable absorber selected to meet the specific needs of each individual
fuel cycle requirement. The reactor operator could select which element would
be appropriate from this generic set of fuel elements. This standardization
in fuel element fabrication could cut fuel cycle costs still further. However,
since fuel element dimensions are not now standard, the use of standard fuel
elements seems impractical. However, it might be possible to fabricate standard
fuel plates which could be sheared to size and assembled into unique elements,
utilizing a burnable absorber inserted at element assembly to adjust reactivity.

In order to realize any of these potential fuel cycle cost savings
from the fabrication of fewer, heavier loaded elements, the characteristics of
the potential suitable burnable absorbers must be well understood. Boron and
cadmium are the two leading candidates at this time. These two absorbers will
be compared in the first half of the paper and then more emphasis will be
placed on cadmium in the latter half.
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II. General Comparison of Boron and Cadmium Burnable Absorbers

Boron has traditionally been selected as a burnable absorber material
because of its acceptable poison worth and depletion rate, ease of manufacture,
high melting point, and lack of residual poison worth at end of life (EOL).
Cadmium possesses all of these characteristics as well, except for a small
residual poison worth at EOL. The chief difference between the two absorbers
is that Cd offers a wider range of depletion rates for use in rsearch and
test reactors because of its higher absorption cross section and its metallic
nature, which allows it to be localized in the fuel element. With higher
loadings of U-235 per element, the burnable absorber requirements must also
increase. High burnups are required to fully deplete the boron absorber
before discharge in these heavily loaded elements, whereas the cadmium deple-
tion rate can be easily adjusted for any fuel cycle to insure complete burnup
before the element is discharged. These conclusions will be supported in this
paper by comparison of these two absorbers La the 2 MW Rhode Island Research
Reactor.

A uranium density In UA1x of 23 S/cc was chosen for this study because
it is expected to be available in the near future after additional demonstra-
tion work has been completed. Use of fuel of this density results in an
element loading of 228.6 g of U-235 with an enrichment of 19.75 wt%. The
physical description of the element is presented in Table 

III. Burnable Poison Geometry

For this comparison the natural boron poison was located in the side
plates of each LEU element. The boron was smeared over a 1-mm-thick poison
zone extending over the width of the side plate and height of the fuel
meat. The poison requirements for the RINSC 2 MW reactor were such that the
B-10 occupies less than of the poison zone volume. This uniform smearing
of the boron poison material over a relatively large volume resulted i no
thermal self-shielding and thus a maximum depletion rate and maximum poison
worth per gram of boron loaded.

The admium burnable absorber was contained in each side plate in the
form of several equally spaced wires, 04 mm O.D., extending the entire height
of the fuel meat as shown in Fig. 1. The diameter of the wire determines the
lifetime of the burnable absorber. The total mass of cadmium required deter-
mines the amount of residual poison worth at the discharge of the element.
The number of wires needed can be changed to give the proper amount of poison-
ing at BOC. Therefore, the wire O.D. which gives the desired poison lifetime
is selected first and then the total number of wires required to satisfy the
excess reactivity requirements is selected.

IV. Cross Section Generation

The cross sections for the side plate with the poison zone sandwiched 
within It and the associated fuel region were generated in EPRI-CML (ECELL)
using slab geometry to model 12 of an element. The fuel region was a homogen-
ized mixture of fuel, clad and moderator. The side plate was represented
discretely as 3 separate regions with the AI/B-10 homogeneous mixture in the
central region surrounded on both sides by Al side plate material. Ten mesh
points in the homogenized fuel region were required to yield the same deple-
tion rate of U-235 as was calculated using the standard 12 plate plus 12
moderator thickness and extra region material in slab geometry. Three mesh
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points were adequate to represent the poison region depletion of B-10. Time
steps were selected such that no more than 2 Ak change was calculated between
time steps. This reactivity loss criteria per time step compared favorably
with finer time step calculations. A trace amount of U-235 was placed in the
side plate region to serve as a method of determining the B-10 concentration
in the homogenized side plate material in PDQ7 as a function of burnup. The
assumption in using this method is that the relationship between the U-235 and
B-10 concentration in PDQ7 and ECELL are identical.

The cross sections for the side plate with the Cd wires in place were
generated in a cylindrical geometry ECELL model. The wire was placed in the
center of the cylinder, with the next successive rings being: the side plate
Al; a mixture of end of fuel plate without fuel meat and moderator; several
rings of alternating fuel clad, meat, and moderator; and the appropriate
volume of extra region material. The number of mesh points needed in the Cd
wire was determined by the diameter of the wire. Typically 10 mesh points
were found to be adequate for Cd wire O.D.Is less than mm. A side plate
edit volume was determined from the number of Cd wires needed per element by
forcing the volume to yield the corresponding ratio of Cd to Al side plate
material. The fuel-clad-moderator edit cell volume was taken from the same
ECELL case used to generate the side plate cross sections. The depletion of
the fuel-clad-moderator region in the Cd model has been compared to the
standard plate geometry representation and found to exhibit very little
difference in depletion characteristics, even at EOL.

V. Core Description and Modeling

The ref erence core size f or all equilibrium cycle calculations was 30
standard elements. When the RINSC was originally started only 28 fresh
elements of HEU fuel were loaded, resulting in a measured reactivity of 1049.
This measured reactivity was used in determining all burnable poison require-
ments at BOL. The core reflector consisted of a one element thick graphite
radial reflector surrounded by an ifinite thickness of light water. The
axial reflector was assumed to be all light water eept for a small amount of
aluminum structural materials in the first few mm above the ative core
height.

The modeling of the core performance was done using EPRI-CELL for gen-
eration of the 4 broad group cross sections for use in PDQ7 fine mesh KY and
XYZ calculations. The three dimensional PDQ7 calculations were used to
determine the correct axial buckling to be used in the 2D fine mesh depletion
calculations for equilibrium cycle analysis. EPRI-SHUFFLE was used for
making modifications to the PDQ7 EOC concentration array according to the new
loading pattern for BOC. The equilibrium fuel cycle consisted of 6 batches
with 30 elements in the full core. Each element of the core was represented
with a x4 mesh structure in 14 core geometry. Since the side plates con-
tained the burnable poison material, they were represented as separate
materials from the fuel, clad and moderator region. Thus each element con-
sisted of two eparate materials and three separate depletion zones.
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VI. Burnable Poison Requirements for RINSC Using 229 g U-235/Element

The amount of natural boron required to keep the excess reactivity below
5% Ak/k for the 28 element fresh core was 156 grams per LEU ale-ant as shown
in Table 2 This represents a reduction in the core keff from the unpoisoned
core keff of 11.65% Akeff. The boron poison loading results in a keff Of
1.0479 as shown in Table 2 The excess reactivity at BOL is 00033 keff lower
than the maximum allowable of 1.051.

Twenty-one natural cadimum wires of 04 mm O.D. were needed per element
to satisfy the eess reactivity requirement. The reference keff of 10395
was lower to compensate for the reactivity differential between the use of Cd
model and boron model cross sections. This reactivity bias between the Cd and
B models resulted from the use of two different geometries in which to generate
the cross sections for the core depletion calculations.

A comparison of the initial core performances of LEU fuel with either
boron or cadmium burnable absorbers was made and is presented in Table 3 Oe
should note the differences in the depletion rate of the two absorbers and the
impact that rate has on the core keff- If the initial core (Cycle 1) was
loaded with Cd wires of 04 mm O.D., all of the Cd-113 would be depleted to
Its residual level before EOC-1 is reached. However, by using the boron
absorber, approximately 16% of the initally loaded boron remained unburned at
EOC-1. This shortened the length of the first cycle by 133 FPD. The Cdwires
should have been slightly larger so that depletion was not as fast as shown in
Table 3 The keff at 10,800 hours was almost identical to the BOL keff,
which means that the excess reactivity margin was at a minimum at both of
these points in the cycle.

Presented in Fig. 2 is a comparison of the depletion rates of the Cd wires,
B-10 in the side plate, and natural boron loaded into the Cd wire locations.
Boron dispersed into the side plate yielded a faster depletion rate than lumping
it into wire form. This illustrates the larger thermal a of natural Cd even
though it was lumped into a wire.

VII. Equilibrium Cycle Comparisons for RINSC Using 229 g U-235/Element

The results of equilibrium cycle calculations are presented in Table 4.
They were made using LEU fuel with 229gm U-235 per element and a six batch core
of 30 elements. Five elements were loaded per cycle to demonstrate the long
cycle lengths achievable by using the proper burnable poison.

The equilibrium cycle length was 264 FPD using the boron model without
any burnable poison ad 266 FPD using the cadmium model without any Cd present.
These two results should agree exactly but are in reasonably good agreement in
view of the approximation involved in the Cd model in cylindrical geometry.
Boron depletion can be modeled more exactly in slab geometry since the element
is more easily modeled In slab geometry.

The equilibrium cycle length was 224.4 PD for the boron loading of 156
g/element. Due to the unburned in each fuel element the cycle length was
shortened by 40 FPD or 15%. The discharge burnup was consequently lowered
from 54% to 46%. If the requirements could be reduced by changing the fuel
cycle, similarly, the shortfall in cycle length could be reduced.
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The equilibrium cycle length is 251.3 FPD for the cadmium loading of 21
wires of 04 mm O.D. per element. The shortfall in cycle length is 5.5% due
to the inventory of unburned Cd in half of the elements. Not all Cd can be
burned out completely since an equilibrium condition is established at low
concentrations by the production of additional Cd-113 from y) reactions in
Cd-112 and the y) destruction of Cd-113. If the mass of Cd required is
increased, this residual poison penalty will also increase.

In this particular fuel cycle, the use of cadmium wires was shown to be
a better choice as a burnable poison material because of the lower burnable
poison inventory in equilibrium compared to the boron inventory. If the
excess reactivity requirements were lower than 5% Ak/k, the shortfall in cycle
length would have been even greater. Since nothing can be done to increase
the depletion rate of boron, the higher inventory of boron poison will always
shorten the equilibrium cycle considerably. However, cadmium depletion rates
can be adjusted to any desired rate by changing the wire O.D. and the poison
worth is controlled by the number of wires. This enables faster depletion of
the burnable poison and a significant lowering of total poison inventory.
Therefore, the use of cadmium allows the fuel cycle designer greater freedom
to select any fuel cycle that may fit the needs of the particular installation
without significant loss in equilibrium cycle length.

VIII. Use of Cadmium Wires to Poison High Density LEU Fuel Elements

It is important to understand the performance of cadmium burnable absorbers
in high uranium density fuel elements with very long lifetimes. The range of
uranium densities selected was from 1.5 to 90 g/cc of U in either Alx or
U3Si. These various fuel loadings were used in calculations of a 2 W
reactor nearly identical to Rhode Island, except that the element size was
increased slightly to agree with the 19-plate element used for the generic 2
MW reactor of the IAZA Guidebook.2 Placement of fuels with uranium densities
up to 9 M3 into a 2 MW reactor represents the most severe test of the use of
a burnable poison for control throughout the entire core lifetime. The same
excess reactivity requirement, 5% Ak/k, that is currently in use at Rhode
Island was used for this study. The burnable poison added must adequately hold
down excess reactivity not only at BOL but also at the time, typically 23 of
the way through the initial cycle, when the poison is depleting faster than
the fuel, causing a sharp reactivity spike. This study was limited to initial
core performance. However, if the initial core can be adequately controlled,
then the equilibrium cores should be simpler, since less reactivity is being
added at the beginning of each cycle.

The core size for the Rhode Island core was 28 elements. A description
of the generic fuel element geometry is given in Table 5. This geometry was
not changed for any of the several fuel loadings described in Table 6.
Uranium densities up to 65 g/cc in Alx were assumed although not realisti-
cally attainable; however, use Of U3Si instead of UAlx would not produce
significant changes in conclusions of this study. The fuel element geometry,
as well as the range of possible uranium densities in UAlx and U3Si, were
obtained from data presented in the IAEA Guidebook, Appendix A.2 The core
size of 28 elements was chosen to correspond to the actual startup core size
used at RINSC. This core size was also used to calculate the reactivity of an
all-fresh core of HU fuel. Our methods resulted in a 0002 Akeff higher
reactivity than the measured value of 10493. This comparison was used to
calculate the critical keff for the RINSC core using the new models for
calculating core reactivity with and without Cd burnable poison.
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IX. Discussion of Results of High Uranium Densities Fuel Loadings

Presented in Table 7 are the results of using the plate and Cd models
to model a RINSC 28-alement core without any burnable poison present. The
core reactivity results using Cd model cross sections are nearly equal to or
slightly lower than the discrete plate model. The reactivity biases rge
from nearly zero for lower fuel loadings to almost 0.005 Akeff for higher
fuel loadings. Since the km's of the core reflect nearly the same trend,
the entire bias can be traced to the modeling of the fuel zone as a series of
annular rings. There is no definitive physical approach for representing the
thickness of these annular regions in modeling the fuel region of the element.
The method that has been used for choosing region thickness has been to use
the actual thickness for each ring until the desired volume fraction has been
obtained. Fortunately, the bias is not large and does not result in signifi-
cantly different reactivity biases at EOL.

The measured reactivity of the 28-element EU core at BOL was 10493.
Using the homogenized element model in ECELL/PDQ7, the calculated keff
was 10512. If either the discrete model or the Cd model were used to cal-
culate this core, the result would be approximately 1040. Therefore, using
the Cd model, the calculated core keff will be from 0009 to 0012 lower
than actual measured reactivity. This bias will be reflected in quoting
calculated critical and maximum excess keff values. In smary, the bias of
actual measured reactivity, and the computed reactivity will be assumed to
equal: (the homogenized model keff - (the Cd model keff - 0002 Akeff)-
For almost all fuel loadings, the calculated critical keff using the Cd
model will be approximately Akeff below keff - -0-

The plots of core reactivity as a function of irradiation time are
presented in Figs. 39. Each figure represents a different fuel loading as
described in Table 6 with the exception of STD 1, which was omitted since it
is just critical without any Cd added to the side plate. The Cd requirements
are presented in Table for each of the plots presented in Figs. 39. The
optimal number of wires appears to be about 18 to 20 for each fuel loading.
This results in the lowest total range in keff throughout the core lifetime.
The wire O.D.'s directly affect the poison lifetime. Larger wires are needed
for greater poison lifetime and conversely. As the wires become larger,
the total mass of Cd required to control the core becomes larger. This
increases the residual Cd-113 present when Cd can be depleted no further.
This residual value results in less than 3 loss in cycle length for cases
SM 2 and 3 but gradually increases to be about 10% for the highest fuel
loading. Also, for heavier loadings, the excess reactivity can no longer
be contained within the 49% Akeff limit, but must be increased to about 6
or 7Z Akeff.
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X. Use of Cadmium Wires in the HFR Petten Reactor

A. Tas and P. Von der Hardt have recently completed a study which investi-
gated the use of LEU fuel in the HR Petten reactor.3 The design parameters
for the LEU element and suggested fuel cycle are presented in Table 9 It was
found necessary to increase the fuel meat region from 0.51 mm in the HEU
design to 132 mm for the LEU element without changing the moderator region
thickness. The larger meat region was needed to load an equivalent amount of
U-235 per element using &lx fuel with 21 g U/cm3 in the fuel meat. The
equilibrium cycle consisted of a 26 PD cycle length and a fresh reload of
seven full elements and two control elements for each cycle.

An approximate Petten core was modeled in XY 12 core geometry using
ECELL/PDQ7. The composition of the 17 experiment regions were assumed to be
pure Al when located on the core periphery and pure Al with a stainless steel
layer around the central plug when located in the inner core region. The fuel
elements contained 18 cadmium wires of 04 mm O.D. as shown in Fig. 1. The
results of the itial core reactivity performance is presented in Fig. 10.
The Cd is fully depleted at an element burnup of approximately 24%, or 66 FPD.
There is very little secondary excess reactivity increase near EOL of the
initial core. This suggests that a few more wires could be added to reduce
the total reactivity swing.

The results of the equilibrium cycle calculations are presented in Table
10. The plate model was as described previously, a slab geometry representa-
tion of a half plate and half moderator thickness to model au element. These
results ate characteristically Akeff higher than the Cd model represents--
tions; as seen by noting the EOEC keff. The equilibrium cycle result using
the Cd wires not only lowers the maximum excess keff by 19% Akeff but also
reduced the total reacivity swing during the cycle by 30% to 24% Akeff-
The lower EOEC keff in the case using Cd wires is a result of unburned Cd
present in core during the equilibrium cycle. This requires one to either
increase the element U-235 loading to preserve the 26 FPD cycle length or
increase the number of lements loaded per cycle. In either case the result
would be the same: the total reactivity swing during the cycle and at BOEC
would be significantly reduced using cadmium wires.
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XI. VIM-Monte Carlo Study of Effects of Cd Wires Upon Petten Element
Thermal Flux in Fuel Meat

One question that has been raised is whether or not the thermal flux
profile particularly in the fuel meat would be perturbed by the placement of
Cd wires in the side plate. If the wires do cause a local flux depression in
the ends of the nearest fuel plates, then thermal flux peaking would occur in
the center of the elements, resulting in more stringent thermal-hydraulic and
safety requirements to be satisfied. There could also be reactivity penalties
associated with a norr-uniform burnup distribution.

The VIM calculations described in Tables 11 and 12 for the Petten LEU
element loaded with 390 grams of U-235 per element and 18 Cd wires of 04 mm
O.D. each. The design parameters for the Petten element were given in Table 9.
Only 14 of an element was modeled in VIM with zero current boundary conditions
at each boundary as shown in Fig. 10. Each fuel meat region in each fuel plate
was divided into six equal volume zones in order to obtain a detailed flux map
within each fuel plate. Not only was the thermal flux distribution mapped in
each of the 60 fuel meat regions, but also the total production and the thermal
Oa of U-235 and of a pure /v absorber. These last two cross sections serve
more as indicators of spectral changes. Standard combinatorial geometry was
used to model the cylindrical Cd wires in the rectangular element.

The VIM results tabulated in Tables 11 and 13 were from generation of
120,1000 neutron histories using five standard energy groups, the thermal group
boundaries being and 0625 eV. Using Fig. 11 to locate the fuel meat
regions, one can follow the thermal flux distribution in the regions of
interest. Upon careful examination of regions 7 19, 31, 43 and 55, which
were located closest to the Cd wires, there appears to be no significant
spectral or flux perturbations in these regions relative to any other region.
Other groupings of VIM data are presented in Table 11. These data represent
groupings of each fuel plate taken separately as well as groupings of fuel
meat regions at equal distances from the side plate.

No clear trends exist among these results to indicate that flux perturba-
tion of any significance is occuring as a result of loading the Cd wires. In
fact, the flux distribution is remarkably flat across the fuel meat region in
any direction with or without the presence of the Cd wires. However, if the
Cd wire O.D. increases significantly due to increased poison requirements these
conclusions may no longer be valid.
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XII. Conclusions and Direction for Future Study

The chief advantages of using cadmium wires to poison a core are a
reduction in the total poison inventory present in an equilibrium cycle, and
the complete burnup of the burnable poison before discharge of the element.
The maximum depletion rate of boron is much slower than that of cadmium which
results in a significantly higher boron poison inventory present during an
equilibrium cycle. This causes significant losses in equilibrium cycle
length. The use of cadmium reduced this loss considerably. Not only is the
total amount of boron present in an equilibrium core higher, but in many fuel
cycles it is not possible to deplete all of the boron poison, creating an
additional reactivity penalty. For the loading of initial cores, the poison
requirement can be satisfied by using Cd in almost any fuel cycle.

It must be stressed that these results are preliminary, especially for
the higher fuel loading cases. The upper limit on the amount of fuel that
could be loaded into a 2 MW reactor will probably be limited by the excess
reactivity requirement. The Cd requirements for the higher loadings are tenta-
tive, pending further nuclear methods improvements and verification. Shadowing
of one wire by another close by in the side plate may decrease the worth of
the group wires as a whole. Monte Carlo calculations will be needed to
verify this. The number of mesh points to model the depletion of Cd wire
will need to be increased as well.

The next phase of the application of Cd wires will b to take a closer
look at placement of Cd wires in the 45 MW Petten Reactor. A high density
uranium fuel will be loaded into a generic 23-plate LEU element with a .5 mm
meat thickness and compared with the 23 plate HEU element. The Cd requirement
will be compared with those using the thick plate design.

The ultimate goal of this work is to examine the feasibility of using
standard' fuel plates to assemble unique fuel elements for a variety of

reactors through the use of appropriate Cd wire poison in each element. If
U3Si fuels become available in the near future, significant fabrication cost
savings might be realized by reduction in the number of elements required to
operate the reactor and by standardization of the elements fabricated.
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Table 

LEU Element Description with High Density UAIx Fuel

Fuel Meat Thickness, mm 0.762

Fuel Clad Thickness, mm 0.381

Moderator Thickness, mm 2.54

Fuel Meat Width, cm 6.020

Number of Plates Per Element is

Side Plate Thickness, mm 4.75

Overall Element Dimensions, cm 7.63 x 7.63,x 60.96

Uranium Density in the Fuel Meat, g/cc 2.3

Uranium Loading per Element U235 g/U-238g 228.6/929.0

Void in the Fuel Meat 7%

Uranium Fuel Enrichment, wt% U-235 19.75

Table 2

Comparison of Various Models With and Without Burnable Poison in a 28 Element
Rhode Island Core

Description of Model Inital U-235 Burnable 3D PDQ7
Enrichment loading Poison Core Average

(wt% U-235) (g/element) S/element) k. keff

Measured Data 93.00 124 0 - 1.0493*
Standard Model 93.00 124 0 1.5258 1.0512
Standard Model 19.75 160 0 1.5292 1.0828
Standard Model 19.75 229 0 1.6001 1.1663
Cadmium Model 19.75 229 0 1.5914 1.1554
Boron Model 19.75 229 0 1.6016 1.1644

Cadmium Model 19.75 229 13.92 1.4212 1.0395
Boron Model 19.75 229 1.56 1.4276 1.0479

This is a measured value of the core reactivity
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Table 3

Reactivity Trends For an Initial Core of 229gm U-235 per Element LEU
Fuel loaded Into a 28 Element Rhode Island Core Using PDQ7/ECELL

Irradiation 21 Cd Wires (0.4 am O.D.) per Element 1.56 g B-nat Loaded per lement
Time keff Burnup Z Cd-113 keff Burnup Z B-10
(FPH) (1%) Remaining (Z) Remaining

0 1.0397 0 100 1.0485 0 100

100 1.0189 0.16 75.4 1.0281 0.16 99.2

1700 1.0095 2.74 54.8 1.0252 2.74 86.1

3300 1.0084 5.31 38.6 1.0271 5.52 74.5

4800 1.0126 7.70 24.9 1.0284 7.72 64.7

6300 1.0187 10.09 14.0 1.0287 10.11 55.9

7800 1.0264 12.46 6.4 1.0284 12.48 48.2

9300 1.0344 14.83 2.48 1.0270 14.85 41.3

10800 1.0380 17.18 0.88 1.0247 17.22 35.3

12300 1.0377 19.52 0.160 1.0213 19.59 30.0

14300 1.0309 22.63 0.040 1.0154 22.68 24.0

16300 1.0201 25.72 0.035 1.0078 25.78 19.1

18300 1.0071 28.79 0.026 0.9985 28.86 15.0

20300 0.9928 31.85 0.025 0.9878 31.93 11.8

22300 0.9777 34.89 0.025 0.9756 34.97 9.1

24300 0.9618 37.91 0.025 0.9620 38.00 7.0



Table 4

Equilibrium Cycle Comparisons with 6 Batch 30 Element Core Fuel Cycle
Using 229 gm U235 per Element and PDQ7/SHUFFLE

Burnable Cycle Refueling Core Average Burnup Discharge
Poison Length Interval keff Burnable

Core Batch Poison
Average Average Remaining

BOEC EOEC EOEC Discharge
(g/element) (FPD) (Days) (Z) (Z) (Z of initial)

0-(B odel) 264.0 1257 1.0638 1.0001 35.0 54.0

0-(Cd Modal) 266.0 1266 1.0587 0.9910 35.1 54.4 -

1.52 (B-nat) 224.4 1069 1.0363 1.0001 29.3 46.4 2.95

13.92(Cd--nat) 251.3 1196 1.0283 0.9912 32.4 51.5 0.02

Note: Calculational results based on a critical core keff - 1.0001 for the boron
model and a critical keff - 09910 for the cadmium model

400



Table 5. Fuel Element Design Parameters

Meat Width, cm 6.30

Meat Thickness, cm 0.051

Clad Thickness, cm 0.0381

Moderator Thickness, cm 0.2916

Plate thickness, cm 0.127 (Inner Plate)

0.150 (Outer Plate)

Number of Plates per Element 19

Side Plate Thickness, cm 0.45

Element Overall Dimensions, c x cm x cm 7.6 x 8.0 x 60

Uranium Fuel Enrichment, vtZ U-235 19.75

Table 6 Fuel Loading Parameters for Each LEU Element

Fuel Uranium Density Weight U g U235 g U235
Case ID Composition in Meat (g/cc) in Meat per plate per element

STD 1 UAlx 1.5 39.9 5.71 108

STD 2 UAlx 2.5 54.5 9.52 181

STD 3 UA1x 3.5 64.6 13.32 253

STD 4 UA1x 5.0 75.0 19.05 362

STD 5 UAIX 6.5 $2.2 24.75 470

STD 6 U3Si 6.0 78.8 22.84 434

STD 7 U3S1 7.5 84.4 28.36 543

STD 8 U3Si 9.0 88.6 34.27 651
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Table 7 Comparison of PDQ7 Core k. and keff Results Using Plate and
Cadmium Models in RINSC Core (No Cd present) at BOL

Discrete Plate Model
Case ID Side Plate/Fuel Plates Separate Cd Model Data

core k. keff core ka keff

STD 1 1.3965 0.9887 1.3943 0.9884

STD 2 1.5441 1.1276 1.5405 1.12611

STD 3 1.6102 1.1981 1.6052 1.1956

STD 4 1.6562 1.2541 1.6499 1.2504

STD 5 1.6739 1.2838 1.6671 1.2796

STD 6 1.6677 1.2766 1.6615 1.2723

STD 7 1.6763 1.2978 1.6698 1.2931

STD 8 1.6775 1.3113 1.6709 1.3064
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Table S. Estimated Initial Core Cd Requirements for Various Fuel Loading in
the 28 Element RINSC Core

Cd Approximate Burnout
Wire Point of Cd Wires Cd

Fuel Type Number of O.D. FPH Z Burnup, Residual
Case ID Cd wires (am) (x 10-3) of Element Akeff

STD 2 14 0.4 12.5 23-24 0.0020

STD 3 18 0.7 25 33 0.0045

STD 4 20 1.00 45 42 0.0085

STD 5 is 1.40 75 52-53 0.016

STD 6 18 1.27 66 50-51 0.011

STD 7 20 1.50 90 54 0.020

STD 8 20 1.65 120 58-59 0.023
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Table 9 Design Parameters of the Petten LEU Fuel Element

Fuel Composition UA1

Number of Cd wires/element .D.) 18 04 mm O.D.)

Enrichment 20.0 wt% U-235

Plate Thickness 2.08 mm

Meat Thickness 1.32 mm

Moderator Thickness 2.18 mm

Side Plate Thickness 4.5 mm

Meat Volume/Element 950 x 10-6 3

Plates/Element 19

Overall Element Dimensions 76.1 x 80.55 x 609.6 mm

Mass of U/Plate 103 grams

Mass of U-235/element 390 grams

Density of U in the meat 2.053 g/cc

Number of Elements/Control Rods In Core 35/6

Initial U weight in the meat 47%

Average power density 310 watts/cc

Reactor power 45 MW

Annual operation time 285 days

Average discharge burnup 43%

Total U235 loading requirements 36 kg

Total U loading requirements 179.9 kg

Total Pu discharged at EOEC 1. kg
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Table 10. Patten Equilibrium Cycle With and Without Cadmium Burnable
Poison Using LEU Fuel

Cycle Length - 26 PD

Fuel Cycle - Reload Seven Full and Two Control Elements Each Cycle

keff &kaff Burnup (%)

Cross Section BOEC BOEC EOEC Core Ave. Ave.
Model No G with G with e with G ZOEC Discharge

Plate Model 1.1119 1.0668 1.0314 0.0354 27.9 43.0
(No CO

Cd Model 1.0987 1.0542 1.0194 0.0348 27.6 42.7
(No CO

Cd Model
18 Cd Wires
(0.4 am O.D.) 1.0773 1.0354 1.0112 0.0242 27.7 42.9
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Table 11, Detailed Thermal Flux and Spectral Indicator Distribution in
Petten Fuel Meat Using 18 Cd Wires of 4 mm O.D.

Fuel Thermal as Fuel Thermal as
Meat Thermal Total (barns) Meat Thermal Total (barns)

Region Flux Production U-235 1/v abs. Region Flux Production U-235 1/v abs.

