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PREFACE

The XIV-International Meeting on Reduced Enrichment for Research and Test
Reactors was held in Jakarta, Indonesia, November 47, 1991 at the Hotel Indonesia. The
meeting was a sequel to the previous thirteen meetings held in various places, namely in
Argonne, USA 1978, 1980, 1982, 1984), in Saclay, France 1979), in Atielich,
FRG 1981), in Tokai, Japan 1983), in Petten, the Netherlands 1985), in Gatlinburg,
USA 1986), in Buenos Aires, Argentina 1987), in San Diego, USA 1988), in Berlin,
FRG 1989), and in Newport, USA 1990).

The Meeting was organized by Badan Tenaga Atom Nasional (BATAN) in close
cooperation with the International Atomic Energy Agency. It provided a very friendly
atmosphere throughout sessions and a round-table discussion at the end, for penetrating
discussions and exchange of experience and information about the progress made in various
domestic as well as international activities relevant to the RERTR programme.

There were 103 participants in the meeting coming from 16 countries, including
from Euratom and IAEA and 39 papers presented.

Apart from the conference, social programmes to visit some places of interests in
Jakarta and a visit programme to Serpong Nuclear Research Facilities were also arranged
for participants and accompanying guests.

Finally, we thank all participants for attending and for sharing their experience and
ideas. We hope that they find the meeting as rewarding as intended.

The Steering and Orginizing Committees
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OPENING REMARKS AND WELCOME

Djali Ahimsa
Director General

Batan

As delivered by Mr. Sutaryo Supadi
The Deputy to the Director General and

The Chairman of the Steering Committee

Distinguished Guests, Ladies, and Gentlemen:

It is a great pleasure for me on behalf of the Goverment of Indonesia and myself to
welcome you to the XIV-Intemational Meeting on Reduced Enrichment Research and Test
Reactor, RERTR, this morning here at Hotel Indonesia, Jakarta. As a sequel of previous
meetings elsewhere this XIV-International Meeting is expected to reveal the latest world
achievement on RERTR programme. After more than 10 years of successful RERTR work
worldwide, we expect that the major part of the meeting will be concerned with the
conversion of individual research reactors from using HEU to using LEU, in which
connection the related safety and licensing problems should also be discussed. We believe
that in addition to reactor operators, representatives of licensing and supervisory authorities
and their experts are taking part in and contributing to this meeting.

It is also obvious that a further suitable LEU fuels development and establishment of
associated fabrication procedures and qualification of new fuels through irradiation and post-
irradiation examination shall be discussed, despite previous years of successful completion
Of U3Si2-Al qualification. Contributions are welcome on this subject from countries which
commenced later in gathering their experience with LEU fabrication techniques, including
our country, Indonesia.

This meeting particularly has a very special importance to us as we have come now to a
status that we can fully follow and take part in the RERTR programme, particularly in the
promotion of the use of advanced LEU U3Si2 fuel for research reactors. Our commitment to
RERTR programme is quite solid for some very strong reasons.

Batan now possesses quite modern research facilities at the new nuclear research centre at
Serpong, among which three facilities are currently actively involved in the RERTR
programme, namely the Research Reactor Fuel Element Production Installation (FEPI), the
Multipurpose Research Reactor (RSG-GAS), and the newly constructed Radiometallurgy
Installation (RMI). The MW RSG-GAS reactor was designed already in accordance with
RERTR programme and is fueled with LEU MTR-type fuel elements containing U308-Al,
which are to be produced by the fabrication installation FEPI, situated adjacent to RSG-GAS.
Apart from its task to supply fuel elements to RSG-GAS, the FEPI has since 1988 been
active in developing the advanced fuel U3Si2-Al with intensive assistance from ANL experts
through IAEA technical assistance programme. As a result of good effort we have been
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enjoying a fast and good fuel development progress. At present we already inserted our two
full-size silicide fuel elements in the RSG-GAS core for irradiation qualification along with
the first two oxide domestic fuel elements. In the mean te, the Radiometallurgy
Installation, RMI, is being prepared and commissioned to take part in the course of this fuel
development programme. It is planned to ulitilize the RMI for PIE works of those domestic
LEU fuel elements in 1992 on.

We are very optimistic that, based on the in-core performance of those fuel elements, Batan
will soon be able to achieve a national confidence to use fully domestic LEU fuel elements,
including the advanced silicide. Based on same optimism, a study to convert the oxide core
of RSG-GAS to sificide one is being pursued. This study shall also consider a possible
increase in fuel loading using silicide fuel to anticipate future increase in the reactor
irradiation load. For such an anticipation, the advanced silicide fuel development shall be
continued to achieve capability in producing higher loading silicide fuel elements.

Udies and Gentlemen:

Indeed we are assured that this meeting will be of much benefit to all participants and
represented countries as there will be exchanges of information and experiences which could
enhance respective effort on RERTR national programme. In this particular occasion we
would like to mention that Batan does deliberately encourage its junior scientists to take part
in the meeting along with their seniors in an effort to expose them to international RERTR
society. We do hope that by doing so Batan would be able to further accelerate its future
progress in the RERTR-related activities which are back-boned by them.

We do sincerely hope that this meeting would produce much better cooperation in the
implementation of the RERTR programme and that exchanges of views between participants
could continue afterwards.

Finally we would like to wish you a successful meeting and nice stay in Indonesia.
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XA04CO101
STATUS REPORT OF INDONESIAN RESEARCH REACTORS

Bakri Arbie and Sutaryo Supadi
BATAN. Indonesia

ABSTRACT

A general description of the three Indonesia research reactors, their
irradiation facilities and future prospect are given.

The 250 kW Triga Mark 11 in Bandung has been in operation since 965 and
in 1972 its designed power was increased to 1000 kW. The core grid from
the previous 250 kW Triga Mark 11 was then used by Batan for designing
and constructing the Kartini reactor in Yogyakarta. This reactor commenced
its operation in 1979. Both Triga reactors have served a wide spectrum of
utilization such as for manpower training in nuclear engineering,
radiochemistry, isotope production, and beam research in solid state
physics.

The Triga reactor management in Bandung has a strong cooperation with
the Bandung Institute of Technology and the one in Yogyakarta with the
Gadjah Mada University which has a Nuclear Engineering Department at its
Faculty of Engineering.

In 1976 there emerged an idea to have a high flux reactor appropriate for
Indonesia's intention to prepare an infrastructure for both nuclear energy and
non-energy industry era. Such an idea was then realized with the
achievement of the first criticality of the RSG-GAS reactor at Serpong area.
It is now expected that by early 1992 the reactor will reach its full 30 MW
power level and by end of 1992 the iadiation facilities be utilizable fully
for future scientific and enqineerinq work.

As a part of the national LEU fuel development program a study has been
underway since early 1989 to convert the RSG-GAS reactor core from using
oxide fuel to usinq hiqher loadinq silicide fuel.

I



L INTRODUCTION

National Atomic Energy Agency of Indonesia or Badan Tenaga Atom Nasional (BATAN)
owns and operates three research reactors, namely two Triga type low flux reactors and one high
flux multipurpose reactor.

The first reactor, the Triga Mark 11 reactor located at Bandung West Java, is a thermal, light
water moderated and cooled, open pool type research reactor. It became critical in 1965 and
operated at a power of 250 KW. The power level was upgraded, following a total renewal of the
core grid, cooling and instrumentation system to 1000 KW in 1972. The reactor was initially
introduced together with the Bandung Institute of Technology as the first tool to gain know how in
nuclear technology.

The Kartini Research Reactor, the second reactor, which is located at Yogyakarta, Central
Java, is a similar Triga type reactor, designed for an operation up to 200 KW thermal power. Using
Triga reactor as a reference and used components from Bandung reactor, Batan staff designed and
constructed the Kartini reactor which achieved its criticality in 1979. The purpose of the reactor
has been implemented by Batan together with Gajah Mada University which has a faculty of
Nuclear Engineering.

Since 1976 the idea to have high flux reactor has been foreseen appropriate to Indonesian
intention to prepare infrastructure for nuclear industry for both energy and non-energy related
activities.

Using experience gained during the construction and operation of the two previous reactors
and their supporting facilities, Batan has developed specifications and objectives of the Centre for
Nuclear Industry Development at Puspiptek area.

The facilities are of Multipurpose Research Reactor (RSG-GAS) and its affiliated facilities
such as, the Fuel Element Production Installation (FEPI) for the production of MTR type fuel
elements, the Experimental Fuel Element Installation (EFEI) and the Radiometalurgy Installation
(RMI) for gaining know-how on power reactor fuel. Other facilities include the Radioisotope
Installation (RII) for processing various radioisotopes, the Engineering and Safety Installation
(ESI) and the Nuclear Mechano-Electronic Installation (NMEI) for obtaining know-how in nuclear
engineering and manufacturing capability of special nuclear components and finally the
Radioactive Waste Installation (RWI) for gaining capability to manage and handle radioactive
wastes in Indonesia.

The idea came to realization with the first criticality of RSG-GAs in July 1987 and since
then the reactor has been in Commissioning stages to reach full power of 30 MW by early 1992.
By the end of 1992 irradiation facilities at RSG-GAS will have been installed and commissioned.

The role of Triga type reactor is mainly for training, research and isotope production. This
reactor is classified as a low flux research reactor which will be used to complement the RSG-GAS
which has neutron fluxes exceeding 1014 n/CM2S.



Small research reactors in Indonesia have demonstrated their abilities as the focal point for
broad range of nuclear technology transfer and as the training ground for developing techniques
prior to construction of larger reactors.

Research reactors provide powerful tools for researches in nuclear physics, materials
science, fuel technology, analytical chemistry, nuclear safety, control instrumentation and
radioisotope production for agriculture, industry, and medicine and as well provides basic
infrastructure for the personnel training for future nuclear power stations.

H. REACTORS DESCRIEPTION

To discuss the status of research reactors in Indonesia, Table I gives the basic features of
BATAN Research Reactors.

The Tiga 1 Reactor operating at normal power of 1000 KW is cooled and moderated with
dernineralized light water circulated in a closed circuit. The cylindrical tank which houses the
reactor core is of alumunium of 6 m in height and 2 m in diameter.

The generated heat is dissipated through a heat exchanger to the secondary coolant which in
turn discharges the heat through the coolinq tower.

The operating pattern of Triga reactor depends on the need, for example, during radioisotope
production the reactor may be operated for 7 day-continuous-power operation.

The irradiation devices inside the reactor tank are installed in a core position of either in the
fuel region or in the reflector region. The rotating radioisotope production facility called Lazy
Susan provides irradiation space for 80 irradiation capsules. One pneumatic tube permanently
installed provides possibilities for short-ten iadiation of samples with a very short transit time,
necessary for studying very short-lived activation products.

The Kartini Reactor has been designed similar to the Triga Mark 11 reactor. A unique
advantage of that reactor is that the reactor is coupled to thenatural uranium light water subcritical
assembly through one of its beamports.

The basic design of both the Triga Mark 11 and Kartini Reactors is highly inherently safe
using UZrH fuel, which means that any mechanical or human error would not give serious risk.
This makes it suitable for training purposes.
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Table 1. Basic Features of Indonesian Research Reactors

Triga Mark 11 Kartini RSG-GAS

Reactor Type Tank Tank Tank
Date of Criticality 20 Feb. 65 25 Jan. 79 29 July 87
Reactor Power I 000 KW 200 KW 30 MW
Fuel UZrH, 19.7% UZrH, 193S U30s-Al, 19.75%

enriched enriched enriched

Fuel Element Type Rod Rod Plate
Fuel Cladding St. steel Al AlMg2
Core Size H (55 cm) H (55 cm) H 73.8 cm)

D 53 16 cm) D 45.7 cm) L 80.6 cm)
W 76.1 cm)

Max. thermal
neutron flux 1012 1011 3.5 x 14
(n/cm2sec)

Moderator I ight water light water I ight water
Coolant light water I ight water light water

nat. circ. nat. circ forced circ.

Control Rod 134C B4C Ag-ln-Cd

Utilization -Training -Training -Materials
testing

-R&D in nuclear- -Reactor physics -Radioisotope
technology studies production

-Radioisotope -NAA -Beam tube
production/NAA experiment

-Beam tube -fuel testing
experiment -traininq

RSG-GAS is a multipurpose reactor with a normal operating power of 30 MW termal. The
reactor is cooled and moderated with dernineralized light water circulating in a closed circuit.

The rectangular core is arranged at 13.75 m deep tank pool. It consists of a lOxlO array of
grid containing 40 fuel elements, control fuel elements, one Central Irradiation Position, 4
Irradiation Positions, 37 beryllium reflector elements and one beryllium block in L-geometry as
reflector at two sides of the core. The beryllium block houses 6 beam tubes in it, penetrating the
reactor tank and biological shielding at the experimental hall level. The fuel elements contains
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U308-Al with 19.75% enrichment in 21 plates for standard element and 15 plates for control
element

The generated heat is dissipated in two heat exchangers to the secondary coolant which in
turn discharges it through the cooling tower.

The operating pattern of RSG-GAS follows a 27-day-operating period in one cycle.

111. RESEARCH AND UTELIZATION

In appropriate to nuclear application in energy and non-energy fields in Indonesia, it seems
no need to emphasize the tremendously important role of the human factor.

The two Triga type reactors have subsequently survived for 26 years and 12 years of
operation time. During this period, technicians, engineers and scientists have learned many
activities through operation, maintenance and utilization of the reactor facilities.

Human resource development based on interdisciplinary applications of low flux research
reactors is set forth in table 2.

Table 2 Interdisciplinary applications of low flux Research Reactors in Indonesia

Reactor Physics and Core Thermohydraulic
Operator and Student Training
Nuclear Instrumentation Health Physics and Radiation Protection
Radioactive Waste Disposal
Activation Analysis
Hot Atom Chemistry
Neutron Diffraction
Biology
Radioisotope Production for Medical, and Industrial
Nuclear Engineering (Process and Water Chemistry)
Neutron Radiography

A basic education in nuclear engineering for students of the Department of Nuclear
Engineering, Gadjah Mada University and Nuclear Specialist School of Batan was established and
it is allowed mainly for the study of handling radiation sources, the application of radiation
measuring technique and shielding properties of different materials. Furthermore, experiments are
supplemented with the following:

- criticality experiments,
- reactivity changes due to variations of the core configurations or insertion of different

materials



- measurements of neutron flux
- control rod characteristics
- radiation field In the vicinity of the reactor
- reactor operation
- power calibration.

Similar activities or experiments for reactor operators and supervisors allow for particular
difference in depth of theoretical knowledge and number of practical training.

Other reactor utilization and experiments using low flux research reactor in neutron
diffraction, chemistry, biology, reactor physics and neutron radiography are already described
elsewheres (1 23 4)

Owing to limited availability of neutron flux BATAN aid research and application in some
areas which have been performed only to a limited extent, such as, beam tube experiments,
radioisotope production, fuel and material testing, neutron radiography, silicon doping and neutron
activation analysis.

To accornodate the increasing demands in areas mentioned above, a multipurpose reactor
with a high neutron flux and its incorporated irradiation facilities were constructed (5)

In the construction of such a high flux reactor, several considerations have been performed
owing to the evolution in two specific experimental reactor areasl) technology state of art and 2)

utilization programs which have to be adapted 6), such as

- needs for higher neutron flux available for experiments which generally obtained by higher
reactor powers,

- development in reactor and its irradiation technology which should confirm with the latest
safety ctiteria,

- development in experimental irradiation program,
- imposed utilization of Low Enriched Uranium (LEU).

Experimental facilities at RSG-GAS will be fully installed in 1992. These iadiation
facilities could be specified in three different areas of application. i.e Fundamental Research,
Applied Research and Production by Neutron Iradiation as shown in Table 3.

The status of RSG-GAS core configuration now reaching 6th core and being due to the
installation of inpile loop system reactor will resume operation in January 1992. Starting on the
third core, reactor has been used to perform irradiation services such as:

- Irridiurn 192 (two batches of production tests for consumers)
- Fission product molybdenum (bi-weekly)

- Silicon doping (testing, commissioning and characterization, 2 batches for

Japanese Company)

- Hot start up of the NDT and TAS

- Irradiation of the fuel assemblies (domestic manufactured fuels, 2 silicide and 2

oxide fuels)



- Experiment using powder diffractometer (in cooperation with JAERI two paper have been
published).

Upon completion of the low power and qualification test, it is expected that by February
1992 the reactor will reach its full power operation of 30 MW thermal.

Table 3 Utilization of Facilities at RSG-GAS

Type of activities Facility Number Note

Fundamental Researches 1) Triple axis spectrometer I Materials science and
(TAS) at beam tube S-4 solid state physics

2) SANS and HRSANS at I
S-5

3) Powder Diffractometer I
High Resolution powder
diffractometer

4) Four Circle I

Diffractometer

and Texture

Diffractometer

Applied Researches 1) Dynamic Neutron I NDT, Inspection of

Radiography (at beam corn position

tube S-2)

2) Wet Neutron Radiography I Fuels/Materials

(inpool)

3) Power Rampt Test Fuels

Facility

4) PWR/PHWR inpile loop Fuel

(CIP)

5) Capsules (pins and 2 Fuels/Materials

Cyrano)

6) Pneumatic Rabbit System I NAA

Production by Neutron 1) Be Reflector irradiation 4 Isotope production

Irradiation hole

2) Neutron Transmutation I Si doping

Doping

3) Irradiation Capsule at IP 2 Isotope production

4) Iodine loop I Isotope production

5) Hydraulic Rabbit System 4 Isotope production,

NAA

7



IV. FUTURE PROGRAMS

Appropriate to evolution in experimental reactor technology and its utilization program there
are still two main criteria which have to be adapted for the reactors existing in Indonesia. Firstly,
the existing reactor and its irradiation facilities should conform with the latest safely criteria and
secondly, developing nd optimising utilization of existing reactor facilities should relate to the
latest development.

With the existing facilities in which some still need improvement, the most important
resource is the people who will design, implement, and evaluate experiments being performed and
last but not least the people who will operate and maintain the facility. All the people involved
should have certain qualifications, such as, trained and experienced engineers, scientists and
technicians.

Due to these facts, the reactor utilization in Indonesia will be divided into 1) Fundamental
Research 2 Applied Research 3 Production by Neutron Irradiation and 4 Training and
Familiarization.

The reactor utilization in the future will be expected to be as shown in Table 4 below.

Table 4 The future Utilizatiorl of Research Reactors (given in percentage of activities)

Fundamental Applied Production Training

Research Research by Neutron

Triga Mark 11 20 10 40 30

Kartini 30 5 5 60

RSG-GAS

(as designed) 30 30 30 10

(1992-94) 20 10 40 30

Ideally, the status of RSG-GAS as a multipurpose reactor has to accomodate 3 main

activities in the early period 92-94) such as the production by neutron irradiation readily available,

training familiarization to more sophisticated equipment and needs for basic know how for

fundamental and applied research activities. The immediate activities will be for reorientation and

relocation of human resources in terms of optimizing utilization of the reactor. Furthermore, for:



1. Kartini Reactor
- to equip reactor with additional facilities for training and fundamental researches.

2. Triga Mark 1
- to renovate old part of reactor system
- to maintain reactor as a complimentary to RSG-GAS for radioisotope production

3. RSG-GAS
- to maintain availability of the reactor for user and experimenter in the safe manner

(5 cycles/year)
- to have the basic data of all irradiation facilities
- to familiarize with behaviour of reactor and its irradiation facilities
- to see the possibility of using U3Si2 as a reactor uel.

Possible utilization of research reactors in reactor operation and maintenance, irradiation
services/experiments, post irradiation experiments and technical developments under nternational
Research programs will be highly appreciated.

The specific program directly related to RERTR since early 1989 study has been going on to
look for a possibility to convert LEU Oxide to LEU Silicide fuel at RSG-GAS, as a part of fuel
technology development for a research reactor

Development studies should include three main field of activities 1) Fuel Fabrication, 2 Fuel
Qualification and 3 Conversion studies. Fuel Fabrication activities have been implemented with
full support by IAEA and ANL. For Fuel Qualification, 2 Oxide and 2 Silicide fuels were under
irradiation at RSG-GAS core

These full size irradiation has reached and 16 bum up and number of visual
inspection have shown excellent results.

The objectives of conversion study are to revise existing Safety Analysis Report to be
reviewed by Regulatory Body which covered nuclear, thermal hydraulic and safety studies.
The studies will also be used to develop fuel specification for manufacturers and incore fuel
management including core transition reactor operators.

It i6 expected that by using higher density and higher bum up Silicide fuel, the penalty
contained at existing RSG-GAS LEU Oxide fuel up to certain extends could be compensated.
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ABSTRACT

The progress of the Reduced Enrichment Research and Test Reactor (RERTR)
Program is described. The major events, ftlings, and activities of 1991 am
reviewed after a bief summary of the results which the RERTR Program had
achieved by the end of 1990 in collaboration with its many international prtners.

The RERTR rograrn, has concentrated its efforts on technology transfer And
implementation activities consistent with the guidance received fom the
Department of Energy at the end of 1990.

Postirradiation fuel data have continued to be analyzed and interpreted to gain a
better understanding of the behavior of research reactor fuels under irradiation.
Final reports of the Oak Ridge Research Reactor (ORR) Whole-Core
Demonstration and of the Ford Nuclear Reactor (FNR) Whole-Core Demonstration
were published, and a final report on RERTR fuel development activities is at the
futal draft stage. Several computer codes for the analysis of research reactors
were successfully converted to run on SUN workstations. Final contributions to
the IAEA Safety and Licensing Guidebook for Core Conversions were completed.
Analyses, calculations, and safety evaluations were conducted to support both US
and foreign research reactors in converting to the use of low enrichment uranium.

Six additional reactors that used to need EU exports have become My
converted to LU fuels, bringing to nine the total of such reactors. Two mom
U.S. university reactors were also fully converted, bringing their total to five. An
UPIMIJximate quantitative evaluation shows that the midpoint of the road to
conversion of all reactors which used to rquire BEU exports has been passed, and
last year's progress is consistent with the projection that most reactors which do
not require development of new fuels could be converted within three yars. The
major current program goal is to work closely with the various reactor and fuel
fabrication organizations, so that this projection becomes reality. International
cooperation continues to be essential to the achievement of this goal.
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INTRODUCTION

Recent disclosures about nuclear activities in Iraq have heightened new concerns about
nuclear proliferation and the dangers inherent in the international traffic of highly-enriched
uranium (HEU). Reduction and possibly elimination of this traffic has been from the beginning
the goal of the Reduced Enrichment Research and Test Reactor (RERTR) Program and of all the
international organizations associated with it. le recent events underscore the importance and
timeliness of our task, and reinforce our determination to succeed.

The REM Program was established in 1978 by the Department of Energy (DOE), which
continues to fund and manage the program in coordination with the Arms Control and
Disarmament Agency (ACDA), the epartment of State (DOS), and the Nuclear Regulatory
Commission (NRC). he primary objective of the program is to develop the technology needed
to use Low-Enrichment Uranium (LEU) instead of High-Enrichment Uranium in the research and
test reactors whose fuel requirements cause most of the EU traffic, and to do so without
significant penalties in experiment performance, economics, or safety aspects of the reactors.

Close cooperation with the many organizations represented at this meeting has been the
keystone of the RERTR Program since its beginning, and is to be credited for much of the
excellent progress which the program has achieved to date.

It is appropriate to make a special mention, on the occasion of this meeting, of the
cooperation between the REM Program and the National Atomic Energy Agency of Indonesia
(BATAN). This cooperation began in 198 1, when two BATAN scientists visited ANL for several
months using fellowships provided by the International Atomic Energy Agency (IAEA) and
analyzed with RERTR personnel the features and characteristics of various research reactor
designs that were being considered by BATAN. That early effort culminated, within a short
time, in the selection and acquisition by BATAN of a beautiful new facility whose focal point
is the RSG-GAS reactor (or MPR-30) a modem 30 MW research reactor which uses LEU fuel.

As the new BATAN facility progressed from design to construction and to operation, also
the BATAN/RERTR cooperation continued and grew, with exchanges of technical data, computer
codes, and technical visits. The areas of cooperation include neutronics, thermal-hydraulics,
safety issues, fuel fabrication, postirradiation examinations, and fuel qualification -- in short,
nearly every technical area in which the REM Program is involved.

The RERTR Program is looking forward to continued cooperation with BATAN and we
are grateful to BATAN for hosting this conference in Jakarta. We eagerly anticipate exchanging
technical data and news with our many colleagues; enjoying the beauty and hospitality of
Indonesia; visiting a first-class new research facility; and seeing how well one of the early fuels
developed by the RERTR Program is utilized in a modem, advanced research reactor design.
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OVERVIEW OF THE SEPTEMBER 1990 PROGRAM STATUS

By September 1990, when the last International RERTR Meeting was heldlll, the main
results achieved in the fuel development area were:

(a) 'Me qualified uranium densities of the three main fuels which were in operation
with EU in research reactors when the program began (UA�-Al with up to .7
g U/cm3; U 308-Al with up to 13 g U/cm3; and UZrHx with 0.5 g U/cm3) had
been increased significantly. The new uranium densities extended up to 23 g
U/cm' for UAIX-Al 32 g U/ctn3 for U308-Al, and 37 g /CM3 for U`ZrHx. Each
fuel had been tested extensively up to these densities and, in some cases, beyond
them. All the data needed to qualify these fuel types with LEU and with the
higher uranium densities had been collected.

(b) For U`3Si2-Al, after reviewing the data collected by the program, the U.S. Nuclear
Regulatory Commission (NRC) had issued a formal and generic approvaPl of the
use of U3siVAI fuel in research and test reactors, with uranium densities up to 48
g/cm3. A whole-core demonstration using this fuel had been successfully
completed in the ORR using a mixed-core approach.

(c) For U3Si-Al, rn�iniplates with up to 61 g U/cm3 had been fabricated by ANL and
the CNEA, and iadiated to 84-96% in the Oak Ridge Research Reactor (ORR).
PIE of these miniplates had given good results, but had shown that some burnup
limits ight need to be imposed for the hither densities. Four full-size plates
fabricated by CERCA with up to 60 g U/cm had been successfully irradiated to
53-54% bumup in SILOE, and a full-size Wi-Al 6.0 g U`/cm3) element, aso
fabricated by CERCA, had been successfully irradiated in SILOE to 55% burnup.
However, conclusive evidence indicating that U3Si became amorphous under
irradiation had convinced the RERTR Program that this material as then developed
could not be used safely beyond the limits established by the SELOE irradiations.

(d) Two concepts based on hot-isostatic pressing (HIP) procedures had been
developed for LEU silicide fuels with the potential of holding effective uranium
densities much greater than 48 g U/cm3. One of the concepts was based on a
composite structure Of U3Si wires and aluminum (up to 12.9 g U/cm3)' while the
other was based on a Wi2-Al dispersion structure (up to 10.2 g U/cm3). Sample
miniplates had been produced for both concepts.

In other important program areas, reprocessing studies at the Savannah River Laboratory
had concluded that the RERTR fuels could be successfully reprocessed at the Savannah River
Plant and DOE had defined the terms and conditions under which these fuels will be accepted
for reprocessing.
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A new analytical/experimental program had begun to determine the feasibility of using
LEU instead of EU in fission targets dedicated to the production of 99Mo for medical
applications. A procedure for basic dissolution and processing of LEU silicide targets had been
developed and was ready for demonstration on a full-size target with prototypic burnup.

Extensive studies had been conducted, with favorable results, on the performance, safety,
and economic characteristics of LEU conversions. These studies included many joint study
programs, which were in progress for about 28 reactors from 17 different countries.

Coordination of the safety calculations and evaluations was continuing for the US
university reactors planning to convert to LEU as required by the 1986 NRC rule. hree of these
reactors had already been converted, three other safety evaluations had been completed, and
calculations for six more reactors were in progress.

New guidance received from DOE around the beginning of 1990 had redirected the efforts
of the US RERTR Program away from the development of new and better fuels, toward the
transfer of aeady developed fuel technologies, and toward providing assistance to reactors
undergoing conversion.

PROGRESS OF THE RERTR PROGRAM IN 1991

The activities of the RERTR Program during the past year have been consistent with the
guidance provided by DOE at the beginning of 1990. That guidance, which was described in
detail at the last International RERTR meeting in Rhode Island, directed the RERTR Program
to focus on the conversion of research reactors using the low-enrichment fuels which the program
had already developed, and to concentrate program efforts on technology transfer and analytical
assistance related to such conversions. These activities were envisioned to continue through
1994, when it was estimated that most of the research reactors now fueled with HEU would have
been able to convert to low-enrichment fuels.

Ile main accomplishments of the program during 1991 are listed below.

1. 'Me results of postirradiation examinations of dispersion fuels were further studied to
derive a better understanding of the irradiation behavior, safety characteristics, and

13iapplicability of these fuels Whenever needed, the results were transmitted to the
operators of reactors preparing for conversion, so that they could be taken into account
in the required safety evaluations.
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2. A final, comprehensive report of the ORR whole-core demonstration with silicide fuel
was completed and publishedl4l. A final, comprehensive report of the Ford Nuclear
Reactor (FNR) whole-core demonstration with LEU aluminide fuel was also published151
It is expected that both reports will be of considerable assistance in the planning and
safety evaluations of research reactors considering either gradual or single-step
conversions.

3. The final draft stage was reached in the preparation of a report that will condense in a
single document a the information accumulated by the RERTR Program on the

(6)fabrication of new LEU fuels

4. Several computer codes which can be used to analyze the performance and safety
characteristics of research reactors operating with LEU fuels were successfully converted
to run on SUN workstations. In combination with those previously converted to run on
microcomputers,171 these codes are expected to improve significantly the computational
capabilities of organizations with limited access to mainframe computers. The codes
converted to run on SUN workstations are PLTEMP, NATCON, PARET, DIM, and
REBUS. The codes converted to run on icrocomputers ar PTEMP, NATCON,

PARET, UM2DB, LEOPARD, and LYNX.

5. Final contributions were made to the "Safety and Licensing Guidebook for Core
Conversions from HEU to LEU Fuels", to be published by the IAEA.

6. Analyses, calculations, and safety evaluations were conducted to support US research

reactors in their efforts to convert to LEU fuels as required by the US Nuclear Regulatory
Commission. Some results of this work are included in one of the papers presented at

[81this meeting

7. Analyses, calculations, and safety evaluations were performed also for reactors undergoing

or considering conversions outside the US, within the joint study agreements which are
in effect between the RERTR Program and several international research reactor
organizations. An important contribution of the RERTR Program in this area is reported
at this meeting.191

8. Calculations were performed for advanced compact-core designs and concepts, to define

their limits and to investigate the feasibility of using reduced-enrichment fuels in their
cores. Also reported at this meeting are the preliminary results of a promising method
which uses linear programming to optimize the core design of an advanced research
reactor concept with LEU uelJ Flo]
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I reported last yearl 1 1 on the overall progress toward conversion which had been achieved by
the end of 1990 toward the conversion to LEU fuels of all the research reactors which required
HEU exports when the program began, and which were still in operation without imminent plans
of being shut down. It is of interest to evisit the situation of these reactors today, and to see how
much new progress has been accomplished during the intervening year.

The research reactors of interest for this review are the forty-twol research reactors with
power of at least one egawatt which used to import HEU either from the United States or from
other Western sources. Several reactors among this group have made very important recent
strides toward conversion. Listed below are the major accomplishments of which we have
become aware since the previous report was prepared:

1. The DR-3 reactor 12 MW), at RISO, Denmark, was completely and successfully
converted to the use of LEU silicide fuel fabricated at RISO.

2. The RA-3 reactor 2.8 MW), at the CNEA, Argentina, was completely and successfully
converted to the use of LEU oxide fuel fabricated at the CNEA.

3. The FRG-1 reactor (5 MW), at GKSS, Germany, was completely and successfully
converted to the use of LEU silicide fuel fabricated at CERCA.

4. The ASTRA reactor (8 MW), at 6FZS, Austria, completed a gradual conversion to the
use of LEU elements of various types, fabricated by NUKEM and CERCA.

5. 'Me NRCRR reactor (5 MW), at AEOI, Iran, was converted to the use of LEU fuel
fabricated by the CNEA.

6. The PARR reactor (5 MW), at PAEC, Pakistan, was converted to the use of LEU fuel.

7. The R2 reactor (50 MW), at Studsvik, Sweden, began conversion by gradually loading
about 36 LEU silicide fuel elements fabricated by CERCA.

8. Five other reactors placed orders for fabrication and/or materials of LEU elements: HOR
(Netherlands), GRR-1 (Greece), `R-2 (Turkey), MTR (Japan), and SSR Romania).

With these changes the list of the fully-converted reactors, which last year included only
three reactors (OSIRIS, THOR, and PRR- 1), has grown to include nine -reactors.

'Forty-three such reactors were identified to belong to this group last year. The change was motivated by two
reasons: (a) one reactor was added (SCARABEE, rance) and two were removed because both DDO and PLUM,
in the United Kingdom, were permanently shut down in 1991 after long and fruitful service.
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Significant progress has been achieved also in the completion of intermediate steps
leading to conversion. As detailed in Ref. 1, the six important steps which many reactors may
be expected to take on their way toward conversion are:

1. Determine feasibility of conversion.

2. Develop conversion plan.

3. Begin irradiation of prototype elements.

4. Order LEU elements for conversion.

5. Load first LEU elements in the core.

6. Unload last HEU elements from the core.

'Me forty-two operating reactors which required REU exports when the RERTR Program
began can be subdivided in seven categories according to the most advanced step which they
have achieved. The two graphs of Fig. I illustrate the distributions of the numbers of the
reactors, and of the average number of kilograms of 235U yearly exported for use in their fuels,
among the various categories. Both diagrams would be blank if no progress toward reduction
of EU exports had been achieved, and would be fully shadowed if total success had been
achieved and no further HEU exports were to be required. 'Me lighter areas correspond to the
progress achieved by the end of 1990 and reported at the last meeting, and the darker aas
correspond to the incremental progress achieved during 1991. If each new step achieved is
assumed to correspond approximately to equivalent progress, the percentage of each diagram
which is shadowed corresponds to the percentage of the overall goal which has been
accomplished, either in terms of reducigg the number of reactors requiring BEU exports or in
terms of reducing the yearly exports of 235 U. These percentages are now 54.4% for the number
of reactors and 54.8% for the yearly 235U exports, while they were, respectively, 44.1% and
47.9% last year.2 Therefore, the progress which has been achieved collectively by the
international RERTR effort has passed the midpoint of the road leading to the ultimate goal.

Last year it was noted that, since USi2-Al LEU fuel was fully qualified for use in
research eactors in 1986, the progress achieved by the end of 1990 appeared to indicate that
most of the remaining conversion work could be accomplished by the end of 1994. The progress
achieved during the past year is in line with that projection and confirms that our collective goal
can be achieved.

Comparable progress has been attained also by the U.S. university reactors, which are
considered separately because they do not require EU exports. Two additional reactors of this

2TIe values cited last year were slightly different, 43.8% and 47.4%, because of the different base.
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group were converted to LEU fuels, bringing the total number of such converted reactors to five.
One additional conversion order was issued by the NRC. Safety documentation was completed
for another reactor and is in progress for four more reactors.

'Me RERTR Program has contributed to this progress and plans to continue to do so to
the best of its ability. However, it is the individual reactor organizations which shoulder the
responsibility for the reactors, their operation, and their safety. They must carry on most of the
work required for the conversions, and deserve most of the credit for the progress which has been
achieved. We look forward to working with them towards our common goal in the coming years,
as we have in the past.

PLANNED ACTIVITIES

The future activities which the RERTR Program plans to undertake are consistent with
the recent DOE guidance and with the plan outlined at last year's international meeting. The
major elements of this plan are described below.

1. Complete testing, analysis, and documentation of the fuels which have already been
developed, and support their implementation.

2. Transfer LEU fuel fabrication technology to countries and organizations which require
such assistance.

3. Perform calculations and evaluations for reactors planning to undergo conversion, to assist
in improving performance and in resolving safety issues.

4. Within the available budget, develop a viable process, based on LEU, for the production
of fission 99Mo in research reactors.
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SUMMARY AND CONCLUSION

Consistent with recent DOE guidance and with a reduced but stable budget projection, the
RERTR Program has concentrated its efforts on the following activities:

1. Existing fuel data were analyzed and interpreted to derive a better understanding of the
behavior of dispersion fuels under iadiation.

2. Final reports of experiments and analyses were prepared. Final reports of the ORR
Whole-Core Demonstration and of the FNR Whole-Core Demonstration were completed,
and will assist most research reactors planning to convert to LEU fuel either gradually
through a succession of mixed-cores or in a single step, with a uniform core. A final
report on RERTR fuel development activities is at the final draft stage.

3. A series of computer codes for the analysis of research reactors operating with LEU fuels
were successfully converted to run on SUN workstations, in addition to those already
converted to run on microcomputers. Mis work is expected to improve the applicability
and usefulness of the codes.

4. Final contributions were completed for the 1AEA Safety and Licensing Guidebook for
Research Reactor Core Conversions from HEU to LEU Fuels.

5. Analyses, calculations, and safety evaluations were conducted to support both US and
foreign research reactors in their activities related to core conversions to LEU fuels.

Six additional reactors that formerly required HEU exports have fully converted to the use
of LEU fuels during the past year, bringing to nine the number of such full conversions. Two
more U.S. university reactors have also converted, bringing their total to five. An approximate
quantitative evaluation of the overall LEU conversion progress has shown that more than half of
the work required to eliminate the need for further HEU exports has been accomplished. The
incremental progress achieved during the past year is well in line with the projection that the
conversion process of the reactors which do not require development of new fuels can be
accomplished during the next three years. 'he primary program goal is to work as closely as
possible with the various reactor and fuel fabrication organizations, and to spare no effort to
ensure that this projection materializes. As in the past, international cooperation will be essential
to the achievement of our common goal.
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ABSTRACT

The reduced enrichment program for the JRR-2, JRR-3,
JRR-4 and JMTR of Japan Atomic Energy Research Institute
(JAERI), and the KUR of Kyoto University Reseach Reactor
Institute (KURRI) are in progress under the Joint Study
Programs with Argonne National Laboratory (ANL).

The JMTR and JRR-2 have already been converted to the
use of MEU aluminide fuels in 1986 and 1987, respectively. The
operation of the upgraded JRR-3 was started in March 1990
with the LEU aluminide fuels.

The preparation was conducted for the application of the
JMTR and KUR for safety review of core conversion to LEU
silicide fuels. The safety eview for irradiation of two LEU
silicide fuel elements in the KUR was finished. The safety
review of whole core LEU conversion of JMTR has been in
progress since March 1991.

INTRODUCTION

The program in JAERI for the first step, in which the JMTR and JRR-2 were
to be converted to the use of 45% enriched uranium (MEU) aluminide fuels and
the JRR-3 to the use of 20% enriched uranium (LEU) aluminide fuels, has been
completed. The first criticality of the new JRR-3 was achieved on March 22,
1990. After commissioning tests, 20 MW full power operation has been continued
since November 1990. Further core conversion of the JMTR for use of LEU
silicide fuel with burnable absorber has been studied since 1984 in accordance
with the Joint Study with ANL. The safety eview documents of the conversion
was submitted on March 28, 1991. The safety review by government is under way.
The LEU core conversion is scheduled in 1993. Experiments on silicide fuel
plate behavior under accidental conditions are progressing by utilizing theNSRR .
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On the other hand, in KURRI the same efforts as in JAERI to reduce the
enrichment of the KUR are in progress. KURRI is planning to demonstrate to use
two full size LEU silicide fuel elements among the current HEU elements, prior
to the safety review for full core conversion with EU silicide fuel. The safety
review for irradiation of two LEU silicide fuel elements was finished and the
fuel elements are in fabrication.

JAERI

JRR-2

After the fuel in the core was converted from 93% enriched uranium (HEU to
45% enriched uranium (MEU) the reactor has been operated for 38 operation
cycles (12days/cycle) of more than 95,000 MWh. No evidence for fuel failure
has been observed.

An increased demand for in-core irradiation is satisfied by the new reactor
core which consists of all MEU cylindrical fuel elements with a central
irradiation hole. The utilization performance such as neutron fluxes for
irradiation and for beam experiments is almost the same as those of the HEU fuel
core.

JRR-3

The upgrading work for JRR-3 was started in August, 1985 and the first
criticality of the new JR-3(JRR-3M) was achieved in March, 1990, using LEU
aluminide fuels 22 gU/CM3). The JRR-3M began to operate for capsule
irradiation, beam experiments and so on at the reactor power of MW in
November, 1990. One operational cycle consists of four weeks for operation and
one week for shut down work. No evidence for fuel failure has been obserbed.

Neutron fluxes at beam experimental holes in JRR-3M are quite satisfactory
and the cold neutron source has been also operated successfully.

The equilibrium core has been attained in May, 1991, and its
characteristics such as excess reactivityneutron flux and control rod worth
have been proved to be consistent with the design value.

JRR-4

It is expected that the reactor operation with REU fuels continues up to
the end of 1993, when almost all the HEU fuels will be consumed in JRR-4. Then,
the convertion works of the reactor core to LEU fuels might be followed by using

U3Si2-Al dispersion type fuels for about two years. JRR-4 is planned to resume
its operation in 1996.

The core design with LEU fuels is now under way. Seismic analyses of the
reactor building, accident analyses of fuel elements and so on are carring out
for the safety evaluation. And the upgrade of utilization facilities is also
under consideration.
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JMTR

The JMTR has been operated with MEU fuels since July, 1986. Preparations
to apply for safety review of the core conversion were finished and the safety,
review documents for the use of LEU fuel (U3Si2-Al,4.8 gU/CM3) was submitted to
the Science and Technology Agency (STA) on Mch 28, 1991. The safety review by
government is doubly conducted, that is the first review by STA and the second
review by the Nuclear Safety Commossion. The first review was finished by last
July. The second review is progressing. As a result of applying new safety
principles, the emergency cooling system and the reactor protection system were
to be upgraded. The JMTR operation with LEU fuels will be started in November
1993.

LEU fuel for the JMTR is determined to be silicide (U3Si2) fuel with .8 gU
cd and burnable absorbers of aluminum sheathed Cd wires are located in each

side plate. The use of this fuel gives following advantages to the JMTR
operation; JMTR can operate 26 consecutive days without refueling which is
currently carried out after 12 days' operation, and operating characteristics
remain unchanged.

Many R&D works on silicide fuel have been successfully conducted in 1989
through 1990, such as measurements of release/bom ratios of FPs for high burnup
fuel samples, hydraulic tests using dummy fuel elements with depleted uanium,
measurements of thermal conductivity. Fabrication and inspection technique on
silicide fuel elements with burnable absorbers have been developed and
investigated through fabrication of the dummy fuel elements.

Concerning review of safety evaluation, possibility of stress corrosion
cracking on primary pipings was investigated and non-destructive inspection of
primary piping was conducted. Experimental study on DUB heat fluxes correlation
was conducted to obtain necessary information and data for safety analysis.

PULSE IRRADIATION OF SILICIDE FUELS IN THE NSRR

Inpile experiments are pogressing in the NSRR to study the silicide fuel
behavior under accidental conditions in order to provide a data base for the
safety evaluation in the application of silicide fuels to research reactors.

Thermal and mechanical response, fuel failure initiation and fuel
fragmentation criteria of silicide fuels are being inverstigated by subjecting
the silicide test fuel plates to pulse irradiation.

Mini-plate type, low enriched 19.89%) and high uranium density (4.8g/CM3)
fresh silicide fuels are used as the test samples. Four experiments have been
conducted to date. Starting from a milder energy deposition of about 60 cal/g-
fuel, the energy of 154 cal/g-fuel at maximum was deposited to the fuel and
realized a transient temperature increase up to 970 C in the last test of the
four.

It has been confirmed that the dimensional stability and intactness can be
kept at fuel temperature below 400'C for fresh fuels under transients. Fuel
temperatures for initiation of fuel deformation, cladding melting and swelling
of the fuel meat have been clarified.
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KURRI

The Kyoto University Research Reactor (KUR, 5MW) has been operated since
1964 using highly enriched uranium fuel. At the end of 1993, the full core of

KUR will be converted to use LEU silicide fuel.

Prior to it, two fuel elements (U3Si2-Al 32 gU/CM3) will be inserted to
the core for demonstration. The elements are now in fablication by CERCA,
France 

In order to obtain harder neutron spectrum for variety of experiments, the
feasibility study on a core with low moderator to fuel ratio is now going on.

The safety review application for the full core conversion will start
shortly.
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Table 3. Research Reactors Relevant to REM in Japan

Name Power First Fuel Conversion
(MW) Critical Enrichment

KUR (KURRI) 5 1964 HEU - LEU 1993

KUHFR (KURRI) 30 to be canceled

JRR-2 (JAERI) 10 1960 HEU - MEIJ 1987

JRR-3 (JAERI) 20 1962 LEU LEU 1990

JRR-4 (JAERI) 3.5 1965 HEU - LKJ 1996

JMTR (JAERI) 50 1968 MEU - LEU 1993

Related Critical Assemblies

KUCA (KURRI) 0.0001 1974 HEU - MEU 1981

JMTRC (JAERI) 0.0001 1965 HEU - MEU 1983
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Table 4 History of Reduced Enrichment Progr-am for Research and
Test Reactors in Japan

1977. 11. Japanese Committee on INFCE WG-8 was started.
1977. 11. Joint Study Program was proposed at the time of the application

of export license of HEU for the KUHFR.
1978. 5., ANL-KURRI Joint Study Phase A was started.
1978. 6. Five Agency Committee on Highly Enriched Uranium was organized.
1979. 2. ANL-KLIRRI Joint Study Phase A was completed.
1979. 5. Project team for RERTR was formed in JAERI.
1979. 7. ANL-KURRI Joint Study Phase was started.
1980. 1. ANL-JAERI Joint Study Phase A was started.
1980. 8. ANL-JAERI Phase A was completed.
1980. 9. ANL-JAERI Phase was started.
1981. 5. MEU UAL-Al full core experiment was started in the KUCA.
1983. 3. ANL-KURRI Phase was completed.
1983. 8. MEU UAL-Al full core experiment in the JMTRC was started.
1983. 11. ANL-KURRI Phase C was started.
1984. 3. AML-JAERI Phase was completed.
1984. 4. ANL-JAERI Phase C was started.
1984. 4. MEU-HEU mixed core experiment in the KICA was started.
1984. 9. Irradiation of 2 MEU and 1 LEU UAL-Al full size elements in

the JRR-2 was started.
1984. 10. Irr-adiation of LEU UAL-Al full size elements in the JRR-4 was

started.
1984. 11. Thermal-hydraulic calculations for the KUR core conversion from

HEU to U was performed.
1985. 1. Irradiation of MEU UAL-Al ull size elements in the JMTR was

started.
1985. 3. Irradiation of U UAI.-Al full size elements in the JMTR was

completed.
Irr-adiaton of LU U.Si,-Al miniplates in the JMTR was started.

1985. 6. Irradiation of LU U.Si,-Al miniplates in the JMTR was
completed.

1985. 10. Neutronics calculations for the KUR core conversion from HU to
LEU was performed.

1986. I. Irradiation of MEU UAL-Al full size elements in the JRR-2 was
completed.

1986. 5. Irr-adiation of MEU UAL-Al full size elements in the JRR-2 was
completed.

1986. 8. The JMTR was fully converted from HEU to MEIJ fuels.
1987. 11. MEU UAL-Al full core in the JRR-2 was started.
1988. 7. PIE of U, EU UAI.-Al full size element in the JRR-2 was

completed.
1988. 12. Irradiation of a LEU UAI.-Al full size element in the JRR-4 was

completed.
1990. 3. LEU AL-Al full core experiment in the new JRR-3(JRR-3M) was

started.
1990. 11. Full power operation of MW in the JRR-3M was started.
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STATUS OF LEU PUEL DEVELOPMENT IN NDONESIA

S. Soentono and A. Suripto
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Kawasan PUSPIPTEK. Serpong 15310, Indonesia

ABSTRACT

All three research reactors in Indonesia have been operated using
low enriched uranium (LEU) fuels. However, the fuels for the
RSG-GAS are interesting to develop to enhance its fabrication and
utilization. Employing facility available at the Fuel Element
Production Installation FEPI), using UF6 or 30g as feed
materials, about 1000 fuel cores have been manufactured. There
were 714 cores in the form Of U30g-Al and 89 cores in the form of
U3Si2-Al. About 1000 fuel plates, of which 691 30S-Al and 5
U3%2-Al, have been made. There were 14 fuel elements, of which
8 U308-Al and 3 U3%2-Al, as well as 3 control elements having
been fabricated. Four full-size fuel elements, consisting of two
oxide and two silicide fuel elements, each with loading density of
-3 gU/cm, have been iradiated in the RSG-GAS reaching currently
the bum-up of about and 16%, showing excellent performance as
expected. The ftiel elements are to be further irradiated to reach the
bum-ups of 48 and 56%. Attempt to fabricate fuel plates of higher
loading density silicide ftiels have also been carried out employing
depleted U and home-made tools. Ten fuel plates with loading
densities ranging from 30 to 5.1 gU/cm3 and 25 miniplates with

loading densities ranging from 48 to 5.1 g/CM3 in the form of

U3Si2-Al have been made. The miniplate cladding materials were

AlMg2 and Al 6061. The miniplates and mini fuel elements of

U3Si2-Al using enriched U of < 20% with loading densities ranging
from 48 to 5.1 g/CM3 are to be manufactured in the near ftiture

and be irradiated in the MTR in pile loop of the RSG-GAS after its

commissioning completion. The post iradiation examination (PIE)

of the iradiated full size and mini fuel elements will be carried out

using the radiometallurgical laboratory (RML) now being at the

stage of cold start-up.
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INTRODUCTION

There are three research reactors now in operation in Indonesia. The oldest one is a
Triga Mark II of I MW located at Research Centre for Nuclear Technique at Bandung
commencing its operation by 1965. The second is an Indonesian Triga type reactor, Kartini,
of 250 kW located at Yogyakarta Nuclear Research Centre at Yogyakarta commencing its
operation by 1979, while the latest is a multi-purpose research reactor, the RSG-GAS of
30 MW located at Multi-purpose Reactor Centre at Serpong commencing its operation by
1987. The first two research reactors are fueled with LEU in the form of UZrH produced by
General Atomic (GA 102 and GA 104). The ftiel for the RSG-GAS is also LEU but in the
form Of U308-Al.

The three research reactors have been complementary utilized for various purposes,
such as education training, research, isotope production, material analyses, and activities
for preparing nuclear industries. All reactors have been fueled with LEU being already in
accordance with the Reduced Enrichment for Research and Test Reactors
(RERTR) programme.

The fuel supply for the Bandung and Yogyakarta research reactors relies on off-shore
procurement, while the one for the RSG-GAS shall be provided by domestic fabricator [II
Thus, not only has the domestic fabrication capability to be achieved but also to be
improved 2] Being a multi-purpose research reactor 31, it is expected that its utilization
can be optimized and enhanced, therefore better fuel performance is desired 2]

The domestic fabrication of the LEU fuel is carried out using the FEPL Simplified
flow chart of the fuel element production at the FEPI is presented in Figure 1. More detail
processes employed have been described in previous papers presented on the X11th
International Meeting on RERTR 12]. The first year of the FEPI utilization, after its
successful cold commissioning in 1987, had been dedicated to prove and improve the
operational capability to produce fuel and control elements for the RSG-GAS, i.e. the
U308-Al fuel of 19.75% enriched U with the loading density of 296 g/cm3. Since the
RSG-GAS had enough inventory there was then no real demand for fuel and control
elements. Ever since 1988 the production cmpaigns of the oxide fuel as well as a
simultaneous research and development programme
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on advanced silicide fuels have however been started to anticipate the near future demands.
Due to encouraging results of successful ORR whole core demonstration using U3Si2-Al
fuel the loading density of 48 gU/cM3 and the approval of this fuel as standard LEU fuel
for research reactors by US-NRC in 1988 4), the research and development of silicide fuels
has been concentrated on this type of silicide.

rp
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Figure 1. Simplified Flow Chart of Fuel Element Production
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PRELIMINARY EXPERIMENT

The FEPI is equiped with two production trains i.e. the U308-Al and the UAlx-Al

comprising facilities for chemical conversion, mechanical workshop for manufacturing fuel

and control elements, laboratory for quality control, and facility for scrap recovery.

The capacity of the FEP1 is designed to produce minimum 70 fuel elements per annum with

8 working hours/day basis for 200 working days in a year.

During the cold start-up using more than 170 kg depleted U, the FEP1 had been

proven capable to produce fuel and control elements using starting feed material either UF6

or UNH solution, following the specifications for the RSG-GAS. The capability of the

alluminide train was also proven. About 48 kg U Of U308, 25 kg U of U metal, and

-16 kg U of UAIx were produced. These intermediate products were used to produce 313

U308 and 160 UAIx ftiel cores. The oxide fuel plates with loading densities of 23 gU/cm3

and 30 g/cm3 as well as the alluminide with loading densities of 16 g/cm3 and 23

gU/CM3 were then produced. The fuel plates produced were 300 for the oxide and 160 for

the alluminide. Finally, 6 oxide fuel and 3 oxide control elements with the loading density

of 3 gU/cm3 as well as 3 alluminide fuel elements with the loading density of 23 gU/cm3

were assembled.

The alluminide train was then employed for research in the advanced silicide fuels.

Using the depleted U, about kg U Of U3Si2 was produced and was then used to produce
13 fuel cores. Ten of these cores were then further fabricated to make 10 fuel plates with

loading densities ranging from 30 to 5.1 g/CM3. Anticipating the need to fabricate mini

silicide ftiel elements for research and development, 25 mini silicide fuel cores were also

produced and then used to fabricate 25 mini fuel plates with loading densities ranging from
4.8 to 5.1 g/CM3.

Throughout this preliminary experiment various quality control activities to follow

the quality assurance programme were practiced covering aong others destructive tests

such as chemical analyses for boron equivalent determination of impurities as well as

metallographical analyses for cladding thickness measurement, dog boning observation of

the fuel meat at the edge and intermetallic fuel crystal investigation. The non-destructive

tests were also carried out consisting several tests, e.g. U235 assay by gamma radiometry

and X-ray radiography for fuel cores. Macroblister using visual inspection and microblister

by ultrasonic scanning, X-ray radiography U areal distribution by X-ray attenuation

scanning, dimensions, surface contamination, and surface defects for fuel plates. While for

fuel element, some of the tests were pull test for roll-swag specimens, surface

contamination, dimensions, centricity and water gaps. The structure parts were also checks,

i.e. the properties of the material and their dimensions.
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The production experiences gained during this preliminary experiment were then
considered to be satisfying since there had been no serious rejection problems. However,
fuel plate rejection for the silicide with high loading density, i.e. > 48 g/cm3, as well as
the ones in the form of miniplate appeared to be considerably high [5]. Further experience,
probably in their core production, rolling and cutting techniques, therefore should be
obtained.

LEU FUEL PRODUCTION

Using more than 130 kg < 20% enriched U, in the form of UF6 and U30g, 401 oxide
and 76 silicide fuel cores have been produced to fabricate successftdly 391 oxide and 75
silicide fuel plates of the RSG-GAS specifications, i.e.:

U235 content : 11.90 g ± 030 g
Length :693.5 mm 0.20 mm
Width 70.75 mm 0. 1 mm
Thickness 1.30 mm ± 007 mm
Cladding thickness

Average :0.36 mm
Minimum :0.25 mm

Min. Meat Width :60.35 mm
Min. Meat Length :570 mm

(the loading density is 2.96 gU/cm3)

In order to qualify the products, although all quality control had been observed in
accordance with the quality assurance programme, the performance of the products in the
reactor were to be demonstrated. Four fuel elements, two oxides and two sicides were then
therefore assembled to be tested in the RSG-GAS.
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CURRENT ACTIVITIES AND PROGRAMMES

The four fuel elements produced are now being irradiated in the RSG-GAS. The
RSG-GAS is now under commissioning period with a lot of experimental data collection,
the irradiation of these fuel elements is therefore going to take a long time to reach its
non-nal and above normal bum-up. The first insertion of these fuel elements into the core,
as ftiel elements of the RSG-GAS, has been done in the forth core configuration taking
place in March 1990. This first insertion covered two fuel elements, i.e. one oxide and one
silicide. Similarly the second insertion also consisted of two fuel elements being one oxide
and one silicide. This second insertion has taken place in the fifth core configuration of the
RSG-GAS in November 1990. Underwater visual inspection of these fuel elements are
carried out periodically and video recorded. The inspections were carried out after the
completion of experiment of one core configuration. The RSG-GAS is now at its sixth core
configuration. Each experiment of one core configuration consumes about 8% bum-up. The
visual inspections show that after having and 16% bum-up all four fuel elements have
been showing excellent performance without any anomalous. The irradiation of these fuel
elements will be continued to reach 48 and 56% bum-up after the completion of the 10th
core configuration, probably by the end of 1992, if the elements continue showing excellent
performance throughout the irradiation. Visual inspection to these elements will always be
carried out especially at the end of each core configuration. These irradiated fuel elements
will then undergo complete post irradiation examination in the Radiometallurgical
Laboratory (RML) 6 In the mean time the oxide fuel and control elements will be
produced to anticipate the RSG-GAS demand for 36 fuel and 7 control elements for the
year of 1992. Among these elements, 6 fuel and I control elements will have to be
produced before April 1992 to load the 7th core configuration.

Attempt to improve the fabrication Of U3Si2-AI miniplates with various loading
densities up to 5.1 gU/cm is being carried out to decrease the rejection. The substitution of
the cladding material using Al 6061 is also being investigated. Once the optimum
procedure found, the fabrication of LEU miniplates will be carried out to manufacture a
mini element containing I I plates being suitable for insertion in the MTR loop at the RSG-
GAS 7 The I I miniplates will consist of oxide and silicide with various U loading
densities with the cladding materials of Al 6061 and AMg2. It is also considered to
manufacture various coupons with the same fuels and cladding materials as the miniplates.
The mini element as well as the coupons will undergo iadiation and then post iradiation
examination to qualify the fabrication of high loading density silicide ftiels, compatibility
of the cladding materials, fuel and cladding behaviors at various loading and bum-up as
well as some academic investigations.

38



CONCLUSION

1. The LEU fuel development has resulted the ability to produce advanced fuel U3Si2-AI
with the loading density up to 48 g/CM3.

2. The experience grinned using the FEP1 has been satisfying, not only has the RSG-GAS
LEU oxide but also the silicide fuels been produced and being used in the reactor.

3. Since the production capacity of the FEPI is exceeding the RSG-GAS fuel demand,
therefore other demand for MTR plate type fuels, in the form Of U308-Al (with the
loading density up to 31 gU/CM3) or U3Si2-AI (with the loading density up to 48
gU/cM3 can be manufactured using the FEPI.

4. The FEPI can be used as a research facility for LEU fuel -development. Being adjacent
to the RSG-GAS with various irradiation facilities and also near the RML capabling to
be used for complete PIE and special analyses, the LEU fuel research and development
is expected to be further comfortably continued.

5. Any cooperation in the manufacturing and development of LEU fuels for mutual benefit
is welcome.
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ABSTRACT

On the basis of the research and
development work, a production line of U3Si2-
Al dispersion fuel elements has been
established and tens of the fuel elements
have been produced. A lot of technical
improvements and reliable inspection system
ensure that all technical performance of the
fuel elements meet International standards.
--------------------------------------------

INTRODUCTION

The Reduced Enrichment Research and Test Reactor(RERTR)
activities in China were mainly concentrated in the Nuclear
Power Institute of China(NPIC). In recent decades, NPIC has
designed and constructed Plused Reactor of ChIna(PRC-1) .
and fabricated its LEU U-ZrHx rod-type fuel elemen tS2.

Meanwhile, NPIC undertook the engineering research on
research reactor core conversion from HEU to LEU, and
developed the U3Si2-Al dispersion fuel elements.

We began to develop the technique of fabricating UAlx-
Al dispersion fuel elements as well as its inspection
techniques since 1978, and got sufficient experienceS3.
After the successful development of the U3Si2-AI dispersion
fuel elements by ANL, etc, in 1987a , We shifted our
attention to develop this type of fuel elements so as to
provide customers with the qualified LEU U3Si2-AI fuel
elements and fabrication technique. A production line of
U3Si2-A1 dispersion fuel elements and a reliable QA/QC
system on the basis of the research and development work
have been set up.At the end of 1990 the production line
started to fabricate the LEU U3Si2-AI fuel elements with
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U-dens i ty up t o 4.8g/en? Nearly one thousand of fuel
plates and tens fuel elements have been fabricated for
reactors up to now. Various inspections and tests show that
all performances of the products excellently meet the
requirements of contracts as well as the standard of
international specifications. These fuel elements were
satisfactorily accepted by the customers and some are under
in-pile test.

The present paper features the fabrication procedures,
the rncipal performances of product, the research
work and developing trend an the U3Si2-A1 dispersion
fuel elements.

RAW MATERIALS

The metallic uranium is used as starting material for
the production of fuel.The enrichment of U-235 is within
19.75.±0.20%. The content of U-234, U-236 and impurities
correspond to the specifications of the DOE of USA, the CERCA
and the NUKEMr', e.g., A<10; !ffl65; Caff5O; B<0.2; N!!25 (ppm)
etc.The silicon is of semiconductor grade. The average
diameter of FLT-1 aluminum powder is about 30um, aluminum
content is not less than 99.5 wt%, in which the content
of active aluminum is more than/equal to 98.3 wt%, the
impurity content is less than ANL's specification, e.g.,
BE1.1; Cd93.3; Fed1800; Si!1200(ppm), etc. All structural
materials are LT24 aluminum alloy equal to 6061 of USA.
The welding wire is LTI aluminum alloy corresponding to 4043
of USA.

PROCESS FEATURES AND PRODUCT PERFORMENCE

The production line has been set up on the basis of
experiences obtained by our research and development work.
Actually, the line is consisted of projects of concerned
research laboratories. The most equipment has been used both
in research and production. Some equipments have been
improved to meet special requirement.The improvements of
technology in many aspects guaranteed the product qulity. For
example, we have improved the state and construction between
the frame, covers and core, therefore got many good effects:
reduction of dogbone, elimination of white spots, no rejected
billet during the assembling and approximation of the meat
shape to regular rectangle. Other technical improvements
and experiences wl be introduced in following paragraphs.

In the meantime, a series of quality inspection
techniques and equipments were developed, including 
convenient and accurate Tm-170 r-ray perspective meter for
the meat locationr-ray absorption apparatus for uranium
homogeneity inspection, ultrasonic detector for bonding
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quality, phase sensitive eddy current inspector for the
thickness of cladding, surface contamination inspector,
multifunction x-ray image-treatment system for structure
of the meat, channel gap Inspection system and multiple
dimensions inspection system for fuel elements etc.These
equipments all have good accuracy and automation.
These equipments not only supervise the production
procedurebut also assure the agreement of product's
performance with the international standards6-9 which are
served as criteria to Judge the quality of products.

Some typical technological procedures and quality of
products will be introduced as follows.

U3Si2 Melting and Powder Preparating
------------------------------------

U3Sj2 is melted in induction furnace using graphite
crucible with coatingthe weight of every ingot is about
Skg. The U-content in ingot is 91.7-92.0 wtX, the Si-content
is controled between 75-7.7 wtX, and the main impurity
content is less than the allowable data4,6, e.g. C<600ppm,
B<2ppm. Cd<lppm etc. The
results of x-ray diffrac-
tion analysis and x-r ay
energy dispersive
spectrum analysis show
that the primary phase is
U3Si2,only a little i
can be discovered and
there are no other
phasesas shown in fig.l.

U3Si2 ingot was
crushed by the bi-roller
grinder in Argon
atmosphere. The powder
was sieved into two class
size, one is 45-150
)amanother is 45 Aim. The
particle size of 75 wt%
powder in compact is
within 45-150,um and that
of 25 wt% is less than 45 Fig.1 microstructure of

AIM. Uranium silicide

Fabrication and Performence of Fuel Plate
-----------------------------------------

U-235 Loading deviation in Fuel Plate
-------------------------------------

The deviation of U-235 loading in fuel plate affects
the reactivity and safety of reactor. U-235 loading
deviation allowed by common technical standards is k2 %7-1.
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In our production procedure, the U3Si2 and Al powder of each
compact are weighed one by oneand the U-235 loading is based
upon final weight of the compact before assembling, so
the deviation caused by weight loss during, blending, pressing
and degassing could be eliminated. The productive practice
shows that the variation of calculated data of U-235 loading
is within ±0.2%. U-235-content deviation in metallic uranium
is 0.1%. The analysis deviation of U-content In U3SI2 powder
is.±O.SX. According to square root deviation calculation,
the U-235 loading deviation of each fuel plate is ±0.6%
on nominal value, which is much lower than the requirement of
technical standard.

