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P R E F A C E

The X° International Meeting held in Buenos Aires in

September 1987 continued the tradition established

by the RERTR Program to organize every other year the

Annual Meeting abroad (Saclay, France, 1979; Julich,

Germany, 1981; Tokai-Mura, Japan, 1983; Petten, The

Netherlands, 1985) and to return to base for the year

in-between.

On behalf of the Atomic Energy Commission of Argentina,

as host of the Meeting, I want to acknowledge the

enthusiasm and dedication shown by the 131 participants

of the 23 countries, especially for the true fraternity

they contributed to create.

I am also grateful to the members of the Atomic Energy

Commission who assisted in the organization of the

Meeting and in the compilation and final assembly of

the Proceedings.

Domingo Ricardo Giorsetti

Program Chairman
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UPEN1NG AND WELCOME ADDKESS
BY

DR. NARIU MARiSCUTTI
HEAD, RESEARCH AND DEVELOPMENT DIVISION

ATOMIC ENERGY COMMISSION OF ARGENTINA (CNEA)

It is for many reasons a pleasure to represent the government of
Argentina and the Atomic Energy Commission to welcome all
participants to the X International Meeting on "Reduced Enrichment
for Research and Test Reactors".

I especially wish to thank the representatives of the 20 foreign
countries that honour us with their presence as well as to the RERTR
Program authorities and members for having chosen our country as
host of this Meeting. It implies that the achievements obtained
by CNEA in connection with the aims of the Program are clearly
acknowledged.

Since the beginning of the Program our country has participated
in it with great enthusiasm, as we fully share the idea of making
a joint international effort to reduce the nuclear weapons
proliferation, idea that, through this Program, has been put into
practice making unnecessary the use of highly enriched uranium in
facilities for pacific purposes.

Important efforts have been made during these ten years in the field
of research reactors and its fuel with a significant investment
in human resources and infrastructure. We are pleased to have made
such an investment on account of its noble interests, as it has
motivated our technicians and professionals and has contributed
to renew the pacific aims of our nuclear program.

This Program has been a gratifying experience of international
cooperation. The coparticipation in the results obtained in the
different stages developped within the scope of this Program has



been significant. There has been an open interaction among reactor

operators, fuel suppliers, research centres and government

organizations of several countries. Each of them contributed to

reach the aims foreseen for the different branches related to the

nuclear fuel cycle including the fuel development, test,

demonstration, transportation and reprocessing, and the reactor

physics and engineering, reactor operation and fuel management,

analysis of experiments, economic studies and safety and licensing

aspects.

At present, the results can already be seen. Most of the 126 involved

reactors in twenty-five countries, each of them different as regards

power, fuel, cooling system, moderator, control, reflector, including

any conceivable combination, can now be operated with low enrichment

uranium. The effort of the Program authorities and of all of them

v/ho took part in it has not been in vain.

Uur efforts have been effectively supported by the Program and we

are pleased to make this evident on this occasion. At the same time,

we have also tried to contribute to the transference of the obtained

knowledge through qualification courses or bilateral agreements

involving particularly South American countries.

Finally, I should like to acknowledge especially all the people

who worked in the organization of this event, in particular 1 wish

to thank Captain Giorsetti on account of his many concerns and hard

work. As a personal experience, I know that it is not easy to

organize a conference of this kind in Argentina. It is a great

undertaking that the local scientific community must appreciate

because such an event is a remarkable and significant contribution

to our research and development programs.

At the beginning I said that for many reasons this was a very

pleasant occasion. Une additional reason is that this Meeting

coincides with the completion of the manufacturing of the first

low enrichment core in Argentina. I want to thank on behalf of the



Atomic Energy Commission all those teams that worked intensely to
reach this result, because our Institution is aware of all the
difficulties that had to be surmounted through personal efforts.

Most of our visitors speak English. Let me greet you without
translation. We are grateful that you have travelled a distance
longer than usual to be with us. This conference is important to
us. I know that choosing Argentina as host was not easy and for
that reason we would like to express our special appreciation. I
hope that after the Meeting you will be happy to have come. I wish
you a fruitful conference and a happy visit.