1 .02689 .02778 379.6 3.721 31 .02713 .02664 384.3 3.763
2 .02652 .02685 374.0 3.716 32 .02696 .02714 378.9 3.720
3 .02674 .02638 376.4 3.692 33 .02767 .02765 383.0 3.751
4 .02685 .02576 378.7 3.713 34 .02706 .02682 381.8 3.745
5 .02666 .01581 376.1 3.689 35 .02726 .02683 375.4 3.688
6 .02675 .02581 376.1 3.689 36 .02737 .02677 383.0 3.747
7 .02666 .02592 388.9 3.800 37 .02693 .02753 383.4 3.755
8 .02677 .02658 381.9 3.743 38 .02731 .02704 379.7 3.723
9 .02702 .02671 378.3 3.709 39 .02741 .02667 382.2 3.743

10 .02726 .02680 382.8 3.750 40 .02711 .02696 379.5 3.721
11 .02687 .02728 378.4 3.709 41 .02776 .02843 380.3 3.729
12 .02744 .02813 372.1 3.658 42 .02736 .02666 371.4 3.653
13 .02709 .02785 381.3 3.734 43 .02801 .02736 384.2 3.760
14 .02708 .02651 376.7 3.696 44 .02754 .02665 384.7 3.768
15 .02712 .02756 379.6 3.719 45 .02776 .02694 381.9 3.741
16 .02697 .02733 375.5 3.684 46 .02740 .02687 383.6 3.758
17 .02739 .02684 381.6 3.738 47 .02789 .02725 378.0 3.711
18 .02722 .02706 378.7 3.713 48 .02733 .02757 378.2 3.712
19 .02701 .02571 384.3 3.761 49 .02808 .02773 382.7 3.747
20 .02743 .02609 382.4 3.745 50 .02808 .02724 383.3 3.753
21 .02710 .02614 384.1 3.758 51 .02784 .02801 383.1 3.752
22 .02737 -002681 378.8 3.711 52 .02770 .02642 384.3 3.766
23 .02735 .02670 385.3 3.767 53 .02810 .02625 381.2 3.738
24 .02729 .02656 380.3 3.727 54 .02771 .02660 379.2 3.717
25 .02723 .02701 378.8 3.716 55 .02802 .02598 382.8 3.749
26 .02733 .02706 381.9 3.738 56 .02794 .02950 388.8 3.782
27 .02281 .27250 385.3 3.767 57 .02830 .02764 382.8 3.750
28 .02704 .27900 380.5 3.726 58 .02796 .02704 377.0 3.700
29 .02755 .02728 380.6 3.730 59 .02842 .02818 381.0 3.735
30 .02732 .02740 380.4 3.724 60 .02778 .02780 380.1 3.728



Table 12. Various Fuel Meat Region Groupings Using VIM Results for Petten Element

Collapsed Thermal Total Thermal aa (barns)
Regions Flux Production U-235 1/v abs. Fuel Meat Regions

I .259t.001 .256t.002 383+1 3.75t.01 1, 7, 13, 19, 25,, 31, 37, 43, 49, 55

2 .259t.001 .256t.002 381:tl 3.74t.01 2, 8, 14, 20, 26p 32, 38, 44, 50, 56

3 .260t.001 .257t.002 382.tl 3.74t.01 3, 9, 15, 21, 27, 33, 39, 45, 51, 57

4 .259t.001 .255t.002 380:tl 3.73t.01 4, 10, 16, 22, 28. 34, 409 46, 52, 58

5 .261t.001 .257t.002 380-tl 3.72t.01 5, 11, 17, 23, 29, 35, 41, 47, 53, 59

6 .259t.001 .256t.002 378±1 3.71t.01 6, 12, 18, 24, 30, 36, 42, 48t 54, 60

1 1.05t.004 1.045±.004 380t.6 3.72±.006 1-6, 13-18, 25-30, 37-42, 49-54

2 1.06±.004 1.040±.004 381-t.6 3.74±.006 7-121, 19-24 31-36, 43-48, 55-60

1 .160±.001 .159t.001 378il.5 3.71t.01 i-6

2 .162±.001 .161±.001 380±1.5 3.73t.01 7-12

3 .163t.001 .163±.001 379±1.5 3.71±.01 13-18

4 163t.001 .158±.001 383il.5 3.75±.01 19-24

5 .164t.001 .160.001 .381±1.5 3.73±.01 25-30

6 .163±.001 .162±.001 381il.5 3.74±.01 31-36

7 .164±.001 .163t.001 379tl.5 3.72±.01 37-42

8 .166±.001 .1631.001 382±1.5 3.74±.01 43-48

9 .167±.001 .162-t.001 382±1.5 3.75t.01 49-54

10 .168±.001 .166t.001 382tl.5 3.74t.01 55-60
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FIGURE 2. Cmparsion of Cd and Depletion Rates
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FIGURE 3 Reactivity Trace of a 8 E 2 MW Core -STD2
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FIGURE . Reacttvity Trace of a 8 El 2 MW Core M3
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FIGURE 5. Reactivity Trace of a 28 El 2 MW Core -STD4
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FIGURE 6 Reactivity Trace of a 28 El 2 MW Core -STD5
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FI GURE 7 Reac tivit y Trace of a 28 E 2 MW Core -STD6
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FIGURE S. Reactivity Trace of a ZS El Z MW Core -STD7
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FIGURE 9 Reactivity Trace of a 28 El 2 MW Core -STD8
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FI GURE 10 Reactivity Trace of Petten 45 MW Core 35/6 EL
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Figure 11. One Quarter Element Representation of Petten LEU
19 Plate Element Using 18 Cd Wires of 4 mm O.D.
Each and 60 Fuel Meat Regions
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XA04C1566
Burnup-Dependent Cross Section Data for Research Reactors

W. L. Woodruff

Argonne National Laboratory

Studies currently in progress consider research and test reactors which
commonly have burnups of 50 atom percent in 235U and may reach as high a 70
atom percent. At these levels of burnup changes in cross-section data with
burnup become significant. Some preliminary studies of these effects lead to
the development of a modified version of REBUS-21 which supports changes in
cross-section data with burnup. This version of REBUS-2 allows for changes
in the cross-section data only at each time sub-interval in the problem, and
these cross-section changes for capture and fission are based on a least
squares polynomial fit as a function of burnup.

In this paper an attempt is made to evaluate the importance of burnup
dependent data for the various isotopes and/or groups, and to assess the
accuracy of this method by comparing the REBUS-2 results with results obtained
from PDQ-7.2 The 10 MW 1AEA buenchmark problem has been selected for this
study. A description of the reactor and the XY model can be found in the IAEA
Guidebook.3 The EPRI-CELL4 code was used to generate burnup dependent cross-
section data for use with both REBUS-2 and PDQ-7. Cross-section data were
generated at 10 time steps to a burnup of approximately 50 atom percent in
235u.

The first figure (Fig. 1) is provided mainly to give an indication of what
one might expect with various choices of fixed cross-sections as opposed to
burnup dependent cross-sections.

BOL case here represents the use of beginning of life or zero burnup
cross-sections as fixed over the entire burn cycle. The beginning of cycle
cross-section data, as you might expect, predict very nicely the beginning of
cycle reactivity. However, it falls far short of predicting the cycle length.
Whereas the end of cycle (EOC) cross-section data overpredicts the excess
reactivity at the beginning of the cycle but predicts the end of cycle reacti-
vity and the cycle length quite nicely. The middle of cycle (MOC) data falls
somewhere in between the BOL and EOC cases. Table I shows the effects of
changes in enrichment. The beginning of life cross-sections underpredict the
cycle length by almost 11 percent with 93 percent enrichment, by 12 percent
with 45 percent enrichment, and by over 12 percent with 20 percent enrichment.
The problem is amplified slightly with reduced enrichment. As pointed out
before, the end of cycle fixed cross-sections do fairly well at predicting
the cycle length. However, the end of cycle choice of cross-section data
gives almost a % higher excess reactivity at the beginning of cycle. The
excess reactivities at the beginning of cycle in each case agrees very well
with the use of beginning of life cross-sections.

There are certain limitations and even irreconcilable differences in the
methods and data used in the REBUS-2 and PDQ-7 codes which should be high-
lighted. Due to limitations in EPRI-CELL and PDQ-7, the minimum number of
energy groups for REBUS-2 is 5, and the maximum number of groups for PDQ-7 is
4 (when using NUPUNCHER generated tables). The NUPUNCHER code processes
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EPRI-CELL cross-section data to generate the appropriate decay chains and
either interpolating or non7interpolating cross-section tables for PDQ-7.
In the four group cross-section data for PDQ-7, the group 3 data is a col-
lapse of groups 3 and 4 of the group data for REBUS-2. The neutronics
module in the REBUS-2 code uses full band scattering data with up scatering
from group to group 4 while PDQ-7 is provided with only removal data by
group, and the removal data for the thermal group, 4 is zero (no up scat-
tering). The PDQ-7 code with burnup dependent cross-section data uses an
interpolation scheme (linear for this study) and interpolation tables to
establish cross-sections for each burnup time interval. The interpolation
tables consist of microscopic cross-section tables with fission and absorp-
tion data for selected isotopes and/or groups, and macroscopic cross-section
tables for transport, absorption and removal data which include the isotopic
data not selected in the microscopic tables. REBUS-2 with burnup dependent
cross-section data uses only data for capture and fission fitted over the
range of burnup from EPRI-CELL. The cross-section data in the PDQ-7 microscopic
interpolation tables for fission and capture can be the same data used for
fitted polynomials in REBUS-2 (except for the differences noted in the number
of energy groups). The two codes also differ in the finite difference methods
used for the diffusion theory solution with center of mesh differencing used
in REBUS-2, and edge of mesh differencing used in PDQ-7.

Other differences also exist which for the most part can be eliminated or
minimized. The influence and importance of some of these differences are
considered. The method of solution of the production, depletion, and decay
chains in the two codes is different. These later differences however, have
been shown to be of little significance.

The REBUS-2 and PDQ-7 codes also differ in their interpretation and treat-
ment of the flux and power normalization. For the REBUS-2 code with finite
XY geometry, the user must specify a physical half-height for the axial dimension
of the problem and an extrapolation distance is optional. An axial buckling
is then computed from these data and used both to simulate the axial leakage
and to provide a cosine approximation for the axial flux shape. This code also
uses the total power and regionwise energy factors for capture and fission to
compute a power normalization for the flux. In the PDQ-7 code an XY problem is
represented as a unit height axial segment of the reactor with the linear
power (Watts/cm) required for the power normalization, and only energy factors
per fission are used. The buckling must be calculated and input to the code.
These differences give different power normalized fluxes for burnup which
must be resolved.

The method of solution of the depletion equations in PDQ-7 (HARMONY) is a
straight forward solution of the chains in the order in which they appear in
the input and is patterned after the method used in the CINDER code (EPRI-CELL
also uses CINDER for cell depletion). The flux may be by mesh point or region
averaged for the pointwise and block depletion options, respectively.

The REBUS-2 code uses a matrix method for the solution of the depletion
chains to provide equilibrium or non-equilibrium fuel cycle analysis. The
discussion here will be limited to norr-equilibrium or simple depletion problems
for the sake of comparison (PDQ-7 does not solve equilibrium problems).
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The modified version of REBUS-2 for this study allows time dependent cross-
sections in a limited sense. Cross-sections are evaluated only at the end
points of each time interval, and only isotopes selected by the user are
considered burnup dependent. Thus, the burn matrix reflects not only changes
in the flux with burnup but may also include changes in cross-section data due
to burnup. An iterative procedure is employed over each time interval (step)
which uses the new flux computed at the end of the interval to construct a new
burn matrix, and an average burn matrix is then used to give an improved atom
density vector at the end of the time step. The number of iterations over
each time step is controlled by the input parameter LMAX. The iteration
procedure may be eliminated by setting KAX=O. With LMAX=O the burn matrix is
no longer averaged over the time step (only the flux and cross-section data at
the beginning of the time step are used in the burn matrix), and cross-section
data is adjusted for burnup only at the beginning of each burn step.

The differences in the methods used in PDQ-7 and REBUS-2 ae listed in
Table II. Most of the major differences can be eliminated for comparison
purposes. The power normalization in PDQ-7 was adjusted to agree more favor-
ably with REBUS-2, and the block depletion option was used in PDQ-7 for this
comparison. Based on the excellent agreement in the initial reactivity at zero
burnup (see Table I), the other differences appear to be of little significance.

There are some problems with the use of polynomial fits for burnup deperr-
dent cross-section data in REBUS-2. The relative change in the 235U thermal
fission cross-section with burnup is illustrated in Fig. 2 This initial
decrease in the data is apparently associated with the change in spectrum as
xenon builds up. These data then show a smooth increase with depletion. The
capture cross-section data show a similar structure. This initial decrease in
the data was smoothed by neglectin points in this range. While this method
would be poor for describing the approach to equilibrium xenon, it would
appear to be sufficient for burnup analysis at higher burnup.

The following analysis will be restricted to the 20% enrichment case. It
suffices to say that similar results are obtained with higher enrichments.

The fitted cross-section data for REBUS-2 were generated using a least squares
polynomial fitting routine. The choice of isotopes and energy groups to be
included as burnup dependent matches those for which interpolation tables are
used in PDQ-7. The burnup dependent data for REBUS-2 include: Fitted data
for groups 3 4 and of 235U using a rd order fit for capture and a th
order fit for fission; A rd order fit for the capture data of 236U and
238U in groups 3 and 5; Capture and fission data for group of 239pu and
241pu with a rd order fit; A rd order fit for 240pu capture in groups 4
and 5; Fitted ca ture data for groups 3 and to 3rd order for 149Sm and to
4th order for 133Xe; Lumped fission products capture data for groups 3 4,
and using a th order fit. For each isotope, the base isotope (or independent
variable) data for the fit was the atom percent burnup of 235U. Table III
shows the quality of the fit in terms of the residual of the polynomial
fit and the change in the zero burnup cross-section data with burnup at each
point. The thermal fission cross-section for 235U has increased by -10 at
50% burnup. The thermal capture cross section for the lumped fission products
shows the largest change at 50% burnup in 235U with a decrease of 25%.
The residuals for these low order polynomial fits are generally quite small.
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In the next table (Table IV), the change in the thermal capture cross-
section at 50 atom percent depletion are shown for each isotope along with
their percentage contribution to the total macroscopic capture. Again the
changes with burnup are relative to their zero burnup values, and capture
in the other materials present has been neglected in the total.

The 235U component at 38% is the largest contributor to the total
ca ture followed by lumped fission products at 18%. While the change in
23EU with burnup is quite large, its contribution to the total is small.
236U could be treated as burnup independent. Sensitivity studies have
confirmed that 24OPu and 24'Pu also have only a weak influence but are more
important at higher burnup.

The seletion of which energy groups should be included as burnup dependent
is somewhat subjective. It is certainly important to include the thermal group
data, and group 3 is important for those isotopes having reasonances in this
energy range. The high energy groups are of little importance.

For the 20% enrichment, case, Fig. 3 again indicates the error associated
with the use of fixed cross-section data at BOL and EOC. The errors are
comparable to those for 93% enrichment as noted in Fig. I (see also Table 1).
Figure 3 also shows the improved results obtained with burnup dependent cross-
section (bases BU and BU 2 in REBUS-2. The case BU 1 uses burn matrix
averaging over each time step, while the case BU 2 has the burn matrix evaluated
only at the beginning of the time step. The case BU I predicts a slightly
shorter cycle length. The two cases tend to bracket the cycle length predicted
by the PDQ-7 estimate.

The agreement between the PDQ-7 results and the REBUS-2 results with fitted
burnup dependent cross-section data are quite good. Burnup dependent cross-
sections are essential for accurate estimates of cycle lengths and reactivities,
and low order polynomial fits of capture and fission data for selected isotopes
and energy groups can provide this capability.
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Table 1. REBUS-2 and PDQ-7 Comparison
of Cycle Length and Initial Excess Reactivity

Cycle Length, MWD

REBUS-2/(% diff)

E,wt% PDQ-7 BOLa MOCb EOCC

93 1825 1630 1730 1860
(-10.7) (-4.1) (+1.9)

45 2155 1900 2050 2170
(-11.8) (-4.9) (+0.7)

20 2645 2320 2490 2660
(-12.3) (-5.2) (+0.6)

Pex (t-0),%

REBUS-2

Ewt% PDQ-7 BOL MOC EOC

93 15.70 15.68 16.04 16.60

45 15.33 15.32 15.62 16.12

20 14.68 14.61 14.85 15.26

a Fixed cross-section data at beginning of life (BOL).
b Fixed cross-section data at middle of cycle (MOC).
C Fixed cross-section data at end of cycle (EOC).
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TABLE I I

TABULATED DIFFERENCES IN PDQ-7 AND REBUS-2 METHODS

PD9-7 REBUS-2

FOUR ENERGY GROUPS FIVE ENERGY GROUPS

NO UPSCATTER FULL BAND SCATTERING

FLUx NRm.-FissION ONLY FLUx NORM--FissION AND CAPTURE

MESH POINT DIFFERENCING MESH INTERVAL DIFFERENCING

INTERPOLATION TABLES FOR POLYNOMIAL FITTED

BURNUP-DEP- CROSS-SECTIONS DATA FOR CROSS-SECTIONS

(INCLUDING TRANSPORT AND

REMOVAL) AS (TI(T - 0-10 AAIT+A2T2+...)

FOR FISSION AND CAPTURE ONLY

NON-EQUILIBRIUM ONLY EQUILIBRIUM OR NON-EQUILIBRIUM

POINTWISE AND BLOCK DEPLETION BLOCK (REGION) DEPLETION ONLY
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Table III. Ftted Thermal Cross-section Data for Selected Isotopes

U235 Capture Fission Xa135 Capture Sm149 Capture

Gob 58.130 334.48 1.8185 + 4.6822 4
Burnup. FC Residual. I Ff Residual, X Fe Residual, 2 rc Residual. Z

0.0 0.99967 -3.32 2 0099991 -9.4 3 0.99988 -1.20 2 0.99962 -3.79 2
6.653 1.0023 3.517-1 1.0002 1.571-1 0.99801 2.008-1 0.99902 4.038-1

13.156 1.0097 -4.18 2 1.0098 -1.251-1 1.0077 -1.597-1 1.0035 -4.86 2
19.539 1.005 -1.561-1 1.0236 -6.02 -2 1.0225 -7.67 -2 1.0116 -1.807-1
25.802 1.0338 -1.043-1 1.0386 5.15 -2 1.0386 6.50 -2 1.0219 -1.203-1
31.944 1.0484 1.12 2 1 0534 6.98 -2 1.0541 8.97 -2 1.0334 1.47 2
37.961 1.0634 1.027-1 1.0679 -4.4 -3 1.0690 -5.7 -3 1.0448 1.195-1
43.848 1.0780 9.22 2 .1.0831 -7.39 -2 1.0844 -9.43 -2 1.0554 1.056-1
49.597 1.0915 -8.77 2 1.1010 3.27 -2 1.1030 4.18 -2 1.0642 -1.018-1

Pu239 Capture Fission Luaped Fission Products Capture

aob 364.63 712.73 47.000

BU 235U, a/0 PC Residual,% Ff Residual, 2 F, Residual. 2

0.0 1.0003 3.08 2 1.0001 1.1 2 1.0000 3.1 3
6.653 0.99855 -3.258-1 0.99976 -1.164-1 0.92764 -8.07 2

13.156 0.99308 -4.09 2 0.99832 1.48 -2 0.86623 1.443-1
19.539 0.98505 1.504-1 0.99620 5.31 -2 0.82182 -6.62 -2
25.802 0.97547 1.028-1 0.99376 3.58 -2 0.79296 -7.25 -2
31.944 0.96526 -1.36 2 0.99131 -5.1 -3 0.77474 4.66 -2
37.961 0.95525 -1.056-1 0.98913 -3.65 -2 0.76212 6.72 -2
43.848 0.94617 -9.47 2 0.98747 -3.16 -2 0.75248 -7.40 -2
49.597 0.93868 9.34 2 0.98656 3.13 -2 0.74738 2.03 -2



TABLE IV
THERMAL COMPONENTS AND ERRORS AT 49.6%

DEPLETION WITH 20ZE CASE

CAPTURE

BURNUP

ISOTOPE ATom DENSITY X 1-24 CHANGE,% COMPONENTA

U235 1.3460-4 9.15 38-23

U236 2.1784-5 8.59 0.33

U238 1.0363-3 8.73 8.35

Pu239 8.3443-6 -6-13 12-79

Pu240 1.6990-6 5.28 1.65

Pu241 8.5325-7 3.99 1.06

XE135 1.7983-9 10-30 16-15

SmI49 1.4177-8 6.41 3.16

LUMP. FP 1.1620-4 -25-26 18-27
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FIGURE 2 Change in Thermal Fission with Burnup
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FIGURE 3 IAEA BENCHMARK 20w/o - BURNUP DATA
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XA04C1567

Possible Ways and Aspects of Conversions for the
German Low Power Research Reactors BER II, FRM, and FMRB*

H. -J. Roegler

INTERATOM

Internationale Atomreaktorbau GmbH

Based on the overall agreement about methods and principal results on
core conversions from HEU to REU within the work done for the IAEA Guidebook,
we started our investigations about the specific cases, that means the corr-
versions of the German Research Reactors within the German AF-Program.

The first step of this work was done for the three low power MTR-reactors
we have in Germany.

These are:

- the Ber II in Berlin operating at KW,

- the FMRB in Brunswick operating at I MW, and

- the FRM. near Munich operating at 4 W.

First, I shall give a short overview about the status of the three
reactors presenting their cores and specific design features.

The simplest core from the point of view of conversion calculations was
the BER II-one. The core is made up out of 33 fuel elements and control
elements, it is built up on a x 8 grid plae. On three sides the core is
surrounded by reflector elements partially made out of graphite and partially
out of beryllium (Fig. I .

The main purpose of the core is to provide high neutron fluxes for the
12 beam tubes on all reflector sides.

A little bit more complicated - from the conversion point of view - was
the status of the Munich FRM. This is on one hand due to the two different
cores they operate:

- a so-called normal core and

- a smaller beryllium core

and on other other hand due to the different uranium-loadings of fuel elements

- partially 230 g 235U per element and

- partially 180 g 235U per element

with control elements of both plate loadings as well (Fig. 2.
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The third reactor we investigated, the Brunswick FMRB, has specific
design features that cause specific problems. The core is split into two
parts, the so-called

- north core (top of Fig. 3 and the

- south core (bottom of Fig. 3),r

interacting via a heavy water reflector in between.

So far no problem, but the operator uses the core with the south core
in shutdown mode during normal operation. This fact is a German licensing
problem only as the licensing authorities of Lower Saxony insist on having
both parts of the core in operation as written in the license from 966 So
we were faced to convert a core shutdown partially.

The main problem resulting was the fact that the reduction in flux we
calculated, partially came from an increase of power in the shutdown part of
the core because of its low burnup in comparison to the north core.

Therefore the determination, which part of the flux reduction results
from the enrichment reduction was somewhat uncertain. It turned out to be
necessary to treat the south core as a constant source as far as possible.

Out calculations with LEU-fuel - in these three cases no MEU-fuel was
used - were done looking at different criteria for the conversion. The first
group we call cycle length criteria and they are split into two versions

- the same cycle length for LEU-fuel as for the existing HEU-fuel
measured in MWd with the same excess reactivity at EOL as it
exists at present

- the same criterion as above except the cycle length measured
in percentage loss of 235U, because this criterion is said
to be approximately cost-neutral.

The second group we call fuel availability criteria, i.e., using the
limit of uranium density developed within one development step of the AF-
Program for example for Alx and U308, respectively. This was mainly done to
demonstrate to the operators which further advantages can be reached within
the density range of a certain type of fuel.

The problem of a report about the results of the numerous calculations
we made so far is how to present these results in an adequate way. What we
try today is a summary of the work done up to now.

The first figure under this aspect (Fig. 4 presents an overview over
the LEU-fuels for the BER II by plotting the discharge burnup versus the
uranium density in the meat necessary. We choose the discharge burnup as a
variable here because of its importance for the fuel cycle cost. The status
is given by the horizontal slash-point line through the 180 g 235U-HEU-fuel
point.
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Whereas the minimum criterion (cycle length in Wd) is fulfilled with 193 g
235U using the same fuel element geometry as for HEU-fuel, ie 23 plates per
element the cost neutral criterion (cycle length in loss i35U) is matched
by 206 g 235U when remaining with the element geometry. The uranium density

3of the latter case is clearly above 22 g/cm that is 236 g/cm3. The 22
8/CM3 is the upper limit of the first development step in the AF-Program.

However, to remain below or at 22 g/cm3 we made some attempts with change-
ments of the fuel element geometry. 21 plates per fuel assembly turned out
to be a bad choice despite the thicker meat of 0575 mm chosen here. A signi-
ficantly better choice was to take 19 plates per assembly, which we used with
two different meat thicknesses, namely 068 mm and 073 mm. The resulting
uranium loading within the 22 g/cm3 density range are 211 g 235U and 227 g
235U, respectively. These loadings demonstrate the possibility for improve-
ment of the cycle using the fuel availability because the discharge burnups
are clearly enlarged (-56% and 60% instead of 51% for HEU).

A last way we tried to lower the uranium density necessary was to improve
the reflector by exchanging the graphite part of beryllium.

The encouraging result was the reduction in the 235U-loading from 206 g
to 185 g remaining with the same discharge burnup in and a uranium density
of 209 g/cm3 only which is remarkably below the limit for UAI)C-fuel in the
AF-Program.

The second way we try to present results is to summarize the flux reduc-
tions which have to be put up with.

These reductions depend of course on the position ir-core and out-of-core
and the neutron energy. Here we restricted ourselves to thermal fluxes.

Specifically, the out-of-core fluxes are problematic to compare because

- their reductions are much smaller than inside the fuel
and differ moreover for different kinds of reflectors,

- the importance of the reductions depend very much on
the location of the experimental facilities around
the core and their relative importance for the users.

So the next figure (Fig. 5) will only compare in-core thermal flux
albeit it is of lower importance for the user but much simpler for the
calculator. Naturally, we have provided all flux changements inside and
outside the core in the detailed reports.

The figure only demonstrates that the differences of the flux reductions
of the different LEU-loadings are only within 10% of the overall reduction by
the enrichment change.

So the small additional reductions due to higher 235U-Ioadings and due
to changes in number of fuel plates will not influence the decision for the
type of fuel very much.
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Whereas the minimum criterion (cycle length in MWd) is fulfilled with 193 g
235U using the same fuel element geometry as for HEU-fuel, i.e. 23 plates per
element the cost neutral criterion (cycle length in loss of 235U) is matched
by 206 g 235U when remaining with the element geometry. The uranium density
of the latter case is clearly above 22 g/cm3' that is 236 g/cm3. The 22
g/CM3 is the upper limit of the first development step in the AF-Program.

HoweverP to remain below or at 22 g/cm3 we made some attempts with change-
ments of the fuel element geometry. 21 plates per fuel assembly turned out
to be a bad choice despite the thicker meat of 0575 mm chosen here. A signi-
ficantly better choice was to take 19 plates per assembly, which we used with
two different meat thicknesses, namely 068 mm and 073 mm. The resulting
uranium loading within the 22 /cm3 density range are 211 g 235U and 227 g
235U. respectively. These loadings demonstrate the possibility for improve-
ment of the cycle using the fuel availability because the discharge burnups
are clearly enlarged (-56% and -60% instead of 51% for HEU).

A last way we tried to lower the uranium density necessary was to improve
the reflector by exchanging the graphite part of beryllium.

The encouraging result was the reduction in the 235U-loading from 206 g
to 185 g remaining with the same discharge burnup in and a uranium density
of 209 g/cm3 only which is remarkably below the limit for Alx-fuel in the
AF-Program.

The second way we try to present results is to summarize the flux reduc-
tions which have to be put up with.

These reductions depend of course on the position in-core and out-of-core
and the neutron energy. Here we restricted ourselves to thermal fluxes.

Specifically, the out-of-core fluxes are problematic to compare because

- their reductions are much smaller than inside the fuel
and differ moreover for different kinds of reflectors,

- the importance of the reductions depend very much on
the location of the experimental facilities around
the core and their relative importance for the users.

So the next figure (Fig. 5) will only compare in-core thermal flux
albeit it is of lower importance for the user but much simpler for the
calculator. Naturally, we have provided all flux changements inside and
outside the core in the detailed reports.

The figure only demonstrates that the differences of the flux reductions
of the different LEU-loadings are only within 10% of the overall reduction by
the enrichment change.

So the small additional reductions due to higher 235U-loadings and due
to changes in number of fuel plates will not influence the decision for the
type of fuel very much.
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Let us switch to the next core quickly. The 4 MW-FRM in Munich has a
higher uranium loading per assembly than the BER II actually. So it is in
no way surprising that the density demand came out to be beyond the UA -
limit. All calculations we made result in densities of 30 to 32 g/cmf,
which is at the upper limit of present development for U308-dispersion
fuel. The redesign of the fuel element with 21 as well as with 19 plates
show again distinct benefits for the discharge burnup.

The figure (Fig. 6 hereto presents in the upper half the results for
the beryllium core and in the lower half for the normal core.

So far we have not checked whether it is possible to use the 19 plate
fuel element with Alx7fuel to reduce the density demand down to the upper
limit of this fuel for both cores in use.

For the no-redesign fuel assembly with the 23 plates standard design
the beryllium core demands a little bit lower loading and correspondin �35U
density to meet the demand of the cycle length criterion in loss of
than the normal core. The minimal criterion's demand was not calculated
explicitely in this case because of its economical drawbacks, but extra-
polations result in a uranium demand of 233 g 231U (pu 2.67 g/cm2) per element
for no-redesign fuel.

A similar plot as for the BER II in view to the reduction of thermal
fluxes in core gave very similar results as before (Fig. 7 a clear reduc-
tion of the thermal flux in core caused by the change of enrichment and only
slight relative reduction due to the higher 23-5U-loadings with LEU-fuel.
The figure gives the results for the normal core in the core centre as well
as for the berylium core at an outer fuel element row. In both cases the
flux reduction is a clear function of the 235U-loading. No clear deviations
for the different fuel element geometries are to be seen in this case.

The last of the three low power MTR-reactors in Germany is the FMRB
in Brunswick with its strange core set-up mentioned above. The actual fuel
element loading is 140 g 235U in 12 standard plates with 0.51 mm meat thick-
ness. So there exists a simple approach to higher uranium loadings per
element by enlarging the meat thicknesses. We used the 12-fuel-plates element
with mm meat thickness for our conversion investigations and for compari-
son purposes calculations with the standard 23-plates element were carried
out, too. The results are presented in the overview (Fig. 8) about the fuels
we tried using the discharge burnup versus uranium density plot.

The relatively low discharge burnup is a consequence of the non-optimum
core size shown at the beginning. But it is more interesting from the point
of view of the selection of the best fuel for conversion to see, how drastic
the loading changes if we try to get the HEU-discharge burnup with a 23-plates
standard fuel element instead of the 12-plates element with I mm meat thick-
ness.

Moreover, the big advantage of the 12-plates fuel element with its
thicker meat can be seen when using the uranium density of 23 g/cm3 which
gives an impression of the possibilities existing near to the limit of UAlk-
fuel.
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With this density the 12-plates element reaches a discharge burnup
of 34% whereas the 23-plates element ends its core life at approximately
24% loss of fissile uranium.

In addition to the cycle data the last reactor specific figure (Fig. 9)
again gives an impression about flux reduction. This is of some interest
specifically because the very high loading of a 45% higher uranium content
may influence the thermal flux much more than in the two cases seen before.
The figure reflects indeed this fact.

The gap between the two enrichments is of the same order as the dif-
ferences for the different loadings. But this effect results from the dif-
ferent interactions of the south core to the power level of the north core
partially. So conclusions should be drawn only carefully from these results.

Finally an attempt was made to bring all calculations into one picture.

The last figure (Fig. 10) presents this attempt by plotting the discharge
burnup - this time in MWd - versus the uranium density in the meat.

The basic results of this figure are

- the FMRB can be converted using Alx-Al-fuel in the 12-plates
element with mm meat thickness. The density necessary is
between 1.85 and 22 g U/cm3

- the BER II needs more than 22 g U/cm2 if the fuel element
geometry as well as the reflector set-up remain as they are.
But there exist possibilities to stay below 22 g U/cm if
reflector exchange or/and fuel element geometry changes are
taken into account

- the FRM - here presented for the normal core only - clearly
needs U308-Al-fuel when using its present fuel element
geometry further on. A suitable density is around 30 g U/cm3.
Some advantages can be got from geometry changes, specifically
from a 19-plates fuel element, with all its consequences to
licensing procedure and power restrictions resulting from
heat removal aspects.

We are going to investigate the thermal hydraulic conditions and limita-
tions of the three German low power reactors now and up to now we found for
the Berlirr-case that there exist no pricipal limitations for the different
fuel elements investigated. The high thermal hydraulic reserve of the
Berlin7-design allows all geometry changes taken into consideration.

But the operator of the BER II plans to double the power, that means
to operate at 10 MW. This was planned before the conversion idea came up
and is now closely linked together. Nevertheless investigations of these
facts together have deomonstrated that within the uranium density range up
to 22 g/cm3 there exists the possibility to operate a 0 MW-core with the
existing fuel element. This design is based on a maximum reflector improvement.
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Whereas here a clear meaning about the future of the reactor can be seen,
this is not that clear for the other two cases. But it is quite obvious
that no operator of a German reactor will undergo the enormous licensing pro-
cedure of the (not united) states of Germany for the conversion only. They
all try to get in parallel some progress for the efficiency of their reactors
and so the operators of the Munich- and the Brunswick-reactor still investi-
gate the best way to do so. From my point of view this is a reasonable pro-
cedure.
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Core Physics Analysis in Support of the
FNR HEU-LEU Demonstration Bxperiment

David C. Losey, Forrest B. Brown, William R. Martin
and John C. Lee

Department of Nuclear Engineering
The University of Michigan

Abstract

A core neutronics analysis has been undertaken to assess the impact

of low-enrichment fuel on the performance and utilization of the FNR As

part of this analytic effort a computer code system has been assembled

which will be of general use in analyzing research reactors with MTR-type

fuel. The code system has been extensively tested and verified in calcu-

lations for the present high enrichment core. The analysis presented here

compares the high-and-low enrichment fuels in batch and equilibrium core

configurations which model the actual FNR oerating conditions. The two

fuels are compared for cycle length, fuel burnup, and flux and power dis-

tributions, as well as for the reactivity effects which are important in

assessing the impact of LEU fuel on reactor shutdown margin.