Bonding Quality
---------------

LT24 Al-alloy has a good mchanical property and corro-
sion resistance, so it Is usually used as frame and cover
material. However, the quick oxidation of the surface of
LT24 at 450-500 aC rolling temperature seriously affects the
bonding quality of fuel plate. The 6061 Al-alloy with 1100
Al-alloy clad"clor the 6061 treated by caustic etching"' are
used in USA. We have developed a new surface treating method
for LT24 frame and cover sheet. Using the new method, the
fuel plate may got good metallurgical bonding after hot-
rolling, In the production, the blister test, the ultrasonic
scanning Inspection and the bending test on a strip sheared
from the plate end trimming have shown that the bonding
quality is good.

Shape and Size of Meat
----------------------

As adove-mentioned, we have improved the frame constru-
ction that cause the shape of meat to approach a regular
rectangle, the x-ray photograph is shown in Fig.2.

6 0 mm

FIg.2 x-ray photograph of fuel plate

Both end line of the meat are flatits both sideline are
straight. The thickness of the plate may be controled
accurately within 1.27iO.Ol mmso the length of meat is
accurate within 600 ±10mm. The width of meat in middle and
end is 58.70 ±0.25mm, namely, the variation of meat width
along length is very small.
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Uranium Homogeneity and Dogbone
-------------------------------

The homogeneity of uranium distribution in meat to
measured by r-ray absorption methodthe collimating
aperture was 56 mm in diameter. The typical distribution of
uranium Is shown in FIg.3.

2"

2094

0 400 60ONS

FIg.3 uranium homogeneity of fuel plate
with uranium density of 4.8glcmO

The figure ndicates that the variation of homogeneity
generally is no more than
*10X. The x-ray film shows
that- the distribution of
uranium has no fish-scale
or stripe appearance and no a
obvious difference between
I zone and 11 zone. These
indicate U13S 2. and A 
powder is blended fully,
and it is effective to
prevent separation Of U3SI1 b
and Al powder before and
during pressing.

There are many factors
to affect the dogbone,
for example, U3Si2-
contentcharacteristic of
frame and cover materials, C
rolling schedule and
rolling temperature etc. We
adjusted properly the
above-mentioned factors Fig.4 microstructure of fuel
and improved the frame plate section with 48
constructiontherefore the gulcm
dogbone is effectively ac: two ends b:middle
reduced. The U-distribution
in FIg.3 shows that even
uranium density is up to 4.8g/CM3, the dogbone is small.
The metallographs of longitudinal section for two end and
middle of plate are shown in Fg.4. That indicates the meat
thickness is comparative evenand the dogbone truly is small.

Minimum Cladding Thickness
--------------------------

The minimum thickness of cladding is a data extremely
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concerned by user. The allowed minimum thickness commonly is
not less than 0.25mmII2. However, some users need that the
minimum cladding thickness Is not less than 0.30mm, becauffe
their fuel elements will be used in reactor for longer time.
As we reduced effectively the dogbone, so the minimum
cladding thickness can still meet the requirement. The
metallographic examination Indicates that despite of the
Individual fuel grain inlaying cladding, the minimum
cladding thickness on that points is not less than 0.29mm.

Meat Porosity
-------------

The as-fabricated porosity in meat provides space to
accommodate initial swelling of the fuel particles under
irradiation. There are a lot of factors to affect the meat
porosity. If other factors were not changed, the changes of
cold rolling reduction may suitably adjust the meat
porosity. In this case, the cold rolling reduction of 20 per
cent will be suitable for the fuel plate with U-density 3.6-
4.0 g1cie, the meat porosity is about 7% which is larger
than CERCA's 4 and smaller than BaW's 910%,4.

Preventing Compact from Oxidation
---------------------------------

U3Si2 oxidation initiates at temperature 1770CO The
TG and DTA analysis in air indicate that the samples cut
from compact with 76.4 wt% U3Si'2 -23.6wtx Al begin to gain
weight at 2200C at 357#C it rapidly increase weight and an
exothermic peak appears. The postirradiation examinations
indicated that the blistering during a postirradiation
anneal initiates at the sites of oxidized fuel4. Therefore,
we must take precautions to prevent U3SL2 from oxidation
during fabrication, and look for a way to inspect the
oxidation.

When the meat of fuel plate has high U-density, the
meat may be torn from the middle to end of plate. If the
surface of compact have beenoxidized during fabrication,
the crosssection of meat
end becomes grey-black
colour which is obvious
different from silveriness
in middle of meat, as shown
in Ftg.5 a. In the process,
the rolling billet is
protected in Ar or N2

atmosphere during initia I
heating, the crosssection
of meat end is shown in
Fig.5 b.
The crosssection of middle Fig.5 inside of torn meat end
and end are the same, and for fuel plate
all torn sections reveale (a):nopreventing (b):preventing
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no unbending part between cladding and meat. It means that
precautions preventing compacts from oxidation are effective
and the bonding.quality is reliable.

White Spots
-----------

According to the specification, no stray fuel particles
(i.e. white spots) shall be within fuel-free zone of fuel
plate, especially within 0.4mm of the edges or the ends of
fuel plate, so as to avoid forming sources of both heat and
fission products during irradiation . As above-mentioned,
we improved the frame construction, thus thoroughly
eliminating the stray of fuel particles from compact
during assembling and rolling. Even if the U-density is up
to 5.2g/cm3, no white spots can be found in x-ray film.

Corrosion behavior
------------------

The water-corrosion resistance of fuel plate is
concerned by reactor operators. For the sake of increasing
the corrosion resistance, apart from using LT24 Al-alloy,
the fuel elements were treated in boiling water to form a
corrosion resistance layer. In order to evaluate the
corrosion behavior during the exposing of meat to water, we
have carried out not only the artificial perforating test,
as R.F.Domagala done' , but also the contrast test on meat
microstructures before and after treatment in boiling water.
The results are as follows: After a miniplate with 3mm
diameter hole was boiled in distilled water for one week, no
uranium was detected in water. A piece of 25x5O mm miniplate
cut from fuel plate was also boiled in water for one week,
as a result, there is no visual change in appearance, only a
little weight is increased. The microstructure of meat
exposing to water is shown in Fig.6. The comparison of
microstructure before and after boiling shows that no U3Si2
particles drop and corrode'5. The results indicate that the
water-corrosibn resistance of meat is good, the behaviour of
fuel plate is'stable in boiling water.

Fig.6 metallograph of meat microstructure
before (a) and after boiling
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Fuel Element
------------

Up to now, all fuel elements fabricated by us are flat
plate-type. A standard fuel element consists of 23 fuel
plates, its fuel zone dimension is 75.9x79.6x6OO mm. Another
standard fuel element consists of 18 fuel plates, Its fuel
zone dimension is 68x68x5OO mm, which was fabricated for a
pool reactor originally using U02-Mg dispersion rod-type
fuel elements. After the conversion to the plate-type fuel
element, the power level of the pool reactor will be
increased without changing Its construction.

Elements Assembling and Channel Gap Spacing
-------------------------------------------

The fuel plates are in anneeled state, its surface U-
contamination is commonly less than 10±3 AlgIM2 . The side
plates are LT24 alloy in artificially aged state. The fuel
plates and side plates are assembled by roll swaging To
assure the bonding strength and control the deviation of
channel gap, a pressure gauge was used during roll swaging.
So the bonding strength is guaranteed more than 270 N/cm in
each segment. The channel gap is measured by the magnetic-
resistance method, the accuracy of equipment is .02 mm.
The channel gap essentially accords with the requirement of
2.10±0.15 mm.

Hydraulic Test
--------------

To test the stability of fuel elements in actual
operation condition and measure the fluid-resistance
characteristic, the out-pile hydraulic test has been
completed. The tested fuel element was fabricated with
depleted uranium, the othere features were the same as LEU
elements. The test was carried out for 1200h in conditions
simulating reactor operation, i.e. the water temperature is
450C, the velocity is 3 m/s. The test again was carried out
for 360h in another condition i.e. the water temperature is
55'C, and the velocity is 4 m/s.

The results of test show that the mechanical structure
of element is stable, the configuration and channel gap have
no variation and the fuel plates have no obvious corrosion.
At the same time, the test provides us with necessary fluid-
resistance data of the fuel element.

Research and Development
------------------------

A few rejects are hard to avoide during production,
however they must be properly treated. We are developing and
have developed some new methods, for example, when the
compact was rejected because some reason, it may be crushed
to powder and be pressed again to compact. The fuel plate

48



using the compact has still good quality. Once the fuel
element was rejected, the fuel plates may be removed
carefully, leveled and again assembled Into qualified
element.

A method dissolving the rejected plates is under
development. Using the method, most Of U3Si2 prticles will
be collected from the rejected plates. The chemical analysis
of the particles indicates that the contents of uranium
and silicon are 91.65 wt% and 779 wt% respectively, and the
principal impurities are Al = 1900, g=28, Cu=24, B<2(ppm).
Other impurities also meet the technical requirement. We
have used the U3Si2 particles to fabricate a fuel plate, and
this plate has been assembled in a fuel element, which will
be tested in reactor.

To improve the quality of uranium sicide ingot and
simplify the melting process, a new way of vacuum induction
melting is under development, which uses a water-colled
copper crucible. Metallic uranium or uranium silicide
themselves is heated, melted and stirred by electromagnetic
induction. The uranium suicide have been melted.

CONCLUSION

On the basis of many successful irradiation experiences
Of U3Si2-A1 fuel from international colleagues, we have
independently set up a production line and a set of QA and
QC systems for fabricating U3Si2-AI dispersion fuel
elements. The production line has been proven to be mature
and reliable, and the performances of product excellently
agree with the standards of international specification. The
hydraulic test indicates that the structure of elements is
stable, the corrosion resistance Is good. Some fuel elements
are used in reactor. The production line and its experience
will provide a basis for cooperation with users and other
fabricators.
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COLD ROLLING TECHNIQUE FOR ;Si,-At DISPERSION XA04CO106

FUEL PLATES WITH HIGH LRANIUM LOADING

Sun RongXian, Yin ChangGeng
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P.O.Box 291-106, Chengdu, P.R. of China

(September 20, 1990)

ABSTRACT

A new rotting procedure alternated between cold rotting and aealing is

described The high uranium-loading 115i,-At dispersion fuel pates with uniform

thickness of cadding ad meat are fabricated by this procedure. The fuel

plates have good metatLurgical bond. The minimum thickness of cladding is not

less then 11 25 mm, a -cm' equivalent uranium oading or even more can be

achieved

INTRODUCTION

After Si,-Al dispersion pate fuel elements with Li-density 4.8g,-cm' have been

successfully developed. in order to meet te needs of high performance research reactors

using Low enriched uranium the coLLeaguse of ANL raised and began to fabricat higher uranium

loading UGa.Si. wires pates and uranium siLicide dispersion pates with thin uniform

cLadding by hot isostatic pressing HIP). They expected that euivalent uranium toadings of

7-99.,ca' could be achieved and the minimum cladding thickness is not less than 025 mm'a.

The HIP procedure have been made progress in ANL. It is a matter for rejoicing that two types

of prototype ighly oaded fuel pates ave been fabricated', although they wilt yet need

to pass through a hard way for production. On the other hand, the colleagues of CERCA

consider that the development of a totally different fabrication technologies and the

construction of a completely new production line for a few reactor is not worth".

In order to attain ANLs object ad to consider CERCA's view, we think te oading limits
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of cventional frame rotting technique is not probably reached. In conventional hot rot Ling

condition, as increasing content of fuet phase in compact and decreasing ninal thickness of

cladding the core will be brittle to break during rotting, the soft cladding is squeezed

into the crevices of core; the fuel particles on core surface insert into the soft cadding,

and the harder core thicken at the ends of plate. In order to reduce or eliminate appearance

of the uneven seat and cadding, the strength of cadding have to be increased to match the

strength of core. However the increasing of strength for aluminum alloy is Limited. And even

if the aluminum aoy with higher strength at low temperature is developed, it will yet

soften at the high temperature during hot rotting. Therefore, one of the approach is to

decrease the rotting temperature. We suggest a experimental procedure that alternated between

cold rotting and annealing, so as to increase the cladding strength during deformation and to

realize the bond by diffusion nd grain growth across the bonding surface during aealing.

We not oy fabricated the higher uranium loading Si,-AL dispersion plates by this

procedure, but the pates truly realize the good bond. The cold rotting procedure and results

are described in detail.

EXPERIMINTAL PROCESS

1. Raw Materials ad Rotting Assemblies

USi, ingot is metted in induction furnace The silicon content is 7.6 wt%. U'S i,

particles are 125 Vs, 25% of ten are <44 Vs. The average particle size of atuninum powder

is 30Vm, The content of active aluminum is 98.5 wt.%. The compositions of cmpact are shown

in table 1. The compacts are pressed into 7 4X50. 1 sm size at 500 Pa, and is

subjected to treat at 480'C, 2XIO" Pa in vacuum for 3 hr. The material of frame ad cover

is 305 auminum aloy equal to X 001 in U.S.A.). The frames and covers are treated by the

special mixed acid and are assembled with compact. Four sides of te assembly are seated by

etectron-beas weld in vacuum. The principal datas of typical fuel plates are given in table 

2. Rotting and Annealing

The rotting proceed on 170 mm diameter rolls at room temperature. The reduced fraction of

each passage range from 12% to 16%. After cold rotting for 24 passages, the plates are

annealed at 90±10'C from to 40 min. After anealing, a slight hot rotting (about 3 is

often taken in order to eliminate void in core, that is., te pate passes through no reduced
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rollpass. Thereafter, the cold rotting and the annealing again proceed in this way. Lastly,

the pate passes through hot rotting for 12 passage in order to eiminate core's void

produced during cold rotting. The fuel plates is cold rotted to 127 mm thickness by 23%-2(M

reduction after blister examination. The final anealing temperature changes from 370'C to

4801C. The rotting schedule of typical fue pates are shown in table 

RESULTS AND DISCMSION

The fuel pate have no visible bister in the surface after bistering experiment. The

ultrasonic scanning inspection, the metaLlographic inspection and the bending test in no-core

area have all proved that the fue pates have a good metallurgical bonding. The sample of

bending test is shown in Fig 1. Even though the pate is broken off, the interface is not

splited yet. The metallograph in these area is shown in Fig 2 It indicates tat the bond is

realized between cadding and frame. This good ond is a prerequisite for whether this method

is feasible

The uranium homogeneity of fuel plate No. 68 is shown in Fig. 3 Te uranium distribution

is very omogeneous though the cladding thickness is ot the most omogeneous. The

metaLlograph of vertical section of pate No.71 is shown in Fig.4. All tickness of the meat

and the cadding are very homogeneous, even i dogbone area. The real thickness of the

cladding is measured by metalLographic method. Te vertical samples of Length 20-25 mm is

cut in two ends ad middle of each fue pate. The minimum cadding thickness is measured

in a vision field of each samples. The minimum cladding thickness of typical fuel plate is

given i table 1. The cadding thickness at exceptional particles in the table I is appeared

in the pace where the sharp horn of i, particle insert into te cadding, which do not

appears very often.

From the dta in te table I we can see that, the thickness ratio of cover,,compact of

plate No.71 and 72 is Larger than or equal to 045, and their inimum cadding tickness are

all larger than 025 mm. The cladding thickness at exceptional particles is 024 M. But the

ratio of that of plate No-68 and 69 is equal to 039, their minimum cadding thickness are al

less than or equal to 025 mm, especially, tose at exceptional particles are 019 and 021

mm respectively. Therefore, The thickness ratio of caver/compact should generally be Larger

than 0.4s.
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Compare the rotting schedule of plate No.71 with that of plate No.72, we can see that,

though U5i, content of the compact of pate No.72 is higher than that of plate No.71, and

its thickness ratio of cover/compact is less than that of pate N.71, Its minimum cadding

thickness is yet larger than that of pate No.71. From this we know that rotting schedule has

a remarkabLo effect on the homogeneity of the cadding thickness. Compare their rotting

schedule, we Learn that the reduced fraction of plate No.72 is larger, times of continuous

rotting passages are more, so the cadding thickness gets more homogeneous. This is because

that, the more the cold rotting reduction, the higher is the degree of work-hardening of

cladding; as a result, the strength of cladding is such more match with the strength of core.

This effect is even more remarkable in the initial stage of rotting. On the contrary, increase

of hot rotting reduction is not advantageous.

The uranium density and oid rate of fuel pate are measured by iersing method, and

equivalent uranium oading is a calculation value when ominal thickness of the core is 0.51

mm. The typical data are given in table 1. The data indicate that the fuel plates with 7g,-cm'

of equivalent uranium oading are fabricated easily, e.g., the equivalent uraniwm Loading of

fuel plate No.74 was up to 7.49,�cm', However, the void rate of cold-roLling plate is higher

than that of hot-rolLing plate. ad te hot-rotting reduction icrease. the void rate is ot

evidently decreased, For example, the fuel pate No.74 is hot-roLled in finally two passages

wL th 20% reduction athough its USi, content is as same as plate No.72, its void rate is

still 15.6%. The increase of void rate is harmful on increasing U-Loading. Therefor, It need

to find the reason a take some effective measures for condensing core.

In the new procedure. a key process to ensure fuel plate no bister and less void rate is

to keep vacuum inside of the assembly during the cold-roLling before initiaL two artneatings.

If LT24 A-aLLoy equaL to 6061 in U.S.A) can also keep vacuum inside of the assembly after

welding, the fuel plate can aso be fabricated by using LT24 A-altoy for cadding.

CONCLUSIONS

A ew rotting procedure aternated between cLd-rotting and anealing have been

developed. In this procedure, the higher -Loading Si,-At dispersion fuel pates with thin

uniform cladding ave been successfully fabricated by using common rotting equipments. A good

banding in fuel plates can be realized by diffusion nd grain growth across the bonding
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surface during annealing. As the cladding strength of cotd-rotting is much higher than that

of hot-rotLing, and is more nearly atch for the strength of care, the core is not easy

inserted into the cladding and the cladding is not easy squeezed into the crevices of core.

So the thickness of the core and the cadding are very homogeneous. When the thickness ratio

of cover/compact is arge than 045, the USi,-At dispersion fue pate can be fabricated by

coid-rotting procedure, and the minimum cadding thickness is not less than 025 mm, and the

equivalent uramum loading is large then ?g/cm'. The new procedure is also suitable for

fabrication of Si or other fuel compound atuminum-matrix dispersion fuel plates.

The new procedure is not perfect yet, It still need further development to decrease void

rate, and find out optimum ro(L-schedute and maximum uranium-Loading and using LT24 aluminum

alloy for cladding.
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Table 1. the principal data of typical fuel plates

plate No. 68 69 71 72

compact,

U'S i, w V% 84.3 80.8 80.8 84.3

Al-powder wt% 15.7 19.2 19.2 15.7

weight 9 156.290 148.115 148.313 136.712

thickness mm 5.7 5.7 5.7 S.0

cover thickness mm 2.24 2.24 2.70 2.24

c ove r,,c omp ac t

thickness-ratio 0.39 0.39 0.47 0.45

rolling schedule, 17-1-16, 20 15 X 2 30 13 X 3 40 1 X 4 3 

reduced raction Ifi X 2 20 IS X2, 25 hot 3 hot 37

passage times 16 X 2 20 1 X 2 13+1 x 21 25 15 'I-,' 4 25

annealing time min 16 X 2 20 16 3 25 hot 3 hot fi

16,20 hot 2X2 13+14 3 25 is 20

hot IX2 blister Is x 21 25 hot 

blister sum 77 hot 14 blister

sum 12.4 400'C, 30 blister sum 20

380'C, 30 sum 19 420'C 30

480'C 35

min.cladding tickness,

general mm 0.22 0.25 0.26 0.27

exceptional mm 0.19 0.21 0.24 0.24

U-density 9, cm' 5.2 4.8 4.9 5.2

equivalent U-1oadding

g'-ml 7.3 6.7 6.3 7.0

void ratio 15.0 11.9 9.8 15.8
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Fig.1 SampLe of Beading Test in no-core

area for ptate No.74 2)

Fig.2 Metattograph in no-core area

for pLate No.72 x 0)
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Fig.3 Uranium Homogeneity of pate No.68

(Diameter of r-ray collimator is SAW
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Fiq.4 MetaLlograph of plate No.71 with

1.27mm thickness.

a- Left end, b. iddle, c. right end.
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ABSTRACT

The paper presents the status and evolution of industrial
silicide fuel production at CERCA and outlines the Company's
further fuel developments policy.

INTRODUCTION

Since 1978, CERCA has been making a very active
contribution to the development of reduced enrichment fuel in
the frame of the RERTR program After many years of intensive
development work, the U3Si2 fuel has been accepted and qualified
worldwide. During the past three years it has become an
increasingly important part of our production output as more and
more reactors started conversion to LEU.

In this paper we will successively report about the
present status and future trends in U3Si2 fuel production at
CERCA, point out the availability of higher density fuel,
discuss the development of entirely new types of fuels (very
high density fuels) and finally outline CERCA's R & D work
orientation.

1. STATUS OF INDUSTRIAL SILICIDE FUEL PRODUCTION AT CERCA

1.1. Production level

CERCA started industrial production of silicide fuels in
1985. However, the actual take off of orders took place in 1988
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when U3Si2 became officially qualified. As of to-day, we have
produced more than 7000 silicide fuel plates corresponding to
more than 300 fuel elements for use in reactors of 10 countries.

Last year, the sicides accounted for 20 of our total
fuel plates output.

The first slide shows the evolution of the silicide plates
production since 1988 and the previsions for the coming years.
The gap observed in 1991 is due to schedule reasons and shifts
of some orders from one year to the other.

The important feature is the general trend the diagram
shows a rapid increase in the number of silicide plates which
should become the major workshop production in 1994-1995. The
uncertainty about the quantities, which depends on the rate of
reactor conversions, is indicated by shaded area on the diagram.

Of course, this slide should not give the wrong impression
that the number of plates will expand for ever first, the
increase in silicide plates number means that the aluminide
plates decrease accordingly second, the MTR market is not
expandable. It is rather a progressively shrinking market since
more reactors get shut down than new reactors get started.

Furthermore, LEU fuels have a longer core lifetime than
HEU. As a consequence, when converting to LEU, the fuel
consumption of research reactors decreases significantly.

If, as shown on the slide 1, U3Si2 fuel has to wait until
1994-95 to become the major production in terms of number of
plates, LEU fuels are already dominating in terms of uranium
total quantities handled in the workshop as can be seen on
slide 2.

These two slides show that research reactors are quickly
converting to LEU, at a pace which depends on their stock of HEU
fuel elements, consumption rate and Safety Authorities.

1.2. Distribution by U densities

As it is well known, U3Si2 was universally accepted by
international consensus and got the official US NRC, German TUV
and French Authorities qualification up to a density of
4.8 g Tlcm3.
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It is interesting to consider the actual densities the
reactors are asking f or and how they stand with respect to this
4.8 g limit.

Slide 3 shows the densities requested by the various
customers about half of them need densities below the
qualified maximum.-The range goes from 32 to 46 g UT/cm3-

If we now look at the distribution of fuel elements
produced for these customers (slide 4 we can see that the
proportion of elements with a density less than 48 g UT/cm3
remains unchanged.

These 2 slides show that, although U3Si2 with a density of
4. 8 g UT/cm3 has become a sort of standard being used by about
half of the customers, the other half is satisfied with values
rather far below that limit.

From the fabricator point of view, this variety in the
demand does not create any difficulty since our equipments and
organization have been designed to be flexible and adapted to
customers needs.

2. AVAILABILITY OF HIGHER DENSITY FUELS

We have just seen that the maximum qualified limit with
U2Si2 is 48 g UT/cm3. However some customers would like to get
higher density fuel elements in view of optimizing their fuel
cycle length. For those few customers, we have developed the so-
called U3Six fuel which is a mixture of U3Si2 and U3Si
compounds.

Taking advantage of the very good irradiation stability of
U3Si2 and the high density of U3Si, the mixture allows to
produce fuel plates containing up to 5.5 g UT/cm3 which behave
well in reactor cores.

Two full size elements were fabricated and successfully
tested to the average burn-up levels shown in slide .

The f irst one, loaded to 47 g UT/cm3 and containing
30 w of U3Si was tested in the OSIRIS reactor up to an average
83 burn-up.
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The second one completed its irradiation in the core of
the HFR Petten reactor in January of this year.

It was loaded to 5.5 g UT/cm3 and contained 50 w of
U3Si.

This element reached an average 66 burn-up which was
deemed sufficient to demonstrate its good in pile behaviour.

Those two results prove that U3Six can be used by
customers who wish to further expand their fuel cycle length.
This type ot fuel is of interest mainly to the high power
reactors.

3. DEVELOPMENT OF ENTIRELY NEW TYPES OF FUELS

Except for a very limited number of so called "unique
purpose reactors", all the material testing and research
reactors can be converted with the existing qualified LEU fuels.
For the limited number of customers who wish to optimize their
fuel cycle length, U3Six is available.

Therefore, we now consider that the basic development of
LEU fuel is completed 

A further increase in density would aim at converting the
unique purpose reactors. But even if a very high density fuel
were available, it appears that redimensioning of installations
would have to be done which might lead to drastic modifications
resulting in long and difficult safety authorization procedures.

Furthermore, the development of an entirely new type of
fuel requires a lot work by many specialists in different fields
not only fuel fabrication but also extensive irradiation
testing, post irradiation examination, physical interpretation
of fuel behaviour, neutronics and thermo hydraulics
calculations, safety evaluation, reprocessing studies ...
Finally, to become worldwide used, the newly developed fuel must
be internationally accepted. This requires a lot of time and
money and cannot be done without international co-operation. It
appears that no money Is available in the frame of the RERTR to
undertake such a program.

Most research reactors have prepared time consuming safety
reports and have already or are about to convert to LEU with
existing silicide fuels. Time has come for a period of stability
during which reactor operators know they can rely on a safe
supply of a well proven fuel.
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LEU fuel has been developed. The market is not asking for
higher densities. Therefore, as long as no request comes from
the customers, we are on standby for new types of very high
density fuels.

4. FURTHER DEVELOPMENT OF EXISTING SILICIDE FUELS

As previously stated in various meetings, CERCA's main
goal is to offer the best possible products and service to its
customers. Rather than elaborating a revolutionary fabrication
process which would present its own imperfections and
difficulties, we prefer to base our developments on a well
proven and well mastered technology which satisfies all our
customers and meets their needs. Therefore, we keep an important
R & D program to further improve our existing technology. This
program includes the various aspects of fabrication and
inspection methods.

From the fabrication viewpoint, one recent achievement is
the installation of an internal scraps recycling facility which
we previously announced at the Berlin meeting This facility is
now fully operational and can recycle both aluminide and
silicide fabrication scraps. This installation will allow to
decrease the uranium working stock by greatly reducing the
amount of time necessary to recover the material contained In
scraps.

Our studies are now oriented towards a better
understanding of the detailed phenomena occuring at the various
points of the fabrication process in order to achieve an ever
increasing quality level. In particular we are conducting
fundamental studies about deformation of the sandwich during the
rolling operation in view of optimizing the various rolling
parameters.

Another field of research concerns materials for cladding.
In the past the French CEA and Pechiney group have developed
special materials for use in research reactors. These are the
well known AG 'NE type and ALFeNi alloys which have been
successfully used in various reactors and various conditions for
years. Thanks to its very close co-operation with the French CEA
and the Pechiney Aluminium Research Center, CERCA is now
developing a new type of alloy specially adapted to high density
fuels.
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Other fields of research are also under investigation. The
previous two ones have been given as examples of our research
effort for fabrication improvement.

From the inspection point of view, the recent years have
seen the development and installation of new hightech inspection
equipments in our facility. We have previously presented the
computer assisted weighing system as well as the ultrasonic
testing 2equipment specially designed for high density fuel
plates . Many more improvements have taken place and new
equipments installed since then. A brand-new inspection
technique is under development the corresponding equipment
will be operational next year and will be reported at that time.

CONCLUSION

As more and more research reactors convert to LEU,
silicide fuel is on the way to become the major production of
our workshop in terms of number of fabricated plates and
elements.
Except for a very small number of "unique purpose reactors", the
needs of research reactors can be met with the existing silicide
fuels.

CERCA now orients its efforts to further optimize its
fabrication and inspection technology in order to offer the
safest and best possible products to its customers and keep its
advance in this field.
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STATUS OF LEU PROGRAMS AT BABCOCK AND WILCOX XA04CO108

Gerry L. McCormick and Engineering Staff
Research and Test Reactor Fuel Elements

Babcock and Wilcox, Lynchburg, Virginia, USA

ABSTRACT

The primary focus of Babcock and Wilcox's (B&W) Research
and Test Reactor Fuel Element Facility's (RTRFE) most
recent activities is to continue to improve its
successful LEU fuel element production process. This is
being done by expanding its R&D efforts (expenditures for
CFY 92 are twice that of CFY 91) and applying statistical
process control to its production processes. B&W"s total
commitment to quality and integrity has led to the
successful fabrication of silicide production elements
for five (5) reactors and development/qualification
elements for four 4 other reactors. The results of
B&Wls recent production and development efforts are
highlighted in this report.

INTRODUCTION

Organizational changes and the associated restructuring of the
research and development (R&D) budget at B&W have given us the
opportunity to expand our research on silicide fuels. B&Wls
current fiscal year budget for silicide research and development is
double that of the previous year. Staffing increases in the areas
of Quality Control Engineering and Manufacturing Engineering have
helped to assure a properly focused development effort.

For the high loaded silicide plates, B&W has witnessed
significantly improved homogeneity and has taken positive steps
towards the elimination of stray fuel particles. In addition, B&W
has had more than limited success with depleted development USi2
plates loaded up to 60 g/cc 60 V/0 US'2/-40 v/o Al). In future
development phases, B&W will emphasize cost saving measures.
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Development Activities

For a period of two years, B&W focussed a large portion of its
development activities on improving the process margin for HEU/LEU
aluminide and oxide fuel element fabrication. These efforts have
achieved significant improvements in process yields for fuel powder
(UAlx), compacts, plates, and elements. In most cases, the yields
have approached 100%.

The successful completion of the aluminide and oxide process
optimization has allowed a renewal of development efforts on
silicide fuel. As mentioned earlier, the R&D funding has been
doubled and additional personnel are being assigned.

B&Wfs development activities were directed towards two goals:

1. Silicide Process Improvement - Improve the
current production process through the
strategic study of specific operations,
development of analytical models, and the
use of investigation/confirmatory
experiments.

2. Silicide Process Capabilities - Establish
the highest achievable plate loading given
the current fabrication process, inclusive
of the improvements in above.

Silicide Process Improvement

The goal in all the subsequent development efforts is two-
fold. First to improve the process under consideration and second,
to develop an analytical model for the process utilizing empirical
data and engineering relationships. This i proving to be very
successful and is considered to be fundamental to future efforts in
statistical process control. B&W is not only committed to
establishing a process to achieve the highest level of quality but
also to maintaining that level of quality throughout the production
life.

Powder Study An aluminum powder study, initiated to help
improve the oxide fuel process, resulted in a testing
methodology that characterizes aluminum powder by its shear
strength. The immediate results of the study allowed B&W to
determine the appropriate powder for use in reducing the oxide
fuel homogeneity deviations. The more long term results of
this study are allowing B&W to determine the correct powders
for optimizing the blending and pouring techniques involved in
silicide compact formation.
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Die Loading Study Approximately two years ago, BW
established a process for loading a fuel die such that optimum
homogeneity resulted. This process was reviewed in detail
during the OSIRIS plate development and further refined. The
technique was utilized on the Process Capability plates
discussed later. Figure A shows the improvement gained from
the previous MTR production plates. The reduction of
approximately 33% in the plate inhomogeneity was due to
several improvements, not solely from die loading
improvements. The vertical axis of the graph depicts the
range of the maximum percent overload and the maximum percent
under load. The value of unity signifies the normalization of
the previous production process. The value of 67% for the
current plates signifies a 33% improvement in homogeneity over
the previous production process.

Compact Annealing Study The results of previous development
efforts were interpreted to the conclusion that a higher
temperature anneal for the green compacts resulted in a
theoretical sintering effect and thus a stronger core during
the rolling process. The compounding results of several
recent development efforts indicate that higher annealing
temperatures are not needed to obtain quality improvements.
The current annealing temperatures are more in line with the
international community and more desirable for silicide fuel.

Aluminum Compact Coating

B&W is currently studying the effects of coating the compacts
with aluminum. The development team is working under the
guidelines that the process should not degrade the product
quality nor result in significantly higher costs or man-hours.
Early results indicate that a process can be achieved which
will meet these guidelines and reduce the threat of stray
particles in the clad regions. In parallel with this effort,
a development element has been fabricated for the OSIRIS
reactor which contains plates which have been repaired to an
approved process, similar to one used for Aluminide plates.
Both of these items should jointly result in cost savings that
can be passed directly on to the reactors.

Compact Frame Fit-up Previous changes in compact geometry
resulted in better plate homogeneity; however, the compounding
effects of this change increased the sensitivity of the fit-up
between the frame and the compact. What was once a process
parameter with considerable process margin, now had become
sensitive to small dimensional changes. BW has been able to
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compact Frame Fit-up (Continued)

generate an analytical model which provides the guidance for
developing new plate types. This model will also be utilized
for any statistical process control efforts which may be
applied.

Electron Beam M) Weld Parameter Optimization For some of
the high loaded silicide contracts B&W utilizes the Electron
Beam (EB) welding operation to vacuum seal the compact-frame
packs. This operation assures that the compacts are f ree f rom
oxygen while at hot rolling temperatures. Historically there
were some fuel packs which developed micro cracks near the
discarded weld zone. These micro openings subsequently allow
small quantities of gas to enter the packs. Although the
frequency of occurrence is small and the resulting gas
blisters are contained in the discarded clad region, B&W
performed an EB weld parameter study to further reduce the
potential. The goal is to have a hermetically sealed pack,
such that a Hot Isostatic Press (HIP) bonding development
study can be pursued.

Conventional Pack Weld Study B&W is considering discontinuing
the use of EB welding on all the silicide contracts. For this
to occur, a process must be developed which yields the same
high quality and repeatability. The results of the current
development program have indicated that such a process exists
and may soon be finalized.

Automated Homo Scanner B&W utilizes homogeneity scanners
which use x-ray absorption technology to inspect percent over
and under load conditions. These scanners currently compare
the beam absorption against known standards and report
conditions which exceed these standards. The scanners are
currently being upgraded to computer digital technology which
will allow for direct access to inspection data for trending
and statistical process control activities. In addition, the
governing computer equipment will be upgraded and additional
software is being considered which allow direct generation of
statistical profiles.

Gamma Radiation Photometer B&W will soon install a Gamma
Radiation Photometer which will be utilized for inspecting
high loaded silicide plates. This unit will provide a higher
degree of accuracy and repeatability. The equipment is
currently on site in another product area and will be
installed by B&W technicians.
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Silicide Process Capabilities Six 6 lots of four 4 compacts
were fabricated in one run. Each lot contained a different
theoretical fuel loading density in order to characterize the
modified production process. The following loadings in grams of
uranium per cubic centimeter of theoretical volume were tested:
4.8, 5.0, 525, 5.5, 575, and 60.

The resulting radiographs displayed acceptable fuel dispersion
homogeneity. The graph in figure shows comparison of the tested
loadings versus the previous process average. The graph displays
the improvements in the compaction process alluded to earlier. one
should note the achieved level of homogeneity given the increase in
fuel loadings.

The established paradigm was that the maximum achievable
volume percent was approximately 45% fuel and 55% aluminum (see
Figure C). The success of all the plates up to and including the
6.0 g/cc loading has established that the limit may be nearer to
60% fuel and 40% aluminum, or even higher.

There will have to be some process design changes for loadings
of this magnitude to be considered production processes. The
strength of the core was such that the cold rolling process induced
buckling in the higher loaded plates. There are some process
changes which can be investigated which may eliminate this
condition, but BW has not yet had the opportunity to evaluate the
effects. Two 2 plates which were loaded at 5. 5 g/cc for the
aluminum coating experiments did not have any buckling conditions.
B&W is currently interpreting the data and investigating the
"cause" and ef f ect relationships, but at this time does not believe
the lack of buckling was due to the aluminum coating.

B&W is convinced that the current process can be optimized to
provide production plates in the neighborhood of 6 g/cc. In
addition, B&W is optimistic that a hybrid process can be
established which could produce plates with even higher loadings.
B&W has not yet determined the loading limit and theref ore is
unable to predict the maximum achievable loading. B&W has,
however, reached the limit of this year's internal funding and
would require external assistance for further studies.

In the past, B&W focused on the fabricability issues
associated with high loaded silicide plates. In the future, BW is
committed to becoming more familiar with the detailed performance
of these elements within the reactors. Many of the elements which
have been fabricated are nearing their post irradiation inspection
stages. B&W is requesting that the feedback of this data be
continued. In addition, B&W is evaluating the potential of
building a high loaded (5.5 - 60 g/cc) element to evaluate the
irradiation performance.

75



SILICIDE PROCESS IMPROVEMENT

• Powder Study
• Die Loading Study
• Compact Annealing Study
• Aluminum Compact Coating
• Compact Frame Fit-Up
• Electron Beam (EB) Weld

Parameter Optimization
• Conventional Pack Weld Study
• Automated Homo Scanner
• Gamma Radiation Photometer

SILICIDE PROCESS CAPABILITIES
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RTRFE FUEL ELEMENT SHIPMENT HISTORY

Number Type of Last
Reactor of Elements rue Enrichment admot

Cintichem (US) 162 Oxide 93% 1990

HFIR (US) 114 Oxide / 93% 1991

HFBR (US) 1039 Oxide / 93% 1990

NBSR (US) 257 Oxide / 93% 1991

BSF (US) 16 Oxide / 93% 1985

OWR (US) 139 Oxide / 93% 1988

ORR (US) 326 oxide / 93% 1985

MIT (US) 22 Aluminide / 93% 1991

MURR (US) 144 Aluminide / 93% 1991

Michigan (US) 97 Aluminide / 19.75% 1989

ATR (US) 686 Aluminide / 93% 1991

ORR (US) 70 Silicide 48)/ 19.75% 1986

Ohio State (US) 41 Silicide 32)/ 19.75% 1988

WPI (US) 27 Aluminide / 19.75% 1988

R2 (Sweden) 5 Silicide 48)/ 19.75% 1986

Petten 2 Silicide 48)/ 19.75% 1988
(Netherlands)

Saphir 10 Silicide 48)/ 19.75% 1986
(Switzerland)

JAERI (�apan) 14 mini plates Silicide 48)/ 19.75% 1990

BMRR (U;) 48 Aluminide / 93% 1990

JMTR (Japan) 2 Silicide 48)/ Depleted 1990

Manhattan College 17 Silicide 48)/ 19.75% 1991
(US)

Iowa State (US) 320 plates Silicide 32)/ 19.75% 1991

OSIRIS France) 4 Silicide 48)/ 19.75% 1991

*NOTE: silicide X x = g/cc Loading
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ALUMINTUM MATRIX DISPERSION FUELS AT BARC

C. Ganguly, P.V. Hegde and G.J. Prasad

Radiometallurgy Division

Bhabha Atomic Research Centre

Bombay 400 085, Tndia

ABSTRACT

Aluminium clad, aluminium matrix plate type dispersion fuels

have been fabricated in BARC in recent years as part of fuel

development programme for small non-power research reactors. The

present paper describes the flowsheet developed for fabrication

of Al-UAlx, Al-1T3Si2 and Al-U309 fuels at BARC. The Al-20% 

alloy fuel for KAMINI neutron radiography reactor was prepared by

melting and casting" route, followed by picture framing and

roll-bonding. For higher 11U11 density fuels namely, Al-UAlx,

Al-U309 and Al-U3qi2 the "powder metallurgy" route was followed

for preparation of fuel meat. The novel features in fabrication

route were 

addition of Zr for stabilizing UA13 pase in Al-20% U lloy;

x-ray radiography and microdensitometric scanning of

radiographs for location of fuel outline inside fuel element

and for confirming omogeneous distribution of fissile

atoms;

- immersion ultrasonic testing for confirming good bonding

between mating Al surface of the fuel plate.

1. INTRODUCTION

The MWt (presently operating at 100 kWt) APSARA swimming

pool reactor at Bhabha Atomic Research Centre (BARC), Bombay is

operating for more than three decades with the imported Al clad

Al-13% HEU plate fuel (first from AEA Technology, UK and later

from CERCA, France).
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At BARC, research and development on the fabrication asppcts

of aluminum clad, aluminum atrix plate fels via "picture

framing and roll-bonding" technique was initiated in the erly

1970s when 2 fuel elements containing nine plates of Al-10% Pu

and Al-18% Pu were made for reactor physics experiment at ZERLTNA

reactor[']. On the basis of satisfactory in-pile performance of

Al-TI fuel in APSARA and elsewhere in te world and the available

expertise on fabrication of plate type fuel elements at RARC, 

decision was taken in the mid 1980s to develop and fabricate

indigenously Al clad A-20% 232 plate fuel for the small 40 kWt

neutron radiography reactor, KAMTNT, at te Tndira Gandhi Centre

for Atomic Research (IGCAR) at Kalpakkam (near Madras). The

KAMINT reactor core is made up of nine fuel sub-assemblies

each consisting of eight fuel plates of Al-20% U233. Each fuel

plate contains approximately 8.5g U233. The AMTNI fel plate,

fuel element and their fabrication details have been described

elsewhere[2,31.

These experiences have provided adequate confidence to

initiate research and development at Radiometallurgy Division,

BARC on Al,-Mg clad, Al-UAIx, Al-'U30e and Al-IJ,,Si2 Plate fuels

with LEU, as part of 5 MWt & 10 MWt multipurpose research reactor

project at BARC[41. Table I summarises the salient eatures of

fuel plates fuel elements of the proposed 5 MWt and 10 MWt

multipurpose reactors and their intercomparison with AMTWT fuel.

The principal steps in fabrication of fuel plate and fuel

elerent are describe in Figure and Pre as follows 

- preparation of Alx & USi2 by arc/induction melting of 

and Al or Si and preparation of U309 by controlled oxidation

Of U02 powder;

- preparation of Al-UAlm, Al-U308 or Al-U3Si2 fuel meat in

rectangular shape by cold compaction followed by annealing

of co-milled Al-UAlx, Al-U309 or Al-U3Si2 powder ixture;

- picture framing, sandwiching and encasing of fuel meat in Al

or Al-Mg alloy plates;

- hot-rolling of sandwich for metallurgical bonding between
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mating surfaces of the centre and bottom top cover plates;

radiography of fuel plate for finding the outline of the

fuel meat inside the fuel plate;

shearing fuel plate to finRl dimension;

roll-swaging of fuel plates in spacer grooves and

fabrication of fuel element containing predetermined number

of fuel plates.

Table 1: Salient Features of Al Clad, Al Matrix Plate Fuels for

KAMTN & the Multipurpose 5MWt and IOMWt Research Reactors

Basis of Comparison KAMTNI 5 M 10 Mwt

40 kWt
-----------------------------------------------------------------

Fuel Composition Al-20% U Al-U,aSi2 Al-U,,Si2

(U density: (U density:

4.0 g/cc) 4.0 g/cc)
-----------------------------------------------------------------

Fissile Material U2 3 3 U 3 (LEU) U2 5 (LEU)

19.75% 19.75%
-----------------------------------------------------------------

Fissile Material/Plate(g) 8.5 31 15
-----------------------------------------------------------------

ClAdding Material 2SAl Al-1.9wtMg Al-1.5wt Mg

Thickness (mm) 0.5 0.5 0.4

-----------------------------------------------------------------

Fuel Meat Thickness (mm) 1.0 1.0 0.6
-----------------------------------------------------------------

Dimension of Fuel Vleat(mm) 25Ox54xl 6OOx65xl 6OOx65xO.6

Dimension of Fuel Plate(mr) 26Ox62x2 625x75x2 625x75xl.4

No.of Fuel Plates/Fuel Element 8 12 18
-----------------------------------------------------------------

No.of Fuel Elements/Core 9 18 26
-----------------------------------------------------------------

Neutron Flux n.Cm-2.S-1 JXJOI 2 1 . 8XJOI 4 2.8XJ014
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The important inspection and ality control checl-'-- r 

follows 

x-ray radiography of roll-bonded fuel plate before and after

trimming to final dimensions and micro densitometric

scanning of x-ray radiographs for confirming omogenous

distribution of fissile materials in fuel plate;

blister test for ensuring metallurgical bonding between the

mating surfaces of the cladded fuel sandwich and immersion

ultrasonic testing for interception of non-bond areas 2mm

in diameter.

The present paper summarises the fabrication experience of

plate fuel for research reactors at Radiometallurgy Division,

BARC in recent years.

2. Al-U ALLOY & Al-UAlx

The Al-2096 17 alloy fuel was prepared from Al and TJ metal in

two stages. First, Al-40% U master alloy was melted in a A12(3

coated graphite crucible in a vacuum induction furnace. Next,

the master alloy was remelted, diluted to Al - 20% TJ composition

and cast as slabs in either graphite or metallic mould. Figure 2

shows photograph of representative A1-U alloy castings.

In the melting-casting route, formation of coarse and

columnar grains of UA14 takes place during slow cooling of

ingots. The UA14 phase is extremely brittle and is responsible

for severe cracking of Al-U ingot during rolling. This problem

was avoided by (i) addition of 1% Zr in the melt during

Al-40% u master alloy preparation and (ii) rapid solidification

of Al-20% U alloy with the use of a metallic mould in place of

graphite. Zr addition was found to stabilise the relatively

softer and denser UA1, phase and eliminate the dendritic

platelet morphology of UA14. Representative microstructures of

Al-20% U with and without r addition are shown in Figure 3.

Figure 4 show representative X-ray radiograph of Al clad
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Al-20% U fuel plate and microdensitometric scanning results of

the radiograph.

Al-UAlx dispersion fuel was also prepared by "powder

metallurgy" route involving vacuum induction melting and casting

of UAIx button, followed by crushing, co-milling with Al powder,

cold compaction and annealing. Microstructure and X-ray

diffraction pattern of representative Al clad Al-UAlx fuel

plate and Al-UAlx fuel meat are shown in Figure .

3. Al-U3Si2 FUEL

Figure 6 summarises the flowsheet followed at BARC for

fabrication of Al-Mg clad Al-U3Si2 ( density:4 g/cc) fuel plates

and sub-assemblies. U39i2 particles were prepared by vacuum

induction melting of U and Si metals followed by crushing and

milling. Preparation of U3Si2 particles was carried out in inert

atmosphere glove box in order to avoid "pyrophoricity hazard"

associated with the silicide fuel., Silicide particles were then

co-milled with Al powder in volume fractions of approximately 36%

and 64% respectively. The pow�er mixture was cold-compacted at

560 MPa to green densities of 90% theoretical and the fuel meats

were degassed at 5000C before picture framing. After sandwiching

and encasinghot roll-bonding followed by X-ray radiography and

shearing were employed to fabricate the cladded fuel element as

per the specification. The microstructure of aluminium clad

Al-U3Si2 dispersion fuels (Figure 7a) reveals uniform

distribution of U3Si2 particles in Al matrix and excellent

metallurgical bonding between mating surfaces of the centre and

the cover plates.

4. Al-U309 FUEL

The Al-clad, Al-U309 fuel plates were fabricated in the same

way as Al-U3Si2- The U30o particles were obtained by controlled

oxidation Of U02 (ex-ADU) powder. The microstructure of Al clad,

Al-U309 (Figure 7b) reveals excellent bonding of Al mating

surfaces and uniform distribution of U309 particles in Al matrix.
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5. CONCLUSION

the spin offs of Al clad Al-Pu and Al-U plate fuel

fabrication in BARC in 70s and 80s respectively were

effectively utilised for developing the fabrication

flowsheet and characterisation and inspection of Al-UA1,,

Al-U309 and Al-U3Si2 plate fuels for the forthcoming 5 MWt

and 10 MWt research reactor with LEU fuel.

addition of 1% Zr in Al-20%U alloy was found to minimize

the formation of the brittle A14 phase and stabilize the

relatively softer and denser A13 phase.

X-ray radiography and microdensitometric scanning of X-ray

radiograph were respectively utilised for fuel meat location

in the cladded fuel plate and for inspection of "U"

distribution in the fuel meat.

Blister testing and imersion ultrasonic testing (UT) were

useful in intercepting non-bond areas in fuel plate.
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PROGRESS IN THE DEVELOPMENT OF URANIUM SILICIDE (U3Siz-Al)
FUEL AT BATAN

A. Suripto and S. Soentono
Nuclear Fuel Element Centre (PEBN), BATAN
Kawasan Puspiptek, Serpong 153 0, Indonesia

ABSTRACT

After successful fabrication of two full-size prototype ftiel elements
containing 3.0 gU/cm3 in the form Of U3Si2-A1 dispersion now
undergoing irradiation in the Reaktor Serba Guna G.A. Siwabessy
(RSG-GAS) core since 1990, further development in U3Si2-A1
dispersion fuel element manufacturing has been pursued, whose
progress in discussed in this paper, with a special attention on the
use of much higher-loading aimed at obtaining a better
understanding on the influence of higher-loading on fuel core and
plate manufacturing and quality.
At present, high-loading U3Si2-AI dispersion miniplates are being
manufactured for preparing some mini-fuel elements to be test-
irradiated in the new MTR in-pile loop of the RSG-GAS.

INTRODUCTION

As reported by Soentono and Suripto 1] in the 12th International Meeting on
RERTR, the Research Reactor Euel Element Production Installation (FEPI) of BATAN had
in 1989 successfully fabricated two full-size prototype fuel elements containing low
enriched U3Si2-Al fuel dispersion at a loading of 3.0 gU/cm3. As a part of a progra to
qualify FEPI as a supplier of dispersion fuel elements for RSG-GAS reactor, fuel elements
produced by FEPI (including the first oxide elements and the two prototype silicide
elements) had been inserted in the RSG-GAS core for irradiation and later for post
irradiation examination to show that their fuel plate perform under irradiation in a manner
comparable to that of fuel plates irradiated to qualify the fuel itself.

Upon completion of insertion licensing step, a successive insertion was done, first in
April 1990 involving one oxide and one silicide elements, and secondly at the end of 1990,
again involving one oxide and one silicide elements. As recently reported, they have
achieved respective bum up of 16% and 8%, and all elements have shown good
performance and satisfactory visual appearance 2]. They are now introduced to the 6th core
configuration of RSG-GAS and are expected to reach the normal bum up level of 56%
(after undergoing complete cycles) by end of 1992.
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The fast progress achieved in realizing the silicide elements insertion did invoke
BATAN to advance ather to defining longer-term target of gaining capability to produce
much higher loading silicide ftiel elements at FEPI, and BATAN has put this project as one
of its priority at least until the end of the 5th 5-year development program to end in 1994.
Simultaneously, a study to convert the RSG-GAS core with slightly higher-loading silicide
fuel has also been initiated in 1990 3].

Based on the above situation FEPI has decided to further pursue the capability to
manufacture fuel elements with higher-loaded U3Si2-AI and a special attention has been
made on obtaining a better understanding on the influence of higher-loading on ftiel core
and plate manufacturing and quality and later, on fuel Performance in the core.

It is however envisaged that the iradiation of the higher loaded silicide ftiel elements
will not be allowed to be carried out in the normal core of RSG-GAS. he new, now still
under construction, MTR loop will be used for such irradiation purposes. This loop has
been described by Arbie, et al 4].

At present, high-loaded U3Si2-Al dispersion miniplates are being manufactured for
preparing some mini-fuel elements to be test-irradiated in the MTR loop. It is for seen to
assemble mini fuel elements which accommodate different fuel-loading in its plates and for
such purpose production experiments are focused on finding feasibility to vary plate fuel
loading from around 36 to 48 g/CM3 of meat.

FUEL FABRICATION

.V3Si 2 -Al Core preparation

The U3Si2 fuel powder and fuel core were produced following the same process
already described in previous report [1,5]. The fuel-to-matrix was varied to reflect the uel-
loading required. The fuel cores in this experiment were prepared in two different sizes,
namely the normal full-size and the mini-size, the later being prepared using locally made
pressing die.

Plate Preparation

Accordingly the fuel plates prepared for this experiment included full-size and mini-
size plates, with a variation of U-Ioading. The fabrication technique employed remained the
same, the picture-frame technique 5].

The full-size plate reassembled the size of fuel plates according to the fuel plate
specifications for the RSG-GAS. The so called mini-size plate, on the other hand had the
same length and thickness as that of the full-size but with a half of the full-size plate width.
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The experiment also incorporated some mi= chatWs, namely in the use of cladding
material and in the cladding material preparation. Some fuel plates were clad with A6061
instead of using the traditional AMg2, and some cover and frame plates were subjected
merely to pickling instead of using ordinary mechanical brushing and pickling.

Table .
Experimental Fuel Plates Prepared

Size Number U-Ioading,
of Plates [gU/cm3j

full-size 4 -3.6
ftill-size 3 -4.8
full-size 3 -5.1

mini-size 5 -4.8
mini-size 5 -4.9
mini-size 5 -5.0
mini-size 5 -5.1
mini-size 5 -5.2

All full-size plates, irrespective of U-Ioading were fabricated without problem. All of
the plates, clad with AIMg2 showed very good physical appearance, as good as do the low
loading U308 fuel plates.

The situation above happened also with the fabrication of all mini-fuel plates. The

plates looked physically acceptable except in one thing, i.e. that for such a small width, the

expansion property difference between the cladding and fuel produced a slight bend of the

plates. The use of Al 6061 did not provide distinguishable appearance from the use of

AlMg2.

Quality Controls (QC)

The QC imposed to the fuel cores and plates of either size during this experiment

included the following.

For Fuel Cores&

* dimensional and weight check

* x-ray radiographic inspection
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For Fuel Plates:
* destructive blister check upon completion of hot-rolling prior to cold-rolling
* micro blister inspection by using ultrasonic (US) method
* x-ray attenuation scanning to check the homogeneity of fuel distribution in the meat
* x-ray radiography to check the presence of fuel stray particles, inner geometry of the

meat and, by preparing some specific optical density, to check the homogeneity
distribution of fuel in the meat at high-loading.

* void content determination by immersion weighing method
* destructive Plate sectioning for cladding thickness measurement

RESULT AND DISCUSSION

Radiography of fuel core The radiographs of all fuel cores up to the highest U-1oading
showed that the fuel distribution was good and homogeneously distributed. Our experience
in the core fabrication so far, either with oxide fuel or silicide, has shown of no problems in
fuel distribution in the fuel cores.

Destructive Blister Teg. The experiment enjoyed the least presence of blisters. It was the
fact that all materials used were freshly prepared: e.g. the cover and frame sheets were
immediately after brushing and or pickling and the U3Si fel was just prepared. Only two
plates out of a total of 35 ull- and minimize plates were rejected due to the obvious
presence of blisters over the meat.

Ultrasonic (US) Insertion. All fuel plates passing the blister test were 100% US-inspected
and all passed the US inspection. One particular appearance, however, was well noted,
which in this case was the presence of dark images in the U high-load typical areas, i.e. in
the dog-bones. The dark images showed as if the plates contained defected or insufficient
bond. This situation, found only when the U-1oading exceeded 48 g/CM3, required a
careful, clever inspector who could distinguish real defect signals from just false signals.

Fuel Distribution Check. As soon as the fuel loading exceeded 36 g/cm3, the x-ray
attenuation machine which produce transmittance analog signal lost its sensitivity, because
the curves laid only in the lower portion of the stripchart paper. It was proven, however,
that the machine could well function when the U-1oading was at maximum only about 3
gU/CM3, as already performed to plates for the two prototype silicide fuel elements. It was
finally decided that for high-loading plates one had to use the optical densitometry method.
The result of the x-ray scanning, however, was still able qualitatively to show a good
pattern of fuel distribution in plates with less than 5,1 g/CM3 loading.

X-ray Radiography. This inspection had shown good fuel plates. Only quite few plates
showed the presence of stray particles but of no disqualifying value. As already mentioned,
the straightness of the mini-plates, however, was bad even for a loading of 48 gU/crn3.
This problem fortunately did not exist with the full-size plates of various U-1oading. This
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indicated that the main cause of the bend was merely the insufficient width which yielded
in the lack of cladding stiffness to compensate the thermal expansion difference between
the ftiel and the cladding material. This also indicated that the future mini-plate of silicide
had to undergo dimensional alteration, typically its meat width which had contributed in the
formation of the bend.

Appropriate optical density (around 23 - 24) was also pursued to enable the
measurement of fuel homogeneity in the meat of high loading by optical means. This
method was still under development. The appearance of these dark radiographs clearly
showed that all fuel plates had a good fuel distribution. Lighter areas, as a band of around
1-2 mm width, existed in the dog-bones.

The radiographs of high-loading silicide ftiel plates also showed that statistically the
shape of the meat ends was far from a rectangle and close to a parallelepiped. To this
extent, i.e. 4- to 5-pass-hot-rolling, the shape did not disqualify the plates. But as the need
to have more number of passes may occur, this tendency would become a serious
consideration in the plate production.

Void ontent Measuremen . This inspection is not required in the routine production of the
fuel plates for RSG-GAS. But for this experiment, the measurement was carried out to
collect void content data as these might have correlation later with data to result from ftiture
PIE. The technique used adopted the Archimedes law of buoyancy.

The void content in the silicide fuel plates in this experiment is shown the Table 2 below

Table 2
Fabrication Void in the silicide

plates produced by FEPI

Fuel loading* Void content"

3.0+ 2.5
3.6 2.7-2.9
4.8 5.3-5.8
4.9 5.7-6.4
5.0 6.7-7.5
5.1 7.7-8.0
5.2 8.3-9.2

gU/Cm3 of fuel meat
in percentage of ftiel meat volume

+ data taken from previous production at
fuel loading of 30 g/CM3.
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Fuel Plate Sectioning. Plate sectioning was carried out to a plate taken from a group plates
with same fuel loading and all group were subject to this sampling. The cladding thickness
for plates with loading not exceeding 49 g/cm3 4.9 included) was found to well agree
with the cladding thicknesses presently adopted for the specification of RSG-GAS oxide
fuel plates, i.e. a minimum cladding thickness of 025 mm. The higher loading,
i.e. > 49 g/cm3 showed averagedly much thinner cladding thickness, especially around
the dog-bones. At U-1oading of 52 g/cm3' the cladding thickness even reached a
minimum of only 0 109 mm. This indicated that for higher loading one has to consider a
change in the preparation of raw materials for fabrication, which may include the material
change, thickness of cover and-frame plates, or a complete change in the design of fuel
core and plate.

CURRENT ACTIVITIES

FEPI is currently engaged in a project to produce mini-fuel elements with the options
to use oxide or silicide fuel. This opportunity will be utilized at a maximum extent by
choosing silicide fuel instead of oxide fuel. However, as the experiment result indicated,
there has to be some new design of fabrication tools to get rid from the bend.

The project is already underway and is expected to complete by the mid of 992 at
which time the MTR is expected to start operating.

For the time being, in an anticipation of possible delay or cancellation of the
execution of the silicide mini-fuel element due to the failure in obtaining the new tools,
FEPI now is preparing equivalent oxide mini-plates of 30 gU/cm3. The fabrication is going
on very smoothly.

NEAR FUTURE PROGRAM

Apart from the result of this experiment, BATAN is committed itself to a program to
pursue the development of the advanced silicide fuel, partly in order to keep abreast of the
world-wide trend to utilize the silicide dispersion (U3Si2) fuel, and the rest is in order to
qualify FEPI as a silicide dispersion fuel supplier.

These two objectives imply that FEPI has to have a good progress in pursuit of the
higher-loading fabrication capability. This scope of activity is likely to be the most
appropriate program in the coming I to 2 years from now, and in parallel with this the
irradiation of higher-loading fuel shall also be perfon-ned. Since a direct insertion of high-
loaded fuel elements in the RSG-GAS core will not be allowed, the principal irradiation
Means would then only be the MTR loop soon to be made available in 1992.
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The post irradiation activities, however, will still be confined to doing PlEs of the
first two low-loading silicide fuel elements which will attain their normal and extended
burnup by the end of 1992. It is anticipated that irradiated mini-fuel elements in the MTR
loop would be discharged off from the loop also at the earliest by the beginning of 1993.

CONCLUSIONS

The experiment shows that the present design and fabrication capability at FEPI can
achieve a loading of 49 g/cm3. Such achievement, however, shall still have to be
qualified through irradiation test of the fuel plates in the reactor core. The most critical
characteristic governing the fabrication is the cladding thickness which decreases as the fuel
loading increases. A modification of the core shape and dimensions, together with
appropriate cover and frame thickness change may improve this.

It is also shown that the if the present width of the mini-plates are to be maintained,
then a new, narrower meat width has to be designed to avoid bending of the plates. This
requires that FEPI acquire new core pressing die and related fabrication tools.
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LEU FUEL ELEMENTS FOR RESEARCH REACTORS

J. Borring, E. Adolph and T.M. Nilsson
Riso National Laboratory

Roskilde, Denmark

ABSTRACT

Fabrication of fuel elements for Test Reactors srted at Riso National
Laboratory in 1965. Since then almost 1000 elements of various designs
have been manufactured. In 1988 the production of LEU full size elements
based on U.Si2 fuel started. A total of 150 LEU elements has been
produced and at present 60 have been successfully irradiated in the Danish

Test Reactor DR3. Riso is now in the process of manufacturing LEU
elements for non-domestic customers.

Fig. 1. 'Me Materials Department at Riso.

INTRODUCTION

Riso National Laboratory has the aim of carrying out scientific and technological

research and development within energy, materials and the environment. Riso National

Laboratory offers advice to public authorities in connection with energy and other topics,
where the laboratory has special know-how. Since 1965 fabrication of fuel elements for

materials testing reactors has been carried out at Riso in the Materials Department (Fig. 1).
There have been fabricated a total of 800 HEU fuel elements for three different reactors and

150 full size LEU fuel elements for the DR3 reactor which has run on a full LEU core since

December 1990 (Fig. 2. Today the number of irradiated LEU fuel elements from DR3 is 60,

and all have performed successfully.
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Fig. 2 Receipt of fuel elements
at the DR3 reactor.

PRODUCTION

Since its gradual change over from HEU to LEU fuel in 1988 our production facility
has produced 150 full size U3S'2 fuel elements for the DR3. The processing starts with produc-
tion of fuel cores from fuel powder (U3S'2) mixed with aluminium powder; careful treatment
of the uranium silicidetaluminium powder before and after pressing to high density fuel cores

ensures a perfect homogeneity in the finished fuel plate. The rectangular fuel cores are placed
in the precision machined frames covered with coverplates, welded and stored in vacuum as
of sandwiches". For good corrosion resistance and strength, aluminum aoys with magnesium

are used (Figs. 3 - 5).
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Fig. 3 ab. rom USVAl Powder to finished
fuel "sandwich".
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Fig. 4 A number of fuel sandwiches
ready for welding.

Fig. 5. Part of production facility.
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Fig. 6 Surface treatment of fuel plates.

The "sandwiches" are hot rolled from their initial thicknesses to flat fuel plates. During
the rolling process the cladding material is bonded to the fuel material. 'Me rolled fuel plates
are X-rayed to determine the fuel position and to ensure homogeneity. The plates are cut to
final dimensions, surface treated and are ready for the fal positioning in the specified fuel
box, either as welded concentric fuel tubes or as plates roll swaged or pinned to the slotted
side plates. During the whole process careful inspection is carried out after each production
step., Following processing of the assembled fuel elements the final inspection and release is
carried out. To ensure a high standard of the fuel a Quality Assurance Plan for the processing
and the products has been established, guaranteeing that the specifications have been met. In
addition, an on-site inspection by the buyer is carried out (Figs. 6 - 9)
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Fig. 7 Xray pictures are inspected for
homogeneity and dimensions.

Fig. 8. Surface inspection
of finished fuel plates.
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Fig. 9 The QA-plan is described
in several manuals.