Thank you



SESSION I

September 28, 1987

PROGRAMS AND LICENSING

Chairman: D.R. Giorsetti (CNEA, Argentina)

Page

THE RERTR PROGRAM: PROGRESS AND PLANS
A. Travelli (ANL, U.S.)

THE STATUS OF THE GERMAN AF-PROGRAM AND THOUGHTS
TOWARD A NATIONALLY AND INTERNATIONALLY
COORDINATED TERMINATION OF THE PROGRAM

C. Thamm (KFA, FRG) ,

SESSION II

September 28, 1987

PROGRAMS AND LICENSING (cont.)

Chairman: A. Travelli (ANL, U.S.)

STATUS OF REDUCED ENRICHMENT PROGRAM FOR
RESEARCH AND TEST REACTOR FUELS IN JAPAN

Y. Futamura (JAERI, Japan)

STATUS OF THE RERTR PROGRAM IN ARGENTINA
D.R. Giorsetti (CNEA, Argentina)

PRELIMINARY EXPERIENCE AND NEAR FUTURE
UTILIZATION PROGRAMMES OF THE MPR-30
FUELED BY LEU

B. Arbie, S. Soentono (NAE, Indonesia) ..
(Contributed paper)

SESSION III

September 28, 1987

PROGRAMS AND LICENSING (cont.)

Chairman: G. Thamm (KFA, FRG)

IMPLEMENTATION OF A QA SYSTEM FOR THE DESIGN AND
MANUFACTURING OF FUEL ASSEMBLY MTR PLATE-TYPE

J.H. Koll (CNEA, Argentina) ,

LICENSING ASPECTS OF REDUCED ENRICHMENT PROGRAM
FOR MTR FUEL

R. Oyamada (JAERI, Japan)



SESSION IV

September 28, 1987

FUEL DEVELOPMENT AND FABRICATION

Chairman: J.L. Snelgrove (ANL, U.S.)

Page

INNOVATIVE CONCEPTS FOR FUEL PLATE
FABRICATION

R. Domagala (ANL, U.S.) 77

MTR SILICIDE FUEL AT CERCA. STATUS AS OF
SEPTEMBER 1987

Y. Fanjas (CERCA, France) 83

HIGH DENSITY LEU FUEL DEVELOPMENT AT B&W
K. Bogacik (B&W, U.S.) 95

THE SERIES PRODUCTION IN A STANDARDIZED
FABRICATION LINE FOR SILICIDE FUELS AND
COMMERCIAL ASPECTS

H. Hassel (NUKEM, FRG) 101

THE IMPROVEMENT OF TECHNOLOGY FOR HIGH-
URANIUM-DENSITY Al-BASE DISPERSION FUEL
PLATES

S.R. Xian 121

SESSION V

September 2-9, 1987

FUEL DEVELOPMENT AND FABRICATION (Cont.)

Chairman: D.F. Sears (AECL, Canada)

DESCRIPTION OF THE U3O9 POWDER PRODUCTION
PLANT FOR LOW ENRICHMENT FUEL PLATES

N. Boero (CNEA, Argentina) 128

PHYSICAL AND CHEMICAL CHARACTERIZATION IN
THE PRODUCTION OF U3Og POWDERS

A. Lecifiana (CNEA, Argentina) 136

ANALYSIS OF THE PRODUCTION OF U3O POWDER FOR
LOW ENRICHMENT FUEL PLATES

J. Celora (CNEA, Argentina) 140

U3O8 POWDER PRODUCTION BY THE SPRAY-
DRYING METHOD

A. Marajofsky (CNEA, Argentina) 150

x



SESSION VI

September 29, 1987

FUEL IRRADIATION AND EXAMINATION

Chairman: E.E. Perez (CNEA, Argentina)