Presented at the International Meeting, Reduced-Enrichment Fuels Research

and Test Reactors, Argonne National Laboratory, November 12-14, 1980.
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1. INTRODUCTION

The University of Michigan Department of Nuclear Engineering and the

Michigan-memorial Phoenix Project are ngaged in a cooperative effort with

Argonne National Laboratory to test and analyze low enrichment fuel in the

Ford Nuclear Reactor. The effort is one element of the Reduced Enrichment

Research and Test Reactor CERTR) Program, which is itself one facet of

the overall U.S. policy seeking to minimize the risk of nuclear weapons

proliferation. A near-term objective of the RERTR program is-to demonstrate

and implementenrichment reductions from 9'3% to less than 20% or, where that

is impractical, to 45% within the next two years, based on currently quali-

fied fuel fabrication technology. A part of the effort to meet this objec-

tive is a whole-core demonstration with reduced enrichment fuel, which will

allow detailed testing and evaluation of the low enrichment fuel and an

assessment of its impact on research and test reactor performance and

utilization.

The Ford Nuclear Reactor (NRJ at The University of Michigan has been

selected for the low-power whole-core demonstration. ThIs demonstration

project includes development of methods to analyze MTR-type fuel and core

configurations, assisting in the design and analysis of the low enrichment

uranium (LEU) fuel, preparation of fuel procurement specifications, pre-

paring the requisite safety analysis report revision and license amendment

application, procuring the operating license amendment, planning and con-

ducting the experimental program, and analyzing the results of the experi-

ments, including comparisons with-analytical predictions.
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The demonstration project at The University of Michigan has been divided

into several phases. The initial phase, which is essentially complete,

includes the work necessary to design and specify the fuel and obtain the

necessary license amendments. The LEU fuel has been designed and is pre-

sently being frabricated by two European vendors, NUKEM and CERCA. The LEU

fuel elements have a 167.3 gram fissile loading, which is 19.5% higher than

the present high enrichment uranium (EU) fuel. The initial phase of the demon-

stration project has also included anexperimental program to characterize

the current HEU core to provide a basis for comparison with the LEU core.

in addition, experimental techniques and equipment are being tested and

refined during this phase. A companion paper 1 presented at this conference

provides further discussion of the experimental portions of this project.

The major task of the project will be the actual whole-core testing of the

LEU fuel along with the necessary measurements and analysis of experimental

results and comparison with analytical predictions performed prior to core

loading. The present project schedule calls for actual loading of LEU fuel

elements in April, 1981. Further verification and iprovement of our calcu-

lational methods will also be performed along with the whole-core testing

program. Thus at the conclusion of the demonstration project, the impact

of LEU fuel on the FNR performance and utilization will be assessed experi-

mentally and compared with analytic predictions using methods developed

and implemented during this investigation.

This paper presents a detailed review of the analytical effort per-

fa d at The University of Michigan as a part of the demonstration project.

While many of our analytic results and methods have been summarized
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in earlier conference and project reports , a detailed summary of the

effort to date should be of use to the research reactor community. It is

hoped that this review will provide guidance to others planning similar

enrichment reductions and an appreciation of the practical considerations

in performing detailed reattor analyses which cannot be addressed in

generic studies. The following sections present a description of the cal-

culational methods used in the physics analysis, and comparisons of the

analysis and measurements used to validate the calculationalmodel for the

present high enrichment uranium fuel. W also present comparisons of the

physics analyses for the HEU and LU fuels, a summary of current efforts, and

our conclusions to date.

The NR currently uses highly enriched uranium MTR-type fuel.

To provide the means for a valid predictionof the impact of LEU fuel on

FNR operation, safety, and research usage, a generic neutronics model has

been developed. This model is based on standard, well-verified production

codes which are routinely -used in reactor analyses. These codes have been

modified only when necessary to accommodate the special characteristics

of small low-power research reactors with plate-type fuel. As such, the

methods of analysis should be applicable to a large number of research

reactors and accessible to many computing installations. The following

sections provide a brief description of the alculation model and its

verification.

II. CALCULATIONAL METHODS

A. Cputer Codes

All analyses were perf ormed with the standard, well-verif ied pro-

duction codes LEOPAIRD7, EPRI-HAMMER 8, 2DB9F ANISN 10 T0TRAN 11 I and VENTURE. 12
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Brief descriptions of code capabilities are:

1) LEOPARD - a zero-dimensional unit-cell code using the MTTFT/

SOFOCATE scheme 54 fast and 172 thermal groups); has deple-

tion capability; cross-section library consists of an early

industrial data set.

2) EPRI-HAMMER - a one-dimensional integral transport

theory code using 54 fast and 30 thermal groups; cross-

section library constructed from ENDF/B-IV data.

3) 2D - a two-dimensional multi-group diffusion theory

code with depletion capability.

4) ANISN - a one-dimensional discrete ordinates transport

theory code.

5) TWOTRAN-II - a two-dimensional discrete ordinates

transport theory code.

6) VENTURE - a three-dimensional multi-group diffusion

theory code.

B. Code Modifications

The LEOPARD code originally performed a spectrum calculation

for lattices consisting of cylindrical fuel rods. The code was modified

to allow slab geometry and separate few-group edits for both lattice and

non-lattice regions. The principal modification was in the calculation

of thermal disadvantage factors by the ABH method for slab geometry. 13 A

summary of these modifications is given in Table .

454



Table Modifications to the LEOPARD Code

Modification Purpose MethodT _
slab geometry option analysis of plate-type - ABH method for thermal dis-

fuel advantage factors for slabs
- volume fractions, mean chord

length, Dancoff factor rede-
fined for slabs

- minor input changes

lattice/non-lattice allow separate few-group neutron conservation, with
edits constants for lattice separate disadvantage factors

and inactive side plates for lattice region

xenon cross section allows space-dependent transmit eg Xe and Xe
edits xenon calculation in 2DB to 2DB a Ea

.91
Ln
LA

output few-group constant -automate data transfer to 2DB create output file compatible
tablesets as functions -allow interpolation in 2DB with modified 2DB
of depletion based on depletion

restart capability allow parametric calculations save all parameters needed to
at any depletion step re-initialize code

added thermal expansion allow thermal expansion of minor addition to input
coefficient for Al meat and clad routine

allow input multiplier for burnup >> commercial reactor, minor input change
fission product buildup correlation in code must be
factor extended

option for burnup dependent incorporate spectral effects minor input changes
NLPF input of flux peaking variations due

to burnup



The modified LEOPARD code cmpares satisfactorily with the EPRI-

HAMMER code, an accuratel well-vexified code used in the analyst% of bench-

mark critical experiments. A typical comparison of k., and two-group para-.

meters in Table 2 shows that despite the many engineering approximations

in the LEOPARD code, it cmpares uite well with the more accurate HAMMER

code. Differences in few-group constants are ue primarily to differences

in the cross-section libraries - HAMMER -uses ENDF/B-iv ata while LEOPARD

uses an early industrial data set.

The 2DB code has been modified to allow a macroscopic depletion capa-

bility via interpolation of macroscopic cross sections as a function of

depletion. In addition, the isotopic balance equations for xenon and iodine

have been included to allow the correct xenon levels within the core as a

function of position and time (and macroscopic absorption cross sections are

appropriately modified). other modifications to 2DB have been aimed at

automating data handling, improving fuel shuffling and edit capabilities, and

greatly decreasing the computer run-time costs. These modifications are

summarized in Table 3.

C. Basic Calculation Method

The LEOPARD and 2DB codes were used for routine calculations of

core reactivity, depletion effects, and power and flux distributions. Special

methods for control rods and core leakage flux are described in subsequent

sections. For both HEU and the proposed LEU fuel, the following scheme was

used;

456



Table 2 Comparison of LEOPARD wd HAMMER

Results for MTR-type Fuel

93% Allay 19.5% UA1x

LEOPARD HAMMER LEOPARD HAMMER

koo 1.5477 1.5500 1.5150 1.5116

2.41 2.40 2.76 2.75

Age 51.5 49.9 .49.1 47.5

D1 1.434 1.372 1.424 1.360

Ll 0.00204 0.00182 0.00358 0.00344

:Ll 0.0258 0.0257 0.0254 0.0253

dEfl 0.00206 0.00223 0.00256 0.00274

D 0.284 0.272 0.280 0.269
2

Ia2 0.0597 0.0594 0.0676 0.0666

;Iif-2 0.0948 0.0935 0.110 0.108
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Table 3 Modifications to 2DB

modification Purpose Method

determine macroscopic cross-sections model fuel number density quadratic Lagrangian inter-

by interpolation based on local fuel changes and spectrum effects polation in cross-section

burnup due to local fuel depletion tableset from LEOPARD at

each depletion step

major input options added,

extra scratch file and

memory

space-dependent xenon xenon feedback NXe determined from local

power and flux levels

axe interpolated as function
a
of local fuel depletion

Xe added to Xe-free E
a a

dynamic memory allocation reduced core storage system routines acquire only

requirements needed space

OD

interface with LEOPARD reduced input setup A special preprocessor (LINX)

converts LEOPARD cross

section sets to the 2DB

input format

FIDO input processor free-format input with total revision of input

many options

recoding of inner iteration reduce CPU time by factor use of precomputed constant

routines of 4 arrays to eliminate redun-

dant calculations

improved edits and output detailed analysis of reaction neutron conservation equations

rates, neutron balance

complete recoding and updating improve and clarify coding, mnemonic variable names,
of entire code reduced storage and CPU time, structured programming,

L consolidate all changes improved code logic.



1) The LEOPARD code was used to generate few-group cross sections.

For most applications, two energy groups (fast and thermal) were

used, although four energy groups were chosen for several detailed

calculations.

The geometry chosen was a unit cell in slab geometry con-

sisting of a lattice region and a non-lattice or extra region.

The lattice region was composed of fuel meat, clad and water

channel. For regular assemblies, the extra region consiste of

the side plates, non-active portions of fuel plates-, and inter-

assembly water gaps, which are homogenized on a volume basis.

For special fuel assemblies, the central water hole was also

included in te extra region. Few-group macroscopic cross-section

sets were generated as functions.of depletion forthe lattice and

non-lattice regions and the total assembly.

For the water reflector and heavy water tank, the extra

region was chosen as H20 or D20 with a 25% H 20 content and a

volume fraction arbitrarily set equal to that of the lattice

region. The extra region few-group cross sections obtained in

this manner were used for the reflector and heavy water tank in

the subsequent global calculation.

2) Global diffusion theory calculations were performed with the 2DB

code. Three spatial mesh descriptions were used in x-y geometry.

A homogeneous description, with a x2 mesh per assembly, was used

for survey calculations, equilibrium core studies, and cycle

length studies. A discrete re-presentation, using a x6mesh per
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assembly with the lattice and non-lattice portions of an

assembly explicitly represented, was used for detailed

analysis of power and flux distributions, temperature

coefficient, and control rod reactivity worth. A discrete

representation with a 2xl2 mesh per assembly was used for

verifying the adequacy of the 2x2 and x6 representations,

and for comparison with the measured flux distributions.

The various mesh structures are presented in Figure 

Depletion was accounted for on the assembly level

by interpolating macroscopic cross sections as a function

of depletion (MWD/MT) for each assembly. The fuel shuffling

capability in the 2DB code allowed actual FNR operation to be

simulated. The axial buckling term for the 2DB code used to

approximate transverse leakage was based on a buckling and

zonal buckling modifiers obtained from three-dimensional

VENTURE calculations.

D. Control Rod Worth Calculations

FNR control (shim) rods are boron stainless steel containing

1.5 w/o natural boron. They are essentially black to thermal neutrons and

cause a drastic thermal flux depression when inserted. The presence of

such strong localized absorbers necessitates the use of transport theory

codes to adequately describe the large flux gradients. However, in a small

high leakage core like the FNR, control rod effects are not strictly local;

therefore, whole core calculations are needed, but are prohibitively expensive

for transport theory codes. To accurately treat both local and global
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Figure I 2DB Mesh Description
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effects, transport theory codes were used for assembly level calculations

to develop effective diffusion theory constants for global calculations.

Few-group constants for the control rod and surrounding water were

obtained from the EPRI-HAMMER code for a cylindricized special assembly.

Due to the strong spectral/spatial coupling in the rod it was necessary to

obtain few-group cross sections for three control rod regions - a surface

layer .1 cm thick, a second layer 3 cm thick, and the central region.

Since few thermal neutrons reach the central region, the control rod

perimeter, rather than volume, was preserved in the geometric representation.

Few-group constants for the special element lattice and side regions were

obtained from the EPRI-HAMMER calculations for one half of a special ele-

ment in slab geometry.

To accurately model the local effects of an inserted rod, the two-

dimensional transport code TWOTRAN was used in fine-mesh calculations for a

special assembly surrounded on all sides by one half of a regular assembly.

Three regions of the rod and the surrounding water were explicitly repre-

sented, while the surrounding lattice regions were homogenized.

To develop effective few-group diffusion theory constants for use in

global 2DB calculations, the 2DB code was used for the same geometry as in

TWOTRAN calculations, except that the control rod and surrounding water were

homogenized. Both fast and thermal absorption cross sections were varied

until the 2DB calculation yielded the same relative absorption in the control

region as the TWOTRAN result in each group. The resulting few-group con-

stants for the control region were then used in global 2DB calculations.

Although the flux distribution within the control region differed from the
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transport theory results, we believe the relative absorption in the control

region and the flux in the surrounding fuel is accurately predicted in this

scheme.

Control rod worth was then determined by comparing global 2DB calcula-

tions for the 6x6 mesh/assembly description with and without control rod

inserted.

E. Calculation Methods for Temperature Coefficient of Reactivity and

Xenon Reactivity Worth

Calculationsof the temperature coefficient of reactivity and of

reactivity worth of xenon poisoning were performed with global 2DB calcula-

tions with a x6 mesh/assembly description. The two-group cross-sections

for these 2DB cases were obtained from unit-cell calculations with the

LEOPARD or the EPRI-HAMMER code, essentially following the basic scheme

outlined in Section II.C. To facilitate the calculation of the various

coefficients, several modifications have been made to 2DE and LOPARD A

microscopic xenon calculation has been added to 2DB which allows the calcu-

lation of spatially dependent xenon concentrations and corresponding adjust-

ment of the local macroscopic cross sections in the 2DB calculation.

The calculation of the isothermal coefficient of reactivity does not

require any additional modifications because cross sections are simply

generated at a different temperature input to LEOPARD. However, the power

defect of reactivity represents the total of all reactivity effects induced

by taking the reactor from a cold zero-power condition to normal operating

conditions. Due to the spatially nonuniform temperature and density changes
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involved, the power defect cannot be predictedsolely on the basis of an

isothermal temperature oefficient. Therefore, additional changes were

necessary. In particular a restart capability has been added to LEOPARD

to allow the recalculation of the spectrum at any depletion step

with one or more variables changed from the base depletion calculation.

LEOPARD then calculates the resultant deviation AE in all cross sections

divided by the variable change A and outputs the "derivative" cross section

dE ) as a function of depletion. Th-e 2DB code then calculates-the local
dE

change in the variable, e.g., the change in the moderator temperature from

the nominal temperature, and multiplies the interpolated derivative cross

section by this change and adds the increment to the base macroscopic cross

section, which is itself interpolated as a function of depletion and fuel

type. Extensive changes to 2DB were not needed because existing mixing

routines in 2DB were utilized. The d' cross section is treated as a micro-
dE

scopic cross section, which is multiplied by the "density" AC and added to

the base macroscopic cross section E = IE)A�.
0 0 (I

III. VERIFICATION OF ANALYTICAL METHODS

A. Spectrum Calculations

The two cross section generation codes that have been utilized,

LEOPARD and HAMMER, are well-verified codes and further effort to verify them

was not warranted except for the application of LEOPARD to slab geometry.

Since LEOPARD is a production code for pin cell geometry it was necessary

to compare our modified version with a code capable of treating slab geometry.

In particular we compared the slab version of LEOPARD with the HAMMER code for

both LEU and HEU MTR-type fuel. Table 2 contains a comparison of the various
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neutronics parameters and macroscopic cross sections for a -unit cell

calculation. In addition, the LEOPARD code has been verified against

several critical assemblies, including the TRX rodded O2 and natural

14
uranium slab lattices. The agreement has been reasonable, and has further

increased our confidence in the use of LEOPARD for routine calculations

for MTR-type fuel configurations.

B. Global Calculations-

To verify the accuracy of the analytic methods used in Pre-

dicting core physics parameters-for the HEU and LEU fuels the calculated

results have been compared with experimental data from the Bulk Shielding

Reactor (BSR J5 and for various FNR core configurations. The comparisons

for several FNR configurations sinmarizea in Table 4 indicates

the adequacy of the methods for calculating core criticality, power and

thermal flux distributions, and control rod worth. Results of preliminary

calculations simulating the power defect of reactivity dataare also presented

in this section.

The results presented in Table 4 indicate that core criticality is

predicted accurately in our calculations. These calculations have revealed

that considerable attention must be given to an accurate representation

of the fuel geometry and of trace isotopes, such as U-236. Leakage in the

axial direction in our two-dimensional y) 2DB calculations was represented

through the use of zone-dependent axial buckling obtained from three-dimensional

VENTURE calculations. The resultant 2_DB calculations are quite sensitive

to the input buckling distribution and care must be taken when determining
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Table 4 Experimental and Calculated Results for FNR Cores

Core Criticality

FNR Cycle Mesh/Msembly Measured Calculated

146 6x6 1.000 1.003

183B 8x8 1.000 1.001

Assembly Pwer and Thermal Flux Distribution

FNR Cycle Mesh/Assembly Measurement Locations Measured RMS Deviation

67 6x6 Power 35 9.5%

152A 2x2 Thermal Flux 33 6.2%

157B 2x2 Thermal Flux 30 7.7%

159 2x2 Thermal Flux 34 7.1%

167A 2x2 Thermal Flux 33 4.5%

175D 2x2 Thermal Flux 22 7.2%

175D 8xB Thermal Flux 22 7.4%

175D 12xl2 Thermal Flux 22 8.0%

177B 2x2 The rmal Flux 22 5.5%

Total Control Rod Worth (% k/k)

FNR Cycle Mesh/Assembly Measured Calculated Deviation

17 6x6 6.57 6.41 -2.4%

67 6x6 6.24 6.30 +0.9%

91* 6x6 6.39 6.31 -1.1%

119 6x6 6.42 6.37 -0.7%

144 6x6 5.81 6.07 +4.5%

178 6x6 5.66 6.26 +10.4%

*New control rods installed
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the transverse buckling for 2DB. The comparison of the clculated flux and

power distributions with the FNR data given in Table 4 indicates reasonable

agreement with MS deviations in the range 4- 10%. The comparison is based

on the thermal flux data obtained with self-powered rhodium detectors at the

core midplane and center of regular fuel elements. For Cycle 67, the power

distribution was obtained from the measured temperature rise across each

fuel assembly.

Control rod reactivity worth calculations were performed for six

different FNR configurations. The method for obtaining the rod worths

was discussed in Sec. II.D, except that the fuel depletion in the special

fuel elements was also modeled. Accordingly, isotopic number densities

for the lattice regions were taken from a LEOPARD depletion calculation

for a special element at the corresponding burnup points. These number

densities were then used in place of BOL number densities, and the sequence

of HAMMER calculations described in Sec. II.D was reneated. Full-core

6x6 2DB calculations were then performed with all rods out and then

separate runs were made with each of the three rods inserted. The calculated

and measured rod worths are compared in Table 4.

The measured rod worths were determined from period measurements for rod

positions in the upper half of the core. Considerable uncertainty exists in

the measured worths due to the conversion from half rod to full rod worth

16
and due to the use of an assumed effective delayed neutron fraction of 755%.

The calculated worths are in good agreement, although the increasing differences

suggest that neglect of boron depletion over many years of operation may be a

source of error. Despite these uncertainties, the basic approach for computing

control rod worth appears valid for comparing rod worths in HEU and LEU cores.
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A preliminary calculation of the FNR power defect has been performed

using the methods described above. However, the 2DB calculationbeing a two

dimensional calculation, cannot explicitly account for the effect of axial

variations in fuel and moderator temperatures. Therefore, as a first attempt

we have neglected axial variations and have represented radial temperature

profiles by assuming an average temperature for each fuel assembly, which

was determined on the basis of a DB calculation (to determine relative power

factors) and measured FNR core temperature drops and flow rates. With this

,Lk
model, the power defect was calculated to be .16% k , which may be compared

with the experimental value of -. 21% Ak . Ile are currently attempting to improve
k

our model, by including a typical axial power distribution into the analysis

by weighting the calculated temperature changes in an appropriate fashion.

IV DESCRIPTION OF BATCH AND EQUILIBRIUM CORE MODELS

To provide meaningful and comprehensive comparisions of HEU and pro-

posed LEU fuels, it is necessary to model both the intrinsic fuel properties

and the FNR operating conditions. For this purpose, two core configurations

were analyzed for both fuels. The first configuration is a batch core con-

sisting of fresh fuel assemblies, while the second configuration is an equili-

brium core. The batch core configuration allows a comparison of undepleted HEU

and LEU fuels, while the equilibrium core allows comparison of depletion

characteristics and shutdown margin for conditions typical of FNR operation.

The atch core model illustrated in Figure 2 has 31 fresh fuel assemblies,

with four special assemblies at control rod locations. The configuration is

symmetric about the north/south midplane and was analyzed us-ing half-core

calculations.
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Although the FNR core configuration and fuel shuffling pattern are,

in practice, determined by operational requirements-, an equilibrium core

model was developed to allow a meaningful comparison of operating

characteristics for the HEU and the proposed LU cores. The equilibrium

core shown in Figure 3 uses an in/out shuffling scheme with fresh

elements loaded at the core center and moved outward to the core edge.

This scheme maximizes the reactivity worth at the core center, thus maxi-

mizing the control rod worth to achieve the required 3 AkA shutdown

margin. To compare different fuel typesin the equilibrium corethe end

of cycle (EOC) keff was preserved between different cases. Preserving

EOC keff provides the most realistic comparison of different fuel

types, because it attempts to model actual NR operation where

a core is depleted until the shim rods are nearly fully withdrawn.

Along with preserving the EOC k eff the core size is also maintained

constant. These two criteria essentially etermine the maximum fuel

burnup for a given fuel design. To achieve any higher burnup would

require that the core size be increased in order to maintain criticality.

once the maximum fuel burnup is determined by preserving k eff with a fixed

core size, calculations must be performed to verify that the core confi-

guration has the required 30% AA shutdown margin. Although the fuel

burnup and power distribution are roughly constant during each equili-

brium cycle, our equilibrium core configuration is chosen in such a way

that the core configuration repeats every sixth cycle.

The shuffling pattern in the equilibrium cycles divides the 33 regular

fuel element locations into eight loading zones as shown in Figure 3

Each regular element loading zone corresponds to core locations having
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nearly equal fuel burnup, although not necessarily equal burnup rates.

New fuel is loaded into Zone and depleted fuel is discharged from

Zone B. At the start of each cycle, one new element is loaded into

Zone 1, and the element in Zone is moved to Zone 2 The fuel shuffling

continues to Zone 8, where elements are discharged. The eight-zone

shuffling pattern for the regular elements is shown in Figure 4.

The shuffling pattern forthe special fuel elements is different

because there are six special element locations. A new special element

is added and a depleted element is discharged only every sixth cycle.

With this shuffling pattern a new special element is placed in Special-

Zone at the start of cycle 1. The element removed from Special-Zone 

is placed in ex-core storage for one cycle and then placed in Special-

Zone 2 at the start of cycle 2 The sequence continues until the start

of cycle 6 when the element from storage is placed into Special-Zone 6

and a depleted special element is discharged from the core. This shuffling

pattern for special elements is shown also in Figure 4.

V. CHARACTERISTICS OF THE EQUILIBRIUM CORE MODEL AND FNR OPERATION

The equilibrium core model was designed to be typical of the actual

FNR operation. Many characteristics of the FNR operation are well

represented in the equilibrium core analysis. In fact, a modified version of

the equilibrium core shuf fling scheme has been implemented at the FNR

and has proven to be a practical and efficient scheme for loading fuel

elemonts. Nonetheless there are differences between the equilibrium

core model and actual FNR operation. These differences exist mainly

because FNR operation is more flexible than the equilibrium model. Fuel
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Figure 4 Equilibrium Core Shuffling Scheme

Regular Fuel Elements

Core Loading Zone
Cycle 1 2 3 4 5 6 7 a

New Fuel

1 1-1 2-1 - 31 4-1 5-1 - 61 - 71 8-1

2 1-1 2-2 - 32 4-2 5-2 - 62 - 7-2 - 82

3 1-1 -2-1 3-3 4-3 5-3 63 - 7-3 - 83

4 1-1 2-2 3-1 4-4 5-4 - 64 - 7-4 8-1

5 1-1 2-1 -3-2 4-5 5-5 - 65 - 7-5 8-2

6 1-1 2-2 3-3 4-6 5-6 - 66 7-6 8-3

Discharge

Special Fuel Elements

Cycle Storage Core Loading Storage
Zone

1 New fuel S-1 x1

2 x1 4. S-2 x

3 x2 4- S-3 x3

4 x3 S-4 x4

5 x4 S-5 x5

6 x5 S-6 Discharge
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elements need not be shuffled in any fixed pattern and the core confi-

guration does not repeat periodically. This section describes charac-

teristics of the equilibrium model and actual FNR core configurations,

and also explains important differences between the equilibrium analysis

and actual operation.

To verify the practicability of the equilibrium model, Table 

presents a comparison of the calculated equilibrium core parameters and

actual core parameters basedon FNR operation. The comparisons indicate

that the proposed equilibrium cycle represents a reasonably practical

configuration for comparing the HFU and LEU fuel designs. on the average

fuel elements are shuffled just as often in both cores. The calculated

control rod worths for the equilibrium core compare well with the rod

worths measured inthe FNR.

The cycle length comparisons for the equilibrium and operating cores

in Table point out a difference between analytic models and actual

operations. In the equilibrium core modelcycle length is determined

by the discharge fuel burnup averaged over the regular and special fuel

elements. In contrast, the FNR operating cycle length is the time interval

between shim rod calibrationswhich are required by technical specifica-

tions whenever more than three fuel elements are shuffled. in calculations

comparing the HEU and LEU fuels the parameter most indicative of the time

between control rod calibrations or operating cycle length is the burnup

reactivity change rate, rather thanthe equilibrium core cycle length. With

a constraint on the allowable core excess reactivity, the length of

time the core can be maintained critical without shuffling more than

three fuel elements, thereby requiring rod recalibration, is determined
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Table Comparisoniof Equilibrium Core and Actual FNR

Parameters.

rDperating HEU
Experience* Equilibrium

operating cycle length (days) 17.6

Equilibrium cycle length (days) 11.0

Average number of element
shuffles/day .82 .80

Average discharge burnup
(MWD/element)

Regular 19.4 19.2

Special 19.5 16.9

Calculated keff

Range 1.022-1.026 1.020-1.032

Average 1.024 1.025

Shim rod worth (%Ak/k)

Rod A 2.20 2.08

Rod 2.21 2.24

Rod C 2.00 2.17

Total 6.41 6.49

*Averaged from Oct. 78 to Nov. 79
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by the fuel burnup reactivity change rate.

VI. CORE NEUTRONTC ANALYSES FOR THE HEU ALIM LEU FUELED CORES

The important neutronics parameters analyzed for the HEU and LEU

fueled cores are the temperature coefficients of reactivity, xenon

reactivity, control rod worth, discharge burnup, and the shutdown

margin. Comparisons of these neutronic parameters for the batch core

and equilibrium core configurations should provide a basis for assessing

the impact of LEU fuel on FNR performance and utilization. Before

discussing the results of these comparisons, the actual HEU and LEU

fuel configurations will be iscussed.

A. LEU and HEU Fuel Description

The selectionofthe LEU fuel esign was based on extensive

generic studies�and survey calculations carried out by Argonne National

17-19
Laboratory The University of Michigan, and others. In addition,

constraints were imposed on the final esign as a result of the specific

PNR system configuration, FNR operational considerations, and the need to

obtain approval from the NRC of an amendment to the current NR operating

license. These constraints, which are unique to the FNR, had to be

factored into the final EU design.

Based on the above considerations, the LEU fuel design selected for

the FNR was identical in all external dimensions to the HEU fuel as shown

in Table 6 The conversion to EIJ fuel results in an increase in U-238

loading by a factor of nearly and an increased U-235 loading to overcome the

increased capture in U-238. To ccommodate the additional uranium loading, the

fuel meat thickness as increased 50% with a corresponding reduction in the
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Table 6 HEU and LEU Fuel Designs

HEU LEU_

Fissile enrichment 93% 19.5%

Regular element fissile loading (gm) 140.0 167.3

Uranium density in fuel meat (w/o) 14.1% 42%

Fuel plates per element 18 18

Fuel meat thickness (in) .020 .030

Clad thickness (in) .020 .015

Fuel plate thickness (in) .060 .060

Water Channel thickness (in) .117 .117
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cladding thickness, hence keeping a constant fuel plate thickness. The

FNR licensing considerations dictated the use of fuel with at most 42.0 w/o

uranium loading, which is considered to be an acceptable fuel design based

on experience and testing to date. Using 19.5% enriched uranium, the

above LEU design has 167.3 g of U-235 per fuel element, and results in

the same excess reactivity for the batch core as the HU fuel design,

as desired.

B. Flux and Power Distributions

Calculated power distributions for both HEU and LEU cores are

compared in Figures and 6 for batch cores and equilibrium cores,

respectively. Examination of these figures reveals only minor changes

between LEU and HEU cores. The largest change in assembly power, a 3%

relative increase, occurs ior special element locations. Additionally,

there is a small shift in the power distribution away from the heavy

water tank and toward a slightly improved overall symmetry about the

center. There is no evidence of changes which would required detailed

thermal-hyd.raulic analysis; in fact, the ratio of peak to average

assembly poweri��slightly reduced.

The calculated fast and thermal flux distributions are cpared in

Figures 7 and 8 for the batch and equilibrium cores, respectively.

The figures indicate that the fast flux distribution is perturbed very

little with LEU fuel. This is to be expected because the fast neutron

production and removal rates are nearly equal for the two cores. The

fast neutron productionis approximately constant because the core power
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Assembly Power Assembly Power 

A HEU uel HEU Fuel

B LEIJ Fuel LEU Fuel

2.82 3.31 3.50 2.07 2.54 2.96 3.12 2.80 2.39

2.79 3.28 3.47 2.08 2.54 2.98 3.15 2.83 2.43

2.57 3.53 2.56 4.68 1.72 2.32 3.35 2.15 4.15 2.18 2.91 1.99

2.57 3.50 4.66 1.71 2.28 3.34 4.16 2.90 1.99

co 2.62 3.70 4.59 4.83 1.67 2.62 1.87 4.27 4.32 3.96 3.02 1.98

2.60 3.67 4.58 4.81 1.64 2.59 1.85 4.28 4.31 3.95 2.99 1.95

2.44 3.36 2.43 4.47 1.52 2.42 3.26 2.20 4.24 1.94 2.72 1.90

2.45 3.37 4.49 1.52 2.41 3.25 2.23 4.27 1.94 2.70 1.90

2.51 3.02 1.55 2.70 2.202.59 3.Q9 3.31

2.61 3.12 3.12 2.50 3.02 1.53 2.69 2.20

1.66 1.94 2.08 1.80

1.67 2.09 1.81

Figure Assembly Power Distribution for HEU Figure 6 Assembly Power Distribution for HEU
and LEU Batch Cores and LEU Equilibrium Cores
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is held constant at 2 MW, while the fast neutron removal rate is nearly

constant due to the similar moderating properties of the two cores. That

is, the water channel dimensions are the same.