CONCLUSION

The location of the fuel element production plant at the Riso National Laboratory site
in the Materials Department offers a number of advantages to our customers. 'Me production
staff are in close contact with the scientists and technologists of the Materials Department and
can draw from their experience in structural examination, corrosion, materials testing, design,
joining etc. and can make use of the advanced equipment in a modem technological
department with many international connections. Furthermore, the existence of the DR3 reactor
on the site offers a day to day possibility for discussions and consultations with experienced
reactor operators.
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C. K. Kim, K. H. Kim, C. T. Lee, 1. H. KA
Korea Atomic Energy Research Institute

ABSTRACT

Rotating disk atomization technique is applied to M
(Korea Multi-purpose Research Reactor) fuel fabrication.
A rotating disk atomizer is designed and manufactured
locally and U-4.0 wt. Si alloy powders are produced.
The atomized powders are heat-treated to transform into
USi and the mixture of USi and Al are extruded to fuel
meat. Most of the atomized powders are spherical in sape.
The microstructure of the powder is fine due to the rapid
solidification. The time required for petitectoid reaction
is reduced due to the fine microstructures and the
resultant U.Si grain size is finer than ever obtained
from ingot process. The mechanical properties of the fuel
meat are improved yield strength about 30 %, tensile
strength 10% and elongation 250 increased.

INTRODUCTION

The Korea Multi-purpose Research Reactor is designed to use a fuel pin of
low enriched uranium silicide powders dispersed in the aluminium matrix. The
uranium silicide powder is fabricated through the sequence of processes:
casting to ingot, heat-treatment to blank, chipping to pieces, rinsing and
drying, pulverizing to powders and magnetic separation of ferrous inclusion.
Fabricators suffer from the laborious and tedious job in comminuting the tough
U3Si blank. Fuel meat contains impurities in some amount. Shape of the
comminuted powder is irregular and the surface of the fuel meat is usually
room. In addition, beat-treatment takes over 72 hours at 80 C.

As presented at 1M RERTR meeting,' rotating disk atomization technique is
applied to the XMRR fuel fabrication. Powders are produced directly fm Ussi
alloy melt, so that comminution is eliminated from the process. This advantage
not only helps the fabrication economy but also increases the properties of the
fuel meat. Rotating disk atomization results in rapid solidification and the
microstructure of atomized powder is finer than that of cast ingot. As a result,
the beat-treatment time of sluggish peritectoid reaction between UjSi2 (primary
particle) and Uss (uranium solid solution) can be reduced due to the increasing
interface area. Further, the resultant microstructure U3si is finer than that
of blank.

The shape of atomized powder is generally spherical. This will increase the
flowability of NH and Al powder mixture during blending and forming, which
will increase the homogeneity of the dispersion and will also increase the
mechanical properties of the fuel meat such as yield strength, ultimate tensile
strength, toughness and elongation. Further, aluminium matrix becomes more
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continuous having spherical U.Si fuel particles in the extruded fuel meat,
which will increase the thermal conductivity.

In this paper, the atomized powder is characterized in size, morphology,
microstructure. The time for the completion of the peritectoid reaction and the
grain size of the resultant USi are examined in respect to the microstructure
of the atomized powder. The mechanical properties of the fuel meat are
investigated in comparison with the ones fabricated by the ingot-blank-
comminuting process.

EXPERIMENTS

Rotating disk atomization is chosen to improve powder properties and
eliminate the comminution. The uranium silicide is melted in vacuum and is
atomized at inert atmosphere because of the pyrophoric character.

Atomizer comprises a furnace chamber with an induction coil, a tundish with
a calibrated nozzle in the bottom, a rotating disk and the driving unit, a
container and a powder collector. A cooling gas system is installed at the
upper part of atomizing chamber. A powder collector is connected to the
bottom part of the atomizing chamber.

The depleted uranium which is purchased from Nuclear Metal Industry, U.S.A.
and silicon metal with purity 99.999% are loaded in crucible and melted in
vacuum. The melt is fed through the tundish on the high speed rotating disk and
is atomized by centrifugal force.

Atomized powders of 325-100 mesh are beat-treated in vacuum (less than 1.0
x 10'storr) for different times to find the time for the completion of the
peritectoid reaction. Powders to be used for the mechanical test of the fuel
meat are heat-treated for I hr which is considered enough for the completion of
the peritectoid reaction.

Heat-treated powders are properly blended with Al powders in V-mixer for 3
hours. The blended powders are extruded to a fuel meat.

In order to determine the size distribution, the atomized powders are
classified into eight different ranges.Powders are also observed in stereoscope
and SEM to examine the shape and microstructure. The powders of all different
sizes are mounted in epoxy to make an observation of the microstructure. Some
powders are found to contain a recess pore in them. To determine the pore
content inside the atomized powder, the density is measured by immersion
weighing method in ethyl alcohol.

Heat-treated powders are also examined under microscope for different beat-
treatment times.

The extruded fuel meat is machined to tensile specimens. Tensile tests are
performed to determine the mechanical properties of the extruded fuel meat.
Fracture surface of the tensile test specimen is observed by SEN to find the
fracture mode. The fuel meat is also observed under microscope to find the
U3Si distribution and the continuity of the aluminium matrix.

RESULTS AND DISCUSSION

Most of the atomized U3Si powders are spherical in the small size range as
shown in fig.1a, but some large size powders were observed to be ellipsoidal
as shown in fig.1b. On the other hand, ingot-blank-comminuted powders are
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irregular in shape, see fig.1c. The shape of powder is affected by atomization
parameters. It is found that powders become ellipsoidal with the higher
feeding rate, the higher sperheat of melt, the lower rotating speed and the

2 lower thermal conductivity of disk. 
In the higher mification, the surface of the powder is found to be

winkled. It is considered the extension of the as-cast dendritic structure.'
It is found that the winkles are reduced in the fine structure powder and the
surface is shown brighter.

A typical size distribution of atomized USi powders is shown as fig. 2.
Particle size is influenced by several interrelated operating parameters. The
finer particle sizes and narrower size distribution are obtained from the
higher emperature of the melt, the lower feeding rate, the higher rotating
speed and the larger diameter of the disk.' When operated in a certain
condition having powders dominant in distribution between 100 and 150 AN,
the weight fction of powders ranging fm 50 to 200 an is found to be
obtained about 80%. In this case, the average powder size is about M on.

Fig.3 shows the microstructures within powders of various sizes. The micro-
structures of powders are much finer than that of alloy ingot. It is also
noted that the microstructure becomes finer with decreasing powder size. As the
size of melt droplet is reduced, the cooling rate increases due to the
increasing ratio of surface to volume. Fig.4 shows the relation of the primary
ML particle size with the powder sizes. It is shown that the size of primary
U2Six particle decreases linearly with log (the powder size). From this result,
the pimary ML particles in the powders of practical size reqiured for
reactor use are found to be between I and 3 am, compared with 20-30 Am in
cast ingot.

In observation of the microstructure in atomized powder, some powders are
found to contain recess pores as shown in fig. 5. It is found that the
frequency of appearing these pores increases with powder size. Fig. 6 shows
relation between the density of the atomized powder and its size. It is
obviously seen that the density of the large powder is smaller than that of the
small powder. This result agrees well with the microscope observation. The
pore volume fraction determined by densit7 measurement is found no greater than
4% even when powder is extremely large. Pore forming may be attributed to the
cooling gas dissolved in the molten metal and then liberated during
solidification.

Fig.7 shows the isothermal transformation curves for the specimens of
different USi2 particle size beat-treated at 800 C. The time for complete
transformation amounted to about 2 rs and 120 hrs. in the fine and coarse
structure specimen, repectively.' The curves are typical for phase
transformations by nucleation and growth. Nucleation occurs more rapidly
in the fine microstructure than in the coarse one, whereas the slopes
which means the transformation rate are almost the same. Therefore, it is
assumed that the short peritectoid reaction time is induced by the small
interspacing between the fine primary particles and by the rapid nucleation.

After complete reaction. the powder having fine primary particles 3 to 
an) is found to be tranformed to much finer Z am) W. while the ingot having
coarse primary particles (about 100 to) is found to be transformed to UySi of
50 am. as shown in fig.8.

Table 1. is the tensile test results f extruded fuel meats. The elongation
of the atomized powder fuel meat is about two and half times larger than that
of pulverized powder fuel meat. It is assumed tat spherical shape of dispersed
U2Si powder in Al matrix promotes te flowability of matrix during extrusion.
The atomized powder has relatively smooth surface, while pulverized powder
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Table 1. Tensile test results of extruded fuel mats.

Yield strength Ultimate tensile Elongation
strength

kg/ad kg/ad %

Pulverized powder 8.26 13.11 6.20
fuel meat

Atomized powder 11.26 14.42 15.84
fuel meat

has many sharp edges, oxidized surface and precracks, which seem to be brought
about by cominution.

Yield strength and ultimate tensile strength of the atomized powder fuel meat
are 30 %, 10% respectively higher than those of the comminuted powder fuel
meat. Fig.9 shows that Al matrix adheres strongly to the surface of the
atomized powder without pull-out. The high strength of the atomized powder fuel
meat is attributed to the strong adherence of Al matrix to the atomized powder
s ulface.

CONCLUSION

Powders of UsSi alloy are produced directly from melt for the improvement of
the fabrication technology and the enhancement of the properties of te fuel
meat. Rotating disk atomization is applied for this purpose. Atomized powers
are characterized and the properties of the fuel meat produced from this
powders are examined. As a result, the followings are concluded;
1) Most of the powders particles are spherical in shape, while ingot-blank-
comminuted powders are irregular.
2) Powder size is influenced by several interrelated operating par am ters.
3) The microstructure becomes finer with decreasing powder size and the size of
primary ML particle decreases linearly with log (the powder size).
4) As the primary particle becomes finer, the transformation time becomes
shorter. The powder having the fine primary particles(3 to on) is found to be
transformed to the finer USi Uan).
5) Yield strength and ultimate tensile strength of the atomized powder fuel
meat are 30 % and 10 % repectively higher than in the comminuted powder fuel
meat. The high strength is attributed to the strong adherence of Al matrix
to te atomized powder surface. Using the atomized powder, the fuel meat is
expected to have grater mechanical properties and thermal conductivity. Finer
microstructures in the fuel dispersion may cause a reduction of swelling.
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(a) 140-200 mesh, atomized powder.

100

(b) 70-100 mesh, atomized powder.

Tq� 200

(c) Comminuted powder.

Fig. 1. Shape of atomized powders and of comminuted powders ; (a) 140-200 mesh,
atomized powder, (b) 70 100 mesh, atomized powder, (c) 100-325 mesh,
comminuted powder.
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(a) 100 -140 mesh

lu

(b) 140-200 mesh

(c) 200-325 mesh.

Fig. 3 The microstructures within atomized powders of various sizes
(a) 100-140 mesh, (b) 140-200 mesh, (c) 00-325 mesh.
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Fig. 5. SEM observation of the recess pore in atomized powder.
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Fig. 6 The relation between the density of the atomized powder and its size.
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Fig. 8. Optical microstructures of the U3.Si phase after complete peritectoid
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A

Fig. 9 Fracture surface of tensile test specimen to illustrate the strong
adhesion of matrix Al to atomized powder.
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A GENERAL EVALUATION OF THE IRRADIATION BEHAVIOR

OF DISPERSION FUELS

G. L. Hofman
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Argonne, IL 60439 USA

ABSTRACT

The iadiation behavior of aluminum-based dispersion fuels

is evaluated with emphasis on metallurgical processes that
control the dispersion behavior. Phase tnsformations and

microstructural changes resulting from fuel-matrix

interactions and the effect of fissioning in fuel are discussed.

INTRODUCTION

The compounds of uranium that are generally considered for use as dispersion
fuels, fall, as far as their irradiation behavior is concerned, into two distinctly different

groups. Mey either exhibit excessive fission gas bubble growth leading to break-away

swelling and severe limitations to either fuel loading or burnup, or they do not, in which

case their limitations are determined by fabricability. Mis fundamentally different fission

gas behavior in these two groups is illustrated in Fig. 

17he scanning electron micrographs shown in Fig. I were obtained from fracture

surfaces of U3Si and US'2 fuel particles from experimental aluminum dispersion fuel
plates irradiated in the Oak Ridge Reseqch Reactor (ORR). The strikingly different

fission gas bubble morphology between U3S" which falls in the unstable swelling group,

and US'2 which belongs in the stable group, can be attributed. to a much higher fission

gas mobility in the former. However, the temperature at which these fuels operated in the

ORR was so low, not higher than -1500C, that thermally activated diffusion of Xe and Kr

should have been negligibly small in either compound. 'Me apparent existence of

appreciable diffusion can be explained by the well-known phenomenon of radiation-

enhanced diffusion. However, current fission gas behavior models, which have been

developed over the past decades, do not predict the extent of gas bubble formation

observed and certainly not the difference between the two groups of fuels.
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In an attempt to remedy the shortcomings of existing models and improve our

predictions and capability to design better fuels, several modifications of the models have

been proposed 121. These modifications are thought to reflect changes in both crystal

structures and compound microstructuTes as a result of the high fission densities occurring

in dispersion fuels. This paper will briefly discuss these ideas, present supporting

evidence, and apply them to suggest improvements to overall dispersion fuel behavior.

SWELLING

A comparison of the swelling of various compounds tested during the Reduced

Enrichment Research and Test Reactor (RERTR) program, is presented in Fig. 2 It is

clear that the very high density compounds such as U617e, and to a lesser extent USi,

exhibit undesirably high swelling rates at low or moderately high fission densities. On the

other hand, the medium dense compounds, U3S'2 and USi (as well as UAI 34 not plotted

here) appear to have a more stable swelling behavior. 'Me reason for the difference in

swelling behavior lies again in the manner in which fission gas bubble formation proceeds

during iadiation. Metallographic sections shown in Fig. 3 illustrate the difference in

bubble morphology between, on the one hand, high swelling compounds where bubbles

grow very large and eventually interlink, and, on the other hand, U3S'2 where bubbles are

too small to be seen at the same magnification. At first glance, the iadiation behavior of

U3S'2 and USi, excluding the chemical reaction with aluminum, which is minimal for the

suicides, appears very similar so that of the aluminides. However, examination with a

scanning electron microscope reveals a dense population of rather uniformly spaced

bubbles at higher magnification, as shown in Fig. 1. These images clearly illustrate the

different swelling behavior of stable and unstable compounds, in this case USi versus

U3S'2. The apparent rapid growth rate of fission gas bubbles in U3S' indicates high

diffusivity, and plasticity of this compound during irradiation.

The unstable (swelling) compounds, all having very high uranium contents, form

by peritectoid reactions from two-phase mixtures at relatively low temperatures as

illustrated for U3S' in Fig. 4 These compounds, which include U6Fe, U6Ni, U6Mn, U3S"

and U-jGe among others, are less stable than congruently melting compounds such as S'2

and UA13. For example, two compounds of this group, U6Fe and U3S" were found to

become amorphous under irradiation 341, and it has been proposed that radiation-

enhanced diffusivity and plasticity, similar to that found in mictametized minerals and

ceramics, are the cause of unstable (break-away) swelling [5].
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Ile highly plastic behavior of these compounds also means that they are
susceptible to mechanical restraint. Radiation test results indeed confirm this, as shown in
Fig. for USi in aluminum. Restraint to break-away swelling exists in a dispersion as
long as sufficient matrix material surrounds the swelling fuel particles. Fuel plate failure
by break-away swelling is thus a function of loading as well as accumulated fissions in the
fuel, as schematically shown in Fig. 6.

Because of superior mechanical stability, rod-type fuel elements are generally
capable of restraining break-away swelling better than plate-type fuel 6].

As mentioned before, congruently (high temperature) melting compounds such as
UA, do not -exhibit these break-away swelling tendencies. Ie fission gas bubble
morphology remains uniform and shows no evidence of bubble interlinkage to a burnup in
excess of 60% of the 23sU in 93%-enriched fuel as shown in Fig. 7 Two interesting
observations can be made on the swelling behaviorof US'2, as shown in Fig. 8. Ilere
appears to be a break in the swelling curve with a initial low swelling rate. Iis
phenomenon has also been observed in U2 where it was shown to be related to the
foliation of subgrains on which gas bubbles nucleated and grew 7 It has been
proposed that a similar mechanism operates in U3S'2 and like compounds 2].

The fission density at which the change from low to high swelling rate occurs
appears to increase with increasing fission rate, i.e. from LEU through HEU in the same
neutron flux density, an effect not yet explained satisfactorily. A similar shift might also
occur in UAL, but on a finer scale so as to render gas bubbles too small to resolve by
SEM.

Subgrain formation is known to occur in metals as a result of large deformation.
Dislocations generated by deformation form a wall-like structure surrounding relatively
dislocation-free cells. This cellular structure can, upon further deformation, evolve in a
new fine-grain microstructure through a process called dynamic-recrystalliation [8]. This
type of microstructural evolution has also been observed in irradiated metals 9 It is
possible that the continuous generation of dislocations during fissioning results in a similar
process in crystalline fuel compounds.

IMPROVED FUELS

The requirement of stable swelling behavior to high burnup appears to impose a
limit to fissile loading of dispersion fuel. Current rolling and swaging pactices allow an
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economical upper limit of approximately 45 ol% of fissile material in the core of

aluminum fuel plates or rods. Using the highest density stable fissile compound available,

i.e. U3S'2, results in an uranium loading of -5 g cie. Use of higher density uranium

compounds such as U3S' leads to the burden of imposed burnup limits for plate-type

dispersion fuel elements. Some experiments with various fabrication techniques [10,111

have shown that higher volume fractions of U3S'2 and more uniform cores may allow

significantly higher fissile loading. Industrial scale production, however, has not been

demonstrated.

More immediate improvements in uranium loading appear possible through the use

of a U-Si alloy with a composition between USi and U3S'2' Such an alloy solidifies as a

mixture of U3S'2 and metallic unium. This higher-density alloy can be used as-is, or

after an anneal to convert it to a mixture of U3S'2 and U3S" In the annealed case, U3S'

must be the minor fraction of the two-phase mixture so as to prevent its basically unstable

swelling behavior from dominating the overall fuel swelling. Successful irradiation

behavior has been demonstrated with annealed "U3S',7", which consists of 25 Vol% U3S'

and 75 Vol% U3S'2-

Higher uranium loading is thought to be achievable by using as-cast mixtures

because the metallic phase reacts with aluminum during reactor operation to form UAI. 6,

13] so that one has, in fact, a mixture of two stable compounds: U3S'2 + UAI.. It may

even be feasible to allow the fuel to contain enough uranium metal to convert all available

aluminum in the core. Such an in-situ conversion of core aluminum to a fuel phase has,

to a large extent, been demonstrated with a U-Al alloy consisting of a two-phase mixture

of UA12 and metallic uranium, i.e., hyperstoichiornetric UA12 141. As shown in Figure 9,

nearly the entire core of this fuel plate consists of fuel, and only a very small fraction of

aluminum is left. This LEU test plate achieved very high burnup and was fabricated with

higher U loading than possible with single-phase A12'

Therefore, It appears possible to fabricate fuel plates using an optimum mixture of

U3S'2 and metallic uranium at 45 ol% that are of significantly higher uranium loading

than U3S'2 or U3S' 7 Some modification in plate rolling techniques to obtain more

uniform core thickness and use of spherical fuel powders to achieve a more-uniform

dispersant distribution 151, in combination with two-phase fuel compounds, could achieve

stable swelling fuel plates in the range of 78 g CM-3 of uranium.
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11.

Fig. 1. Bubble morphology in U3Si (upper) and UA2 at
5 x 10" fiss. m' (SEM).
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Fig. 2 Swelling of various LEU uranium compounds dispersed
and clad in aluminum as a function of accumulated
fissions in the compounds (ORR irradiations).
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Fig. 3 Optical metallography of various irradiated intermetallic
fuel compounds dispersed in aluminum showing unstable
and stable swelling behavior.
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Fig. 7 Fission gas bubbles in HEU, U3S'2 at more
than 60% 2mU burnup (upper-optical,
lower-SEM).
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Fig. 9 Core of fuel plate fabricated with
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reaction during irradiation.
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Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken 319-11. Japan

ABSTRACT

The transient irradiation behavior of the low enriched highly
dense uranium silicide mini-plates has been studied by the pulse
irradiation tests using the Nuclear Safety Research Reactor of the
Japan Atomic Energy Research Institute. The energy of 154 al/gram
-fuel at maximum was promptly deposited by pulse irradiation, and
served that the fuel surface temperature increased up to 9701C.
The results obtained through the transient measurements and the
post irradiation examination are as follows:

(1) Below 4001C of fuel surface temperature, the silicide fuel
mini-plates kept a good dimensional stability and intactness.

(2) Beyond 6401C, the melting temperature of Al-3%Mg alloy
cladding, fuel plates were damaged howing a bowing up to 7mm,
melting and relocation of cladding and local denudation of fuel
meat.

(3) A large degradation of fuel was occured at fuel surface temper-
ature around 9700C, however, no fuel fragmentation nor mechan-
ical energy generation was observed.

INTRODUCTION

The low enriched, highly dense uranium aluminide/silicide fuels are
becoming widely used in research and test reactors. In Japan, the operation
of the modified Japan Research Reactor No 3 (JRR-3M) of the Japan Atomic
Energy Research Institute (JAERI) was started in November 1991, using 22g/cc
dense low enriched (19.75wt%) aluminide fuels. Further, both conversion
programs to low enriched silicide fuel core are being successfully progressed,
on the Japan Material Testing Reactor JTR) of JAERI and Kyoto University
Research Reactor (KUR).

A lot of efforts have been made internationally in order to understand
the irradiation behavior and the safety characteristics of these highly dense
fuels, including the fuel irradiation experiments with mini-plates/full-size
fuel elements in the Reduced Enrichment on Research and Test Reactors (RERTR)
Program." However, regarding the fuel irradiation behavior under transient
and accidental conditions, almost no experimental studies have been conducted
on these fuels.
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In JAERI, the transient irradiation experiment on the low enriched
uranium silicide mini-plate3 was started from December 1990, by the pulse
irradiation using the Nuclear Safety Research Reactor (NSRR) of JAERI-Tokei.
This paper describes the results of the transient irradiation experiment
conducted up to present.')- ) I I 

BRIEF DESCRIPTION OF THE NSRR

The NSRR is a modified TRIGA-ACRP (Annual Core Pulse Reactor) which was
built for investigating the reactor fuel behavior under a reactivity initiated
accident (RIA) condition.

As shown in Fig. 1, the reactor core is mounted on the bottom of 3.6m
wide 4.5m long and 9m deep open pool. The core onsists of 149 TRIGA-type
driver fuel rods and 11 control rods, including 3 transient rods which play a
main role to make pulse shape operation of the NSRR. These transient rods are
withdrawn by compressed air instantaneously, and a large amount of positive
reactivity, up to 467$, is able to be inserted into the core within a few
mili-second. A very large negative reactivity induced by prompt temperature
feedback, which is an essencial advantage of TRIGA-type fuel (UZrH,),
terminates the pulse power generation without any insertion of the control
rods. Test fuel(s), contained in a irradiation capsule with one atmospheric
or highly pressurized water, are loaded at the large dry irradiation space
located at the center of the core approx. 220mm in diameter) as shown in
Fig. 2.

Figure 3 shows histories of the reactor power and the core energy release
obtained by a typical pulse operation with reactivity insertionof 467$, the
maximum capability of the NSRR. In this operation, the maximum peak reactor
power of 21,10OMW and the integrated pulse power of 117MW-sec are attained.
The corresponding minimum reactor period is 1.17msec and the pulse width was
4.4msec at half the peak power.

The general objectives of the NSRR pulse irradiation tests are to
determine threshold energy for fuel failure and to investigate its mechanism
and failure consequences under RIA conditions. Up to now, over 2000 pulse
irradiation tests for the Light Water Reactor (LWR) fuels, mainly unirradiated
ones, have been conducted in order to attain these research objectives. The
results of experiments havebeen widely utilized for establishing the Japanese
regulatory guidance for LWRs. At present, not only unirradiated LWR fuels but
pre-irradiated LWR fuels and unirradiated plate type alusinide/silicide fuels
are available as test fuels.

OBJECTIVES AND OUTLINE

The major objective of the transient irradiation experiment on the low
enriched uranium silicide mini-plates are to explicate the fuel bihavior under
transient and accidental condition experimentally, and establish a data base
necessary to define the safety criteria for the silicide plate-type fuels.
Such a data base will be more important for the design of higher flux/higher
power dense research reactors using the similar plate type fuels.
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In the transient experiment, emphasis is made to understand the
dimentional sCability,' the fuel failure threshold and the threshold of
mechanical energy generation due to fuel melting and/or fragmentation under
transient temperature conditions. Further, to know the behavior of fission
products (FPs) release is also important.

The fuel transient temperature is one of the important parameters of the
experiment. The fuel transient temperature depends on the deposited energy in
the fuel mini-plate, and the deposited energy is proportional to the integrated
value of the pulse power of NSRR. The experiment was planned to be started
from low pulse power and the pulse power to be increased step by step.

TRANSIENT IRRADIATION EXPERIMENT

1. Fuel Mini-plate

The fuel mini-plates used in these pulse irradiation tests are shown in
Fig. 4 and its specifications in Table 1. Three kinds of fuel mini-plate with
defferent uranium densities are prepared, however, only 4.8g/ce fuel mini-
plates have been supplied to the tests up to now.

2. Instrumentations and Irradiation Capsules

Five Pt/Pt-13%Rh thermocouples (hereinafter abbreviated T/Cls), of which
melting point was 1,7800C, were spot welded directly to one side of the
surface of each fuel mini-plate at five different locations, as shown in
Fig. 4 After assembling to the supporting device, fuel mini-plate was
contained in a irradiation capsule with stagnant water at the room temperature
and at one atomospheric pressure. Two capsule pressure sensors and a water
level sensor were also installed inside the capsule in order to monitor the
pressure pulse and water hammer force caused by the melting and/or fragmenta-
tion of mini-plate.

3. Pulse Power History_

As described before, the deposited energy in fuel mini-plate by pulse
irradiation is propotional to the integral value of the reactor pulse power.
The integral value of the pulse power, P (MW-sec), measured by reactor
nuclear instrumentation, micro fission chamber, was used to estimate the
deposited energy, E (cal/g-fuel) in each test fuel mini-plate by

EC = kg 

where the power conversion ratio k (cal/g-fuel per MW-sec), is the ratio
of the mini-plate power to the reactor power. This ratio was determined
through fuel burn-up analysis on irradiated mini-plate at low pulse power
taking the radial and axial power peaking into consideration.
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RESULT AND DISCUSSIONS

1. Transient Temperature and Failure Threshold

Up to now, four pulse irradiation tests (0508-1 2 3 and 4 have been
conducted. Table 2 shows a summary of fuel behavior derived from in-core
measurements and post pulse irradiation examination PIE). Figure shows the
transient temperature histories at interval of 0.05s around the melting point
of Al-3%Mg alloy cladding. From this figure, it can be found out that
measured solidus-liquidus temperatures are between 531'C and 612'C. On the
other hand, physical ones from the phase diagram are between 5730C and 6400C.
That is, a maximum temperature error band between the measured and physical
value was approximately 40'C. This difference might be come from the fin
effect of welded T/Cls. Since measured temperature is always low than
reaistic plate temperature (40'C in maximum), evaluations on fuel behavior
according to the unmodified temperatures are addressed more safety side.

Figure 6 summarizes the relation between the measured fuel plate
temperature and the given deposited energy. In this figure, solidus-liquidus
temperatures from the phase diagram and some design criteria are indicated for
reference. At fuel temperature below 400 C, the silicide mini-plates are
intact. The maximum temperatures evaluated on both normal operation and
transient conditions are still below the temperature of 400 C, which is used
as the design criterion in almost all research and test reactors using plate
type fuels in Japan. Therefore, there are enough safety margins in these
research and test reactors. However, at the temperature of 540 C, local
cracks were observed which were considered to be the intergranular crackings.
Consequently, it is reasonable from safety point of view to set the feul
temperature of 400'C as the failure threshold of the silicide plate type fuels.

2. Dimentional Stability

Dimentional stability of mini-plates under pulse irradiation was studied
using data from PIE and the summary is shown in Table 2 During the PIE,
either logitudinal or transversal cutting of the mini-plates were made along
T/Cls, so that the dimentional stability of the mini-plates could directly be
related to the measured local temperatures.

Figure 7 shows the maximum bowing of each sample cut from mini-plates.
As the fuel temperature was below 4000C, the bowing was negligible, however,
when the temperature exceeded 400'C, the bowing became evident. The bowing
was enhanced significantly by necking, that is, a significant thinnig of plate
thickness at the end peak locations where melting of Al-3%Mg alloy cladding
and fuel separation occurred simultaneously.

At higher temperature of close to 971'C a significant bowing accompany-
ing agglomerated and relocated molten aluminum were observed. During the
quenching, intergranular crackings might have occured at the denuded fuel
meat. In these manners, the dimentional stability of the silicide fuel
mini-plate was degraded with increasing temperature from 400'C to 971'C.
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3. Microstructure of Fuel Core

One specimen of test #508-1 mini-plate (peak temperature 200'C) and
the other specimen of test 508-4 mini-plate (peak temperature 957C) were
provided for microstructural study. In the former specimen, no �race of
metal to metal reaction were observed, however, in the latter specimen, there
were traces of reaction between aluminum matrix and silicide particles
resulting in the formation of two additional phases at outer surface of the
silicide particles. As shown in Fig. 8, the outermost (first) phase consisted
of aluminum riched U-(Al, Si) compounds with thickness of about 4m. The
subsequent (second) phase consisted of Silicon riohed W, Si) compounds with
thickness of about 1g a. It should be mentioned that thickness of additional
two phases is reached of order of 13 of the original silicide particle's
diameter.

CONCLUDING REMARKS

The transient irradiation behavior of the low enriched highly dense
uranium silicide mini-plates have been studied by the pulse irradiation tests.
Four mini-plates were irradiated by differnt reactor pulse power, and the
results through the transient measurments and the PIE are as follows:

(1) Below 400'C of surface temperature, neither failure nor degradation of
dimentional stability of the mini-plates occured. They kept a good
dimentional stability and intactness.

(2) At temperature beyond 400'C, the dimentional stability was degraded with
temperature, and beyond 640'C, the melting point of cladding, mini-plates
were damaged showing a bowing up to 7mm and increased cracking.

(3) Despite of the large degradation of the fuel mini-plate at temperature
arround 9700C. no fuel fragmentation nor mechanical energy generation was
observed.

(4) At higher temperature over 9000C, metal to metal reaction between aluminum
matrix and silicide particles are observed.

The transient irradiation experiment on the low enriched uranium silicide
mini-plates is planned to be continuously progressed for a couple years ahead,
in which more detailed studies around the fuel failure threshold temperature,
400 C, will be conducted. Further, the pulse irradiation tests which
provide more severe conditions to the mini-plates are also planned.
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Table 2 Summary of Transient Irradiation Behavior
of Low Enriched Silicide Mini-plate

TEST 10 O 1508-1 1508-2 1508-3 M -4

Deposited Energy (cal/g-fuel) 62 77 116 154
Peak Sueface Temperature (C)

T/C 11 X 200 350 971
12 177 179 387 893
#3 216 183 414 652
14 234 178 323 Bel
Is 178 195 544 957

Average:tStandard Deviation (IC) 201±28 It' 187±10 418±74 871 +128
Coolant Temperature (C)

pre-pulse 20.4 21.6 27.8 17.2
peak 233 25.7 47.0 34.8

Capsule Pressure (MPa)
bottom 0 0 0
top 13) 0 0 0

Water Column Velocity 131 D 0 0

Max Bowing (m) None None 1.50±1.15 4.11:tl.60

Remarks Pitting Fuel
separation

Molten Al
relocation

Cladding Plate
through through

cracks cracks
Core-Al

reaction

Note (1) mulfunction
(2) Error band is
(3 nt equipped

1000
U

Ex.508-4
Ui 154 callg-fuel
X EnHch =19 89 wo 235U

Density=4.8 gU/c.c.
T/C.

LU

Ld 500

LU 71C
F--
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LIJ

LL

0
0.27 32

TIMEW

Fig. 5 Solidus-Liquidus Transformation (Latent Heat)
Observed in Experiment 508-4
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XA04CO115
THE BATAN'S RADIOMETALLURGY INSTALLATION IN SUPPORT TO FUEL

DEVELOPMENT

J.B. ersubeno, S. Soentono, and H. Nasution
NUCLEAR FUEL ELEMENT CENTRE (PEBN)

NATIONAL ATOMIC ENERGY AGENCY (BATAN
Kawasan PUSPIPTEKSerpong, Tangerang 15310,

INI)ONESIA

ABSTRACT

The construction of BATAN's Radiometallurgy
Installation, the RI, was completed by the end of
1990 and this laboratory is currently undergoing
the cold start-up prior to its hot commissioning
scheduled by the end of 1991. The RXI is situated
adjacent to the 30-MW multipurpose reactor, RSG-
GAS, at Serpong Nuclear Facilities.

This new laboratory, together with the other two
existing fuel facilities, i.e. the Research Reac-
tor Fuel Element Production Installation (EPI)
and the Experimental Power Reactor Fuel Element
Installation (EFEI) as well as various irradiation
facilities, i.e. in pile loops, rigs and capsules,
will form a strong basis for future fuel and
reactor material development in Indonesia. This
important role is accomplished by typically
providing post irradiation examinations in the
forms of destructive as well as non-destructive
testing for TR, HR, and PR fuel elements.

The laboratory capability will certainly not be
confined to supporting domestic PIE only but will
extend as well to cover off-shore PIE ervices
based on some mutual agreement.

INTRODUCTION

The Serpong Nuclear Facilities, 30 Ka westward from Jakarta,
are designed mainly to prepare BATAN iii stepwise approc in
embarking nuclear industry. This concept includes as well the
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to deveiop omestic fuel manufacturing coability, botn
I-or LILhe new ATR type reactor, the RSG-GAS, and for the future
nucInar pol r plants.

This fel development program has been partly realized by
BATAN by completion of constructions of, first the MTR type fel
element production facility and, second the Experimental Power
Reactor Fel Element production facility.

The commisioning of the Reaktor Serba Guna G.A.Siwabessy
(RSG-GAS), a 30 MW multipurpose reactor, is an important step for
the national nuclear development program as it enables BATAN to
start its domestic activities in the field of fuel and fuel
element technology.

Besides the improvement and optimization of the fuel elements
for te RSG-GAS 30 NW, a longterm objective of BATAN is the capa-
bilities to develop in various fields of HWR and LWR fuel element
tehnology, i.e. development of fuel element consisting of ceramic
UO -fuel pellets with a Zr-alloy cladding material.

2

In order to support the development of nuclear fuel element
and other reactor components as well as the advancement of know-
ledge of fuel related safety characteristics, the RSG-GAS 30 KW
is equiped with fascilities, such as MTR/LWR/PHWR in pile loops,
power ramp test facility, in pile rig for fuel pin and creep

I
experiments And the two already existing fuel fabrication
installations namely Experimental Fuel Element Installation and
Installation for Producing Fuel Element of MTR type fuel enlarge
the capability of BATAN to support the R & D on fuel technology
by supplying the necessary pins, bundles of LR/PHWR type fuels,
mini ptates and mini MTR elements for in pile test purposes under
variety of irradiation conditions.

A new facility namely Radiometallurgy Installation (RMI) had
been inaugurated on December 1990 by the President of The
Republic of Indonesia. This new facility complete the near future
capability of BATAN for developing the fuel technology as well as
other reactor components.

LABORATORY DISCRIPTION OF RMI

The Radiometallurgy Installation is built adjacent to the
RSG-GAS. This installation consists of various laboratoria, oneof
the laboratoria is the hot laboboratory covering a hot cell
complex osisting of three large concrete cells and nine steel
cubicles arranged in U-shape, surrounding the central rear
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service rea as shown on figure I and two basement waste cells
2

underneath

The Hot Cell and Supporting Laboratoria

The three concrete shielded cells i.e. cells 101 to 103 are
designed for recieving, storing, dismantling, and non destractive
testing of fll-scale HR, MTR fuel elements and disassembled
fuel-element rods of Biblis A-type PR fuel Elements. The cells
have a reinforced heavy concrete structure, with a density of
3,1 g/cc, with steel liner. The cell 101 is designed for reciev-
ing and storing up to 6 MTR type fuel elements. The rear wall-
ports have a man-hole with a double cover design for frogman
access.

The steel shielded cells lines, i.e. cells 104 to 112, are
designed for radiometallography examination 104-107), radioche-
mistry 108-109), mechanical testing of materials (110-111) and
SEM/TEIM sample preparation and autoradiography testing 112).

Table and 2 mention the specification and in-cell standard
equipment for each cell.

The Radiometallurgy Installation is also provided with Medium
and Low Active, Physico-chemical and Cold Metallurgy laboratoria
as the supporting facilities.

The range of standard PIE that can be performed in these fa-
cilities on various type of irradiated fuel are shown on table 3.

Beside the standard examinations sing in-cell equipment and
conventional equipment located in the supporting laboratoria, for
certain investigation, te facilities are also equiped with
special equipment as shown in tabel 4 and can be used for spe-
cial analyses.

Waste Handlipg

The design of the RMI waste handling is confined to collect-
ing, monitoring and storing of nuclear wastes produced within the
installation. Those rad-wastes shall be stored and prepared for
delivery with shielded containers and casks. For handling and
transfering the solid rad-waste, two cells (001- 002) are used.

The low and medium-active solid wastes coming from the hot
cells are collected in 200 liter standard barrels via double-lid
system located in the cell 102 for off-transfer in the cell 001
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TABLE

STANDARD PIE CAPABILITIES

LWR MTR HWR

I. NONDESTRUCTIVE

VISUAL EXAMJAS RECIEVED VISUAL EXAM.lBUNDEL VISUAL EXAM./AS RECEIEVED
DISMANTLING DISMANTUNG DISMANTLING

GAMMA SCANNING WWMA SCANNING GAMMA SCANNING
CHEMICAL DECRUD CHEMICAL DECRUD CHEMICAL DECRUD

LEAK TESTING LEAK TESTING
RADIOGRAPHY RADIOGRAPHY RAD*GRAPHY
METROLOGY METROLOGY METROLOGY

PROFILOMEnw PROFILOMETRY
EDDY CURRENT EDDY CURRENT

ULTRASONIC ULTRASONIC

12. DESTRUCTIVE

SECTIONING SECTIONING SECTIONING
PUNCTURING BLISTER TEST PUNCTURING

DENSITY MEASUREMENT DENSITY MEASUREMENT DENSITY MEASUREMENT
BURN-UP ANALYSES BURN-UP ANALYSES BURN-UP ANALYSES

METALLO-CERAMOGRAPHY METALLOGRAPHY METALLO-CERAMOGRAPHY
HARDNESSTEST HARDNESSTEST HARDNESS TEST

AUTO RADIOGRAPHY AUTO RADIOGRAPHY AUTO RADIOGRAPHY

S. DESTRUCTIVE -MECHANICAL TEST

TENSILE TEST NOT REQUIRED TENSILE TEST
COMPRESSION TEST NOT REQUIRED COMPRESSION TEST

BURST TEST NOT REQUIRED BURST TEST
IMPACT TEST NOT REQUIRED IMPACT TEST
CREEP TEST NOT REQUIRED CREEPTEST

FATIQUE TEST NOT REQUIRED FATIGUE TEST
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TABLE 4

MfiJOR SPECIAL EUIPMEWS

* SCANNING ELECTRON MICROSCOPE

* TRANSMISSION ELECTRON MICROSCOPE
* X-RAY ENERGY DISPERSIVE SPECTROMETER

XRAY WAVELENGTH DISPERSIVE SPECTROMETER

X-RAY DIFFRACTOMETER
(DEBYE SCHERER & LAUE CAMERAS, TEXTURE ANALYSER)

* EMMISION SPECTROMETER

* ALPHA, BETA AND GAMMA SPECTROMETER

* DILATOMETER

* THERMAL CONDUCTIVITYMETER

* GAS CHROMATOGRAPHY

* INDUCTIVELY COUPLED PLASMA SPECTROMETER
* DIFFERENTIAL THERMAL ANALYSER

* LEAK TEST BY SIPPING METHOD

158



just underneath.

The high active wastes comprising nuclear fuels and irradiat-
ed reactor materials, remaining from the post irradiation examin-
ation, will be canned in tubes and removed via the ball-lock of
the cell 101.

Transfer System

The fuel elements will be transported in special transfer
casks. An off-shore fuel element cask will be handled by 500 kN/
150 kN outdoor crane and by means of a trolley the cask will be
shiped to the recieving cell 101 through the ball-lock. And for
carrying out the shielded transport containers, the 200 kN ser-
vice area crane can be used. Shielded casks for samples from SG-
GAS can be handled as aforesaid and could be coupled directly to
the cell 104 ( the metallography cell ) and cell 112
(autoradiography & SEM/TEM sample preparation cell).

The sample transport from the concrete cells to the steel
cells and tranfering samples among the steel cells are done by
means of an intercell conveyor, running underneath of the cell
bottom.

The radiochemical samples prepared in the cell 109 are
transfered by means of a pneumatic (rabbit) system to the glove
boxes located in the Medium Active Laboratory for further
analyses.

The cell 109 is equipped with two rabbit stations, one for
in-coming sample sent from the rabbit station located in the RSG-
GAS hot-cell and the other used for a shipping station in the
medium active laboratory as aforesaid.

OPERATION SCHEDULE

Starting from mid of August 1991 the Radiometallurgy
Installation is undergoing the cold tests. These test will be
followed by evaluation and modification of some tools or handling
system when necessary. Following these cold tests is a testing
and balancing activity to verify the ventilation and air-
conditioning (VAC) in preparation for the hot start-up operation.

The hot start-up is scheduled to commence by the end of the
year 1991 using TRIGA spent fuels ad later using the siiicide
MTR fuel element produced b BATAN currently under irradiation in

3
the RSG-GAS
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PIE PROGRAM RELATED TO THE LEU FUEL DEVELOPMENT

The Research Reactor Fuel Element Production Installation
(FEPI) is one of the supporting laboratories for the multipurpose
RSG-GAS. It produces MTR type fuel elements and control elements
for the RSG-GAS.

Since the enrichment of U loaded in the RSG-GAS fuel element
is less than 20 %, it is actualy already in accordance with the
Reduced Enrichment for Research Reactor (RERTR) programme.

3
However the U loading density is nearly 3g U/cm which is close
to the maximum qualified loading density of U in the form of
U308. The development of silicide fuel has shown that UxSiy, i.e.
U3Si and U3Si2 can offer higher loading density/4/. This means
that better fuel performance and perhaps easier fabrication may
be achieved by siliside fuels. The approval of U3Si2-Al fuel as
standard Low-Enrichment Uranium (LEU) fuel in research reactors
by US-NRC in July 1988 /5/ has motivated Indonesia to run
experiment to produce silicide fuel element especially U3Si2-A1.

Three full size U3SiZ fuel elements adapting the RSG-GAS U308
fuel element spesifications had succesfully been produced by
FEP1. Two out of these three silicide fuel elements are currently
under irradiation (8% and 16 burn-up each) in the RSG-GAS. One
of these elements is scheduled to undergo iradiation up to the
normal burn-up, and the other up to some extended burn-up.

The post irradiation examination of these two silicide fuels
will be done in the Radiometallurg� Laboratory somewhere in the
year of 1992 after at least 9 months of cooling period.

The postirradiation examination will consits of visual
examination in te reactor pool (already done every completion of
cycle) for evaluating the -*visual appearance as a function of
burn-up.

The complete postirradiation examination, both for
destractive and nondestractive test, will be carried out using
facilities in the Radiometallurgy Laboratory.

The first step of the postirradiation examination of the
U3SI2 fuel elements will consistr of visual exavinetion, gamrq
scanning, blister test, dimensional measurements followed by
immmersion volume measurements, metallograph3 examlitatioi, using
both optical and scanning microscope (SEM) to see the fuel with
respect to '-Ls swe-'ling ad burn-up analxse� of --electe- pa'.C.
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CONCLUSION

The Radiometallurgy Laboratory, together with the other two
existing fuel facilities as well as the RSG-GAS will form a
strong basis for future fuel and reactor material development in
Indonesia.

The laboratory capability will certainnly not be confined to
supporting domestic PIE only but will extend as well as to cover
off-shore PIE service based on some mutual agreement.
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ALUMTNTUM MATRIX DSPERSION FUELS AT BARC
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Radiometallurgy Division

Bhabha Atomic Research Centre

Trombay, Bombay 400 085 (India)

ABSTRACT

A1-U alloy and Al-UAIx, Al-U308 & Al-U3Si2 composites are

being extensively used all over the world as fel for small,

water-cooled, non-power research reactors. As part of 40 llf

KAMINI and 5 MWt & 10 14Wt research reactor fiiels development

programme at Bbabba Atomic Research Centre (BARC), Bombay,

out-of-pile properties of tese fuels, namely, ot ardness, igh

temperature microstructure and thermal conductivity were

evaluated in the temperature range of 300 - 900F.

1. INTRODUCTION

Radiometallurgy Division (RMD), BARC has recently

fabricated aluminium clad, Al-20%U-1%Zr fuel for the 40 kWt

TAMINI research reactor by the "melting-casting" rte

followed by picture framing, roll-bonding and shearling.

Simultaneously, research and development on A-1.5*74g clad,

Al-T-TAlx Al -U3 Os and Al-U3 Si2 fuels are nerway for the

forthcoming LEU based 5 TWI-- and 10 I-97t �-esearch

reactors. These LEU fuels would be fabricated by the

99powdPr-metallurgy" route involving co-milling of Al-Mg

alloy powder with IA1I , IJ, 0 or U3 Si2 particles, f oll owed y

cold-ppl-letisation (940 MPa) and annealing (7-137). The

fabrication experience of KAMTNT fel and Al-ITAIx , Al -ITi 00

& Al-U3 Si2 composite fuels at RMD, RAPC iR prPsented in

another paper in this proceedings['].

The present paper summarises the hot hardness, high

temperature microstructure and thermal conductivity of
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Al-20%TJ-IZr =Al-12. 5v/oTIA13 ) , A-3OVolTJAlx ,Al 30VoIu-, ou

& Al-36VolU3Si2 ( density : 4.o g/cc) evaluated at MD,

BARC in the temperature range of 300K-9onK.

The hot hardness and high temperature microstructure

were evaluated in a NTKON high temperature metallograph cum

hardness tester-Model QM. The eipment is housed in a leak-

tight inert atmosphere glove box as shown in Figure 

The sample around 5mm dia and 6mm height) was ground and

polished metallographically before measurement. For

observing the high temperature micro-,fructure, the specimen

was heated in the "sample frnace" and the real time

microstructure was observed and ecorded on a video scrPen

till incipient melting was noticed in the sample. For

evaluation of hot hardness, both te smple and the indentor

were heated separately to the measurement temperature in

vacuum ( 1 Pa). Next, te "sample frnace ws ositioned

below the "indentor furnace" assembly and an indentation ws

made on the sample with Vicker's diamond indentor using a

load of 0g for a dwell time of seconds. The image of

the indentation was magnified and transfered to a video

screen where the length of the diagonal of'the indentation

were measured by a semi-automatic tele-comparator unit from

which the Vicker's hardness was computed. Each hardness

value represented an average of at least three indentations.

The thermal conductivity (kT) of the sple in [W!cm K]

at a particular temperature T (in K) is calculated from the

measured value of the thermal diffusivity (aT) in [CM2/-q

from the following relation

kT = aT .1. c. ...... (1)
where is the density in [U/cm3j and C is the specific heat

[J/g.K] of the sample respectively. Literature data of

specific heat of Al matrix dispersion fuels were used for

calculation of thermal conductivity.

The thermal diffusivity was measured by the laser flash

method using a Ruby laser having an average output energy of

6 J/pulse. The apparatus as shown in Figure 2 is housed
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inside a glove box. The sample (10mm diameter, 1-2 mm

thickness) is first heated in vauum (1 Pa) to the

measurement temperature in a resistance furnace and

subsequently irradiated with the pulsed laser source. The

rise in temperature on the opposite surface was recorded by

chromel-alumel thermocouple. The thermocouple signals was

stored in a transient memory circuit which were decoded in a

FIg.l High temperature microscope-cum-hot hardness
tester inside glove box at BARC.

x-t recorder and finally fed to the data processor for

computation.

A typical time-temperature plot after Ii-;er irradiation

is shown in Figure 3 The thermal diffusivity (aT) WRS

calculated from the relation

aT = 1. 38 L2 /T2 tI/2 . . . . .

where L is the sample thicknes in cp and fl/2 is half the

time in second for the rear surface of sample to reach the

maximum temperature.
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FIg.2 Laser Flash thermal diffusivity apparatus
Inside glove box at BARC.

t-0
Laser
emitted) I 0

T M C)

Temperature
ri se AT max.

-A

A

t
Time

Pre-trigger

Fig.3 A typical temperature rise versus time plot of
the rear surface of thermal diffusivity sample.
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2. HOT HARDNESS

Figure 4 ummarises the hot hardness data of ifferent

aluminium matrix fuels. The hot hardness profile of the

fuels were similar. The hot hardness vrsus temperature

relation followed the equation given below 

H = A exp(-BT) .... 3)

where H is the hardness, T the temperature (1�) A the value

of hardness at T = 0 K, and the softening coeffiripnt.

The log H versus T plot consist of two straight lines

intersecting at the "transition temperature'. The constants

A and have two sets of values :for low and high

temperatures.

The hardness of Al-20%U-1%Zr was fnd to be lowpr than

the composite fuels containing ranium aluminides, oxides

and sicides in aluminium atrix. This is attributed

to uch higher 88 v/o) volume fraction of the

relatively softer "Al" matrix phase in Al-20%17-1%Zr alloy.

3. HIGH TEMPERATURE MICROSTRUCTURE

High temperature microstructure of Al-20%tT-1%Zr alloy

and aluminium clad Al-IJ309 and Al-U3Si2 are shown in

Figures 5, 6 and 7 respectively. The general oservations

of real time microstructures of the sarple at different

temperatures during heating are as follows 

- upto 4000C, there is practically no deviation from room

temperarture microstructure which shows aluminium

matrix and the TAl , U3 Oa or TJ3 Si2 dispersoids;

- at around 600*C, formation of cracks and cavities

around the dispersoid particles become prominent;

- finally in the -region of incipient melting (3011 -

6500C), big cracks and large cavities are seen in the

microstructure;

- in case of aluminium clad Al-`U3 e and Al-TJ3 Si2 smples,

even at the temperature of incipient melting, the
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Fig.5 : High temperature microstructure of Al-20%U-IZr alloy.
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late face
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3000C

60011C 6230C

Fig.6 High temperature microstructure of Al clad Al-U 308
dispersion fuel.
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Fig.7 High temperature microstructure of Al clad Al-U 3Si2
dispersion fuel.
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intprface of thp fuPl meat and thp cladding was f ounce

to he intact.

4. THER14AL CONDUCTIVTTY

Figure 8 summarises the thermal conductivity dat of

different aluminium matrix dispersion fuels. The thermal

conductivity of Al-20%U alloy was 2 - 3 times higbpr tan

the rest. This is attributed to nearly-"zero" Porosity of

the alloy prepared by the "melting-casting" route nd

relatively higher ( 88 v/o) volume fraction of aluminium

matrix phase which has a high termal conductivity. The Al-

30Vo1VT309 had the lowest thermal conductivity. This is

because of the low thermal conductivity of uraniii-n oxid(-

compared to the silicide and the aluminide.

CONCLUSION

The hot hardness of Al-IJ lloy nd aliiminium matrix

composites followed a similar trend with a "transition"

or "softening" tmperatiire around 573F;

The real time microstructures of these fuels at

different temperature upto the temperature at. whicb

incipient melting was found to occur was useful in

determining the melting point of the fuel. The

incipient melting temperatures were found to be in the

range of 6300C - 6500C. At these temperature,;, the

interface between the cladding and the fuel meat was

found to be intact.

The thermal conductivity of Al-20%U alloy prepared by

the "melting-casting" route was found to be 2 - 3 times

higher than the aluminium matrix uranium alurninide,

oxide and silicide fuels prepared by the

"powder-metallurgy" route. This is attributed to high

(-j88V/O) volume fraction of aluminium matrix phase

and absence of porosity in the sample prepared by the

timelting-casting" route.

172



TEMPERATURECC)--o-

190 290 390 490 50(
45 -

40-

- AI+12-5VOIUAIX

t (MeItIng routs)

30-

020-

z
0

AI+36VolU3Si2
W lo- (P/M route)

AI+30volld
(P/M route

AI+30VOIU30
0 (?/M route)

373 4�3 573 6 7'3 773

TEMPERATURE W---a-

Fig.8 Thermal conductivity of Al matrix dispersion
fuels evaluated at BARC

173



REFERENCE

1. C. Ganguly, P.V. Hegde and G.J. Prasad, "Fabrination

experience of aluminium clad aluminium matrix dispersion

fuels at BARC" , Proceedings of the 14tb RERTR Meeting,

Session 2 Jakarta, Tndonesia, November 4 7 1991).

174



XA04CO 17

DEVELOPMENT AND IRRADIATION TESTING
OF A]-U3Si2 FUEL AT CHALK RIVER LABORATORIES

D.F. Sears
Fuel Materials Branch

Chalk River Laboratories
Chalk River, Ontario KO HO

Canada

ABSTRACT

Mini-elements containing A-64 wt% U3Si2 3.15 g/cm3)' with three
discrete U3Si2 particle-size distributions, have been irradiated up to 93 at%
burnup in the NRU reactor. The uranium silicide (U-7.OSi) was used in the
as-cast condition, and contained up to 4 wt% free uranium in the U3Si2
matrix. Post-irradiation examinations (PEE) of the high-burnup elements
have been recently completed. PEE included underwater and hot-cell
examinations, immersion density measurements, neutron radiography,
optical and scanning electron microscopy (SEM) with wavelength
dispersion X-ray (WDX) analysis, and computerized image analysis of the
fission-gas bubble-size distributions. The results show that the A-U3Si2
swelled less than Al-U3Si fuel previously irradiated under similar conditions
in NRU, and no significant swelling dependence on particle-size
distribution was observed. A-U3Si2 core volume increases ranged from
4.2 to 47 vol%, compared to 5.8 to 68 vol% for Al-U3Si fuel with
identical uranium loadings. SEM examinations revealed that the U3Si2
(U-7.OSi) particles contained regions with relatively ordered, very dense
populations of sub-micron fission-gas bubbles. In contrast, the gas bubbles
are randomly distributed within U3Si (U-3.96Si) particles, vary widely in
size, and small bubbles coalesce to form larger bubbles. The capability of
U3Si2 to retain fission gas in small bubbles accounts for the lower swelling.

INTRODUCTION

Chalk River Laboratories has developed and tested low-enrichment uranium (LEU, 19.75%
U-235) fuels for the NRU reactor, and for the new MAPLE class of research reactors being
developed by AECL. 'Me LEU fuels contain high-density uranium silicide particles dispersed in
an aluminum matrix. Several uranium silicide compounds have been tested in the LEU fuel
development program; these include the binary U-Si alloys: U-3.96Si (U3Si) and U-7.3%
(U3Si2), and the temary U-Si-Al alloys: U-3.5Si-1.5AI and U-3.2%-10AI. In this paper, the
development and iffadiation testing of Al-U3Si2 dispersion fuel is reviewed and recent results from
post-iffadiation examinations of mini-elements containing Al-64 wt% U3Si2 3.15 g/cm3)
dispersion fuel are presented.
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BACKGROUND

In the early 1980's, AECL launched a fuel development program to convert its research reactors
from HEU 93% U-235) to LEU 19.75% U-235) fuel, as part of an international effort to reduce
the risk of nuclear weapons proliferation. The conversion from HEU to LEU requires an
approximately five-fold increase in uranium density if the fuel design (volume) remains
unchanged. Of the candidate replacement fuels, aluminum-based dispersion fuels that contain
high-density uranium compounds have been the most suitable for achieving the high uranium
loadings required. Much of the LEU fuel development work has focused on the high-density
compounds in the U-Si system, because previous studies have shown that uranium silicides are
compatible with the aluminum matrix over the predicted operating temperature range, and the fuel
behaves well under irradiation.

At Chalk River, we have previously tested several uranium silicide dispersion fuels, with loadings
from 315 to 45 gUjcm3 1,2). These included U-3.96Si, U-3.5Si-1.5AI, and U-3.2Si-3.0Al.
The first composition is normally used to manufacture USi. Stoichiometric USi contains
3.78 wt% Si, but excess silicon is added to ensure that all of the U in the as-cast material
(a mixture of U and U3Si2) completely transforms to U3Si during heat reatment his results in
residual U3Si2 remaining in the U3Si matrix. The last two are basically U3Si alloyed with
1.5 wt% and 30 wt% aluminum, respectively, to increase the corrosion resistance of the alloys.
The candidate fuels were first tested in mini-elements resembling NRU elements; i.e., short
cylindrical fuel cores sheathed with finned aluminum cladding. Wen the results of the test
irradiations showed that the fuel performance was acceptable, full-length LEU rods were fabricated
and irradiated in NRU, to demonstrate and qualify the fuel. By 1986, seven full-length NRU
rods, each containing twelve elements, had been irradiated in NRU Tree of the rods contained
Al-61.4 wt% U3Si (U-3.96Si) and four contained A-62.4 wt% (U-3.2Si-3.0Al); both loadings
are equivalent to 315 g/CM3, as required for the NRU and MAPLE reactors. The results of post-
irradiation examinations (PIE) showed that both of the dispersion fuels were suitable 3), but since
the U3Si dispersion swelled less than the U-3.2Si-3.OAI fuel, it was selected as the leading
candidate. Fuel-core swelling is a good comparative indicator of fuel performance in conversion
programs where the fuel design or core volume remains unchanged.

Around the time that the LEU fuel was qualified in NRU, it was reported 4) that highly loaded
plate-type fuel containing Al-U3Si 4.5 gU/cm3) had swelled excessively after irradiation to high
burnup in the Oak Ridge Reactor (ORR). he high swelling was attributed to the coalescence and
growth of ftssion-gas bubbles in the U3Si particles. Since plate-type fuel designs with thin
cladding inherently provide little restraint to the expanding core, the bubbles link up and grow until
so-called break-away swelling and plowing results.

In the search for a more suitable replacement for the plate-type fuel, the second-most dense
compound in the U-Si system, U3Si2, was found to be more resistant to swelling. Although it
was clear that the Al-U3Si dispersion fuel was suitable when used in cylindrical rods with thick
cladding, which provides restraint (such as in the NRU or MAPLE designs), it was considered
prudent to include U3Si2 in the development program at Chalk River, to complement our U3Si
capability. The U3Si2 compound also offered potential fabrication cost savings because it is brittle
and easily reduced into powders, compared to U3Si. The latter is ductile but tough, and requires a
series of comminution steps to produce suitably sized powders.

The U3Si2 fuel development program basically followed the plan established for the uranium
suicides previously tested at Chalk River. Mini-elements were fabricated and irradiated to high
bumup in NRU, and based on the satisfactory results, full-length LEU rods were fabricated and
irradiated to qualify the fuel. These prototype rods also demonstrated that there were no problems
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associated with scaling-up the fabrication process to manufacture the approximately 3 m long NRU
rods. Three full-size LEU fuel rods containing Al-64 wt% U3Si2 were fabricated, and by 1990
August, the demonstration/qualification irradiation in NRU had begun. The iradiation has been
temporarily suspended due to the recent 1991) shut down of NRU. The fuel has achieved
approximately 60 at% burnup, and will continue its irradiation to the design terminal burnup,
80 at%, when NRU starts up again.

The fabrication and irradiation testing of mini-elements containing Al-64 wt% U3Si2 is described
below. Recent results from PEE of the high-burnup U3Si2 fuel are discussed, and the U3Si2
behaviour is compared to that of U3Si fuel previously tested in NRU.

EXPERIMENTAL

The primary objective of the mini-element irradiation, Chalk River experiment EXP-FZZ-92 1, was
to compare the high-burnup irradiation behaviour of Al-U3Si2 to that of Al-U3Si. However, in
order to qualify the A-U3Si2 dispersion fuel as expediently as possible, the experiment was also
designed to test two important parameters previously found to affect fuel behaviour: particle-size
distribution and chemical composition.

Previous experiments have shown that Al-U3Si fuel swelling is dependent on the U3Si Particle-size
distribution (5). Therefore, three discrete U3Si2 particle-size distributions were included in the
mini-element test, to evaluate their effect on the fuel swelling and to help establish limits on the size
distributions to be used in manufacturing specifications.

It has been reported that U3Si2 could be successfully used in the as-cast condition where it contains
free (elemental) uranium due to inhomogeneities in the casting process 4). By comparison, U3Si,
which is formed by a sluggish peritectoid reaction below 9301C, requires a long heat treatment
(usually 76-96 hours at 8000C) to tansform the as-cast material, U and U3Si2, to U3Si.
Normally, free uranium is not desirable in fuel because of its poor irradiation behaviour and low
corrosion resistance; however, since significant savings could be achieved by the elimination of the
long heat treatment process, we decided to use as-cast material to evaluate the effects of free
uranium on the fuel behaviour. Further, a hypo-stoichiometric composition, U-7.0 wt% Si, was
selected, which ensured that a significant amount of free uranium, up to 4 wt%, was contained in
the fuel. This composition represented the highest edible level of free uranium that may result
from gross inhomogeneities in the casting process, and provided a test of the worst-case
(composition) scenario.

Al-U3Si2 Fuel Fabrication

The fabrication process used to make the mini-elements was essentially the same as that used to
make full-length elements at Chalk River. Basically, uranium and sicon were melted in a vacuum
induction furnace, cast into billets, then crushed into powders in an inert atmosphere glovebox.
The uranium silicide powder was seived into discrete size factions, blended with aluminum
powder, and extruded into cores. The cores were drawn to size and cut to length, the fnned
aluminum cladding was extruded, and the end-plugs were welded to the cladding to hermetically
seal the mini-elements,

Twelve mini-elements were fabricated for the test irradiation. They were divided into three groups,
each having a unique particle-size distribution. The first group contained a proprietary powder size
distribution previously found to minimize swelling, and the other groups contained controlled
quantities of fines (particles < 44 gm).
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The mini-element core diameter (5.5 mm) and clad wall thickness 0.76 mm) are the same as in
full-size NRU elements. TV mini-elements also have six cooling fns spaced 60' apart around the
cladding, the fin width being 076 mm and the fin height 096 mm. However, they are only
184 mm long, compared with 29 in for NRU.

As mentioned above, the billet composition was hypo-stoichiometric (U-7.0% Si). Samples were
selected from the blet and examined using optical and scanning electron microscopy (SEM),
energy dispersion X-ray (EDX) analysis, and X-ray diffraction analysis.

As shown in Figure 1, the as-cast U3Si2 (U-7.0 wt% Si) contained primary U3Si2, and a eutectic
mixture of free U and U3Si2. A thin band of material was also observed at the interface between
the primary U3Si2 grain boundaries and the eutectic mixture (not visible at the magnification of
Figure 1); it was identified using EDX analysis as U3SL X-ray diffraction analysis of powders
from the as-cast material showed U3Si2 peaks, but U3Si was not detected, indicating the quantity
was below the detection limits (-5%) of the equipment. In comparison, heat-treated U3Si
(U-3.96 wt%) used in previous mini-element tests consists Of a U3Si matrix with up to 6 wt%
residual U3Si2, due to the excess silicon.

Because the U3Si2 powders have a lower density 12.2 g/CM3) than U3Si2 (15.4 g/CM3), they
occupy a higher volume fraction of the fuel core for any given uranium loading. At the NRU
loading of 315 gU/cm3, the U3Si2 occupies 29 vol% of the core, versus 21 vol% for U3Si. The
core extrusion process had to be optimized for the U3Si2 loading, to minimize as-fabricated
porosity, which tends to increase as the volume fraction of uranium silicide increases. During
extrusion trials, it was also found that U3Si2 quickly eroded the extrusion tooling, being much
more abrasive than U3Si- Ile dies had to be redesigned to overcome this problem.
Metallographic examinations of the extruded cores showed that the uranium silicide particles were
evenly distributed within the aluminum matrix. Gamma-scanning also confirmed the uniform axial
distribution of fuel in the core.