Page

FABRICATION AND IRRADIATION TESTING OF LEU
FUELS AT CRNL - STATUS AS OF SEPTEMBER 1987

D.F. Sears (AECL, Canada) 155

POST-IRRADIATION EXAMINATION OF LOW-ENRICHED
UAlx-Al FUEL ELEMENT IN JAERI

M. Adachi (JAERI, Japan) 168

LEU FUEL TESTING AT KFA, JUELICH UNDER THE
GERMAN AF-PROGRAM PLATE IRRADIATION AND PIE

G. Thamm (KFA, FRG) 182

QUALIFICATION STATUS OF LEU FUELS
J.L. Snelgrove (ANL, U.S.) 195

PROSPECTS FOR STABLE HIGH DENSITY DISPERSION
FUELS

G. Hofman (ANL, U.S.) 204

SESSION VII

September 29, 1987

SAFETY ANALYSIS

Chairman: D.B. McCulloch (ANSTO, Australia)

RISK ANALYSIS FOR A U3O8 20% ENRICHED IN U-235
PRODUCTION PLANT

M. Friedenthal (CNEA, Argentina) 210

ACTIVITIES RELATED TO FUEL FABRICATION AT
THE CHILEAN COMMISSION FOR NUCLEAR ENERGY

E. Testart (CCHEN, Chile) 217

OPERATIVE EXPERIENCE IN HANDLING ENRICHED
URANIUM COMPOUNDS IN A U3O8 PRODUCTION PLANT

H. Cardenas (CNEA, Argentina) 222

REACTIVITY ACCIDENT ANALYSIS IN MTR CORES
R. Waldman (CNEA, Argentina) 225



SESSION VIII

September 29, 1987

WHOLE-CORE TESTS

Chairman: F. Merchie (CENG, France)

Page

EVALUATION OF DIFFERENTIAL SHIM ROD WORTH
MEASUREMENTS IN THE OAK RIDGE RESEARCH
REACTOR

M.M. Bretscher (ANL, U.S.) 242

STATUS OF THE ORR WHOLE-CORE LEU U,Si Al
FUEL DEMONSTRATION J l

M.M. Bretscher et al. (ANL, ORNL, U.S.) 260

MTR CORE EXPERIMENTS ANALYSIS. PART I:
REACTIVITY MEASUREMENTS IN WATER, GRAPHITE
AND BERYLLIUM REFLECTED CORES

G. Ricabarra et al. (CNEA, Argentina). 266

PERFORMANCE OF A DIGITAL REACTIVITY-METER
(009 NC/1-IPEN) IN INITIAL TESTS PROGRAMS
FOR RESEARCH AND POWER REACTOR

J. Maiorino (IPEN, Brazil)

SESSION IX

September 30, 1987

REACTOR EVALUATIONS

Chairman: J.E. Matos (ANL, U.S.)

STUDY OF THE REDUCED ENRICHMENT FUEL CONVERSION
AT THE UNIVERSITY OF MISSOURI-ROLLA REACTOR

M. Straka (University of Missouri, U.S.) 286

NEUTRONIC DESIGN OF AN LEU CORE FOR THE OHIO
STATES UNIVERSITY RESEARCH REACTOR

T. Aldemir (OSU, U.S.) 291

'FEASIBILITY STUDY OF USE OF LEU AND
ALUMINIDE FUELS IN THE KUR

K. Kanda (KURRI, Japan) 303

xn



SESSION X

September 30, 1987

REACTOR EVALUATIONS (cont.)

Chairman: K. Kanda (KURRI, Japan)

Page

CONVERSION CORE REDESIGN AND UPGRADE OF THE
RHODE ISLAND AEC REACTOR

F.A. DiMeglio (AEC, U.S.) 311

PERFORMANCE AND ECONOMIC PENALTIES OF SOME
LEU CONVERSION OPTIONS FOR THE AUSTRALIAN
REACTOR HIFAR

D.B. McCulloch, G.S. Robinson
(ANSTO, Australia) 329

TRAINING COURSES FOR LATIN AMERICAN HUMAN
RESOURCES IN SUBJECTS RELATED TO RERTR
PROGRAM

T. Perez, S. Harriague
(CNEA, Argentina) 345

SESSION XI

October 1, 1987

REACTOR PHYSICS AND EVALUATIONS

Chairman: K. Haack (RISOE, Denmark)