However, one expects to see significant changes in the incore thermal

flux distributions between the HEU and LEU fuels. For a well-moderated

thermal reactor at constant power, the thermal flux is nearly inversely

proportional to the fissile loading, hence one expects a reduction in thermal

flux for the LEU core. This effect is readily apparent in Figures 9 and 0

where the thermal flux in regular fuel elements is seen to decrease by

about 18%. For special fuel elements, the reduction in thermal flux

is only about 12%. This mitigation in the thermal flux decrease results

from the effect of the thermal flux peaking in the large waterhole. This

peak is primarily dependent on the fast flux, which is not significantly

different between the LEU and HEU fuels. Since the thermal flux level

within the special element will be affected by the waterhole peaking, the

overall effect is to mitigate the decrease in thermal flux. As noted

for the power distribution, there is a slight shift in thermal flux away

from the heavy water tank toward a slightly improved overall symmetry

about the center.

Excore thermal flux levels are important in the FNR because samples

are generally irradiated in the reflector regions. In particular

the heavy water reflector is of greatest interest because thermal

neutron beam tubes extend from the tank to the laboratory areas. Com-

parisons of the thermal flux levels in the light water reflector show

a flux depression varying from zero to 6. At distances well into the

light water reflector, there is no change because the primary source for
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Assembly-Averaged Thermal Flux (10 13 n/cm2-sec) Assembly-Averaged Thermal Flux (10 13 n/cm 2-sec

HEU Fuel A HEU Fuel
LEU Fuel B LEU Fuel

1.22 1.40 1.48 1.0 1.19 1.38 1.37 1.29 1.09

1.05 1.20 1.26 .87 1.02 1.19 1.18 1.11 95

1.11 1.51 2.44 2.00 .87 1.16 1.57 2.40 1.84 2.23 1.33 1.00

- 96 1.30 1.74 .75 .98 1.33 2.15 1.58 1.99 1.14 .86
00
PO 1.13 1.55 1.93 2.03 .86 1.27 2.20 1.92 1.84 1.74 1.37 1.02

.97 1.33 1.66 1.74 .73 1.08 1.65 1.56 1.48 1.16 .87

1.05 1.44 2.34 1.92 .79 116 1.53 2.37 1.88 2.20 1.34 .97

.92 1.25 2.14 1.67 .69 1.00 1.31 2.12 1.61 1.97 1.14 .83

1.13 1.32 1.41 1.21 1.39 1.92 1.34 1.11

.99 1.14 1.22 1.04 1.19 1.73 1.15 .96

83 .94 .98 .93

.72 .81 .84 .81

Figure 9 Thermal Flux Distribution for HEU and Figure Thermal Flux Distribution for HEU and
LEU Batch Cores LEU Equilibrium Cores



thermal neutrons is the slowing down of fast neutrons leaking from

the core. At locations closer to the core te contribution to the

thermal flux due to thermal leakage from the core is larger and, since

the thermal leakage is decreased by the increased fuel loading, there

is a correspondingly greater decrease in the thermal flux. Consistent

with this explanation, the relative thermal flux in the heavy water

tank is depressed somewhat more 48%) than in the light water reactor

due to the increase in the relative contribution of thermal leakage to

the heavy water tank thermal flux.

C. Temperature Ciefficient of Reactivity and Power Defect

The isothermal temperature coefficient of reactivity was com-

puted for the batch core model to be -8.4 pcm/OF for the HEU fuel and

-12.6 pcm/IF for the LEU fuel. The large increase is due almost

exclusively to the fuel Doppler effects. For the HEU fuel, fuel

Doppler effects are negligible due to the small amount of U-238 present.

For the LEU fuel, the large amount ofU-238 increases resonance absorp-

tions in'U-238,resulting in much larger sensitivity to fuel temperature.

The principal contribution to the temperature coefficient of reactivity for

both the HEU and LEU configurations is, however, the effect of the reduction in

moderator density on leakage and moderation.

As discussed earlier, the procedure for calculating the power defect

has not been fully developedand a comparison of the difference in the

power defect for the HEU and LEU cores has not been made. However,

a preliminary estimate has been made based on the observation that the

increase in the fuel Doppler effect is the principal difference in the

temperature effects between the HEU and the LEU designs. The change in
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power defect of reactivity is estimated in the present analysis on the

basis of calculated temperature coefficients. Based on an average

core temperature rise of 71F, the power defect for the LEU fuel is

estimated to be about 03% Ak/k larger in magnitude than for HEU fuel.

For a typical FNR configuration, the excess reactivity required to

overcome thepower defect would thus change from a measured value of

.21% Ak/k for HEU to 24% Ak/k for LEU.

D. Xenon Reactivity Worth

The xenon reactivity worths of the HEU and LEU fuels are

compared in Tables 7 and for the batch and equilibrium core models,

respectively. For these cores the xenon worth is 46% lower for the

LEU than the HEU fuel. There are two competing effects responsible

for this decrease: First, the larger U-235 loading for the LEU core

results in lower incore thermal flux levels, with a greater 10-12%)

xenon concentration. Second, the increased fuel loading gives the

LEU core a larger neutron absorption cross section. As total core

absorption is increased, the fractional absorption in xenon, and thus

the xenon reactivity worth, is decreased. Although these two effects

tend to cancel one another, the latter effect dominates and xenon reacti-

vity worth is lowered by about .1% Ak/k.

E. Fuel Cycle Analyses

Equilibrium fuel cycle analyses have been performed for the

HEU and LEU cores and the results are presented in Table 9 The compari-

son of discharge fuel burnupwhich indicates a 50% increase for LEU fuel,

should be viewed with some care because of the extreme sensitivity of
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Table 7 Batch Core Reactivity Comparisons

HEU -LEU Ch, an ge

Cycle length (daysl 10.0 10.0

Burnup reactivity change rate
(%Ak/k/day) -. 028 -. 02 -28%

Shim rod worth (%Ak/k)

A Rod 2.37 2.26
B Rod 2.23 2.12
C Rod 2.37 2.26

Total 6.97 6.64 -4.7%

Excess reactivity required (%Ak/k)

Xenon poisoning 2.50 2.40 -4.0%
Burnup effect 0.28 0.21
Power defect 0.21 0.24

Total 2.99 2.85 -4.7%

Shutdown margin (%Ak/k) 3.98 3.79 -4.0%

Table Equilibrium Core Reactivity Comparisons

HEU LEU Change

Cycle length (days) 11.0 16.5 50%

Burnup, reactivity change rate
(%Ak/k/day) -. 028 -. 021 -24%

Shim rod worth (%Ak/k)

A Rod 2.20 2.14
B Rod 2.21 2.15
C Rod 2.00 1.96

Total 6.41 6.25 -2.5%

Excess reactivity required (%Ak/k)

Xenon poisoning 2.26 2.17 -4.0%
Burnup effect .31 .37
Power defect .21 .24

Total 2.78 2.78 0%

Shutdown margin (%Ak/k) 3.63 3.47 -4.4%
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Table 9 Equilibrium Core Fuel Cycle

HEU LEU Change

Cycle length (days) 11.0 16.5 50%

Discharge burnup
(MWD/element)

Regular 19.2 28.7 49%

Special 16.9 25.9 53%

Regular element
Fissile loading (gm)

Fresh 140.6 167.3 20%

Discharge 116.6 134.3 15%

Core loading
Beginning of cycle (gm)

Fissile 4550 5320 17%

U-235 4549 5260 16%

Burnup reactivity
change rate
(% Ak/k/day) .0279 .0211 -24%
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discharge fuel burnup to core reactivity for the FNR core. For example,

in an equilibrium core analysis comparing two LEU core configurations,

a 0.5% Ak/k change in eigenvalue resulted in a 5% increase in the

discharge burnup. This sensitivity is a consequence of the relatively

low fissile depletion obtained in the FNR core. Typically only 17 of

the initial fissile inventory is depleted from the HEU fuel elements

before discharge. A significant change in the discharge fissile

depletion can be achieved with only a small relative change in the total

core fissile inventory, which is, of course, proportional to core

criticality. Thus, the predicted discharge burnup is very sensitive

to the calculated core criticality. In addition, this sensitivity

is magnified by the in/out shuffling pattern used at the FNR. This

shuffling scheme loads the depleted fuel elements into regions of

lower neutron importance. Thus, changes in the discharge burnup have a

relatively smaller effect on core criticality than with other shuffling

schemes. Because core size and core criticality are directly related,

discharge fuel burnup is also sensitive to core size. Therefore, to

provide valid comparisons a fixed core size was used in our equilibrium

core analysis. Calculations for both the batch and equilibrium cores

indicate a decrease in the burnup reactivity change rate with LEU fuel.

The decrease in reactivity change rate is a consequence of two factors.

Most importantly, the core fissile loading is higher with LEU fuel,

so that the fractional fuel depletion rate, and the burnup reactivity

change rate, are lowered. Production of Pu-239 in the LEU fuel also causes

a decrease in the burnup reactivity change rate. Fuel depletion calcu-

lations indicate that the Pu-239 production rate is approximately %

of the U-235 loss rate in the LEU core. This may translate into a

10-15% decrease in the burnup reactivity change rate, depending on the
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reactivity worth of Pu-239 vs. U-235. Comparisons of reactivity

changes in the HEU and LEU batch cores show that during the first 0

full power days of operation reactivity is lost more rapidly than at

later times due to the effects of xenon and samarium, as well as fuel

depletion. Once this initial transient has passed the burnup reactivity

change rates are nearly constant and approximately 25 to 30% lwer in

the LEU core. In the equilibrium core calculations the burnup reactivity

change rate is affected by the fuel burnup distribution as well as total

core fissile inventory. For this equilibrium core model the burnup

reactivity change rate is decreased by 24% with the LEU fuel. Thus,

as explained earlier a 30% increase in the FNR operating cycle length

is expected.

F. Control Rod Worth

Shim rod reactivity worth comparisons for the A, B, and C rods

are given in Tables 7 and 8. The LEU batch core comparison shows a

5% relative decrease in shim rod worth. This decrease in rod worth

may be explained qualitatively by noting that, to a good approximation,

the FNR rods are black and, for a black rod control, rod worth is

nearly proportional to the product of the control surface area and

the thermal diffusion length in the surrounding fueled region. 20 Since

the thermal diffusion length in the LEU core is 205 cm vs. 218 cm in the

HEU core, this simple model predicts a decrease in rod worth of approxi-

mately 6, which may be compared with the calculated 5% decrease in rod

worth for the batch core configuration. In the equilibrium configuration

the total rod worth decreases by only 3. This smaller decrease in rod

worth indicates that factors other than the shorter thermal diffusion

length are also affecting the calculated rod worth. Rod worth calcu-
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lations for various equilibrium cores show that rod worth is also

affected by the discharge fuel burnup. As discharge burnup in the

outer fuel elements is increased, the core fissile loading and core

reactivity worth distribution shift toward the core center causing the

rod worth to increase. Thus the higher discharge burnup in the LEU

equilibrium core hasa mitigating effect on the decrease in rod worth,

and the net effect is a 3 decrease in total worth.

G. Comparison of Shutdown Margin

The most significant safety parameter related to core physics

analysis is the shutdown margin. This parameter is obtained by sub-

tracting the positive core excess reactivity required to overcome

xenon poisoning, fuel depletion, and the power defect from the total

control rod reactivity worth. The present technical specifications

require that the shutdown margin be at least 30% Ak/k. Any difference

between the estimated shutdown margin and the limiting value represents

excess reactivity available for experiments.

For the LEU batch core, it is seen from Table 7 that the lower excess

reactivity requirement is overshadowed by the decrease in control rod

reactivity worth. The shutdown margin of 379% A k/k is lower than for

the HEU core, but is still well above the 3 Ak/k requirement. Addi-

tionally, with the most reactive rod fully withdrawn, the shutdown margin

is 153% Ak/k, well in excess of the 75% Ak/k required.

Comparing the HEU and LEU equilibrium core results in Table 

shows that the shutdown margin decreases slightly for the LEU core. The

computed value of 347% Ak/k is well in excess of the 30% Ak/k require-

ment. Also, the shutdown margin with.the most reactive control rod

fully withdrawn s 132% L/k, well above the 75% Ak/k required.
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VII. ALTERNATIVE LU FUEL DEMNS

The LEU fuel design was selected for the full core demonstration

based on a criterion of creating minimum perturbations in reactor perfor-

mance. To determine effective ways of improving core performance, e.g.,

the core fuel burnup, control rod worth, and excore flux levels, several

alternative LEU fuel designs have also been studied.

This section presents -results of an equilibrium core study cmparing

the LEU fuel with an alternative higher loaded fuel design. The two fuel

designs are compared in Table 10 T fissile loading for the alterna-

tive fuel design has been increased to 175 gm by increasing the uranium

density in the fuel meat, without changing element dimensions. The impor-

tant conclusion of th!:�& alternative fuel design study is, thAt it iuay be

possible to significantly increase fuel burnup without degradingother

reactor performance characteristics.

The equilibrium core power and thermal flux distributions for the

two fuels are compared in Figures 11, 12 and 13. The power distribution

comparisons show only a slight shift for the higher loaded fuel,

despite the increase in fuel burnup at the core edges. A maximum

increase of about 2 in assembly power occurs near the core center and

the heavy water tank. The thermal flux distribution comparison shows a

maximum decrease of less than 3 suggesting that the flux depression

caused by the higher loading is partially mitigated by the higher fissile

depletion.

Equilibrium core calculations predict a 26% increase in cycle length

and discharge burnup for the 175 gm fuel. As explained earlier, the

higher discharge burnup results because the fuel can be depleted longer

while maintaining a critical euilibrium configuration. The 175 gm fuel
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Table 10 LEU Fuel Design Comparisons

Reference Alternative
Design Design Change

Enrichment 19.5% 19.5% 0%

Regular element fissile loading(gm) 167.3 175.0 4.6%

Uranium density in fuel meat 42.0% 43.9% 4.6%

Element dimensions 0%

Equilibrium cycle length (days) 16.5 20.8 26%

Discharge burnup (MWD/element)

Regular 28.7 36.4 27%

Special 25.9 32.5 24%

Burnup reactivity change rate
(%Ak/k/day) .0211 .0207 -2%

Shim rod worth (%Ak/k)

A Rod 2.14 2.15
B Rod 2.15 2.14
C Rod 1.96 2.00

Total 6.25 6.29 0.6%

Excess reactivity required (.%Ak/k)

xenon poisoning 2.17 2.15
Burnup effect .37 .43
Power defect .24 .24

Total 2.78 2.82 1.4%

Shutdown margin (%Ak/k) 3.47 3.47 0%
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3 2
Assembly Power M Assembly-Averaged Thermal Flux(10 n/cm sec)

A 167.3 gm LEU 167.3 gm LEU
B 175 gm LEU 175 gm LEU

2.08 2.54 2.98 3.15 2.83 2.43 .87 1.02 119 1.18 1.11 .95

2.07 2.55 3.01 3.22 2.68 2.48 .86 1.01 1.18 1.17 1.10 .95

1.71 2.28 3.34 2.16 4.16 2.22 2.90 1.99 .75 .98 1.33 215 1.58 1.99 1.14 .86

4- 1.68 2.24 3.36 4.23 F2.26 2.95 1.99 .73 .96 1.31 F2.14 1.56 .98 1.12 .86

1.64 2.60 1.85 4.28 4.31 3.95 2.99 1.95 .73 l..08 1.97 165 1.56 1.48 1.16 .87

1.59 2.56 1.79 4.34 4.40 4.01 3.01 1.93 .71 1.05 1.62 1.53 1.46 1.14 .86

1.52 2.41 3.25 2.23 4.27 1.94 2.70 1.90 .69 1.00 1.31 2.12 1.61 1.97 1.14 .83

1.48 2.38 3.25 [2.22 4.34 [1.90 2.68 1.87 .67 .97 1.29 2.10 1.581 1.96 1.13 .82

2.50 3.02 1.53 2.69 2.20 1.04 1.19 1.73 1.15 .96

2.48 3.02 1.46 2.66 2.17 1.02 1.16 1.72 1.13 .95

1.67 1.94 2.09 1.81 72 .81 .84 .81

1.65 1.92 2.08 1.77 .71 .79 .831 .79

Figure 11 Power Distribution for 167.3 and 175 gm Figure 12 Thermal Flux for 167.3 and 175 gm LEU
LEU Equilibrium Cores Equilibrium Cores
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is initially more reactive because of the higher fissile loading, and loses

reactivity de to fuel burnup at a slower rate, as seen by the 2 decrease

in burnup reactivity change rate. As noted earlier, hwever, care must be

taken in interpreting these results because of the extreme sensitivity of

discharge fuel burnup, to core reactivity for the FNR.

Calculations of the reactivity effects for the two LEU fuels

predict no change in shutdown margin with the higher loaded fuel. The

control rod worth increasesby an almost insignificant amount because

the higher core edge depletion tends to increase core center reactivity

worth. Thus the shutdown margin, as well as the core power and thermAl flux

distribution, are not sgnificantly degraded even though-the dcharge

burnup is considerably higher for the 175 gm fuel design.

VIII. SUMMARY

A 19.5% enriched fuel design was selected and is being fabricated

as part of the FNR demonstration project. The fuel has a 167.3 gram

fissile loading and 18 fuel plates per assembly. To accommodate the

increased uranium content without changing fuel plate or assembly dimen-

sions, the uranium loading in the fuel meat has been increased to 42 w/o

and the fuel thickness-has been increased 50% while ecreasing the clad

thickness.

Extensive efforts have been devoted to developing calculational

methods for analyzing HEU and LEU fueled research reactors. These

methods make use of existing well verified computer codes whenever

possible and have been verified by comparison with data from several

research reactor cnfigurations.
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To study all expected effects, the HEU fuel and LEU fuel were analyzed

and compared in both batch and equilibrium core models. These comparisons

serve to quantify predictions made on physical grounds The higher

fissile loading required to overcome the additionalU-238 absorptions

results in a large decrease in the in-core thermal flux. Thermal flux

levels in the reflector are depressed to a lesser degree because the

fast neutron leakage is nearly constant. The power distribution is not

perturbed to a significant degree. The equilibrium cycle length and

discharge fuel burnup are predicted to increase because the LEU core

can be depleted longer while-maintaining core criticality. There i a

small decrease in the -menon. worth-and control rod worth caused Ly hgher

core absorption. Comparisons for the equilibrium cores indicate that the

reduction in rod worth may he mitigated by the increased fuel burnup

of the LEU core. Most importantly the comparisons- predict no significant

change in the core shutdown margin.

The analytic methods described n the paper have provided a reasonable

assessment of the impacts-of LEU fuel on FNR performance. Hweverl there

remain areas which deserve frther study and additional refinement.

Some specific items currently being investigated at The University of

Michigan are:

1) Development of a new data library for the LEOPARD code

based upon ENDF/B-IV data.

2) investigation of optimal equilibrium core configurations using

linear/dynamic programming concepts.

3) Continued investigation of discrepancies between measured and

predicted rod worths, with a careful examination of possible

boron depletion effects.

4) Calculation of a eff' the effective delayed neutron fraction,

for both HEU and LEU cores.
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5) Refinement of the power defect calculation to include non-

uniform axial effects.

6) Refinements in the determination and use of burnup dependent

non-lattice peaking factors for the LEOPARD code.

7) Extensive analysis of the leakage flux levels in the FNR

heavy water tank and beam port locations. Calculations

are planned using both discrete ordinates and Monte Carlo

methods.
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The RERTR Demonstration Experiments Program at the Ford Nuclear Reactor

D.K. Wehe and J.S. King
Department of Nuclear Engineering

University of Michigan

The purpose of this paper is to highlight a major part of the

experimental work which is being carried out at the Ford Nuclear Reactor

(FNR) in conjunction with the RRTR program. A demonstration experiments

program has been developed to:

1) characterize the FNR in sufficient detail to discern

and quantify neutronic differences between the high

and low enriched cores.

2) provide the theoretical group with measurements to

benchmark their calculations.

As with any experimental program associated with a reactor, stringent

constraints limit the experiments which can be performed. Some experiments

are performed routinely on the FNR (such as control rod calibrations), and

much data is already available. Unfortunately, the accuracy we demand

precludes using much of this earlier data. And in many cases, the

requirement of precise (and copious) data has led to either developing

new techniques (as in the case of rhodium mapping and neutron diffraction)

or to further refinements on existing methods (as in the case of spectral

unfolding). Nevertheless, we have tried to stay within the realm of

recognized, well-established experimental methods in order to assuage any

doubts about measured differences between EU and LEU core parameters-.

With these caveats in mind, the experiments which have been chosen to

accomplish these tasks are:

A. Wire activation measurements to provide absolute flux normaliza-

tion (limited spectral and spatial information).

B. Rhodium detector flux maps to provide absolute thermal (in-core

and ex-core) f luxes.

C. Thermocouple AT maps to provide absolute power distributions.
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D. Unfolded foil activation measurements to determine the in-core

flux spectrum.

E. Neutron diffraction measurements to determine the flux spectrum

in the D20 reflector.

F. Shim and control rod worth (%A k/kJ, void coefficient,

power defect, xenon worth, and temperature coefficient measure-

ments to determine reactivity parameters.

The following sections of this paper describe the principal results

of the experiments performed so far. However, the reactivity measurements

use such traditional techniques (such as the asymptotic period method to

measure the control rod worth) that they are not described here. The paper

is written with the philosophy that the reader is familiar with standard

techniques. It should be emphasized that the experimental program has

not been finished. Additional refinement and repetition of the experiments

(particularly C, D, and E above is continuing). Regarding the rhodium flux

maps, aplication of the rhodium detector transfer function analysis

(described later) makes full-core rhodium flux maps a much quicker process.

Lastly, some of the actual experimental work associated with the spectral

unfolding still remains to be completed. Nevertheless, the results

detailed in this paper represent a major part of the experimental charac-

terization of the highly enriched FNR core.

A. Wire Activations for Absolute Flux Normalization

1. Purpose

The purpose of this phase of the experimental program was

two-fold:

i) to provide measured values of the thermal f lux in the core and

D20 tank for comparison with the results being generated by the 2DB code.

ii) to provide a means of absolute determination of the sensitivity

of the rhodium detector (to be discussed in the next section)..

2. Axial Flux Determination

a) Thermal flux determination

In order to obtain a measured value of the thermal flux,

bare and cadmium covered iron wires were iradiated. The iron reaction:
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Fe58 (n,-y) Fe59

was used since the cross section varies as 1/v below 0.1 keV. The
2

analysis closely follows that of Beckurts and Wirtz

The fact that the cross section varies as 1/v makes the evaluation

of the thermal cutoff energy, the cadmium cutoff energy, and cadmium

correction factor very straightforward, and yields

ETc = thermal cutoff energy = 0089 eV

Ecc = cadmium cutoff energy = .5 eV

and cD 2.5 = cadmium correction factor.

It should be mentioned that for all activations performed, we have

neglected corrections for self shielding, flux depression, and scattering

in the foils, assuming they are small. Ge-Li detectors, calibrated with

an NBS standard, were used in the counting.

The thermal flux determined by wire activations done axially along

the core center is shown in Figure 1. The data "points" are shown as

bars since the 1" long wire segments-actually integrate the flux over

this distance. Note that the thermal flux reflector peaking is res-pon-

sible for the increased valued near the ends of the fuel plate. The

fact that the flux peaks slightly below the core midplane is attributable

to the location of the shim rod bank. The results have been compared to

earlier measurements on the FNR, and were found to be in good agreement.

b) Inter-mediate "thermal"flux

The results generated by the computer codes, (such as

LEOPARD and 2DB) will not agree with the results presented in Figure .

The reason for this lies in their definition of the thermal flux. It is

a common practice to define the thermal flux using the cadmium cutoff

energy Ecc as the upper limit. For this reason, we define an "interme-

diate thermal flux", as:

ECC

it IT O(E)dE
tc

In this energy region, the flux is assumed to behave as l/E. Then the

"intermediate thermal flux" may be evaluated as:
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E
(D (P 9n cc

IT ETe

The activity from the cadmium covered iron wre Fe58(n, y)Fe59reaction

can be used to determine 1� 0 and hence 4� IT (or any integral flux

in the l/E range).

The correct flux from the iron wre results to compare with the com-

puter generated "thermal Ila&' i's thus th + OIT'

Figure 2 presents 4th + 4) IT for the axial center-of-core irradia-

tions escribed above. The adition of IT adds as much as 10% at

the core center, to the value of th and brings cmputer calculated

fluxes closer to the measured fluxes. Also presented on Figure 2 are

the results of an axial rhodium detector flux map made on the same fuel

element. The rhodium points are based on the manufacturer's detector

sensitivity and are uncorrected for epithermal neutrons. The large

disagreements in the values of the flux are attributable to these

epithermal neutron contributions to the rhodium detector signal, and

are discussed in detail in section B. There the measured values of

(D th + IT are used to calculate the sensitivity of the rhodium

detector in the FNR.

C) Fast Flux

An additional benefit from activating iron is the

threshold reaction:

Fe 54 (np) Mn 54

which has a threshold at P 375 MeV.

Defining a fast flux as:

co

�(E)dE
F = 

4 MeV

one can obtain

(P + R
F NJeff

R 54 54
where saturated Mn activity per unit Fe nucleus.

N
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Thus, from the measurement of the Mn 54 activity, one can obtain a measure

of the fast flux, as defined above. Figure 3 shows the results of the

measurement. Note that the flux scale is an order of magnitude smaller

than for figures and 2 indicating the smaller size of this-fast flux.

The noticeable shift of the flux towards the bottom of the core has been

discussed earlier.

Additional measurements of the fast flux using the threshold reaction-

Al 27 (na) Na 24

with a threshold of 1-8.15 MeV were made. The analysis was perfomea as

outlined above, and yielded the energy integrated flux above MeV As

might be expected, the results-look like Figure 3 on a smaller scale.

a) Ratio of fast to thermal flux

Lastly, it is expected that the ratio of fast to thermal

flux will change with the introduction of low-enriched fuel. One meas:Ure

of this-, (besides taking ratios of Figures 1 2 and 3 is the cadmium ratio.

The iron cadmium ratio remained approximately constant in the core (except near

the edges of the fuel) at about 97. The fact that the spectrum does not vary

significantly throughout the normal fuel elements in the core greatly

simplifies the measurements of the hodium detector correction factors,

as described n section B.

3. Radial Flux Determination

One of the difficulties.encountered in attempting to compute

the flux in the 20 reflector is the complex structure inside the tank.

In order to provide benchmark values of the flux,,bare and cadmium covered

iron wire irradiations were performed in the vertical penetrations of the

D20 tank.

A photograph-of the D 20 tank is shown in Figure 4 The vertical

penetrations into the D20 tank are the 12 small, 1" inner diameter, pipes

on the tank's top. These pipes extend down to within a few inches of the

core midplane, and are fillea with H 20. Figure shows the spacing

between penetrations, and the names associated with them, Ce.g., D 20 tank

position . This nomenclature will be used throughout the rest of the

paper for specifying locations in the D 20 tank.
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Bare and cadmium covered iron wires were irradiated in D 20 tank

positions and X. The results for the core center, and for D 20 tank

positions and X at an axial position 2 above the core miaplane, are

presented in Table 1. The thermal fluxis seen to fall off much slower

in the D 20 tank as compared to an H20 reflector (Zee rhodium detector

flux mapping data, section B). This is exactly what is-expected.

Further, the thermal flux quoted for D 20 tank position X is in good

agreement with previously measured values. The values of 41 th + IT

are being used by the analytical group to fix the D 20 tank parameters

for the computer calculations. The iron cadmium ratios are presented

for future comparisons with low enriched fuel.

4. Conclusion

While the results presented in this section provide infoxma-

tion on the fast and thermal fluxeT for computer calculation cparisons

and position dependent spectrum variations, they will also play an

essential role in the calibration of the rhodium detector discussed in

the next section.

B. Rhodium Detector Thermal Flux Mapping

1. Purpose and Introduction

The purpose of this phase of the experimental program was

to measure the thermal flux* at many locations in the core and reflectors,

in order to:

i) provide measured values to the analytic group performing

the computer calculations. This ensures the codes are generating

realistic results and provides additional confidence in their projections

to low-enriched fuel.

iiI characterize the thermal flux profile associated with

highly enriched fuel in order to quantitatively discern the changes

associated with switching to low enriched fuel.

A rhodium self-powered neutron detector was chosen to accomplish-the goals-

*In contrast to Section A, the "thermal flux"-in this section is efined
EU

as P O(E)d.E where the value of the upper integrana hasrbeen
th so

changed to the cadmium cut-off energy.
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Table 1. comparison of Energy Integral
Fluxes

Core Center D20 Position X D 20 Position 

kh 1.21xlO 13 .913xlo 13 .287xlO 13

+IT (0.117xlO 13 (.451xlo 12 (.169xlo 11 H+13%)

0.172xlO 13 0.139xlo 12 negligible < 109

RCjFe) 9.72 16.67 128
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because:

i) its size, mobility, and sensitivity are such that it can measure

the thermal flux at any axial point in almost any core lattice position,

ii) the time required to obtain a measured flux, once the sensitivity

is known, is much less than for a wire activation, and

iii) the uncertainty in the measured value is comparable to that obtained

from wire activations.

This section briefly describes the physics associated with the rhodium self-

powered neutron detector, the equipment used to perform the measurements,

and the determination of the detector sensitivity. The results of axial

and radial measurements are then presented. Finally, a technique being

developed which may eliminate the most serious drawback in using the

rhodium detector for full-core thermal flux maps is addressed.

2. Theoretical Description of Rhodium Detectors

The operation of a hodium self-powered neutron detector is

based on the hodium nuclear reaction:

104m

n + Rh 103

PR 104

A closer examination of the rhodium decay scheme (Figure 6 brings to

light two important factors of the rhodium detector. First, the relatively

high rhodium. absorption cross section implies a relatively high neutron

sensitivity. Indeed, rhodium has the highest sensitivity of any type of

self-pawered neutron detector. For the FNR, it is the only commercially

available material which will yield large enough signals to give precision

data. In Figure 7 the energy dependence of the rhodium absorption cross

section is shown. The large resonance at 125 eV implies that the detector

is also measuring neutrons in the epithermal range. Since the thermal flux

is required, epithermal corrections need to be applied to the detector

current, and are described later. Secondly, the presence of the metastable

state of Rh-104, with its 4.4minute half life, implies that the current

may take several minutes to reach its equilibrium value after a change in

flux. This can be seen more precisely by writing the appropriate rate
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equations and current equation for one energy group, and solving for the

current. It can be shown that, following a step change in the flux at t=O,

the time dependence of the current can be aproximated by:

- XMt - XgtIM ;:- I AI 1.0879e 912e I (AIM(t))
0 0

where I = initial equilibrium value of current for t < .

I = change in the equilibrium value of the current as the result

of the step change in flux

= decay constants for the PI, 104 ground and metastable states.

f(t) = the time dependent function contained in parenthesis.

Using the above relationship yields:

t 0
(minutes) AI

1 58%

2 81%

3 90%

5 95%

7 97%

9 98%

10 98%

In constructing this table, it is clear that the 44 minute half life of

Rh 104m leads to the requirement of 10 minute waittimes for 98% of the

current change to occur. However, the quantity of interest is usually the

error in the measured current, which is defined as:

E(t) II I(t)i
If

where I f is defined as the equilibrium value of the current after the flux

change.

Using the above relations, algebra yields:
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I 1
E(t = (1-f(t)) I 0 (1-f(t)) f(t)

f + -(I(t)

0

The second expression is useful for on-line estimates of the detector

current error as a function of time. Using the first relationship for a

fixed value of the wait time, one can tabulate E(t). For a wait time of

3 minutes, for example, we obtain

0- E(t)

f

.38 1.7%

1.2 2

.5 5

2 10

.1 9

10 90 

This shows that, for a given wait time, the detector should be moved into

regions of increasing flux to minimize the error in the current. Or con-

versely, longer wait times are required for a given error in the current

if the detector is moved in the direction of decreasing flux. Thus, while

wait times on the order of several minutes are expected, the actual wait

times required for a given error in the current cannot be predicted a priori*,

but can be minimized through a judicial choice of detector measurement

positions.

3. Equipment Description

In order to carry out this experimental program, several pieces

of equipment were designed and fabricated. These are briefly discussed

below.