Irradiation Conditions and Post-Irradiation Examinations

Ile mini-elements were irradiated beginning 1988 June, under normal NRU driver-fuel operating
conditions. The typical neutron flux density was 1 I x 10 18 n.M-2.S I and the D20 coolant velocity
was approximately 10.9 m.s-1. The coolant inlet temperature ranged between 30 to 37T and the
outlet temperature ranged between 40 to 450C. 'Me initial linear power level was approximately
92 Mm, and decreased as burnup increased, to 52 Mm. Tbree mini-elements (one from each
group) were removed after the fuel reached 60 at% and again after 80 at% burnup, for interim PIE.
The iadiation was terminated 1989 December when reactor physics codes showed the fuel had
reached 93 at% burnup. The final six mini-elements were then removed for detailed examinations.

Non-destructive PIE included underwater and hot-cell visual examinations, immersion density
measurements and neutron radiography. The immersion density measurements, based on
Archimedes' principle, were used to calculate fuel swelling. The cores were first chemically
stripped of surface oxides, then measurements were made to compare the post-iffadiation fuel-core
volume to the as-fabricated volume. Calculations were based on the assumption that the volume
change is due entirely to fuel-core swelling, because the cladding aluminum density remains
unchanged during irradiation. Suitable corrections were made to compensate for cladding
aluminum lost by erosion/corrosion and chemical stepping.

The mini-elements were then sectioned for metallographic examinations, and samples were taken
for burnup determinations via high-precision liquid chromatography. PIE included optical and
scanning electron microscopy with WDX analysis, and computerized image analysis of the fission-

178



gas bubble-size distributions. he WDX analyses, which were recently completed, could not be
undertaken until the radiation fields from the fuel samples had decayed sufficiently, to avoid
swamping the detectors.

RESULTS AND DISCUSSION

Visual examinations in the water bays and hot cells showed that the A1-U3Si2 mini-elements were
in good condition after irradiation. A light-coloured, adherent oxide was observed on the cladding
over the fuelled section of the mini-element, but a darker, less-adherent oxide coating covered the
unfuelled regions and end plugs. Neutron radiography examinations showed no evidence of
damage or defects in the cladding or end welds. This is consistent with observations from all of
the previous mini-element tests in NRU.

Optical metallographic examinations in the hot cells revealed that, on a macroscopic scale, the
Al-U3Si2 fuel behaved in a manner similar to the Al-U3Si dispersions previously tested at Chalk
River. Figure 2 shows micrographs taken from A1-U3Si2 and Al-U3Si mini-elements after
80 at% burnup. The uranium silicide particles reacted with the aluminum matrix, forming an
interfacial layer, possibly UA13 with dissolved Si, around each particle 2). Small uranium silicide
particles (less than 20 gm in diameter) completely reacted with the matrix and transformed to the
uranium aluminide phase. Fission-gas bubbles typically I to 10 gm in diameter could be seen
randomly dispersed in the uranium sicide particles, but few fission-gas bubbles had been retained
in the interfacial layer. Computerized image analysis of the polished fuel surfaces showed an
approximately normal distribution of bubble sizes 6). In areas where there was no local restraint,
such as at the gap between the end-plug and fuel core, there was evidence of plastic deformation of
the silicide particles, and fission-gas bubble coalescence and growth. This behaviour, observed in
both A1-U3Si2 and A1-U3Si, suggested that both fuels behaved similarly.

However, immersion density measurements revealed that the A-U3Si2 fuel swelled less than
Al-U3Si dispersions with identical uranium loadings, at equivalent burnup. Further, swelling did
not appear to be strongly dependent on U3Si2 particle size distribution, in contrast to previous tests
that suggested AW3% fuel swelling increased as the loading of fine particles increased (5). The
Al-U3Si2 swelling measurements are shown in Figure 3 and are compared with data from mini-
elements containing A-U3Si iradiated under similar conditions in NRU. At 93 at% burnup,
A1-U3Si2 core swelling ranged from 42 to 47 vol%, compared with 5.8 to 68 vol% for A-U3Si.
The curves in Figure 3 are not statistical fits to the data, but bounding curves to show the swelling
trend. These suggest that the fuel-core volume increased linearly with burnup. The slopes of the
swelling curves are nearly identical, but the A1-U3Si2 curves indicate a delay, with respect to
A1-U3Si, in the onset of swelling. If the curves are extrapolated to indicate the onset of swelling
(assuming the linear relationship holds at low bumup), the knee in the curves appears between
10-20 at% burnup for A-U3Si and 30-40 at% bumup for A1-U3Si2 3.15 gU/cm3).

To better understand the difference in swelling behaviour, more detailed microstructural
examinations were carried out. Fuel samples were broken over a knife edge to expose fresh
fracture surfaces. SEM examinations of the U3Si2 fracture surfaces revealed regions containing
dense populations of sub-micron bubbles not previously seen in the optical micrographs. These
patches of fine bubbles were located between the areas containing randomly distributed I -IO m
bubbles, mentioned above. Figure 4 shows the fine bubble morphology in the U3Si2 fuel after
80 at% bumup (fission density in the particles -4.5x I 27 -3). The almost mono-sized bubbles
seem to be arranged in a relatively ordered array, suggestive of an underlying pinning micro-
structure. After 93 at%, the bubbles grew coarser, and fewer patches could be seen within the
particles, but the main features remained unchanged.
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In contrast, the bubble morphology in the U3Si fuel is significantly different. The gas bubbles are
randomly distributed within the U3Si particles, vary widely in size, and small bubbles coalesce to
form larger bubbles, as shown in Figure 5. It has been suggested that the linking up and growth
of bubbles in the U3Si is due to an amorphous transformation during irradiation, and that
fissioning in the amorphous alloy enormously increases diffusion and decreases plastic flow
strength 7). The SEM examinations seem to support this, but we have not found direct
experimental evidence to confirm this theory.

The bubble morphology in the U3Si2 is consistent with that observed in A-U3Si2 plate-type fuel
irradiated in ORR, except that only small patches of uniform, relatively ordered bubble
distributions were seen in the NRU fuel, while it was reported that whole U3Si2 Particles in the
plate-type fuel contained this microstructure. This may be explained by considering the hypo-
stoichiometric composition (U-7.0 wt% Si) of the uranium silicide tested in NRU. As shown in
Figure 1, the material contained up to 4 wt% free uranium distributed in a lacy network within the
U3Si2 matrix. During iadiation it is likely that the U reacted with U3Si2 to frm U3Si, and as
discussed above, the fission-gas bubble evolution tends towards larger bubbles in U3Si. The
capability of smaller bubbles to contain more gas atoms at high pressure, due to the surface tension
of the surrounding material (surface tension being inversely proportional to bubble radius),
contributes to the lower swelling observed in the U3Si2 fuel. However, there is evidence that the
free U may have also reacted with the aluminum matrix material to form uranium aluminide,
probably UA13 with dissolved Si. The formation of lower density uranium alurninide compounds
results in a positive contribution to core swelling (density of UA13 is 68 gM3), but the capability
of the aluminide to contain gas atoms without the formation of bubbles means that the swelling
component due to the nucleation and growth of gas bubbles is not a contributing factor. Figure 6
shows fuel particles within the fuel core that appear devoid of gas bubbles. WDX analysis of the
particles showed strong Al and U peaks, with Si peaks orders of magnitude lower than those in
U3Si2 or U3Si particles, confirming that the particles were uranium aluminide compounds
containing small amounts of silicon. Clearly, there are no detrimental effects on fuel performance
from using U-7.0 wt% Si, which contains up to 4 wt% free uranium.

SUMMARY AND CONCLUSIONS

Al-U3Si2 dispersion fuel manufacturing technology has been developed to complement the
Al-U3Si capability at Chalk River. Three prototype NRU rods containing Al-64 wt% U3Si2 fuel
have been irradiated to 60 at% burnup without incident in NRU, to qualify the fuel and the
manufacturing process. The irradiation has been temporarily suspended due to the shutdown of
NRU, but will continue when NRU starts up again.

Twelve mini-elements containing Al-64 wt% U3Si2 fuel have been irradiated to 93 at% burnup to
compare the fuel behaviour to that of Al-61.4 wt% U`3Si previously tested in NRU. The uranium
silicide contained 70 wt% Si, was used in the as-cast condition (i.e., without heat treatment), and
contained up to 4 wt% free U in the USi2. The mini-elements contained three distinct particle-size
distributions. PIE showed that the hypo-stoichiometric composition had no detrimental effects on
fuel performance; it appears that the free U reacted with U3Si2 t f USi, and with Al to form
UA13 with dissolved Si. Both reaction products behave well under irradiation. Dense populations
of sub-micron fission-gas bubbles were observed in the U3Si2, in a relatively ordered spatial
distribution. In U3Si the bubbles were randomly distributed, varied widely in size, and small
bubbles coalesced to form larger bubbles. Few fission-gas bubbles were retained in the UA13.
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The U3Si2 (U-7.OSi) swelled less than U3Si (U-3.96Si) fuel previously iradiated under similar
conditions in NRU, and no significant swelling dependence on particle-size distribution was
observed. Further, the results suggest that stoichiometric U3Si2 (U-7.3Si), which was used in the
three prototype NRU rods, should swell even less. Clearly, Al-U3Si2 fuel is suitable for use in
the NRU and MAPLE reactors.
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Figure 3 Swelling of LEU silicide dispersion fuel containing 315 gU/CM3. Mini-elements
Erom EXP-FZZ-918 contained A-61.4 wt% U3Si (U-3.96Si), and those Erom.
EXP-FZZ-921 contained A-64 wt% U3Si2 (U-7.OSi). The mini-elements were
irradiated in NRU under similar conditions, but the U3Si2 fuel swelled less than
U3Si at equivalent burnup.
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Figure 4 SEM image of U3Si2 (U-7.0 wt% Si) fracture surface showing fission-gas bubble
morphology after 80 at% bumup (fission density 4.5xIO27 -3). Note the dense
population of sub-micron gas bubbles (1) between areas with larger bubbles 2).

ji�!

Figure 5 SEM image of U3Si (U-3.96 wt% Si) fracture surface showing fission-gas bubble
morphology after 80 at% burnup (fission density 4.5x 1027 M-3). Note the gas
bubbles vary in size, and bubbles coalesce to form larger gas bubbles.
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Enrichment Reduction of the FRG-I Research Reactor

W. Krull

GKSS-Forschungszentrum Geesthacht GmbH

Geesthacht, Federal Republic of Germany

ABSTRACT

The GKSS research centre is participating since 1980 in the national and
international efforts on enrichment reduction to clarify the needs on safety and li-
censing issues, to decide on fuel tests, to perform fuel tests and conversion cal-
culations. These efforts are being made within the IAEA working groups, the Ger-
man AF-program and the GKSS R&D program.

There are successfully tested fuel elements with 45 and 20 enrich-
ment; UAIx, U308 and U3Si2 fuel meat; U-density up to 37 g U/cc and fission
densities up to 125 x 1021 fisstion/cc (ex. Pu) and five U3Si2 fuel plates (p(U)
4,75 g U/cc).

A safety report for the conversion of the FRG-1 to LIEU fuel MSiZ p = 37
g U/cc) has been submitted to the licensing authority. After examining the safety
report by independent experts JOV) and the licensing authority the license for
the conversion has been granted in May 1988.

The FRG-1 has been totally converted in 1991 to LEU fuel elements. All
necessary tests have been performed in a three weeks period. The conversion
procedure includes a reduction in core size by a factor of two and the replace-
ment of old oval control rods by fork type absorbers. Therefore the thermal neu-
tron flux in beam tube positions could be increased by more than a factor of two.
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1. PRESENT SITUATION AND FUTURE NEEDS

The GKSS research centre Gesthacht GmbH operates the two MTR-
type swimming pool research reactors FRG-1 (5 MW) and FRG-2 (15 MW).
These reactors are in operation since 33 resp. 28 years and are used for funda-
mental and applied research, mainly in materials testing and development. Main
efforts are made (e.g. installation of a cold neutron source 1/, backfiring 2/ to
have today and in the future a high utilization, availability and safety standard.
Both reactors are operated in one reactor hall in a connecting pool system with
normally ca. 800 MWd/a to 1200 MWd/a (FRG-1) resp. 3200 MWd1a (FRG-2).
The fuel elements used were identical: 23 plates UAIx, standard geometry, 90 %
to 93 % enriched and 180 g U-235/element, meat dimensions 0,51 x 62,8 x 60
mm3, canning thickness 038 ± ,08 mm, canning material AMgl.

The 15 MW FRG-2 has been used mainly for materials testing. The huge
program testing large specimens of pressure vessel steel has required a core
size with 7 x 7 positions and has been terminated and successfully finished in
time in May 1991. As there is no continuing program at present all conversion
considerations for the FRG-2 have been stopped some times ago.

The MW FRG-1 is being used with higher availability and to a greater
percentage for beam tube experiments. Therefore the installation of a cold neu-
tron source in one of the beam tubes is being supported by reducing the core si-
ze. Reducing the core size, enlarging the burnup and the fuel cycle length could
be made only if the fuel loading is increased and the control rod design is chan-
ged from the old oval type to fork type absorbers. As our two reactors are opera-
ted in one pool system with at present the same fresh and spent fuel storage we
intended nevertheless to have the same LEU fuel elements for both reactors in
the future, too. This makes design and decisions a little more complicate.

2. FUEL TESTING

After discussions with the independent experts (TJV = consultant of the
licensing authority) and the licensing authority it was agreed to have a procedure
for fuel development and fuel testing showing five steps and starting from no
knowledge and finishing with the whole conversion of the reactor. The tests of
prototype fuel elements should be done in the reactor under considerations 31 If
these prototype fuel element tests are not performed in the reactor under consi-
deration, the conversion procedure will be extremely streched as the operation
has to be interrrupted by fuel element inspection.

The fuel tests in the FRG-2 reactor were made within the German AF-pro-
gram (RERTR) and for our own conversion needs. Points of interest have been:
investigation of fabricational limits and qualification of fuel elements.

a) Investigation of fabricational limits

Swelling may depend on the amount of fine grain (grain size 40 t). 5 plates

TJV = Technischer _Qberwachungsverein
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containing U3Si2 fuel with fine grain content up to 40 % and an U-density of 475
g U/cc were irradiated to a burnup up to ca. 63 % which corresponds to 127 x
1021 fission/cc (ex. Pu). Fission product release was masured on line. No defects
were observed. In agreement with results getting by others there seems to be no
dependence on the amount of fines.

b) Qualification of fuel element (details see table )

- 1 0 fuel elements, 45 % enrichment, UAIx. p = 141 g U/Cm3, 280 g U-235
were burned up to 64 %, test reason: backup variant;

- 7 fuel elements, 20 % enrichment, U308' p = 311 g U/CM3, 270 g U-235 were
burned up to 66 %, test reason: fabricational limits and backup variant;

- 4 fuel elements, 20 % enrichment, U3Si2 p = 37 g U/Cm3, 323 g U-235 were
burned up to 68,5 %, test reason: pototype fuel elements for the conversion of
our research reactors.

No defects have been found.

3. EXPERIMENTAL PROGRAM

The experimental program consisted of the two main items:

a) Qualification of fuel elements

During the qualification tests of fuel elements especially the following ex-
periments were performed: reactivity measurements (comparison with present
fuel), microw thermal neutron flux distribution, fuel plate temperature at normal
operation and during loss of flow experiments, flux mapping and fission product
release /.

b) Investigation of fabricational limits

The five plates were investigated in our hot cells /. The following investi-
gations were made: visuell inspection, dimension and volume change, rscans
(total and nuclide specific), blister test and metallography. These results were ob-
tained

- no peculiarities were observed during visuell inspection

- overall swelling was below % AVN per plate (the porosity was between 6 %
and 84 %), meat swelling is below 54 %

- the total and Cs-1 37 f--scan are showing identical pofiles with characteristic
peaks at the top and bottom of the fuel plate due to fuel inhomogenieties and
neutron flux peaking

- blister temperatures were measured between 520 OC and 540 OC
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- Al-fuel interactions were found in a narrow zone around the fuel particles. The
size of this zone is comparable to the fission product recoil thickness in Al (a
few gm)

- nearly no remaining porosity was observed

- very small fission gas bubbles could be seen.= 0,1 gm)

- an increase in bubble size up to a few gm and in some cases an agglomera-
tion of bubbles were found

- no differences were found between fuel plates with low (I 7 %) and increased
(40 %) fine grain content.

All these results are an excellent confirmation of results presented in
earlier RERTR meetings by ANL.

4 CONVERSION OF THE FRG-REACTORS

The conditions for the conversion of our research reactors were as fol-
lows: same fuel elements for FRG-1 and FRG-2, unchanged geometry 23
plates), reduction of fuel cycle cost and increase of excess reactivity (higher U-
235 loading, Be-reflector, fork type absorbers), increase of neutron flux in the ex-
perimental positions of the FRG-1 (reduction of core size).

A safety report for the conversion of the FRG-1 and FRG-2 research reac-
tors was submitted to the licensing authority. Especially the following points have
been discussed:

a) applied changes
HEU LEU

- fuel elements
enrichment 90 %,93 % 19,75 %
fuel meat UAIx U3Si2
U-density 0,44 g U/cc 3,7 g U/cc
canning material AIMg1 AIMg2
fuel loading 180 g U-235 323 g U-235

- control rods
Hf fork type absorbers should be used instead of oval CdB4C absorbers

- conversion of the FRG-1
fuel elements and (instead of 4 control rods as described.
The conversion procedure was discussed in detail.

- conversion of the FRG-2
No detailed procedure was discussed in that report.
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b) qualification of the fuel and the fuel elements

It was decided to use U3Si2 fuel with ca. 37 g U/cc. For 1 00 % U-235 bur-
nup the fission density is 157 x 1021 fission/cc (ex. Pu). Due to investigations
made by the RIERTR program it was very easy to show that the swelling is below
6 % A major step for the qualification was the successful test of the 4 prototype
fuel elements in the FRG-2. Therefore it could be demonstated that U3Si2 is qua-
lified for the conversion of the FRG-1 and the FRG-2 research reactors.

For the qualification Of U3Si2 fuel and fuel elements a detailed report has
to be wtten describing the test program and procedure, corrosion experiments,
swelling behaviour, blister temperature, metallographic investigations, exothermic
reaction etc. Within this discussion the fuel specs and the fuel fabrication was of
main interest, too. The IAEA-TEC-DOC-467 has been very helpful for these dis-
cussions.

c) fork type absorbers

The former FRG control rods were central absorbers of the oval type with
Cd and 134C as absorbing material. For some reasons we want to switch over to
uncanned Hf fork type absorbers

- fork type absorbers
more reactivity per control rod
qualified type

- Hf
no canning necessary
no Ag contamination possible
approximately the same reactivity worth as Ag-In-Cd absorber blades.

d) FRG-1 conversion

First the general conversion aspects have to be discussed. These aspects
are described in the IAEA-Guidebook on safety and licensing aspects due to re-
search reactor core convesion, which is being published. Within the five volumes
of this guidebook there is enough useful information.

In addition calculations were made by GKSS and nteratom // for the
conversion procedure and the reactor core under consideration: startup accident,
reactivity balance, conversion procedure, max. permissible power or max. form
factor, flow instability. Fig. shows the past, the present and the future reactor
core configuration. Some details of the claculations are given in /.

e) FRG-2 conversion

No further activities at present.

f) licensing procedure

The German licensing procedure has some specialities. There are objec-
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tive and relative criteria for the demand having a license with and without a public
hearing procedure with the possibility of public interventions and court procee-
dings.

Beside this it is of course at all time within the decision of the licensing au-
thority to have a public hearing if there may be concerns that in connection with
the applied changes negative conditions for the public may exist. Comparing the
pros and cons it is believed that the negative influence

- increase of fission product inventory (actinides) by 3 % to %

is by far overcompensated by

- increasing the shutdown reactivity,
(using fork type absorbers and increasing the number of control rods)

- prompt (Doppler) negative temperature coefficient*,

- greater negative void coefficient*,

- proliferation risk reduced*.

Therefore the licensing authority decided that there is no need for having
a public hearing.

5. LICENCE

After a detailed expertise of the presented safety report by the indepen-
dent consultants (TOV) of the licensing authority and by the authority itself, the li-
cense for the conversion of the FRG-1 has been granted in May 1988 with the fol-
lowing demands

- an experimental program for the conversion procedure has to be pre-
sented one month in advance. Main points are: shutdown reactivity, reactivity
speed and fuel plate temperature;

- experimental results have to be presented to the licensing authority and the
TUV before the startup of the following fuel cycle;

- the fluence dependence of the reactivity worth of the Hf fork type absorbers
has to be presented to the authority in due time.

As mentioned GKSS has installed a cold neutron source in a new Be-
block reflector at the FRG-1 research reactor. The cold neutron source is in ope-
ration since autumn 1989. As the researchers were happy having neutrons again
the time consuming conversion process was delayed til beginning of 1991. At that
time it was possible to convince these people upon the advantages making the
core conversion and reducing the core size at the same time.

LEU instead of HEU fuel
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6. THE CONVERSION PROCESS OF THE FG-1

As it has been decided to have the conversion in one step some LEU fuel
elements have been preburned in our FRG-2 to ca. 1 0 % and one to 51,6 %. For
the first step of the process there are some differences to the equilibrium core to
reduce the excess reactivity, to have enough shutdown reactivity and a reactivity
speed below the limits.

1. step equilibrium core
number of fuel element 21 26
reflector H20, C, Be Be

The process itself has been a standard procedure: citical experiment; rod
drop time for the control rods; reactivity calibration of the control rods to be aware
of conditions for stuck rod criteria, minimum shutdown reactivity, reactivity speed
of the control rods, max. excess reacitivity; power calibration with foils, miniature
fission chambers and thermal calibration; flux mapping; measurement of reactivity
worth of fuel elements, reflector elements and irradiation samples; measurement
of fuel plate temperature with two instrumented fuel elements.

After solving some experimental difficulties we were able to operate the
reactor with MW. We were able to have this conversion procedure within a
three weeks period. And as there has been a reduction in core size by a large
amount the penalties in thermal neutron fluxes at the beam tubes could be by far
over compensated. There was found an increase in thermal neutron flux by a fac-
tor of two.

But after a few weeks we have had two difficulties at the same time:

- fluctuations in all power channels up to 4 % with a frequency of ca. 2 Hz

- we were not able to insert one of the control rods to I 0 % while the mary
pump was in operation.

After many discussions and investigations we got the following answers:

a) fluctuations

Partially blockage of one channel by plastics. We found some very small
(remaining?) pieces in one control rod fuel element. Such fuel plates one is not
able to look at during reactor operation

b) not fully insertion of one control rod (see fig. )

Due to the new design of fuel elements (T) for fork type absorbers and a
fuel element (IF) for the irradiation of samples the choosen position for that fuel
element (IF) for irradiation between three fuel elements (T) for fork type control
rods was wrong. In such position there is a reduction of coolant flow in some part
of that fuel element (IF) causing other pressure drop conditions and a horizontal
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force on the control rod blade with the mentioned difficulty. After stopping the pri-
mary pump the control rod could be inserted.

Measures to be taken:

- Restriction in using pastics and periodically cleaning the pool

- No special fuel elements for irradiation in such position between fork type ab-
sorbers

- A check list must be used during refueling.

7. PERSONAL REMARKS

If the decision is being considered to reduce the enrichment for research
reactor fuel the following points have to be considered among others:

- national and international political pressure
- supply with fresh fuel (LEU, HEU)
- shipment of spent fuel (where?)
- reprocesing of spent fuel: yes, no or how to get rid of the fuel
- waste return from reprocessed spent fuel and where to store the waste
- life time core
- increase of fabricational cost for LEU fuel elements by what factor
- reduction of thermal neutron fluxes in the core and in the reflector
- design of spent fuel storage and spent fuel transport cask
- qualification of high density fuel
- licensing procedure
- conversion procedure.

When people started working on enrichment reduction at the end of the
seventieth they believed that most of the questions involved in the conversion
procedure could be answered and penalties may only be marginal. Some optimi-
stics could be seen in the midth of the eighties when high density U3Si fel was
qualified for the needs of many reactors. But today?

In the future there will be two groups of reactors. Some using HEU and
are happy and others using LEU with penalties in fabrication cost, spent fuel sto-
rage, reprocessing, thermal neutron flux, licensing. Those reactors with all these
new difficulties are the research reactors with low power, small budget, no man-
power for assisting the conversion procedure and a small operating staff. There-
fore these people should consider a decision for a conversion procedure very ca-
refully.
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Table 1: Fuel Elements Qualification

I 11 IV
Weight U-235 (g) 180 280 270 323
Weight U (g) 193, 200 622 1357 1635
Enrichment (%) 93 45 20 20
Meat material UAIx UAIx U308 U3Si2
Density (g U/cc) 0,44 1,41 3,1 3,7
Canning material AIMg1 AIMg1 AIMg2 AlMg2
Number 1000 10 7 4
Goal average burnup %) 45 60 65 65
Burnup MWd 64,8 134,4 140,4 168
Test status present fuel finished finished finished
Test finished open April 1984 Autumn 1986 Spring 1987
Max. peak burnup
1021 fissions/cc (ex Pu) 0,66 1,01 1,00 1,25
Average U-235 burnup
N 45 58,9 - 64,0 58,3 - 66,0 66,3 - 68,5
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F F F F F F F F = fuel element

F F F F F F F X = Be-metal reflector element

F F 0 F 0 F F X O= control rod with partially fuel element

F F F IF F IF F X I = irradiation position

F F 0 F 0 F x C graphite reflector element

F F F IF F F F x H20 reflector

F F F F F F x

x x x x x x x x

x x x x x x x x

HEU FRG-1 core

F F F F F F F x F F F F F F F X

OF OlP Q F X F F F O F X

C F O D F IF F O F O F xi x

F IF F C F F F IF F F X X

x C x C x xi x xi x x

C C C C C C C C x x x x x x x x

1. step LEU core LEU FRG-1 equilibrium core

Fig. 1: past 93 %), present 20 %) and future 20 %) FRG-1 core

changed to F in the 2 step
changed to F in the 3. step
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KUR CORE CONVERSION TO USE LEU SILICIDE FUEL

Keiji Kanda, Yoshihiro Nakagome, Seiji Shiroya,
Kaichiro Mishima and Yoshiaki Fujita

Research Reactor Institute, Kyoto University
Kumatori-cho, Sennan-gun, Osaka 590-04, Japan

ABSTRACT

The Kyoto University Research Reactor (KUR, 5MW) has
been operated since 1964 using highly enriched uranium
fuel At the end of Fiscal 1993, the fuel core of KUR
will be converted to use LEU silicide fuel. Prior to
it, two fuel elements are to be inserted to the core
for demonstration in May 1992. These elements were
fabricated by CERCA, France, and were already inspected
in October 1991. They will be delivered to KURRI
shortly. In order to obtain harder neutron spectrum
for variety of experiments, the feasibility study on a
core with low moderator to fuel ratio is now going on.
The safety review application for the full core conver-
sion will start in near future.

INTRODUCTION

The KUR (Kyoto University Research Reactor) is a light-water-moderated
tank-type reactor of 5MW. It has been successfully operated for more than 25
years, during which period it has served as one of the most useful inter-
university research reactor facilities in Japan. Recently, the KUR has been
used for cancer treatment by the boron neutron capture therapy as shown in
Table .

This study is a part of the Joint Study Program between the Research
Reactor Institute of Kyoto University (KURRI) and Argonne National Laboratory
(ANL) in Phase C. In 1984-1987, the thermal hydraulic analysis and neutronic
calculations for the core conversion fr�r HEU to LEU fuel well studied and
already reported at the RE5TR Meetings' . The fuels are from 9335% U-235
HEU, UAl-alloy, 0.585 gU/cm to 19.75% U-235 LEU, U3S'2-Al 32 gU/cm .

This results show that without any major design change of core, the KUR
can be converted to use LEU fuel, although there is some small disadvantage of
neutron flux density.

Prior to the safety review for the full core conversion, it is planned to
demonstrate the use 3of two full size LEU silicide fuel elements among the
current HEU elements The safety analysis report for the two-element demon-
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stration was submitted to the government in May 19905. These LEU elements are
to be irradiated up to 35% depletion of U-235 in 1992-1994. The full core
conversion is anticipated in 1994.

DESCRIPTION OF THE KUR FUEL

Figure shows the horizontal cross section of the KUR. Figure 2 shows a
typical core loading pattern. Currently, typical curved MTR-type fuel ele-
ments have been used as shown in Fig. 3 which also shows a new LEU silicide
fuel element.

The fabrication of two LEU silicide fuel elements was done by CERCA,
France, and the inspection by COGEMA and KURRI was completed in October, 1991.
They were delivered to KURRI shortly. The KUR core conversion schedule is
shown in Table 2.

SAFETY REVIEW FOR SILICIDE DEMONSTRATION

Through the safety review, (1) the full core conversion to use LEU sili-
cide fuel has been partially examined and 2 several amendments according to
the new regulations have been required.

The following items were examined:

(1) Core characteristics
neutron flux distributions
hot channel factors
temperature coefficient

(2) LEU silicide fuel
integrity, e.g. fission product gas release
homogeneity

(3) Accident analysis
fuel element drop
cover of vacant plug
leakage of heavy water from the heavy water tank
control rod withdrawal
cold water injection
coolant channel blockage
loss of primary coolant
loss of electricity supply
failure of primary pumps

(4) Environment
population distribution
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The major change of the KUR before use of LEU fuel is to install a new
CVCF electricity equipment to avoid the flow reverse of primary coolant.
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Table 1. Record of Cancer Treatments Using KUR since February 1990

( As of Nov. 11, 1991

No. Date Age Sex Nationarity* Cancer** MD ***

I Feb. 10, 1990 64 M Japanese G H.H.

2 45 M Japanese G H.H.

3 Feb. 13, 1990 61 M Japanese M YA

4 June 9 1990 9 M German G H.H.

5 Aug. 31, 1990 61 M German G H.H.

6 Oct. 15, 1990 32 M Japanese G Y.O.

7 Nov. 9 1990 57 M Japanese M Y.M.
---------------------------------

8 Jan. 28, 1991 59 M American G Y. N.

9 30 M Japanese G Y.O.

10 June 10, 1991 65 F Japanese M Y.M.

11 64 F Japanese G S.M.

12 July 15, 1991 44 M Australian G Y.N.

13 Sept.17, 1991 8 F Japanese G Y.N.

1 4 61 M German G H.H.

15 Sept.18, 1991 58 F Japanese G Y.O.

16 Oct. 21, 1991 43 F Japanese G M.T.

17 48 F Japanese G H.H.

18 Nov. 11, 1991 75 M Japanese M M.T.

19 6 M Australian G H.H.

Japanese 13, German 3 Australian 2 American I

G : g I i ob I as toma or as trocy toma, M melanoma

H.H.: H. atanaka (Teikyo University Hospital) 7 patients

Y.M.: V. Mishima (Kobe University Hospital) 4

Y.N.: Y. Nakagawa (National Kagawa Children's Hospital) 3

Y.O.: Y. Oda (Kyoto University Hospital) 3

S.M.: S. Miyatake

M.T.: M. Takagaki
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ABSTRACT

The 5 MW Georgia Tech Research Reactor (GTRR) is a
heterogeneous, heavy water moderated and cooled reactor,
fueled with highly-enriched uranium aluminum alloy fuel
plates. The GTRR is required to convert to low enrichment
(LEU) fuel in accordance with USNRC policy. The US
Department of Energy is funding a program to compare
reactor performance with high and low enrichment fuels.
The goals of the program are: (1) to amend the SAR and the
Technical Specifications of the GTRR so that LEU U3Si2-Al
dispersion fuel plates can replace the current HEU UAl
alloy fuel, and 2 to optimize the LEU core such that
maximum value neutron beams can be extracted for possible
neutron capture therapy application. This paper presents a
status report on the LEU conversion effort.

INTRODUCTION

The Neely Nuclear Research Center (NNRC) houses the Georgia

Tech Research Reactor (GTRR), a Hot Cell Laboratory with 700,000

Curies of Cobalt-60, a Neutron Activation Laboratory with two

pneumatic systems for sending and retrieving irradiated samples,

a radioactive waste storage and handling facility, a machine

shop, and electronic shop, and 26,000 square feet of laboratory

and office space.

NNRC provides facilities for physical, chemical, and medical

research involving neutrons and ionizing radiations. In

particular, it provides access for multiple-discipline users to

a five-megawatt research reactor and extensive radiochemical,

radioanalytical, and radiobiological facilities. ongoing work

includes trace element analysis, production of radioisotopes for

medical and industrial use, medical applications research,
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neutron radiography, industrial radiation exposure tests,

silicon doping, and personnel training programs for industry.

An additional program supports reactor use by colleges and

universities throughout the southeastern United States.

RZACTOR DSCRIPTION AND UTILIZATION

GTRR is a heterogeneous, heavy-water moderated and cooled

reactor, fueled with HEU UAl alloy MTR-type fuel assemblies.

It is designed to produce a thermal flux of more than 1 4

n/cm2sec at a power of MW. A horizontal section of the

reactor is shown in Fig .

The reactor core is approximately two feet in diameter, two

feet high, and contains provisions for up to 19 fuel assemblies

spaced 6 inches apart in a triangular array. Each assembly

contains 16 fuel plates with a 235U content of about 188 g. The

current core contains 17 assemblies. The fuel is centrally

located in a six foot diameter aluminum reactor vessel which

provides a two-foot thick D20 reflector completely surrounding

the core.

The reactor is equipped with 22 horizontal and 23 vertical

experimental facilities to be used for the extraction of beams

of fast and slow neutrons and for the performance of

irradiations within the facilities.

A shielded room (approximately 10 feet by 12 feet inside) for

biomedical research is located at the side of the reactor. This

facility is designed to allow accurate exposures of biological

specimens to a wide-angle beam of thermal and/or epithermal

neutrons with a, relatively low background of fast neutrons and

gamma rays. It is fitted with bismuth gamma shield, water tanks

for neutron attenuation, a collimator, shutter, and provisions

for a converter plate system.

Initial feasibility studies for an epithermal neutron beam

for boron neutron capture therapy using the biomedical research

facility have been performed at the Idaho National Engineering

Laboratory/l/.
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LZU CORZ CONVZRSION ANALYSZS

Objectives and Constraints

The key reactor performance objective is that the epithermal

neutron flux 04 eV - 0 keV) at the biomedical facility with

LEU core should be comparable to or larger than what exists in

the present HEU core. The LEU fuel lifetime performance should

be comparable to that of the HEU fuel. However, the latter

condition is a weaker criterion because HEU fuel consumption

since 1974 has been modest. All safety margins must be within

acceptable limits. The technical specifications and operating

procedures of the present HEU core should be maintained as

closely as possible for the LEU core.

The constraints in designing an appropriate LEU fuel assembly

were: (1) the outer assembly dimensions and all other hardware

except the fuel plates and their spacing must be identical with

those of the HEU assembly, 2 the design must utilize the DOE

standard fuel plate (for university reactors) containing U3Si2-

Al fuel with 3.5 g U/CM3, 12.5 g 235U, and 038 mm cladding, 3)

the two outer plates must be unfueled in order to form an

enclosed coolant flow volume, 4 the coolant gap thickness

should be equal to or larger than the minimum coolant gap

thickness in current use in MTR-type fuel assemblies.

Reactor Models

A detailed Monte Carlo model of the reactor was constructed

including all beam tubes, experiment penetrations, control rods,

and the biomedical facility in order to obtain absolute excess

reactivities and shutdown margins for comparison with limits

specified in the Technical Specifications.

Since the reactor is controlled by four shim safety rods

(control arms) that swing between the fuel assemblies and since

the reactivity worth of the various reactor penetrations is

about 5% Ak/k, a diffusion theory model was constructed without

these features. A second Monte Carlo model similar to the

diffusion model was constructed to verify that the diffusion

theory model was correct and to obtain a reactivity differential
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for use in the balance table for the diffusion theory burnup

calculations. Nuclear cross sections in seven energy groups

were calculated using standard methods for use in the diffusion

theory calculations.

Critical aperim*nt

In 1974, a critical experiment was built using 9 fresh HEU

fuel assemblies. The measured keff Of the assembly was 1.00 ±

0.005. The keff's calculated using the detailed Monte Carlo

model for critical cores with two different shim safety rod and

regulating rod positions were 09910 ± 00020 and 09879 ±

0.0021. The corresponding reactivity values were 0.91 ± 020%

Ak/k and 1.22 0.22% Ak/k, respectively. The reactivity bias

of about -1.0 0.3% Ak/k in the calculations is attributed to

uncertainties in the nuclear cross sections and uncertainties in

the reactor materials. Calculated reactivity worths of the

various reactor penetrations are shown in Table .

Table 1. Reactivity Worths of Reactor Penetrations

Penetration % Ak/k I

Horizontal Beam Tubes - 1.9 0.2
Inner Vertical Tubes in D20 Reflector - 2.3 0.3
Outer Vertical Tubes in Graphite Reflector - 0.6 0.3
Bio-Medical Facility - 0.3 0.3
Overflow and Drain Lines Inside Tank - 0.1 0.3
Lower Graphite Reflector Penetrations + 0-2 + 0.3
Sum - 5.0 ± 0.6

LZU Fuel Assembly Design Selection

Calculations were run for the current HEU core with 17 fresh

fuel assemblies and for several candidate LEU cores satisfying

the constraints mentioned above. The number of fueled plates

per assembly and number of assemblies in the core are shown in

Table 2 along with thermal and epithermal fluxes at the peak

thermal flux position in the D20 reflector. These data provide

estimates of the relative fluxes expected at the biomedical

facility.
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Table 2 Relative Fluxes at Thermal Flux Peak in D20 Reflector

Coolant Number of Flux Relative to HEU Core
Gap Thick. Fueled Fuel >0.625 eV >5.53 keV

put 1 mm Platt-.q* A-g-gem. <0.625 eV <5.53 keV <0.82 MeV

HEU 2.69 16 17 1.00 1.00 1.00

LEU 2.25 18 16 0.96 1.07 1.08
LEU 2.25 18 17 0.92 1.02 1.02
LEU 2.25 18 18 0.88 0.98 0.97
LEU 2.08 19 17 0.89 1.02 1.02

*All fuel assemblies contain 2 unfueled outer plates.

Burnup calculations were also run for the cases shown in

Table 2 to estimate fuel lifetimes. Reactivity profiles

(including reactivity bias) are shown in Fig. 2 over a limited

burnup range. The dashed lines show the EOC excess reactivity

range that accounts for reactivity losses due to experiment

facilities, cold-to-hot swing, and control provision that are

not included in the diffusion theory burnup model. we conclude

that the lifetime of an LEU core with 17 fuel assemblies and 

fuel plates per assembly will be comparable to but probably less

than that of the HEU core.

Fig. 2 Burnup Reactivity Profiles
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The minimum coolant channel gap thickness in current

international experience with MTR-type fuel assemblies is 21

MM. An LEU assembly with 19 fueled plates would have a coolant

channel width of about this value (Table 2 and would provide a

core lifetime that is larger than the present HEU core (Fig. 2.

All safety margins are likely to be satisfied with a 19-plate

assembly. However, because the reactor's HEU fuel utilization

since 1974 has been modest, the more conservative design with 8

fueled plates and a coolant gap of 225 mm has been chosen.

Actual reactor operation is expected to begin with a 16-assembly

core. New fuel assemblies (up to 19) will be added as required.

SA]rZTY-RZLATZD ANALYSZS

Zxcess Reactivity

Calculated excess reactivities (including reactivity bias)

for fresh HEU and LEU cores with 17 fuel assemblies are shown in

Table 3 The Technical Specifications limit the excess

reactivity to a maximum of 11.9% Ak/k. The LEU core is expected

to satisfy this requirement.

Table 3 Excess Reactivities of HEU and LEU Reference Cores

Calculated Excess React.', % Ak/k

Fresh HEU Core Fresh LEU Core

Detailed Monte Carlo Model 11.7 ± 04 9.4 ± 04

Simplified Monte Carlo ModeJ2 16.8 ± 04 14.3 ± 04
Diffusion Theory ModeJ2 16.6 14.6

1 The reactivity bias of -1. ± 03% Ak/k was added to calculated values.
2 Without experiment penetrations and control rods.

Temperature Coefficients and Kinetics Parameters

Reactivity changes were computed separately as a function of

temperature for the fuel, coolant, heavy water between fuel

assemblies, and heavy water reflector for fresh HEU and LEU

cores with 14 and 17 fuel assemblies. Key temperature

coefficients and kinetics parameters are summarized in Table 4.
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Table 4 Temperature Coefficients % Ak/k/OC at 450C) and
Kinetics Parameters

ffm ILU

14 Ass, 17 Ass.. 14 Ass, 17 Ass

Coolant -0.0061 -0.0055 -0.0043 -0.0042
Fuel Doppler 0.0 0.0 TBD -0.0021
Isothermal' -0.0223 -0.0203 -0.0232 -0.0215
Void Coeff.2 -0.0362 -0.0375 -0.0228 -0.0279

1p3f As 780 704 7 4 695

Peff 0.007554 0.007554 0.0075 - 000765

1 Includes fuel, coolant, inter-assembly water, and reflector.

2 Ak/k/% Void. Uniform voiding of coolant in all fuel assemblies.

3 Calculated prompt neutron lifetime

4Measured effective delayed neutron fraction . Estimated value.

Thermal-Hydraulic Safety Margins

Thermal-hydraulic safety margins were calculated for 14-

assembly cores (GTRR minimum core size) with both the current

HEU assembly and the LEU assembly with 18 fueled plates. The

HEU results shown in Table using ANL methods agree well with

limiting values in the Technical Specifications. The LEU

assembly has reduced power per plate, a smaller flow area, a

higher coolant velocity, and a larger pressure drop due to

friction. The peak cladding surface temperature is lower by

about 2C and the margins to DNB and flow instability are

similar. We conclude that the LEU core will have adequate

thermal-hydraulic safety margins.

Table 5. Thermal-Hydraulic Safety Margins for 14-Assembly Cores.

Ma LZU

Coolant Flow, gpm 1625 1625

Coolant Velocity, mls 2.4 2.6

Friction Pressure Dropi, kPa 11.0 15.0

Power/Plate2, kW 21.2 18.8

Outlet Temperature, C 67.7 68.7

Peak Clad Surface Temperature, C 109.2 106.7

Minimum DNBR3 2.4 2.2

Flow Instability Ratio4 2.2 2.1

1 Pressure drop across active fuel only.

2 Assuming 95% of power deposited in fuel.

3 Using modified Weatherhead Correlation for DNB.

4Using Whittle-Forgan Correlation with T = 25.
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Shutdown Margins

The Technical Specifications require that the reactor have a

shutdown margin of at least 1% Ak/k with the most reactive shim

safety rod and regulating rod fully withdrawn. Measurements of

shim safety rod worths in the present HEU core indicate a

shutdown margin of 9 - 10% Ak/k under these conditions. Since a

fresh LEU core is expected (Table 3 to have a lower excess

reactivity than a fresh HEU core of the same size and since the

shim safety rod worths in the LEU core are expected to be

comparable with those in the HEU core, we anticipate that the

shutdown margin requirement will also be satisfied in the LEU

core. Specific calculations are in progress.

Transient Analyses

The Technical Specifications have several limitations on

experiments. For example: the reactivity worth of each

unsecured experiment is limited to 04% Ak/k and the reactivity

worth of each secured removable experiment is limited to 1.5%

Ak/k. Analysis of hypothetical transients related to these

reactivity limitations are in progress.

CONCLUSION

Conversion of the GTRR core from HEU to LEU fuel is feasible

utilizing an LEU assembly containing 18 DOE standard silicide

fuel plates (for university MTR-type reactors) as a replacement

for the current HEU assembly with 16 fueled plates. Both HEU

and LEU assemblies contain two unfueled outer plates to form an

enclosed flow volume. The LEU assemblies would contain 225 g

235U instead of 188 g 235U in the current HEU assemblies.

Calculations indicate that the epithermal flux at the bio-

medical facility will be slightly larger than in the present HEU

core. The lifetime of the LEU core is expected to be comparable

but probably smaller than that of the HEU core. This is

acceptable because of the reactor's modest fuel consumption

since 1974. A lifetime larger than that of the HEU core could
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be achieved with 19 fueled plates per LEU assembly, but the

thickness of the coolant channel gap would be close to the

minimum gap utilized in current international experience with

MTR-type fuel assemblies. All safety margins with the 18 plate

assembly appear to be satisfied, although work on several key

parameters is still in progress.

Reference

/l/ D. Nigg, Private communication, August 1991.
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ABSTRACT

Japan Materials Testing Reactor(JMTR,50MWt) has been

in steady operation with MEU fuel since 1986. The core

conversion from MEU fuel to LEU fuel is scheduled to be

completed in 1993. The silicide fuel with 48 gU/cm1of

uranium density was selected as the LEU fuel for the JMTR.

Burnable absorbers of aluminum sheathed cadmium wires are
located in each side plate. Neutronics calculations were

performed to evaluate the difference of neutronics

properties between the LEU and MEU cores. The core

conversion to LEU fuel does not significantly influence

reactor safety characteristics and experimental

performances.

INTRODUCTION

The JMTR is a light water moderated and cooled 5MW tank type reactor.

The reactor core consists of 22 standard fuel elements, control rods with

fuel followers, beryllium and aluminum reflectors with irradiation holes. One

operating cycle length of the MEU core is 26 days including 2-day middle

shutdown for refueling. Characteristics of the JMTR are shown in Table Both

maximum fast and thermal neutron fluxes are 4 xO11 n/cm'- s.

Core design philosophies for the LEU conversion are as follows;

a) the number of fuel elements loaded in the core should not be increased in

order to maintain the fast neutron flux level,

b) the dimensions of fuel elements should be unchanged, and

c) the 111U content per fuel element should be sufficient to allow a 26-day

cycle operation without middle shutdown for refueling.

The specification of LEU fuel is shown in Table 2 The "'U content in

the LEU fuel element increases by 30% compared with the MEU fuel in order to

eliminate middle shutdown for refueling. Burnable absorbers of aluminum

sheathed Cd wires are located in each side plate in order to reduce the excess

reactivity at the beginning of operating cycle.

217



This paper describes neutronics properties of the LEU core.

NEUTRONICS PROPERTIES OF THE LEU CORE

Neutronics properties of the LEU core were evaluated with the JAERI

standard thermal reactor nuclear design code system SPAC ''',using ENDF/B-IV

cross section data. The SRAC has been verified by extensive benchmark
calculations on various types of critical assemblies 2 III

Reactor Safety Characteristics

Excess Reactivity

Table 3 shows the comparison of reactor safety characteristics such as

excess reactivity, control rod worth, shutdown margin and kinetic parameter in

the LEU and MEU cores. 11'U loadings in the LEU and MEU cores are about 98 and

7.4 kg, respectively. The excess reactivity is less in the LEU than in the MEU

core, though the 115U loading increases by the core conversion from MEU to LEU

fuel. This is due to the effect of Cd wires.

Control Rod Worth

The thermal neutron fluxes at the fuel region in the LEU core are reduced

by 20 compared with the MEU core due to increase of 111U loading. Control rod

worth in the LEU core becomes less than in the MEU core due to the reduction of

thermal neutron flux. This reduction in control rod worth, however, does not

influence the reactivity control characteristics so much.

Shutdown margin

The shutdown margin in the LEU core decreases slightly compared with the

MEU cores, due to the reduction of control rod worth. But the shutdown margin

in the LEU core is satisfactory from the viewpoint of reactor safety.

Kinetics Parameters

The prompt-neutron lifetime is slightly shorter in the LEU than in the MEU

core. This small change is due to the increase of uranium loading in the LEU

core and does not significantly influence reactor response characteristics.

There is no significant difference in delayed-neutron fraction between the LEU

and MEU cores.
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Reactivity Coefficients

Figure I shows comparisons of reactivity coefficients in the LEU and MEU

cores. Important reactivity coefficients in the JMTR are the temperature

coefficient of moderator, the void coefficient of moderator and the doppler

coefficient of fuel. These coefficients have negative values in both LEU and

MEU cores. The doppler coefficient is lager in the LEU than in the MEU core.

This is essentially accounted for by the increase in 111U loading. This

increase of the doppler coefficient is advantageous to the self-regulating of

reactor power.

Experimental Performance

Neutron fluxes

Table 4 shows neutron flux changes at irradiation positions in LEU
relative to MEU cores. Fast neutron fluxes above 1.0 MeV in the LEU core

remain close to MEU fast fluxes, because the fast neutron source is unchanged

to produce the same power. Thermal neutron fluxes below 0683 eV are reduced

by 14% at in-core positions of the LEU core. But this does not degrade the

experimental performance of the JMTR, since the in-core positions are used

mainly for neutron damage experiments with fast neutron. Thermal neutron

reductions are less at reflector than at in-core positions, because their major

neutron source, that is the fast neutron leakage from the fuel region, is

unchanged.

Neutron Spectrum

Figure 2 shows the comparison of neutron spectrum in the LEU and MEU cores.

The changes in neutron spectrum above 0682 eV, which are important for neutron

damage experiments, are negligible.

Change of Excess Reactivity During Operating Cycle

Figure 3 shows the changes of excess reactivities and reactivity effect of

Cd-wire burnable absorber during operating cycle. The total amount of excess

reactivity change during the cycle is reduced by about 60% in LEU relative to

MEU cores by the burnup of Cd wires. This leads to decrease of neutron flux

change caused by the movement of control rods to compensate the fuel burnup.

The decrease of neutron flux change during the cycle are useful for irradiation

experiments. The Cd wires are almost burn out at the end of operating cycle.
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CONCLUSIONS

The LEU core has the following neutronics properties.

(1) The LEU core has the same reactor safety characteristics as the present MEU

core.

-Excess reactivity, control rod worth, shutdown margin, kinetics

parameters and reactivity coefficients are not significantly affected by

the core conversion from MEU to LEU fuel.

(2) The LEU core has the same experimental performances as the present MEU core.

-The fast neutron fluxes in the LEU core remain close to MEU fast neutron

fluxes.

-The reduction of thermal neutron flux at reflector region is small and

does not significantly influence irradiation experiments.

-The change in neutron spectrum important for neutron damage experiments

are negligible.

-The change of neutron fluxes during operating cycle is decreased.
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Table Characteristics of the JMTR

Type Tank type
Power 50 MW thermal
Moderator/coolant

material H20
pressure 14 kg/cm2G
temperature 47 C(Inlet), 55 C(Outlet)
velocity 10 m/s

Reflector Be and Al
Fuel

material UAl Al
enrichment 45 
type Modified ETR

Control rod 5 Hf rods with fuel followers
Neutron flux (max.)

fast >1 MeV) 4xIO" n/CM2. S

thermal ( <0.683eV) 4x1011 n/CM2. S

Power density(ave.) 490 kW/l

Table 2 Comparison of specifications of LEU and NEU fuels

LEU Fuel NEU Fuel

Material U3Si2-Al UA1 - Al
dispersion fuel dispersion fuel

Enrichment 20 45

Uranium density (g/cm') 4.8 1.6

115U content Welement) 410 310

Burnable absorber Cd wires -
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Table 3 Comparison of reactor safety characteristics of LEU and NEU cores

Core LEU core NEU core

Excess Reactivity (% Ak/k) 9.6 11.3

Control rod worth (% Ak/k)
-Total rod worth 25.6 32.1
-Worth of the most reactive rod 11.7 16.1

Shutdown margin (- % Ak/k)
-All five rods fully inserted 16.0 20.8
-Four rods inserted; the most reactive 4.3 4.7

rod fully withdrawn

Kinetics parameter
-Prompt-neutron life time (sec) 5.1 XO-5 5.9 x 10-5

-Delayed-neutron fraction 7.4 x 1 o- 7.6 X 10 3

Table 4 Neutron flux changes at irradiation regions
in LEU relative to HEU cores

CHANGE, 

Irradiation region Fast neutron flux Thermal neutron flux
> 1.0 MeV) (< 0683 eV)

Irradiation holes in + 29 - 13.8
Fuel Region

Be-1 Reflector + 04 - 7.1
Be-2 Reflector 0 - 4.3
Al-1 Reflector 0 - 3.2
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ABSTRACT

The conversion policy which has been chosen for the 70 MW OSIRIS reactor consists In
introducing an increasing number of U3S2 elements in replacement of 02 elements,
known as "Caramel" elements..

This solution presents 2 advantages, in the specific case of the OSIRIS reactor.

1 - The caramel fuel elements 75 enriched still In stock (wet or dry storage) will be burnt
up to their full potential

2 - The conversion scheme being a progressive one is made easier as the under water
stored caramel fuel elements offer a wide range or bum up ratlos, and avoids the need to
manufacture elements with variable loads.

This status report deals with

- Conversion studies

- U02 fuel element availability

-U3S'2 fuel elements under fabrication or on order

-hydraulic tests

-Neutronic tests at ISIS

-U3Si2 elements irradiation at OSIRIS

-Neutronic conversion scheme
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1 - PRESENT STATUS OF THE CONVERSION STUDIES

1. -Overall definition criteria:

The definition parameters stem from

- The R.E.R.T.R. program conclusions (See especially the U.S. Nuclear Regulatory
Commission Report n" 1313)

- The existing stocks of U02 elements
- Optimization studies

Uranium loading is 8 g/cm3. This value was chosen in consideration of the results
of experimental programs carried out in vrious countries on different types of fuel, namely

U3SI' 3six, 3Si2

. The external geometry of the Osiris elements was nturally kept nchanged, but the plate
thickness was reduced to 127 mm (which was the thickness of the former UAI fuel element),

. The remaining parameter which is the number of plates per element determines the width
of the cooling channels.
Cooling and neutronics considerations have led to the number of 22 plates per element.

- Cooling considerations the pressure drop of the 2 types of fuel elements which
can be simultaneously present in the core should be as close s possible, which is achieved
with 22 plates.

- Neutronic considerations with 22 plates per element, the moderation ratio is set in
the optimum zone.

The attached table summmarizes the respective characteristics of the UAL UO 2 and

U3Si2OSIRIS elements.

1.2 - Neutronic Studies

Their main objective is to make sure that the initial reactivity is sufficient for the

duration of the cycle and that the antireactivity margin matches the conditions of a cold

start without xenon.

They involve:

1.2.1 - Neutronic constants calculations.

The macroscopic cross sections of the standard elements (boronated or non

boronated) and of the control elements (boronated fuelfollower and hafnium absorbers)

were computed using a transport evolution two dimensional code Apollo code). The

bum-up ratio is the parameter used in the computation of these macroscopic cross

sections.
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1.2.2 - Mapping computations

The two-dimensional diffusion code (XY (DAIXY) takes care of these computations.

The program Is run at the beginning of the cycle
at mid -cycle
and at the end of the cycle

The control rods, which are operated In sequence, can be represented In high or low
position.

. The use of a burnable poison ppeared to be necessary In the case of core loading
made, 8p exclusively with U3SJ elements, to be able to achieve long cycles 4 weeks). With
OA B par element the aiety margins related to reactivity control are met especially at
beginning of cycle (cold start, without xenon)

1.3 - Thermal - hydraulic studies and tests

1.3.1 - Thermal-hydraulic Studies

They deal with normal operating conditions as well as accident conditions. Both
forced convection and natural convection are considered.

Starting from a caramel core, the progressive loading of the core with fresh 3Si2 fuel
elements is simulated through five (5) intermediate states to end with an all US'2 cre-

Accidental conditions are analyzed

- loss of cooling without pump wheel blocking
- loss of cooling with pump wheel blocking (I pump out of 3)
- loss of cooling through the break of the collector

1.3.2 - Hydraulic tests

Each fuel element (a fortiori each mock up) undergoes testing in a loop facility,
essentially control of the Q (AP) characteristic at 20" and/or 45".

Mock up elements are instrumented with Pilot tubes for the determination of flow in
each channel.

1.4 - Radiological consequences In accidental conditions

These studies are concerned with the released of fission products in accidental
conditions.

Heavy Isotopes and fission products quantities are determined by the code Marsyas,
for an equilibrium core reaching the end of a long cycle.

3 specific accidents are investigated

- Borax accident leading to the fusion of the core under water

- Fusion under water of a fuel plate

- Fuel handling accident leading to the fusion in air of a fuel element.
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2 FUEL STATUS

The present status is as follows

2.1 U02 Caramel fuel elements:

They represent around 18 months of operation t 210 FPED-

2.2 - Sllcide fuel elements

- Experimental fuel elements

One jSlx fuel element was irradiated during 14 cycles
between 1986 ind 1988, up to 186 MW.

Its average bum up reached over 80 %

3- Three experimental standard precursor elements (non boronated) U3Si 48 U/cm 
same characteristics as the batch on order. They have reached differen um up In 5
(26%, 51%, 55%)

- Four experimental standard elements (non boronated) 8 g U/cm3 already delivered.

- Serial production of "standard" elements (as opposed to control" elements) 2 types of
elements ill be available

. Around 20 elements, non boronated and exhibiting a higher reactivity than the
boronated ones, which are interesting for the constitution of a mixed core, to be delivered
by the end of the year.

. Then the series of boronated standard elements.

- Control elements

The absorbing part is in Hafnium 3 mm thick,
The fuel follower .5art is boronated, same surface density as in the standard

elements, i. e 0418 mg/cm

2 mock ups are on order:

. One with depleted uranium 3% plates and a pseudo absorber in stainless steel, which
Wil be tested in the hydraulic loop at Saclay and with which the fall duration will be
determined.

. One with aluminium plates and stainless steel absorber which will be fitted with Pitot tubes
for individual channel flow measurement.

3 - NEUTRONIC TESTS AT ISIS ctical mock up of OSIRIS, 700 kW)

The experimental program at ISIS will concern, in a first phase, reactivity
measurements and flux repartition measurements, with 3% elements replacing the same
number of U02 elements.
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The program will be rn t low power (under 10 kW)

The experimental results will of course be compared to the calculations.

These tests will be extended according to the vailability of 3Si2 elements, either
fresh or already Irradiated.

4 - IRRADIATION AT OSIRIS

Between the end of 91 and the middle of 93 around 20 standard non boronated
elements and some standard boronated elements will have been delivered and will be
Irradiated.

Some of these fuel elements will be led to high bm up rates; some to Intermediate
bum up rates In order to tailor so to speak a batch which could be used In the ISIS
experimental program and later on In the constitution of a mixed core loading In the OSIRIS
reactor.

- NEUTRONIC SCHEME - IMPLEMENTATION

The conversion scheme simulated so for took Into ccount the hypothesis of a
continuous pssage from U02 to U3SI2 through 

- Temporary unloading of reusable standard U02 element and definitive unloading
of used U02 standard elements.

- Replacement of used U02 fuel follower elements by new U02 ones.

- Rearrangement of remaining U02 standard elements

- Reloading with irradiated U02 standard elements, taken from the wet storage.

- Complementing with new non boronated US2 elements

- Ending with an all L13% Core

Under these conditions the conversion will be carried out with the customary safety
margins and should be over by mid 1994 as Indicated In the aached simplified planning
chart.
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OSIRIS FUEL
----------

COMPARITIVE CHARACTERISTICS

UAI CARAMEL U3S'2

e % 93.15 7.5 19.75

Nb.ofPLATES 24 17 22

PLATE THICKNESS 2--- > 213 2.22 1.27
mm 22 --- > 127 22 > 127

ACTIVE HEIGHT.mrn 600 629 630(613-647)

ACTIVE WIDTH.mm 68.4 72.6 8.4(65.4-71.4)

CHANNELWIDTH.mm 2.10 2.63 2.46

U total/ELEMENT.g 419.2 8830 2320,8

235U/PLATE.g 16.27 38.94 20.83

235U/ELEMENT.9 390.5 662 458.35

CLADDING AG3 ZY4 AG3

SIDE PLATES AG3+B ZY4 AG3 Boronated
and

non Boronated

BOTTOM NOZZLE AG3 AG3 AG3

LOCKING DEVICE Stainless Stainless Stainless
Steel Steel Steel

NiPLATES Yes Yes Yes

NB. of ELEMENTS
STANDARD 33 38 38
CONTROL 6 6 6
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FULL CORE OPERATION IN JRR-3 WITH LEU FUELS

Youji Murayama, Masahiko Issiki

Department of Research Reactor
Tokai Research Establishment, JAERI

Tokai-mura, Naka-gun, Ibaraki-ken 319-11, Japan

ABSTRACT

The new JRR-3 a 2MWT swimming pool type
research reactor, is made up of plate type LEU
fuel elements with UAlx fuel at 22 gU/cm3-
Reconstruction work for new JR-3 was a good
success, and common operation was started in
November 1990, and 7 cycles 26 days operation
/ cycle) have passed.
We have no experience to use such a high uranium
density fuel element with aluminide fuel. So we
plan to examine the condition of the irradiated
fuel elements with three methods, that is,
measurement of the value of FFD in operation,
observation of external view of the fuels in
refueling work and postirradiAtion examination
after maximum barn-up will be established.
In the results of the first two methods, the
fuel elements of JRR-3 is burned up normally and
have no evidence of failure.

INTRODUCTION

The JRR-3 (Japan Research Reactor No-3 was
reconstructed to be upgraded so that it's high quality
irradiation. conditions and high neutron flux conditions
were ensured 112o3,4. New JRR-3 (JRR-3M) is a light water
moderated pool type research reactor with a thermal power
of 20 MWt. The maximum thermal neutron flux is about 2 x
1014 n/cm2 sec. The core is composed of fuel elements,
control rods, irradiation elements and beryllium
reflectors and surrounded by heavy water tank as
reflector.

The core has 26 standard fuel elements, each with g
U-235 and 6 fuel follower elements, each containing 190g
U-235. Fuel follower elements are for adjusting the
distribution of neutron flux in the core. The fuels are in
use with 20wt% enriched Alx-Al dispersion MTR plate type
with aluminum cladding. Uranium density is approximately
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2.2 g/cm3, and this figure is considered a maximum limit
for the manufacture.

It's utilization includes production of radioisotope
and semiconductor irradiated silicon ), research in
areas such as thermal and cold neutron activation
analysis, reactor fuels and material exposure and neutron
radiography.

Typical operating cycle consists of 4 weeks for
continuous operation and week for refueling and
maintenance. or 6 standard fuels are exchanged in every
operating cycle, and after operating cycles all standard
fuels in the core are exchanged.

After the first criticality on March 22, 91 and 6
months of commissioning tests, JRR-3M started it's
operation on November 91. Total operating time at full
power is about 160 days (75,OOOMWh).

AVAILABILITY EXAMINATION IN NORMAL OPERATING CONDITION

JRR-3M is operated carefully with confirming the
availability of fuel elements, since we have no experience
of using such a fuel element with high density of Uranium.
There are three methods for confirming visual inspection
of fuel elements after refueling work, observation of Fuel
Failured Detection (FFD) system in operation and
postirradiation examinations (PIEs).

Visual inspection of irradiated fuel element

All spent fuel elements were inspected visually after
the refueling work. The result of this inspection showed
that the surface of fuel element cladding seemed to be
oxidized but the coolant channel variability or other
damage was not occurred. It revealed that the fuel had
played its roll in the excellent condition.

Observation of the outputs of FFD system

FFD system in JRR-3

When the fuel element is damaged, it releases fission
products which emit delayed neutron and gamma rays into
the primary coolant. FFD system is provided to measure the
delayed neutron and gamma rays and detect a failure of
fuels. Flow diagram of FFD system is shown in Fig.l.
Delayed neutron and gamma rays are measured respectively
by BF3 counter and NaI scintilator. An ion exchange resin
placed before the NaI scintilator removes ionized fission
products.
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Target species should be selected for efficient
detection. For this reason, a path time from the core
outlet to the detector is determined considering the half-
time of fission products. The path time for delayed
neutron detecting system is about minute and the time
for gamma rays detecting system is about 40 minutes.
Selected species emitting delayed neutrons are Br-87, Br-
88 and I137 and the species emitting gamma rays are Na-
24, Mn-56, Kr-88 and Xe-138.