NEUTRONIC MEASUREMENTS AND CALCULATIONS OF THE
IRRADIATION OF A LEU-FE IN THE PRESENT HEU CORE
OF THE RA-3 REACTOR

M, Madariaga (CNEA, Argentina) 351

MTR CORE EXPERIEMNTS ANALYSIS. PART II: FLUX
DISTRIBUTION AND BUCKLING MEASUREMENTS IN
MTR CORES

G. Ricabarra, M.D.B. de Ricabarra, M.T. Bang
(CNEA, Argentina) 362

ESTUDOS NEUTRONICOS VISANDO A REDUCAO DE
ENRIQUECIMENTO DO REATOR DE PESQUISA IEA-R1

J.R. Maiorino (IPEN, Brazil) 377

IMPROVEMENTS IN THE MODEL OF NEUTRON
CALCULATIONS FOR RESEARCH REACTORS

0. Calzetta (CAB-CNEA, Argentina) 418

XI11



SESSION XI (cont.)

ANALYTICALL STUDY ON FLUX DISTRIBUTION IN
5 MW HEU AND LEU TRR CORF.

G. Bartsch (TV, FRG) 427
(Contributed paper)

SESSION XII

October 1, 1987

THERMOHYDRAULICS

Chairman: H. Winkler (EIR, Switzerland)

EVALUATION AND SELECTION OF HOT CHANNEL
(PEAKING) FACTORS FOR RESEARCH REACTOR
APPLICATIONS

W.L. Woodruff (ANL, U.S.) 443

FEASIBILITY OF MAINTAINING NATURAL CONVECTION
MODE CORE COOLING IN RESEARCH REACTOR POWDER
UPGRADES

T. Aldemir (OSU, U.S.) 453

SESSION XIII

October 1, 1987

LEU TARGETS AND CREDITS

Chairman: R. Muranaka (IAEA)

CONTINUINING INVESTIGATIONS FOR TECHNOLOGY
ASSESSMENT OF 99Mo PRODUCTION FROM LEU
TARGETS

G. Vandegrift (ANL, U.S.) 470

XIV



THE RERTR PROGRAM: PROGRESS AND PLANS

A. Travelli

Argonne National Laboratory
Argonne, Illinois 60439 U.S.A.

ABSTRACT

The progress of the Reduced Enrichment Research
and Test Reactor (RERTR) Program is described.
After a brief summary of the results which the RERTR
Program, in collaboration with its many interna-
tional partners, had achieved by the the end of
1986, the activities, results, and new developments
which occurred in 1987 are reviewed. Irradiation of
the second miniplate series, concentrating on UoSi2~A
and U^Si-Al fuels, was completed and postirradia-
tton examinations were performed on many of its
mlnlplates. The whole-core ORR demonstration with
U^Sij-A] fû l. at 4.8 g U/cm3 was completed at the
end of March with excellent results and with 29 ele-
ments estLmated to have reached .'it least 40% average
burnup. Good progress was made in the area of LEU
usage for the production of fission " M o , and in the
coordination of safety evaluations related to LED
conversions of U.S. nn^'ersity reactors. Planned
activities include testing imu demonstrating
advanced fuels Intended to allow use of reduced
enrichment uranium la very-high-performance
reactors. Two candidate fuels are UoSi-Al with
19.75% enrichment and U3Si2~Al with 45% enrich-
ment. Demonstration oif these fuels will Include
irradiation of full-size elements and, possibly, a
full-core demonstration. Achievement of the final
program goals is still projected for 1990. This
progress could not have been possible without the
close International cooperation which has existed
from the beginning, and which is essential to the
ultimate -IIICC^SS of the RERTR Program.

INTRODUCTION

The Reduced Knr IHiment Research and Tost Reactor (RERTR) Program
was established In 1978 by the Department of Energy (DOE). It was
managed and funded by DOE through 1986. Beginning in 1987, management
and fundLng responsibility for the program was assumed by the Arms
Control and Disarmament Agency (ACDA). The primary objective of the
program Is to develop the technology needed to use Low-Enrichment
Uranium (LEU) instead of High-Enrichment Uranium (HEU) in research and
test reactors, and to do so without significant penalties in experiment
performance, economics, or safety aspects.