The rhodium self-powered neutron detector (SPND) is shown in Figure B.

A bare lead, parallel to the emitter lead, is not shown on the figure, but

was used to measure the current background. The detector was mounted on a

*The easily derivable expression: I f I + 1/f(t) [I(t) I 1

cannot be repeatedly used to shorten the wait time since I represents an

equilibrium current prior to the step flux change. Techniques to eliminate

the wait times are discussed later.
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paddle designed to minimize flux perturbations, and can be accurately posi-

tioned at any axial location in a regular or special fuel element.

Special adapters were built to allow the SPND assembly to be used in

the vertical penetrations into the D 20 tank (see Figure 4. These adapters

sit on the vertical D 20 tank pipes, and provide a reference height and

centering bar for the SPND assembly.

A special adapter was designed and built to measure the flux in the

H20 reflector south of the core. This adapter looks very similar to a

regular fuel element, except that it has four vertical channels for

the detector specifically located to bracket the anticipated narrow

thermal flux peaking in the reflector. The adapter fits into an extension

of the core grid plate, and rests snugly against a regular fuel element.

Inconel
Core

Aluminum Oxide Inconel
Insulator Collector

Emitter Insulation Inconel
Sheath

Figure 8. SPND Construction

4. Determination of Detector Sensitivity

In order to transform the measurements of current into flux values,

the sensitivity of the detector, S, must be known, i.e.

S

This parameter plays a crucial role in the data analysis, and its accurate

determination is the subject of this section.

One technique to determine is based on the theoretical calculations

of Warren.3 The model he proposes includes the effects of 2200 m/sec

neutron self-shielding in the emitter wire, the energy loss of the electrons

in traversing the insulator and emitter, and crrection for space-charge

buildup on the insultator. A prescription is presented for determining

the sensitivity of various types of detectors with different insulators and

geometries. In general, the model is said to give reasonable agreement
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between measured and calculated sensitivities. When applied to our detector,

Warren's model yields 297 x 10- 21 amps/nv . The manufacturer's quoted

sensitivity is 3 x 10- 21 amps/nY , close to the calculated value.

In a more recent work, Laaksonen4 points out that "several simplifying

assumptions were made in (Warren's) model which, in the case of a rhodium

SPND in a relatively hard spectrum might be too rough. For example, it was

assumed that the electron source in the emitter wire is spatially flat, and

only 2200 m/sec neutrons were considered." Laaksonen shows that the sensi-

tivity can be strongly spectral dependent, and hence brings into question

the validity of the sensitivity which is calculated above. Furthermore,

he notes thatthe manufacturer's quoted sensitivities are usually given as

electric current per unit 2200 m/sec flux. For reactors with a spectrum dif-

ferent than that used in the calibration of the sensitivity, the manufac-

turer's value may not be appropriate. Finally, when the manufacturer's

sensitivity was applied to the NR hodium detector data, the fluxes did

not agree with the iron wire data presented earlier.

As a result of these uncertainties, a program to determine the absolute

sensitivity of the rhodium detector used in the FNR spectrum was developed.

Define:

x = position vector

fthW = fraction of detector current which is attributable

to neutrons with energy below the cadmium cutoff energy, (E cc

= "epithermal correction factor"

IthW = "thermal" detector current = detector current which is

attributable to neutrons with energy below Ecc

I totW = total net detector current

4) thW = thermal flux

Using these quantities, the sensitivity of the detector to thermal neutrons

can be written as:

ItotW IthW
Sth(x) m (x) f x) "thC)

th - the
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If the thermal current per unit thermal flux is assumed position inde-

pendent*, and defined as Sit then

S W = I S
th f W I

th 

To determine Sip where

Ith f th W I totW
SI = = -

�D th 4� thW

measured values of �D th (XI, ITOT W., and fth W are needed. The iron wire

data of Section A is used to provide 1� th (xl**, the measurement of f th W

is disucssed below, and I TOT W comes from the rhodium detector. Using

several axial positions at the core center, we find

SI = 326 x 10- 21 thermal amps
thermal flux

which represents a 9 increase over the manufacturer's quoted sensitivity.

The plots which follow use SI = 3xl0_ 21 thermal amps since this improved
thermal flux

value was not available at the time the plots were drawn. Hence, all plot

valuesishould be corrected to account for this 9 difference.

Thus, to determine the thermal sensitivity of the detector requires

an evaluation of f th (x), the fraction of detector current attributable to

thermal neutron absorption in the rhodium emitter. This quantity was measured

at various positions, in and around the core, by activation of bare and

cadmium covered rhodium wires. From the count rates of wires irradiated at

position x, one can determine f th W as:

f ACD (Xt)
th = 

W Ab(x't)

where A CD (xt) = specific activity at time t of the cadmium covered rhodium

wire irradiated at position x

and Ab(xt) = specific activity at time t of the bare rhodium wire irradiated

at position x.

*It has been shown that the thermal current per unit thermal flux is strongly
dependent on the effective neutron temperature due to the non-1/v behavior of
rhodium in the thermal energy region. Thus, the assumption is that the
effective neutron temperature is position independent. The results obtained
from spectral unfolding in the thermal region (described in Section D) will
be used to check the validity of this approximation and make any needed
corrections.

** It is implicitly assumed that the cadmium cutoff energy foriron is approx-
imately equal to the cadmium cutoff energy for rhodium.
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Because the rhodium wire activates so easily, has a short half-life, and

long-lived impurities, the irradiations were performed at 100 kw to reduce

their saturated activities.* Even so, the wires needed to be cut remotely

(to 38") for unshielded counting and handling. The experimental group

found that, with experience, the wires could be counted within ten minutes

after the irradiation. A similar experimental technique has been used by

Baldwin and Rogers 5to study the effect of varying boron concentrations on

the rhodium detector response. While they chose to count the emitted elec-

trons with proportional counters, the present experiments used GeLi

detectors to count the .555 MeV gamma rays (See Figure 6.

The experimental results for f th W are presented in Table 2 Radial

locations are keyed to Figure 9 As can be seen from the data for L-37

(center of core), L40 (core edge), and L-67 (regular fuel element next to

a special fuel element), the value of f th (x) in the core does not vary

greatly"(with the exception of special fuel elements). This is consistent

with computer code predictions. As a result, a single value of f th (x) z .8

could have been applied to all regular fuel elements in the core without

substantial error. Values for the epithermal correction factor are also

presented for the H20 reflector, special fuel element, and two D 20 tank

locations. Values of f th W in locations which were not directly measured

were interpolated from these measured results. For the H 20 reflectorl the

value of fth W measured in the second channel (outward from the core) is

assumed applicable for all four channels. This is probably an Acceptable

approximation since the measured value of f th W = 93 is already close to

unity and should not vary by more than a few percent either way in the other

channels.

Thus, with values of f th W defined for all points in the core, south

H20 reflector, and D20 tank, the thermal sensitivity of the detector,

S W - I . S
th fth W I

becomes a known function of position, and the thermal flux can be determined

from rhodium detector net current readings as:

*Throughout this section, it is assumed that the spectrum does not change
significantly as a function of PNR core loadings or power level. All
measurements were made at or near 2 MW equilibrium xenon, however.
**The epithermal correction factor is also assumed constant axially. This will
be true except within a couple of inches at the ends of the fuel plates, as
was shown by iron wire cadmium ratio measurements (Section A).
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Table 2 Epithermal Correction Factors

Lattice Correlation coefficients Cadmium covered activity I-f
Location Description to straight line fits Bare activity th

D-0 D20 tank penetration .9999, 9999 .0282

L-67 Regular fuel element .9999, 9999 .1677

L-37 Regular fuel element .9999, 1.0000 .2093

L-40 Regular fuel element
adjacent to H 20 reflector .9997, 1.0000 .1703

L-40-A Channel 2 in H20
reflector element .9994, 9998 .0726

D-X D20 tank penetration X .9998, 1.0000 .1052

L-39 Special fuel element
(measured in waterhole) .9999, 9999 .0874



tot W
OthW S W

th 

The radial and axial measurements of I TOT W (and hence D th W), are

discussed next.

5. Rhodium Detector Flux Maps

a) Axial Profiles

Axial profiles have been measured in elements L-37, L40,

L-35, the H20 reflector, and D 20 tank position (See Figure 5). A typical

axial rhodium detector flux map is shown in Figure 10 for L-37. The

axial measurements have not yet been point-by-point corrected for variations

in the detector"s epithermal sgnal, which ikplies the thermal flux in the

reflectors is too high by 10%. The values of 1� th in the active fuel region

are approximately 8% higher than predicted by the iron wire data. This is

directly attributable to the choice of sensitivity, as discussed previously.

A comparison of axial profiles in L-35, -37 L40 and channel 2 in the

H20 reflector is shown in Figure 11. The appropriate epithermal correction

factor, fth W, was applied to each element. By taking the ratios of

measured points, it is seen that the axial profile remains constant for

L-37 and L40, but flattens close to the D 20 tank (L-35). Computer calcu-

lations also predict a constant axial profile throughout the core except

near the D20 tank. Channel 2 in the H 20 reflector shows a curvature com-

parable to that in L-35. These profiles provide valuable information

on the axial buckling, as well as the axial correction factors needed later.

b) Radial Profiles

The rhodium detector was also used to provide radial flux

profiles. Because of the long wait times associated with the use of the

detector (discussed earlier), radial profiles were measured along only a

few horizontal planes. In addition, reactor equipment (such as control rod

drive motors, vertical beam tubes, etc) blocked the access to 14 of the fuel

elements and several of the D 20 tank penetrations. Measurements in the H 20

reflector were made with the adapter always positioned south of L40 so

that a complete north-south traverse of the core could be plotted. Each of

the two radial flux maps which were measured is discussed below.
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The first radial flux map (denoted as map #1) measured the flux in

all accessible fuel elements, the H20 reflector, and two D 20 tank penetrations.

The data was taken at three axial ldvels: 14 into the fuel, the core mid-

plane, and 34 into the fuel element. North-south traverses through the

core center (L-37) are plotted in Figure 12 for the 14, midplane, and 34

planes. The curves which are drawn between the data points are subject to

interpretation, but are probably not far from the actual profile. Also shown

on the plot is the core midplane data without the epithermal correction

factor applied. Not only is the absolute value of the flux reduced by a

sizeable amount, but the shape also changes due to the different values

of fth W.

For this map, core position -39 contains a special fuel element*, which

explains the large thermal peak measured in the waterhole. These measured

values contain some additional uncertainty due to the inability to accurately

position the detector radially. In the core, the 3/4-position fluxes remain

higher than the 1/4-position fluxes. This is consistent with the iron wire

data, and rhodium axial profiles discussed earlier. Hwever, in the H 20

reflector, the opposite is true. This may be due to a large neutron absorber

which was adjacent to the bottom of the H20 adapter element. Regarding the

points in the D 20 tank, it should be noted that neither position T nor

position W is directly on a line containing the other elements for which the

data is plotted. Position W is quite close to the line, but position T is

about six inches west of the line. Hence the value for T is estimated (on

the basis of the second radial map discussed later) to be about 9 low.

The second radial flux map, denoted as map 2, measured the flux in all

accessible fuel elements, the H20 reflector, and seven D20 tank locations.

The additional D20 tank measurements (relative to the first map) were made

possible by the removal of a vertical beam tube. The measurements were made

at the core midplane, and at the 1/4- and 3/4-planes for a few selected

elements along the north-south line through L-37. The D 20 tank measurements

were made on the 1/4-plane, and extrapolated to the core midplane. For

some of the regular fuel elements in the core, the detector would not fit

in the channel normally used (just south of the fuel bail). Measurements were

*The special fuel element has several of the center fuel plates removed to allow
room for shim or control rods. For this map, lattice positions L-39 and L-57
contain special fuel elements.
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taken in a channel just north of the bail in these cases. The differences

in the flux values between these two points is less than 2, as shown by

measurements taken on both sides of the bail in L- 37. The core loading

is slightly different than during the first map. A regular element replaced

the special element that was in L-39, and the fuel element that was in L50

was removed and not replaced. All other locations retained the same type

of fuel element, although the individual fuel assemblies had been shuffled

since the first map.

A north-south traverse through L-37 for the core midplane is shown in

Figure 13. The thermal flux is seen to behave much more smoothly without

the special element in L-39. The D 20 tank data is much more complete in this

plot, and shows a flux peak which is comparable to that at the center of

core.

The data which has been acquired provides valuable information on the

thermal flux in the FNR core. The data is currently being used to benchmark

the computer codes used by the analytical group to predict thermal fluxes.

In addition, the data also provides information on the effects of the special

fuel elements on the thermal flux distribution in the core and D 20 tank.

It further suggests that the current shuffling pattern of regular fuel

elements does not significantly alter the thermal flux shape. Lastly, the

data will be used to determine the changes which are attributable to the

introduction of low enriched fuel to the FNR.

6. Rhodium Detector Transfer Function Analysis

As described earlier, one of the major drawbacks associated with

using a rhodium. SPND is the several minute wait time required after a change

in flux. This long wait time makes full-core flux maps impractical. Even the

limited data presented in map #1 and map 2 involved substantial effort. An

analytical technique which would eliminate the majority of the delay is

being developed at The Univer!�,ity of Michigan, and is briefly described in

References6 and 7 The analysis centers on developing the transfer function

for the rhodium detector. If the transfer function is known, then the flux

can be determined from the current without having to wait for the current to

reach its equilibrium value. A full core flux map could be performed in a

few hours, instead of a few days, should the technique prove sufficiently

accurate.
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In order to develop the theory, first define (see Figure 6:

NM =number density of Rh-104m states

N9 =number density of Rh-104 ground states

I =net detector current

GmfGg =cross sections for production of Rh-104m and Rh-104g

states, respectively

N =number density of Rh-103

Kg Km =sensitivity of detector to ground and metastable decays

Kp =sensitivity of detector to conversion electrons from

Rh-103*

y =fraction of metastable decays going to ground

Then the kinetic equations can be written as:

4 = a N - N (1)
M M M M

9 = aN� + YXMNm -X9N9 (2)

I = K XN + K X N + K N(a a (3)

Thus, given N (0), N(0), and 0(t), one can calculate I(t) from equations

(1 - 3 Pictorially, the equations are in the form-

Detector Response I(t)
Function

in practice, I(t) is measured, and iD(t) is the desired quantity. Thus,

these equations are inverted by taking the Laplace transform, solving

for T(s), and re-inverting to obtain 4(t). The detailed and lengthy

algebra is omitted, and the solution is presented below.

Define:

a K A a K X
B (X + + M M g g

9 M KP (aM a)

(a9 + yaM)K9 + aKM

9 M KP (am a9

S -B_+ V�� 4C
t 2
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It can be shown that the inversion of equations (l)-(3) yields:

4)0 s t s t es+t - eS-t
IDW - e + + e +

2 � - 4C/B2
(4)

+ 1 s+(t-u) es-(t-u (u) + im +
K + a9)N(S +- S-) P 9 m

A x I(u )] du

with 4)(0) determined by I(O) from equations 1=(3). Note that the

integrals in 4:

t

I±(t) es+ (t-U) I(U + X + x ) im + x X I(U)]du (5)
t P 9 m 9 M

can be further reduced to:

t
t + s (t-U)

I W = It) + C I(t - es+ I(O) + C-� �o e + I(u)du 6)

with

+ S + x + x
Cf + 9 m

and

+ S2 + (A + x ) + x
C� + + 9 m 9 m

Thus defining

s t s t e s+t - eS�t
F(t) e + + e -

2 -41-4C/B2
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then equation 4 can be rewritten as

�D(t = O(O)F(t) + CI,(t) I-(t)) (7)

and the burden is apparently placed on evaluating the L + terms. Either

equation (5) or 6 can be used to determined I (t), and both approaches

are equivalent.

In order to evalute I(t), we first consider the form of equation (5).

we assume the data is taken at equal time intervals, that is:

T = (i 1 At

Further, we assume that te current I(t) can be approximated by a cubic

polynominal during the time At between readings:

3
I(t) Y( _t) = L a n (ti (U-ti),

n=O

The an(ti are determined by the cubic spline routine SMOOTH obtained

from ANL. Then letting x = u-ti, splitting the integral into a sum of

integrals over time steps At, and after a little algebra yields:

/At 3
+ s t _s t

e + E e + i (8)
j=1 n=O n

where At

J± e S+x xn d
n x

0

and a (ti) contains the a (ti) and constants from the derivatives.

Note that equation (8) is not a purely "on-line" scheme since it

uses values of I(uj with u >t, to find D(t). This turns out to be

an advantage when only a limited amount of discrete data is available.

As mentioned above, equation 6 can also be used to evaluate I (t).

In fact, note that when taking I -1 in equation 7 to find 4(t), the

i(t) term drops out completely. Thus, one is only left with numerically

evaluating:
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t

e-S+u I(u)du

Note that this scheme does have the promise of being "on-line" if one

uses a numerical integration scheme such as the trapezoidal rule or

Simpson's rule. we have found that the trapezoidal rule, Simpson's rule,

and a smoothing scheme exactly analogous to that described above, give

the same results for IM.

Equation (8) is used for the evaluation of the IL(t) integrals in

the material which follows. The technique was first tested using a

calculated current from equations (1)-O), assuming a two-fold step change

in the flux. The calculated current is shown in Figure 14, the response

of the code to this input current is shown in figure 15. Both the

remarkable ability (within 3 one-second time steps) to resolve the change,

and the solution stability for long times are quite evident.

The code has also received extensive testing based on data taken on

the FNR. The code response is cpared to data which is taken using the

conventional technique described in Section B.2. Figure 16 shows the

results of a test where the detector is run smoothly through the center

21" of the core at a rate of 1"/minute. The vertical scale is exaggerated

in order to show the characteristic lag of code response probably associated

with values of slightly off. Nevertheless, calculations shows that the

magnitude of the difference between equilibrium (solid linel and code

response predictions Castericks) averages only about 1%, within the experi-

mental uncertainty of the data. A similar test using a 2"/minute motion

through the core yielded differences which averaged only about 2, and

shows the characteristic lag to be slightly worse. Thus, using either

1`/min or 2"/min detector motions yields good agreement compared to the

equilibrium data, with the possibility of superb agreement by slightly

tuning S+ and to account for the uncertainty in .

The response of the code was also tested in the reflector regions.

The equilibrium data there is estimated to have an average uncertainty of

2% based upon its reproducibility. Figure 17 compares the code response

to 1"/minute data taken every 30 seconds, to equilibrium data taken

every inch. Similar results were obtained for the top reflector. Note

that the largest difference occurred at the sharp reflector peak and was
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6.7%, while the uncertainty of the equilibrium data there was 3 When

the experiment was repeated with a 1/2"/minute movement, the difference

at the reflector peak was reduced to 25%.

Thus, the technique has been demonstrated to yield reasonable results with

speeds of up to 2"/min through the core and 1"/min through the axial

reflector regions. Even better agreement has recently been achieved

by reducing K from 5% to 1%. the core, the data which was low is

increased by about 0.5%, and the data which was too high is decreased by

a similar amount. In summary, as the code is "tuned" to the proper value of

Kp, even greater speeds should be possible with negligible differences

when compared to equilibrium data. This will allow full core maps to be

made in a reasonable amount of time.

C. Thermocouple (AT) Measurements for Power Distributions

1. Purpose

The purpose of this phase of the experimental program is to

iDrovide a radial core mar) of the axially-integrated power distribution. This is

used as a theoretical benchmark for the analytic group, as-well as pro-

viding additional HEU-LEU comparisons. The data can also be used to

obtain information about spectrally and spatially averaged fluxes, as

well as-being useful in the calculation of reactivity effects, such as

power defects.

2. Equipment

A Cu-Constantan thermocouple is used for the A T measurments.

The thermocouple sheath is enclosed in a stainless steel tube which can

be extended intoor retracted from the core by means of a plunger-type

arrangement. The thermocouple leads are connected to a digital meter

which reads temperature directly. Positive alignment is assured by a

special mounting head which rests on the fuel bail.

3. Fuel Assembly Flow Rate Measurements

In order to convert AT measurements into power, the flow

rates through each assembly must be known. Pressure drops across indivi-

dual assemblies have been made and have shown:6

An NR with.32 standard elements, 4 control elements with

shim rods in place, and 2 open control elements used as

irradiation positions) has a measured core pressure drop

of 21+.2 inches of water. This variation was observed by
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making measurements in different core locations. The

measurements in each element shows a fluctuation of not

more than 1/16 inch.

The tests performed on the fuel elements show that

the pressure drop across the element varies as the square

of the flow rate through the element. This is confirmed

by similar flow tests performed on an element similar

to the FNR standard element by AMF Atomics in 1959.9

Further measurements made in a plexiglass test tank yielded fuel assembly

flow rates as a function of pressure rop for unrodded special, rodded

special, and regular fuel elements. These are summarized below for a

2.1" core pressure drop.

Element Type Flow rates (gpm)

Roddea special element 18.0

Unrodded special element 29.0

Regular fuel element 20.5

Table 3 Measured f low rates

It should be noted that it is also possible to calculate the flow rates

and core pressure drop if the total core flow rate is known. In practice,

total core flow rate is continually monitored, and is known to a precision

of about 12%. We have not yet had the opportunity to make these com-

parisons, however.

4. Thermocouple Maps

The results from one partial thermocouple mapare shown in

Table 4 The values which are presented are the AT in OF and the nor-

malized assembly pwers. Normalized core midplane thermal flux obtained

from a rhodium map is presented also. The relative uncertainty in the AT

readings is calculated to be 35% on the basis of repeated measurements.

538



Table 4. Results of Partial Thermocouple Map

Normalized Normalized
Element AT Power 14h

L-40 19.5+.4 .51 .48

L-39 28.5+.5 .74 .71

L-38 34.0+.3 .89 .91

L-37 38.4+.3 1.0 1.0

L-36 35.2+.3 .92 .97

L-35 27.1+.4 .71 .80

L-7 20.3+.6 .53 .63

L-17 26.0+.3 .68 .86

L-27 36.9+.6 .96 .97

L-47 41.0+.7 1.07 .99

L-67 20.9+.4 .54 .63

L-77 17.3+.3 .45 .46

While the thermal flux is measured on a slightly different core, comparison

of the flux and power does seem to indicate that the thermocouple measure-

ments need to be repeated and a careful analysis made to determine the

sources of the differences above.

D. Neutron Flux Spectra by Activation Analysis

1. Purpose

The purpose of this phrase of the demonstration experiments

is to define the in-core spectrum. The technique chosen is known as

ectral Analysis by Neutron Detection" or "SAND" and involves the

unfolding of the neutron spectrum from activation measurements of many

foils.

2. Background

The concept of unfolding neutron spectra is based on the fact

that at saturation, the activity can be assumed proportional to:
co

ai (E) (D (E) d E

where a ). is the cross section for the reaction being studied. If one

assumes the cross sections are well known, then with many different activa-
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tions, it may be possible to determine cP (E) . This process of finding M

given the saturated activities of several different foils represents the

"unfolding".

The unfolding of neutron spectra has been a problem of serious interest

for more than a decade, and yet the frequency of articles in the current

literature underscores the importance of the techniques. Oster 10 has

catalogued the various generic approaches used in unfolding, and listed over
'1120 unfolding computer program-using these methods. ZiPj has compared

three of the more standard computer codes, including CRYSTAL BALL and

SAND-II. In the past, we have used the SAND-II code 12 and SANDANI, codes

as our unfolding "workhorse". In addition to the SAND-I-I and SANDANI,
17 is 19

codes, the WINDOWS , FERRET , and STAYISL unfolding codes have been

acquired. These codes are newer and use techniques which are more mathemat-

ically rigorous, such as linear programming for optimal solutions. The

STAY'SL code also has the capability of using the ENDF covariance files

mentioned above to assess the significance of the known errors in the

cross sections on the unfolded spectrum. ENDF-V cross sections, written

in a SAND-II compatible format, are available from Brookhaven National

Lab and have replaced the original cross sections in our packages.

The selection of a set of foils plays a critical role in the

accuracy of the unfolding process. For the unfolding process, one desires

as many reactions as possible, as much energy coverage as possible, and-asmuch

overlap in energy coverage as possible. In addition, the irradiation-handling

and counting processes impose aditional constraints. For example, the foils

cannot be packeaged together, as is normally done, and still fit in the

,zl/8" slot between fuel plates. And uncertainties in the irradiation time

make irradiations less than 10 minutes inadvisable. These and other con-

siderations make the foil set selection procedure a difficult one.

To aid in the selection, the PRED code was written to predict the

combinations of irradiation and wait times required to achievethe optimal

count rate (including the energy dependence of the detector efficiency)

on the fixed geometry, GeLi detector to be used. Varying foil thickness

and diameters were consideredas well as the branching ratios for the

various gammas to be counted, and isotopic abundances. The results yielded

a set of six foil materials covering 17 reactions, and are summarized in

Table .
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Table 5. Selected Trial Foils

Foil Reactions E Region Irradiation Time Foil

A. Copper CU 63 (nV )Cu 64 .0072eV--"-7.6keV 1/2 hr 1

Cu 63 (nO()Co 60m 5.9--j-11 MeV 1/2 hr 1

Cu 63 (n,2n)Cu 62 11.9--j-.16.3MeV 1/2 hr 1

Cu 63 (n,'i)Cu 64 (Cd) .5eV--*9.6keV 1 hr 2

B. Aluminum Al 27 (np)Mn 27 (Cd) 3.4 -- b..9.2MeV 1/2 hr 3

Al 27 (nGL)Na 24 (Cd) 6 4 --V--l 1. SMeV 3

C. Iron Fe 58 (nV )Fe 59 .0076eV lb.36keV 45 minutes 4

56 56
Fe (np)Mn 5.4 10. 9MeV 4

Fe 54 (np)Mn 54 2.3 b-.7.7MeV 4

Fe 58 (nV)Fe 59 (Cd) .525eV--'0-2.3keV 5

Fe 59 (n, K)Cr 51 ---- -

D. Titanium Ti 46 (np)Sc 46 3.4-o-9 MeV 1 hr 6

Ti 47 (np)Sc 47 2.1--b-6.9MeV 6

Ti 48 (np)Sc 48 6.6--§,-12.7MeV 6

E. Zinc Zn 64 (np)Cu 64 2.3--%,.7.7 MeV 1 hr 7

F. Indium In 115 (nn')In 115m 1.2--to-5.8 MeV 1 hr 8

In 115 (n,1 )In 116m O4OeV---b-ol.8eV 8



The results of the unfolding of data taken in L-37 using this trial

foil set and the SANDANL code are shown in Figure 18. The indium foil

yielded data which was suspect and was not included in the unfolding. The

zinc foil was not available at the time of the irradiation, and a nickel

foil was substituted. The figure shows the unfolded flux bounded above

and below by one standard deviation. The lack of foil sensitivity in the

10 keV to 2 MeV is apparent from the magnitude of the uncertainty in the

unfolded flux in this region. While the thermal flux energy mesh appears

crude, it should be noted that the integral thermal flux agrees well with

results presented earlier. Two lessons which were learned from this

unfolding were:

1) Five foil materials are insufficient to determine

the spectrum accurately over eleven decadesof energy, and

21 introduction of cadmium covers into a regular fuel channel

produces substantial perturbations in the flux.

As a result, additional foils have been added to the in-core irradia-

tion plans. Also, an aluminum sample holder which fills the special fuel

element center hole has been designed and built for more convenient incore

irradiations. The unfolding of the incore spectrum has been demonstrated

to be a more difficult problem than originally envisioned, and will repre-

sent a signif icant part of our f uture ef f orts.

E. Measurement of the Thermal Neutron Spectrum at Beam Port Exits

The shape and temperature of the Maxwellian-like thermAl neutron

spectrum is an important characteristic of the reactor, both in core and

at the beam port exits. To determine if significant changes will be intro-

du ced by the low enrichment design, the experimental program has included

measurements of the beam port eit spectrum using a crystal diffractometer.

The initial results obtained are described below. These measurements will

be repeated to refine the technique, and this will be repeated before and

after the new core is installed.

1. Crystal Diffractometer Method

Data have been obtained on the FNR crystal diffractometer

located at the exit of beam port I. Figure 19 is a drawing of the spectrcm-

eter and beam port geometry. The effective source plane is near the center

of the D2 0 reflector. Counting data is normally obtained using only the
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fission chamber monitor detector and a single crystal in the primary

sample position, as shown in Figure 19. Counting rates are obtained as

this monochromating crystal is rocked through Bragg angles about a given

detector position 2 0, for a sequence of 2 0 positions. A silicon crystal

of narrow mosaic, is used in 111) transmission reflection, which has the

advantages of no second order reflective contamination, "constant" crystal

geometric profile, and relatively reliable prediction of reflectivity versus

60 . The count rate at each 0 0 is, after background correction, given

by M

CR(e0 a E(O) R (0-00 ) O (O)de

where a is a constant geometry factor, E6)is the fission chamber effi-

ciency versus (i.e., versus enercjyl and R(O ) is the crystal reflectivity.

Because the latter term is sharply peaked in angle, the count rate is

simply related to the flux by

CR(80 = a E(O0) R (O0) 4� (e0

The angular counting rate is converted to energy dependent flux (E)

using the Bragg law. Figure 20 gives the results of points taken in two

separate experiments.

It should be noted that the accuracy of the deduced O(E) depends

directly on the accuracy of the calculated reflectivity. we have followed

the well-known kinematic diffraction theory for mosaic crystals in
13,14,15

obtaining R( 0) , but this requires a priori knowledge of the mosaic

width of the crystal, in. While we have measured the mosaic width using

a two-silicon crystal rocking experiment, the calculation of the

reflectivity of a single perfect crystal is, in theory, much more

straightforward. Thus, while it is only the shift in the neutron tempera-

ture that is required, it is our philosophy that if the data also produces an ac-

curate absolute value of the neutron temperature, our conf idence in the shift

is reinforced. As such, we are in the process of repeating the medsure-

ments of the neutron temperature using a perfect silicon crystal.

Thus, in conclusion, the experimental pogram has progressed far in

characterizing the HEV core. Additional measurements still need to be
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made, particularly in the areas of in-core and excore spectra. But the

program itself is sound and complete, and should quantify the sgnificant

differences which are associated with the enrichment change. These results

should prove useful to other MTR reactors which are also considering up-

grading their facility.
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Neutronic Performance of a 14 MW TRIGA Reactor
LEU vs. HEU Fuel

M. M. Bretscher, J. L. Snelgrove, and R. J. Cornella
Argonne National Laboratory

I. Introduction XA04C1570

A primary objective of the U. S. Reduced Enrichment Research and Test
Reactor (RERTR) Program is to develop means for replacing, wherever possible,
currently used highly-enriched uranium SHEU) fuel (235U enrichment >90%)
with low-enriched uranium (LEU) fuel 2 5U enrichment 20%) without signifi-
cantly degrading the performance of research and test reactors.

The General Atomic Company has developed a low-enriched but high uranium
content Er-U-ZrHI.6 fuel to enable the conversion of TRIGA reactors (and
others) from HEU to LEU. One possible application is to the water-moderated
14 MW TRIGA Steady State Reactor (SSR) at the Romanian Institute for Nuclear
Power Reactors. The work reported here was undertaken for the purpose of
comparing the neutronic performance of the SSR for HEU fuel with that for LEU
fuel. In order to make these relative comparisons as valid as possible,
identical methods and models were used for the neutronic calculations.

II. The Steady State (SSR) Reactor

The first slide shows the configuration of the 14 MW SSR TRIGA reactor.
It is water moderated, beryllium reflected, and contains 29 fuel elements and
eight control regions. The various experiment regions are for irradiation
testing of U02 pins for power reactor applications and are water-filled when
not in use. Beam tubes associated with the SSR are not shown in the figure.