Back ground species for FFD system are nitrogen in
primary coolant N-17 emits delayed neutron and N16
emits gamma rays and fission products of uranium stuck
on the outer surface of cladding in manufacturing fuel
element Br-87, Br-88 and I137 emit delayed neutron and
Kr-88 and Xe-133 emit gamma rays 

Reactor Pool Canal Spent Fuel Pool

Primary Cooling System

Sampling unp , , t

Ion Exchange Resin

Delayed Neutron Gamma I-By$
Measuring System Measui-ing Systinu

L U

Primary Coolant Monitor

Fig.1 Flow Diagram of FFD system

Result of the observation

FFD system is continuously observed while the reactor
is operating. Figure 2 shows the transition of measured
value of FFD system Fig. 2(a) is the graph of around
startup and Fig. 2(b) is of around shutdown. The measured
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FFD MONITOR(91/07/15-91/07/18)

100 I

Delayed Neutron

10

1
amma rays

OMW
0.1 start up

0.01

15/ O/ 0 15/20/ 0 16/16/ 0 17/12/ 0 18/ / 0

Fig.2 (a) Trasition of the value of FFD system at startup

FFD MONITOR(91/08/07-9i/08/10)

100 I

Gamm rays Shutdown
10

Delayed Neutron

0.1

0.01.
7/12/ 0 8/ 8/ 0 9/ / 0 10/ / 0 101201 

Fig.2 (b) Transition of the value of FFD system at shuddown
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value of FFD system increases with the power of reactor
because of the irradiation of back ground species. When
the power becomes steady state, the measured value of FFD
system becomes on a level, too. This reveals that the
failure of fuel elements did not occur in normal operating
condition at maximum power.

After the reactor operation, water in the reactor pool
was sampled and analyzed so as to determine the
radioactive species in the primary coolant. Major
radioactive species in the result of analysis are T-99m
yielded from irradiation of molybdenum in the stainless
steel and Na-24 yielded from aluminum. Stainless steel and
aluminum are the main structural materials of the reactor
and primary circuit.

Postirradiation examination

The standard fuel elements in JRR-3M is planned to be
irradiated for maximum 6 operating cycles. Postirradiation
examinations (PIEs) will be performed using the fuel
element with a maximum burnup. Fuel element for this
purpose is cooling down now and will be examined at the
Hot Laboratory in JAERI from Dec., 1992. Flow chart of
thepostirradiation examination of JRR-3M is shown in
Fig-3.

The first stage of PIEs is the nondestructive
examination. Surface of fuel plates are inspected visually
and the length, thickness and weight of fuel plates are
measured. This examinations are carried out for
investigating the transformation of fuel plates and the
birth of corrosion. And taking X-ray photographs of fuel
plates, the occurence of voids or cracks are examined.
Blister examination is performed to investigate the
combined condition between fuel meat and fuel cladding. In
this examination, irradiated fuel plates will be heated
gradually and the occurence of the blister will be
examined by visual examination and dimension measuring
examination. Released gaseous fission products following
the occurence of the blister will be collected and
quantified.

The second stage is the destructive examination of
fuel plates. Punched specimens of fuel plates are used for
the burnup measurement and the mechanical strength
examination such as a measurement of Young's modulus.

Last stage of PIEs is the microstructural examination.
This stage will investigate the reaction of aluminide
particles and aluminum matrix and measure the thickness of
oxide film of aluminum cladding.

Availability examination in transient operating condition

A trial examination of loss of normal power supply was
carried out so as to confirm the availability of fuels in
transient operating condition. This examination was one of
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Shipping to Hot Lab

Visual Examination of
Elements

Length and Thickness
Measurement

Removal of Plates

Visual Examination of
Plates

Plate Thickness Measurement

F-X-Ray Photograph

Gamma Scanning

Gamma Ray Spectrum
Measurement

Sectioning of Plates

Blister Examination Burnup Analysis

Str ength Examination

Microstructural Examination

Fig. 3 Flow chart of Postirradiation examination in JR-3M
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the commissioning tests of JR-3M- Observation of the
gamma rays detecting system in FFD system was used for
this confirmation. If the loss of normal power supply is
occurred in the normal operating condition, the reactor
should be automatically shut down and the main pumps of
primary cooling system should be stopped. By the emergency
power supply, however, the auxiliary pumps should be
running to remove the residual heat. A transition of the
measured value of FFD system is shown in Fig.4. The value
is rising for some time after the shutdown, because of the
increasing radioactivity of back ground species and the
lag time of sampling line of FFD system. It is calculated
to take about 40 minutes for the primary coolant through
out the core to reach at the position of gamma rays
detector. Figure 4 shows a descent of graph after about 40
minutes from the shutdown. This means the fuels were not
failed in this transient condition.

100

10
Loss Power Supply

Cs -A.001 Ak�

0.1

0.01

9/25/11 9/25/13 9/25/15 9/25/17 9/25/19

Fig.4 Measured value of FFD system in the examination of
loss of normal power supply

CONCLUSION

JRR-3M is all fueled with low enrichment, UAlx
dispersion fuel and operated smoothly with no trouble
concerned with fuels. The'availability of fuel elements in
normal operating condition was confirmed by observation of
FFD system and visual examination of fuel elements. And
the availability in transient condition was confirmed by
trial loss of normal power supply examination.
Furthermore, postirradiation examination such as blister
examination and microstructural examination are planned to
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be carried out so as to confirm the availability of the
fuels and investigate the effect of irradiation.
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TRANSITION FROM HEU TO LEU FUEL IN ROMANIA'S

14-MW TRIGA REACTOR

M. M. Bretscher and J. L. Snelgrove
Argonne National Laboratory
Argonne, Illinois 60439 USA

ABSTRACT

The 14-MW TRIGA steady state reactor (SSR) located in Pitesti, Romania,
first went critical in the fall of 1979. Initially, the core configuration for ftdl
power operation used 29 fuel clusters each containing a x square array of
HEU U (10 wt% - ZrH - Er 2.8 wt%) fuel-moderator rods 1.295 cm o.d.) clad
in Incoloy. With a total inventory of 35 HEU fuel clusters, bumup,
considerations required a gradual expansion of the core from 29 to 32 and finally
to 35 clusters before the reactor was shut down because of insufficient excess
reactivity. At this time each of the oiginal 29 fuel clusters had an average 235U
bumup in the range from 50 to 62%.

Because of the U.S. policy regarding the export of highly enriched
uranium, fresh HEU TRIGA replacement fuel is not available. After a number of
safety-related measurements, the SSR is expected to resume fun power operation
in the near future using a mixed core containing five LEU TRIGA clusters of the
same geometry as the original fuel but with fuel-moderator rods containing 45
wt% U 19.7% 235U enrichment) and 11 wt% Er. Rods for 14 additional LEU
fuel clusters will be fabricated by General Atomics.

In support of the SSR mixed core operation numerous neutronic
calculations have been performed. This paper presents some of the results of
those calculations.

INTRODUCTION

The Steady State Reactor (SSR) located in Pitesti, Romania, is a 14-MW TRIGA re�earch
reactor and is operated by the Institute for Nuclear Research (INR). It is equipped with twol.beam
tubes, one radial and one tangential, and an underwater thermal column used for research
purposes. Radioisotopes are also produced for both medical and industrial applications.
However, the reactor is mostly used for long-term irradiation testing of power reactor fuel
components including CANDU-type U02 fuel pellets. This is an important part f a
development program for the abrication of CANDU fuel.

Each of the SSR fuel clusters consists of a square x 5 array of fuel rods each with an
active diameter of 1295 cm and an active height of 55.88 cm. The cylindrical
uranium-zirconium hydride-erbium fuel/moderator pellets are tightly enclosed within Incoloy 800
tubes having a 00406 cm wall thickness. A square aluminum shroud, 889 cm on a side, encloses
the 25 fuel pins and spacers. Each of the control assemblies consists of a square annular
arrangement of sintered natural B4C compacts and an aluminum follower rod. Unclad beryllium
reflector blocks, some containing a central irradiation hole, make up the radial reflector.
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The SSR first went critical in November 1979.1 Full po, er (14-MW) operation began in
1980 with 29 HEU fuel clusters. As bumup proceeded, the cc.-e size was first increased to 32
clusters and later to 35 clusters which used the entire fuel inventory. After about 13,600 M"'s
of operations the SSR was shut down in 1990 because of insufficient excess reactivity and
because of the unavailability of fresh HEU TRIGA replacement fuel. Figure I shows the present
configuration of the SSR core.3

After 13,200 MWD's of reactor operation, the fuel pins were gamma-scanned to measure
their axially-averaged total MWD exposures.4 Some shuffling of pins within fuel clusters was
done to maximize the available reactivity. The best estimate5 for the total M"'s exposure for
each of the 35 fuel clusters used in the Fig. I core configuration is given in Table 1. This table
also includes the cluster-averaged 235U burnups which were calculated from the MWD exposure
data by methods to be discussed later.

The SSR is expected to resume operation in the near future beginning with five fresh LEU
clusters in a 35-cluster HEU/LEU mixed core configuration. Within the next year 14 additional
LEU fuel elements will become available. Table 2 summarizes the fuel specifications for both
the original HEU and the new LEU clusters.

This paper is mostly cor-.emed with an evaluation f the expected lifetime of the
HEU/LEU mixed-fuel SSR cores. Calculations of important Fafety parameters for mixed core
operations are incomplete at this time. Using special instrumented pins, numerous fuel
temperature measurements will be made as a function of reactor power at important locations
before full-power operation begins. These measurements are needed to assure that no fuel pin
temperature exceeds 750 OC at full-power steady state operation.

ATOM DENSITIES, CROSS SECTIONS, AND MODELING METHODS

Before calculating fuel lifetimes, it is worthwhile to compare analytical results for excess
reactivities with corresponding measured values. This provides an indication of the magnitude
of biases which may be present in the calculations. For the case of the SSR, measured excess
reactivities have een dtermined for the initial ctical configuration and for the standard
29-cluster core, both with fresh HEU fuel.1 Also, an estimate of the excess reactivity for the
current core configuration (Fig. 1) has been made by the SSR staff.2

However, before such calculations and comparisons can be made it is necessary to
determine representative atom densities in the fsh uranium-zirconium hydride-erbium fuel rods.
This requires some knowledge of the fuel fabrication procedures.6 The process begins by mixing
pure powders of uranium, erbium, and zirconium in the weight fractions specified in Table 2.
This mixture is arc-melted in a graphite crucible during which time a small amount of carbon
(typically about 04 wt%) is taken up fom the crucible into the molten alloy. After casting into
molds, the fuel pellets are machined to the proper dimensions. Thereafter they are hydrated under
carefully controlled conditions of hydrogen pressure, temperature, and time. Some final
machining is necessary to assure close contact between the pellets and the Incoloy tubing before
scaling the fuel tubes under a heli-im atmosphere.

While the fuel is in the molten state the available carbon unites with zirconium to form
ZrC. During the hydration process the balance of the zirconium forms the zirconium hydride
phase, ZrH1 6 In addition, erbium hydride forins, although whether it forrns ErH 6 or ErH2 s

uncertain. For the purpose of calculations we assume the state be ErH2. Analyses of the end
product show that UC2 and U -13 are not present. Knowing the weight fractions (WF of
uranium, crbium, and zirconium n the initial powder (Table 2 and assuming the alloy contains
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0.4 wt% C, the weight fractions of U, ZRC, ZrH,.., and ErH2 in the final product can be
calculated. The density .) of the fueltmoderator material may be expressed in terms of these
weight fractions by using the principle of volume conservation. Thus,

PM WF(U) + WF(ZrC) + WF(ZrH,.d + WF(ErHo

PU Pz'c PzrH1.6 PF�M2

where pzc = 673, PZIHI.6 = 564, and pEffl 2= 836 g1cc.

The density of uanium metal varies somewhat with enrichment but can be expressed in
terms of the density of natural uanium 19.05 gcc). The above equation for the density neglects
the void fraction because it is negligibly small. It also neglects small and unpredictable erbium.
volatility losses which may take place while the fuel is in the molten state. With the weight
fractions and density determined, it is a simple matter to calculate the required atom densities in
the fuel Pin. Table 3 shows these results for the unirradiated HEU and LEU fuels.

The broad, multigroup, burnup-dependent cross sections used in this study were generated
by the EPRI-CELL code.7 The EPRI-CELL fine group libraries were derived fm the ENDF/B
data files (some cross sections from Version V but most from Version IV) using the processing
codes Njoy8 for the thermal library and MC2-29 for the fast librwy. Cross section sets were
generated at fuel temperatures corresponding to 296K, 500K, and 800K in bot 3 and groups.
Table 4 shows the group energy boundaries for each set. Because of the strong absorption
resonance in 167Er at low energy 0.46 eV) it was felt that the additional thermal groups in the
8-group set would be needed for more accurate calculations.

For the calculations reported here the SSR was modeled in XYZ geometry. Details
concerning the dimensions of the fuel elements, the beryllium reflector pieces, the B4C control
rods, and the aluminum followers are given in Ref. 10. M. Ciocanescu3 provided the information
needed to model the experimental loops AL6 and C I shown in Fig. 1. In the XY plane each fuel
cluster is represented by a square homogenized fuel region surrounded by a thin square annulus
of aluminum and water representing the shroud region. The height of the active fuel column was
divided into five axial spgments of equal length. For diffusion and burnup calculations the
DIF31) II and REBUS-3 I - codes were used. Relative to a detailed continuous-energy Monte
Carlo calculation using the VIM codeI3 for a 29-cluster model of the SSR, the best DIF31)
calculations are obtained when the shroud region is explicitly modeled and when the 8-group
cross section set is used, as Table shows. For these reasons all the remaining neutronic
calculations given in this report are based on the use of 8-group cross sections and explicit
representations of the shroud and fuel regions for each cluster.

CALCULATED VERSUS MEASURED EXCESS REACTIVITIES FOR SSR
FRESH FUEL ASSEMBLIES

As a test of the adequacy of these cross sections, modeling procedures, and computational
methods, calculated and measured excess reactivities have been compared for two SSR
assemblies each with all fresh HEU fuel clusters. The first assembly is the configuration obtained
during the initial approach-to-critical experiments I Figure 2 shows the SSR fuel cluster loading
sequence. With a experimental regions and unoccupied grid positions fled with water, the SSR
went ctical upon the addition of the l7th fuel cluster. Based on an estimated value of of
0.007 and the elevations of the calibrated control rods, the measured excess reactivity for this
17-cluster core was 1.43.6 After these measurements were completed the core was expanded to
the standard 29-clustcr configuration, which is also shown in Fig. 2 This larger core serves as
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our second test case for which the excess reactivity was found to be 7.78.1 Table 6 compares
our calculated values with these measured results. A direct comparison between calculation and
measurement independent of P., will be made when we obtain information regarding the
elevation of the control rods at criticality for each of these cores. Table 6 shows that the
calculations are in reasonable agreement with the measurements.

EXCESS REACTIVITY FOR THE PRESENT SSR CORE CONFIGURATION
WITH 35 BURNED HEU FUEL CLUSTERS

This core configuration is illustrated in Fig. 1. Before calculations can be made, however,
it is necessary to obtain bumup-dependent atom densities for the homogenized fuel region for
each of the fuel clusters beginning with the MWD exposure data given in Table 1. Ibis was
accomplished by first performing a non-equilibrium REBUS-3 bumup calculation beginning with
the 35-cluster SSR core configuration (Fig. I but with all fresh HEU fuel). The calculation
covered a total burmip span of 1000 full power (14-Nff) days. Bumup-dependent atom densities
were printed out at numerous intermediate bum steps. These data of axially-averaged cluster
atom densities versus MWD's exposure were fit by the least squares process to polynomials so
that the fitting coefficients could be used to interpolate bumup-dependent atom densities
corresponding to the MWD's exposure for each of the 35 fuel clusters listed in Table 1. Some
typical fits and interpolated results are shown in Figs. 37. The same procedure was used to
obtain the average 235U percent bumup for each of the 35 clusters. These results are given in
Table and displayed in Fig. 8. Similar procedures were followed to obtain exposure-dependent
concentrations of 3H, 3He, and 6Li in the beryllium reflector (see Fig. 8). These poisons result
from the 9Be(na)6He fast neutron eaction, the �Li(n,(X)3H thermal neutron reaction, and the
beta-decay of tritium into 3He. After about 1000 PD's of reactor operation these poisons have a
reactivity effect of about 025% 8k/k. oowing a two-year shutdown period this reactivity
increases to about 037% 8k/k due to the buildup of 3He, which has a very large thermal neutron
absorption cross section.

The atom densities found from the above pocedure are axially-averaged values. For
three-dimensional calculations it is necessary to superimpose on these average values an
appropriate axial burnup distribution. Figure 9 supplied by M. Ciocanescu 5 shows such an
axial distribution of the measured 137CS fission product activity. This distribution was
numerically integrated over each of the five equal axial fuel segments to obtain
segment-to-average bumup ratios. These ratios, combined with the data in Table 1, were used to
construct axially-dependent exposure data for each of the 35 fuel clusters. Corresponding
axially-dependent atom densities were then obtained using the methods already described subject
to the constraint that the total number of atoms for each bumup-dependent isotope in each fuel
cluster be preserved. In this manner bumup and axiaRy-dependent atom densities were obtained
for each of the fuel clusters for 2H, 149Sm, 166Er, MET, 234U, 235U, 236U, 238U, 239pu,
240pu, 24 pu, 242pu and the lumped fission products.

These axially-dependent atom densities were used in a three-dimensional diffusion
calculation for te 35-cluster core shown in Fig. I with all the control rods fully withdrawn. The
eigenvalues obtained without and and with equilibrium xenon (at 14 MW) were 10326 and
1.0067, respectively. At the time the SSR was shut down the estimated excess reactivity at full
power with equilibrium xenon was about 1.2 As mentioned earlier, the cross sections used for
these calculations were generated for an average fuel temperature of 227 OC. From Ref. 5, the
SSR average core fuel temperature is 170 OC at 10 MW. Thus, our calculated results agree quite
well with Romania's best estimate for the present state of the SSR.
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FUEL LIFETIME ESTIMATES FOR PROPOSED SSR HEU/LEU MIXED CORES

Having established the validity of the cross sections and modeling methods used for SSR
neutronic calculations, estimated lifetimes of proposed mixed cores will now be evaluated. With
the expectation that the Institute for Nuclear Research M) will soon receive five LEU fuel
clusters, M. Ciocanescu,3 proposed the core configuration shown in Fig. 10 for their use.
Following the procedures and methods discussed earlier, three-dimensional non-equilibrium
REBUS-3 bumup calculations were carried out for this core configuration. he results of these
calculations are illustrated in Fig. 11. They were done with the 8-group cross sections for an
average fuel temperature of 227 OC at 14 MW. The sudden initial drop in reactivity in Fig. I is
the result of the rapid buildup of equilibrium xenon. Figure II shows that if no changes other
than burnup occur during the total bum cycle, the five LEU elements are expected to extend the
SSR core lifetime by about 250 full-power 14 MW) days. Nearly the same result is obtained if
control rods I and 2 are fully withdrawn while the others are banked together and adjusted to near
critical throughout the bum cycle. Although the calculation has not been performed, some
improvement in lifetime would be expected if the total bum cycle were divided into a few shorter
cycles with the fuel shuffled between cycles so that elements of minimum bumup would be
located in positions of maximum worth.

Within a year the Institute for Nuclear Research is expected to receive a shipment of 14
additional LEU fuel elements from General Atomics for use in the SSR. When these elements
arrive, M. Ciocanescu proposes to reconfigure the core from the 35-cluster arrangement shown in
Fig. 10 to the more standard 29-cluster configuration described in Fig. 12. Beginning with atom
densities corresponding to 200 PD's of operation of the Fig. 10 core, the results of
three-dimensional calculations for the lifetime of the 29-cluster core are summarized in Fig. 13.
Clearly evident from this figure is the dramatic improvement in the core lifetime which results if
after each subcycle of 126 FPD's the reactor is shutdown for 7 days and the fuel shuffled in a way
so that, at least approximately, the least burned clusters are located in positions of maximum
worth and visa versa. Figure 13 shows that by such a procedure the core lifetime is extended
from about 310 PD's without fuel shuffling to about 560 FPD's with shuffling. How the fuel
elements were shuffled from cycle to cycle is indicated in Table 7 The final axially-averaged
bumup status for each of the E'J and LEU fuel clusters after 546 PD's of operation of the last
core (Fig. 12) is summarized in Table 8. Peak axial 235U bumups are estimated to be as high as
94% for the HEU and 47% for the LEU fuel.

CONCLUSION

The 14-MW TRIGA research reactor in Pitesti, Romania, has been shutdown because the
fuel is too highly burned to continue operations. However, 125 unirradiated LEU fuel pins for
five clusters have been shipped to the reactor site to allow the SSR to resume activities for which
it was intended. Based on neutronic methods tested against known SSR critical configurations,
the five LEU clusters located in igh worth positions in a 35-element core should aow the SSR
to operate up to 250 full-power days. This will aow the time needed by General Atomics to
fabricate fuel pins for 14 'additional LEU clusters. Returning to the standard 29-cluster
configuration but with a mixed HEU/LEU core with 19 LEU bundles, our calculations show that
by periodically reshuffling the fuel the SSR could operate for an additional 560 fl power days.
At this time new fuel will be needed. However, some additional operation time may be possible
by expanding the core from 29 t) 35 fuel elements, although no calculations of this nature have
been undertaken.
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Before the SSR will resume operations at full power with mixed HEU/LEU cores, important
safety-related measurements will be made at low power. These measurements are designed to
assure that at 14 MW operation no fuel pin will have a maximum temperature exceeding 7500C
and that adequate shutdown margins are always available. This temperature limit for the safe
operation of the TRIGA fuel under steady state conditions has been set by General AtomicsIO
and is a conservative limit based upon radiation and fission-product-pressure-induced swelling of
the erbium-uranium-zirconium hydride matrix. In addition to the experimental studies, numerous
safety parameters (power peaking factors, temperature coefficients, control rod worths, shutdown
margins, and kinetic parameters) are being calculated and thermal hydraulic studies will be
undertaken as part of an ANLANR joint study program.

After a shutdown period of two years, full power operation of the SSR is expected to resume
in the near future wit a mixed HEU/LEU core configuration.
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TABLE 1. SSR HEU FUEL CLUSTER EXPOSURES AND
U-235 BURNUPS

(BASED ON GAMMA-SCANNING MEASUREMENTS)

Fuel Cluster MWD's Exposure % U-235 Burnu

H11 495 62.4
H05 479 60.4
H25 475 59.9
H01 464 58.6
H04 460 58.0
H07 453 57.3
H13 453 57.2
H23 448 56.6
H22 447 56.5
H21 444 56.2
H02 440 55.6
H12 438 55.4
H18 433 54.8
H24 433 54.7
H26 431 54.6
H03 431 54.5
H17 428 54.1
H27 427 54.0
H29 426 53.9
H19 426 53.8
H08 425 53.8
H15 422 53.4
H10 422 53.4
H20 418 52.9
H28 416 52.7
H06 411 52.0
H09 406 51.5
H16 399 50.5
H14 393 49.8
H31 246 31.4
H30 245 31.3
H32 195 24.9
H35 35 4.5
H34 33 4.2
H33 29 3.7
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TABLE 2 SSR TRIGA FUEL PIN LOADINGS
(Before Alloy Formation and Subsequent Hydration)

Element/Isotope 35 HEU Clusters 5 LEU Clusters 14 LEU Clusters
w % wt % wt %

U 10.0 45.0 45.0

234 1.00 0.15 0.15

235 93.09 19.79 19.7

236 0.43 0.25 0.25

238 5.48 79.81 79.9

Er 2.8 1.1 1.3

162 0.14 0.14 0.14

164 1.58 1.58 1.58

166 33.33 33.33 33.33

167 22.90 22.90 22.90

168 26.91 26.91 26.91

170 15.14 15.14 15.14

Zr (Balance) 87.2 53.9 53.7
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TABLE 3 ATOM DENSITIES IN FRESH SSR TRIGA FUEL PINS

Element/lsotope 35 HEU Clusters 5 LEU Clusters 14 LEU Clusters
atoms/barn-cm atoms/barn-cm atoms/barn-cm

H 5.4867 E02 4.4714 E02 4.4700 E02

C 1.2154 E03 1.6517 E03 1.6535 E03

Zr 3.4747 E02 2.9201 E02 2.91 1 1 E02

Er 6.0841 E04 3.1719 E04 3.8436 E04

166 2.0442 E04 1.0658 E04 1.2915 E04

167 1.3963 E04 7.2796 E05 8.8211 E05

U 1.5455 E03 9.3621 E03 9.3723 E03

234 1.5532 E05 1.4247 E05 1.4263 E05

235 1.4396 E03 1.8720 E03 1.8652 E03

236 6.6680 E06 2.3543 E05 2.3569 E05

238 8.3664 E05 7.4523 E03 7.4693 E03

Pin D ity: 6.1522 8.3106 8.3196
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TABLE 4 BROAD GROUP STRUCTURES

Group Number Upper Energy of Group (eV)

3-Group Set 8-Group Set

1 1.OOOOOE+07 1 -00000E+07

2 5.53084E+03 6.39279E+05

3 1.85539E+00 9.11882E+03

4 1.85539E+00

5 1.16643E+00

6 4.17035E-01

7 1.45728E-0

8 5.69250E-02
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TABLE 5. SSR EIGENVALUE COMPARISONS FOR A
29-CLUSTER HEU TRIGA CORE

Quantity VIM-Monte DIF3D-DIFFUSION
Carlo

No. of Groups: Continous 8 3 8 3

Explicit Shroud Reg.? -Yes No No Yes Yes

K-Effective: 1.0306±0.0019 1.0427 1.0426 1.0300 1.0360

TABLE 6 SSR EIGENVALUES AND EXCESS REACTIVITIES
FOR ROOM-TEMPERATURE, FRESH FUEL,

HEU CRITICALS

QUANTITY 17-CLUSTER CORE 29-CLUSTER CORE

k.ff (C) 1.0103 1.0597

kff (E) 1.0101 1.0576

P excess (C) $1.45 $8.05

P exwss (E) $1.43 $7.78

Note: Results are based on P.ff=0.007 (Ref. 10).
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TABLE 7 FUEL SHUFFLING FOR THE 29-CLUSTER SSR
CORE BEGINNING WITH 14 UNIRRADIATED LEU

TRIGA ELEMENTS

Grid Figure 10 Fuel Cluster Location for Each 126 FPD Subcycle

Location Core Cycle Cycle 2 Cycle 3 Cycle 4 Cycle 

D4 H16 H07 H21 H30 H01 H01
D5 L09 H22 H23 H22 H25 H05
D8 L08 H23 H07 H23 H31 H31
D9 H23 H21 H22 H21 1111 1111
E3 H28 H33 H34 H35 H33 H33
E5 L07 L02 L03 L03 L02 L03
E8 L06 H35 H32 H32 H32 H32

E10 L10 H32 H30 H07 H05 H25
F4 1-11 L17 L06 L06 L14 L08
F5 L04 L11 L14 L13 L07 L16
F6 H32 L14 LI L07 L12 L14
F7 H30 L18 L07 L17 L10 L18
F8 L05 L05 L04 L05 L03 L01
F9 L12 H34 H33 H34 H35 H35
G3 H14 L04 L05 L04 L05 L04
G4 L13 L13 L12 L16 L09 L19
G6 H33 L06 L17 L10 L18 L12
G9 L16 L03 L02 L02 L04 L02

G10 L14 H31 H31 H31 H04 H04
H4 L15 L16 L09 L19 L13 1-11
H5 L03 L07 L18 L11 L17 L13
116 H34 L08 L19 L14 L08 L15
H7 H31 1-10 L15 L12 L19 LIO
H8 H35 L15 L10 L08 L15 L06
H9 L18 H30 H35 H33 H34 H34
14 L17 L19 L08 L18 1-11 L17
16 L02 L09 L16 L15 L06 L09
17 L01 L12 L13 L09 L16 L07
19 L19 L01 L01 L01 L01 L05
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TABLE 8. FINAL BURNUP STATUS OF THE SSR FUEL FOLLOWING
546 FPD'S OPERATION OF THE FIG. 12 CORE

HEU Fuel LEU Fuel
Cluster % U-235 Burnup Cluster % U-235 Burnup

1-101 63.0 1-01 32.8
H02 60.0 L02 35.4
H03 59.2 L03 34.7
H04 62.8 L04 34.1
H05 67.1 L05 35.9
H06 60.1 L06 31.5
H07 65.0 L07 31.7
H08 59.5 L08 31.8
H09 60.6 L09 30.9
H10 69.4 L10 33.0
H11 65.1 L11 31.1
H12 60.4 L12 32.1
H13 60.2 L13 31.1
H14 58.8 L14 31.5
H15 59.1 L15 32.5
H16 60.6 L16 31.0
H17 60.4 L17 32.3
H18 59.4 L18 32.3
H19 60.6 L19 31.4
H20 59.2
H21 69.2
H22 68.0
H23 73.9
H24 62.3
H25 63.8
H26 59.3
H27 62.7
H28 61.2
H29 62.6
H30 60.1
H31 63.1
H32 60.1
H33 46.8
H34 47.6
H35 43.9
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SSR CURRENT CORE CONFIGURATION
(35 HEU Fuel Clusters)

Grid
Index: I H G F E D C

10 7 H13 H04

9 H03 H15 H20 H08 H02

8 H35 H14 H27 H26
......... .. ...
....... ..

Pool 7 H29 H31 H30 H09 H17 Pool
.................

6 H06 H34 H33 H32 C-1 ..................
.. ...... .......

5 H28 H16 H23 H10 ................................................................

H18 H24 H19 H21 H12 ....................... .... . ...............
... . ...... . .. .........

H05 CR6 H22 H01 H11 .... ................................ .............. ........................................... .. .......... ... ..... .... ....... ...... ......................... .... ... .................. ...... . .................. .......... .... ......... ...- ..................................... ....... %;..; ............. ... ... ........ . ....... .... ......... ..... ........ ...... ... ..... ..... ........ .. .. ... . . ..... .. . .. .....2 .............................. ...... ............ .... ........................... ................ ........ ........................................ . . .. ... .. . ..................... . .... ............. ....................... .......... ............. ........ ...... ... ... ..... .... .. .. .... ...... ..... .. .... ..... .... . ... I . .. I ... .. ......... ... I I I ... .... .... .............................. ....... .... .. I . . .. . ...... ............ ........ . .. .. ....... ... .............. ........... .. . . .. .. ...... .. ....... . .... .... ............ ............. .. ............ ....... ....... .. ....... .................. . ... .. ........... ........... .... ... ......... .......... ...... ............... ................................ ............. ... . .... .... .... .... .... ........... .. . ... ... ... . ................... ... . .... ..... ..... .. . . ...... . ...... ... ... . . .......

CR = Control rod assemblies

AL = Experiment loop with 6 Candu fuel elements

C-1 C1 type capsule with Candu fuel element

H20 Water hole

H01 HEU fuel cluster

FIGURE 
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SSR GRID LOCATIONS FOR THE INITIAL CORE LOADING SEQUENCE

NEAR CRITICAL CONFIGURATION
.......... . ... .. . . .... . ........... .... ......... .

........... ......... ........... . ..... .................... .. 7��xxx �: .... ...........
..%-.% .. . ..............

.... ...... . ....... . .... ...... ..

.. ... ..... . .. ... . ....... . ......
v:

.... ... .. .. ... ..
7

........... ...... ......... . . ....... ....... ..... .. .... . .... ..... . ... .. ..

.......... .... .. .... ... .... ...
............... ... .. .. ...... ..... .. ...... .. .... .. ...... .......

23 CR CR
........ ....... ..... ... ...

.. ........ .. .. ......
7

27 XC-2 1 9 ..............1 5 1 3 1 6
-2 .... ...X

...........

29 25 C R
8 9 C R ..... ..........Y's 

. . ..... . ..... .. ..... .. ... ... ........ .
7 1 2 10

..... .. .. ....... ........:sox::a ......... . ...... . ........... ............... .. ..... 6 xc-l 3 ....... ... ....... .... .. .............. ... ....... ... ...... ........ ...... .... .. ......... ...........
... ..... ........ ........ ...... 28 24 5 CR 4 CR .......

-3
.... ............ .......X L ...... ... ...

... 26 XC-3 14
17 ....

.... .. ...................
. . . .......... . ...... ...... .... .... ...... . ..... ... .... .:. .:: 22 CR 21 CR

....... ........ . ..... .... .... . ........... . ....... .... . ....... ..... . ... .. . . . .. ... ......... ....... .. ... ... t ... . . .... .... ... . .. .
. .... ......... .. ........... ..

... . ..... ........ ... .... ...
X ....... .....

.. .. . ... .. ... ......

H20 REFLECTOR

ALL EXPERIMENT LOCATIONS (XL.l, 2, 3; XC-1, 2, 3;
AND THE HOLES IN THE BERYLLIUM REFLECTOR) ARE FILLED WITH WATER

FIGURE 2
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AXIAL BURNUP DISTRIBUTION IN SSR HEU FUEL PINS

50.0

45.0-

40.0
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E-4 30.0
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0
Z 25.0

0

20.0

15.0-

10.0

5.0-

0.0
0.0 10.0 20.0 30.0 40.0 50.0 60.0

LOC FROM BOTTOM OF 55.88 CM FUEL COL

FIGURE 9
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PROPOSED SSR CORE CONFIGURATION
WITH FRESH LEU AND 30 BURNED HEU FUEL CLUSTERS

Grid
Index: -4 i I H G F E D C. ........ ..

10 H02 15

....... H H 18

9 H19 H24 H28 H06 H12
.... .... . ....

...........8 H35 L05 H09 H20

Pool 7 Britoil L01 H31 H30 H23 1-110 Pool

6 L02 H34 H33 H32 C-1 ..

C111 03 L04 H27 H08

. ......... H21 H29 H16 H14 H26...........
....... .......... ............ ...

3 H22 H17 H03 H13
......... . ..... . ....... . ...... . . ...............................

2 .. . .............
.................

CR = Control rod assemblies

AL = Experiment loop with 6 Candu fuel elements

C-1 C1 type capsule with Candu fuel element

H20 Water hole

L01 LEU fuel cluster

FIGURE 0
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14 MW SSR FIG. 10 CORE CONFIGURATION
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FULL POWER DAYS

FIGURE 1
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PROPOSED SSR CORE CONFIGURATION WITH 14 FRESH LEU,
5 BURNED LEU, AND 10 BURNED HEU FUEL CLUSTERS

Grid
Index: i I H G F E D C

.. .. ............. ............ s: X :
::: .. ......... .. :::: Ms q ;:XX X XX X XX .......... ...... ......... : .. . ......... ... .... . ........ .... ... .... ...I.F.: ..... .... .......

............. ... ....
. ......... ....... X

............... ...... .
.... .... ..

X .:�:: :: :: 7: �:::::;X : .......
........ .. ... ...... ... .... ... .... ... .... ...... ........... ........ .... ...... ......

......... ... ........... ... . ........ ... .. ... .... .. .
... ........ ..............

........ ... .. . ........ ..... .... .. ..... .

.. ... ..... .. ... ... ......... ..... .....
........ ...L14 L10 ............ .... ...... ......... ... .......... . . . ... .... ..... . ......... . . . . .... ....... ...................... ........ .............. .. ............. ........ ..... .. ....... ........ .. .......................... L18 L16 L12 H23

.. ...........
...... ........ ... ..........

..... .. ............ ....... ..... .

. ...... ....8 H35 L05 L06 L08
... ...... . ..... . . ... .....

.. .... . . .........
. .........

Pool 7 L01 H31 H30 C-1 Pool
........ . ........ ... .............. .. .. . ...... ..

6 L02 H34 H33 H32 C-2........... .. ... .. ......... .. .........

.. ......... . ........5 ... L03 L04 L07 L09 .. .... .... .
. ... . .... .. . . .. .. .......... .... . I 

. .... ... .... ....... ........ L17 L15 L13 1-11........ H16..... :1 m s:..... ........... ..... ..... .. ............. ......... ....... .. .............. . ....... ..... .... .. . . ... . .. ....... .. .. ..... ..... .... .. . .... ... ..... ........ .. .. . .. ......... ........ . .............. CR6 H14 H28....... ... .. .... ....... .. . ........ ....
..... . ............................ ... ... . ............. .. . ..... ...

..... .... ..............
... ....... ..... . ... .... . ...... .. ... .. .... ... .. .. ... ..... . . . ........ ..... .

... . ....... ..... . .. ..... ......... .. . ..... ..........
. . .. .. ... ............. .... X .: ..... ... ..... .... ...... ... ... . .. .... .

............. ... ........... ..... . .......
M . .. .................

...... ...... .......... ..... .......... a
......... ....... .... .... ... . .........

.... . ...... . ......... a 'IM " R , fl, ............. ... ....... ... .. ... e 1UM�J, e
.. .. ....... . ....

CR = Control rod assemblies

AL6 = Experiment loop with 6 Candu fuel elements

C-1=C-2 = C1 type capsule with Candu fuel element

H20 = Water hole

H30 = HEU fuel cluster

L19 = LEU fuel cluster

FIGURE 12
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14 MW SSR, FIG. 12 CORE WITH CONTROL RODS
WITHDRAWN
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FIGURE 13
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W. Heeds', A.G. Lee P.A. Carlsono H. McIlvain,
J.R. Lebenhait' and R.F. LidStone

AECL Research
Whiteshell Laboratories
Pinava, Manitoba, Canada

ABSTRACT

ARCL Is currently building the 10-MV APLE-XIO
reactor at the Chalk River Laboratories to operate as
a dedicated producer of commerclal-scale quantities
of key medical and ndustrial radioisotopes and as a
demonstration of the MAPL.R reactor design. In
support of the safety and licensing analyses, static
physics calculations have been performed to determine
the neutronic performance and safety characteristics
of the APLE-XIO reactor. This report summarizes
results from the static physics calculations for
several core conditions prior to commencing
radioisotope production.

1. INTRODUCTION

Atomic Energy of Canada Limited (AECL) is currently undertaking a Research
Reactor Rationalization Program [1) hich ill define AECL's research
reactor capabilities for the next ten to fifteen years. This
rationalization program has been initiated to address several issues:

1. AECL's current research reactors, NRX and NRU, have operated for
44 and 34 years respectively. These reactors are ageing and are
in need of rehabilitation or replacement.

2. There is a growing demand for radioisotopes hich has increased
the number of radioisotope targets installed in the prime
irradiation space in the NRU and NRX reactors.

3. The CANDU power reactor has achieved a successful operating and
maintenance record and the demands for supporting research have
changed significantly.

1. These authors are located at the Chalk River Laboratories, Chalk River,
Ontario, Canada.
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One major step in the rationalization program has been to develop the MAPLE
reactor 12,3] to meet contemporary Canadian and international requirements
for modest-cost, ultipurpose neutron sources. The basic MAPLE design is a
D20-reflected, H20-cooled and H20-moderated pool-type reactor that
efficiently produces tailored neutron fluxes at a variety of irradiation
facilities.

ARCL is presently building the ten-megavatt prototype KAPLE-X10 reactor 41
(see Figure 1) at the Chalk River Laboratories. This reactor vill operate
as a dedicated producer of commercial-scale quantities of key medical and
industrial radioisotopes and as a demonstration of MAPLE technology. Once
the APLZ-X10 reactor begins operation, the-NRX reactor vill be
decommissioned.

To complete construction and install all safety-related equipment (51, the
Preliminary Safety Analysis Report is required. In support of the safety
and licensing analyses, physics calculations have been performed to
determine the neutronic performance and safety characteristics of the
MAPLE-XIO reactor. This report summarizes the static physics calculations
for the Initial core and for the equilibrium LU-fuelled core.

t

77

AX

Figure 1: MAPLE-X10 Reactor Building
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2. MAPLE-XIO DESIGN

The MAPLE reactor design 2 3 has 19 core sites which can accommodate
hexagonal 36-rod fuel assemblies, cylindrical 18-rod fuel assemblies and
various target assemblies and which is surrounded by a D20 reflector. For
the MAPLE-XIO reactor 4 the core configuration consists of 10 hexagonal
sites and nine cylindrical sites, and the D20 reflector Includes 
irradiation sites to accommodate 60-mm diameter target assemblies and four
230-mm diameter sites for silicon irradiations. At a reactor power of
10 M, this combination of irradiation facilities is sufficiently flexible
to produce the necessary quantities of radioisotopes and provide for
efficient driver fuel management. The APLE-XIO reactor is described In
detail in reference 4 and summarized In Table 1. Figures 2 and 3 how some
key features of the reactor.

The fuel meat for the 36-rof3end 18-rod fuel assemblies is composed of low-
enrichment (about 19.7 vtZ U In total uranium) USi particles dispersed
in an aluminum matrix; it is coextrusion clad ith aluminum to form finned
rods. This fuel has been developed by ACL for use in the NU, KAPLB-XIO,
and other MAPLE reactors. The performance of the U3SI-Al fuel has been
excellent, with up to 93 percent burnup of initial fissile material being
achieved at very high power ratings (in excess of 100 Mm) ithout any
defects. Table 2 summarizes the description of the fuel.

The MAPLE-XIO design relies on two safety systems. one safety system (SSI)
relies on hydraulically-actuated pistons to poise a set of cylindrical
hafnium absorbers above the fuel region. When inserted into the core,
these hafnium absorbers envelop the fuel in three symmetrically located
circular flow tubes. The second safety system (SS2) operates three
electromagnetic latches on the support shafts for the hafnium absorbers
used by the reactor regulating system RS) and triplicated valves hich
enables the D20 to be partially drained from the reflector tank. The
hafnium absorbers have been designed so that fuel changing can proceed
without the need to disable the control or safety systems. In accordance
with Canadian regulatory practice, the two least effective absorbers in
each of SS1 or SS2 must be able to shut down the reactor and maintain the
reactor in a stable sub-critical state for an indefinite period hen all
other absorbers are removed from the core. Additional shutdown margin is
provided in SS2 by partially draining the D20 from the reflector tank.
This provides a highly diverse method of reactivity removal that ensures
reactor shutdown in the (unlikely) event that a common-mode failure
prevents the insertion of the hafnium absorbers.

Short-term reactivity control is achieved through the RRS hich moves three
hafnium absorbers in symmetrically located positions in the core. The
reactivity worth of the hafnium absorbers are described in Section .

Long-term reactivity control is achieved by fuel management. The fuel
management philosophy is described in Section 4.
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TABLE I

MAPLE-X10 REACTOR SPECIFICATIONS

GENERAL
Reactor Type open-tank-in-pool
Fuel lov-enriched U3Si-A1 in

18-rod and 36-rod assemblies
Coolant H20

Primary Reflector D20

Reactor Regulation System (RRS) 3 cylindrical hafnium absorbers
operating in sites containing
18-rod assemblies

Safety System I SSI) 3 cylindrical hafnium absorbers
operating in sites containing
18-rod assemblies

Safety System 2 (SS2) magnetic-latch-release override
of RRS absorbers and partial
draining of D20

Total Fission Pover (MW) 10.4
Heat Removed by Primary Coolant 10.0
System (MW)
Heat Removed by D20 Reflector 0.4
System (MW)

REFLECTOR VESSEL
Shape annular vertical cylinder
Material zirconium-alloy
Vessel Outer Diameter (mm) 1612
Outer Wall Thickness (mm) 6
Vessel Inside Height (mm) 900
Tubesheet Thickness (mm) 12

(top and bottom)
Inner Wall Inside Diameter (mm) 410 (nominal)
Inner Wall Thickness (mm) 6
Irradiation Holes 18 4

inner diameter (mm) 60.0 233.0
outer diameter (mm) 64.0 237.0

REACTOR CORE
Driver Fuel Sites 10
Reactivity-Control Sites 6
In-Core Irradiation Sites 3 (typically)
Total Core Sites 19
Lattice type Hexagonal
Lattice Pitch (mm) 80.1
Effective Core Radius (mm) 183.22
Inlet Temperature C) 35 (typically)
Outlet Temperature C) 45 (typically)
Average Fuel Temperature (OC)

36-rod assemblies 130
18-rod assemblies 177
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TABL 2

FUEL ASSEMBLY DESCRIPTION

DRIVER FUEL ASSEMBLY

Shape Hexagonal
Number of rods/assembly 36
Flow tube diameter
(flat to flat) (mm)

- inner 74.40
- outer 77.60

Mass of ranium (g) 2166.5
Mass of 35 U (g) 426.8
Initial linear fissile
content (g 23 U/mm) 0.72

Rod pitch (mm) 12.0

CIRCULAR FUEL ASSEMBLY

Shape Cylindrical
Number of rods/assembly 18
Flow tube diameter (mm)

- inner 60.0
- outer 62.5

Mass of uranium (g) 1083.3
Mass of 2 3 5U (g) 213.4

Initial linear fissile
content (g 2 3 5U/mm) 0.36

Rod pitch circle radii (mm)
inner 12.0
outer 24.0

3. CALCULATIONAL METHODS

Several computer codes, WIMS-AECL 6 3DDT 17], MCNP 18], are used to
investigate the static behaviour of the MAPLE-X10 reactor and to determine
the neutronic performance of the reactor.

276



S91

REFLECTOR TANK INNER WALL

OUTLINE OF
CHIMNEY WALL

COOLANT

MODERATOR

SS1 SS1

RRSISS2

ISO' mws

Figure 3 MAPLE-X10 Initial Core Arrangement And
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3.1 WIMS-AECL And 3DDT Codes

The Winfrith Improved Multigroup Scheme (WIMS 9 is a multigroup neutron
transport code that solves the neutron transport equation using either
discrete ordinates methods or collision probability methods to prepare
cell-averaged macroscopic reaction cross section data and to perform fuel
burnup calculations. A copy of this code was transferred to ARCL here it
has undergone extensive modifications. The AECL version of this code,
WIMS-AECL, utilizes an 89-group cross-section data library hich has been
compiled from the ENDF/B-V data library. Each of the cells in the 3DDT
model are analyzed ith the WIMS-ARCL code to obtain the macroscopic
reaction cross section data that are flux and volume eighted for the
various materials. All of the materials contained ithin the cell and the
reactor conditions around the cell are simulated in the WIMS-AECL models.
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AECL uses the 3DDT three-dimensional neutron diffusion code to perform
reactor calculations. AECL has developed an interface code, MAPDDT to
facilitate preparation of the geometric description of the reactor model
and to incorporate macroscopic reaction cross section data from the VIMS-
AECL calculations for use in the 3DDT calculations. A three-dimensional
model is created by representing the MAPLE-X10 reactor as a series of
rectangular cells in the XY-plane and superimposing many XY-planes to
represent the Z-direction. The 3DDT calculations are used to determine:

- neutron flux distributions in five energy groups,
- power distributions in the fuel assemblies,
- fuel temperature reactivity coefficient,
- water temperature reactivity coefficient,
- void reactivity coefficient,
- fuel burnup and
- reactivity worths of the fuel assemblies, hafnium absorbers and

radioisotope targets.

3.2 MCNP Code

MCNP is a generalized geometry Monte Carlo code used to perform neutron and
photon transport calculations. This code uses Monte Carlo theory to solve
the neutron transport equations and uses a pointwise continuous cross-
section data library based on NDF/B-V. The generalized geometry
capabilities make it possible to construct a very detailed and realistic
model of the MAPLE-X10 reactor. MCNP is used to analyze specialized
aspects of the MAPLE-XIO reactor which are not well-suited to analysis with
WIMS-AECL and 3DDT, e.g., reactivity worth of D20 dump. As well, MCNP is
used to independently verify some of the results obtained from the IMS-
AECL/3DDT computations by determining the same characteristics with a
different calculational method.

MCNP is used to determine:

- heat deposition in the structural materials (e.g., flow tubes,
inner wall of the reflector tank, absorbers, etc.),

- power distributions in the individual fuel rods,
- reactivity worths of the reactivity-control devices and
- neutron flux distributions.

4. FUEL MANAGEMENT

The initial core loading has been defined to consist of 10 36-rod fuel
assemblies, six 18-rod fuel assemblies located in the SSI and RRS sites and
three dummy target assemblies in the inner circular sites. During the
transition to the equilibrium core, the dummy assemblies will gradually be
replaced with 18-rod assemblies as the initial fissile load is depleted.
Once the equilibrium core fuel management scheme is demonstrated
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commercial-scale radioisotope production will commence and radioisotope
targets will replace various 18-rod fuel assemblies. To provide
information for the safety analyses, three core conditions have been
analyzed in detail:

Initial core 10 fresh 36-rod fuel assemblies, six fresh 18-rod
fuel assemblies and three dummy target assemblies,

Four-day core Same configuration as the initial core but with
four full power days of burnup and equilibrium
xenon concentrations, and

Equilibrium core - 10 36-rod fuel assemblies and nine 18-rod fuel
assemblies ith equilibrium xenon
concentrations and fission-product
distributions appropriate to the equilibrium
fuel management scheme.

WIMS-AECL/3DDT calculations show that the linear power ratings in the 36-
rod and 18-rod fuel assemblies have similar values in the initial core and
peak at about 80 k/m. These peak ratings reduce to about 71 Wm for the
four-day core. The linear power ratings in the equilibrium core have
similar peak values.

Operating the MAPLE-X10 reactor as a dedicated radioisotope production
facility will involve brief shutdowns for target replacement. These
frequent shutdowns provide the opportunity to develop a unique refuelling
strategy. Instead of replacing several fuel assemblies to provide
sufficient excess reactivity for several weeks at full power, fuel
assemblies ill be shuffled on a weekly basis to maintain the available
excess reactivity within a narrow range. Also, since there is considerable
symmetry in the core, two interlaced refuelling patterns can be maintained,
one for the 36-rod fuel assemblies and one for the 18-rod fuel assemblies.
This refuelling strategy allows the scheduling of major shutdowns to match
experimental program requirements.

For the management of 36-rod assemblies, the MAPLE-X10 core is divided into
three zones (see Figure 3 the outer zone with six 36-rod sites, the inner
zone with three 36-rod sites and the centre zone ith one 36-rod site. The
refuelling strategy involves replacing the oldest fuel assembly in the
outer zone with a fresh fuel assembly, hich in turn replaces the oldest
assembly in the inner zone, hich then replaces the fuel assembly in the
centre zone. This fuel replacement scheme Is estimated to add about 15 mk
to the core. To limit the magnitude of changes in reactivity due to this
fuel replacement scheme, it is expected that each step in the three
assembly shuffle will be performed at intervals of about five days, here
between and 9 mk will be added.

For the management of 18-rod assemblies, the MAPLE-XIO core is also divided
into three zones: zone A consists of the three RRS sites, zone consists
of the three SSI sites, and zone C consists of the other three sites ith
circular flow tubes. The fuel replacement strategy involves replacing the
oldest 18-rod assembly in zone A with a fresh 18-rod assembly, which in
turn replaces the oldest 18-rod assembly in zone B, which then replaces the
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oldest 18-rod assembly in zone C. This three assembly shuffle is estimated
to increase the core reactivity by about 13 mk. Like the 36-rod fuel
replacement scheme, the 18-rod fuel shuffles ill occur in intervals of
about five days so that the reactivity addition at each step can be limited
to between and 7 mk.

The complete fuel replacement pattern consists of five 18-rod fuel shuffles
for every four 36-rod fuel shuffles and repeats itself with a period of 54
weeks. Once radioisotope production commences, the 18-rod fuel assemblies
will be replaced by fissile radioisotope targets as required to meet
production quotas. The target replacement frequency ill be determined by
the radioisotope production requirements. Although there may be some
change in the frequency with which the 36-rod fuel assemblies need to be
replaced, its refuelling scheme ill be the same. Indicative calculations
show the reactivity addition for the 36-rod fuel assemblies ill be in the
5 to 9 mk range with radioisotope targets installed.

5. RRS ABSORBER WORTH PROFILES

To validate the five-group (four-mesh) WIMS-AECL/3DDT calculational method
for determining the reactivity worths of the absorbers, CNP was also used
to calculate the reactivity worths of the RRS absorbers as a function of
position for the initial core, with additional aluminum displacers
surrounding the three dummy assemblies. Table 3 summarizes the comparison
of MCNP and WIMS-AECL/3DDT calculations. The IMS-AECL/3DDT results sho a
positive reactivity bias with respect to the MCNP results. VIMS-AECL/3DDT
calculations have also been performed with finer mesh spacing and more
energy groups to investigate the effect of more detailed modelling.

TABLE 3

COMPARISON OF MCNP AND IMS-AECL/3DDT REACTIVTTTRR

CONTROL ABSORBER MCNP WIMS-AECL/3DDT
POSITION (mm) Reactivity k) Reactivity (mk)

0.0 -90.165 2.87 -78.15
73.9 -79.525 3.55 -68-65
137.3 -62.151 3.11 -48.79
200.6 -37.086 2.88 -19.71
264.0 -2.1817 2.80 9.76
301.0 12.6519 1.85 25-22
355.0 33.7725 2.70 44-03
414.1 51.6869 2.23 59.87
473.3 61.255 1.98 71-50
532.4 71.0714 2.35 79.34
591.5 78.7291 2.00 83.95
708.0 79.294 2.13 85.74
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The axial profiles of the reactivity vorths of the RRS absorbers are shown
in Figure 4. The zero position is defined with the absorbers fully
inserted into the core. The difference between the initial core and four-
day core represents four full power days of burnup and equilibrium xenon
concentration. The absorber worths in the equilibrium core are predicted
to be slightly smaller than the four-day core but ith a similar profile.
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Figure 4 RRS Absorber Worth Profiles

6. SAFETY SYSTEM REACTIVITY ORTHS

MAPLE-XIO has to sets of three hafnium absorbers for SS1 and SS2,
respectively and Canadian licensing practice requires that the reactor be
held in a subcritical state by the two least effective absorbers in either
SSI or SS2 for an indefinite period of time, where the subcritical state
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has been defined as k-effective less than or equal to 0.990. In addition,
SS2 partially drains the D20 from the reflector tank in response to reactor
trips. This additional shutdown capability has been added to SS to
provide a highly diverse method for reactivity removal in the (unlikely)
event that the hafnium absorbers fail to insert into the core.

6.1 SSI And SS2 Hafnium Absorber Reactivity Worths

WIMS-AECL/3DDT calculations were performed to determine the reactivity
worths of the hafnium absorbers for the initial core, for the four-day and
for the equilibrium core. These are summarized in Table 4.

TABLE 4

MAPLE-XIO k-effective VALUES AND EXCESS REACTIVITIES

Position Position Initial Core Four-Day Core Equili rium
of SS2 of SSI k-eff Reac. k-eff Reac. k-eff Reac.

all out all out 1.07319 68.2 1.02606 25.4 1.01989 19.5

1 in, 2 out all out 1.03228 31.3 0.98775 -12.4 0.98395 -16.3
all out I in, 2 out 1.03230 31.3 0.98779 -12.4 0.98674 -13.4

2 in, out all out 0.98474 -15.5 0.94194 -61.6 0.94010 -62.7
all out 2 in, 1 out 0.98473 -15.5 0.94200 -61.6 0.94396 -59.4

all in all out 0.91697 -90.6 0.87761 -139.5 0.87594 -141.6

all out all in 0.91692 -90.6 0.87778 -139.2 0.88456 -130.5

all in all in 0.74567 -341.1 0.71500 -398.6 0.73021 -369.5

From Table 4 the reactivity worth of the two least effective absorbers in
SSI are:

Initial core 83.7 k
Four-day core 87.0 mk
Equilibrium core 78.9 mk

From Table 4 the reactivity worth of the two least effective absorbers in
SS2 are:

Initial core 83.7 mk
Four-day core 87.0 mk
Equilibrium core 82.2 mk
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6.2 D20 Dump Reactivity Worth

Figure shows the reactivity worth associated ith lowering the level of
the D20, as calculated with MCNP. The calculations were performed for the
initial core, with the RRS absorbers located at the core mid-plane (i.e.,
450 mm level). The solid line in Figure Is a curve fitted to the NCNP
calculations. Based on the reactivity changes shown in Figure 5, lowering
the D20 by about 480 mm ill provide the same shutdown margin as inserting
two hafnium absorbers from either SSI or SS2.
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Figure 5: D20 Dump Level Reactivity Worth
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7. XENON-DEPENDENT REACTIVITY

The reactivity worth of the equilibrium 3 Xe concentration has been
estimated to be 36.5 mk for the four-day core. Calculations predict that
the reactivity worth of the equilibrium 135 Xe concentration will decrease
to about 34 mk for the equilibrium core. This effect results from some of
the differences between the initial and four-day cores and the equilibrium
core (e.g., more fuelled sites producing the 10 NV, so the average neutron
flux in the fuel Is slightly lower than in the initial core).

From Table 4 It is observed that the four-day core is 61.6 A suberitical
with two hafnium absorbers from either SS1 or SS2 inserted. Since the
13 5Xe reactivity worth is only 36.5 mk, this cori ill remain subcritical
(i.e., k-effective less than 0990) after the 3Xe has decayed away.
Similarly the equilibrium core ill remain subcritical with only two
absorbers from SSI or SS2 inserted after the xenon has decayed away.

8. REACTIVITY BALANCE

As the MAPLE-XIO reactor will be operated for commercial-scale production
of radioisotopes, there ill be short shutdowns to replace radioisotope
targets and fuel. As discussed in Section 4 fuel shuffling will be
controlled to add reactivity in increments of to 9 mk at intervals of
about days. Hence, the end of cycle excess reactivity ill differ from
the beginning of cycle reactivity by only to 9 mk. As noted above, the
reactivity worth of the equilibrium 1 35 Ke concentration will vary from
about 36.5 mk for the four-day core to about 34 ak for the equilibrium
core. If the reactor is started up from an ambient temperature of 209C,
there will be a reduction of about 3 mk in core reactivity during the
transition to normal operating fuel and ater temperatures. If the reactor
is started up from a ater temperature of 350C the reduction in reactivity
during the transition to normal operating fuel and ater temperatures will
be about 1. A A reactivity reserve of 12 to 15 mk, depending on the
fuel shuffle scenario, ill be maintained for overriding the xenon
transient following a short shutdown period. The total available excess
reactivity will be maintained at about 69 mk. This ensures that the
reactor is subcritical by at least 10 mk hen the to least effective
absorbers of either SS1 or SS2 are inserted into the core.

9. REACTIVITY COEFFICIENTS

Table 6 summarizes the reactivity coefficients for the initial core, the
four-day core and the equilibrium core. In Table 6 the reactivity
coefficients for the H20 coolant and the 20 (referred to as moderator) in
the spaces between the flow tubes have been separated. The total
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reactivity effect from heating of the H20 is the sum of the to components.
The average fuel temperature reactivity coefficient for fuel temperatures
between 50 and 5009C are 0.01016 k/*C, 001024 k/OC and -0.0105 k/6C
for the initial core, four-day core and equilibrium core, respectively.
The average H20 (i.e., combined coolant and moderator) temperature
reactivity coefficient for 20 temperatures betveen 40 and 1009C are
-0.1388 mk/-C, 01275 mk/OC and 0.0936 zk/6C for the Initial core, four-
day core and equilibrium core, respectively.

10. SUMMARY

For the MAPLE-XIO reactor, the static physics calculations have shovn that
the axial reactivity-vorth profiles of the RRS hafnium absorbers have
similar shapes for the Initial core, the four-day core and the equilibrium
core. Calculations have also demonstrated that fuel management can define
core loadings to ensure that the reactor to maintainable In a suberitical
state for an indefinite period of time vith only to hafnium absorbers from
either SSI or SS2 Inserted into the core. It has also been determined that
lowering the D20 level can provide sufficient shutdovn margin to maintain
the reactor in a subcritical state and, by a fully diverse method. The
calculations also show that the reactivity coefficients for all three core
conditions are suitably negative.
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TABLE 6

SUMMARY OF REACTIVITY CQEFFICIENTS

Reactivity Coefficients Initial Four-Day Equilibrium
Core Core Core

Fuel Temperature:

500C (mk/-C) -0.0123 -0.0126 -0-0139
250,,C (mk/OC) -0.0104 -0-0105 -0.0110
35011C (mk/-C) -0.0095 -0.0095 -0.0095
50011C (mk/OC) -0.0081 -0.0080 -0.0073

Coolant Temperature:

200C (mk/OC) -0-0956 -0.1015 -0.1135
300C (mk/OC) -0.1075 -0.1108 -0.1212
4OoC (mk/OC) -0.1194 -0.1200 -0.1289
500C (mk/OC) -0-1314 -0.1292 -0.1366
6OoC (mk/OC) -0.1433 -0-1385 -0.1443
900C (mk/*C) -0.1790 -0.1662 -0.1674

10011C (mk/OC) -0-1910 -0.1754 -0.1751

Moderator Temperature:

2OoC (mk/OC) +0.0339 +0.0338 +0.0609
30"C (mk/OC) +0.0304 +0.0311 +0.0573
4011C (mk/*C) +0.0269 +0.0283 +0.0536
5011C (mk/OC) +0.0234 +0.0256 +0.0500
600C (mk/*C) +0.0199 +0.0229 +0.0464
900C (mk/OC) +0.0094 +0.0147 +0.0354

10011C (mk/OC) +0.0059 +0.0120 +0.0318

Coolant Void:

2% (mk/%V) -1.76 -1.49 -1-35
5% (mk/ZV) -1.82 -1.54 -1.41

10% (mk/%V) -1.91 -1-62 -1.50
20% (mk/%V) -2.08 -1.81 -1.69

Moderator Void:

2% (mk/%V) -0.311 -0.253 -0.227
5% (mk/%V) -0.381 -0.315 -0.340

10% (mk/%V) -0.499 -0.418 -0.529
20% (mk/%V) 1 -0.734 -0.626 -0.907
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IMPORTANCE OF POWER AND FLUX MISSMATCH BETWEEN
HEU AND LEU ELEMENTS DURING A GRADUAL CONVERSION

Erik B Jonsson
STUDSVIK AB

Nyk6ping, Sweden

ABSTRACT

The Swedish R2 reactor is during 1991 gradually conver-
ting to LEU operation by inserting 4 to fresh LEU
bundles for each three week cycle. This transient con-
version, which saves fuel, has some unwanted implica-
tions on the operation.

1. Large power peaking in fresh LEU bundles adjacent
to high burned HEU bundles requires extended cal-
culation on the margin to the maximum allowed
channel power.

2. Large flux gradients between low absorbing old
HEU and high absorbing fresh LEU bundles have
complicated the determination of irradiation
doses.

3. The large flux gradients between HEU control rod
followers and fresh LEU bundles have made the
reactor more sensitive to transverse movements
and vibration of the control rods.

These factors have demanded more detailed core calcu-
lations with experimental verification. The calcula-
tions have been performed with the STUDSVIK code
CASMO-3 on simulated 2x2 bundle configurations.
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BACKGROUND

The Swedish R2 reactor is during 1991 gradually con-
verting to LEU (Low Enriched Uranium) inserting 4 to
8 fresh LEU assemblies for each three week cycle. This
transient conversion is necessary from the fuel econo-
my point of view, but it has some unwanted implica-
tions on the operation.

In 1991 the R2 reactor has operated with 9 different
loading patterns and with an increasing number of LEU
fuel elements. No fresh HEU fuel has been added.
Still one third of the core consists of highly burned
HEU elements.

The introduction of the low enriched LEU fuel in MTR
(Material Test Reactor) cores creates large power
missmatch problems due to the large difference in
absorption cross section for the new fuel compared to
the HEU (High Enriched Fuel). This problem is accen-
tuated if the conversion to LEU operation is made
gradually with a checkerboard lattice with high burnt
HEU fuel and fresh LEU fuel. The high thermal flux in
the HEU fuel bundles promote a large power peaking in
the adjacent fresh LEU. The channel power has to be
closely monitored to keep the thermal margins. De-
tailed power peaking calculations have been made with
the STUDSVIK transport code CASMO-3 on the interaction
between HEU and LEU fuel.

CALCULATIONAL METHOD

The flux and power missmatch between HEU and LEU fuel
assemblies has been studied with the CASMO-3 code.
CASMO is a two-dimensional, multigroup transport code
for the calculation of the eigenvalue, flux and power
distribution as function of depletion in pin cells and
on LWR fuel assemblies. The code is capable of hand-
ling fuel rods, absorbing rods and absorbing slabs.
The feature of the code is the ability to perform
detailed transport theory calculations in 70 groups
with standard cross section library based on ENDF/B IV.

The CASMO code is normally used to produce burnup
dependent, homogenized, two group cross sections for
3-D nodal or diffusion analysis codes. The code has no
option for plate type fuel, so the LEU (or HEU) plates
have to be modelled as equivalent fuel rods with fuel
meat and Al-cladding. Each type of fuel element is
thus modelled and depleted to give the burnup dependent
cross sections and isotopic compositions.
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In this special Study the configuration of 2x2 diffe-
rent fuel assemblies were modelled with 14 of each
bundle represented and with mirror outer boundary
conditions. The layout of the core geometry adjacent to
a control rod follower (CRF) fuel assembly is schemati-
cally given in figure .