Excellent progress has been made toward the achievement of this
objective through the close cooperation whLch has existed since the
beginning between the program and the many organizations represented at
this meeting. In particular, cooperation with the Coraision Nacional de
F.nergia Atomica (CNEA) has been active since 1979. As part of this
cooperation, miniplates of several fuel types, including the most
advanced materials considered by the program, have been fabricated in
the laboratories of the CNEA, irradiated in the ORR, and examined after
irradiation with excellent results. It is a pleasure to report here, in
close proximity to the CNEA laboratories where this work was conducted,
on the status of the RERTR Program, on last year's progress, and on our
plans.

OVERVIEW OF THE NOVEMBER 1986 PROGRAM STATUS

By November 1986, when the last International RERTR Meeting was
held,1 the main results achieved in the fuel development area were:

(n) Th<? qualified uranium densities of the three main fuels which
were In operation with HEU In research reactors when the
program began (IJA1 -Al with up to 1.7 g U/cm3; U^Oo-Al with up
to 1.3 f< IJ/rm3; nnd UZrHx with 0.5 g U/cm

3) had been
significantly Increased. Tho now uranium densities extended
up to 2.3 g u/cm3 for UA^-Al , 3.2 g U/cm3 for UgOg-Al,' and
3.7 g U/cm3 for UZrll . Each fuel had been tested extensively
for up to fhose densities and, In some cases, beyond them.
All the data needed to qualify those fuel, types with LEU and
with the higher uranium densities had been collected.

(h) For U-}SI2-A1, ml nl.pl atou with up to 3.8 g U/cm
3 had been

fabricated by ANL and Irradiated to 90-96% burnup in the ORR
with excellent PF.E results.

A large number of miniplates (35) with densities up to 5.7 g
U/cm3 had been Included In a second mlnlplate series whose
irradiation was In progress in the ORR. Four full-size
plates, with up to 5.4 g U/cm3, had been irradiated to an
estimated 75% average burnup Ln the SILOE reactor at CENG,
France, with excellent results.

Irradiation of a full-size element, fabricated by CERCA with
5.2 g U/cm , had also begun in STLOE. Six full-size elements
with A.8 g U/cm3 had been fabricated in equal numbers by
NUKEM, CERCA, and B&W, and irradiated ln the ORR to very high
burnups with excellent PIE results.

A whole-core, demonstration was in progress in the ORR.
Approximately 80% of the core had been gradually converted to
LEU using standard elements fabricated by CERCA, NUKEM, and
B&W, all with U^S12~A1 at A.8 g U/cm

3. The demonstration core
also contained control elements fabricated by B&W with UoSio-A
at 3.5 g tl/cm3. Full conversion was scheduled to occur around
the end of the year, and the demonstration was anticipated to
last until the end of September 1987.

(c) For U3SI-AI, mlnlplates with up to 6.1 g U/cm3 had been
fabricated by ANL and the CNEA, and irradiated to 84-96% in



the ORR. PIE of these raLnlplates had given good results, but
had shown that some burnup limits might need to be Imposed for
the higher densities.

A large number of miniplates (54) had been included in the
second rainiplate series, with densities up to 7.2 g U/cm3,
enrichments up to 93%, greater than stochiometric Si contents,
and other variations. Irradiation of the miniplates was still
in progress in the ORR.

Four full-size plates, fabricated by CERCA with up to 6.0 g
U/cm3 had been successfully irradiated to 43-54% burnup in
SILOE. A full-size element of U-̂ Sij 7~A1 with 4.7 g U/cm

3 had
been fabricated by CERCA for irradiation in OSIRIS.

A full-size U3S1-A1 (6.0 g U/cm
3) element, fabricated by

CERCA, had been successfully irradiated to ~55% average burnup
in SILOE.

In other important program areas, reprocessing studies at the
Savannah River Laboratory had concluded that the RERTR fuels could be
successfully reprocessed nt the Savannah River Plant and DOE had defined
the terms and conditions under which these fuels will be accepted for
reprocessing.