SSR fuel elements consist of a square 5 x array of 0.51-inch-diameter
U-ZrH,.6 fuel pins clad in incoloy. Natural erbium is used both as a burnable
poison and as a material to enhance the prompt negative temperature coefficient.
Each 5 x cluster is enclosed within an aluminum shroud. The composition of
the HEU and LEU fuel pins is shown on the next slide.

III. Cross Section Generation

The EPRI-CELL codel was used to generate broad group, burnup-dependent,
cross sections for subsequent diffusion and transport theory calculations.
This code utilizes a 68-group fast GAM library and a 35-group slow THERMOS
library. These cross section libraries have been updated with ENDF/B-IV data
processed by the MC2_II2 code for the fast library and by either the
NJOy3 code or the XACS2 module of the AMPX4 system for the thermal
library. Thermal neutron scattering kernels are derived from ENDF/B S(aO)
data for H bound in H20 and for H bound in ZrH.

EPRI-CELL is a one dimensional (cylinder or slab) transport code which
determines the neutron spectrum as a function of space, energy, and time.
Broad-group cross sections result from collapsing the GAM/THERMOS fine group
cross sections over this spectrum. Considerable flexibility is available for
choosing the numbers and energy boundaries of the broad groups. The structure
of the eight broad groups (three fast, five thermal) used in this study is
shown on the following slide.
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A cylindrical unit cell model was used to generate core cross sections for
both HEU and LEU fuel at temperatures of 296, 500, 800, 1000, and 1200 K and
for burnups corresponding to 0, 29, 2000, 4000, 6000, 8000, 10,000 and 12,000
MWd's. Appropriate cross sections were also generated for the radial and axial
reflector regions, the control rods and control rod followers, and the experi-
ment regions.

For comparison purposes, core cross sections were also calculated by the
continuous energy Monte Carlo code VIM.5 The next slide shows the Monte
Carlo-to-EPRI-CELL cross section ratio for some of the principal core cross
sections. The Monte Carlo problem was run for 50,000 neutron histories, which
resulted in cross sections having statistical uncertainties in the 0.5 to 1.0%
range. In general, the agreement between the EPRI-CELL and Monte Carlo cross
sections is quite satisfactory, except for groups 3 and 7 of 167Er.

IV. Measured and Calculated Thermal Neutron Spectra in Borated Water and
Borated Zirconium Hydride

A sensitive test of the cross sections and models used to describe the
chemical binding of hydrogen in water and in zirconium hydride is to compare
measured and calculated thermal neutron spectra. Experimental thermal neutron
spectra were measured years ago by General Atomic,6 using a pulsed photo-
neutron source and time-of-flight techniques, in both borated water and borated
ZrH for various temperatures and boron concentrations. The EPRI-CELL code was
used to calculate 35-group thermal neutron spectra for room temperature water
and for ZrHI.75 at both room temperature and 469'C. These calculations are
compared with the experimental data on the next few slides, where the flux per
unit lethargy is plotted as a function of neutron energy. For the room
temperature borated ZrHI.75, the VIM-Monte Carlo code was also used to
calculate the thermal neutron spectrum. In each case it is seen that the
measured and calculated spectra are in satisfactory agreement. Monte Carlo and
EPRI-CELL spectra are plotted on the folowing slide for the HEU TRIGA fuel pin
and again show good agreement. These spectra comparisons give one added
confidence in the EPRI-CELL-calculated thermal neutron cross sections used in
all the subsequent calculations.

V. The Critical Configuration

Although the major emphasis of this study was to compare the relative
performance of the SSR for HEU and LEU fuel, the adequacy of the models,
methods and cross sections was checked by calculating the eigenvalues for the
experimentally observed critical configuration. The XY model of the SSR is
again shown on the following slide. During the initial loading with all
control elements withdrawn and with water in the experiment regions and
unoccupied fuel locations, it was found that the system was slightly subcritical
with the first 16 fuel elements in position and supercritical when element 17
was added. For these 16 and 17 fuel element configurations keff was calculated
using this XY model in which each fuel element was explicitly represented by
an 8 x mesh structure. Group- and region-dependent transverse bucklings used
in the XY calculations were obtained from an RZ model of the SSR reactor.
These diffusion theory calculations give eigenvalues of 09942 for the 16 fuel
element case and 10056 for the 17 element case. Thus, our models and cross
sections are able to predict keff quite well for the cold, clean critical
system using HEU fuel.
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VI. LEU vs. HEU Comparisons

A. Neutron Flux

The full-core XY model shown on the previous slide was used to determine
midplane flux and power distributions for both HEU and LEU cores. For these
calculations, cross sections and atom densities were found corresponding to a
core-average temperature of 500 K and 200 hours burnup at full power to account
for the effects of equilibrium xenon and samarium. The next slide shows the
ratio of HEU-to-LEU thermal fluxes at the center of the experiment regions for
the control rods withdrawn. Calculations were performed with and without
U02 pins in the experiment regions. Thermal flux is defined here as the
flux of neutrons with energies <1.166 eV. These calculations show that in the
experiment regions the HEU and fEU thermal fluxes differ by only a few per cent.

B. Control Rod Worths

Each of the eight SSR control rods consists of a square annulus, 1. cm
thick, of B4C material clad in aluminum with a water hole at the center.
Because of the very strong absorbing quality of these boron carbide control
rods, diffusion theory cannot accurately predict control rod worths. However,
approximate control rod worths, valid to first order, can be obtained using
diffusion theory with suitable internal boundary conditions calculated from
transport theory. The internal, group-dependent, boundary condition is just
the neutron current-to-flux ratio at each surface of the B4C absorber.
Using these methods, control rod worths were calculated for both HEU and LEU
cores for the full-core XY model. Considerable mesh detail was required in
these calculations in order to model exactly the surface area of the B4 in
each of the eight control rods. This is important since nearly all the
absorptions occur near the boron carbide surfaces. Calculated control rod
worths are shown on the following slide. These calculations apply to the case
of fresh fuel at a core temperature of 500 K with U02 pins in the experiment
regions. Although the control rod worths are somewhat less in the LEU than the
HEU environment, these calculations show that when the core is in its most
reactive condition the reactor can be shut down safely and maintained sub-
critical with the highest worth rod, R1, stuck out.

C. Prompt Negative Temperature Coefficient

To determine the prompt negative temperature coefficient, cross sections
for the fuel materials were calculated, by methods described previously, at
the temperatures 296, 500, 800, 1000 and 1200 K, for both fresh fuel and for an
average burnup of 8000 MWd's. Diffusion theory calculations of keff at each
temperature were made using an XY half-core symmetry model. Isothermal
temperature coefficients were determined from these temperature-dependent
keff values. The results are summarized on the following slide. For these
calculations it was assumed that all control rods are fully withdrawn, U02
pins are in the experiment regions, the fuel temperature is uniform throughout
core at the specified value, and all other materials are at room temperature.
Generally speaking, these results show that at high temperatures the absolute
value of the temperature coefficient for LEU fuel is significantly less than
that for the corresponding HEU case. Furthermore, the magnitude of the LEU
temperature coefficient does not increase as rapidly with temperature as does
that of the HEU temperature coefficient.
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D. Core Burnup Lifetime

The REBUS-2 code7 was used to analyze core burnup for HEU and LEU
fuel. REBUS is a two dimensional diffusion theory code which was recently
modified to allow for changing cross sections as a functon of burnup. These
studies were carried out for an XY half-core symmetry model, U02 pins in the
experiment regions, and an average core temperature of 500 K. The transmutation
chains used in this study included the effect of the production of 167Er
from neutron capture in 66Er 33.41% abundant in natural erbium). The last
slide shows keff as a function of burnup for HEU and LEU cores. These graphs
begin at 10 full power days, by which time equilibrium xenon and samarium
concentrations have been established. Using the criterion that the end-of-life
keff must correspond to the initial eigenvalue for HEU fuel for equilibrium
xenon and samarium concentrations, these REBUS calculations give a core lifetime
of 8500 MWd's for the HEU fuel and 9000 MWd's for the LEU fuel.

VII. Summary

Multigroup cross sections have been calculated by the EPRI-CELL code for
the purpose of comparing the performance of LEU fuel relative to HEU fuel in
the Romanian 14 MW SSR TRIGA reactor. These cross section generation methods
for TRIGA fuel have been verified by comparing EPRI-CELL calculated thermal
neutron spectra in borated water and zirconium hydride with experimental data.
In addition, these broad group cross sections agree favorably with a continuous
energy Monte Carlo calculation and predict well the experimentally-determined
critical configuration of the SSR for fresh HEU fuel.

In comparing the neutronic performance of SSR, it was found that the
thermal flux in the experiment regions for LEU fuel differed from the correspond-
ing EU reference case by only a few per percent. The core burnup lifetime of
the LEU fuel was calculated to be about 6 longer than that for the HEU case.
The control rod system for the HEU core was found to be adequate, without
modification, for the LEU core. However, above about 300% the magnitude of
the LEU prompt negative temperature is significantly less than that for the
corresponding EU fuel.

The results of these neutronic calculations indicate that minimal perfor-
mance penalties will be experienced in changing from HEU fuel to LEU fuel in
the 14 MW SSR TRIGA reactor. Because of the different temperature coefficients,
careful analyses must be made of the consequences of reactivity-insertion
accidents.
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Figure 2

Er-U-ZrH TRIGA Fuel Pin Composition

HEU Fuel LEU Fuel

235U Enrichment 93-15% 19.80%

Weight 10 tz 45 wt%

Weight % Erbium 2.8 wt% 1.4 wt%

Hydrogen-to-Zirconium Ratio 1.6 1.6

Mass 235U/Pin 41-16 g 54-36 g

Uranium Density 0.600 g/cm3 3.728 g/cm3
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Figure 3

BROAD GROUP STRUCTURE

14 MW SSR TRIGA REACTOR CALCULATIONS

Group Number Upper Energy of Group (eV)

1 1.0000E+7

2 6.3928E+5

3 9.1188E+3

4 1.8559

5 1.1664

6 0.4170

7 0.1457

8 0.0569
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Figure 4

Monte Carlo/EPRI-CELL Cross Section Ratios

SSR HEU TRIGA Fuel

(50,000 Neutron Histories)

CROSS GROUP
SECTION 1 2 3 4 5 6 7 8

235vGf 1.007 1.007 1.002 0.999 0.989 0.984 0.962 0.970

2350a 1.004 1.008 1.012 1.001 0.989 0.984 0.962 0.970

2380a 1.012 1.000 1.058 0.991 0.986 0.977 0.966 0.971

Oa (Er-167) 0.988 1.001 0.778 1.001 1.003 1.072 1.186 0.978

VIM-Monte Carlo EPRI-CELL

k 1.3220±0.0062 1.3229co
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Fig-re 5. Borated water - 1025 Barns/H atom, Thermal spectrj=

0 Exp. (GA-5319) Histogram is EPRI Cell alc.
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Figure 6 Borated ZrH - Darns/H Atom, Thermal spectrum

0 Exp. (GA-5319) Histogram is EPRI Cell ca1c.
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Figure 7 Borated ZrH - 1arns/H atom at 49 deg. C.

o Exp. (GA-5319) Histogram is EPRI CeU cale.
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Fig... 8. Borated ZrH - Barns/H Atom Thermal spectrum

o Exp. (GA-53i9) Histogram alc are Monte Carlo
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Figure 9. Unit Cell calculations, Fux is R TRIGA heu pin

Solid line EPRI Cell, Dashed line Monte Carlo
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Figure 12

SSR. 14 MW TRIGA REACTOR

CALCULATED CONTROL ROD WORTHS

Condition HEU Fuel LEU Fuel
(Fresh Fuel) k p keff p

All Cntrol Rods Out 1.048 1.073

All Cntrol Rods In 0.897 0.160 0.911 0.154

Rod I Out, Others In 0.951 0.097 0.975 0.093

Rod In, Others Out 1.017 0.029 1.042 0.027

*P kout - kin
kout kin
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Figure 13

SSR 14 MW TRIGA REACTOR

PROMPT NEGATIVE TEMPERATURE COEFFICIENT (Xlo-5/-C)

Temperature (K) 0.0 KWd 8000 MWd
HEU LEU HEU LEU

296 -2.0 -4.2 -1.3 -3.8

500 -4.0 -4.9 -3.3 -4.0

800 -9.0 -6.9 -6.7 -4.8

1000 -12.2 -8.1 -9.3 -5.5

1200 -14.0 -8.6 -12.3 -6.5
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CORE LIFE
14 MW SSR TRIGA REACTOR
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KUCA Critical Experiment Program Using HFU and MEU Fuel

Keiji Kanda

Kyoto University Research Reactor Institute
(Kumatori-cho, Sennan-gun, Osaka 590-04, Japan) XA04C1571

I. Introduction

The Kyoto University Research Reactor Institute (KURRI) has designed
and plans to construct the 30 NW Kyoto University High Flux Reactor (KUHFR).
The KUHFR has a unique coupled-core configuration. Each of the two identical
cores has a cylindrical shape, with fuel elements consisting of annular
arrangements of curved fuel plates. The reactor is moderated and cooled by
light water, and is reflected by heavy water. The two cores are coupled
because some of the neutrons born in one core induce fissions in the other.
Figures and 2 show some of the design features of the KUHFR.

KURRI is engaged in a joint study program with the Argonne National Labora-
tory (ANL) on the core conversion of the KUHFR from highly enriched uranium
(HEU) fuel to medium enriched uranium (NEU) fuel. This joint study program
involves the exchange of KURRI and ANL scientists and is described in Tables I
and II. Detailed neutronic and thermal hydraulic calculations of the KUHFR with
MEU fuel are discussed in the following paper by Woodruff and Mishima. The time
schedule for reducing the enrichment of the KUHFR is shown in Table III.

The Kyoto University Critical Assembly (KUCA) is a facility for measuring
core characteristics for the planned KUHFR. Measurements with both single and
double cores, moderated with light water and radially reflected with heavy
water, are possible for both HEU and MEU fuel. Data from such critical
experiments are of particular interest because they provide:

- A detailed data base for HEU and MEU cores for checking
analytical methods and multigroup cross section sets.

- Direct experimental verification of anticipated changes
in core performance in converting from HU to MEU fuel.

II. The KUCA Critical Assembly

The KUCA core has fuel elements with an annular arrangement of curved
fuel plates. The core is moderated with light water, radially reflected with
heavy water, and axially reflected with light water. Figure 3 shows a sketch of
the cylindrical core and Fig 4 describes the heavy water reflector tank. Two
cores are available, one with HEU fuel and the other with EU fuel. Some of
the nuclear characteristics of each of these cores are described in Table IV.
For double core experiments, the heavy water reflector tank shown in Fig. 
will be used. In this case, highly enriched uranium will be used for one core
and medium enriched uranium for the other.

III. The KUCA Experimental Program

The KUCA experimental program is outlined in Table V. Single core
measurements include the determination of the critical mass, the space-
dependent mass reactivity coefficient, flux and reaction rate distributions,
temperature coefficients, control rod worths, and position-dependent void
reactivity coefficients. Double core measurements will include a determi-
nation of the dynamic parameter k1a and the reactivity coupling effect between
the two cores. The schedule for the completion of these experiments and the
corresponding analytical analyses is shown in Table III.
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KUCA Heavy Water Reflector Tank

Fig. 4
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Table I

ANL-KURRI JOINT STUDY (PHASE A)

1978.5 - 1979.2

(1) FEASIBILITY STUDY OF MEU 45%) FUEL

(2) PLANNING FOR IMPLEMENTATION OF MEU 45%) FUEL

CRITICAL EPERIMENT

BURNup EPERIMENT

LEGAL PROCEDURE

(3) PERSONNEL EXCHANGE

JAPAN: THREE TIMES INCLUDING A TWO-MONTH STAY

U.S.: ONCE
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Table II

ANL-KURRI JOINT STUDY (PHASE )
1979.7 - 1981.12

(1) PHASE PROGRAM

DETAILED CALCULATIONS OF THE KUHFR WITH MEU 45%) FUEL.

TECHNICAL AND ECONOMICAL EVALUATIONS OF MEU 45%) FUEL,

AND COMMERCIAL CONSIDERATIONS.

DETAILED PLANNING FOR CRITICAL EPERIMENTS IN THE

KUCA(C) WITH MEU 45%) FUEL.

APPLICATION OF SAFETY REVIEW TO JAPANESE GOVERNMENT

FOR MEU 45%) FUEL TO BE USED IN THE KUCA(C).

FABRICATION OF MEU 45%) FUEL FOR THE KUCA(C).

DETAILED PLANNING AND ARRANGEMENTS FOR BURNup TESTS

IN THE ORR AND POST IRRADIATION EXAMINATIONS AT ORNL
OF FUEL ELEMENTS USING MEU 45/10) FUEL FABRICATED IN

THE FRG, FRANCE, AND USA.

FABRICATION OF FUEL ELEMENTS FOR BURNup TESTS IN

THE ORR.

PERFORMANCE AND ANALYSIS OF CRITICAL EPERIMENTS WITH

MEU 45%) IN THE KUCA(C).
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Table II. -Continued

PHASE PROGRAM (CONT'D.)

PERFORMANCE AND ANALYSIS OF BURNup TESTS WITH

MEU 45%) IN THE ORR.

APPLICATION OF SAFETY REVIEW TO JAPANESE GOVERNMENT

FOR MEU 45/10) FUEL IN THE KUHFR.

FEASIBILITY CALCULATIONS FOR USE OF HIGH-URANIUM-

DENSITY FUELS WITH LEU 20%) IN THE KUHFR.

IF USE OF LEU 20%) is FEASIBLE, THE SAME TEST

PROCEDURES WILL BE FOLLOWED FOR THIS FUEL AS FOR

MEU 45%) FUEL.

(2) PLANNED PERSONNEL ECHANGE

JAPAN: A RESIDENT SCIENTIST CURRENTLY ASSIGNED TO

RERTR PROGRAM AT ANLj IN ADDITION SHORT VISITS

3 "4 TIMES

U.S.: A VISIT DURING THE CRITICAL EXPERIMENT
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Table III

TIME SCHEDULE-FOR REDUCING TE ENRICHMENT OF KUHFR FUEL

(unit in m6nth) Oct. 8. 1980 4th revision

Year 1980 1981 1982 1983 1984 1985 1986

5 2
GOJ Inspection

Safety Examination for Operation

KUCA USG

45Z EU
8

Fuel Fabrication (FRANCE) Critical Experiment and Analysis
Transport (KURRI)

24 i 4

Burn up Test (ORNL)
1-n

2
GOJ Kurihara-Nosenzo 1-�

Letter Inspection

for Operation

KUHFR USG

93% EU E/L
Approval G 8 12

Fuel i i i ----I

Transport Fabrication (JAPAN) Operation

GOJ 2

Safety Examination Inspection

I for Operation

KUHFR 12
USG ---------- 1

45% EU E/L E/L
Application Approval

6 16 12

Fuel FabrIcation
Enrichment Transport Operation



Table IV

Neuclear Characteristics (KUCA)

HEU MEU
Fuel plate pitch (mm) 3.8 3.8

Moderator H20 H20

Reflector D20 D20

Fuel meat U-Al Alloy UAl X_ Al

Enrichment 93.2 45

Uranium Content(w/o) 22.0 42

- " - (9/CM3 ) 0.6737 0.7575

Minimum Critical Mass(gU-235) 3424 4347

-- ii - (No. of plates) 266 266

keff 1.00204 1.00581
Total Rod Worth 0.1481 0.1461_

Computer Code: 2D-Diffusion code

KAK, 3-groups

1. 15MeV-5.53keV

2. 5.53keV-0.683RV

3. 0.683RV-

7 7



Table V

Experimental program of KUCA

I teas Technique or ethod Comments Time+

1. Critical mass 1-1 inverse multiplication 1-1 Fuel plates are loaded from the outside to the inside. Prep. 3
method. 1-2 Final adjustment is done by Inner plate one by one. UP . 2 5 days

1-3 Excess reactivity is measured with reactor period method.

2. Space dependent mass 2-1 Reactor period method. 2-1 Excess reactivity is measured with reactor period method. Prep. 1 3 days
coefficient Exp. 2

3. Flux distribution and 3-1 Foil and/or wire 3-1 Mainly bare and cadmium-covered gold and Indium are used
power distribution activation technique. in foil and/or wire forms, Fission foils of enriched Pr . 2 4 days

uranium are also used. ET 2
3-2 These are distributed both in axial and horizontal (Maes 3)

directions.

4. Temperature coefficients 4-1 Reactor period ethod. 4-1 Temperature range convers through room temperature up to Exp. 3 3 days
60% in step of 10%. (including one

4-2 Excess reactivity is measured with reactor period method. overnight
operation)

S. Control rod worth 5-1 Rod drop method. 5-1 Excess reactivity of the KUCA Is limited less than Prep. 6 days
*5-2 Pulsed neutron technique. 0.5% Ak/k. Large reactivity Is measured with pulsed Exp. 5

4 neutron technique. (including*)
00 5-2 Interaction effect of control rods on reactivity is also

measured.
5-3 Control rod worth of large reactivity is measured space

dependently .. as a function of location and axial
positions.

5-4 Critical mass control is also used in large reactivity
measurements.

6. Space dependent void 6-1 Reactor period method and 6-1 Void effect at the central water channel and fuel region Prep. 2
critical mass control. are measured. Exp 3 days

7. Dynamic Parameter of 7-1 Pulsed neutron technique. 7 Measured t/O Is used In converting the reactivity unit Pr p 2 days
LID *7-2 Feynman-a technique. from In to In Ak/k; which is a legal unit in.Japan. ET 6

**7-3 Reactor noise technique. (including')

A. Reactivity coupling B-I Pile oscillator method. 8-1 Space dependent gain and phase shift are measured by
effect using a pile oscillator, which covers frequency through Pr P 2 dys

0.01 - 10011z ET 6
8-2 The pile oscillator Is placed at 23 different locations.

• UP. Reactor operation Total 42 days
Prep. - Preparation (The preparation is the te required for the core modification and equipment arrangement Prep.13 . 10 weeks

before the experiment. during.which time the reactor is shut down.) Up. 29
• Alternative technique "not intluded in
"if necessary time ektimate.



XA04C1572
Neutronics and Thermal-Hydraulics Analysis of KUHFR

W. L. Woodruff* and K. Mishima+

*Argonne National Laboratory and KURRI

Neutronics Calculations for the KURFR

Detailed calculations have been completed for the KUHFR with MEu 45%)
fuel. These results reflect the direct substitution of 45% enrichment Alx-Al
fuel at a density of 16 g/cm3 uranium for the HEU 93%) fuel in the reference
design. No other changes in the dimensions or design of the reactor are re-
quired. This study also includes two cases for LEU 20%) fuel which consider
the feasibility of minor design changes in the fuel plates or fuel elements.
The first LEU case has the clad thickness reduced from 0045 cm to 0038 cm
with a corresponding increase in the fuel meat thickness, and the second case
has a single fuel plate removed from both the inner and outer fuel elements to
accommodate thicker fuel plates. In both LEU cases the fuel meat is U308-Al at
3.0 g/cm3 uranium. The fuel specifications for each of these cases, including
the HEU reference, are shown in Table I. The water channel is 0240 cm for
each of the cases (reduced from 0244 cm used in the earlier design).

The diffusion theory neutronics models for the two cylinder core design
(see Figures in Appendix) use XY geometry to represent one quarter of the
core (or 12 of one cylinder) with regionwise bucklings imposed for the axial
dimension. Axial extrapolation lengths were determined from single cylinder
RZ computations. The central test region in each cylinder contains a homo-
geneous representation of the upper irradiation baskets and the lower void
mechanism with the void out. Burnup and temperature dependent cross-section
data were generated using current ANL methods (see paper no. 29). The fuel
cycle models include fitted data for the changes in cross-sections with
burnup. A cross-section library with energy groups was used for most of the
neutronics computations. For the change in reactivity with temperature, where
more scattering detail was considered necessary, 10 energy groups were used.

The results at beginning of life (BOL) for the cases specified in Table I
are given in Table II. The boron loadings for the burnable poison in the side
plates were chosen to reduce the BOL excess reactivity to <8% for each model.
This gives the desired shutdown margin of 4 with a control rod worth of 12%
assumed for each case. The change in control rod worth with reduced enrichment
has not yet been determined, but only a small decrease in worth is expected.
These BOL boron poisoned fuels are also used as the fresh fuel feed for the
equilibrium fuel cycle studies contained in this report. The first three
cases in Table II will be shown to have matching cycle lengths in the equilibrium
cycle, while the last case has a considerably longer cycle length. These
results are similarly reflected in the "Maximum Cycle Lengths" shown in this
table for unpoisoned BOL cores. Thus, the first three case can be considered
comparable. The last case might be considered as an option for an extended
cycle length design. The cycle length for this case is increased by about 21%.
Obviously, by decreasing the uranium density in the fuel meat (to 2.7 g/cm3),
the cycle length for this design could be reduced to match that of the other
cases. The data in this table show that the initial reactivity required to
match the reference cycle length decreases with reduced enrichment, and the
boron poison similarly decreases, while the pointwise peak (limiting) power
density only increases by a modest amount. The flux shapes and changes with
enrichment for the first three BOL models are shown in Figs. 1-5. These flux
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data are plotted beginning in the D20 at the centerline separating the two
cylinders and outward along the centerline through one cylinder of the core
and into the outer D20 reflector. These flux profiles are also at the axial
mid-plane of the core (an axial chopped cosine component is included). Figure
1 shows the flux for energy groups 1 3 and for the HEU reference case, and
Fig. 2 shows the flux for the MEU case. Both figures show the same general
shape with a high thermal (group 5) flux in the center D20 between the two
cylinders, a peak thermal flux in the central test (flux trap) region at the
center of the cylinder, and reflector peaking in the outer D20 reflector. The
fast flux is peaked in the fueled regions and the thermal flux is correspondingly
depressed. A better indication of the change in the flux can be obtained from
the ratio of the MEU to HEU fluxes in Fig. 3 The maximum flux reduction
occurs in the outer fuel (-7%) at 375 cm from the center line through the
cylinders. The flux reduction in the center D20 and the central test regions
is only 20% and 25%, respectively. The flux shape for the LEU case is shown
in Fig. 4 The LEU/HEU flux ratio, Fig. 5, shows a maximum flux reduction of
about 13%, again in the outer fuel, and flux reductions of 4.5% in the center
D20 and 5.0% in the central test regions. The non7-equilibrium (rundown)
burnup performance of the BOL cases with no burnable poison is shown in Fig. 6.
This plot traces the eigenvalue after equilibrium xenon is established through
keff = .0. As also indicated in Table II, although the reduced enrichment
cases start at lower eigenvalues, they lose reactivity more slowly and give
slightly longer cycle lengths.

In the next table, Table III, three fuel shuffling patterns are considered
in equilibrium cycle computations with a fixed cycle length of 25 days. The
out-in pattern is taken as the reference, where at the beginning of equilibrium
cycle (BOC) fresh fuel is loaded into the outer half of each cylinder and at
the end of cycle (EOC) moved into the inner half for a second cycle. The
second shuffling pattern is an in-out scheme with fresh fuel first loaded
into the inner half of each cylinder in a manner exactly opposite to that of
the out-in pattern. This shuffling pattern when compared to the out-in
reference shows a slight 0.7%) increase in the BOC reactivity, and a 13%
increase in the flux in the the center D20- However) at the same time the
flux in the central test region decreases by about 1%, and the peak power
density increases by more than 15%. Although the flux at the center is
enhanced with this pattern, the sharp increase in the power density in the
center fuel may produce excessive clad temperatures. The third pattern
represents a scatter refueling with every other fuel element loaded with fresh
fuel at BOC and may also include additional fuel shuffling at refueling.
This pattern for the equilibrium computation is represented at BOC as a mix of
fresh and one cycle burned fuel in each fuel region. A more explicit representa-
tion of various shuffling patterns would require a series of non-equilibrium
problems based on these equilibrium predictions. This representation, however,
shows that this shuffling pattern would give a performance intermediate to the
two previous patterns with some enhancement in the center D20 flux and only
a small increase in the peak power density. The power density predictions
from this model, however, do not reflect a true fresh fuel element in the
limiting position, and the actual power density increase for this pattern
would be higher. Although this fuel shuffling comparison has been limited to
the reference case only, the conclusion would not be changed by the enrichment.
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The out-in fuel shuffling pattern has been selected for further comparisons
of the KUHFR in an equilibrium cycle operation. Table IV provides an equi-
librium cycle comparison of the first three cases listed in Table II. The
fresh fuel feeds at BOC are the boron poisioned BOL models described in Table
II. The BOC excess reactivities approximate the conditions at startup after
refueling, i.e., the fresh fuel contains no fission products (xenon). However,
this model does not realistically represent any refueling time decay of fission
products in the one cycle burned fuel (this can only be done in a sequence of
non-equilibrium computations). The difference between the BOC and EOC reacti-
vities do not simply represent the reactivity change due to burnup. The EOC
excess reactivity does properly represent the reactor conditions just prior to
the discharge of spent fuel. These cases all have essentially the same EOC
excess reactivity and thus matching cycle lengths. The peak power density for
these equilibrium comparisons shows a somewhat sharper increase with reduced
enrichment than that observed for the startup or BOL data in Table II. With
this fuel shuffling pattern, the BOL conditions would still provide the
limiting case for thermal-hydraulic considerations. An in-out fuel shuffling
scheme would, however, increase the 20%E case peak power density to a value in
excess of 640 W/cm3 (based on the results in Table III). The core averaged
discharge burnup for 235U in atom percent decreases with reduced enrichment,
but the BOC 235U loadings are higher with reduced enrichment. The actual
mass of 235U burned decreases only slightly with reduced enrichment, and this
decreases is due only to the increased utilization of 239pu. The amount of
residual IOB in the discharge fuel elements increases only slightly as the
enrichment is reduced. Earlier calculations show that the elimination of this
residual boron poison could increase the cycle length by 15%.

The important thermal flux data, shown in Table IV, exhibit only modest
decreases at the lower enrichments. As shown in Table V. the center D20 flux
is reduced by 2.6% for the MEU case and by 5.4% for the LEU case. The maximum
flux reduction occurs in the outer fuel region, and the reduction is roughly
proportional to the increased 235U loading.

Comparisons of the HEU and REU (reduced enrichment uranium) cases for
reactivity changes due to isothermal changes in the coolant water temperature,
voiding (density changes) of the coolant water, and changes in fuel temperature
(Doppler) are provided in Figs. 710, and the resulting reactivity coefficient
components are summarized in Table VI. The reactivity change with isothermal
changes in the water temperature is slightly smaller for the REU cases as
shown in Fig. 7 while the reactivity changes with voiding (Figs. and 9 and
with Doppler (Fig. 10) are larger. The overall effect is a set of reativity
coefficient components, Table VI, which almost exactly compensate to give
about the same total feedback coefficient for REU as for the HEU reference.
The more heavily loaded LEU case with a reduced number of fuel plates gives
the largest difference <7%). It would be more proper to compare this case
with a more heavily loaded HEU reference. Table VI also shows a favorable
comparison of calculated temperature and void components to the experimental
data obtained by KURRI in the KUCA (critical facility) for HEU fuel.

The reactivity effects of the central void mechanism and of the removal
of individual fuel elements for the HEU and REU cases are shown in Table VII.
The void mechanism is currently represented as a homogeneous mix of aluminum
and water in the central test region with appropriately adjusted volume
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fractions for the void-in case. This estimate of the actual void mechanism
worth is probably poor, but a relative comparison for HEU and REU can be
made which shows a decrease in the void worth in the central test region as
the enrichment is reduced. The worth of the central fuel elements in the
inner and outer fuel regions is also shown to decrease with lower enrichment.

Although kinetics computations for a dropped fuel element have not been
completed for the reduced enrichment cases, the larger prompt Doppler component
available in the reduced enrichment cases is expected to mitigate the effects
of a reduced temperature component in the water. Also the reduced fuel worth
for the lower enriched cases, as shown in Table VII, would contribute to what
should prove to be a less severe transient than that of the HEU case.