This layout was modelled as a 19x19 pin problem for
CASMO, with a pin pitch equal to the plate spacing.
This allowed extensive variations in fuel compositions
to simulate different combinations of CRF and fuel
assemblies. The isotopic compositions at different
burnup for each type of fuel were taken from the
depletion calculations on single elements. Small
movements of the CRF sideways could be simulated by
varying the density and compositions of the 'outer
plate'- pins.

RESULTS

Power distribution adjacent to control rod follower

One of our problems was to load fresh LEU bundles
adjacent to the highly burned HEU CRF (Control Rod
Follower) elements. The core calculations (3-D diffu-
sion synthesis) showed very high channel powers.
Calculations with the above CASMO model verified the
high power peaking in the fresh LEU element. Typical
power distribution plots (at maximum power peak) for a
2x2 configuration of a high burnt HEU CRF 30 gU235
remaining) surrounded with nearly fresh LEU 355 gU235)
is shown in figure 2 The maximum power peaking in the
LEU element is 176/1.22-1.44. For comparison is the
corresponding power distribution for a HEU CRF and a
HEU 120 g) shown in figure 3 The internal power
peaking in the HEU assembly is only 127/1.14-1.11

A more common loading pattern around the HEU CRF is a
mixing of LEU 355 g) and HEU 120 g). In figure 4 is
the resulting power distribution from the CRF to the
LEU and HEU assemblies shown. The maximum peaking in
the LEU assembly is about the same 184/1.26-1.46.

The CASMO studies also showed that the power missmatch
between highly burned HEU elements and fresh LEU
elements was smaller but still had to be considered.
Compare figure 4.

The flux gradients in these mixed configurations
resulted in increased uncertainties of the flux levels
in our isotopic irradiation positions.
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To avoid the high Power peaking with channel powers
close to the limits the loading strategy was modified.

Analysis of control rod vibration

In R2 with its forced cooling system there is always
some control rod vibration. After a couple of cycles
with LEU fuel the amplitude of the reactor noise
increased. Investigations with the above model showed
that even small lateral movements of the control rods
result in large reactivity changes due to the large
flux gradients between the HEU CRF and LEU fuel. In
the extreme case of a HEU CRF in a checkerboard lattice
with fresh LEU bundles and burned HEU bundles the local
reactivity changed by 200 250 pcm per mm movement.
The sensitivity of the power peaking due to control rod
movements is shown in figure .

The noise level returned to its normal value after the
loading pattern around the control rods had been
modified and the control rod drives serviced.
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Figure 1. 2x2 Assembly layout for power peaking study.
Central area modelled in CASMO as 19x19 pin array
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Figure 2 Calculated power distribution in
HEU CRF Control Rod Follower) and LU 355 g) assembly.
Vertical and horizontal maxima.
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Figure 3 Calculated power distribution in HEU CRF 30 )
and EU 120 g assembly. vertical and horizontal maxima.
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Figure 4 Calculated power distribution in EU CRF 30 g),
LEU 355 g) and EU 120 g) assemblies.
Vertical and horizontal maxima.
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Figure 5. Calculated power distribution in EU CRF 30 g)

and LEU 355 g) assembly with vibrating CPY (+/- 1.5 mm)
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ABSTRACT

The successive linear programming technique is applied to
obtain the optimum thermal flux in the reflector region
of a high flux reactor using LEU fuel. The design
variables are the reactor power, core radius and coolant
channel thickness. The constraints are the cycle length,
average heat flux and peak/average power density ratio.
The characteristics of the optimum solutions with various
constraints are discussed.

INTWDUCTION

The development of high flux reactors has received much
international attention due to a worldwide demand for intense
neutron facilities. Using advanced fuels developed by the RERTR
program at Argonne, state-of-the art reactor concepts such as the
Oak Ridge ANS reactor' and the Munich FRM-II reactor 2 have been
proposed to provide neutron facilities of very high performance.

The main objective of a high flux reactor is to produce high
density thermal neutrons in a reflector region where various
neutron physics experiments are conducted. The physical principles
and engineering design of high flux reactors have been discussed by
many authors'-". The optimization calculation of a high flux reactor
involves large scale computations that can be time consuming and
expensive. A convenient method based on the successive linear
programming technique' is presented in this paper to calculate the
optimum thermal flux of a high flux reactor. The analysis takes
into account important design constraints such as the average heat
flux, peak/average power density ratio and the cycle length. The
method is based on a first order expansion of the objective
function and design constraints. The resulting system of linear
equations are then solved by a standard linear programming
technique.

Mathematical Model

A typical high flux reactor consists of a small reactor core
surrounded by a D20 reflector. The thermal neutrons in the
reflector region are produced by the diffusion of fast and thermal
neutrons leaking from the reactor core. Depending on constraints
such as the minimum cycle length and thermal-hydraulic safety
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limits, the maximum thermal flux is determined by design variables
such as the reactor power, core radius, coolant channel thickness,
fuel loading and reflector properties. The optimization problem
can be written as:

Maximize the thermal flux

Ch (X)

subject to

(2)

where XXIIX2'.x,) and C(ClIC2'.c,) represent the m design variables
and n constraints.

The optimization problem defined by Eqs. (1) and 2 is
nonlinear. The basis of the successive linear programming technique
is to assume that within small increments in the design variables,
the objective function and constraints can be represented by first
order Taylor expansions of the equations, i.e.,

M 4th8x (3)
Ih (X) Ih X' + F, I

and of the constraints

M At-
C, ( = (O) + =,- 8 1,n (4)

1- xi

The linearized form of the optimization problem can be written as

Maximize

4th8Xt (5)
40 h (X) = 'O h XO +
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subject to

Ci (XI') 'a ac ax., CJ 1,n M_T., F1

where the superscript denotes the initial point where the series
expansion is made. The resulting problem can be solved successively
at each step by a standard linear programming technique for the
design variables until the solution converges.

The reactor model used in this study is similiar to the
conceptual design of the Munich FRM-II compact reactor. A
horizontal section of the reactor core model is shown in Fig. 
The reactor core consists of involute fuel plates cooled and
moderated by H20. The fuel consists of 20% enriched U3S'2 with a
meat density of 48 gU/CM3. The meat thickness is 0.051 cm with
0.03 cm Al cladding on both sides. A Be reflector is placed at the
center of the core to increase the reactivity and to reduce the
power peaking. The core assembly is surrounded by a pool of D20

where thermal neutrons are produced.

Constraints

The performance of a high flux reactor is essentially
determined by the thermal-hydraulic safety limit of the reactor.
Two related constraints that have been considered are the average
heat flux and the peak/average power density ratio. Other
constraints that have also been investigated in the study are the
cycle length, inner core radius and core height.

a. Average heat flux

The high power density associated with a high flux reactor
usually results in a high surface heat flux. The average heat flux
is calculated from the reactor power and the cooling surface area
of the plates. Three different values of average heat flux
constraints, from 160 W/cm' to 200 W/cm', were investigated.

.. Peak/average power density ratio

The power peaking factor is an important parameter in the
thermal-hydraulic safety design of the reactor. It depends on the
size and loading of the reactor. The distribution of fuel in the
fuel plates of some high flux reactors 1,2 is graded to improve the
power distribution. For practical reasons, the fuel meat in this
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analysis has a uniform thickness of 0.051 cm. Three different
peak/average power ratio constraints, from 22 to 26, were
investigated. All calculations were performed without any control
rod perturbation.

c. Cycle length

The reactor must be able to operate continuously for a
reasonable period of time before shutdown for refueling. Three
different cycle length constraints, from 15 days to 40 dayst were
investigated. A EOC Kff of 1055 was chosen in the study to account
for the reactivity worth of the experimental facilities and
temperature effect.

d. Inner Core Radius and Core Height

The results of the optimization calculation indicated that for
given heat flux, peak/average power density ratio and cycle length
constraints, the optimum solutions moved in the direction of
decreasing inner core radius and increasing core height. The inner
core radius, however, cannot be too small for reactivity control
purpose. The core height is limited by the axial flow condition.
The inner core radius and the active fuel height of the LEU core
were chosen to be 612 cm and 0 cm respectively.

Results. The flux and burnup calculations in this study were
performed with the DIF3D6 and REBUS37codes. The EPRI-CELL8 code was
used to generate 15-group cross sections for the diffusion theory
calculations. The partial derivatives in Eqs. 3) and 4 were
obtained from the results of the DIF3D and REBUS3 calculations. The
IMSL routine ZX4LP, which employs the revised simplex method, were
used to solve the successive linearized problem for the design
variables.

The maximum thermal flux in the reflector region is determined
by the power and the leakage area of the reactor core. An increase
in the reactor power is generally accompanied by an increase in the
core radius to satisfy the heat flux and cycle length constraints.
The increase in the core radius, however, would reduce the leakage
and increase the peak/average power density ratio. The coolant
channel thickness therefore would have to be increased to lower the
peak/average power density ratio. The increase in the coolant
channel thickness would reduce the core loading and therefore the
cycle length. The search for the optimum solution would be repeated
until the flux solution and the design variables converge. The
results of the study show that by some suitable choices of step
sizes and starting points, the solutions usually converged in to
8 computational steps.
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A base calculation was first performed by choosing the average
heat flux, peak/average power density ratio and cycle length
constraints to be 160 W/cm2, 22 and 40 days respectively. The
calculated optimum thermal flux in the D20 is 7.6xlO" n/cml/s. The
corresponding reactor power, core radius and coolant channel
thickness are 35 MW, 14.4 cm and 028 cm. In order to test the
nature of the optimum solution, two calculations were performed
using the same constraints but different starting points. It was
found that the two calculations converged to the same solution
point.

By increasing the average heat flux constraint to 200 W/cml
and keeping the other constraints constant, the optimum thermal
flux is increased by 25% to 9.5x1011 n/cml/s. The reactor power is
increased from 35 MW to 53 MW and the core radius from 14.4 cm to
15.8 cm. The change in the coolant channel thickness with the
average heat flux constraint is small. The results of the
calculations are summarized in Table I and Figs. 2 and 3 The high
thermal flux obtained from a high power and large core is limited
by the thermal-hydraulic safety constraints. The implementation of
additional safety constraints such as the critical velocity margin
and the margins to CHF is in progress to improve the optimization
analysis.

By increasing the peak/average power density ratio constraint
from 22 to 26 and keeping the other constraints constant, the
optimum thermal flux is increased by 40% to 10.7xlO" n/cml/s. The
change in the core radius with 'the peak/average power ratio
constraint is small. The reactor power is increased from 35 MW to
50 MW. In order to satisfy the heat flux constraint at higher
reactor power, the numbers of fuel plates is increased from 96 to
134 at the expense of smaller coolant channel thickness. The
results of the calculations are summarized in Table II and Figs. 4
and .

By reducing the cycle length constraint from 40 days to 
days and keeping the other constraints constant, the optimum
thermal flux was increased by 8% to 8.2x1O` n/cm'/s. The increase
in the optimum thermal flux with shorter cycle length is small but
the reduction in reactor power, core radius and coolant channel
thickness is significant. The results of the calculations are
summarized in Table III and Figs. 6 and 7.

Discussion. The results of this study demonstrated the potential
use of the successive linear programming technique in the optimum
design of a high flux reactor. The technique provides a direct
search for the optimum objective function that would satisfy
important design constraints. It can be used to improve the
performance of existing reactor designs.
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The optimum thermal flux of a high flux reactor is determined
by the thermal-hydraulic safety limit. The optimum solution is
proportional to the heat flux and power peaking constraints. The
change in the optimum thermal flux with the cycle length constraint
is small but the required reactor power and core volume decrease
significantly with shorter cycle lengths.

The optimization problem can be formulated in many useful
forms. For example, instead of using the peak thermal flux as the
objective function, one can choose the peak thermal flux/power
ratio or the reactor cost as the objective function and assign the
peak thermal flux as a constraint. The optimization problem becomes
the calculation of the optimum quality factor or the cost of the
reactor.

The present study is based on a simple analysis that has not
included important thermal-hydraulic safety constraints such as the
critical velocity margins and margins to CHF. The implementation of
a more detailed thermal-hydraulic analysis and additional safety
constraints is in progress.
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Table I Results of Optimization Calculations Using Different
Average Beat Flux Constraints

Constraints

Average Heat Flux, 160 180 200
W/CM2

Peak/Average Power 2.2 2.2 2.2

Ratio I I I

cycle length, days 1 40 1 40 41

Design Variables

Power, MW 35 43.5 53

Outer radius, cm 14.4 15.0 15.8

Coolant channel, cm 0.28 0.28 0.29

Numbers of plates 96 96 94

Objective function

Peak thermal flux, 7.6 8.7 9.5
lo" n/CM2/S

Table II Results of Optimization Calculations Using Different
Peak/Average Power Ratio Constraints

Constraints

Peak/average power 2.2 2.4 2.6
ratio

Average heat flux, 160 157 161
W/cm2

cycle length, days 40 41 42

Design Variables

Power, MW 35 42 50

Outer radius, cm 14.4 14.2 14.5

Coolant channel, cm 0.28 0.20 0.17

Numbers of plates 96 121 j 134

Objective function

Peak thermal flux, 7.6 9.3 10.7

10" n/cml/s
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Table III Results of Optimization Calculations Using Different
Cycle Length Constraints

Constraints

Cycle Length, days 40 30 15

Average Heat Flux, 160 158 158
W/CM2

Peak/Average Power 2.2 2.2 2.2
Ratio I

Design Variables

Power, MW 35 31.5 27.5

Outer radius, cm 14.4 13.4 12.3

Coolant channel, cm 0.28 0.25 0.22

Numbers of plates 96 104 -T ill
Objective function

Peak thermal flux, 7.6 7.9 8.2
10" n/ CM2/S
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Fig. Horizontal section of the high flux reactor model
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ABSTRACT

The first pulsed reactor in China has been

developed by Nuclear Power Institute of China NPIC).

It was completed and went criticat in Jly 1990P and

attained to full power in January 1991. It began its

pulsing node operation in March 1991. Sine then, it

has been operating successfulty.Kain features and

parameters are given in this paper for the first

pulsed reactor and the successive commercial type

reactor.

THE FIRST PULSED REACTOR IN CHINA

The first psed reactor in china has been designed and

constructed by Nuclear Power Institute of China NPIC) Al

facilities and equipments are developed and anufactured by China

own efforts Construction started in 1987, completed in Jly 1990.

Reactor went critical in that monthand attained to fall power in

January 1991. It began its pulsing node operation in March 1991.

Sine then, it has been operating successfully.

Three main difficulties at the first stage of design work xere:

(a) development of computing codes used in theoretical

309



catcuattiont (b) uranium-hydrogen-zirconium (U Zr H.6)
fuet-soderator element des i gn and fabrication, and ( c p Ise
emission and pulse prameter easurement ethod as wel as
instrumentation preparation. These difficulties have been overcome

through painstaking efforts tasted for many years'.
Main parameters of the first plsed reactor are isted in

Table 
The reactor is a small pool type reactor, using solid

homogeneous ixture of tow enrichment uranium 20% U-235) and
zirconium hydride fuet-modertor eements, It has graphite
reflector and light water natural circulation cooling system.

The reactor has a Large prompt negative temperature coefficient
of -1 I X 1 0-4 Z�k/k/C, so it has inherent safety. For simplicity,
the first reactor euipped with iited experimental facilities

APPLICATION OF THE PULSED REACTOR BEING CONSTRUCTED

Successive pulsed reactor will be comaerciat type equipped
with four horizontal bean ports three radial and one tangential
one graphite thermal cotaaa, one rotary specimen rack in graphite
reflector with 4 positions, one pneumatic transfer system (rabbit)
near edge of core, one centrat thinbte in centre of core, and
other vertical thinbleS2.

Such type of pulsed reactor can be used in various fields. In
addition to general uses in radioisotopes production, neutron
activation analysis, neutron radiography, irradiation experiments,
basic and applied physical research, education and training, it can
also be used for the safety and dynamics study of power reactors
the netting echanism study of fuel eements, irradiation
experiment of eectronic eements and systems, etc., which can not
be implemented in other type of research reactors. Generally
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Table I.-Main Parasenters of the First Plsed Reactor in China

Rated steady-state power IOOOkV

Averaged neutron fux

thermal I. 4x 1011nv

fast 2. 4 X Io 'Inv

Pulsing parameters

peak power - 3420MI

peak fux - fix I 016nv

saxiaun reactivity insertion 3S (2.IZ�k/k)

prompt energy released 33.0 NJ

prompt period of ulse - 3as

half width of pulse - 9as

Loading 3.5kg U-235

(86 fuel rods)

Lifetime 150 MW- d

Burnup (aver.) 10,OOONW- d/tU

Fuel parameters..

enrichment 20% U-235

dimension 37.2am dian.

390mm active ength

material U Zr H.6

cladding Stainless steel
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speaking, pulsed reactors can be widely used in industry,

agriculture, scientific research, edicine, geology, environmental

protection, archaeology, etc.

PLAN IN FUTURE

Since China has large area and the location of large operating

research reactors are concentrated in Beijing and Chengdu, pulsed
reactor nay find its urgent needs in any provinces. NPIC is ready

to provide various services both domestic and abroad inctudingt
(a) Whole reactor facility supply.

M Reactor fuel eement and other components supply.
(c) Technical transfer, including reactor design, construction,

commissioning, fuel fabricating technology, computing codes, etc.

(d) Personnel training, tchnical consultation, etc.

To meet the demand of the users, research and design works are
undergoing for the high flux core and annular core plsed reactor in
NP I C. It is aso intended to develop the pulsed reactor f o r the
small power station and tow temperature heat suppty station in

future
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ABSTRACT

The RSG-GAS (Reactor Serba Guna G.A. Siwabessy or
the Multipurpose Reactor G.A. Siwabessy) attained
its criticality on July 1987 and now is under the
commissioning phase with the th core. The expec-
ted power would be of 30 MW. During testing and
commissioning, the LEU U300-Al fuel elements with
a fuel density of 296 g/CM3 shows a good perfor-
mance. The tests have been carried out on critical
loading, excess reactivity, fuel and control rod
reactivity worth, termohydraulic verification,
temperature coefficient measurement and visual
inspection of relevant fuel elements.

Due to the excellent result of RERTR program on
the silicide fuel, the feasibility study to con-
vert the use of low-enriched 30e-Al t U3Si2-Al
is being performed. Neutronic and thermohydraulic
calculations emphasizing on safety aspect is also
being carried out. Two silicide fuel elements fa-
bricated by FEPI (the Fuel Element Product Instal-
lation) BATAN have been inserted into the RSG-GAS
core, one in April 1990 the other in October 1990,
and the present burn-up are and 1 respective-
ly. The fuel economic aspects are also considered
due to the fact that the conversion also presents
an opportunity to minimize the fuel cost.

This paper dscribes the current status and plan
of this study.

INTRODUCTION

The Reactor Serba Guna G.A. Siwabessy (RSG-GAS) or the
Multipurpose Reactor G.A. Siwabessy attained its criticality on
July 1987 and now is under its commissioning phase of 6th core.
The expected power would be of 30 MW. During the testing and
commissioning, the low-enriched U308-Al fuel elements with a fuel
density of 296 g/CM3 shows a good performance. The tests have
been carried out on critical loading, excess reactivity, fuel and
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4ontrol rod reacticity worth, termohydraulic verification, tempe-
rature coefficient measurements and visual inspection of relevant
fuel elements.

After the equilibrium condition is achieved, the reactor
core is set up of 7 different burn-up steps of fuel elements. The
given burn-up distribution determines the refueling scheme which
is repeated periodically for each seven cycles. The number of
fresh fuel elements inserted to the core is fuel elements and 
control element for the first 6 cycles and 6 fuel elements and 2
control elements for the 7th cycle. The nominal burn-up of the
discharged elements is between 48% to 56%, with an average of
53.65%.

The choice to use low-enriched U308-Al for RSG GAS fuel-
element was based on the existing fuel technology at the time of
its design in 1984. Many discussions were held, involving an
international support from IAEA and ANL to decide the final fuel
specification such as cladding thickness related to fuel meat
thickness and the fuel density in the meat.

It was believed that by using LEU fuel some penalty to the
RSG-GAS design, uch as lower neutron flux and higher fuel cost,
would exist. The reason was that there would be a need to compen-
sate neutrons absorbed by U238.

Following the excellent result of RERTR program on silicide
fuel and the development in the research reactor and fuel techno-
logy (LEU to LEU conversion from oxide to silicide) at RSG-GAS
since early 1989, the objective is to optimize the use of sili-
cide fuel in such a way that the penalty of using LEU could be
reduced significantly. In the same time, conversion study which
include neutronic, thermohydraulic and safety calculation is

being performed.

Two approaches are available for the purpose of conversion,

namely 1) minor modification and 2 major modification of fuel

element design such as changing the number of plates which could

impact on fabrication by FEPI.

ORGANISATION AND RESPONSIBILITIES

Following the international standard the conversion program

will be organized into three phases. The first phase involves the

safety studies, including fuel qualification, to ensure that the

fuel will perform within appropriate margins of safety. The

second phase consists of the Regulatory Body reviewing the safety

document and evaluating the licensee's request for conversion.

The third phase is the issuance of Regulatory Body's permit to

execute core conversion.

The responsibilities for the various tasks involved in the

program are outlined in the Table below.
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Table 1. Distribution of tasks and responsibility

Deputy for Nuclear Indus- the Regulatory Body BPTA)
try Development is to: is to:
• Develop Implementaion * Develop Regulatory Guide-

Guidelines lines
• Review Proposal from * Review and approve use of

RSG-GAS and FEPI Fuel
• Administer Implementation * Issue conversion Permit

Budget

RSG-GAS as a licensee's The Safety Review Committee
is to: (PPTKR) is to:
• Develop work plan together * Technically review of Safety

with FEPI Report
• Revise Safety Analysis Report, * Provide assistance on Safety

Technical Specification Studies
• Develop fuel specification * Recommend the Regulatory.

together with FEPI Body

Fuel Fabricator (FEPI) is to:
• Develop Fuel Fabrication Technique
• Procure Fuel and Structural Material
• Fuel Qualification test together

with RSG-LP

FUEL ELEMENT FABRICATION AND QUALIFICATION

From fabrication and qualification point of view, several
steps will be taken. First is to fabricate and qualify fuel
elements with U3Si2-Al at the same U-1oading to meet the RSG-GAS
specifications, i.e. 296 g U/CM3. Secondly is to fabricate and
qualify fuel elements with 20% higher U-1oading up to 48 /CM3
loading.

The performance of these silicide fuel elements has, how-
ever, to be demonstrated in RSG-GAS to reach normal and above-
normal burn-up./i/

As a part of the qualification test for the U3Si2-Al and
U308-Al at 296 gU/CM3 loading, four fuel elements had been
inserted, the first two being oxide and silicide element at the
core cycle no. 4 and the other two also of oxide and silicide
elements at the core cycle no. 5. The burn-up reached is around
16% and 8%, respectively for the first and second insertion. A
visual inspection showed similar results as that from fuel ele-
ments fabricated by NUKEM (containing U308-Al).

Prior to the fuel element insertion, a safety analysis
report had been prepared which covered the design bases, fuel
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fabrication and properties, integrity of silicide fuels, thermo-
hydraulic and accident analyses./2/

After several presentations and hearings with the Regulatory
Body and Safety Review Committee, the fuel was inserted on April
1990. It was expected that a post-irradiation examination could
be performed at the Radiometallurgy Installation, Serpong, after
undergoing and 9 cycles.

For fuel with a higher loading, the irradiation test would
be performed in the MTR loop facility to be installed at RSG-GAS.

CONVERSION STUDY

As mentioned earlier, two approaches are available for con-
version, both of them will follow certain boundary conditions
such as 
- nominal enrichment of 19.75% (U3Si2-Al fuel)
- no change of control blade design
- no change of core grid
- no change of primary flow
- maintaining a maximum power of 30 MW thermal
- no change in the available irradiation facilities

Approach with minor changes would be based on the signifi-
cant increase of U-235 loading of up to 20% while maintaining the
number of plates, the meat and cladding thickness for both fuel
element and control element.

The study will cover 1) Silicide Fuel Performance (locally
made by FEPI) 2 neutronic 3 thermohydraulic and 4 Safety
aspects.

The latest result of RERTR program has given full confidence
for fuel irradiation up to 87% burn-up for oxide, and even'up to
90-9 % for silicide, based on irradiation test result in the
ORR.

The objective of this study is to establish the use of
extended burn-up silicide fuels which might improve the perfor-
mance and efficiency of the RSG-GAS operation and at the same
time optimize the fuel utilization which accordingly would reduce
the fuel cost.

All of these are expected to be achieved without sacrificing
the safety requirements of the reference RSG-GAS.

In this study several fuel elements using U3Si2A1, with
U-235 loading ranging from 250 to 300 grams per element without
varying geometry and number of plate catagerized as minor changes
will be analyzed. Regarding major changes which allow varying
geometry and number of plate will be discussed at the other
session of this seminar 3/.
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It is expected that by using extended burn-up silicide fuel,
several 6ondition could be obtained such as 

-The core within certain limit, could maintain neutron flux,
excess reactivity and full power days operation,

-The number of fuel element per year will be reduced to about 
to 10 fuel element, compare to the original need of the core
using U308 fuel

-Because of no changes in geometry and small changes in material
properties, the heat conduction and specific heat of new fuel,
significance impact on cooling and thermohydraulic behavour
including control fuel element is not expected

-The decay heat changes should not be more than marginal removal
system available at GAS-MPR

-The power peaking limit will be maintained during transition
phase from full core U308 to U3Si2 and during equilibrium
conditions

-Because of recent test result n RERTR program for silicide
fuel, it Is expected that the Integrity of the Si fuel locally
made would be maintained at maximum burn-up of 72 

-Source term change should not be more than marginal so that the
change in risk assessment study is not expected.

The scope of Core analysis study will be as follows

-Analysis of fuel lifetime performance using burn-up and rea-
sonable EOC excess of 3 _ k/k '

-Neutronic performance and neutron flux distribution for BOC and
EOC.

-Thermohydraulic investigation at steady state and transient
condition.

-Fuel management scheme for RSG-GAS during transition and equi-
librium condition using extended burn-up silicide fuel will be
developed.

The implementation of study will be performed stepwise as
follows:

-Data compilation and code preparation
-Solution of benchmark problem and code comparison
-Data evaluation of existing oxide fuel up to typical working

core
-Fuel element analysis for Oxide and Silicide for neutronic and

thermohydraulic aspect
-Core conversion analysis

- cell and burn-up calculation (WIMSD4)
- diffusion calculation (2DB)
- thermohydraulic analysis (HEATHYD4)

- Fuel specification
- Fuel loading transition sequence from oxide to silicide.
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ENGINEERING IMPROVEMENT

To achieve the objective of core conversion using LEU sili-
cide with burn-up maximum up to 72 %, provision of new system for
Fuel Failure Detection using delayed neutron detection system
will be incorporated at RSG-GAS.

CONCLUSIONS

The core conversion program from use of LEU Oxide to LEU
Silicide fuel is still being carried out. With minor changes
approach beside of conversion study from fuel fabrication and
qualification point of view the schedule for conversion could be
performed earlier than major changes approach.

The complete post irradiation examimation of Silicide fuel
could be performed after 9 cycle dwelling time in the core which
is about 72 burn-up. Estimate schedule shows that reactor
conversion using minor changes approach could be performed by mid
94 after receiving conversion permit from BPTA (regulatory body)
Enhancing Engineering safety at RSG-GAS in relation to the utili-
zation of high burn-up fuel, Fuel Failure detection using de-
layed neutron detection system will be installed.
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DR 3 POST-CONVERSION MEASUREMENTS
AND CALCULATIONS

Karsten Haack
Riso National Laboratory

Roskilde, Denmark

ABSTRACT

After the gradual conversion of DR 3 through a series of
HZU/LEU mixed transition cores, the all-LEU core was
established in December 1990. The reactorphysical parameters
of the succeeding normal-operation LEU cores were measured
for confirmation of the calculations made for the conversion
application. Following parameters were measured Flux di-
stributions - Fuel reactivity worth - Temperature reactivity
coefficients - Control Arms and Safety Rods reactivity
calibration curves - Fuel burn-up rate - Xenon poisoning -
Cooling circuits data at 12 KW reactor power.

INTRODUCTION

The start-up with the first whole-core LU fuel took place on
December, 14, 1990.

The normal 4 weeks cycle with 4 12 days shut-down has been con-
tinued at 10 KW power ever since. Until now (Nov. 1, 1991) 60 LEU fuel
elements has been irradiated to burn-ups in the range 50-60%.

A series of measurements have been undertaken after the conversion
in order to confirm the calculations of the reactor physics parameters
done before the conversion to LEU started.

A part of these measurements was required by the Nuclear Inspecto-
rate in the approval of the application on starting the conversion from
HEU to LEU in 1988.

A detailed report to the authorities has been written on the
course of the conversion period and the measurements during the conver-
sion and after the conversion was completed. The report was attached the
application for continuous 12 MW operation with LEU fuel.
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FLUX MEASUREMENTS

Thermal and fast neutron flux density profiles were measured by means of
8 Co respectively 8 Ni wires in each accessible core position (i.e. 19-
22 of the 26 core positions) in each cycle during the conversion and du-
ring 3 cycles after the conversion, 30 reactor cycles in all.

At the Newport meeting in 1990 presented some graphs showing the
mean neutron flux variation through the conversion period. The thermal
neutron flux reduction at the time when the fuel was converted from HU
to LEU in that particular position was visible and the decrease was in
good accordance to previous calculations.

In the present report I will show comparisons between the measured
and the calculated neutron flux values. The definitions of "thermal" and
"fast" neutron flux density are not those used in generic and benchmark
calculations on LEU fuel (thermal flux < 0625 V, fast flux > 553
keV), as these fluxes are not directly comparable to those measured by
activation dosimetry.

The calculated flux values are obtained by calculating the induced
activities of the Co- and Ni-wires and using the conventional methods to
calculate the neutron fluxes from these activities.

The figures 16 show the comparisons between calculated (ordinate)
and measured (abscissa) thermal neutron flux densities for HEU (Figs. 
3) and LEU Figs. 46). All values represent the mean of the vertical
flux profile in the appropriate position. The core positions are divided
in three groups:

- centre positions
2 - ntermediate positions
3 - edge positions

3 3 3 3
2 1 1 2
2 1 1 2
2 1 1 2 3
3 3 3 3

Fig. 7 Grouping of fuel element core positions
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The per cent difference between calculated and measured flux valu-
es has been treated statistically. The results are given in Table .

Mean difference Standard deviation

HSU LZU HEU LNU
Centre positions (1) -0,4 0,2 3,7 3,7
Interm. positions 2 1,2 1,4 4,2 4,7
Edge ositions (3) 4.3 3.8 5.7 4.8

Table 1. Per cent difference between calculated and
measured thermal neutron flux dnsities.

Examples of comparisons between calculated and measured vertical
flux profiles are shown on Figs. -10.

FUEL RACTIVITY MEASUREMENTS

The reactivity standard in DR 3 is the Coarse Control Arms (CCA)
calibration curve. However, the reactivity worth of the CCA group de-
creased gradually about 10% during the transition from HEU to LEU It
was decided to stick to the HU calibration curve during the whole con-
version period, correcting for the reactivity measurement errors by the
way.

The reactivity change by every fuel element replacement was measu-
red during and after the conversion. The number of data for each positi-
on are not sufficient yet for a statistical treatment, but the fuel re-
activity weights for LEU fuel agree reasonably well with those calcula-
ted by the 3-dimensional DR3-SIM code.

This calculated set of LEU fuel reactivity weight factors is shown
in Fig. 11. The HEU weight factors are inserted for comparison. It is
seen that the LEU weight factors are much smaller (only about 73% of the
HEU weight factors).
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Al A2 A3 A4

0,0067 0,0082 0,0082 0,0067
(0,0092) (0,0109) (0,0109) (0,0092)

B1 B2 B3 B4 B5 B6

0,0061 0,0100 0,0127 0,0127 0,0100 0,0061
(0,0084) (0,0134) (0,0176) (0,0176) (0,0134) (0,0084)

C1 C2 C3 C4 C5 C6

0,0070 0,0115 0,0149 0,0149 0,0115 0,0070
(0,0092) (0,0159) (0,0209) (0,0209) (0,0159) (0,0092)

D1 D2 D3 D4 D5 D6

0,0061 0,0100 0,0128 0,0128 0,0100 0,0061
(0,0084) (0,0134) (0,0176) (0,0176) (0,0134) (0,0084)

El E2 E3 E4

0,0069 0,0086 0,0086 0,0069
(0,0092) (0,0109) (0,0109) (0,0092)

Fig. 11, Fuel reactivity weight factor finr LEU and
a 235HEU (in parenthesis) (%dk/k per U)

COARSE CONTROL ARMS CALIBRATIONS

Fig. 12 Bhows the calculated CCA calibration curves. The LEU curve
is about 10% lower than the HEU curve owing to the increased total ab-
sorption croBB section of the LEU core.

A number of Inverse Kinetics I measurements were carried out in
connection with the shut-down from each all-LEU operation cycle. The re-
sults are plotted in the graph.

In order to check the curve at a lower CCA-angle than the end-of-
cycle values, a few IK measurements were undertaken at about 200 by
shutting the reactor down for IK measurements within the operation
cycle..

The IK-measurements agree reasonably well with the LEU curve,
within the uncertainty caused by the changing core configurations.

The HEU curve has been confirmed accordingly by IK-measurements,
previously.

AB mentioned before, the HEU CCA-calibration curve was used as the
reactivity reference during the entire conversion period, with the ne-
cessary corrections. After the conversion was completed, it was surpri-
sing to observe, that the LEU CCA-calibration curve apparently was valid
allready when LEU, only, were present in the core. This is demonstra-
ted in Fig. 13, where the IK-measurements deviations from the LEU CCA-
calibration curve through the conversion period are plotted.
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Fig. 12, Reactivity calibration curves for the Coarse Control Arms
compared with reactivity measurements in the all-LEU core.

4

3

Dmoy Puel ea cut in C3

0 so
betipten

26 HBU L.EU SaadWIEU

330 340 350 Z!ycle No. 3"O no

Fig. 13, Inverse Kinetics reactivity measurements
deviations from the LZU CCA-calibration curve
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SAFETY ROD CALIBRATIONS

The safety rods are placed in opposite corners of the core. Their

total reactivity wort'�3V around 2 dk/k, rather strongly dependent on
the CCA angle and the U-content in the fuel elements adjacent to the
safety rods.

The safety rode' reactivity worth was - conservatively - set at
1,6% dk/k in the LU application safety analyses. However, a safety rod
calibration in the all-LZU core after the conversion unveiled a total
worth as low an 117% dk/k. Calculations showed that the lower ends of
the safety rods possibly were burned-out during the 27 years of opera-
tion, to an extent equivalent to 16% reduction of the original reactivi-
ty worth.

Both safety rod absorbers were replaced and the reactivity cali-
brations were repeated. The results are shown in Fig. 14.

A rather bad agreement between the measured reactivity values and
those calculated by means of the DR 3SIM code is noticed. This is a ge-
neral feature by previous measurements/calculatione on the safety rods.
The reason might be that the calculation method applied for "black" ab-
sorbers outside the core is rather uncertain.

DR3. Shutdown 385 - CCA:13'- FCR:30 cm - D20:20T
2

5

0
0 10 20 30 40 50 60 70 SID 90

Vertical Position v.s. fully in" [cm) 9 10 1991, P vrg

SR1, ca1c. , SR2, calc. . SR1, meas. SR2, meas.

Fig. 14, Calculated and measured safety rod
calibration curves, May 1991
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REACTIVITY TZ"ERATURE COEFFICIENTS

The reactivity temperature coof f icients were measured in the all-
LEU core at low power 07-1,4 kW) in the temperature range 5-650C and
at high power 10 MW) in the range 36-606C. The results are given in
Fig. 15, which show the measured temperature coefficients of HU (10 M)
as well.

The difference between the measured LU low power and high power
values does not appear at the calculated LU values. The reason is that
the DR 3-SIM code does not account for temperature differences in the
core, such as between inlet and outlet to the core and between the fuel
plates and the moderator.

r--9

IU -0.700
Meas at 10 M N

0 600

-0SWZ

tab. I kw
-0400

03M

-02M - -
0 10 30 40 50 60 70 so

D20 Bulk Temperature C] 10.10.1"i.P.Wlis
Ca1c.DR3S1M,--HEUat10MW

Fig. 15, Reactivity temperature coefficients of an all-LEU core
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BURN-UP RATE AND XS/SM POISONING

The burn-up rate and the Xe/Sm equilibrium poisoning at continuous 1 KW
operation are measured during every cycle. The progresses of these para-
meters through the conversion period are shown in Fig. 16. As mentioned
earlier, the reactivity reference was the HU CCA-calibration curve un-
til the conversion was completed. That is the reason why measurements
and calculations deviate before the all-LZU core was established.

12 12

HEU SLEU $26 LEU 26 LEU
.110 lop-"

2 � %9
<

6 xx 6
0 x

0
"4

-%r-vaj Las VW

Q
1.4 r
J: 2 2

4 0 04

S 30 350 30 370 380 390 400
C/) Cycle No. 9.10.1"I'P.Wug

Xe/Sm, meas. Bum -up rate, meas.

Xe/Sm, calc. >, bum-upratecalc.

Fig. 16, Burn-up (BU) rate and Xe/Sm poisoning during and after
the conversion to LEU
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12 MW TEST RUN

In order to verify the estimated 12 MW temperature distributions
in the cooling systems presented in connection with the LU application,
a hours 12 MW test run with the all-LEU core was carried out. The re-
sults revealed no new nor interesting aspects, as expected bearing in
mind that other PLUTO/DIDO type reactors have been operating at 25 KW
for years.

However, flux scans at 12 MW confirmed that the power increase
from 10 to 12 KW compensates for the thermal neutron flux density lose
owing to the HEU-to-LEU conversion. The thermal flux in the core was
17-20% higher at 12 MW.

LEU OPERATION EXPERIENCES

The performance of the 180g U Si tube-type LEU fuel elements has
been excellent. The mean burn-up o? t9e 60 fuel elements irradiated up
till now is 55%, the individual burn-ups ranging from 48% to 62%.

The thermal neutron flux density decrease caused by the conversion
to LEU has been as expected: 615%.

The reactivity changes caused by the conversion from HEU to LU
are ahown below:

HEU LEU kchange
Coarse Control Arm group reactivity worth %dk/k) 23,2 21,6 - 7
Shut-down margin (%dk/k) 8,0 6,5 -19
Excess reactivity %dk/k) 15,2 15,1 1
Safety rods reactivity worth (%dk/k) 1,8* 1,7* - 6
Burn-up in each cycle 23 12 days) (%dk/k) 4,04 2,84 -30
Xe/Sm equilibrium poisoning %dk/k) 2,77 2,54 a
Mean fuel reactivity weight factor (%d�j§ per

9 U) 0,0127 0 27
1 -12

Xe-peak after shut-down (%dk/k) 13,7 1 

These values are uncertain, because the safety rods reactivity
worth is rather sensitive to the core configuration and the statistics
are poor.
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It is seen that the burn-up reactivity loss has decreased much
more than the available excess reactivity, which could enable us to ex-
tend the operation cycle length. One of the reasons is, of course, the
increased plutonium production in the LU fuel, another reason is the
increased U235 inventory.

More surprising is that the X/Sm equilibrium poisoning has been
reduced as much as owing to the ab. 10% thermal flux reduction. Ac-
cording to calculations the figure should be 13%.

The reduced burn-up reactivity and Xe/Sm equilibrium poisoning
causes an increase of the available excess reactivity from 15,2 to 16,5%
dk/k, i.e. 9.

LEU LICENSING

The license issued by the Danish Nuclear Inspectorate DNI) before
the start of the conversion from HU to LEU did not include a permission
for continuous LEU operation, neither at 10 MW nor at 12 MW. That per-
mission is conditioned by DNI's assessment on a detailed report on the
measurements and experiences during the conversion, followed by a state-
ment of the DR 3 operation groups own evaluation of the general safety
aspects by changing from HU to LU.

This report 71 pages) was delivered to DNI in May 1991. It was
accompained by the Safeety Committees evaluation, which confirmed the DR
3 operation groups final conclusion: The safety of the DR 3 reactor
plant has not been reduced by the conversion to LU fuel.

DNI's license for 12 KW LU operation has not been issued yet
(October, 11, 1991).

REFERENCES

1. Research Reactor Core Conversion From the Use of Highly Enriched
Uranium to the Use of Low Enriched Uranium Fuels, Guidebook Adden-
dum: Heavy Water Moderated Reactors, IAZA-TECDOC-324, IAEA, Vienna
1985.

2. K. Haack, Irradiation of MEU and LEU Test Fuel Elements in DR 3,
Proceedings of the internal meeting on reduced enrichment for re-
search and test reactors, October 1983, Tokai, Japan, JAERI-M-84-
073.

331



3. K. Haack, Study on Al-Alloy or Silicide LEU for DR 3 in Denmark,
Proceedings of the 1984 international meeting on reduced enrich-
ment for research and test reactors, October 1984, Argonne, USA,
ANL/-RERTR/TM-6, CONF-8410173.

4. K. Haack, Selection of Fuel Type and Core Pattern and Application
for LU-Licensing of the Danish Reactor DR 3 Proceedings of the
1986 international meeting on reduced enrichment for research and
test reactors, Gatlinburg, USA, ANL/RERTR/TM-9, CONF-861185.

5. K. Haack, License Approval on the Conversion of DR 3 to LEU, Pro-
ceedings of the 1988 international meeting on reduced enrichment
for research and test reactors, San Diego, USA, September 1988,
(to be published).

6. K. Haack, Measurements and Experiences during Conversion of DR 3
to Low Enriched Silicide Fuel, Proceedings of the 1990 internatio-
nal Meeting on reduced enrichment for research and test reactors,
Newport, R.I., USA, September 1990, (to be published).

KH/al/1991.10.15.

332



11N111111111
XA04CO131

KINETics-PARAMETER MEASUREMENTS ON RSG-GAS,

A LOW_-ENRICHED FUEL-REACTOR

Uju Jujuratisbela, Bakri Arbie, Surian Pinem,
Tukiran, Lily Suparlina and Om Pal Singh 

Pusat Reaktor Serba Guna, Puspiptek Complex Serpong,
Indonesia.
IGCAR Kalpakkam, India

ABSTRACT

Kinetics parameter measurements, such as reactivity
worths of control rods and fuel elements, beam tube void
reactivity, power reactivity coefficient and xenon poisoning
reactivity have been performed on different cores of
Reaktor Serba Guna G.A. Siwabessy (RSG-GAS).
In paralel, a programme was also initiated to measure the
other kinetics parameters like effective delayed neutron
life time, prompt neutron decay constant, validation of
period reactivity relationship and zero power frequency
response function. The paper provides the results of these
measurements.

I.-INTRODUCTION

Reaktor Serba Guna G.A. Siwabessy (RSG-GAS) is a low
enriched fuel reactor that achieved its first criticality in
July, 1987. It is a light water, open pool reactor with a
thermal power of 30 MW, and is considered to be the first
reactor in the world to have been designed and constructed
for use of low enriched 19.75 %) uranium.

The core is assembled of 21 standard U -Al dispersion
MTR type fuel plates and Ag-In-Cd alloy f09rke type control
absorbers. A typical working core (TWC) configuration
consists of 40 fuel elements, control elements and 30
beryllium reflector elements. The calculated thermal neutron
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10,14 - 2 -1 .
flux is 24 x n.c S in the central irradiation

X 1014 -2 -1
positions, 14 n.cm s in the active core irradia-

1 X 1014 2 -t
tion positions and 1. n.cm s in the beryllium
reflector irradiation positions.

The measurements before TWC were performed on
various cores known as core 1, core 2 core 3 core 4 core
5 and core 6 The difference between different core
configurations is shown in appendix A. In the present paper,
the results are presented on kinetics parameter measurements
of the reactor in different core configurations. The
first part of the paper gives the results of reactivity
worth measurements of control rods and fuel elements, beam
tube void, power coefficient of reactivity and xenon
reactivity coefficient measurements. In the second part, we
provide the results of period reactivity and zero power
frequency response function measurements and determination
of prompt neutron decay constant and effective delayed
neutron life time.

II. MEASUREMENTS AND RESULTS

Part I Reactivity Reasurements

M. Control--Rod-Reactivity Worths

The tests have been performed on various cores of the
reactor RSG-GAS to measure the reactivity worths of control
rods and to calibrate them with respect to reactivity and
the rod length. The control rods affect the reactivity of
the reactor through changing in absorption and leakage
of neutrons. For the first core, the rod worth measurements
and calibrations were performed using the standard methods
like period-method, reactivity meter method and the results
were well comparable to other methods. The reactivity worth
of regulating rod (JDA 06/C-8) at the beginning of cycle of
core 1 3 and 6 is shown in Figure 
The total worths of control rods, excess reactivity,
shutdown reactivity and stuck rod reactivity for core 
to 6 are given in Table 

334



(ii). Fuel--Element Reactivity Worths

Loading of a fuel element leads to a positive
reactivity in the core due to increasing of fission
reaction. To measure the fuel worth, the reactor is made
critical at source free condition. At this state, the
control rod positions are recorded. Subsequently, the
reactor is shutdown, then one fuel element is unloaded
and a dummy element is inserted. After that, the reactor
is made critical at a source free level. The difference
between the control rod positions in the two situations
provides the worth of the fuel element. Typical results for
core I to are given in Table 2.

(iii). Beam Tube-Void Reactivity

An emptied beam tube may lead to increasing of neutron
leakage and reducing moderation of neutrons that cause the
change of reactivity. However, due to the large size of the
reactor, the expected reactivity effect is small. For
measuring the void worth of a beam tube, the reactor is
made critical at a source free level with all tubes filled
with water. A similar measurement is performed by emptying
the concerned tube. The difference between the position of
the regulating rod in the two situations is the beam tube
void worth. Measurements performed on various cores showed
that the beam tube void worth is negative and in the range
of 2 to 4 cents (Table 3.

(iv). Power Reactivity Coefficient

Power reactivity coefficient is the change of
reactivity per unit power. The coefficient arises due to the
change of core temperature, core geometry or physical
condition of the fuel when the power of the reactor
is changed.

First the reactor is stabilized at source free power
level and the control rod positions are recorded. The power
is then increased and stabilized to a pre-specified level.
The difference between the control rod positions in the
two situations provide the reactivity change. Dividing
this value with the difference in the corresponding power
level gives the power reactivity coefficient. The results of
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power reactivity coefficient measurements for different
cores are given in Table 4.

(v). Xenon--Reactivity-Measurements

Xenon reactivity is measured for xenon buildup during
steady state operation of the reactor at a specified power
level and its buildup and decay during shutdown state of
the reactor. The continuous record of control rod positions
during the three phases (initial buildup, buildup following
shutdown and then decay) provides the record of xenon
reactivity. Xenon reactivity built-up at 15 MW and 18 MW of
the fifth core is shown in Figure 2.
Reactivity loss due to buildup of xenon in the steady state
power levels and maximum reactivity loss at zero power
operation subsequent to power levels can be seen i n
Table 5.

Part II Neutron-Parameter Measurements

M. Delayed-Neutron Parameters

Delayed neutron parameters of RSG-GAS have been
measured indirectly by verifying the theoretical period-
reactivity relation, effective delayed neutron life time
and zero power frequency response function of the reactor.

(a). Period Reactivity Relationship

Theoretical period-reactivity relationship is expressed
as

A Pi 
- + .............. (1)P

0 T 1 + k T
i

where fraction of delayed neutrons, A = prompt neutron
life time, = decay constant of the jth group of delayed
neutrons precursors concentration, jth group delayed
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neutron fraction, T = reactor period and p is the
reactivity. It can be shown that if in a rod dropotest p is
the reactivity resulting from rod drop and Po and P1 areothe
power levels before and after rod drop and P(t) is power
profile following rod drop, then

Po P1 S P(S) (2)

Pi Po S P(S)
where

P(s) f P W) e St' dtf ......... (3)

0

It is, therefore, possible to verify theoretical equation
(1) that involves delayed neutron parameters using
experimental equation 2 The comparision of theoretical 
Vs T curve with the experimental curve obtained from a ro�
drop test conducted on core 2 is shown in Fig.3. The
comparision is quite good implying the verification of the
delayed neutron parameters of the reactor.

(b). Effective-Delayed Neutron Life Time

The effective delayed neutron life time, T, is defined
as,

1
-IT (4)

It can be shown that for a rod drop test,

co

P (t) dt

Po - Pi ......... (5)
T

Pi Po
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The value of T calculated from - equation (4 is
12.74 s. Measured value Of T calculated from equation (5)
is 13.21 s. The two compares well within 4 difference.
This also verifies the theoretical values of delayed neutron
parameters.

(c). Zero Power Freauency Response Function

Zero power frequency response function is the inverse
of period-reactivity relationship with I/T s i4j
That is

A iW

Z (ico) i - 7

PI j Xj + iW

In terms of the parameters of rod drop test.

Pi Po - i(') (iW)
Z (i(o) (7)

Po - P1 i(o P (its)

where

P (iw) P (t') e- iwt' dt' ...... (8)

The theoretical and experimental values of the magnitude
and phase of zero power frequency response function are
plotted in Fig.4 and as a function of frequency. The
comparision is good which again verifies the delayed neutron
parameters of the reactor.

(ii). Prompt Neutron Decay-Constant

The prompt neutron decay constant, a A of
the reactor has been measured using auto correlation
analysis of the statisics of neutron counts recorded in a
given time T. The measured auto correlation function,
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(F) is least square fitted with the following relation,
cc

2 CX
W ) A + A B e > 0 ........ (9)

cc

for getting the value of a Here A and are constants
and is the lag parameter. The value of a obtained from one
of the neutron noise experiment conducted on core 2 is
146 s 1. The theoretical value is 125 s1. In view of the
uncertainties in noise experiments, the comparision between
theoretical and experimental value is good.

III. SUMMARY

The paper provides the results of kinetics measurements
like reactivity worths, reactivity coefficients and delayed
and prompt neutron parameter measurements of Reaktor
Serba Guna G.A. Siwabessy.
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A"I"1 A

Different Core Loadings of RSG-GAS

Coll
NO. CONFIGURATION 91,8KINTS

II III IV V VI

1. No. of Fuel Elements is 18 22 28 33 40

2. No. of Control Rods 6 6 8 8 8 8

3. No. of Be Blocks 42 58 29 35 37 30

4. Excess Reactivity 9.37 10.59 8.90 11.79 11.23 9.?2

5. Control Rods orths ()
at Beginning of Cycle. 23.26 24.40 25.0 25.50 23.14 20.29

6. Primary Coolant Flow (13/h) 2550 2677 2703 2881 3060 3264

7. Flow Rate Average of Fuel
Element WA). 51.78 51.20 49.011 50.84 49.221 47.01

-----T
8. Kaiimun Power Level (KW) 10 13.60 18.19 22.13 25.40 30

9. Temperature Drop Across
the Core (11 9.87 11.21 11.22 10.49 9.76

10, Maximum Fuel Temperature (I 66.4 84.4 87.45 85.0 67.40

Remark To be measured
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TABL I

Control Rod Vorths for Different Cores of RSG-GAS
by Bank Rod Compensation Kethod and Reactivity meter

REACTIVITY AT CORE TRANSITION
CONTROL

ROUPOSITION I II III IV V VI

BOG FOG BOG 90C BOG ROG BOG 80C BOG BOC BOG ROG

JDA013-9 3.35 3.73 3.65 3.39 2.63 2.35 2.52 2.10 1.61 1.50 2.26 -

JDA02/G-6 2.71 2.41 3.04 2.60 3.59 2.69 2.51

JDA03/F-8 4.23 13.76 4.47 4.05 3.48 2.66 2.89 2.41 2.27 1.99 2.57 -

JDA04IF-5 4.38 3.82 5.33 4.71 3.67 2.81 3.31 2.93 3.72 2.91 2.74 -

JDA05/C-5 -3 78 3 50 3.35 3.22 1 3.33 2.93 3.81 2.98 3.15 2 0 2.80 -

JDA06IC-8 $ -- = --

(REG ROD) 4.37 3.03 4.43 4.03 4.01 3.56 2.70 2.54 2.12 1.91 2.30 -

JDA07/D-4 3.15 3.01 3.17 2.92 2.10 3.96 2.30 3.58 2.84 2.51 -

JDA08/B-7 - - - 2.92 2.63 3.27 2.03 3.10 2.36 2.60 -

TOTAL 23.26 20-85 24.0 22-37 25-05 22.16 25.50 21,23 23,14 18.80 20.29 -

EXCESS RRAC- 12.25 6,561 13-84 9.06 11.63 6.60 15.41 7 70 14 ,68 6.60 12.70
TIVITY (fell (9,37%) 100.59%) (8.90%) 1 (11.23%1 (9.72%)l -

- -- F-
A fei 5.69 4.78 5.03 7.71 8.08

SHUTDOWN
REACTIVITY 11.01 14-291 10.56 13.31 13.43 15.56 10.09 13.44 8.45 12.20 7.59 -

STUCK ROD
REACTIVITY 6.63 10-47 5.23 8.60 9.42 12,0D 6.13 10 46 4.73 8.36 4.79 -

REMARK The largest reactivity of control rod at BOC/ROC
Effective delayed neutron fraction 000710
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TABLE 2

Fuel Element orths for Different Cores at OC of RSG-GAS

No. FUEL ELEMENT U-235 REACTIVITY CORR POSITION
CODE FRESH MASS

(GRAM) I II III IV V VI

1.1 RI 12 250.18 3.51/D5 3.87/D5 2.16/D5 1.90/D5 1.00/D3
RI IV, 250.08 1,941C9 3.08IC9 1.36IC9 1124/0 ).II/A5

3. RI 14 250.15 2.251F9 2.63/F9 1.4339 1,0209 1.13/H5
41, RI 15 250,48 3.31/D8 4.31/D8 1.36/D9 1.70/F6 1104/H6
5. RI 16 249-96 3.17/0 3.77/0 2.15/C7 1.80M 1.02/B9
6. RI 17 250.07 3.40/C6 4,27/C6 2,46/C6 2.01IC6 I-JO/B4
7.! RI 18 250.29 1175/C4 2.68/G5 1.89/G5 1.6910 1.011AB
811 RI 19 251-14 5.29/E6 5.10/E6 2,24/E5 2.01JE5 1.15/G4
91' RI 20 251.29 4,34/F7 4.15/F7 2.101F? 1,65IF7 1.05/H7
0. P.1 21 111,51.35 3,38/E5 3.79/E5 2.061E4 1.87/E4 0.911E10
P iI 22 1151.44 3.79/F6 3.62/F6 2,19/F6 0.72/DIO 1.18193
2. RI 23 246.92 2.19/E4 2.68IF4 1.83/P4 2.04/F4 1.26/A6
3. RI 24 218.14 2.31/D9 2.38/C4 2.04/C4 1.74/C4 1.16/A7

14-� RI 25 247.61 5.11/D7 5.23/D7 1-8l/D8 1.19/D8 I-01/D10
15. 1 RI 26 248-29 3.99/EB 4.08/E6 1.84/E8 1.17/ES 1.04/G9
16., RI 27 248.42 2.08/F4 2.94IB8 1.72/B8 1.16/B8 1.35/G8
17. RI 28 247.�2 1131/B9 1.04/B9 1166/Da
18. RI 30 246.32 2.03/B4 1.83/B4 1.64/C6 1.80/C6
19. RI 31 246.49 2.19/G9 1.29/G9 1.13/G9 1.75/F7
20. RI 32 246.68 2.87/G8 1.76IG8 1.42/G8 1.43/G5
21, RI 33 246.67 2.27/G4 1.64/G4 2.05/G4 1.82/E5
22. RI 34 246.6? 2.82/B5 2.29/B5 1.82/B5 1.30/88
23.1 RI 35 249.85 1.48/H6 1.71M 1.2103
24.' RI 36 248.67 I-50M 1.58/H7 1.06/A8
25.; RI 37 248.68 1,74/0 1.53/A7 1.3610

RI . 8 248.57 1.92/0 1.28/A.8 1186/D5
RI 19 248.23 1.15/91 0.77/flo 1133/89

Is. RI 40 248-21 1.89/D3 1.84/H5 1.6938
29,; RI 41 249.60 II1.61/A5 1.35/0
30.: RI 42 248.90 12-01M 1,20010
31.' RI 43 249-14 1.33198 1.85/F6
32.' RI 44 448.?2 - 1,141A9
33. RI 45 2;011; 1,21/A4
34, RI 46 249.23 1.1149
35. RI 47 249.!4 1.291H4
36. RI 48 252,00 1.17/C10
37.1 RIE01 251.60 1,9610 1.71/0 1159/B5

I RISIEI 249-5038. i 1,62JA5 1.64/F4
39., nM 249.70 2.03/E3 1.81/C?
40.; RISIE2 219.50 1.90/D3 1.77/D3 5/C4

Resark Not easured (3 - RI 41 was replaced by RISIEI
(1 - RI 38 was replaced by RIEDI (4 - RI 42 was replaced by RIE02
(2 - RI 40 was replaced by RISIE2
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TABLE 3

Beam Tube Void Reactivity of Different Cores
of RSG-GAS.

REACTIVITY (CENT) OF THE CORES TRANSITION

BEAM TUBE I II III IV V VI
I - I- , - . --- -- ---- --- ----

FLOODING EMPTYING
----------

S-6 1.0 EMPTIED EPTIED EMPTIED EMPTIED EMPTIED
S1 TO S5 EMPTIEDIFLOODED FLOODED FLOODED FLOODED FLOODED)
S-5 1.0 -2.6 0.0 -1.95 -3.08 1 -5.29 1
S-4 0 -1.6 1 -2.20 1 -2.93 1 - 1.03 -1.18
S-3 0 0 -0.00 -0.98 -2.04 -1.18
S-2 0 0 -0.00 I -1.00 0 51 - 76
S-1 0 1. 6 1.10 0.00 -3:05 -1:73

-- - ------ -

S1 TO 5
EMPTIED 2.0 -5.8 -3.30 -6.86 -9.71 -11.14'

Remark All beam tubes are flooded

TABLE 4

Power Reactivity Coefficient for Different Cores
of RSG-GAS.

CORE POWER COEFFICIENT (CENTS/MW)

-3.82 -2 17 -1.58 -1.94 1
(0.92 MW) (2.7� MW) (4.66 MW) (6.57 MW)

-1.08 -0.74 -0.77
III (5 MW) (9 MW) (18 MW)

-0.91 -1.10 -1.10 -1.04
IV (5 MW) (10 MW) (15 MW) (21 MW)

V

VI To be measured

Remark Not measured
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TABL 5

Reactivity Loss by Build Up of Xenon, and Samariva and by Burn Up
of Different Cores for RSG-GAS.

if IV V VI
CORI AND
POWER, LEVEL 4.7 6.7 8.7 10.1 10.1 13.3 13.3 18.0 15.3 15.0 18.0

(IV) T
0

REACTIVITY
/ PERATION

TINE h b h h h h b h h I

XENON BUILD-UP I
AT SEADY STATE 3.26 2.68 2.78 3.24 4.00 4.24 3.82 3.69 5.43 4.20 3.97 9
POWER PERATION

(PHASE 
64.5 51 73 41.5 40.50 49.50 62.25 68.00 64.00 51.67 60.00 9

XENON BUILD-UP 6.66 7.97 Not Not 13.00 Not 12.59 11.84 20.15 12.01 14.13 D
TO PEA[ AFTER Obser- Obser- Obser
REACTOR SHUT vable vable vable 2.59
DOWN (PHASE III - - 9.58 8.92 (Peak 9.00 9.50 9.52

not ob- (Extra-
servib- polati-
le) on)

12.59 11.64 12-01 12.16
XENON DCAY 13.00 13.14 _-) 0 _-) 0 20.15 _-) 0 _-) 0

AFTE RI
OF XENON 65.31 54.00

(PHASE 111) 62.42 69.31 61.12 70.97 61.17
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LAEA PROGRAMME ON RESEARCH REACTOR SAFETY

F. Alcala and A.F. Di Meglio
International Atomic Energy Agency

Division of Nuclear Safety
Wagramerstrasse 5, P.O. Box 100

A-1400 Vienna, Austria

ABSTRACT

This paper describes the LEA programme on research reactor
safety and includes the safety related areas of conversions to the use of
low enriched uranium (LEU) fuel. IMe program is based on the LAEA
statutory responsibilities as they apply to the requirements of over 320
research reactors operating around the world. The programme covers
four major areas:

(a) the development of safety documents

(b) safety missions to research reactor facilities

(c) support of research programmes on research reactor Mfety

(d) support of Technical Cooperation projects on
research reactor safety issues.

The demand for these activities by the IAEA member states has
increased substantially in recent years especially in developing countries
with increasing emphasis being placed on LEU conversion matters. In
response to this demand, the UEA has undertaken an extensive
programme for each of the four areas above.

INTRODUCTION

The first research reactor was constructed more than 48 years ago and since that
time approximately 535 research reactors have operated around the world. Of these
about 323 are still operating in 54 countries with the distribution shown in Table 1. The
operating experience exceeds 10,000 reactor-years with more than 7000 of these on units
still in operation. It should be noted that power reactors are operated in 30 countries.

These research reactors represent a wide variation in design, power level, operating
mode and use ranging from critical facilities to hundreds of megawatts and from several
hours of operation per week to continuous. In addition, they are operated by
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Country Humber Country Number

Algeria I Korea, Rep. of 3
Argentina 5 Libyan Arab J. I
Australia 2 Ralaysia I
Austria 3 Kexico 3
Bangladesh I Netherlands 2
Belgium 5 Norway 2
Brazil 4 Pakistan 2
Bulgaria I Peru 2
Canada 14 Philippines 1
Chile 2 Poland 3
China 10 Portugal I
Colombia I Romania 28
Czechoslovakia 3 South Africa 1
Des. People's Rep. Korea 1 Sweden 2
Denmark 2 Switzerland 4
Egypt 1 Thailand I
Finland 1 Turkey 2
France 20 USSR 24
German Dem. Rep. 5 UK is
Germany, Fed. Rep. 21 USA 93
Greece 2 Venezuela 1
Hungary 3 Viet Nam 1
India 5 Yugoslavia 3
Indonesia 3 Zaire I
Iran, Islamic Rep. of 1
Iraq 2 Total 323C
Israel 2a
Italy 7b
Jamaica 1 a information incomplete.
Japan is b Includes a reactor of the

CEC in Ispra.
C Total includes five research
reactors In Taiwan, China.

Table Research Reactors In Operation (April 1990)

1

organizations with very different technical and financial means ranging from small
universities or research institutes to large governmental institutions. In some countries
where research reactors operate there is no formal governmental regulatory body.

Most of the operating research reactors, about 70%, were placed in service more
than twenty years ago. To overcome the effects of ageing many are undergoing
modifications including upgradings and LEU conversions and some are undergoing safety
reassessments. Figure presents the age distribution of research reactors.

Since 1988, six new reactors have been commissioned: five others have been shut
down. A urther six are under construction and 16 are planned, almost all in developing
countries.

In light of this situation, the International Atomic Energy Agency (IAEA) is giving
consideration to all matters related to research reactors. 'he safety related activities are
based on the IAEA statutory functions of

(a) establishing and adopting standards of safety and providing for their applications.
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(b) fostering the exchange of technical information, scientists and experts and their

training.

(c) encouraging and assisting research.

(d) making provisions of materials equipment and services to meet the

needs of the above research.

In addition the statute provides for safety issions to the research reactors of

member states.

To accomplish this, the LEA is pursuing activities in four major areas as Wows:

(a) the development of safety documents for research reactors.

(b) safety missions to research reactors.

(c) support of research programs on research reactor safety.

(d) support of Technical Cooperation (TQ projects on research reactor
safety issues.