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

A new analyt Ical/expetrlmer.1"1 program had begun to determine the
feasibility of using LEU instead of HEU in fission targets dedicated to
the production of g9Mo for medical applications.

Coordination of the safety calculations and evaluations had begun
for the U.S. university reactors planning to convert to LEU as required
by the recent NRC rule. Calculations for two university reactors were
at an advanced stage.

PROGRESS OF THK RERTR PROGRAM IN 1987

1. Fuel Development

In the fuel development area, the efforts of the RERTR Program
during 1986 have continued to be concentrated on materials which show
promise for utilization in fuels with uranium densities in excess of 4.8
g U/cm3. Irradiation of the second miniplate series in the ORR was
completed in January 1987. The series included:

a) 37 UySi2 miniplates with densities up to 5.7 g U/cm
3 and

enrichments up to 93%;

b) 7 U-jSi, s miniplates with densities up to 6.0 g U/cm
3 and

enrichments up to 40%;

c) 34 U3SI miniplates with densities up to 7.2 g U/cm3 and
enrichments up to 93%;



d) 12 U-jSlCu mlnlplntes with dens It les up to 7.0 g U/cm3 and
enrichments up to 40%:

o) 24 ml nl plates containing other materials to provide additional
general Information on the behavior of dispersion fuels under
Irradiation.

The mlnlplates of the second series cover a wide range of densi-
ties, thicknesses, and enrichments. In addition, they include some
special features to investigate their range of applicability. For
Instance;, several "oSlj and IUS1 mlnlplates Include burnable poisons in
the I r fuel meal:.

Cost lrradt.it I.on examinations of the mlnipl.ites of the second series
have made good progress,2 but have not yet been completed. Preliminary
results appear to confirm expectations based on prior results, and
Indicate that some Improvements In fuel performance can be obtained by
adjusting Liu* variables Investigated in the second series.

Progress was made also In the development of an effective comminu-
tlon process for slllcl.des, and In I nves;t. Igat Ing the feasibility of
using vapor deposition-' to coat the si 1 Icicle compacts with aluminum.
However, only 1 ntenned I ate results were achieved !<i both of these areas.

?.. FuoL Demonstration

In the area of fuel demonstration, program efforts have been
r.onrontrated on the whole-core demonstration4 in the Oak Ridge Research
Rear.tor (ORR). The fuel used In the demonstration Is UnS^-Al with
4.8 g ll/cm-', which has good potential for wide application because it
combines high uranium density with n-lat Ivnly low fabrication cost and
excellent- Irradiation behavior.

The demonstration began In December 1985. After extensive
measurements which characterized the Will core, the first thre.e LEU
elements wen: Introduced in the ORR at the beginning of January.
Thereafter, the demonstration continued by inserting, at every cycle,
three or four adrltlonal LEU elements while an equivalent number of HEU
elements were discharged. The ORR normal procedure is to operate with
two cores which alternate between the reactor and the pool. A full LEU
core was attained on December 10, 1986, when the last two control
elements containing 11EU wore replaced with LEU control elements. The
reactor continued to operate with an exclusively LEU core after that
date, gradually approaching Its equilibrium cycle and discharging spent
LEU elements as they reached the normal maximum burnup.

On March 26, 1987, a DOE order caused the shutdown of the ORR and
of three other ORNL research reactors. The order was caused by concerns
about ORNL management: procedures, and was In no way related to concerns
about the operations or safety of the ORR demonstration. Within a short
time, it became apparent that, operation of the ORR would be interrupted
for at least several months. The demonstration had been planned to
continue until the end of September 1987 and to Irradiate approximately
20 elements from each vendor. However, after considering carefully the
tincerLfl t nty surrounding the restart of ORR operations, the large cost of
maintaining the facility In operational readiness, and the extensive
amount of Information already acquired from the demonstration, the RERTR
Program concluded that the essential goals of the demonstration had been



readied and chat the additional data which could have been obtained by
Further ORR operation would not justify the exhorbitant marginal cost.
Therefore, it was decLded that no further irradiations of ORR demonstra-
tion elements were required and that the demonstration was complete.