Thermal-Hydraulic Calculations for the KUHFR

Thermal-hydraulic calculations have been carried out in order to study
the safety aspects of the use of reduced enrichment uranium fuel for the
KUHFR. The calculations were based on what is outlined in the Safety Analysis
Report for the KUHFR1 and also the IAEA Guidebook2 for the RERTR program.
The current design characteristics are provided in the Appendix.

Only a few combinations of hydraulic parameters have been tested because
the reactor safety cannot be discussed without any nuclear physics considera-
tions. For example, any variations in fuel coolant channels may change not
only flow velocities but also power peaking factors which may affect the
assessment of reactor safety. For this reason, the thermal-hydraulic calcula-
tions were carried out only for those specific cases on which neutronics analysis
has been already performed. Low enriched uranium (LEU) cases are also included
in this study as initial feasibility studies for potential conversion.

The computer code PLTEMP has been developed to calculate the flow
distribution in the core, fuel plate temperatures and DNB heat fluxes. A
flow chart of the code is shown in Fig. 11. The flow distribtuion in the core
is so calculated as to obtain uniform pressure drops across all the flow paths.
The heat transfer model used to calculate heat transfer coefficients is
illustrated in Fig. 12. As shown in the figure, the onset of partial subcooled
nucleate boiling is assumed to occur when the heat flux calculated by using
the Bergles-Rohsenow correlation exceeds that calculated by the Jens-Lottes
correlation. The Dittus-Boelter correlation has been widely used to calculate
the single-phase heat transfer coefficient because of its simplicity. The
correlation, however, underpredicts the heat transfer coefficient where
the film temperature rise is very high because it only uses bulk temperature.
This may require a very conservative design for high flux research reactors
whose normal operating conditions are very close to those for the onset of
nucleate boiling while any boiling should be suppressed. Thus, for the KHFR,
the Sieder-Tate correlation together with a safety margin of 20% was used.
Few correlations for burnout heat flux are available for research reactors
where the system pressure is low. In this study, the Mirshak-Durant-Towell
correlation was chosen because the correlation gives more conservative results
over the parameter range concerned. The thermal properties of the fuel were
taken from Ref 2 The thermal conductivity Of U308-Al ranges from 03 to
0.12 W/cm/'K. In this study we used a value of 012 W/cm/OK 694 Btu/ft/h/OF)
for conservatism. Engineering hot channel factors were also applied based on
past experience for fuel fabrication of alloy fuels.1
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TABLE I,

FUEL SPECIFICATIONS

FUEL ELEMENT LOADING
THICKNESS, CM PLATE G U235

CASES MEAT CLAD UG/cm3 WT% U FUEL TYPE INNER/OUTER INNER/OUTER U235 INCREASE,%

93%E O.U50 0.045 0.724 22 UAL ALLOY 15/17 232/265 -
Ln

45ZE 0.050 0.045 1.6 42 UALx-AL 15/17 246/281 .6.0

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

20ZE" 0.064 0.038 3.0 63 U308-AL 15117 262/299 12.8

20%E** 0.075 0.045 3.0 63 U308-AL 14/16 286/330 24.1

THE WATER CHANNEL IS MAINTAINED AS 0240 cm IN EACH CASE-

INITIAL FEASIBILITY STUDIES-



TABLE II- BOL (BEGINNING OF LIFE) MODELS

BOL SIDE PLATE BOL WITH PEAK

No BORON BORON BORON* POWER DENSITY MAX- CYCLE

MODEL KEFF (PEXZ) G/PLT-(WORTH,%) KEFF(PEX,%) w/Cm3 LENGTH, DA'

93%E 1.1931 (16-18) 0.84 (-8-29) 1.0856 (7-89) 590-26 82.0
UAL ALLOY

45%E 1.1814 15-35) 0.77 (-7-38) 1.0866 797) 598-53 85.5
l.6G/CM3U

UALx-AL
�.n
co

20%E 1.1708 (14-59) 0.72 (-6-66) 1.0861 (7-93) 606-17 89.0
3-OG/CM3U

U308-AL
0.038 CM'CLAD

201E 1.1795 15-22) 0.84 (-7-16) 1.0877 806) 621-94 99.0
3.0 G/Cm3U
NO�-AL
1 6 FUEL PLATES

BORON LOADING IN SIDE PLATES IS ADJUSTED TO REDUCE THE BOL EXCESS REACTIVITY To 8% TO GIVE A SHUT

DOWN MARGIN OF 41 (ASSUMING A CONTROL ROD WORTH OF 12%).

'MAXIMUM CYCLE LENGTH IS THE NON-EQUILIBRIUM RUN DOWN TIME TO KEFF ' 10 FOR THE UNPOISONED BOL CORE-



45.0

40.0 -

35.0 c) Grou-P
0 Group._.3

.............. .....6 Group _I
----------

U-)

30.0 -

Ct

C-i

25.0 -
Cr)

0

20.0 

0

15.01

d-

10.0 

5. -

0.0 0.
0 0 0 30.0 40.0 50.0 60.0 70.0 80.0

Y Ax is, cm

Figure 1. KUHFR Flux for Groups 1 3 and at 93 E.

585



45.0

40.0

35.0 0 GroupGrcup ... 3..........
Grou P

C

FO 30.0 -

Ct

25.0 -

0

20.0 

15.0

10.0

5.0

0.0

0.0 16.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0

Y - Ax is, cm

Figure 2 KUHFR Flux for Groups 1 3 and at 45 E.

586



Figure 3 KUHFR. 45/93 Flux Ratio for Groups 3 and 5 x 3.75.
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Figure 5. KUHFR 20/93 Flux Ratio for Groups 1 3 and 5 x 3.75.
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TABLE I I I 

EaulLIBRIUM CYCLE -FUEL SHUFFLING PATTERNS

Boc

ex FUEL OUT-IN LOADING

OUTER FUEL INNER FUEL

06 - 01 13 - 11
05 - 02 12 FXED WITH

04 -03 112 FRESH 112 BURNED

WITH ROTATION 06 - 03 04 - 1

FUEL IN-OUT LOADING

ILIM OUTER FUEL INNER FUEL

01 - 06 11 - 13
02 - 05 12 FXED (AS ABOVE)

03 - 04

+0. /0 %

FUEL SCATTER LOADING

ALL ELEMENTS ARE 112
FRESH 12 BURNED AT BOC

NO ACTUAL SHUFFLE

Old
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TABLE IV.

Eoull-IBRIUM CYCLE COMPARISON - OUT-IN SHUFFLE

93ZE REF- 45ZE MEU 201E LEU

BOC

KEFF/PEX,% l.U606/5-71 1.0610/5-75 1.0601/5-67

THERMAL FLUX

D20 CENTER 3.8682+14 3.7680+14 3.6586+14

CENTRAL TEST 4.5697+14 4.4767+14 4.3859+14

PEAK POWER DENSITYw/cm3 538-24 547-73 556-72

LOCATION 01 01 01

U235 MASS, KG 8.6862 9.2508 9.8693

EOC(25 DA)

KEFF/PEX,% 1.0362/3-49 1.0367/3-54 1.0360/3-47

U235 BURNUP,%

CORE AVERAGE 21-01 19-60 18-22

PEAK ELEMENT AVERAGE 21-51 20-08 18-68

MIN. B10 RESIDUAL,% 24-67 27-00 29-60

TABLE V-

FLUX VARIATION WITH ENRICHMENT AND LOADING

931E REF- 45%E MEU 20%E LEU

U235, KG 8.6862 9.2508 9.8693
(Z CHANGE) (6-50) (13-62)

D20 CENTER 3.9682+14 3.7680+14 3.6586+14
(% CHANGE) (-2-59) (-5-42)

MAX. FLUX -6-67 -13-04
REDUCTION ,%

THE MAXIMUM FLUX CHANGE OCCURS IN THE OUTER FUEL ELEMENT 06 AND

IS ROUGHLY PROPORTIONAL TO THE INCREASE IN 235U LOADING-
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TABLE Vl-

REACTIVITY COEFFICIENTS FOR HEU, MEU, AND LEU

EXPERIMENTAL COMPUTER

20%E 201E
COEFFICIENT 93%E KURRI 93%E REF- 45%E (0-38 MM CLAD) (14/16 PLATE

TEMPERATUREA P/oc -1.4-4 -1-54-4 -1-42-4 -1-30-4 -1-17-4

oc
Y ID (50-80'U, PI -0-50-4 -0-53-4 -0-58-4 -0-60-4
(AP/A- VO I D) (-0-1) (-0.092) (-0.099) (-0.106) (-0-110)

DOPPLER (20-200'C), 6F oc 0 0 -0-09-4 -0-14-4 -0-14-4

TOTAL -2-04-4 -2-04-4 -2-02-4 -1-91-4



TABLE V1. FUEL AND VOID MECHANISM WORTHS

FOR HEU, MEU, AND LEU MODELS

FUEL ELEMENT REMOVAL REACTIVITY, %/ELEMENT

20%E 20%E
FUEL ELEMENT* 93%E REF. 45%E (0-38 MM CLAD) (14/16 PLATES).

11 -2-01 -1-94 -1-86 -1-86

01 -1-76 -1-65 -1-61 -1-64

CASE REACTIVITY WORTH OF INSERTED VOID MECHANISM,%'

93%E REF- +0-71

45%E +0-66

20%E (0-038 CM CLAD) +0-66

20%E (14/16 FUEL PLATES) +0-60

THE FUEL ELEMENT LOCATIONS ARE SHOWN IN TABLE III-

+THE CENTRAL TEST REGION INCLUDES IRRADIATION BASKETS AND A LOCATION

FOR THE INSERTION OF A VOID CYLINDER. THIS REGION HAS BEEN MODELED

BY HOMOGENEOUS MIXES WITH THE FOLLOWING VOLUME FRACTIONS-

VOLUME FRACTIONS

MATERIAL VOID OUT VOID IN

AL 0.22973 0.27895

H20 0.77027 0.46457
VOID -- 0.25648
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The power distribution in X-Y geometry has been provided by neutronics
calculations using the computer code REBUS-2. As the fuel plate arrangement
is more appropriately reproduced with R-0 geometry for thermal-hydraulic cal-
culations, the computer code PWRD-MOD32 was written to convert the coordinates
from X-Y to R-0 and to estimate platewise averaged radial peaking factors.
The axial power peaking factor is highest when the control rods are at the
lowest location to compensate the largest excess reactivity. To take account
of the rod position, the computer code FEDM was used in evaluating the axial
peaking factors. This code was developed in Japan to solve the neutron
diffusion equations by the finite element method in 3-dimensional geometry.
The axial peaking factor thus obtained by FEDM is 2289 for the MEU core with
2/3 of the length of all control rods inserted.

Figure 13 shows the comparison of the surface temperatures in the KUHFR
(20% EU) fresh core calculated by COBRA (Dittus-Boelter) and PLTEMP (Dittus-
Boelter, Colburn and Sieder-Tate). The consistency of the results obtained with
the COBRA Code and the PLTEMP can be seen in the figure. The figure also shows
the large discrepancies noted earlier between the results obtained from the
different correlations.

The results of these calculations are summarized in Table VIII. In this table,
BOE and F represents the beginning of equilibrium cycle for out-in shuffling
scheme and fresh core, respectively. For low enrichment uranium, a uranium
density as much as 30 g/cc. is required in order to avoid any significant
change in core dimensions. According to the near term view of the fuel
development for the RERTR program, U308-Al seems most realistic for high
density LEU fuel. Although U308-Al with uranium density of 30 g/cc has
not been thoroughly verified nor accepted yet, the low enrichment cases were
included as initial feasibility studies for potential conversion to LEU.

The fuel plate arrangement of 15 plates in inner element and 17 plates in
outer element is denoted as 15/17. The notation of 14/16 means likewise.
The channel gap was unchanged for all cases. Total flow area in the core was
decreased for 14/16 plate arrangement, thus increasing the flow resistance.
However, no significant change in hydraulics was caused as shown in Fig. 14.

Figure 15 shows comparative surface temperatures for HEU, MEU and LEU fuels
with 15/17 plate arrangement. In this figure, FEI and FE4 represents the
hottest inner and outer fuel element, respectively. We see that overall
profile of surface temperatures is not changed much due to reduced enrichment
and the maximum surface temperature does not exceed the boiling point of the
coolant in any case. The maximum surface temperature increases slightly with
decreasing enrichment. For example, the maximum surface temperature was about
I'C higher with MEU fuel and about VC higher for the second case with LEU
fuel.

The largest change in thermal characteristics due to reduced enrich-
ment appeared in the maximum fuel temperature as shown in Fig. 16 and also in
Table VIII. The maximum fuel temperature was computed to be only about 2C
higher with MEU fuel. However, the maximum fuel temperature increased as much
as 48% for the second case with LEU fuel. This is mainly because of low
thermal conductivity Of U308-Al and thicker fuel meat. Whether or not the
large temperature difference within oxide fuel may have any impact on reactor
safety under accident conditions, will be subject to further study.
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The results for two LEU cases are compared in Fig. 17. Due to higher
flow resistance in the coolant channels, the surface temperatures appeared to
be 3 to 4 *C higher for the 14/16 plate arrangement. The maximum fuel tempera-
ture is also 15 'C higher for the 14/16 plate arrangement, which is shown in
Table VIII. This is mainly because of thicker fuel meat.

Table VIII also shows that the minimum DNB ratio decreases with reduced
enrichment, where DNB ratio is defined as the ratio of the critical heat flux
to the actual surface heat flux, thus indicating the margin to critical heat
removal. In all cases the minimum DNB ratio is higher than 20, which indicates
sufficient heat removal at the fuel plate surface.

As discussed so far, the following impacts on reactor thermal-hydraulics
may be pointed out concerned with the conversion to reduced enrichment fuel.

a. The power peaking factor increases with decreasing enrichment, result-
ing in the maximum surface temperature about 1% higher with MEU fuel and
about 8C higher for the second case with LEU fuel. However, sufficient margin
for heat removal was indicated in all cases.

b. The removal of one fuel plate from both the inner and outer fuel
elements causes no significant problem in flow characteristics.

c. The combination of three factors - larger power peaking factor with
LEU fuel, lower thermal conductivity Of U308-Al fuel with high uranium density,
and thicker fuel meat - results in higher maximum fuel temperatures with the
LEU oxide fuel. Therefore, the safety analysis under accidental conditions
should be studied very carefully to assess the impact of these high tempera-
tures.

d. Fuel fabrication tolerances may have a strong impact on trade offs between
reactor safety and fuel cost. The fabrication tolerance Of U308-Al fuel with
high uranium densities has to be established in the course of the development.
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Figure 13. Surface temperature profile of fuel plates in the KUHFR
at 20% EU fresh loading
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Table VIII. Summary of Thermal-Hydraulic Calculations for KUHFR

93 BOE 45 BOE 93 F 45 F 20 F1* 20 F2*

Enrichment 93 45 93 45 20 20

Uranium Content (%) 22 42 22 42 63 63

Fuel Type UAl Alloy UA1,-Al UAl Alloy UAlX7Al U308-Al U308-Al

Fuel Thickness (mm) 0.50 0.50 0.50 0.50 0.64 0.75

Clad Thickness (mm) 0.45 0.45 0.45 0.45 0.38 0.45

Number of Plates (in/out) 15/17 15/17 15/17 15/17 15/17 14/16

Channel Gap (mm) 2.40 2.40 2.40 2.40 2.40 2.40

Total Flow Area (m2) 0.119 0.119 0.119 0.119 0.119 0.113

Total Heated Area (m2) 54.1 54.1 54.1 54.1 54.1 50.9

C) Reactor Power (MW) 30 30 30 30 30 30
4_1

Pressure Drop (N/m2) 2.5E5 2.5E5 2.5E5 2.5E5 2.5E5 2.5E5

Total Flow Rate (kg/s) 839 839 839 839 839 826

Outlet Coolant Temp. (C) 57.7 57.7 57.7 57.7 57.7 57.8

Power Density in Fuel (KW/cc) 2.00 2.00 2.00 2.00 1.56 1.41

Average Heat Flux (kcal/m2A) 4.3OE5 4.3OE5 4.3OE5 4.3OE5 4.3OE5 4.56E5

Radial Peaking Factor" 1.49 1.50 1.56 1.59 1.61 1.65

Max. Surface Temp. (C) 133.7 134.2 133.6 134.5 136.9 141.1

Max. Fuel Temp. (C) 140.4 141.9 140.7 142.7 173.4 188.2

Min. DNB RAtio 2.52 2.50 2.48 2.45 2.36 2.19

Hot Plate 1-IN I-IN 16-OUT 16-OUT 17-OUT 16-OUT

*Initial Feasibility Study for Potential Conversion to LEU.

** Axial Peaking Factor - 2.29.
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Figure 14. Comparison of hydraulic characteristics of 15/17 and 14/16 plate arrangements.
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160 - KUHFR at MW (Fresh Core)

93%EU 15/17 Plates

15 - 45%EU Plate Thickness 1.40mm
20%EU Meat Thickness 050mm
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Figure 15. Surface temperature profiles at 30 MW (fresh core).
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190 KUHFR at MW ( Freih Core)

0 93% EU 15/17 Plates
18 - 6 45%EU Plate Thickness 1.40mm

20% EU* Meat Thickness 050mmx x
170 - *Meat Thickness 0.64mm

U0

160 -
=3

-4--

0
I--

Q)

15 - FEI FE4
x

x / x
LE 140- X/XKl% XI' Xsx

-�Ic II-X-X-
0

CT
130 -

120-

110 Pressure Drop 25xlCPN/M2

1 5 20
Distance from the Center Axis (cm)

Figure 16. Peak temperature profiles at 30 MW (fresh core).
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170
KUHFR at MW (20/oEU Fresh Core)

160 Meat Thickness Clod Thickness
15/17 Plates 0.64mm 0.38mm
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Figure 17. Comparison of surface temperature profile
for LEU cases
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APPENDIX

Outline of the Reactor Core of the KUHFR

The current design of the Kyoto University High Flux Reactor (KUHFR)
consists of two separate cylindrical cores as shown in Figs. A-1 and A-2,
which are moderated and cooled with light water and reflected with heavy
water. Each cylindrical core is 40 cm In diameter and the minimum thickness
of heavy water between the two cores is 15 cm. Each cylindrical core contains
six inner fuel elements with 15 plates per element and twelve outer fuel
elements with 17 plates per element. Each plate is 14 mm thick and the fuel
meat 0.5 mm thick. The fuel meat consists of U-Al alloy containing 22 wt%
uranium, 93% enriched. The fuel meat is cladded with aluminum alloy of 045 mm
thick on both sides.

The inner and outer annular fuel regions are separated from each other
by the control rod spaces where six control rods are inserted. The central
flux trap of the cylindrical core is about 10 cm in diameter, the upper part
of which is used for incore irradiation and the lower part for central void
which is withdrawn in emergencies to generate negative reactivity.

The rated power of the KUHFR is 30 MWth, which is removed from the core
by the primary water flow at a rate of 840 kg/s per each cylindrical core.
The coolant temperature is 50'C at the inlet of the core and 58'C at the
outlet at rated power of 30 MW. The coolant pressure is 63 kg/cm2 at the
inlet and 38 kg/cm2 at the outlet.
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XA04C1573
REDUCED ENRICHMENT FUEL ALTERNATIVES

FOR THE JAERI REACTORS

H. Komoriya and J. E. Matos

Argonne National Laboratory

This paper summarizes the results to date of a joint program between the
Argonne National Laboratory (ANQ and the Japan Atomic Energy Research Insti-
tute (JAERI) to study the options available for using medium- and low-enriched
uranium in three JAERI reactors (JMTR, JRR-2, and JRR-4).

JMTR

Reference Core Specifications

The reference HEU core specifications for the 50 MW JMTR are based on
information furnished by JAERI for Cycle 49. This core (Fig. 1) consisted of
22 standard fuel elements and fuel follower elements. The experimental samples
inside and at the periphery of the core during Cycle 49 have been included.

The burnup calculations were based on a fuel cycle length of 24 days
and on the fuel element shuffling pattern shown in Fig. 2 One equilibrium
cycle of JMTR consists of 24 days: 11 days up, 2 days down, and 11 days up.
At the beginning of each cycle (BOC), the core loading corresponds to the
upper symbols in Fig. 2 After the first 11 days of operation, two days are
used to replace 12 standard fuel elements (SFE) with fresh elements and 2 SFE
(positions 6-F and 10-L) with once-burned elements. At this point, the core
loading corresponds to the lower symbols in Fig. 2 After the second 11 days
of operation, 8 SFE and fuel follower elements (FFE) are replaced with fresh
elements, and two SE from the previous 11 days of operation are again replaced
with once-burned elements. The configuration for BOC is then re-obtained. All
fuel elements are discharged from their original locations. The residence time
of most fuel elements is one full cycle. For clarity, the first half of the
cycle is referred to as stage I and the second half is referred to as stage 2.

Methods

Analysis of the JMTR has been performed to date for uranium enrichments
of 93% and 45%. Both cases utilized the same core configuration, fuel element
geometry, fuel shuffling pattern, fuel cycle length, and end-of-cycle (EOC)
excess reactivity. Only the uranium density and enrichment in the fuel meat
were changed with MEU fuel. The fuel element parameters used in the calcu-
lations are listed in Table 

Five-group microscopic cross sections at a burnup of about 20 MWd were
generated for the HEU and MEU fuels using the EPRI-CELL code. Burnup-dependent
microscopic cross sections were not used in this analysis because of the
relatively low discharge burnup in JMTR. Diffusion calculations in XYZ
geometry were performed to determine region-dependent extrapolation lengths
for use in subsequent burnup calculations using the REBUS-2 code in XY geometry.
The physical equilibrium cycle of JMTR described above was modeled explicitly.
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Reactivity Results

With HEU fuel, the keff Of 1126 calculated by ANL for the reference (Cycle
49) BOC core is in excellent agreement with the value of 1124 calculated by
JAERI.

With MEU fuel, calculations were done for three cases. Case had a load-
ing of 310 g 235U per standard fuel element and a uranium density of 16 g/cm3
in the fuel meat. Case 2 had a loading of 320 g 235U per standard fuel
element and a uranium density of 165 g/cm3. Both of these cases were studied
with the standard 24 day cycle of the reference HEU design. Because the end
of cycle reactivity for case 2 was about 09% higher than that of the reference
case, a third case was considered with a cycle of 30 days. A summary of the
calculated results is shown in Table 2.

The EOC keff of Case matches that of the reference case very well, while
the EOC keff of Case 3 is about 02% lower than the reference. Thus, a fuel
element with a loading of 310 g 235U will allow operation with the sam fuel
cycle characteristics as the current HEU core, and a fuel element with 320 g
235U will provide a cycle length that is about 25% longer.

Comparison of Neutron Flux Performance

Ratios of peak fast and peak thermal fluxes at BOC and EOC between Case 
and the HEU reference case in the fuel regions and experimental regions within
the core are shown in Fig. 3 Similar ratios are shown in Table 3 for three
experimental regions outside the core.

In the experimental regions inside the core, the fast flux is 12% larger
and the thermal flux is 56% smaller in the MEU case than in the HEU reference
case. In the experimental regions outside the core, the fast and thermal fluxes
in test loops OGL-1 are approximately the same as those in the reference HEU
case. In test loop OWL-2, the fast and thermal fluxes are about 3 and 1%,
respectively, greater using MEU fuel. In another typical test region outside
the core (HR-1), the fast flux is decreased by about 1% and the thermal flux
is decreased by about 23%. These ratios are very dependent on the geometry
and material composition of these regions.

Conclusion

Based on matching the current JMTR fuel cycle and the EOC excess reactivity,
the 235U content using MEU fuel with no fuel element design changes was deter-
mined to be 310 g 235U per standard fuel element. This loading corresponds
to a uranium density of 16 g/cm3 in the fuel meat, and will allow operation
with the same fuel cycle characteristics as the reference HEU core.

In the experimental regions inside the core, the fast flux is 12% higher
and the thermal flux is 56% smaller in the MEU case than in the HEU reference
case. Similarly, in the experimental regions outside the core, the fast and the
thermal fluxes change by 13%.
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Figure 2 JYTR Reftieling Pattern
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Table 1. Fuel Design Variations for JMTR Containing
24 Standard and Follower Fuel Elements

Ref. Case I Case 2 Case 3

Enrichment, 93 45 45 45

Standard Fuel Element (0.50 x 59.5 x 752.5, mm)

235U, g 279 310 320 320

U, g/cM3 7 void) 0.70 1.60 1.67 1.67

Plates/Element 19 19 19 19

Fuel Follower Element (0.50 x 47.6 x 743.5, mm)

235U, g 195 205 225 225

Pup gCM3 7 void) 0.74 1.61 1.77 1.77

Plates/Element 16 16 16 16

Clad Thickness, mm 0.38 0.38 0.38 0.38
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Table 2

JMTR Neutronics Calculation Summary

Ref. Case I Case 2 Case 3

Enrichment, 93.0 45.0 45.0 45.0

23 5U g ;

Standard element 279.0 310 3 20 320
Follower element 195.0 205 224 224

Total Fuel Elements 27 27 27 27

keff

BOC Stage 1.126 1.120 1.129 1.125
EOC Stage 1.047 1.047 1.057 1.045

BOC Stage 2 1.127 1.121 1.130 1.126
EOC Stage 2 1.048 1.048 1.059 1.046

Cycle Length, days 11-2-11 11-2-11 11-2-11 14-2-14
(Up-down-up)

Total Core Loading
Stage I

BOC 23 5U, Kg 6.652 7.376 7.694 7.596
Pu, Kg 0.001 0.012 0.013 0.018

EDC 235U, Kg 5.965 6.692 7.009 6.727
Pu, Kg 0.004 0.032 0.037 0.045

Max. Average Burnup in
Discharged Fuel Elements 24.4 22.4 21.5 27.1

Average Burnup in
Discharged Fuel Elements 19.3 17.8 17.2 21.7
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Figure 3 JMTR - Fast and Thermal Flux Ratios in
Fuel and Test Regions, BOC and EOC

45%/93%

Peet 2 553 Kev

0.939 1.017 1.018 2.022 1.026
0.939 2.012 1.024 1.017 1.018

1.012 1.018 1.022 1.023
1.010 1.015 1.018 1.018

1.000 1.009 1.016 1.019 1.019 1.021 1.021 1.017 1.014
0.997 2.005 1.014 1.017 1.015 1.010 1.017 1.012 1.007

1.009 1.015 1.021 2.018 1.020 1.013 1.005
1.005 1.012 1. is 1.015 1. 7 1 1.009 0.999

1.021 1.021 1.019 1.007
1.018 1.019 1.016 1.012

1.015 1.017 1 023 1.022 1.018 1.018 2 013 1.009 0.999
1.011 1.013 1:019 1.013 1.016 I.QI4 1:009 1.005 0.994

1.026 2.022 2.016 1.027 0.937

1.022 2.016 1.014 1.013 0.935

Thermal 0.62 eV

1.052 0.948 0.957 0.953 0.943

1.029 0.934 0.942 0.936 0.930

0.960 0.960 0.964 0.964
0.947 0.947 0.951 0.950

0.923 0.942 0.957 0.954 0.945 0.954 0.957 0.946 0.930
0.907 1 0.927 0.944 0.940 0.927 0.939 0.942 0.929 0.913

0.934 0.945 0.936 0.953 0.937 0.946 0.933

0.916 0.929 0.919 0.936 0.919 0.929 0.915

0.954 0.953 0.954 0.950
0.919 0.945 0.939 0.938 0.947 0.939 0.935 0.943 0.923

0.912 0.929 0.927 0.926 0.908

0.960 0.957 0.957 0.960
0.946 0.91.2 0.9&2 0.947

0.954 0.951 0.957 0.953 1.057
0.937 0.937 0.941 0.934 1.037
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Table 3

Flux Ratios in Selected Experiment Regions Outside

of the JMTR Core

Fast > 553 eV Thermal < 0625 eV

BOC EOC BOC EOC

OGL1 1.007 1.003 0.999 0.993

OWL2 1.032 1.026 1.013 1.006

RRI 0.993 0.989 0.981 0.974
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JRR-2

Reference Core Specifications

The HEU reference core specifications for the 10 MW, D20 moderated and
cooled JRR-2 reactor consisting of 24 fuel elements 20 MTR type fuel elements
and 4 cylindrical fuel elements) were provided by JAERI with corresponding
burnup history. The core configuration is shown in Fig. 4 The reactor
design parameters used in calculations are listed in Table 4.

Because a realistic model of the actual fuel element shuffling pattern
was not available, a 600 MWd period for which the burnup history was provided
by JAERI was considered to be the fuel cycle for the burnup calculations.

Methods

Hexagonal geometry was used for both two- and three-dimensional calcula-
tions using HEU, NEU, and LEU fuels. In all cases with MEU and LEU fuels,
the core consisted of 24 cylindrical elements.

Based on matching the cycle length and EOC excess reactivity of the HEU
reference core, one case with MEU fuel and three cases with LEU fuel were
considered. With MEU fuel, no changes were made in the design of the current
HEU cylindrical fuel element. With LEU fuel, cases with fuel meat thicknesses
of 0.51, 076, and 1.0 mm were studied.

Reactivity and Performance Results

The 235U loading, burnup, and reactivity results for the EU, MEU, and LEU
analyses are summarized in Table 5, and the MEU/HEU and LEU/HEU flux ratios
are shown in Table 6 The computed EOL contents of 235U and Pu in each fuel
element are shown in Figs. and 6 for the HEU and MEU cases, respectively.
Figures 7 and show the corresponding loading distributions for the LEU cases
with 0.51 and 1.0 mm thick fuel meat.

With HEU fuel, the BOL keff Of 1165 calculated by ANL is in good agree-
ment with the value of 1177 measured by JAERI for the 24 element core with 20
MTR type elements and 4 cylindrical elements.

With MEU fuel, a calculated loading of 198 g 235U per cylindrical element
(1.44 g U/cm3) is required for continuity of operation without degradation of
performance; however, a higher loading would be needed if additional samples
were placed in the centers of the cylindrical elements. There is a slight
increase (<I%) in both fast and thermal fluxes in the MEU core compared
with those in the HEU core.

With LEU fuel and no changes in the design of the current HEU cylindrical
elements, the required uranium density was calculated to be 347 g/cm3 212 g
235U/element). With fuel meat thicknesses of 076 and 1.0 mm, the required
uranium densities were 238 g/cm3 217 g 235U/element) and 1.88 g/cm3 225 g
235U/element), respectively. Again, with additional experimental samples,
slightly higher loadings would be needed.