Over the past few years the demand from member states for these activities has
increased substantially and is now expanding to include conversion to LEU and the

accompanying reanalysis of safety issues. For this reason, the LEA has active extensive

prograrnmes in each of these four areas.
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DEVELOPMENT OF SAFETY DOCUMENTS FOR RESEARCH REACTORS

Since the early 1970's the L4,EA has developed many reports on nuclear safety.
However, most of these have been for nuclear power* and the number of safety related
publications for research reactors has been small. The only LEA Safety Series
document exclusively for research reactors is a "Code of Practice on the Safe Operation
of Research Reactors and Critical Assemblies" (Safety Series No. 35). This was first
published in 1971 and revised in 1984 as a Safety Standard.

This is a reflection of the general situation in most countries where until recently
little safety guidance has been available for research reactors including countries with
well established extensive programs. To fill this gap, the L&EA has initiated a program
on safety publications for research reactors and has been collecting information and
experience since 1984. This program should be completed in a few years.

The program consists of the publication of a limited set of documents within the
LAXA safety series to establish a consistent self-standing set of basic requirements and
guidelines for the safety of research reactors. It will be modelled after the NUSS
program but will be considerably reduced in scope.

Document preparation has been organized based on the new LEA Safety Series

structure approved in 1988. In this scheme, documents are grouped together into single
topics called Application Areas with Research Reactor Safety being one such area.

Within each application area, a hierarchy of four levels has been established these are

(a) Safety Fundamentals

(b) Safety Standards

(c) Safety Guides

(d) Safety Practices

A provisional scheme of titles for the above set is presented in Figure 2.

Safety Fundamentals

This top level is characterized by the presentation of safety concepts, safety
objectives, and fundamental principles and requirements. Its content may be relevant

for more than one application area. These Safety Fundamentals are umbrella documents

which are implemented by lower level publications.

For the research reactor safety series no specific Safety Fundamentals document is
anticipated.

* The IAEA Nuclear Safety Standards (NUSS), 60 Codes and Standards dealing with
nuclear power reactor safety.
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Safety ety Assessment* Cmmi sioning Utilization 0 I Emergency] Decommissio
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& Control Studio 1*1 Draft of related publication e3dats

Fig. 2 Categories of IAEA Safety Publications for Research Reactors

Safety Standards

Safety standards are the top safety documents specific to individual Application
Areas. hey establish the basic objectives, principles and requirements (explain wat
is to be done rather than how it could be done) that must be satisfied to ensure adequate
safety. These requirements are formulated on the basis of a broad international
consensus and represent the current state of the art of the safety of nuclear technology.
These documents contain firm requirements ("shall' statements) of a mostly regulatory
nature and little explanatory text or recommendations.

Only two titles in this category are anticipated for the Application Area of Research
Reactor Safety:

(a) Code on the Safety of Research Reactors: Design, and

(b) Code on the Safety of Research Reactors: Operation.

These documents cover all important items of research reactor safety. The safety
aspects related to design and operation have been emphasized in relationship to those
related to siting, regulatory supervision, and quality assurance because of the wide
variation in research reactors.

The documents are intended to cover all research reactors already built or under
design and construction. However, safety issues applicable to very specific reactor types
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(for example, test reactors) are not necessarily covered in these codes. Some of the
recommendations in the safety standard are also not directly applicable to very small
research reactors. For these cases, the requirements can be interpreted as mere
recommendations.

Code on the Safety of Nuclear Research Reactors: Dekipn

The Safety Standard on Design has been prepared and its main objective is to
provide a safety basis for the design of a research reactor and for the assessment of the
design. Another objective is to cover regulatory supervision and siting, as far as they are
related to activities for the design of the reactor.

The scope of the standard is broad and only those specific design principles relevant
to the reactor under consideration need be adopted. These principles can form the
foundation on which an 1AEA member state may develop specific criteria for its reactor.

The principle embodied in this document shall be applied to the design of new
research reactors and should also apply to existing ones to the extent that is reasonably
practical. The recommendations of this Safety Standard will be followed in all the MEA
assisted projects concerning the siting, design, construction, commissioning, experimental
design or safety evaluation of research reactors.

This Safety Standard has been structured taking into account its role in the coverage
of all important items regarding the safety design of research reactors. It consists of six
sections and two appendices as shown in Table 2.

Section 1, introducing the document, defines the objectives and scope and presents
its structure. Section 2 making reference to the LNEA Safety Fundamental, introduces
the general objectives concerning the radiological and nuclear safety of research reactors
and describes the approach used in this document for their achievement. Section 3 deals
with general requirements regarding regulatory supervision as far as they are related to
the design of research reactors. In this section some guidance on the first steps of the
licensing process of research reactors is also included. Section 4 provides some general
statements and requirements regarding the selection and evaluation of the reactor site
as far as they concern the reactor design or are related to the licensing process of the
reactor. Section describes the general design principles applicable to all types of
research reactors. Section 6 deals with the specific design principles as appropriate for
a given research reactor. Appendix A provides a list of the selected postulated initiating
events to be considered in the safety analysis of any research reactor. Finally, Appendix
B presents a list with the safety functions attributed to the safety systems and other safety
related items normally included in the research reactor design.

Code on the Safe1y of Nuclear Research Reactors: Operation

The Safety Standard on Operation has been prepared and is based on the existing
document Safety Series No. 35, 1984 edition. The document covers all aspects of safe
operations of a reactor including regulatory supervision and the application of a quality
assurance program.
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The main objective of this document is to provide general and specific principles and
requirements for the safe operation of a research reactor, with emphasis on the
supervision and managerial aspects. However, the document also provides some
guidance and information on topics concerning all the organizations involved in the
operation, namely: operating organization, regulatory body, users, and other
organizations.

'Me objectives are accomplished by providing safety principles and requirements.
In addition to the requirements mentioned above the statement stresses operating
procedure reviews and audits and personal history training and retraining. Together with
the safety standard on design, this standard on operation must cover all items important
to safety during the entire life cycle of a research reactor.

Table 3 presents the table of contents for this standard. The eleven chapters of the
document cover all stages of the reactor lifetime from an operational standpoint. Those
topics not covered further by a safety guide have been developed in detail. Although not
shown in the table of contents, important aspects of reactor management are included.

Safety Guides

Safety Guides implement documents of a higher level, usually Safety Standards and
provide recommendations on how to carry out the requirements of the Standards. These
recommendations may be written in an obligatory format; they will contain considerable
background information and be in less formal language than in the Standard.

Five Safety Guides are anticipated as follows:

(a) Safety Assessment and Safety Analysis Report of Research Reactors,

(b) Modifications and Experiments of Research Reactors,

(c) Emergency Planning and Preparedness of Research Reactors,

(d) Commissioning of Research Reactors

(e) Decommissioning of Research Reactors.

The Safety Guide on decommissioning has already been published*,but it will
probably be reviewed to convert it to safety practice.

The guide for Safety Assessment and Safety Analysis Report, Modifications and
Experiments and Emergency Planning are well along. The preparation of the guide on
commissioning has not begun.

Safety in Decommissioning of Research Reactors, Safety Series No. 74, L4,EA,
Vienna, 1986.
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Safety of Nuclear Research Reactors: Design Safety of Nuclear Research Reactors: Operations

Safe1y Practices

Safety Practices are new documents in the LEA Safety Series Publication which give
practical examples and detailed methods regarding procedures and techniques, and can
be used for the implementation of Safety Guides or Standards. They may show how to
perform a specific calculation, may suggest some forms to be used in an auditing process,
or give a collection of data. The following titles have been anticipated in this category:

(a) Limits and Conditions for Research Reactors

(b) Instrumentation and Control for Research Reactors
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(c) Radiation Protection Service for Research Reactors

(d) Maintenance and Repair for Research Reactors

(e) Operating Procedures for Research Reactors

There are drafts available with different degree of development for documents (b)
and (c)

T&chnical Documents

Finally, the new IAEA Safety Series Publications foresee other safety-related
documents, which may contain certain topics additional to those on safety and which are
not predominantly written to ensure safety. These documents are designated either as
a Technical Report or as a Technical Document (TECDOC). The Agency has already
published a number of these ECDOCs covering topics on siting, upgrading, core
conversion, and probablistic safety assessment for research reactors.

Production Process for Safety Series Documents

The production process for safety documents has been designed to meet the
following objectives:

(a) to develop for the user an identifiable, coordinated package of document$
pertinent to each Application Area;

(b) to develop the technical content of individual documents with required
quality and degree of international consensus;

(c) to ensure that the format and language style are consistent with the
level of the individual document;

(d) to approve and promulgate the documents using techniques appropriate
to the documents position in the hierarchy;

(e) to use the Member States' expert input and Secretariat expertise in the
most effective and efficient manner.

While the main thrust, technical approach and composition of the documents may
be the result of proposals by the LAEA technical staff, the initial drafts are prepared by
external Consultants Services (CS). hese drafts are reviewed and revised by Advisory
Groups (AG) or Technical Comn-dttees (TC). To obtain international consensus on
content, Safety Fundamentals, Standards and Guides are reviewed by a Technical
Committee with international membership. These documents are also reviewed by
member states whose comments are incorporated into the drafts by the TC.
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The final draft is sent for internal review to the LEA Safety Review Committee
(SSRC) and the Publication Committee. Finally, the revised draft is published with the
approval of the Board of Governors (Safety Fundamentals and Standards) or under the
authority of the Director General of the LEA.

Figure 3 is a matrix showing these arrangements.
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Fig. 3 Production Process for Safety Documents

PERFORMANCE OF SAFETY MISSIONS TO RESEARCH REACTORS

LAEA statutes and rules' consider the possibility of sending safety missions with
various objectives to Member States. The most usual mission is one whose purpose is
to provide advice and assistance with the application of LEA Safety Standards and
measures to agency assisted projects.

Since 1972, at the request of a Member State, Integrated Safety Assessment of
Research Reactor (INSARR) missions have been conducted. The objective of these
missions is to conduct a comprehensive and independent integrated safety assessment of

Art.11I.A.6. and XI
INFCIRC/18/Rev.1, The Agency's Safety Standards and Measures, LEA,
Vienna, 1976

360



the research reactor facility to assess the safety of the reactor against the Agency's
standards. The safety evaluation is also aimed at facilitating an exchange of knowledge
and experience between the experts and reactor personnel. These missions are not
intended as regulatory type inspections that check compliance with national
requirements; however, the missions are usually conducted with the cooperation of the
relevant national regulatory staff.

INSARR missions are available to all Member States where a research reactor is in
operation or is close to operation. The safety assessment performed during the mission
may cover just the operational safety of the reactor or may assess the whole safety to
support the licensing process for the reactor, including its commissioning and
decommissioning.

INSARR missions consist normally of two to four experts, including staff members
and outside experts. The minimum duration of the INSARR is three whole working days
at the site, if sufficient information on the facility was provided in advance.

At the site the mission team will:

(a) examine the safety documentation of the facility

(b) review the operational status of the reactor, conducting a thorough visit
to the facility and observing, if possible, a reactor start up and
shutdown; and

(c) discuss technical details with the responsible personnel.

Normally the operating organization is requested to complete a questionnaire and
other material on nuclear safety and radiation protection aspects of the operation of the
research reactor. However, depending on the specific objective of the INSARR mission,
additional information may be required. This information may include:

(a) the structure of the administrative organization set up by the State for dealing
with safety matters and the national licensing process, including details on the
evaluating procedures, records keeping, inspections and supervisory
examinations;

(b) the safety analysis report (SAR) or a similar document prepared with
the same purpose containing information such as siting, organization
and training programme for personnel, safety criteria, quality assurance,
safety systems, engineering safety systems, operating procedures for
normal and accidental conditions, waste management and emergency
planning and preparedness.

At the end of the INSARR mission, the team conveys its preliminary conclusions and
recommendations to the relevant authorities (operating organization and regulatory
body) at an exit meeting. Shortly afterwards, a final mission report is submitted through
official channels to the Member State concerned.
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INSARR missions are Agency services, normally cost-free to Member States which
are developing countries. The cost of an INSARR mission requested by other countries
or a special INSARR mission dealing with issues other than the ones normally reviewed
are discussed on a case-by-case basis with the requesting Member State.

As of the end of April 1991, a total of 99 INSARR missions had taken place in 30
Member States. Twenty-three of these countries maintained their facilities under
agreement with the Agency and seven countries requested INSARR missions to facilities
not covered by agreements with the Agency. The distribution of safety missions is shown
in Table 4.

1981-1985 1986-1990 1991-1995

Brazil 1991

Bulgaria 1990

Chile 1986 1991 2)

Colombia 1983 1987

Egyp( 1985

Finland 1981 1987

Greece 1982 1986

Hungary 1989

Indonesia 1982 2) 1996 2)

Iran. Islam Rep 1990

Iraq 1988 2)

Jamaica 1986

Korea. Rep 1982 2) 1998 2)

Malaysia 1982 1986

Mexico 1981 (4) 1986 4)

Norway 1987, 1988

Pakistan 1985

Peru 1981 1987

Philippines 1983
Romania 1983

Spain 1982 1986
Thailand 1982 1987

Turkey 1996

Ukrainian SSR 1991

USSR 1990 2)

Uruguay 1994

Venezuela t984 1988

Viet Nam 1985 1989

Yugoslavia 1985 2)

Zaire 1994

Note: The number of facilities reviewed. if more than one. is
given in parentheses.

Table 4 INSARR and Other IAEA Missions to

Research Reactors between 1981 and April 1991
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SUPPORT OF RESEARCH PROGRAMMES ON RESEARCH REACTOR SAFETY

Coordinated Research Progmmms

To encourage and assist research, the exchange of scientific and technical
information, and the training of nuclear scientists, the LEA supports Coordinated
Research Programs (CRP) dealing with well defined research reactor safety topics.
These CPR's are developed as a result of recommendations made by groups of experts
who have been requested to advise the Agency on a specific research subject.

The L4,EA usually establishes contracts (funded from the Agency's regular budget)
or agreements (free of charge for the Agency) with institutions from developing or
industrialised countries. The specific tasks related to the CRP objectives to be developed
by each institution participating in the CRP are described in these contracts or
agreements. Each institution nominates a Chief Scientific Investigator who takes the
responsibility for the research work. The Agency appoints a staff member as a Project
Officer who takes all the responsibilities related to technical matters: contacting the
institutions which may have an interest in participating, evaluating the contracts and
proposals related to the programme and covering the Research Co-ordination Meetings
(RCM).

The RCM are financed by the Agency and are convened regularly to define the
objectives and lines of the project, to follow up the progress and contributions of each
participant, and to exchange information and suggestions. The final RCM provides for
an international evaluation for the CRP and for the preparation of the final documents
for publication.

Recently, the L4,EA published the results of an earlier completed CRP that brought
together 13 institutions from 12 countries to work on the use of Probabilistic Safety
Assessment (PSA) in analysing safety features of research reactors. The document,
called "Application of PSA to Research Reactors", consists of a summary (TECDOC-517)
and three volumes. The summary contains directions of practical use that enable the
analyst to tackle the problem by giving soundly based advice illustrated with references
to specific case studies, which were the individual contributions to the CRP.

A major finding of this international effort was the dearth of databases suitable for
use in numerical calculations related to PSA studies on research reactors. To help
overcome this deficiency, the Agency has initiated a new CRP on data acquisition for
PSA studies of research reactors. The first RCM was held in Vienna in October 1989
with the participation of institutions from nine countries. The main objective of the
meeting was to define a strategy for the systematic collection and classification of reliable
data to be used in PSA studies of research reactors.
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Individual Research Contracts

These contracts provide financial support for research projects which will further the
Agency's research program for research reactors. These contracts may be for individual
research or as part of a CRP.

The financial support for a contract consists of approximately $5000/year. The
duration of the contract is one year renewable up to three years. At the end of te
contract, the contractor submits a final report. In the case of contract renewal, a
progress report accompanies each renewal application. Part of the funds provided by the
Agency may be used by the contractor for purchase of equipment required in connection
with the contract.

At present, the Agency is sponsoring several research contracts. All of these are
related to the CRP on PSA or are individual contracts on Data Acquisition for use in
PSA studies.

Interngtional Meetings and Training Courses

To facilitate the exchange of information and the training of nuclear scientists, the
IAEA organizes and sponsors major international meetings and training courses. The
most recent of these are

(a) International Symposium on Research Reactor Safety, Operations and
Modifications, Chalk River, Ontario, Canada, October, 1989 under the
auspices of the Atomic Energy of Canada Limited and the L4,EA.

(b) Interregional Training Course on Safety in the Operation of Research
Reactors, Argonne, Illinois, USA, 14 May to 15 June 1990 in
cooperation with the Argonne National Laboratory and the Government
of the United States of America.

(c) Local Training Course in the Safe Operation of Research Reactors,
Iran, February-March 1991.

(d) Regional Training Course on Regulatory Aspects and Safety
Documentation for Research Reactors, Chile, August-September 1991.

SUPPORT TO TECHNICAL COOPERATION PROJECTS ON
RESEARCH REACTOR SAFETY ISSUES

Based on its function of making provision for materials, services, equipment and
facilities to meet the needs of research on atomic energy for peaceful uses, the L4,EA is
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assisting numerous technical projects on specific topics related to the safety of research
reactors. The assisted technical projects are funded from the Agency's regular budget
or financed by extra-budgetary contributions from other Member States or institutions.

At present the Agency has assisted projects related to research reactor safety in
Albania, Bulgaria, Columbia, Egypt, Greece, Hungary, Indonesia, Iran, Iraq, Morocco,
Peru, the Philippines, Portugal, Syria, Tkiailand, Venezuela, Vietnam, Yugoslavia, and
Zaire.

'Me above projects differs a great deal from each other in that the objectives may
range from the provision of technical and financial assistance for constructing a new
research reactor (Albania) or the undertaking of large modification projects (Hungary,
Portugal) to providing the facility with small equipment or specific expert advice.

FUTURE ATIVITIES

In the four major areas mentioned above, the activities of the EA "I be as
follows.

Development of Safety Documents

It is anticipated that the publication of the two standards the guides on the
preparation of the safety analysis report and experiments and modification will be ready
for publication in the next year. Work has begun on a TECDOC on ageing, performance
of INSARR missions and peer review and experience with accidents.

INSARR Missions

In 1992 as many as 9 INSARR missions are planned. Some of the 24 reactors under
a special agreement with the L4,EA are included in this number.

Support of Research Programs

It is anticipated that data acquisition for PSA for research reactors will continue.

Support to Technical Cooperation Projects

In 1992, two regional courses are planned

(a) Upgrading the Safety Analysis for a Research Reactor, European
location

(b) Safe Operation of a Research Reactor, Paris, November 1992

In 1993 it is expected that the Argonne course will be repeated.
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New activities will include

(a) Assistance in the expansion of the International Nuclear Event Scale
(INES) to non-power reactors

(b) Creation of an Incident Reporting System (IRSRR) for Research
Reactors.
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DESIGN AND SAFETY FEATURES OF THE PLANNED COMPACT CORE
RESEARCH REACTOR FRM-11

K. B6ning
FakultAt fUr Physik, Technische Universit8t MUnchen, Germany

J. Blombach
Interatom GmbH, Bergisch Gladbach, Germany

ABSTRACT

The new national neutron source of the
Technical University of Munich will be
optimized primarily with respect to beam tube
applications. The novel concept provides for a
particularly compact reactor core which can be
realized only by using the new high-density
uranium silicide fuel in combination with high
enrichment. This new reactor will make an
unperturbed thermal neutron flux of about
8- 1014CM-2S -1 available outside of the core at
only 20 MW reactor power.

The draft of the safety analysis report has
been completed recently. Based on it the
design and safety features of the new facility
will be outlined. The cylindrical, compact
fuel element is cooled by light water and
placed in the center of a large heavy water
moderator tank. The reactor will be controlled
by a single central Hf absorber rod - with a
Be follower - which also operates as an
additional, independent shutdown system. The
main shutdown system consists of Hf absorber
rods in the D 0 tank. The measures being taken
to maintain te three barriers against the
release of fission products to the environ-
ment, i.e. the fuel matrix and cladding, the
pool water, and the confinement, are describ-
ed. Typical design basis accidents, eg an
uncontrolled insertion of reactivity and the
release of fission products from molten fuel,
are discussed.

1. INTRODUCTION

The existing "Research Reactor Munich" FRM, a conventional
4 MW swimming-pool MTR-type reactor at Garching, has been
operated by the Technical University of Munich for more
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than 30 years. It shall be replaced by a new, high
performance national neutron source, the FRM-II, which is
presently being designed by this University together with
the industry and other institutions in Germany. This new
reactor will be optimized primarily with respect to beam
tube applications, that is it shall supply high flux levels
and a pure spectrum of thermal neutrons in a large usable
volume outside of the core at a modest value of reactor
power.

The draft of the safety analysis report has been completed
recently. Based on it, this paper will give an outline of
the design and safety features of this new facility.

2. DESIGN FEATURES

2.1 Compact Core Reactor Concept

The new FRM-II will have a reactor core of particularly
small dimensions, which is cooled by light water (H20) and
placed in the center of a large heavy water (D20) moderator
tank. This "compact core" consists of a single fuel element
which can be realized only by using the new high-density
uranium silicide fuel in combination with high enrichment.
Since the leakage of fast neutrons out of this small, un-
dermoderated core is particularly high (about 40 - 5 in
our case), high values of the thermal neutron flux can be
obtained in the D20 moderator tank even at a relatively low
reactor power.'

The cylindrical fuel element consists of two "core tubes"
with inner and outer diameters of 118 and 243 mm, respect-
ively. With the height of the fuel zone being 700 mm the
active volume of the core is only 17.6 liter. At the
nominal value of the reactor power, 20 MW, the average
power density in the core comes out to be 1.15 MW/liter.
The fuel element contains 113 identical fuel plates of
involute shape, so that all the coolant channels have the
same width of 22 mm. In order to flatten the power density
profile across the core, the density of uranium in the 93 
enriched U Si -Al fuel has been graded to be 3 gU/cm3 up3 2 3
to a radius of 105.6 mm and only 1.5 gU/cm elsewhere;
additionally, there is a ring of burnable poison (boron) in
the outer core tube just underneath of the fuel zone.2

As can also be seen from Fig. 1, the reactor will be
controlled by a single hafnium absorber cylinder - with a
beryllium moderator follower - which moves upwards within
the inner core tube during the 50 days, cycle. If necess-
ary, this control rod can be quickly released by an elec-
tromagnetic clutch to act as an independent second shutdown
system, since it falls down into its central core position
by the action of both the gravity and the primary cooling
water downflow. The first shutdown system, however,
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consists of five individual hafnium absorber rods which are
fully withdrawn during normal reactor operation but can be
quickly inserted into the D 0 tank by means of pneumatic or
spring forces and gravity; iour of these rods would be
sufficient to scram the reactor even without the existence

3of the central control rod.

At 20 MW power this compact core reactor concept leads to
large values of the thermal neutron flux in a large volume
of the D 0 tank, the unperturbed flux maximum being 1014

-2 cm . here will be ten horizontal beam tubes which lead
the neutrons from this "usable volume" in the tank out to
the experimental instruments. All these tubes are directed
tangentially to the core and some of them are further
coupled with "spectrum shifters", i.e. a cold source or a
hot source or a secondary fission source converter). Add-
itionally, there will be a number of vertical channels
through the tank which allow the transfer of samples
directly into the high flux regions for irradiation purpo-
ses. Diameter and height of the D20 tank are both 250 M.

2.2 Layout of the Facility Desian

Fig. shows a schematic vertical cut through the reactor
pool and the storage pool (for spent fuel elements etc.)
with part of the reactor cooling system. The reactor pool
houses the D20 moderator tank with the compact core etc.. A
vertical "core channel tube" contains the single fuel
element with the central Hf control rod (and Be follower
underneath) and separates the H 20 primary core cooling
circuit from the D20 moderator.

The primary cooling circuit is a virtually closed loop
which however is connected with the reactor pool through a
strainer located just underneath of the core; in this way
the large pool water reservoir is made use of as a press-
urizer of the primary circuit and for the cooling of the
core after shutdown. There are four primary pumps which are
all equipped with flywheels and with check valves against
reverse flow. They are grouped into two branches and are
mounted - together with the heat exchangers to the second-
ary circuit - in two water-tight "primary cells" of small
volume. These primary cells are located beside the storage
pool, and the flooding of such a cell in case of a leak in
the primary circuit would lower the pool water level by
less than two meters.2 The pressure line of the primary
circuit (pressure about 9 bar = 09 MPa) leads to the
collector and further on to the header just on top of the
core channel tube; this whole circuit is designed in a way
that rupture can be excluded.

After reactor shutdown a forced flow through the fuel
element is maintained by the primary pumps in order to
remove the decay heat. If in case of an emergency the
primary pumps were not available, three battery-buffered
emergency core cooling pumps continue to maintain the
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forced flow. These redundant pumps suck water from the
pool, their pressure lines are connected with the main line
in the collector using check valves against reverse flow,
and the cooling water - after having passed the reactor
core - is fed back into the pool through the strainer.

About three hours after reactor shutdown all pumps can be
switched off. With decreasing pressure in the collector the
two redundant natural circulation flaps open automatically
by gravity, the water flow through the fuel element rever-
ses and the core is cooled by natural convection of pool
water sucked through the strainer.

Since after reactor shutdown the thermal capacity of the
large water reservoir of the reactor pool and storage pool
can be made use of as a further heat sink, re-cooling of
the pool water would be necessary only after a few days.
This goal can be achieved with a separate "reactor pool
cooling system" also shown in Fig. 1. - Further auxiliary
systems are a pool water purification system, which takes
its water input directly from the primary circuit, and a
warm layer system. This latter system circulates water from
just below the pool level, heats it up and produces a warm
layer in the upper part of the pool to suppress the natural
convection of (activated) water in the pool.

The heat produced in the primary core cooling system and in
the reactor pool cooling system is transmitted through heat
exchangers to a secondary cooling loop (only part of it is
shown in Fig. 1). Further heat inputs to this loop - again
through heat exchangers - are f rom the D cooling system
and possibly from experimental installations. The closed
secondary circuit serves as a further barrier against the
release of fission products to the environment. Finallyr
the total heat produced is transferred through two heat
exchangers to a tertiary cooling system with cooling towers
representing the ultimate heat sink. - During long term
shutdowns the decay heat can be removed by the safety-gra-
dad "Storage pool cooling system". This system is composed
of two closed ("secondary") loops with heat exchangers on
either end and transfers the heat to a nearby river using
water from existing wells ("tertiary circuit").

3. SAFETY FEATURES

3.1 Barriers against the Release of Fission Products
to the Environmiat

3.1.1 Fuel Matrix and Fuel Cladding

The fuel matrix and its cladding represent the first bar-
rier. In addition to inherent safety features as negative
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coefficients of reactivity the following engineered safety
features are provided to maintain the fuel integrity (com-
pare Fig. 1):

- 4 parallel primary pumps with flywheels
- 3 battery-buffered emergency core cooling pumps
- 2 natural circulation flaps for the long term removal of

decay heat
- utilization of the thermal capacity of the large pool

water reservoir
- 2 independent fast-acting shutdown systems
- redundant self-monitored reactor protection system.

3.1.2 Pool Water

Fission products such as iodine, cesium etc. are very
efficiently retained by water. Therefore, the reactor pool
and the primary cooling systems are designed and arranged
such that even under most adverse accident conditions with
the assumption of partially molten fuel the fuel is still
covered by pool water. This goal is achieved by means of:

- a stainless steel liner in the reactor pool and in the
storage pool

- practically leak-tight concrete for the reactor pool and
the storage pool, this concrete being about 1.5 m thick
in the lower pool region

- location of the components of the primary cooling system
outside of the pool in leak-tight, small-volume chambers
("primary cells")

- two barriers (walls) in the beam tubes against loss of
pool water

- except for the beam tubes no further pool penetrations
below the minimum required water level.

3.1.3 Confinement

The confinement system is the third barrier against an
uncontrolled release of radioactive fission products to the
environment. In case of a release of fission products from
the fuel into the reactor hall, the reactor hall is isola-
ted from the rest of the reactor building.2 The normal ven-
ting system is shut off and the air of the pool venting sy-
stem is filtered and recirculated into the reactor hall. A
low pressure is maintained in the reactor hall by a safety-
graded venting system using filters and iodine traps.

With regard to beyond-design-basis accidents the reactor
building is designed in a way that the impact of an exter-
nal load as characterized by a mass of 5000 kg and a velo-
city of 100 m/s can be tolerated.
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3.2 Analysis of Typical Design Basis Accidents

3.2.1 Uncontrolled Withdrawal of the Control Rod

A typical reactivity accident is the uncontrolled with-
drawal of the control rod with its maximum possible speed.
From parameter variation the most pessimistic value of the
reactor power at the beginning of the accident was found to
be 2 MW. Fig. 2 shows the increase of the reactor power
versus time. At about five econds after the start of the
accident the first trip signal "neutron flux transient" is
reached - but is assumed to fail - and after 11 seconds the
second trip signal "high neutron flux" corresponding to a
reactor power of 23 MW. Since for signal processing and for
the release of the safety shutdown rods a delay of 0.5 se-
conds is taken into account, the reactor is scrammed at a
maximum power of 28 MW.

The integrity of the fuel element is generally maintained,
if during the course of the accident the safety margin 
against coolant flow instability is greater than the mini-
mum required value of Si :,-- 1.5. Fig. 3 shows this safety
margin as a function o time beginning with the moment
where the "high neutron flux" trip point has been reached.
The lowest value of = 28 occurs shortly after the scram
and is much higher than Smin'

3.2.2 Loss of Primary Flow

A pump seizure causes a rapid reduction of the core flow.
Assuming an instantaneous seizure of primary pump and ad-
ditionally the failure of the related check valve Fig. 4
shows the four pump flows and the resulting primary flow in
the header above the core (compare Fig. 1). Apparently the
primary flow in the header decreases from 300 kg/s to 238
kg/s, the minimum flow for full power operation being 180
kg/s. Therefore, no immediate reactor shutdown would be re-
quired. However, the reactor is scrammed through the trip
signals "primary mass flow" in the affected loop and "core
pressure drop".

A loss of offsite power causes the simultaneous loss of all
4 primary pumps. In order to provide sufficient time to de-
tect the accident and shut down the reactor with the safety
rods, the pumps are equipped with flywheels. Fig. shows
the mass flow of the primary coolant after a loss of off-
site power. Including uncertainties the reactor trip point
of the mass flow signal is reached 1.8 seconds after the
loss of the pumps and the reactor is shut down 0.5 seconds
later (Fig. 6 The associated coolant and fuel temperatur-
es can be seen in Fig. 7 The safety margin against flow
instability assumes its lowest value of = 35 after 23
seconds which must be compared with the minimum required
value of Smin = 1.5. It follows that the fuel integrity is
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maintained with a considerable safety margin. Simultan-
eously with the reactor scram the battery supplied emerg-
ency core cooling pumps are started to maintain the forced
flow for at least 3 hours. Thereafter they can be shut off,
the natural circulation flaps open automatically and the
decay heat will be removed by natural circulation (see
Chapter 22).

3.2.3 Fuel Element Damace

With respect to the radiological consequences to the envi-
ronment a fuel element damage is postulated which is equi-
valent to 15 fuel element plates to be molten under water.
Fission products are released from the molten fuel into the
pool water and with some delay into the atmosphere of the
reactor hall. Table shows the release factors for the
most important radionuclides.

As a consequence of this accident the reactor hall is
automatically isolated from the normal venting system and
the air of the reactor hall is recirculated via filters and
iodine traps (compare Chapter 31.3) A low pressure is
maintained by venting the reactor hall via filters and
iodine traps to the stack. Assuming a building leakage rate
of 50 Vol.%/d and using the filter factors of Table 2 the
time-dependent source term was calculated. In Table 3 the
total radioactive release to the environment is listed for
the most important radionuclides and compared to the in-
ventory of the postulated 15 molten fuel plates. Due to the
retention capability of the pool water and the highly
efficient confinement system the release has been reduced
by about 7 to orders of magnitude except for the noble
gases, which therefore determine the dose in the environ-
ment for such a severe accident. Taking into account the
local conditions in Garching the maximum effective doses in
the vicinity of the reactor have been calculated to be 123
mSv for adults and 147 mSv for children. These values are
lower by more than an order of magnitude as compared to the
limits specified by law for such an accident.

4. CONCLUSION

As already mentioned the design and safety features of the
facility as outlined in this paper are consistent with the
draft of the safety analysis report. Presently, however,
this facility design is subject to a general revision in
which all the components are being examined in order to find
out whether or not possible changes could lead to a cost re-
duction. It is possible that some simplifications of details
may result from this initiative, the general concept as pre-
sented in this paper should remain virtually unchanged, how-
ever.
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Table 1: Release Factors from Molten Fuel
to Water and from Water to

the Atmosphere

---------------------------------------------------------

Molten Fuel Water
- Water Air

---------------------------------------------------------

Noble Gases 1 1
Iodine 0.75 5 10-4
Cesium 0.25 i - lo-,
---------------------------------------------------------

Table 2 Filter Efficiencies

---------------------------------------------------------

Air Recircula- Low Pressure
tion System Venting System

---------------------------------------------------------

Noble Gases 0 0
Iodine (organic) 0.9 0.99
Aerosols 0.999 0.999
---------------------------------------------------------

Table 3 Radioactive Inventory of 15 Accidentally
Molten Fuel Plates and Release of Radio-

activity to the Environment

------------------------------------------------------------

Radioactive Inventory Radioactive Release via Stack
of 15 Fuel Plates [Bq] to the Environment [Bq]
------------------------------------------------------------

Kr 85 1.95-10"

Xe 133 5.46-10" Noble Gases (total) 625-10"

------------------------------------------------------------

I 131 (Aerosols) 2.66-108
I 131 2.34-10"

I 131 (organic) 7.14-108
------------------------------------------------------------

Cs 137 1 59 10" Cs 137 2.78-10'
------------------------- i ----------------------------------

378



ACKNOWLEDGEMENTS

This paper is a summarizing report on a project which many
colleagues and coworkers from various institutions, in par-
ticular from the Technical University of Munich and from
Interatom GmbH, have contributed to.

REFERENCES

1. K. Bdning, W. GAser, A. Rdhrmoser: "Physics of the
Munich Compact Core Design". Proceedings of the 1988
Int. Meeting on Reduced Enrichment for Research and Test
Reactors, San Diego, Ca. (USA), Sept. 19 - 22, 1988 to
be published.

2. K. B6ning, W. Gl8ser, J. Meier, G. Rau, A. Rbhrmoser E.
Steichele: "Status of the Munich Compact Core Reactor
Project". Proceedings of the XII. Int. Meeting on
Reduced Enrichment for Research and Test Reactors 1989,
Berlin, Germany FRG), September 10 - 14, 1989; Report
of the KFA JUlich GmbH, Konferenzen Band 41991, ISBN 3-
89336-063-8, page 473-483 1991)

3. K. B6ning, J. Blombach: "Safety Aspects of the Planned
Munich Compact Core Research Reactor". Proceedings of
the ANS Int. Topical Meetina on the Safety, Status and
Future of Non-Commercial Reactors and Irradiation
Facilities, Boise, Id. (USA), Sept. 30 - Oct. 4 1990;
Report of the American Nucl. Society, ISBN 0-89448-155-
X, page 317-325 1990).

379





111111011111
XA04CO134

TLM&UflzMTQ SFE OF
tsirsipmPosit RESEARCH HRACME

MAAS

R.Nabbi*, HHastowo**, A. Wibowo**

For-schunguzentrum Juelich
P.O.Box 1913.
D-5170 Juelich

National Atomic Energy, Agency
Pusat Reaktor Serbaguna,

Kompleks PUSPIPrKK, Serpong,
Tangerang 15310, Indonesia.

ABSMCr

The themohydraulics analyses of the Indonesian Multipurpose
Research Reactor RSG-GAS have been performed either during
normal operating or under transient condition. The following
computer packages have been applied for these analyses, i.e.
(1) HKATHYD, applied to the steady state condition and 2)
SOTRAN, for transient analysis. The reqults on the measure-
ments during previous transition corevere used to verify
these computer codes and are used as input to this analysis.
The analysis gives the following results 
(1) an enough safety margin on the transition core configu

ration.
(2) eventhough it is still acceptable, a power ascention to

30 MW with the 6th configuration resulted in a reduction
of the safety margin.

(3) under the assumption of IDFA, the core power suddenly
decreases with the reactor power to about 35 of the
full power within 100 econds aftere the initiation of
the control rod drop.

I. INTRODUCrION

The Indonesian Research Reactor, RSG-GAS, is a swimming pool MM
type using 19.75 enriched uranium in the form of U308-Al. Five oper-
ating cycles with different core configurations and up 22 MW power have
been completed. At present, it is operating with sixth core configura-
tion at low power level. The reactor will.totally pss six operating
cycles to achieve configuration of the typical working core ) which
will be operated at 30 KW.
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The operating condition of the reactor at this power level is
characterized by ralative high neutron flux and high power density
respectively which result in the requirement of sufficient safety
margin to the critical heat transfer and removal during normal operat-
ing and under transient conditions.
To assure sufficient safety margin to the critical cooling condition at
high power, flow measurement and adjustment re performed for each core
configuration during the transient phase of RSG-GAS. Earlier safety
analysis has shown that a minimum flow rate of 46.2 m3/h per fuel
element is needed for the effective heat removal from the fuel plates
with sufficient margin to critical condition. Any decrease of this
amount resulting from the change in the safety margin in unfavourable
manner.
Its consequences depend on the degree of flow decrease through the fuel
elements and their position regarding local power density. Consequence
of flow redistribution on steady-state operating condition as well as
the transient behavior of RSG-GAS in the course of flow coast down are
the subject of the existing paper.

II. DESCRIPrION OF THE RACTOR

The reactor core is compased of 40 fuel elements (FE), control
elements (E), one large central irradiation osition (CIP)/flux trap
comprising 2 x 2 grid positions, and 4 small in-core irradiation posi-
tions P), each taking the space of one grid plate position.
In addition to the beryllium reflector elements (BE) in the oter
side of active core, the core is equipped with irradiation inserts and
devices for rabbit system (RS). The lateral two sides of the active
core are surrounded by a beryllium block reflector. Set up of the
reactor core has been depicted in Figure 1/l/.

On the 10 x 10 grid plate of the reactor core with a pitch 8 mm
x 77 mm, fuel and control elements are arranged. The beryllium reflec-
tor block are positioned in L-shape surrounding the active core. The
fuel elements are low enriched uranium (LEU) MTR type, consist of 21
parallel arranged fuel plates with a thickness of 054 mm for fuel meat
and 038 for each side of the cladding. Total mass of fissionable
uranium U-235 of one fuel element ammouzits to 250 g. The cooling gap
between the fuel plate has a thickness of 255 mm. Because of small
water gap, the flux increase as a result of pronounced moderator effect
will be limited.

The reactor core contains demineralized light water as modera-
-IC.or. The heat removal takes place by a light water cooling system of
primary and secondary loops. Inside the pool, the water streams down-
wards through the cooling channels between the fuel plates. For the
reactor core at 30 MW, the mass flow minimum ammounts to 800 kg/see.
The respective velocity in the cooling channels results to 38 /s.
For the control and shutdown of the reactor operation, fork type ab-
sorber used by replacing the 6 outer fuel plates of the standard
fuel element through control guide plates and absorber blades.

382



The RSG-GAS has a reactor safety system (RSS) which it is de-
signed to fulfill requirement that in all condition reactor could be
kept safely. Vrious systems and components included to the RSS are as
following 
- system nd equipment associated with eat or decay heat removal.
- system and equipment associated with maintaining integrity of reactor

pool
- system and euipment associated with maintaining confinement func-

tions (safety enclosure)
- system and equipment associated with reactor shutdown monitoring,

control and emergency power supply

The reactor protection system (RPS) is a prt of the RSS which is
very important. The task of RPS is to monitor and process those varia-
ble essentials for te safety of reactor. The RPS trips the reactor and
initiates other safety system. Figure 2 shows matrix diagram of postu-
lated a6cident control by RPS, detecting plant variables, limit values
and its logic gating. Other protective actions also stated on this
figure.

The following process variables are most important for the pro-
tection of the core 
a. neutron flux density level and rate of change;
b. flow rate of the primary cooling system;
c. coolant temperature at the heat exchanger otlet; 'and
d. water level in the reactor pool.
The maximum, thermal otput of the reactor is limited to 109 of the
nominal power. Under the most unfavourable conditions, the trip occurs
at a power level of 114 %. If the primary flow rate drops by 1 or
more a reactor scram is initiated. The primary coolant temperature
causes a scram if it exceeds 42 OC in the common return line after
leaving the heat echangers A drop of the water level in the reactor
pool by more than 30 cm compared to the nominal level again initiates a
scram.

III- SIMULATION OF THE RACTOR THKRMOHYDRAULICS

III.1 Steady-ntate conditiM

To answer the question of the consequences of flow redistribu-
tion, thermohydraulic calculations were erformed under the application
of the HEATHYD code 2/. It model heat transfer and fluid flow for
parallel plate fel assemblies with any axial and radial power distri-
bution. The calculation of pressure losses and coolant velocities are
based on correlations developed by Blasius and Colebroke-White, respec-
tively. The heat transfer model accounts for single and two phase
cooling by applying the transition criterion given by Bergles-Rohsenow
/3,4/ for force convection. Safety margin to the critical heat flux
resulting to Nucleate Boiling (DNB) and flow instability are determined
according to the correlations suggested by Mirshak /5/ and, Forgan and
Whittle 6/ respectively.
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7he thermohydraiilic calcula-Zion carricd cut for t bot

Channel iindEr the cnsideration of uncertainty factor relating to thp
fabrication, flow and power distribution. Tabel shows general ther-
mohydraulics data of 74% RSG-GAS use in calculation with HEATHYD code.
Ile Mathematical model of HEATHYD has been verified during the transi-
tion phase by measurement of parameter related to the flow and heat
transfer condition on the RSG-GAS. Using on the basis measured flow
rate and axial rofile of power, the distribution plate surface temper-
ature d coolant temperature has been determined by HEATHYD and com-
pared with the result of temperature measurement at different position
of the fuel plate. The result of the measurement and calculation have
been compiled on table 2 which gives a good agreement.

III.2 Transient Models

For the simulation of the transien behavior of RSG-GAS under DFA
condition. the transient code SOTRAN was employed.
SOTRAN (SOftware for TRansien ANalysiB) is a combined reactor kinetics
- heat transfer code written in the FORTRAN77 language. The kinetics
and thermohvdraulic model eploy the space-independent form of the
kinetics heat-transfer equations with general forms of reactivity input
and feedback.
Heat transfer part is used to compute the temperature of fuel and
coolant which, in combination with temperature coefficient data appro-
priate to the whole core, used to determined the reactivity feedback
4-Llerms in the kinetics euations. The total reactivity calculated at
each time step is a sm of external and feedback contributions, mainly
bv the temperature effect.

The thermohydraulics part of SOTRAN solves the eations for the
temperature of the fel and coolant as a function of time. It completes
the temperature for the static case, as initial condition, using energy
balance eations and for the time dependent pt by integrating their
equivalent set of linear finite difference equations with respect to
time. The total power consists of fission and decay heat part. The
latter is calculated as a fnction of time according to the empirical
correlation specified in Ref 7/.
The externally inserted and scram reactivities, respectively, are
specified in the form of tables as a function of time.
Table of coolant flow rate and inlet temperatures as a fction of time
can also be supplied for kinetics calculations and power determination.
The usual use of these tables is to simulate plant shutdown procedures

4which normally compared accompany scrams, and transients involving the
loss of flow.
External heat removal transients taking place in the secondary circuit
are simulated on the basis of simple model. In this case the assumption
is made that the secondary cooling continues to remove heat from the
coolant at a steady state rate.
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IV. MARGIN TO CRITICAL COOLING CONDITION

In te course of transition phase with te V and VI core configu-
ration a slight reduction of te flow rate through the fel elements
(compare to the IV) were measured although te total mass flow-rate
through the primary circuit was increased by widening the respective
valves. The enlargement of the core size (by additional fuel elements
for the V and 12 fuel elements for the VI core, achieved through the
replacement of plugs). resulted in a redistribution of the core flow
and decreased of the average fel element flow-rate respectively.
The configuration of the existing and former core (VI, V and IV core)
has been depicted in Fig. 1, 3 and 4 The average flow rate through the
fuel elements and total mass flow (primary circuit) have been summa-
rized in table 3 The difference in the total flow rate with reference
to the IV core configurations ammounts to 200 m3/h and 455 m3/h respec-
tively which are sufficient to remove the heat resulting from the
increased power difference of these cores.
The flow rate through the individual fuel elements, however, shows a
decrease v an ammo-unt of 32 for the V core and 740 for the VI
core. As indicated in table 3 this is a result of the difference in
the core configurations.

Table 3- Compilation of the hydraulic parameter of transition
cores IV, V and VI.

Core Parneter IV
lotinal Value losinal Value Delta to IV ominal Value Delta to IV

Core aass flow, OA 2860 3060 + 7 % 3315 1 %

Max Power, 22.2 24.4 + 14.4 30 # 5 1

lo of F1 / C1 28/8 33/8 + 5 40/8 4 12

flow Cross area, 1283.1 1472.3 175 1771.04 4 8.041

Iverage F1 flow rate, 50.84 49.21 - 3.21 47.08 - 7.4
13/h

FE = Fuel Element
CE = Control Element

* = Cross sectional area of all channels

The replacement of plugs 2 of them with holes) by the fel elements
within the V core increases the flow area of the core by an amount of
14.75% whereby the average flow rate ndergoes a reduction of 32 

only. The lower value is a result as the increases of the cross sec-
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only. The lower value is a result as the increases of the cross sec-

tional area of the channel on the one hand and enhancement of the total
flow through the primery circuit on the other hand. The similar reason-
ing is applicable for the VI core.

According to the earlier calculations, cooling ehavior of the RSG-GAS

core is characterized by a sufficient safety margin to the critical
flow condition. Under the consideration of an average critical flow
rate of 50.84 m3/h measured with the IV core configuration and using
the hot channel data, 197 is calculated for the safety mrgin value.

According to the Safety analysis Report of RSG-GAS /1/, the minimum
safety margin of 148 i required.

In the course of transition from IV to the V core the average flow rate

falls to 49.21 m3/h with the consequence of decreasing the safety
margin to 168 that satisfies the safety requirements, even for case
hot hannel. In the case of the VI core, the minimum flowrate of 46.21
M3/h resulting safety margin for hot channel case drop to 1.51, which

is still higher than the minimum required value of 148.

Fig. shows the variation of the safety margin to critical cooling
condition (flow instability) as a fction of the flow rate per fuel

element for the hot cannel tinder different operating conditions. In
case of the nominal power level 30 M) and for the maximum inlet
temperature of 40 OC, the minimum safety margin of 148 is reached for

a flow rate amounting to 38.7 m/h.
The operation of the reactor with an inlet temperature of 35 OC results
in an improvment of the cooling condition by 7 (1.58). Under the
assumption of an overpower of 114 and 40 OC for the inlet tmpera-
ture, a flow rate of 45.15 m'/h is needed to meet he minimum accept-

able safety margin.

V. TRANSIENT BEHAVIOUR UNDER IFA

V. 1. KVMU SEQUENCE

Simulation of the LOFA transient for RSG-GAS has been done using
SOTRAN code. This analysis will emphasize on the effect of LOFA to

safety condition of the reactor in term of safety againts flow insta-
bility of the hottest channel.
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For this simulation. the reactor core is assumed has been operat-
ed at nominal power of 30 W continuously for several days o that the

decay heat has reached a maximum value. Hundred percent of the reactor

power comes from fission reaction.
The hottest channel occured on the position where the maximum power
peaking of the reactor was exist. It was considered xial factor nd

also uncertainty factor which should be applied on the calculation.
Transient simulation at 25 M has not been erformed because of the
hydraulic condition on this core is not severer than the VI core.

Transient of the reactor under LOFA might be occured either due
to failure one or both of the Primary cooling pumps. Failure of both
primary pumps is assumed to be happen due to failure of the electrical
power supply to the pumps. Folloving on this occation, the coolant flow
rate will decrease with a decay ourVe llow to withstand 85 % of its
initial value during the first 40 see due to fly heel attached on the
impeller of the pumps. When the flow rate reached 85 of its initial
value, a trip signal of the RPS initiated cram system which it has 

ms delay time before all of control rods drop by gravity force.
Rods were assumed to drop from 100 % out position to 80 % inserted thus
requiring 400 ms. This insertion has fullfill requirement to bring

reactor to subcritical condition. The last 20 rod insertion will be
controlled by damping mechanism to avoid failure of the-control rod de

to mechanical impact during control rod drop.

When the flow rate reached 15 of its initial value, natural
circulation flaps on the bottom of the reactor core will open and then
cooling mode of reactor will change from force flow to the natural
convection mode. Transition from force flow to the natural circulation
will induce worst case condition of the reactor core.

The coast down coolant flowrate table and table of the scram

reactivity inserted to the reactor core have to prepare as input data
to SOTRAN code. These table were gathered from measurement done during
previous reactor commissioning period.
Base on these tables, SOTRAN code internally perform extrapolation of
the reactor condition, when the scram signal was initiated, scram
occured, natural circulation mode started, etc.
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V.2. WN-SEQUENCH-01-THE-TRANSIM

Simulation of the LOFA transient for the RSG-GAS with the initial
and boundary condition as stated above gives a result as the following:

a. Trip signal was initiated on the 215 s following power failure to
the pimps, then control rods start to drop on 22 B. At that time
reactor power was slightly decreasing 29.62 W) due to negative
feedback to the core. Temperature of the fuel element, cladding and
moderator were 149.6 OC, 131.7 OC, and 40 OC respectively.
Dae to control rods insertion, all temperatures as well as reactor
power decreasing accordingly. Temperatures will reach minimum value
on 64 s after reactor scram.

b. Temperatures will increase later on de to decreasing of the coolant
flow rate and residual heat available in the reactor core. These
temperature will reach maximum on 78 s when transition from force
flow to natural connection occured.
No boiling happen on that occation, also the safety margin again
OFIR are above minimum value of 148 as required on the previous
safety analysis report.

c. The core ower suddenly decreases with the reactor scram and de-
creases to about 35 of ira initial power at 100 secondafter
initiation of the control rod drop.

VI. CONCUMON

On the basis of thermohydraulic and transient analysis, following
conclutions are made:

- The sufficient safety margin of the fifth core configuration allows

the operation of the reactor at the rated power level 25 MW).

- Increase of power to 30 W with the VI. and subsequent core configu-
rations results in a reduction of the safety margin.

- For the case of 114 overpower and under the hot channel conditions
the minimum flow rate ascends to 45.15 3/h. To keep the safety
margin far above required level of 148, following measures could be
considered:

388



* Shifting of the bpass and reflector flow in favour of the core

flow by partly shuffing the reflector holes.
Such a flow redistribution is, however, expected to occur as a
result of changes in the flow resistances. The realibillity and
effeciency of this effect remain as a sbject of flow test and

adJusment before starting high power operation.

* Redistribution of power by an adequete loading scheme aiming at
flatting the flux and reducing radial hot channel factor respec
tively.

Under the assumption of power of a IDFA, the core power suddenly
decreases with the reactor hutdown and decreases after that to about

3.5 of the full power at 100 seconds after the initiation of the
control rod drop.

During the firS� econds of the transient, the core is cooled de to
the inertia of the fluid and the fly-wheel ntil the natural convec
tion core cooling is established after that.
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Table 1- : General thermohydraulice data of Typical Working Core
RSG-GAS ue in clculation with HKATHYD code.

Steady state power level, MW = 0
Fuel Element dimensions, mm = 76.1 x 80.5 x U73

Number of the fuel element in the core
-a. Standard fel elements = 40
b. Control fl elements = 8

Number of fel Plate in 

a. Standard fel elements = 21

b. Control elements = 15
Fuel late dimension, mm = 1.3 x 70 x 625
Fuel meat dimension. mm = 0.54 x 62.75 x 600

Cladding thickness. mm = 0.38
Water channel thickness, mm = 2.55
Total primary system flow rates, m/h = 3315 
Flow rate through fuel element, m3/h = 47.08 
Direction of the flow rates through core = downwards

Radial Factor R) = 2.6
Axial hot channel factor, Fa. = based on 2nd core

flux measurement.

Coolant inlet temperature, OC = 40
Pressure at channel inlet, bar absolut = 2

measurement result

390



4-�

'D 0 4-3 to N Wil V) CY) r-4 W
.,0 0 C14 00 00 �4 qV CY) r4

0 +> C; C;
.rq to O
4-> --l
(6 :3 §

-4 C.) V3
> r-4 co

4-)' 4-)
0
W
9 C) O to
4) to C)
�4:5 C� C; U� tl:
0) to CY) W 0 V

W

N cr) cr) V O 0 0 U')too 0 C co C> t- T-4 V C) a:)8 r-I C.6 t,: � O; 4 1; 4 U� Jito to co or t- m W
A

4-4 (d 0 0 rd 0
0 4j 0 -H

-H JP 4) 4)
m 4-3 Cd * �-4

.r-4 cd r-4 $�4 V r-4 $4
co to 4) 0 0 0 0 0 0 0
p1b ) �4 0 $�4 C 0

14 F4
r-I 0 Pe, (L) 0 r-4 0 4 4;
co W 0 �j (d ( W W
C) E- �4 Z 4) 0 E--, § 0

�4 �-l 4--l r d 4-') Cd
Z W 4Z- CO

."4 +)l F-I <4 LZ �4 cd �4
r-q 0 (d E-- P 5�4 cd
::5 �4 Z I I

q) 4a W. La % 1- n ,. 
P4 LO W =) la 0 aw N � 4)

too El LO =� E- (D 4-> Ea W -P
(D J PQ H 4- 4 = Da 4-:1 4-)

4-3 �-4 4.> 4-) :� -� " 4->
ED 4-� U) Cl 4.11

(1) 4-3
0 tic bD tia C) W bc r--f
0 9 0 0 r-I 0 Cd z .0 0

4-1 -r-I - - 0 0 1+4 -H H 0 0
F m m 0 C m 0 to

4-) co
a) 4ZI 0) 0

-P 0 4-� .14 Q) -4 +21 - 4) -4
(1) Co - -4 -r-I r-4 4 cd rq r.1 r-I 

r- - - -4 r-4 -r r - r-4

C� C� C� C�

391



p .9 q-
0 42

4-31 4j, -H
0 V 1: +a z LL
k vi 0+3 r:z r-I a A A to 42 4;
92 0 3 4) 4-4 0 Z r-I m
0 H r-I ri H 0 N, 0 O

P4 M Pi Z m

4) _-j
z

0

0 0fr.
D O
0 w
L.L U.z w
0 cc

LM

cc

CO j

*4 cc
w

392



fil-
(2) G)

C4
6)
LZ

JUMAAM a Jo
sGmja 0IVU37M

A-qjd Jo ol

imcd In]-JJD JO Wn

,a-1- Ajw- Ltm Jo

VMTVA WTIWM

Lxw;A an Jo QXIWP IV+kvpmq

adnd
wel- AwsA Lneq w aw.P C"

ew-p InT, I amwm

-IRM sw-
III wujm$ I= wwwwm

'49 W4a4jAj.% W pn= 4w,.6wpmq

7 

0 11 -a

II I I

a- ip Ir I & I Z.

393



F .0
0 4 3 cr)

43 4)
13 El t-4 ri g-1 El W 0 3 3 F
d a) 13) Cl 4) �j rA t'l 0 u

:1 r-1 (U H 1-1 0 cd r>, 4) 0
ul

tit

cq
W6, 0

LL
W

00

LLI

394



LO

LO

o

cu 0 >-
CO

------- C14
U)

LL

0 LL

LO

CL

U)
oC

co

crco
0. a.0 z z

Z
LO co 0

IL LO 0iT > 0 CO le V a

m a

LO qt C,,) 44 C4 0) 00 1%- CO LO V 

C� C� C� CQ CQ

395



0
r-I 13 11 430 c: v le 43 L3
14 0) -rl 4

E! rA bO m 4�
d) s 11 rl

o r-4 (L) FA r-I .0 4)o
0 Fli P M I R4 in V)

V)

�, �\N
cq

Lo

cc

LLI

396



I I 111111 X1111 AIIIOI1411CIIIIOIilill3ll5I Hill 1111 1111

STUDY ON THE INCORE FUEL MANAGEMENT OF RSG-GAS REACTOR

S. Kuntjoro K Sutiarso and G. Praptoriadi
Multipurpose Reactor Centre (PRSG), BATAN

Kawasan PISpiptek, Serpong 15310, Indonesia

ABSTRAK

The RSG-GAS reactor was designed to work at nominal
thermal power of 30 MW with average thermal neutron
flux of 2.10-J-'1- cm---s-l.. Forty fuel assemblies and
eight control assemblies are expected to form the
typical working core (TWC) so that the pattern of
the in-core fel management could be carried out
properly. One of the requested safety conditions is
that the reactor Cld still be shutdown even if
the control assemblies with highest negative reac-
tivity were in failLtre work properly. It is not
possible. with respect to the prereqUested safety
condition, to construct directly a typical working
core. Utilizing the IAFUEL code program, a series
of transition cores (the cores before reaching the
TWC) were set up. The TWC is expected to be reached
after eight transition cores.

1. INTRODUCTION

The RSG-GAS is a high neutron flux nd high power that use a
low-enr.iched uranium (LEU) fuel. It has been designed to work at
a nominal thermal power of 30 MW with an average thermal neutron
flux of 2.10-l-"'- The reactor ld be used optimally at
TWC whose cnfiguration and parameters design are shown in Figure
I and Table I respectively.

The TWC Wld consist of forty fuel assemblies and eight
control assemblies. Seven grbLIPS of brn-up fraction would exist
on the TWC. The average burn-LIP at the Beginning of Cycle (BOC)
is about 23.3%, while at the End of Cycle (EOC) is about 31.3%.
At the end f each cycle of 25 full power days, about 7 or fuel
assemblies and control assemblies with burn-LIP about 56 or
greater shOLIld be removed. Each TWC should have enough excess
reactivity to be sed for irradiation and operation. but should
still be possible to shut down at any worst case. IAFUEL computer
codes was employed to find out good incore fuel management which
fulfils that condition.
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II. PROBLEMS ENCOUNTERED BY RSG-GAS's IN-CORE FUEL MANAGEMENT

As mentioned before, the main task of RSG-GAS 's in-core
fuel management was to set up a core with configuration shown in
Fig. 1, bt having nclear parameters as specified n Table 
Furthermore, Such reactor should as well fil the following
safety condition.

1. The reactor hould be able to be shutdown any time.
2. The reactor has to have enough excess reactivity. so that

the reactor Cld be operatable in a certain nUmber of
full power days th sfficient shutdown margin.
The reactor should provide a balanced neutron fx and
power in order to maintain the integrity of fel and
control assembly.

To meet the above requirements, the fel assemblies of such
core should have respective burnup fraction of 0, E3, 16. 24, 32,
40 4 and 56%. For instance. setting up a core with all fresh 40
fuel and control assemblies is very dangerous, even though such
configuration will provide enough power and a sufficiently high
neutron fx. The reason is, that the shutdown margin, in case of
one control rod with the highest negative reactivity Was tuck

up, is overwhelmed by an enormou ecess reactivity reserved in
the fresh fuel assemblies. In addition, the high pwer peaking
factor inside core will cause a hot spot. Moreover, the
reshuffling pattern between the core could not be established
orderly.

This condition was predicted and calculated using IFUEL a
Computer code with two-dimensional, four-energy-group diffusion.
The reactivity balance Cputation result is gven as follows.

Total Shutdown Margin -21.8%
Excess Reactivity +18.6%
Shutdown Reactivity - 32%
Stuck rod condition at 80C 41%
Shutdown Reactivity at C with stuck rod 09%

It is shown that the shutdown reactivity in stuck rod condi-
tion was 0.9%. It means that on that condition the reactor could
never be shutdown. Taking such safety condition into acount, the
in-care fuel managements of RSG-GAS was therefore set up. The
first transition core was constructed by 12 fuel assemblies and 6
control assemblies.

This arrangement was then followed by a series of transition
cores until reaching the sixth core which consists of 40 fuel
assemblies and E3 control assemblies.

Nonetheless, the TWC has not yet been attained. The first
TWC would be the ninth care, because only after this core that
the reshuffling pattern could be made in order.

398



111. THE PATTERN OF IN-CORE FUEL MANAGEMENT OF RSG-GAS

For all core configurations, the following conditions should
be achieved.

- The power peaking factor should not be greater than that in
the design criteria.

- The neutron flux should be uiform.
- The excess reactivity should be sufficient for operating in

certain full power days.
- The shutdown margin should be enough for terminating the

reactor at any case.
- The fuel bUrnLIP should not be greater than that in the

design criteria.

In each configuration, one fel assembly Wld bear an
average power of 656 kW. To prevent an nbalanced power, the
allowed axial and radial power peaking factor should not be
greater than 16 and 32, respectively.

The excess reactivity reaches its highest Value at the 80C.
To overcompensate this excess reactivity, control rods are
available to shutdown the core at any point in time with a suffi-
cient safety margin and for operation control Prposes. In case
of Stuck rod condition, the designed shutdown system Splies

sufficient Sibcriticality for the worst case. The alculated
results for the subcriticality Come Out to be more than 1%.

An other parameter of concern dring operation is the balan-
ce reactivity that should have satisfied the following values.

Total Shutdown Margin -17.8%
Excess Reactivity + 92%
Shutdown Reactivity - 86%
Stuck rod condition at BOC + 5.0%
Shutdown Reactivity at BOC with stuck rod - 36%

From the neutronic point of view, the reactor Would rn
safely when meeting all of the above conditions.

IV. RESULTS AND DISCUSSION

In accordance with the safety criteria mentioned before, the
pattern of the In-Core Fel Management has been setup. This
pattern Was Set ID following the result of the Calculation using

IAFUEL Code.

Figure 2 and Table 2 show the pattern of the In-Core Fuel
Management. From that figure and table it is shown that the
minimum core configuration is the first core configuration with

12 fuel assemblies and 6 control assemblies and 10.68 MW thermal
power. The core then grew tep by step until reaching the maximum
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core configuration with 40 fel assemblies and control assem-
blies and 30 MW thermal power respectively.

It is also shown that in every core transition the stuck rod
condition for shutdown margin criteria is always fulfiled. The
other important reSUIt is that the maximum power peaking factor
was less than 130.

REFERENCES

1. Wickert. M., and Miller, "IAFUEL Operating Manual", INTERATOM,
I 986.

2. Anonym. Multipurpose Research Reactor G.A. Siwabessy Safety
Analysis Report". Rev. 7 SATAN, September 1989

3. Kuntoro, I., "Program Operasi Reaktor Serba Guna G.A. Siwabes-
sy" a paper presented in the PPTN-BATAN Seminar, September
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AN ASSE5SMENT OF THE USE OF RECYCLED URANIUM
TO FUEL LEU REAreTORS

C ccolm
AEA Technology
Dounreay, Thurso
United Kingdom

ABSTRACT

Considerable stocks of uranium at enrichments between 50% and
80% U235 exist in the United Kingdom as a result of reprocessing
Research and Test Reactor fuel.

With the advent of the Reduced Enrichment for Research and
Test Reactor (RERTR) programme an opportunity exists to provide
a cost effective method of securing fuel supplies by blending
existing medium enriched uranium (MEU) to low enriched uranium
(LEU).

The principal characteristics which differentiate recycled uranium
from fresh uranium are the isotopic composition and the presence
of trace fission products and transuranic elements. Each unit
operation in the Research and Test Reactor fuel cycle is
considered and the impact of the above named characteristics is
examined.

It is concluded that the adoption of a fuel cycle utilising recycled
uranium will have no significant impact on fuel fabrication, reactor
operation, transportation, reprocessing or waste disposal. This
conclusion is in accordance with United Kingdom Atomic Energy
Authority (UKAEA) experience, as the reactors Dido and Pluto
have utilised recycled uranium for 30 years with no deleterious
effects.
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1. URANIUM CHARACTERISTICS

1.1 Natural Uranium

In natural uranium the isotopic composition is as shown in Figure together
with the associated neutronics data.