As stated last year,1 the demonstration had two fundamental goals:
JI) to prove that the properties of the mixed cores corresponding to a
gradual conversion can be predicted accurately, and b) to establish a
statistically significant database on the Irradiation behavior of fuel
fabricated under commercial conditions by several international fuel
vendors.

The sixteen different mixed-core configurations which were Irra-
diated In the ORR during the transition from a totally-HEIJ to a totally-
liRIJ reactor have provided a wealth of data for testing and validating
our analytical models. The measurements which were performaed Include
critical rod positions, differential rod worths, flux mapping, iso-
thermal temperature coefficients, gamma heating, Rp<:p> and reactivity
worths of various materials.

The results of many measurements performed during the demonstration
were compared with preliminary calculations within a very short time
after their collection, to assist wl.th the safety evaluations which
accompanied the conversion. Agreement between these calculations and
measurements was excellent In all cases, and proved beyond doubt that
the simple procedure used to Implement the transition to a full LEU core
- merely treating the LEU elements as If they had been HEL) elements -
was never cause for valid safety concerns. Extensive analyses of all
the experiments performed during the demonstration are now in progress5

and will be completed during the next year.

The transition cores on which these Important measurements were
performed were completed In December. Another Important series of cali-
bration measurements on a fully-LEIJ core was performed In February.
Therefore, nearly all the planned measurements were successfully com-
pleted before the end of the demonstration.

Of the 68 standard elements which were irradiated during the
demonstration, 29 have reached at least 40% average burnup. Their
distribution Is satisfactorily uniform among the vendors (10 from CERCA,
II from NUKKM, and R from tt&W). These values are approximately half of
those which had been planned, but are considered sufficient to establish
the reliability of the commercial process on a statistical basis. All
Irradiated elements appear to have performed flawlessly, including the 8
control elements fabricated by B&W which have also been irradiated and
some of which have reached burnups in excess of 70%. Postirradiation
examinations of the elements are planned for next year.

A document summarizing all the available data on the behavior of
U-jSI,. fuel, exclusive of ORR demonstration data, was prepared6 and
submitted to the Nuclear Regulatory Commission (NRC). The document is
now under rev Lew by the NRC and Lt is hoped that the NRC will conclude
thai: the fuel, can be safely utilized In research reactors.

Tn a different fuel area, the NRC ruled that TRIGA LEU fuels
developed by OA Technologies and tested by the RERTR Program are
generically approved for use In research reactors. The NRC also issued
a similar generic approval for a number of LEU SPERT fuel pins which



were qualified by the RERTR Program during the past year for use in the
Rensseiaer Polytechnic Institute (RPt) reactor and, possibly, in other
research reactors. The RPI reactor lias already been converted to use of
the SPERT LEU fuel .

3. Generic Analysis and Specific Support

In the analytical area, final volumes of the IAEA Guidebook on
Safety and Licensing Aspects of HEU-to-LEU Core Conversions are nearly
complete. Analyses of the feasibility to convert the many foreign
reactors with which l.he RERTR Program has joint study agreements have
con 11 tilted. As In previous years, some of these studies concern high-
power, high-performance reactors like the HFR-Petten (The Netherlands),
I'he HR-2 (Helgium), and the RHF (France), which require special con-
siderations and methods. The results obtained to date are generally
positive, and It Is expected that prototype elements with reduced
enrichment wtll soon begin to be tested in several of these reactors.

A significant fraction of the program's analytical efforts was
dedicated to the coordination of the safety calculations and evaluations
for U.S. university reactors planning to convert to LEU as required by
l.he NKC. The c;al(Mil at.Ions for three reactors (Worcester Polytechnic
Institute, University of MLssourl at Rolla,7 and Ohio State University8)
are nearly complete. Calculations for four other reactors (Manhattan
College., Rhode. Island Nuclear Science Center**, University of Lowell, and
University of Virginia) are In progress.