In the LEU case with 0.51 mm thick fuel meat, the thermal flux is reduced
by about 10.5% in the core and by about 6 in the reflector. With 1.0 mm thick
fuel meat, the thermal flux reduction is about 22% in the core and about 11%
in the reflector. The fast flux is increased in all cases by approximately
1-2% throughout the core and by 13% in the reflector.
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Figure 4 JRR-2 Reactor - Hexagonal Model Used for Calculation
of Extrapolation DIstances (3D) and for Burnup Studies (2D)
(Dimensions in cm)
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Table 4 JR.R-2 Reactor - Description of Design Parameters
Used in AN1 Calculations

Reactor Design Description

Reactor Type Tank

Steady-State Power Level, MW 10

Number of Standard Fuel Elements 24 4 Cylindrical and 20 MTR-Type)

Number of Control Fuel Elements None

Irradiation Channels Centers of Cylindrical Elements

Core Geometry 3 Hexagonal Rings

Lattice Pitch, mm 134

Active Core Volume, 336

Core Average Volumetric Power Density, kW/l 29.8

Moderator, Coolant D20

Reflector D20, H20

Burnup Status of Core Cold Clean Core

Fuel Element Design Description

Fuel Type Five Concentric MTR-Type
Cylinders Curved Plates

Uranium Enrichment, 93 93
Cylindrical MTR-Type

Plate Thickness, mm 1.27 1.27

Coolant Channel Thickness, mm 3.0 2.97

Fuel Meat Material U-Al Alloy U-Al Alloy

Fuel Meat Dimensions, mm
Thickness 0.51 0.51
Length 600 600
Width Variable Between 61.0

48.6 and 84.4
Clad Material Aluminum Aluminum

Clad Thickness, mm 0.38 0.38

235U Element, g 195 195

235U/Density in Fuel Meat, g/cm3 0.64 0.67 Inner
0.21 Outer
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Table 5. JRR-2 235U Loading with Uranium Enrichment of 45% and 20% to Match Fuel Cycle Length of 93% Enriched Reference Corea

Enrichment, 93 45 20 20 20

Fuel Type U-Al Alloy UA1,7AI UAlX-A1 UAlx-Al UAI,-Al

Fuel Geometry 20 MTR-Type 24 Cylindrical 24 Cylindrical 24 Cylindrical 24 Cylindrical
4 Cylindrical

Burnup, WDb 600.0 600.0 600.0 600.0 600.0

Meat Thickness. an 0.51 0.51 0.51 0.76 1.00

Clad Thickness. 0.38 0.38 0.38 0.38 0.38

23SU/Element, & 195 198 212 217 225

P25, /cm 3c 0.62d 0.65 0.69 0.48 0.37

Put g/cm 3c 0.66d 1.44 3.47 2.38 1.88

2H/235U 979.0 964.2 900.0 862.6 816.9
0%

BOL keff 1.1651 1.1620 1.1550 1.1530 1.1511

EOL keff 1.0691 1.0694 1.0689 1.0690 1.0690

23SU Burned. 16.0 15.8 14.7 14.3 13.9

Ave. Discharge 21.2 19.0 17.6 17.2 16.5
Burnup of Element
with Maximum Burnup

8Note that the 93Z enriched reference core has mainly MTR plate-type fuel elements and that the reduced enrichment cores hve
cylindrical-type elements. The heavy water volume fractions are different for these two fuel element geometries and the
core reactivities and 23SU loadings are affected.

bBased on a power level of 10 MW.

c235U, P25, Pu are for the fsh fuel element.

dAveraged over MTR and cylindrical elements.

e2H /23SU In fresh fuel element.



Table 6 JRR-2 Flux Ratios

Peak Fast Flux Ratio >0.821 MeV

20% 20% 20%
93% 45% (0.51 mm) (0.76 mm) (1.0 mm)

Flux Trap 1.8617+13 1.007 1.008 1.013 1.022

Core 3.3372+13 1.006 1.006 1.010 1.017

Reflector 1.2261+13 1.008 1.006 1.014 1.027

Peak Thermal Flux Ratio <0.625 eV

20% 20% 20%
93% 45% (0.51 mm) (0.76 mm) (1.0 mm)

Flux Trap 1.9427+14 1.001 0.914 0.862 0.827

Core 1.4997+14 1.007 0.895 0.826 0.782

Reflector 1.1586+14 1.011 0.942 0.911 0.894
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Figure 5. JILR-2 HEU 93%) Fuel

EOL Distribution of 235U and EOL Distribution of Pu
Based on Fuel Cycle Length Matching Criterion (0.51 mm meat thickness)

U Enrichment 932 3 BOL k eff : 11651
U Density 066 g/cm EOL k eff 10691

Fresh Fuel oading 195 g 235u Burnup : 600 MWD
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Figure 6 JRR-2 MU 45%) Fuel

EOL Distribution of 23SU and EOL Distribution of Pu
Based on Fuel Cycle Length Matching Criterion (0.51 mm meat thickness)

U Enrichment 45% 3 BOL k eff : 11620
U Density : 144 g/cm EOL k 10694

Fresh Fuel Loading : 198 g 235u Burnu;ff : 600 MWD

235U 0.62 66.3 0.62

PU 0.79 0.
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Figure 7 JRR-2 LEU 202) Fuel

EOL Distribution of 235U and Pu Based on Fuel Cycle
Matching Criterion (0.51 mm meat tickness)

U Enrichment 20% 3 BOL keff : I, 1550
U Density 347 g/cm EOL k : 0689

235u effFresh Fuel Loading 212 g Burnup : 600 MWD

235u 1.5.4 ISO
Pu 1.50 :1.91

CR

.2 74.8 80.9
1.8 2.31 1.9
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Figure 8. JRR-2 LEU 20%) Fuel

EOL Distribution of 235U and Pu Based on Fuel Cycle
Matching Criterion (1.0 mm meat thickness)

U Enrichment 20% 3 BOL k eff : 1.1511
U Density 188 g/cm EOL k 10690
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JRR-4

Reference Core Specifications

The reference HEU core specifications for the fuel, reflector, and
structural materials were furnished by JAERI for a core with 16 fuel elements
and a burnup of about 80 MWd. The reference core configuration used in the
calculations is shown in Fig. 9 and the design parameters for the HEU standard
element are listed in Table 7.

The reactor power for the calculations was 1 MW. Because a realistic fuel
shuffling pattern was not available, the cycle length and the core size were
taken to be those for which the experimental values were provided by JAERI.

Methods

Using the EOC keff and cycle length matching criterion, eight fuel element
design variations for direct conversion from HEU to LEU fuel were studied
(Table 8). The number of plates per element was increased from the 15 plates
in the current HEU elements to 17, 18, and 19 plates in the LEU elements. For
each of these cases, fuel meat thicknesses of 089 mm and 1.0 mm were analyzed.
Two larger core sizes with 18 and 20 fuel elements were also investigated as
alternatives in keeping the uranium density low for the 19 plate design.

Reactivity and Performance Results

With HEU fuel, the BOL keff Of 10731 calculated by ANL agrees very well
with JAERI's measured value of 10735 for the 16 element reference core.

With LEU fuel and 16 fuel elements with 17 plates each, a uranium density
of 176 g/cm3 231.0 g 235U/element) is required to match the cycle length3and
EOC excess reactivity. When the uranium density is increased to 197 g/cm
(with 235U distributed uniformly over all plates instead of having two end
plates with 12 the loading), the cycle length can be extended by almost a
factor of from 80 MWd to 470 MWd.

The flux changes in the experimental regions show an increase of 744 in
fast flux and a decrease of 47% in thermal flux for the 20 element LEU core in
comparison with the 16 element HEU core. The changes are smaller in the 16
element LEU cores.

Of the many conversion options available, the fuel element design with 19
plates per element and 225.8 g 235U 173 g /cm3) could provide considerable
flexibility in terms of core size and/or fuel cycle length.

Thermal Hydraulics

Changes in thermal hydraulics characteristics and safety margins due to
fuel element design variations are shown in Table 9 prepared by Mr. K. Tmura
(JAERI), for the current core size of 20 fuel elements. The results indicate
that the margins to ONB, flow instability, and DNB become more favorable as the
number of plates per element is increased from the current HEU fuel element
design with 15 plates.
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Figure 9 JRR-4 Reference Core Configuration
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Table 7 Fuel Element Design Parameters for JRR-4

Standard Fuel Element

Enrichment, 93

235U, g/element 166

U gm3 0.583

Element Dimension, mm 80 x 80

Meat Dimensions, mm 0.50 x 68.0 x 600

Clad Thickness, mm 0.38

Plate Thickness, mm 1.26

H20 Channel, mm 4.21
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Table 8. JRR-4 Fuel Element Design Variations Based on the Cycle Length
and EOC Reactivity Matching Criterion

Enrichment, 93 20 20* 20 20 20 20 20 20

No. of Plates 15 17 17 18 18 19 19 19 19

No. of Elements 16 16 16 16 16 16 16 20 18

235U g 166 231.0 273.9 231.5 245.0 241.5 255.0 225.8 225.8

U, g/cm3 0.583 1.76 1.97 1.87 1.76 1.85 1.74 1.73 1.73

Burnup, MWD 80 80 470 80 80 80 80 425.0 197

O Meat thickness, cm 0.05 0.100 0.100 0.089 0.100 0.089 0.100 0.089 0.089

H20 Channel 0.421 0.301 0.301 0.284 0.272 0.259 0.248 0.259 0.259

H/235U 421 249 210 250 227 232 210 248 248

Ave. BU, % 2.99 0.46 2.32 0.46 0.44 0.44 0.42 2.03 1.06

Maximum, 3.77 0.55 2.75 0.55 0.52 0.52 0.49 2.49 1.21

BOL keff 1.0731

EOL keff 1.0310

*In this case, outer plates do not have 12 the loading of the inner plates. 235U is uniformely distributed.



Table 9 JRR-4
Thermal-Ilydraulics

Fue I Element Design VartatLonsa
with 201 Enriched Uranium Fuel

Total LinitLngf
Pressure Heat Flux

Thickness Drop AVg.b Avg. Heate Burnout Heat St Onset Margini
Number of Water Coolant Flow/ Across Heat Flux at Flux, W/cm2 of Flow Marging Marginh to DNB to Onset

of Channel/Most Vol city El Iment Channel Flux ONB Instability to of Flow
Plates NOR .3/hr bar W/CM2 W/CN2 lAbuntsovd irshake W/CM2 ONB Labuntsov Kirshak Instability

15 4.21/0.51 1.05 16.8 0.0154 13.8 17.7 226 221 131 1.28 7.7 7.5 4.45
15 3.80/0.89 1.16 16.8 0.0206 13.8 19.3 235 .223 134 1.40 8.0 7.6 4.55
15 3.69/1.00 1.20 16.9 0.0226 13.8 19.8 238 224 136 1.43 8.1 7.6 4.62
15 3.42/1.25 1.29 16.7 0.0276 13.8 20.9 244 226 137 1.51 8.3 7.7 4.65
16 3.44T�.89 1.20 16.8 0.0242 13.0 1 9 .�7 � 2 3 8 224 129 1.52 8.6 8.1 4.65
16 3.32/1.00 1.25 16.9 0.0271 13.0 20.4 242 225 131 1.57 8.7 8.1 4.72
16 3.06/1.25 1.35 16.7 0.0336 13.0 21.5 248 228 131 1.65 8.9 8.2 4.72
17 3 26/0.76 1.20 16 9 0.0255 12.2 19.6 238 224 124 1.61 9.1 8.6 4.77
17 3:12/0.89 1.25 16'9 0.0288 12.2 20.3 242 225 124 1.66 9.3 8.6 4.77
17 3.01/1.00 1.30 16.8 0.0318 12.2 20.8 245 226 125 1.70 9.4 8.7 4.80
is 2.98/0.76 1.24 16.9 0.0297 11.5 20.0 241 225 119 1.74 9.8 9.2 4.85
18 2.84/0.89 1.30 16.8 0.0337 11.5 20.6 245 226 119 1.79 10.0 9.2 4.85
is 2.72/1.00 1.35 16.7 0.0379 11.5 21.2 248 228 120 1.84 10.1 9.3 4.80
19 2.73/0.76 1.35 1 7 --F� O -M3 7 5 10.9 21.2 248 228 120 1.94 10.7 9.8 5.16
19 2.59/0.89 1.35 16.8 0.0398 10.9 21.0 248 228 115 1.93 10.7 9.8 4.95
19 2.48/1.00 1.41 16.8 0.0453 10.9 21.7 253 229 116 1.99 10.9 9.8 4.99
20 2.51/0.76 1.32 16.7 0.0394 10.4 20.5 246 227 110 1.97 11.1 10.2 4.96
20 2.37/0.89 1.40 16.8 0.0468 10.4 21.4 252 229 ill 2.06 11.4 10.3 5.00
20 2.25/1.00 1.47 16.7 0.0543 10.4 22.2 257 230 112 2.13 11.6 10.4 5.05

OReference HEU case and LEU case with no redesign.
Core Consists of 20 Fuel elements
Fuela are coated with 0% of Primary Coolant Flow Rate 420 m3/hr)

bPeak eat Flux - 1.58 x 135 x Avg. Heat Flux.
CThe average heat flux at NB In calculated with the conservative assumption that ONB occurs at the channel exit
with peak heat flux. lowest pressure and saturation temperature, and highest coolant temperature rise.

dBurnout heat flux estimated using the Labunteov correlation extrapolated with zero subcoolLng (see Section A.1.3.7 and Fig. A15).
OBurnout heat flux estimated using the Mirshak correlation extrapolated with zero subcooling (see Section A.1.3.7 and Fig. A15).
fLiaLting heat flux at onset of Instability due to flow excursion calculated with the Forgan correlation.
gMinimua ratio of local heat flux for ONE; to actual heat flux.
hMinimus ratio of local heat flux for DUB using Labuntsov and Mirshak correlations to actual peak heat flux.
IKLn1mum ratio of local heat flux for onset.



Status of RA3 Conversion Studies XA04C1574
J. Testoni

Comision Nacional de Energia Atomica, Argentina

Studies carried out at CNEA in Argentina for the conversion of the RA3
3.5 MW reactor to LEU fuel dealt with neutronic, thermal hydraulic, safety
analysis, as well as fuel manufacture. Some of the results for the neutronic
studies are reported here.

The current configuration of the reactor used to model the reference 90%
enriched case and an ideal but realistic shuffling pattern is shown in Fig. 
For a given average cycle length of 20 days, equilibrium burnup distributions
and reactivities were obtained for the BOC and EOC conditions. The calculated
burnup distribution at the different fuel positions is in quite good agree-
ment with the experimental measurement, but the calculated EOC reactivity was
rather high.

At this point conversion calculations were performed using 20% enriched
fuel with several different fuel element designs. In each case a search was
performed to find the required uranium density needed to match the cycle
length and EOC reactivity of the HEU reference case. Figure 2 shows the
results obtained by keeping the current 19 plate design but changing the
meat thickness in a range allowable from a thermal hydraulic point of view.
The dashed area in the figure corresponds to cycle lengths at least as long
as the current 20 days. The lowest values for the densities range between
3.1 and 20 g/cm3.

In order to select a design, parameters such as 235U loading in the fresh
fuel element, percentage of burnup achieved in the cycle, discharged mass of
unburned 235U, and changes in the flux levels must be considered. Figure 3
compares these parameters for the reference HEU case and several LEU cases.
The first column corresponds to the 90% enriched reference case and the other
columns to thin, intermediate, and thick meat thicknesses for 20% enriched
fuel. Both 19 plates and 18 plates were considered. The second column refers
to the LEU case in which no design changes have been made. In this case a
uranium density of 31 g U/cm3 is required which corresponds to an increase
in 235U loading from 195 g to 225 g. Burnup falls from 36.0% to 30.0%, while
82% of the thermal flux in the HEU reference case is obtained.

Increases in meat thickness lead to lower uranium densities but also
to lower burnups and higher 235U loadings in the core. For the thinner
thickness in the 18 plate case, a moderate decrease of the required uranium
density level for similar loadings and burnups is obtained, but the improve-
ment is not a substantial one.

Within the framework of a cooperative agreement between CNEA and ANL,
several of the calculations for the 19 pate fuel element have been repeated
using independent ANL codes. The dotted line in Fig. 2 indicates the ANL
results which predict lower required uranium densities, but in all cases the
differences are smaller than 02 g/cm3 a not too significant value at this
stage of the studies.
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During the study with ANL, the sensitivity of the calculated uranium
density to different matching options was checked, such as matching the high
excess reactivity level of the reference case or, as an alternative, a zero
excess reactivity level obtained by increasing poisoning or leakage. The
modeling was also improved in some cases by introducing a more detailed
description of the fuel element or increasing the number of energy groups.
In all cases the results were consistent with those reported here.
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XA04C1575

Comments on Applications of Reduced Enrichment Fuels

M. H. Winkler

Eidg. Institut fUr Reaktorforschung

I will briefly describe the experience gained using different fuels in
the SAPHIR reactor in Switzerland. The SAPHIR has been operating since 1957
and was the first swimming pool reactor built outside of the United States,
which was originally known as the Geneva Conference Reactor. The first core
was loaded with 20 percent enriched high density U02 fuel with a density
of about 25 grams per cc, fabricated in 1955 by Oak Ridge National Laboratory.

After a few years of operation at a power level of one MW, more than one
batch of the elements released small amounts of fission products mainly Xe and
Kr. When these releases were discovered, high enriched fuel was becoming
available so that the fuel fabricators began to produce the lower density
high enriched fuels. During this transition from fabrication of low to high
enriched fuels no one could foresee that the stone age of nuclear fuel fab-
rication would come back again. Therefore, we did not investigate the reasons
for the fission product release from the high density low enriched U02 fuel.

The second fuel type used in the SAPHIR was the 90 percent enriched low
density U308 fuel fabricated by NUKEM. This high enriched fuel has per-
formed satisfactorily over the years. Since 1968, the core has been using
improved 23 plate fuel elements with a loading of 280 grams of uranium.

The reactor power has been recently increased to five MW. An additional
increase in the power level to 10 MW is planned at the end of next year so
that heavier loaded elements will be needed.

In order to follow the recommendations of the INFCE working group C
and in cooperation with the reduced enrichment program, we intend to initially
reduce the fuel enrichment to 45 percent. Last year we ordered five fuel
elements with a loading of 320 grams 235U/element and 45 percent enrichment
for full power tests. Unfortunately, the delivery of the necessary enriched
fuel uranium has been delayed and it is not available at this time. If fuel
element irradiation tests are satisfactory, full core tests will be made.

As a reactor operator, it is my opinion that there is no doubt that the
45 percent enriched fuels can be used in the near future for most of the
reactors in the range of to 20 W without changing the current fuel element
geometry. Concerning the 20 percent enriched fuels, the results presented
during this conference have shown that much more work is needed not only in
the fuel fabrication area, but also in the thermal hydraulic and safety design.
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XA04C1576
Core Optimization Studies at JEN - Spain

(Informal)

M. mez Alonso (JEN, Madrid)

Before discussing the topic of optimization studies for a common-type
swimming pool reactor, a brief introduction will be given to the activities
of the Spanish Atomic Energy Commission (JEN) in the field of research
reactors and the reduced-enrichment fuel program. JEN has experience in
fuel fabrication (a few hundreds of AlX-Al fuel elements), swimming pool
reactor operation PEN-1), and spent fuel reprocessing (some four core loads
from Spain and other countries).

The JEN-1 is a 3-MW reactor which uses flat-plate fuel elements. It was
originally fueled with 20%-enriched uranium but more recently with 90%-enriched
fuel. It now appears that it will have to be converted back to using 20%-
enriched fuel.

Progress is presently being made in fuel fabrication. Plates with meat
thicknesses of up to 1.5 mm have been fabricated. Plates are being tested
with 40 wt% uranium in the fuel meat.

Progress is also being made in reactor design in collaboration with
atomic energy commissions of other countries for swimming pool reactors being
designed or under construction in Chile, Equador, and Spain itself. The
design studies address core optimization, safety analysis report updating,
irradiation facilities, etc. Core optimization will be specifically addressed
in this paper.

A common swimming-pool-type reactor such as the JEN-1 will serve as an
example. The sample reactor has a thermal power of 3 MW, is light-water
cooled and moderated, and is graphite reflected. The reactor is controlled by
three boral blades in each of two guides. There are one or two in-core irradia-
tion positions and several peripheral irradiation positions.

The philosophy adopted in this study is not to try to match the high enrich-
ment core, but rather to treat the design as new and try to optimize it using
simplified neutronic/thermal hydraulic/economic models. This philosophy
appears to be somewhat original. As many as possible of the fuel parameters
are constrained to remain constants

The fuel element and core parameters are listed in Table I. The core grid
is square. The length of the active fuel is 610.0 mm and the width is 60.0 mm.
The uranium density in the fuel meat is a modest 140 g/cm3. The thermal
hydraulic data are also given in Table I. The quantity Geff/G is the ratio of
the effective-to-total coolant flow, which was assumed to be 0.8 for every
case studied. The axial and radial hot channel factors were taken to be 14
and 20, respectively. There are also technological factors to account for
uncertainties in dimensions, coolant flow rate, temperature, etc.

Using these factors, analyses were performed for the hot spot in the
reactor core. Several parameters were chosen as independent variables. For
example, the number of fuel plates in the element (N) could vary between 10 and
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16. The 235U inventory in the core W50 was varied between 45 and 70 kg by
varying the fuel meat thickness (tm) from 1.0 to 17 mm. It is believed that
the optimum meat thickness will lie in this range. Different numbers of fuel
elements and core configurations were also studied. In this study no other
parameters varied, although one could have varied the uranium enrichment. For
this study 20% enrichment was used. Also, the uranium density in the fuel meat
and the reactor power remained fixed. The dependent variables include plate
thickness (tp), water channel thickness (tw), the primary coolant mass flow
rate (G) and velocity (v), the length of the fuel cycle Mc), the discharge
burnup (Bd), and many others.

The general approach was to study from the thermal hydraulic, neutronic,
and economic point of view all of the cores obtained from combinations of the
parametric variables and calculate a figure of merit for each core. The figure
of merit (r) is defined, quite subjectively, as:

r = 02.V.p-1.c-1.M-1/2

where = representative thermal flux in irradiation position,
V - volume of experimental holes,
P = reactor power 3 MW),
c = cost per unit power output ($/MWh(t)),

and M = number of fuel elements in the core.

The cost factor, c, is the sum of the fuel costs (cf) and the capital and
operating costs of the cooling system (cc).

Since the purpose of the reactor is to provide neutrons to experiments,
one wants to maximize both the flux and the available volume for experiments.
Also, since one wants to maximize the flux and minimize the power in order to
minimize fuel and cooling costs, the ratio of flux to power is used, resulting
in the squared flux term. Since the reactor operators would rather handle a
small core than a large one, the factor involving M is used.

The models used will now be discussed briefly. One-dimensional (axial)
thermal-hydraulic calculations were performed for the hot channel. It was
required that there be a 15'C margin to the onset of nucleate boiling, which
leads to the minimum allowed coolant flow rate for the channel and for the
core. It was also required that the coolant velocity be less than the critical
velocity, which placed a lower limit on the water channel thickness.

The equilibrium core was studied in the neutronic calculations. An in/out
fuel shuffling scheme was used, and one fuel element was loaded during each
cycle. The WIMS-D code was used to generate cross sections as a function of
burnup, and a two-dimensional diffusion theory calculation (CITATION-2) was
used to determine core reactivity and fluxes.

The calculation of the fuel costs was rather standard. Very approximate
models have been used for calculation of the cooling costs, because they are
much less than the fuel costs. However, the cooling costs do include the
capital costs, including interest costs, and the costs of electricity for
operating the pumps.
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There are some other limits, in addition to those related to onset of
nucleate boiling and coolant velocity, which had to be applied for reasons
of safety or fuel fabrication feasibility in order to evaluate the feasibility
of each case studied. In particular, cases with a fuel meat thickness larger
than 1.5 mm were rejected for reasons of fabricability. From the safety point
of view it was required that the reactivity coefficients be negative. Since
all cases were undermoderated, this requirement was satisfied with no trouble.

Although many cases have been calculated and the data is available, only
an illustrative example will be presented here. A plan view of the core con-
sidered is shown in Fig. 1. This core contains 28 fuel elements with two in-
core irradiation positions. Figure 2 shows curves of r vs 235U core inventory
for cases of fuel elements with 10, 12) and 14 fuel plates. The vertical lines
intersecting the curves indicate a 1.5-mm meat thickness, so only points to
the left of these lines are acceptable. The dashed curve is the locus of
optimum solutions. Data for all cases considered can be treated in this manner
to determine an overall optimum solution.
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Table I. Parameters for Core Optimization Study

SAMPLE REACTOR: 3-Mw(th)

Common MTR-type H20, C moderated and reflected

2 x 3 Control blades In-core irradiation holes

Fixed:
77.6 x 77.6 mm lattice

active: H - 61.00 mm
(meat)

a - 60.0 mm

UF = 40 w/o U

UD - 140 g U/cm3 (meat)

tc 045 mm

water: Tin 320C

Geff/G = 0%

Hot channel factors: F 16

Fr 20

Parameters:
N: 10 to 16 plates

U5I: 45 to 70 kg 235U

(tm: 1.0 to 17 mm)

m: 28, 29, FE's

Dependent:

tp* tg Gs 10 Lcq Bd
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Fig. 1. Layout of 28-Element, 3-MW Core for Optimization Study.
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XA04C1577
Comparison of Some Measurements in the Greek Research Reactor-1

(GRR-1) with 20% and 93% Enriched Uranium Fuel Elements

N. G. Chrysochoides, Ch. Zikides, Mitsonias C., and C. Papastergiou.

Reactor Department, N.R.C. "Democritos," Athens-Greece

Abstract

Experimental results of the core performance of the GRR-1 with 20% and
93% enriched 235U are compared. In particular, the rod worth, the flux
distribution (axial and radial), the temperature, and the void effects are
analyzed and compared for the two cores.

The experimental results are in good agreement with benchmark calcula-
tions for this reactor and for other similar reactors. Although the fuel
elements of the two cores do not have the same number of plates, the results
are of special significance, since they present the only experimental compara-
tive work known so far on the core conversion problem from the use of highly
enriched uranium to the use of low enriched uranium fuels.

Introduction

The GRR-1 is a swimming pool research reactor using MTR type fuel elements.
First criticality was achieved 1961 with 20% enriched fuel elements and 45 w/o
uranium in the meat. The reactor was originally designed for I MW operation.

In 1971, after the completion of necessary modifications, the reactor was
upgraded to MW. This involved the use of highly enriched uranium fuel elements
with 18.2 w/o uranium in the meat.

Several reactor physics measurements were performed in early 1960's with
the 20% enriched core. Some of them, namely neutron flux distributions,
temperature coefficient and void coefficient, which are of some importance to
the core conversion programme, are compared with similar measurements performed
in summer 1980, with 93% enriched core. These measurements may also be
compared with LEU benchmark calculations.

1. Fuel and core characteristics

1.1 The low enriched fuel elements used in the reactor had curved plates
containing approximately 178 gr of 235U per standard fuel element, while the
high enriched fuel elements had flat plates containing approximately 180 gr
of 235U per fuel element. In Fig. I the actual layout of low enriched standard
and control fuel element is givenand in Fig. 2 the actual layout for the high
enriched standard and control fuel element is given. The specifications of
the LEU fuel elements versus the HEU fuel elements used for the measurements
of flux distribution, temperature coefficient, and void coefficient for the
GRR-1 are given in Table .
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1.2 The same symmetrical core configuration was chosen for the experiments
of HEU and LEU as shown in Figs. 3 and 4 Each core consisted of 17 standard
and 4 control elements. No other reflector besides light water was used. The
control rods consisted of 3 shinr-safety rods and one regulating rod.

Shim rods in the LEU core were made of B4C lined with Cd with a lower
reactivity worth than the shim rods in the HEU core which were made of Ag (80%),
Cd (5%), and In (15%). Regulating rods made of stainless steel, were the
same in both cores.

In Figs. 5 6 7 and the reactivity worth of the regulating and shim
rods for the two cores are given. All experiments were performed in very low
power with cold clean cores, thus, burn-up in both cases was zero. In Table II,
the operating characteristics of the reactor cores for the two cases are given.

2. Neutron flux distribution in the reactor core

2.1 Absolute thermal neutron flux measurements (Cd cut-off) were taken for
both cores using the same Au-foil activation technic with and without Cd
absorbers. All results were normalized at I KW. The regulating rod was
withdrawn by 40% and 50% in the LEU and HEU cores, corresponding to a negative
reactivity of 02% Ak/k and 024% Ak/k, respectively.

The three shim rods were all withdrawn by the same amount in each core,
namely by 76% in the LEU core and by 51% in the HEU core. This corresponds
to a total negative reactivity of about 0,88% Ak/k and 553% Ak/k respectively,
resulting in a much stronger flux depression in the core around the shim rods
in the case of the HEU.

In Figs. 9 - 16 the results of the thermal flux measurements are presented.
Figures 9 and 10 give the axial flux distribution from the top to the bottom
of each fuel element and for the five center line fuel elemnts Al, A2, A3, A4,
A5 for the LEU and HEU cores, respectively. Figures 11 and 12 give the axial
distribution for the center line fuel elements B3,1 r3, 63E3, Z3 for the LEU
and HEU. Figures 13 and 14 give the radial flux distribution for LEU and HEU
cores along the y axis in the center line corresponding again to fuel elements
Al, A2s A3, A4, 5_ The flux distribution corresponds to levels, 4cm,
16cm, 28cm, 40cm and 52cm from the top of the fuel elements, respectively. The
average flux is also presented in the same graphs.

Figures 15 and 16 give similar center line radial flux along the x axis.
In Fig. 17 the average thermal fluxes for LEU and HEU are given for com-
parison. There is no reason for taking the �LEU/�HEU ratios since the 235u
mass of each fuel element in both cases are approximately the same. Therefore,
no obvious flux differences is expected.

3. Isothermal temperature coefficient measurements

3.1 Isothermal temperature coefficients are measured in both cases by heating
the reactor pool water with electrical heaters up to a ceratin temperature and
then by cooling the water step by step and observing the change of the reactivity
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versus the change of the temperature. The reactor power was very low (in the
range of a few watts) in order to avoid power effects in the reactivity
change. In Fig. 18 the reactivity change versus temperature rise for LEU and
HEU is given, and in Fig. 19 the temperature coefficient versus temperature
rise is deduced from the curves of Fig. 18.

4. Void coefficient measurements

Void coefficient measurements were carried out in LEU and HEU cores by
inserting different stringers into the moderator (water). The symmetrical
core configuration of Fig. 20 was used for the measurements of LEU. Specially
designed plexiglass stringers with air gaps were inserted between the fuel
plates of the elements of one quarter of the reactor core. The net reactivity
values were obtained by repeating the measurements with the same stringers,
but with the air gaps filled with water.

For the measurements of HEU, the core configuration of Fig. 4 was used.
Reactivity values, due to insertion of aluminum stringers between the fuel
plates, were measured by compensation of the calibrated regulating rod. In
Fig. 21 reactivity change versus void insertion in LEU and HEU cores are
given. The calculated overall void coefficients are in the same order of
magnitude in the two cases.
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TABLE I

Specifications of LEU and EEU fuel elements used in the GRR-1

LEU HEU
Specifications ____9ta_ndard ControlStandard Control

nitial enrichment in U-235 20% 20% 93% 93%

No of P�etes per element 12 6 18 10

Form of plates- curved curved flat flat
Initial U-235 content (mean)

Per plate (gr) 14.88 14.88 10.05 10.05

Per fuel element (gr) 178.6 89.2 180.83 100.32

Initial U-238 content (mean)

Per plate (gr) 74 74 0.75 0.75

Per element (gr) 900 450 13.54 7.51

initial U-metal content Onean)

Pei, plate 88.88 88.88 10.8 10.8

Per element (gr) 1078.6 539.2 194.37 107.83

veral dimensions of fuel elements

Length (mm) 873 952.5 873 952.5

Breadth 76.1 76.1 76.1 76.1

Height 80 80 80 80

Plate dimensions (mm)

Lenght 625.5 625.5 625.5 625.5

Breath 76.2 76.2 71 71

Height 1.778 1.778 1.52 1.52

Meat dmensions (imn)

Lenght 599.44 599.44 596.5 596.5
65.�Breath 63.5 D 62.3 62.3

Height 0.762 0.762 0.5 0.5

Composition of eat

Uranium w/o 45 45 18.2 18.2

Aluminum wo 52 53 81.8 81.8

Additives w/o 3 -

U-density in te meat (gr/cm 3 3.06 3.06 0.58 0.58

Cladding thickness (mm) 0.51 0.51 0.51 0.51

Water-channel thickness (mm) 4.85 4.85 2.90 2.90
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TABLE II

Operating characteristics of the GRR-1

Characteristics LEU HEU

Power level I MW 5 MW

Thermal neutron flux (average) 6143 -x 10 12 rVcm2sec 3,3 x, 10 13

Moderator H20 H20

Reflector H20 H20

Coolant H20 H20

Coolant flow 900 gpm (200m 3/h) 2000 gpm, 450 pi3 h)
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