Table Neutronics data for naturally occurring uranium isotopes (Ref 1)

CAPTURE FISSION
COMPOSITION HALF-LIFE X_ X_ ABSORPTION

ISOTOPE (WEIGHT %) (YRS) SECTION SECTION X-SECTION
t 1/2 (Barns) (Barns) (Barns)aa

ac 011'

U234 0.005 2.445 E5 100.2 0.6 100.8

U235 0.720 7.038 E8 98.5 583.5 682.0

U236 0.000 3.415 E6 5.2 Negligible 5.2

U238 99.275 4.468 E9 2.7 Negligible 2.7

Of particular interest with respect to the handling of uranium is its specific
activity (SpA)

The specific activity (SpA) of an isotope is given by:-

SpA = A in (2)-Bqlg. .l
t'12.M.3.153E7

where A Avogadros no
M Mass no

The cumulative specific activity is then simply given as:

4r .AJn (2)
SpA 1 00 - Bqlg� �2

M,.t'12.3.153E7
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which for natural uranium equates to:

SpAw = 242 E4 Bqlg

1.2 Enriched Uranium

In conventional enrichment processes (centrifugation and gaseous diffusion)
the atoms Of U234 Wl follow the same route as that of U235 and therefore in
enriched uranium the ratio Of U234 t U23, will be very similar to that of natural
uranium ie 1 atom Of U234 to every 143 Of U235-

Using this in conjunction with formula 2 gives the following for virgin 93%
enriched uranium (table 2.

Table 2 Isotopic composition and specific activity of virgin 93% enriched
uranium

COMPOSITION SPECIFIC
ISOTOPE (WEIGHT %) ACTIVITY

(Bq/g)

U234 0.65

U235 93.00

U236 0.00

U238 6.35

TOTAL 100 1.57 6

Similarly for 19.75% enriched uranium (Table 3.

Table 3 Isotopic composition and specific activity of virgin 19.75%
enriched uranium.

COMPOSITION SPECIFIC
ISOTOPE (WEIGHT %) ACTIVITY

(Bq/g)

U234 0.14

U235 19.75

U236 0.00

U238 80.11

TOTAL 100 3.46 5
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In considering table 54.1 of the US DoE Standard Purity for enriched material,
the following typical U234 and U236 compositions are given as 1.5% and
0.46% respectively, resulting in the following:-

Specific Activities

US DoE 19.75% enriched Uranium - 347 E6 Bq/g
US DoE 93% enriched Uranium - 352 E6 Bq/g

As U236 does not occur naturally, it can be concluded from the US DoE
standard specification that recycling of enriched uranium has already been
adopted.

It should be noted at this juncture that the US DoE figures are average values,
peak figures of 157% U236 have been observed (Ref 2.

1.3 Irradiated Uraniu

Fission and capture of course results in the production of both fission products
and transuranics. It does however also result in significant alteration of the
isotopic composition of the residual uranium. It is the latter which is addressed
in this section.

The isotopic composition of the residual irradiated uranium will be dependent
upon numerous criteria, including:

Pre-irradiation uranium composition
Reactor type and fuel orientation
Burn-up etc

Whilst the following example may not be universally applicable to all Research
and Test Reactor configurations the basic principles apply nevertheless.

Initial uranium composition U234 1.5%
ie US DoE standard purity U235 93%
93% uranium U236 0.46%

U238 5.04

Burn-up 50% U235 atoms
Equivalent Power Generation 300 GW days/tonne (HE)

where HE is heavy atoms
above Th232

412



Pre and post irradiation compositions are given as Table 4.

Table 4 Pre and Post irradiation compositions of 93v uranium

PRE-IRRADIATION POST IRRADIATION

ISOTOPE COMPOSIT WEIGHT COMPOSIT WEIGHT
I 0 N (%) (g) -ION (%) (g)

U234 1.5 1.5 2.46 1.5

U235 93.0 93.0 76.33 46.5

U236 0.46 0.46 12.97 7.90

U238 5.04 5.04 8.24 5.02

100 100 I 100 60.92

The specific activity associated with the recovered post irradiation uranium
(using formula 2 would therefore be 6.00 E6 Bq/g.

If this material was then blended with natural uranium to produce 19.75%
enriched uranium then this would result in the isotopic composition given in
table .

Table Isotopic composition of irradiated 93% enriched uranium
blended to 19.75% with natural uranium

COMPOSM WEIGHT SPECIFIC
ISOTOPE ION (%) (g) ACTIVITY

Bq/g

U234 0.63 1.51

U235 19.75 47.80

U23 3.26 7.90

U238 76.36 184.84

100 242.05

1.55 E6
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In summary:-

Table 6 Specific activities of various uranium compositions

MATERIAL SPECIFIC ACTIVITY
(Bq/g)

Natural U 2.42 4

Virgin 19.75% U 3.46 5

US DoE 19.75% U 3.48 6

Recycled 19.75% U 1.55 E6

Virgin 93% U 1.57 6

US DoE 93% U 3.53 E6 -- Jl

2. TRANSPORTATION

In specifying the allowable inventory for a specific package, the most important
criteria is the Transport Index (TI) as defined in IAEA Safety Series No 6 Ref
3) as:-

Transport index (TI) shall mean a single number assigned to a package,
overpack, tank or freight container, or to unpackaged LSA-l or SCO-1, which
is used to provide control over both nuclear criticality safety and radiation
exposure. It is also used to establish contents limits on certain packages,
overpacks, tanks and freight containers; to establish categories for labelling;
to determine whether transport under exclusive use shall be required; to
establish spacing requirements during storage in transit; to establish mixing
restrictions during transport under special arrangement and during storage in
transit; and to define the number of packages allowed in a freight container or
aboard a conveyance.

For transport purposes the definition of unirradiated uranium is given as:-

Unirradiated uranium shall mean uranium containing not more than 10-Ig of
plutonium per gram of uranium-235 and not more than 9 MBq 0.20 mCi of
fission products per gram of uranium-235.

For type 'A' packages Ref 3 states that:-

A package shall contain activities not greater than the summation of the 2
valves of the individual isotopes.
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Table 7 gives the Tl-A2 valves for plutonium isotopes

Table 7 T-A2 values for plutonium isotopes

ISOTOPE TI-A2 VALUE SpA Tl.A2/SpA
(Bq) (Bq/g) (g)

Pu238 2E8 6.44E 1 1 3.1 E-4

Pu239 2E8 2.29E9 0.09

Pu240 2E8 8.51 E9 0.02

Pu241 1E10 4.13E12 2.42E-3

Pu242 2E8 1.48E8 1.35

It can be seen from table 6 that the most restrictive case will be if the
plutonium inventory of the uranium is considered as being 100% Pu238 in
which case the maximum inventory of a type A package containing plutonium
alone would be 31 E-4g.

Such restrictions alone would preclude the use of type A packages for the
transportation of recycled uranium regardless of the isotopic composition of the
uranium.

Type '13' packages are much less restrictive and given the relatively small
amounts of Pu and fission products present, the dominant effect on maximum
uranium inventories is that of criticality which is not dependent upon the origin
of the material ie no additional restriction on amounts of recycled uranium that
can be transported in a package.

As most HEU and LEU is transported using type '13' packages this is not
thought to be unduly restrictive.

3. IN REACTOR PERFORMANCE

Of concern in this part of the fuel cycle is the effect of the isotopic
composition of the uranium and its effect (if any) on the neutron economy of
the reactor system and as such the prime characteristic is the effect on total
capture cross sections. Table refers.
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Table Capture Cross Sections

ISOTOPE CAPTURE X-SECTION
(barns)

U234 100.2

U235 98.5

U236 5.2

U23 2.7

FP 70

U234 is not increased artificially in reactor but merely a function of the
enrichment process. could only be increased significantly if U233 was used
as a source material (not commonly used), then its relatively large capture x-
section would decrease the thermal utilisation in the neutron multiplication and
reduce the K.ff of the core. Otherwise no effect.

U236 has a capture cross-section almost double that of the U238 which it
replaces but has very little effect on the total captures as the total is swamped
by the much larger amounts and x-sections of U235 and the fission products.

Fission Products. Actinides & Plutonium

Present in recycled uranium to such a small amount as to be insignificant.

4. METAL PRODUCTION AND ELEMENT MANUFACTURE

The two important parameters to be considered in this respect are:

The radiotoxicity and
External dose uptake

The radiotoxicity of recycled uranium is differentiated from that of fresh fuel
due to the change in isotopic composition (higher U236), the presence of trace
plutonium and of trace fission products.

However, applying the restrictions specified for transport in IAEA Safety Series
No 6 1 0-"g Pu per g U235 and 9 MBq FP per g U235) and taking into account
the increase in overall specific activity due to increased U236 content the
maximum Derived Air Concentration (DAC) is unaltered due to the in-built
pessimism and contingencies for errors. The use of 35 d pM/M3 of air is still
valid for recycled uranium. It is also of less concern due to the fact that
modern production facilities are designed to plutonium standards and as such
should not cause licensing or operational difficulties.
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For external dose uptake, the following table (table 9 gives indicated values
for contact dose rates from a 25 kg uranium metal sphere as calculated by
MICROSHIELD.

Table 9

SOURCE MATERIAL CONTACT DOSE DOSE RATE � 1
RATE (juSr/hr) METRE /Sr/hr)

Natural U 0.02 0.01

Virgin 93% 2.30 1.10

Virgin 20% 0.49 0.23

US DoE 93% 2.32 1.11

US DoE 20% 0.51 0.25

Recycled 20% 0.50 0.24

From this table it can be concluded that if a facility is able to handle 93%
enriched uranium then dose uptake using recycled 20% uranium would not
increase.

5. REPROCESSING

Reactors fuelled with recycled uranium will have a higher proportion of U236
than those using virgin fuel.

The effect of this increase will lead to proportionally more Np237 (ny from
U236) being produced and a similar decrease in plutonium (ny from U238).

This has no significance at all in terms of its effect on the ability to reprocess
spent fuel arising from the irradiation of recycled uranium, due to the
decontamination factors achievable with Purex type f lowsheets of > 00 for
both plutonium and neptunium. Separation is further enhanced during the
metal production stage.

6. WASTE TREATMENT DISPOSAL

Effects are limited to the previously mentioned increase in Np237 to plutonium
ratio.

As can be seen from the accompanying diagram No 1 (Ref 4, Neptunium 237
is not considered to be one of the dominant contributors of risk to the most
critical group nor are its daughter products.
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In the short term it can be seen that the dominant species are in fact plutonium
or a decay product of plutonium, Americium 241.

In the longer term, Actinium 227 (from Plutonium 239 decay) and Protactinium
231 (again from Plutonium 239 decay), are considered to be the dominant
species.

It is therefore concluded that increasing Np 237 content to the detriment of Pu
isotopes is not a risk enhancing process.
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IN THE FORM OF METAL

SUITABLE FOR RESEARCH REACTORS
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ABSTRACT

Different specifications are being applied/requested for

enriched uranium in the form of metal by the producers,

the research reactors operators and manufacturers of

research reactor fuel elements. This paper deals with the

target to standardize and simplify specifications of low

enriched uranium (LEU) and high enriched uranium (NEU).

NUKEM had undertaken to co-ordinate the creation of

standardized specification and had performed correspon-

dent dialogues with the producers of base-materials,

research reactor operators and manufacturers of research

reactor fuel elements. NUKEM's efforts also concentrated

at the same time to implement the re-usage of LEU from

O-experiments in Europe and of EU from European repro-

cessing of spent research reactor fuel elements. The

following paper represents a status report on this sub-

ject since not all technical questions could be solved

yet on the specification of reprocessed EU.

MTR/14RERTR/l/211091/hmnob
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I-) GENERAL

A paper on the same subject was presented by me on the occasion of

the 13th International Meeting on Reduced Enrichment for Research and

Test Reactors (RERTR) in Newport, Rhode Island, USA on September 26,

1990. demonstrated at this time that there are diverging specifi-

cations for LEU and HEU in the form of metal following the different

interests of procedures/processors of LEU and HEU, research reactor

operators and manufacturers of research reactor fuel elements. My

proposal was to develop standardized specifications to facilitate

production of research reactors fuel elements and acceptance proce-

dures. Consequently NUKEM, being an independent company active in the

external fuel cycle of research reactors, was asked during the 13th

RERTR-Meeting to develop such standardized specifications.

2) Specifications for "fresh" uranium supplied

supplied by the U.S. Department of Energy (DOE)

In my paper for the 13th RERTR-Meeting in Newport I submitted

DOE's "standard purity" specification for HEU in the form of metal

valid at this time. In August of this year DOE made available to us

revised specifications for HEU in the form of metal.

In order to facilitate comparison of the former and now revised speci-

fication I repeat as table the former specifications.

The comments on these specifications are as follows.

You will note from this table that the metal showing a purity of

99.88 has a limit of 1200 ppm for chemical impurities.

MTR/14RERTR/2/211091/hmnob
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Table I

Former DOE-Specification
DOE-Standard Purity - Enriched uranium metal

Table 54.1 of DOE's HEU customer handbook

Physical form

DOE supplies the metal in the form of sheared pieces of casting
ranging from 50 to 200 grams with an average of 150 grams per piece.

Impurity Typical analysis (ppm)

Al 15.0
B < 1.0
Be < 0.15
C 400.0
Ca < 10.0
Cd < 0.10
Co 2.0
Cr 15.0
Cu 10.0
Fe 80.0
Li 0.4
Mg 10.0
Mn 10.0
MO 30.0
Na < 1.0
Ni 45.0
P < 100.0
Pb < 5.0
Si 200.0
V < 1.0
W < 100.0

Uranium 99.88

Gas Analysis Typical Analysis (ppm)

H2 1.30
N2 29.0
02 32.0

Isotopic Analysis Typical Analysis

U-234 1.50
U-235 93.15
U-236 0.46
U-238 5.39
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Table 2 represents the revised specifications for metal made available

in August 1991.

You can note from these revised specification that DOE improved the

purity of the metal which is now 99.94 and which corresponds to a

limit of 600 ppm for chemical impurities.

According to DOE this specification is typical of the analysis of

enriched uranium metal at all assays. The purity limits may vary within

each container of material delivered by DOE due to changes in pro-

cessing capabilities. Although DOE cannot guarantee strict adherence

with this specification, DOE indicated that every effort will be made

to conform to specific customer requests until a more definitive

specification can be issued.

Of interest are further typical analysis of U-234 (1.50 ) and U-236

(0.54 ). NUKEM's experience as former fuel element manufacturer was

that U-234 values in enriched uranium in the past supplied by DOE

varied from 0.5 % to max. 114 and for U-236 from 0.01 to 157 .

The availability of U-236 in the enriched uranium clearly shows that

DOE uses reprocessed uranium in their enriching process. The values of

U-234 are not due to reprocessed uranium however to the re-enrichment

process itself.

DOE's specification do not include a limit of the boron-equivalent

which has been limited by European fuel element manufacturers to not

exceed 30 ppm. HEU received by DOE showed in the past boron equiva-

lents up to 6 ppm. The materials were nevertheless not rejected due to

the fact that a possible return of the material would have created a

new export licensing procedure - a time consuming affair.

The specification of DOE also not include a numerical value for plu-

tonium and fission and activation products.

MTR/14RERTR/3/211091/hmnob
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Table 2

Revised DOE-Specification

Impurity Typical analysis (ppm)

Al 5.0
B < 1.0
Be < 0.15
C 100.0
Ca < 10.0
Cd < 0.10
Co 1.0
Cr 10.0
Cu 5.0
Fe 30.0
Li 0.25
Mg 15.0
Mn 5.0
MO < 10.0
Na < 1.0
Ni 15.0
P < 100.0
Pb < 5.0
Si 50.0
V < 1.0
w < 100.0

Uranium 99.94 

Gas Analysis Typical Analysis % (ppm)

H2 1.09
N2 63.0
02 31.0

Isotopic Analysis Typical Analysis

U-234 1.50
U-235 93.15
U-236 0.54
U-238 5.30

425



The only specification that could be associated with plutonium is the

maximum alpha activity from all transuranic elements which is 1500

disintegrations per minute of total uranium. This figure would lead to

max. 25 bq tot/g U. For Pu 239 with the specific activity of 617 x

10-2 Ci/g this would correspond to 10-8 g Pu/g U or approx. 0.01 ppm

10 ppb.

3) Proposed Uranium-Specification of AEA Technology, Fuel Services

AEA Fuel Services has proposed a standardized specification as per

table 3.

The proposed standardized specification deals with the "normal" chemi-

cal impurities and limits the sum of all impurities to 1500 ppm. Also

there is a limitation of the boron equivalence of group to be smaller

than 25 ppm and the same limit for group 2 to be smaller than 02 ppm.

The proposed standardized specification deals not yet with limits of

U-232, U-234, U-236, Plutonium, fission and activation products.

AEA Fuel Services, Dounreay, Scotland has, among others, in operation

processing facilities for enriched uranium and a reprocessing plant for

spent research reactor fuel. A firm campaign for the reprocessing of

spent research reactor fuel is scheduled to start at the end of this

year. In order to re-use/re-introduce the repocessed uranium, AEA has

to adapt their proposed specification to include reprocessed uranium as

well.

MTR/14RERTR/4/211091/hmnob
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Table 3

Proposed standardized Uranium Specification
by AEA Fuel Services, Dounreay

URANIUN SPECIFICATION - INPURITIES

Impurities shall be determined by chemical analysis
and the following limits shall not be exceeded

Group 

Ag, B, C, Cd, Co, Cr, Fe, Li, Si, Sn, Zr
The sum of the boron equivalence < 25 ppm wrt U

Group 2

Al, Ca, Mg, Mn, Mo, P, Pb, V, W

The sum of the boron equivalence > 0.2 ppm wrt U
The sum of the impurities > 1500 ppm wrt U
Individual impurities > 300 ppm wrt U

Calculation of boron equivalence shall be based on neutron
absorption class sections for a neutron velocity of 2200 m/s.
The following factors (derived by the Brookhaven National La-
boratory) will be applied to the impurity concentration (in
ppm) to determine the boron equivalence.

AG 0008400 Al 0000121

B 1.000000 Ca 0.000153

C 0.000037 Mg 0.000037

Cd 0.310600 Mn 0.003448

Co 0.009000 Mo 0.000393

Cr 0.000800 P 0.000083

Cu 0.000800 Pb 0.000012

Fe 0.000700 V 0.001409

Li 0.077600 W 0.001433

Ni 0.001100

Si 0.000075

Sn 0.000075

Zr 0.000026
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4) Proposed specification of CERCA for LEU in the form of metal in

cluding LEU stemming from -experiments

CERCA has proposed a standardized specification for LEU in the

form of metal as per table 4.

The specification deals under V.1 with limits of U-234 and U-236 in the

case of uranium stemming from -experiments. They are limited each to

0.14 .

Under V.2 the total sum of the "normal" chemical impurities is limited

to 1500 ppm. Exceptions of the normal chemical composition may be

tolerated under the condition that the boron equivalence of the impu-

rities does not exceed 3 ppm.

At the first time the proposed specification of CERCA contains also

limits for U-232, transuranic activity and activity of fission products

for enriched uranium stemming from a -experiment.

With regard to U-232, a limit of 0.01 pg/kg (ppb weight) has been set

up.

5) Summary and conclusion

As already mentioned, this paper is a status report on the de-

veloping of a standard specification for LEU and HEU. During our

investigations and collaboration with fuel element producers it became

clear to us that such a standardized specification should also include

LEU stemming from reprocessing. It appears that there will be no

reprocessing of spent research reactor fuel in the USA in the next

three years. A reprocessing campaign of spent research reactor fuel

containing HEU by AEA Dounreay will start at the end of this year in

order to close the fuel cycle of research reactors in Europe.

MTR/14RERTR/5/211091/hmnob

428



Table 4
page 

Proposed standardized Uranium Specification
of CERCA, Romans for a 19.75 U-235 enriched mtal

1. OBJECT

The object of the present specification is to define the
characteristics of uranium with a U-235 assay of 19.75
+/- 02 to be used for the manufacture of fuel plates
for fuel elements

II. REFERENCE SPECIFICATION

Fuel element manufacture

III. STATE OF DELIVERY

The uranium metal should be supplied either in the form
of pieces less than 300 g (and, when possible, more than
170 g), or in the form of platelets. The uranium must be
free from oxides and salts.

IV. LOT SIZE

The size of each lot depends upon the manufacturing pro-
cess and the origin of the material.

For uranium supplied by Pierrelatte, it corresponds to
the amount treated in one calciothermic operation, i. e.
maximum of 10 kg.

In the particular case of material from critical experi-
ments (SNEAK) platelets), the lot size is a maximum of
30 kg (for the analyses listed in paragraphs VI and V 2.
For the analyses listed in paragraph V3, the lot size is
stated for each case in the paragraph.
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page 2

V. PRODUCT CHARACTERISTICS

An analysis should be supplied for each lot of uranium metal.

V.1 The uranium metal should fit the following standard
isotope weight composition (in weight

U-234: to be determined

U-235: 19.55 < U-235 < 19.95

U-236: to be determined

U-238: to be determined

In the particular case of material from critical
experiments (SNEAK platelets) the levels of U-234
and U-236 are limited to:

U-234 < 014 

U-236 < 014 
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V. PRODUCT CHARACTERISTICS

V.2 This metal must, aonst other criteria, satisfy
the following standard chemical composition (in
ppm weight) in relation to total uranium.

Al: 150 Ag to be measured

B: 1 Co

C: 800 Cr

Ca: 100 Cu

Cd: 1 Fe

Li: 10 Mg

Si: 300 Mn

Sn: 100 MO

W: 100 N

Zr: 250 Ni
P

Pb
V

total measured imurities: 1500

Each lot of material must be accompanied by a certificate
of analysis, certified by the supplier and specifying the
levels of all the elements and uranium isotopes mentioned
in this paragraph.

Subject to derogation, exceptions to the standard chemical
composition may be tolerated, on the condition that the bo-
ron equivalent of the impurities in the uranium does not
exceed 3 ppm.

Calculation of this boron equivalent should be made using
the 23 levels of: Ag Al B C - Ca Cd - Co - Cr -
Cu - Fe - Li - Mg - Mn MO N Ni - P Pb - Si - Sn -
V - W - Zr, to which should be added a margin of 02 ppm,
to take into account all other impurities.

To calculate the boron equivalent, values should be taken
for a neutron velocity of 2200 ms-1 in conformity with the
documents BNL 325, established by BROOKHAVEN National Labo-
ratory.
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Coeffiencies are given in the following table

ELEMENTS BORON EQUIVALENT/ppm

Silver Ag 83.99 x 10- 4

Aluminium Al 1.21 x 10- 4

Boron B 10,000.00 x lo- 4

Carbon C 0.04 x 10- 4

Cadmium Cd 3,104.73 x 10-4

Calcium Ca 1.53 x 10- 4

Cobalt Co 89.51 x 10- 4

Chromium Cr 8.49 x 10-4

Copper Cu 8.50 x lo- 4

Iron Fe 6.50 x 10- 4

Lithium Li 1,451.26 x 10- 4

Magnesium Mg 0.37 x 10- 4

Manganese Mn 34.48 x 10- 4

Molybdenum Mo 3.93 x 10- 4

Nitrogen N 18.00 x lo- 4

Nickel Ni 10.75 x 10- 4

Phosphorus P 0.83 x 10- 4

Lead Pb 0.12 x 10-4

Silicon Si 0.81 x 10- 4

Tin Sn 0.76 x 10- 4

Vanadium V 14.00 x 10- 4

Tungsten W 14.33 x 10-4

Zirconium Zr 0.29 x 10-4
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V.3 Additional requirements for 19.75 enriched
uranium stemming fom critical eperiments:

For enriched uranium stemming from critical experiments,
to be used by CERCA ROMANS, the metal must satisfy the
following conditions (maxima 

Isotope level per 100 kg lot:

U-232: < 0.01 pg/kg (ppb weight)

Transuranic activity per 100.kg load:

NP 237: 2 Bq/g U (accuracy / 03)

PU 238: 1 Bq/g U

PU 239 - 242: 5 Bq/g U

Activity of fission products of:

Cs 137: 444 Bq/g U per 30 kg load (accuracy +/- 3)

Sr 90: 370 Bq/g U per 100 kg load 30)

Pm 147: 150 Bq/g U per 100 kg load 30)

Ce 144: 75 Bq/g U per 100 kg load 10)

Ru 106: 25 Bq/g U per 100 kg load 4)

Sb 125: 10 Bq/g U per 100 kg load 1)

The total fission product activity should be measured
per 30 kg lot and must mot exceed the maximum of 4000 Bq/
g U.

Eventual variations in relation to this paragraph V.3
should be submitted for possible acceptance under dero-
gation by CERCA ROMANS.
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The proposed specification of CERCA to include uranium from -experi-

ments goes already in this direction to include also uranium from

reprocessing. In principle, the given limits for U-232, U-234, trans-

uranic activity and activity of fission products can also be applied

for reprocessed uranium.

It is intended to blend the reprocessed HEU down to LEU at AEA,

Dounreay. Calculations are being made with regard to the properties of

the so reprocessed and blended LEU in order to cover the requirements

of manufacturers of research reactor fuel elements and research reactor

operators.

A big question mark has already to be put on the contents of U-234

since this isotope has a direct influence on the personal dose rate of

the people handling the reprocessed and blended material. The U-236

isotope content of such a blended/reprocessed material will not create

a problem during the processing and manufacturing step, however, it is

subject to the acceptance of the individual research reactor operator.

We are continuing to co-ordinate the dialogue on the standardization of

specifications of enriched uranium for use in research reactors in

order to facilitate production and acceptance of research reactor fuels

in order to help to close the interrupted back end of this fuel cycle.

The closing of the interrupted fuel cycle of research reactors is an

achieved goal with high priority for NUKEM.

MTR/14RERTR/6/211091/hmnob
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ADAPTATION STRATEGY OF FUEL ELEMENT XA04CO138
DESIGN AND FUEL ELEMENT TYPE FOR MPR 30 a

Martias NURDIN 'J.,

Division for Nuclear Reactor Technology and

Instrumentation Assessment, Nuclear Technology Assessment

Center, National Atomic Energy Agency, Jakarta, Indonesia

Abstract

A program to use the silicide fuel for MPR-30 is being

considered. The silicide line adapted for that is U3Si2Al,

Attention should be paid for the fuel element design and

specification, since they have important role in determining

the future of the reactor. from technical point of view and

from economical point of view.

The strategy must be given in dealing with the core

physics - flux performance, primary system design - ther-

mohydraulics justifications, safety and reactor economy.

FUel element having 20 and 21 plate are discussed and

compared, The evaluating parameter used in this study are of

course the safety of the reactor operation, reactor perform-

mance, flow instability criteria and reactor economy. The

MTR type fel element using the following specifications of

20 plates. 0775 meat thickness of U7Si2A1 with uranium den-

sity �' 4.8 gram/cc. and 08 mm/0.495 mm inner/outer clad-

ding thickness seem to be a good choice for MPR-30 (RSG-

GAS).
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1. Introduction

The MPR-30 is called by ReaVtor Serba una G.A. Siwabessy

(RSG-GAS). It has been operated since 1987. beginning with

small core having the power around 10 MWth and now it is in

the preparation to be operated with nominal power, 0 MWth.

To have a better idea, the reactor design description and

reference fUel element design description are illustrated

in the following tables 

Table 1. Reactor Design Description

Reactor Type Pool Type MTR

Steady Power Level. Mw 7;(

Number of Standard/

Control Fuel Element 40/8

Active Corle Geometry 8 x Position

Lattice Pitch, mm 81.0 �. 77.1

Active Core Length, mm 600

Irradiation Positions 1 In-Core 4 grid positions)

4 In-Core (1 grid positions

each)

7 In-Reflector (I grid

positions each)

5 Tn-Reflector (1 grid posi-

tion each for rabbit system)

I In-Reflector (some grides

position, silicon doping)

6 Beam tubes for fundamental

applied researchs

Moderator H20

Reflectors Be. H20
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Table 2 Reference Fuel Element Design Description

'Type MTR, Straight Plats

Uranium Enrichment, 19.75

Fuel Elpmen Diversion. M7 80.65 x 76.1 x 900

Plates/Standard Fel Element 21

Plates/Control FUel Element 15 4 Al Plats

FUel Meat Diversion, mm3 0.54 x 62.75 600

U 235/Standard Fuel Element, gr 250

Uranium Density, g/cc 2.96

Jnner/OUter cold thickness, mm 0.38 038

Clod Material Al Mgt

As we can see in the above table "Reference Fuel

Element Description", cold thickness of inner and outer

plates are the same and fel meat composition is U:708 with

the density 296 g/cc.

After the order 100 silicide fuel element "3Si2Al"

with the density 4 g/cc 60 FE from BABCOCK WILCOX. 20

FE from NVEM and 20 FE from CERCA) for the conversion of

ORR reactor-core in 1984 El], most RERTR program in the

world follow this strategy 2 These phenomenas were also

reported to BATAN 3], and now utilization of the silicide

Fuel Element "U-7Si-Al" is being considered; two silicide

fuel elements are in the state of qalification, but the

uranium density is the same with U308-Al fuel element so

uranium content per element is still 250 gr.

To obtain the beneficial application of silicide fuel

for MPR-30, sound and proper approach should be made, to do

so; the presentation cover the following analysis

Safety and Reliability of Reactor Operation

Reactor Performance and Operation Cost

Reactor Primary System Capacity
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2. Safety and Reliability of Reactor Operation.

The reference fuel element give good flow stability [4]i

- at nominal power the margin against flow stability at

inlet temperature of 60 OCv 55 Cv 44 DC and 400 C are

1.76 160 170 and 164 for the flow rate of 90 ,

80 %, 75 and 70 respectively.

- at nominal flow rate, the margin against flow ins-

tabily at inlet temperature of 600C, 55 C9 440 C and

40 DC are 1.85 200 190 and 1.85 for the power of

100 %, 114 %, 125 %, and 129 respectively.

- the lowest acceptable safety margin is 148.

From thermohydraulic point of view, MPR-30 has a good

con�:ept, it is a safe and reliable reactor.

The future operation of the reactor will be characterized by

a certain difficulties during the shufling of the fuel

element de to the In-Piles loop structures. Mechanical

interaction of friction between fel element and structures

can not be eliminated. Two faces of the fuel element are

protected from he possibility of Mechanical Interaction.

The solution adapted for most design is to make the outer

cladding a little bit thicken than the inner one.

Tnstead of having a thickness of 0.38 mm, we propose to use

the thickness of 0.495 mm for the Outer plate.

Among four fel element designs studied, the element

having meat thickness of 0735 mm., inner/outer clod

thickness 0.38 mm/0.495 ad 20 plates per element can meet

the requirement. Using this design (the water gap becomes

2.51 mm instead of 256 mm), the result of our calculation

show that from the flow instability point of view, the new

preposition has better reliability; the possibility of fuel

damage is low and margin against flow instability is higher.

Another point that should be taken into-account is the
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possibility to have the international collaboration in this

field. The design trend/philosophy should be adjusted to the

international standard; where the outer clad thickness is

thicken than the iner plate clad thickness.

3. Reactor Performance And Operation Cost

For the sAme fuel loading, both at beginning of life

and at end of life of the cycle, performance of the proposed

fuel lement design is better than reference [5]. the unper-

turbed thermal flux at CIP is 276 x 1 14 n/cM2.sec for

proposed element and 270 x 10 14 n/cM2 sec for the

reference.

The reference design almost in the limit for its

uranium content.(U308).while the proposed one can reach

(have) the uranium content around 325 gram and if we use

silicide fuel with density 37 gr/cc the Uranium content

can be around 400 gram/element. For the silicide fuel the

limit of the UranIUm density '� 4 gr/cc, so to be on the

safe side, the silicide Fel density se should be less than

or eqUAl to 4.8 gr/cc. At these possibilities the

introduction of Cobalt or Cadmium wire at the side plates

must be analysed soundly to get the recommended safety.

The higher the content of uranium (can be loaded) the

better the reactor economy, less fabrication cost due to it

the fuel elements needed for the same duty factor and for

the same AK/K necessary for the experimental purposes are

lower

The sensitivity studies were also made in searching

the consequences of having thicker plate cold. How high the

penalty imposed by the thicker plate can be seen from the

following table and figure 
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Figure 2. Cycle Length and Change in Excess Reactivity
as a Function of Clad Thickness for The Proposed Design

I-Li

'O -0.0;

A
% Sk/k

- 41

28.0

--0-6
Cycle
Length

-0.8;

7--

27 0 -1.0

.8 0.38/ 0.0.40/ !0.42/0.535
0.495 0.51.5- 0. I

Inner/Outer Clad Thickness, MM

Table 3. Effect of Increasing Clad Thickness for the

proposed Design with U308 Fuel, 229 gr U/cm3.

Clad Change Approx. Cycle Element

Tichness in EOC Cycle per per Year

Inner/Outer Excess Length. Year Std. Cntl.

mm React. Days

% dk/k

0.38/0.495 0.0 28.6 9.57 57.6 9.6

0.40/0.515 -0.26 28.1 9.74 58.2 9.7

0.42/0.535 -0.5-d- 27.6 9.92 59.4 9.9

0.45/0.550 -0.92 26.9 10.2 61.2 10.2

Duty Factor = 0.75
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For the case of 045/0.55 mm. the uranium density would need

to be increased from 2.29 g/cc to about 26 gr/cc to

achieve the same fuel consumption as the 038/0.495 mm. This

approach is really conservative.

4. Reactor Primary System Capacity

Since the use of referent fuel element design has been

embedded in the design calculation of MPR-30 primary system

components, so the use Of the other fuel elements should be

analysed and evaluated before.

Primary system Pressure Loss = A PPSPL

Accordi.ng to the revision 7 of SAR. the APPSPL 2.5 bar

and the pressure drop across the core is 0.58 bar, so the

pressure loss of te other components is 192 bar

------ ? so 

APPSPL = APCORE + APOC

Design capacity of A PPSPL = 25 bar (10-20)%

Compared to reference design, the se of the

proposed design give only:

a PSPL =&PPSPL 32 

The possibility to use the proposed fuel element

design is determined by design capacity of the primary pump

whether it can give tolerance in the pressure loss of

primary system that should be capable of overcoming the

additional pressure drop cause by the alternative fuel

design. It is clearly shown here that additional .2 pres-

sure loss can be accommodated in dated by the tolerance

of the mechanical design.
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CONCLUSIONS-SUGGESTION

1. AS just mentioned. the dominant parameter that enables

the utilization of proposed fuel element design is the

design capacity of the primary Pump.

If the design capacity of the primary pmp can overcame

the additional pressure drop caused by the using of another

design, this new one should containt more ranium to

minimize the opt-rating cost or to have a longer cycle.

3. Due to the possibilty of sing S S pressure tbe for

Control Irradiation osition 6 the readivity necessary

will be higher; the fuel design with high uranium content

is clearly eeded, so the proposed fel ement design

can be a good choice for MPR-30.

4. The proposed fuel element design has been analysed and

evaluated (safety and reliability of the reactor, x

performance and reactor economy) it is better than the

reference.
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ABSTRACT

U.S. DOE suspended its reprocessing policy for Research Reactors at the

end of 1988 due to environmental concerns.

The available restricted alternatives cannot replace U.S. DOE.

Most of the Research Reactor operators have up till now no alternative

to close their Fuel Cycle and are worried about this uncertain situtaion.

The consequences of this situation are discussed.

1. INTRODUCTION

I want to start my paper by raising a serious question for the Research

Reactor (RR) operators.

Have you closed the back end of your Fuel Cycle?
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If your answer is N 0 - how will you react to this question being raised

by your licensing authorities or the public - maybe tomorrow 

What consequences might be connected to your N 0 ?

Over decades this question had disappeared from our minds at least for

fuel of U.S. origin.

The U.S. offered

- reprocessing

- U-credits (for virgin material)

- re-enrichment

- conversion services

- WASTE TAKEOVER

at attractive prices and conditions as we are painfully learning today.

This route worked out satisfactorily until the end of 1988 when the

acceptance of spent RR fuel for reprocessing was suddenly suspended by

the U.S. DOE.

MTR/RERTR14/3/291091/grgnob
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2. WHAT HAPPENED AT U.S. DOE?

The Off-Site Fuels Policy established by the Atomic Energy Commission in

1968, as it elated to hghly eriched ueanium for R, expired on 31

December 1988.

Due to concerns of environmentalists the U.S. DOE had to prepare an

"Environmental Ass6ssmentll (EA). The EA, which took more t1yan t,.4o years,

covered the proposed extension of a policy for years o 4 sh-fpn*nts

(for all enrichments) whichever comes first.

The EA asgessedtbe potential environWiit6l imphct of

a) transportation of sent RR fuel on the higly seas, in U.S. ports and n

the highway and from

b) reprocessing of the fuel at the potential sites. The sites are the

Savannah River Site (SRS) and Idaho National Engineering Laboratory

(INEL).

As a result of the EA the U.S. DOE stated that the proposed action would

not significantly affect the quality of' the human environment'within the

meaning of the National Environmental Policy Act (NEPA) of 196-9.

Furthermore the EA pointed out that over 365 shipments received by the

U.S. DOE between 1978 and 1988 had no releases or environmentally signifi-

cant impacts. Also the potential reprocessing impacts at either site would

be insignificant.

MTR/RERTR14/4/291091/grgnob

447



The acceptance of U.S. origin fuel serves non-proliferation interests by

removing weapon grade material and is therefore consistent with the Atomic

Energy Act.

A proposed Finding Of No Significant Impact (FONSI - including the EA -

was published on 23 May 1991 and the comment period extended from origi-

nally 30 days to more than 60 days.

The U.S. DOE reported to an European delegation last September about an

unexpected negative response on the FONSI publication in terms of quality

and quantity.

Most of the comments requested an Environmental Impact Statement (EIS).

The U.S. representatives pointed our two different likely alternatives:

1 A straight forward decision to renew the reprocessing policy following

up the nuclear non-proliferation aspect.

2. Completion of an EIS and processing it through the mandatory publication

procedure. This route was predicted to take at least two or three years.

The final decision has to be taken by Admiral Watkins (Secretary of

Energy) hopefully within a short period of time.

When the U.S suddenly suspended the acceptance of spent RR fuel at the end

of 1988 it appeared to be a short disturbance only.

But over the past three years of waiting and hoping for a renewed policy

being announced by the U.S. DOE, some RR in Germany would not have

survived without an alternative.

MTR/RERTR14/5/291091/grgnob

448



3. POTENTIAL ALTERNATIVES TO U.S. DOE'S REPROCESSING

3.1 UKAEA/AEA (U.K.)

UKAEA at its AEA Dounreay Site in Scotland is offering reprocessing

services under special terms and conditions. The generated waste has

to be returned to the country of origin in a form to be agreed upon.

For that purpose the concerned government has to guarantee this

return clause by an exchange of diplomatic notes before a relevant

reprocessing agreement can be concluded.

Of course such a bilateral agreement does require a national waste

disposal program to be realized within a certain time frame.

If the fuel is reprocessed the actual recovered uranium will be

placed at the customer's disposal at AEA, Dounreay, either in the

form of oxide or metal.

Re-enrichment services cannot be provided. So the uranium has to be

blended to the required assay during the conversion process.

Customers outside EURATOM will need prior U.S. approval (so-called

MB-10 procedure) for the transfer and retransfer of the U.S. origin

material to and from the U.K.

UKAEA/AEA accept for reprocesssing also non U.S. origin fuel if the

country of origin has approved the transfer.

MTR/RERTR14/6/291091/grgnob
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3.2 CEA/Cog6ma (France)

Cog6ma has announced recently that offering reprocessing services to

RR operators is currently under review again. A date for such a de-

cision has not been given yet.

If reprocessing can be offered, the terms and conditions will pro-

bably be comparable to those of UKAEA/AEA.

That means prices might be different but the return of the waste to

the country of origin will also be mandatory.

4. SUMMARY

The back end of the RR fuel cycle continues to be the cause of great

concern.

The worldwide growing demand for back end solutions for RR cannot be

fulfilled.

The prospects are very poor.

Only a few countries have national programs or concepts for reprocessing

and direct disposal of spent nuclear fuel. That means the solution must be

sought in an international cooperation.
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But please be aware of very limited potential alternatives which are:

1. U.S. DOE with many uncertainties in the future.

2. UKAEA/AEA with the request of waste returned to the country of origin

and possbibly available only a limited period of time as the domestic

demand had disappeared.

3. CEA/Cog�ma with the capability beyond 1997 but also with connected un-

certainties with respect to terms and conditions.

But even if you open a route you have to consider if you can afford it.

Reprocessing prices are increasing significantly.

U.S. DOE announced already that a new policy would have to be based on

full cost recovery. This calculation will lead to multiple prices. The

prices will then have to be reviewed and adapted on a yearly basis.

If your national nuclear policy requires taking back the waste, the

U.S. route is in question. The waste with U.S DOE is stored in liquid

form and no waste conditioning is available, therefore transport not

possible.

Furthermore all national storage concepts are based and licensed on a

very detailed specification which has to be met before waste can be

accepted in the country of origin.

The Soviet Union and China do not offer reprocessing services for RR so

far.

MTR/RERTR14/8/291091/grgnob

451





LIST OF PARTICIPANTS

AUSTRALIA BELGIUM/EURATOM

Dr. George Halosh Mr. Jean-Claude Blanquart
Director, Nuclear Technology EURATOM Supply Agency
Program, ANSTO 46 Rue du Luxembourg
Private Mail Bag 1040 Brussels
MENAI NSW 2234 Belgium
Australia Phone - -
Phone Facs.
Facs. : 02 543 9263 Telex:
Telex: aa 24562

Mr. Jose Mota
Mr. Donald B. McCulloch Euratomi Supply Agency
Lucas Heights Research Laboratories Principal Administrator
ANSTO Rue de La Loi, 200
New Ilawaffa Road MDB 8/01 B1049 Brussels
Lucas Heights, New South Wales Belgium
Australia Phone
Phone Facs. 32-2 235.05.27
Facs. Telex 21877 comeu b
Telex

CANADA
AUSTRLAA.A.E.A.

Mr. Albert G. Lee
Mr. Francis A. DiMeglio AECL Whiteshell Laboratories
Safety Assessment Specialist Manager, Technology Department
Nuclear Safety Division, I.A.E.A. Small Reactor Technology Unit
Wagramerstrasse 5, P.O. Box 100 PINAWA, Manitoba ROE ILO
A 1400 Vienna Canada
Austria Phone 204-753-2311 ext3146
Phone - Facs. 204-753-2455
Facs. : 43 (1) 234 564 Telex
Telex: -

Mr. Steve Palleck
Dr. Richard G. Muranaka Senior Fuel Engineer
International Atomic Eergy Agency AECL Research, Chalk River Labs
Wagramerstrasse 5 Station 405, Chalk River
Postfach I 0 Ontario KOJ U0
A 1400 Wien Canada
Austria Phone
Phone -
Facs. : 43 (1) 234 564 Mr. David Sears
Telex: - AECL Research, Chalk River Labs

Section Head, Fuel Fabrication
Development and Testing
Chalk River, Ontario KOJ IJO
Canada
Phone (613) 584-3311
Facs. (613) 584-3250

453



CHINA Mr. Tage M. Nilsson
Riso National Laboratory

Prof. Peng Feng P.O. Box 49
Nuclear Power Institute of China DK-4000 Roskilde
P.O. Box 291 Denmark
Chengdu Phone: -
Sichuan 610005 Facs. 45 42 35 1 73
China Telex 43 116 risoe dk
Telex : 611021 swcr cn

Dr. Sun Rongxian FRANCE
Nuclear Power Institute of China
P.O. Box 291 Mr. Alain Ballagny
Chengdu DRE (Department des Reacteurs
Sichuan 610005 Experimentaux), Deputy Manager
China Batiment 663, CEN/SACLAY
Telex : 611021 swcrcn 91191 Gif Sur Yvette Cedex

France
Facs. . (1) 69 08 80 15

DENMARK Telex 604641 f dre

Mr. Eivind Adolph Mr. Bernard Bartoli
Deputy Head Commissariat a Energie Atornique
Riso National Laboratory CEA/CEN Cadarache
P.O. Box 49 Batiment 260
DK-4000 Roskilde 13108 St. Paul Les Durance Cedex
Denmark France
Phone - Phone: -
Facs. 45 42 35 73 Facs. . 33-42.25.35.53
Telex 43 116 risoe dk Telex 440 678 ceaca f

Mr. Heinz Floto Ms. Pascale Bon
Reactor Manager, Reactor DR 3 COGEMA, Direction Commerciale
Riso National Laboratory 2, rue Paul-Dautier
P.O. Box 49 B.P 4
DK-4000 Roskilde 78141 Valizy-Villacoublay Cedex
Denmark France
Phone - Phone: -
Facs. 45 46 75 50 52 Facs. 33-1-34-65-13-77
Telex 43 116 Telex 697 833 f

Mr. Karsten Haack Dr. Francis Decool
Deputy Head, Reactor DR 3 2, rue Paul Dautier
Riso National Laboratory 78140 Velizy-Villacoublay
P.O. Box 49 Cedex
DK-4000 Roskilde France
Denmark Phone: -
Phone - Facs. 33.1.34 65 13 77
Facs. : 45 46 75 50 52 Telex 697 833 f
Telex: 43 116

454



Mr. Yves Fanjas Mr. Gerhard Gruber
MTR Fuel Technical amd Project Mgr. MTR Fuel Cycle Services
CERCA, BP 11 14 NUKEM GmbH
26104 Romans Postfach 1313, Industriestrasse 13
Cedex D-8755 Alzenau
France Germany
Phone: - Phone: -
Facs. 33-75 05 25 36 Facs. : 06023-500 600
Telex 345 155 f Telex: 4188 233 nuka d

Mr. J.-P. Sarnir Naccache Mr. Horst W. Hassel
CERCA President, CECCN
9-11 rue Georges Enesco Buero Alzenau
94008 Creteil Postfach 1313, Industriestrasse 13
Cedex D-8755 Alzenau
France Germany
Phone: Phone: 06023-500380&381
Facs. Facs. : 06023-500 382
Telex Telex: 4188 233 nuka d

Mr. Jacques Paiflere Dr. Willfried Kruff
Commissariat a I'Energie Atornique GKSS Forschungszentrum
CEA Direction des Reacteurs Nucl. Geestacht mbH
Service du Reacteur Osiris 91191 Gif Sur Postfach I 60
Yvette Cedex 2054 Geestacht
France Germany
Phone 69 08 40 42 Phone -
Facs. 69 08 65 11 Facs. 04152-871338
Telex - Telex: 2187]2gkssgd

Dr. Roger P6clier Mr. Hans H. Mfiller
Ingenieur, Responsable Controle Fuel Cycle Service Division
COGEMA, Representation Pennanente NUKEM GmbH
BP 1114 Postfach 1313, Industriestrasse 13
26104 Romans D-8755 Alzenau
France Germany
Phone: - Phone: -
Facs. : 750 27380 Facs. 06023-500 600

Telex 4188 233 nuka d

GERMANY, FEDERAL REPUBLIC OF Mr. Thomas Schmidt
Manager, Irradiated Transport Dept.

Dr. Klaus B5ning Nuclear Cargo Service GrnbH
Reaktorstation Garching der Rodenbacher Chaussee 6
Technischen Unversitaet Muenchen Postfach 1 1 00 69, 6450 Hanau II
Physik-Department Germany
8046 Garching Phone: -
Germany Facs. (06181) 573 692
Phone: - Telex 4184123
Faes. -
Telex: 

455



Dr. Hubert Tebbert Dr. Pramudito Aggraito
Nuclear Research Centre Karlsruhe Director, Yogyakarta Nuclear
Kernforschungszentrum Karlsruhe Research Centre (PPNY) Yogyakarta
Postfach 3640 R. Babarsari P.O. Box 
D-7500 Karlsruhe Yogyakarta
Germany Indonesia
Phone: - Phone (0274) 5435 5436
Facs. : 07247) 825 982 Facs. (0274) 61824

Mr. Horst Tschiesche Mr. Bakri Arbie
Nuclear Cargo Service GmbH Director
Rodenbacher Chaussee 6 Multipurpose Reactor Centre (PRSG)
Postfach 11 00 30 BATAN, Kawasan Puspiptek
6450 Hanau II Serpong 153 
Germany Indonesia
Phone: - Phone 021) 7560562ext2O35

Facs : 021) 7560573
Telex: 44962 pptas ia

INDIA

Dr. C. Ganguly Mr. Mohammad Birsam
Head, Radiometallurgy Division Nuclear Fuel Element Centre (PEBN)
Bhabha Atomic Research Centre Fuel Element Production Division
Trombay Kawasan Puspiptek
Bombay 400 085 Serpong 153 
India Indonesia
Phone 91-22-551 4171 Phone (021) 7560915
Facs. 91-22-556 0750 Facs. (021) 7560909
Telex 0 171017 barc Telex 44962 pptas ia

INDONESIA

Dr. Nazir Abdullah Mrs. Irma R. Dandian
Deputy to Director General of BATAN Reactor Safety Technology Research
BATAN Head Quarter Center (PPTKR), Batan
J1. K.H. Abdul Rokhirn Kawasan Puspiptek
Jakarta 12710 Serpong 15310
Indonesia Indonesia
Phone (021) 511109 Phone 021) 7560562
Facs. (021) 51 1 1 1 0 Facs. : 021) 7560913
Telex 62354 batan ia Telex: 44962 pptas ia

Mr. DjaU Ahirnsa Mrs. Jenny Edwardly
Director General of BATAN Technical Assistance Division
BATAN Head Quarter Programme Development Bureau, Batan
J1. K.H. Abdul Rokhirn A. K.H. Abdul Rokhim
Jakarta 12710 Jakarta 12710
Indonesia Indonesia
Phone (021) 511109 Phone: 021) 511109
Facs. (021) 51 1 1 1 0 Facs. : 021) 51 1 1 1 0
Telex 62354 batan ia Telex: 62354 batan ia

456



Mr. Fathurraclunan Mr. Soekotjo Joedoatmodjo
Nuclear Fuel Element Centre (PEBN) Deputy to Director General of Batan
Fuel Element Production Division Batan Head Quarter
Kawasan Puspiptek J1. K.H. Abdul Rokhim.
Serpong 15310 Jakarta 12710
Indonesia Indonesia
Phone: 021)7560915 Phone 021) 511109
Facs. (021) 7560909 Facs. : 021) 5111 10
Telex 44962 pptas ia Telex: 62354 batan ia

Mr. Hudi Hastowo Mr. Uju Jujuratisbela
Head, Reactor Technology Division Reactor Physics Division
Multipurpose Reactor Centre (PRSG) Multipurpose Reactor Centre (PRSG)
Batan, Kawasan Puspiptek Batan, Kawasan. Puspiptek
Serpong 15310 Serpong 15310
Indonesia Indonesia
Phone (021) 7560562ext2O35 Phone (021) 7560562ext2O35
Facs. (021) 7560573 Facs. (021) 7560573
Telex 44962 pptas ia Telex 44962 pptas ia

Dr. J.B. Hersubeno Mr. Jonathan Kayes
Nuclear Fuel Element Centre (PEBN) U.S. Embassy in Indonesia
Head, Nuclear Fuel Division R. Medan Merdeka Selatan 5
Kawasan Puspiptek Jakarta Pusat
Serpong 15310 Indonesia
Indonesia Phone (021) 360 360ext2O72
Phone: 021)7560915 Facs. (021) 360 644
Facs. (021) 7560909 Telex
Telex 44962 pptas ia

Dr. Utung Iskandar Mr. Sri Kuntjoro
Agency for Assessment Application Reactor Physics Division
of Technology (BPP Teknologi) Multipurpose Reactor Centre (PRSG)
R. M.H. Thamrin Batan
Jakarta Pusat Kawasan Puspiptek, Serpong 15310
Indonesia Indonesia
Phone: Phone (021) 7560562ext2O35
Facs. Facs. (021) 7560573
Telex Telex 44962 pptas ia

Dr. R.P.H. Ismuntoyo Ms. Arlinah Kusnowo
Director, Reactor Safety Technology Reactor Operation Division
Research Center (PPTKR), Batan Nuclear Technique Research Center
Puspiptek (PPTN) Batan
Serpong 15310 R. Tamansari 71, Bandung
Indonesia Indonesia
Phone: 021)7560562 Phone -
Facs. (021) 7560913 Facs. (022) 2504 081
Telex - Telex

457



Dr. Martias Nurdin Mr. Basuki A. Pudjanto
Head, Reactor Assessment Div. Nuclear Fuel Element Center (PEBN)
Nucl. Technol. Assessment Center Nuclear Fuel Division
Batan, J1. KH Abdul Rokhim Kawasan Puspiptek
P.O. Box 85 Ky, Jakarta 12001 Serpong 15310
Indonesia Indonesia
Phone (021) 511109 Phone (021) 7560915
Facs. (021) 51 1 1 10 Facs. (021) 7560909
Telex 62354 batan ia Telex 44962 pptas ia

Mr. Ontowiryo Mr. Rickwan M.
Reactor Physics Division Reactor Safety Technology Research
Multipurpose Reactor Centre (PRSG) Center (PPTKR) Batan
Batan, Kawasan Puspiptek Kawasan Puspiptek
Serpong 15310 Serpong 15310
Indonesia Indonesia
Phone (021) 7560562ext2035 Phone- 021)7560652
Facs. (021) 7560573 Facs. : 021) 7560913
Telex 44962 pptas ia Telex 44962 pptas ia

Dr. Lolo Panggabean Ms. Lily Saparfina
Agency for Assessment Application Reactor Physics Division
of Technology (BPP Teknologi) Multipurpose Reactor Center (PRSG)
R. M.H. Thamrin Batan, Kawasan Puspiptek
Jakarta Pusat Serpong 15310
Indonesia Indonesia
Phone: Phone (021) 7560562ext2O35
Facs. Facs (0207560573
Telex Telex 44962 pptas ia

Mr. Surian Pinem
Reactor Physics Division Dr. Widjang H. Sisworo
Multipurpose Reactor Centre (PRSG) Director
Batan, Kawasan Puspiptek Programme Development Bureau, Batan
Serpong 15310 J1 K.H. Abdul Rokhim, Mampang
Indonesia Jakarta 12710
Phone (021) 7560562ext2O35 Indonesia
Facs. (021) 7560573 Phone 021) 511109
Telex 44962 pptas ia Facs. 021) 51 1 1 10

Telex 62354 batan ia

Prof. Dr. Prayoto Mr. Sid Smith
Faculty of Mathematics and Natural Science Councellor
Sciences, Gadjah Mada University U S. Embassy in Indonesia
Bulaksumur A. Medan Merdeka Selatan 5
Yogyakarta Jakarta Pusat
Indonesia Indonesia
Phone (0274) 62609 Phone 021) 360360ext2O72
Facs. Facs. (021)360644
Telex - Telex -

458



Mr. Iyos R. Subki Mr. SaIman Suprawardhana
Deputy to Director General of Batan Yogyakarta Nuclear Research Center
Batan Head Quarter (PPNY) Batan
R. K.H. Abdul Rokhim J1. Babarsari P.O. Box 
Jakarta 12710 Yogyakarta
Indonesia Indonesia
Phone: 021)511109 Phone (0274) 5435 5436
Facs. : 021) 511 1 10 Facs. (0274) 61824
Telex: 62354 batan ia Telex

Mr. Sudarmono Mr. Tuldran Surbakti
Reactor Physics Division Reactor Physics Division
Multipurpose Reactor Centre (PRSG) Multipurpose Reactor Center (PRSG)
Batan, Kawasan Puspiptek Batan, Kawasan Puspiptek
Serpong 15310 Serpong 15310
Indonesia Indonesia
Phone (021) 7560562ext2035 Phone (021) 7560562ext2O35
Facs. (021) 7560573 Facs. (021) 7560573
Telex 44962 pptas ia. Telex 44962 pptas ia

Dr. Soedyartomo Soentono Mr. Asmedi Suripto
Director Head, Fuel Element Production Div.
Nuclear Fuel Element Centre (PEBN) Nuclear Fuel Element Center (PEBN)
Batan, Kawasan Puspiptek Batan, Kawasan Puspiptek
Serpong 15310 Serpong 15310
Indonesia Indonesia
Phone (021) 7560915 Phone (021) 7560915
Facs. (021) 7560909 Facs. (021) 7560909
Telex 44962 pptas ia Telex 44962 pptas ia

Mr. Tjipta Suhaemi Mr. Edy Syanwuddin
Reactor Safety Technology Research Planning Department
Center (PPTKR) Batan BPP Teknologi
Kawasan Puspiptek R. M.H. Thamrin
Serpong 15310 Jakarta Pusat
Indonesia Indonesia
Phone: 021)7560562 Phone-
Facs. (021) 7560913 Facs.
Telex 44962 pptas ia Telex

Mr. Sutaryo Supadi Mr. Syarip
Deputy to Director General of Batan Yogyakarta Nuclear Research Center
Batan Head Quarter (PPNY) Batan
R. K.H. Abdul Rokhim J1. Babarsari P.O. Box 
Jakarta 12710 Yogyakarta
Indonesia Indonesia
Phone (021) 515213 Phone (0274) 5435 & 5436
Facs. (021) 5111 10 Facs. (0274) 61824
Telex 62354 batan ia Telex

459



Mr. Taswanda Taryo Dr. Yoshiaki Futamura
Reactor Technology Division Director, Dept. of JMTR Project
Multipurpose Reactor Center (PRSG) JAERI
Batan, Kawasan Puspiptek Oarai-machi, Higashi
Serpong 15310 lbaraki-gun, baraki-ken 311-13
Indonesia Japan
Phone (021) 7560562ext2O35 Phone: 0292-67-41 11 x 4300
Facs. (021) 7560573 Facs. 0292-67-7144
Telex 44962 pptas ia Telex 324 596

Mr. Arif Wibowo Mr. Hiroki Ichikawa
Reactor Physics Division JAERI, Research Reactor Technology
Multipurpose Reactor Center (PRSG) Development Division, Tokai
Batan, Kawasan Puspiptek 2-4 Shirakata-Shirane, Tokai-mura
Serpong 15310 Naka-gun, lbaraki-ken 319-11
Indonesia Japan
Phone (021) 7560562ext2O35 Phone
Facs. (021) 7560573 Facs. 81-292-82-5258
Telex 44962 pptas ia Telex

Mr. Indro Yuwono Dr. Keiji Kanda
Nuclear Fuel Element Center (PEBN) Associate Profesor
Occupational Safety Division Research Reactor Institute, Kyoto
Kawasan Puspiptek University, Karnatori-choSennan-gun
Serpong 15310 Osaka 590-04
Indonesia Japan
Phone (021) 7560915 Phone 81-724-52-090 x 2614
Facs. (021) 7560909 Facs. 81-724-53-0360
Telex 44962 pptas ia Telex 5397073 kurria

IRAN

Dr. Mohanmad Zaker Mr. Masaru Kobayashi
Nuclear Research Center of Iran PECHINEY, Japan
Atomic Energy Organization of Iran 43rd Floor, Shinjuku Mitsui Bldg.
P.O. Box 19395-143 2-1-1 Nishi-Shinjuku, Shinjuku-ku
Tehran Tokyo 163
Iran Japan
Phone Phone 03-3349-6660
Facs.: Facs. 03-3349-6770
Telex Telex

JAPAN

Mr. Shonosuke Fukushijrna Mr. Youji Murayama
Nissho wai Corporation JAERI, JRR-3 Operation Division
4-5, Akasaka 2-chome JAERI-Tokai
Minato-ku 2-4 Shirakata-Shirane, Tokai-mura
Tokyo 107 Naka-gun, lbaraki-ken 319-11
Japan Japan
Phone: - Phone -
Facs. 03-3588-4924 Facs. : 81 292 82 5933
Telex - Telex -

460



Mr. Takaaki Nagamatsuya KOREA, REPUBLIC OF
Japan Atomic Energy Reseach Instt.
FUKOKU SEIMEI BLDG. Dr. Changkyu Kim
2-2-2 Uchisaiwai-cho Nuclear Materials Development Dept.
Chiyoda-ku, Tokyo 100 Korea Atomic Energy Research Instt.
Japan P.O. Box 7 Daeduk Science Town
Phone 03-3592-2361 Daejun, 305-353
Facs. 03-3592-2199 Korea
Telex - Phone 82-42-8202334

Facs. 82-42-8202702
Mr. Yoshihiro Nakagome Telex 45553 kaeri k
Research Reactor Institute
Kyoto University
Komatori-cho, Sennan-gun SWEDEN
Osaka 590-04
Japan Mr. Erik B. Jonsson
Phone STUDSVIK AB
Facs. 724 53 5810 Fuel Manager
Telex 539 7073 kurria S-61182

Nykoping
Mr. Fumio Sakurai Sweden
Deputy General Manager Phone 46 155 22260
JAERI Facs. 46 155 63070
Narita-cho, Oarai-machi Telex 640 13 studs s
lbaraki-ken 311-13
Japan
Phone: 0292-67-41 11 THE NETHERLANDS
Facs. 0292-67-7144
Telex - Mr. S.J.D. VanLinge

Reactor Department Manager
Dr. Hiroyuki Takahashi Interfacultair Reactor Institut
Director, Japan Atomic Energy Mekelweg 15
Research Institute JAERI) 2629 JB Delft
2-4 Shirakata-Shirane The Netherlands
Tokai-mura, fbaraki-ken Phone 015-785002
Japan Facs. 015-786422
Phone
Facs. 0292-82-6111 Mr. Fred J. Wijtsma

Netherlands Energy Research
Mr. Nobuo Tsuji Foundation (ECN)
Nissho Iwai Corporation Westerduinweg 3 P.O. Box 
4-5, Akasaka, 2-chome 1755 ZG Petten
Minato-ku The Netherlands
Tokyo 107 Phone
Japan

461



UNITED KINGDOM Dr. Gerard L. Hofman
Senior Metallurgist

Mr. Colin McCohn Argonne National Laboratory-207
AEA Technology 9700 South Cass Avenue
Dounray, Thurso Argonne, IL 60439-4841
Caithness U.S.A.
Scottland KW14 7TZ Phone
UX Facs. 708-972-5161
Phone Telex 6871701 doe-anI
Facs. 44 847 80 3049

Mr. Keith A. Parker Dr. Ratib A. Karam
AEA Technology Nuclear Research Center
Fuel Product Services Division Georgia Institute of Technology
Room CH 491, Risley Warrington Ch 900 Atlantic Drive
WA3 6AT U.K. Atlanta, GA 30332-0425
Phone 44 925 252 100 U.S.A.
Facs. 44 925 252 631 Phone 404-894-3120
Telex - Facs. : 404-853-9325

Telex: 542507 GTRIOCAA

UNITED STATES OF AMERICA Mr. Gerry McCarmick
Babcock & Wilcox

Dr. Manuel M. Bretscher Naval Nuclear Fuel Division
Reactor Physicist, RERTR Program P.O. Box 785
Argonne National Laboratory-207 Lynchburg, VA 24505-0785
9700 South Cass Avenue U.S.A.
Argonne, IL 60439-4841 Phone 804-522-6189
U.S.A. Facs. 804-522-5922
Phone Telex
Facs. 708-972-5161
Telex 6871701 doe-anI

Mr. Michael D. McDonough
Mr. Salvador Ceja NUKEM Consultant
U.S. Department of Energy 109 Tmberline Drive
Washington Conway
D.C. 20585 South Carolina 29526
U.S.A. U.S.A.
Phone Phone 803-347 7699
Facs. (202) 586-8134 Facs. 803-347 0027

Telex

Dr. John Ganley Dr. James E. Matos
General Atomic Physicist, EP Div., RERTR Program
TRIGA Group Argonne National Laboratory-207
P.O. Box 85608 9700 South Cass Avenue
San Diego, CA 92186-9784 Argonne, IL 60439-4841
U.S.A. U.S.A.
Phone: - Phone: -
Facs.: (619) 455 4169 Facs. 708-972-5161
Telex 695 065 Telex

462







THE ORGANIZATION OFM W-INTERNATIONAL MEETING ON REDUCED
ENRICHMENT RESEARCH AND TEST REACTORS (RERTR)

The Steering Committee

Chairman 
Mr. Sutaryo Supadi (Indonesia)

Members:
Dr. Amando Travelli (USA)
Prof. Keiji Kanda. (Japan)
Dr. Richard G. Muranaka WA)
Dr. Soodyartomo Soentono (Indonesia)
Dr. Y. Futamura (Japan)

The Organizing Committee

Chairman 
Mr. Bakri Arbie

Vice-Chairman:
Dr. Widjang H. Sisworo

Secretaries :
Ms. Jenny S. Edwardly
Mr. Gunandjar

Meeting and Proceedings
Mr. Asmedi Suripto
Mr. Hudi Hastowo
Dr. J.B. Hersubeno

Hotel reservation and accomodation
Mr. Umar F. Amran

465