As anticipated last year, nearly all of these conversions are based
on the systematic utilization of a standard fuel plate (U3S12-A1, ~3.5 g
U/cin̂ ) which minimizes overall refueling costs and simplifies safety
evaluations. No significant safety problems have been encountered.
Extensive upgrades are planned at several facilities in conjunction with
the LF.tl conversion to enhance the performance and utilization of the
facilities. Funding and licensing procedures for the upgrades are
separate from the conversion process.

4. LEU Targets

This actlvLty, aimed at determining the feasibility of using LEU
Instead of HEU In fission targets dedicated to the production of "Mo
for medical applications, has made good progress.10 Fabrication of
targets with much greater uranium content, sufficient for LEU usage,
appears to be feasible. Separation of 9''Mo from cold solutions was
accomplished without major difficulties. Tests on hot solutions are
planned to begin soon.

PLANNED ACTIVITIES

The Information which has become available from the Irradiation and
postIrradlat Ion examinations of the mlniplates of the second series has
confirmed the good irradiation behavior, applicability, and limits of
the slliclde fuels. In general, the activities of the next and final
years of the program will concentrate on testing, refining, and applying
these fuels.



The major planned activities are:

1. Complete postirradlatlon examinations of the second miniplate
series.

2. Fabricate test/prototype elements with U-jSi-Al using 19.75%
enriched uranium and uranium density between 6 g/cm3 and
7 g/cm3. Detailed specifications for these elements will be
based on the results from the second miniplate series.

1. Fabricate test/prototype elements with UoSi2~Al using 45%
enriched uranium and uranium density around 4 g/cm3. This
fuel Is considered as a backup for the high-density U-Si-Al
LKU fuel.

'\. Irradiate both the lUSl-Al and D^S19-A1 test/prototype
elements In a research reactor.

S. Conduct postirradIatlon examinations of the Irradiated
elements.

(•>. Select one of the two fuels for fabrication of a full core of
a high-performance reactor requiring very high fissile density
In Its fuel. meat.

7. Irradiate the full reduced-enrichment core in the selected
high-performance reactor. Evaluate the results.

H. In parallel with these activities, complete documentation of
the fuels which have already been qualified, and support their
JmplementatIon.

9. Perform calculations and evaluations for reactors preparing to
undergo conversion, to assist In Improving performance and in
resolving safety concerns.

10. Develop a viable process, based on LEU, for the production of
fission product g9Mo in research reactors.

The schematic schedule for the RERTR fuel development and demon-
stration activities, which define the Program's critical path, is
Illustrated in Fig. I. Only minor details differentiate the current
schedule from last year's.

SUMMARY AND CONCLUSION

The RERTR Program and its international partners have made signifi-
cant progress In l'J87 towards their common goals.

Irradiation of the second mlnlplate series, initiated in previous
years and concentrating on U-jSi-Al and U.^Si2-Al fuels, wan completed.
PostlrradlatIon examination of many of these minlplates was completed.
The results obtained so far have confirmed the anticipated good behavior
of these fuels under irradiation, and some of their limits. It also
appears that some performance improvements can be obtained by adjusting
fabrication parameters which wen; purposely varied among the miniplates
of the series.



The ORR whole-core demonstration was completed. Sixteen mixed-core
configurations were irradiated during the transition of the ORR from a
fully-HEU core to a fully-LEU core. Extensive measurements were
performed in these cores, and in other cores which were not irradiated
but assembled for experimental purposes, to characterize in great detail
the very sensitive transition period of the conversion. Agreement
between the results of these measurements and preliminary calculations
performed while the experiments were in progress confirmed at all times
the safety of the demonstration and the validity of the computational
methods. Of the 68 standard elements irradiated during the demonstra-
tion, 29 reached at least 40% burnup. These 29 elements are distributed
nearly uniformly among the three international fuel vendors who fabri-
cated the demonstration elements (CERCA, NUKEM, and B&W) and their
number is sufficient to establish the reliability of the commercial
process on a statistical basis.

A document summarizing all the available data on the behavior of
U3^*-2~A* ^ue* w a s PrePared and submitted to the NRC. It is currently
under review by the NRC for generic approval of their use in research
reactors.

With a sintilar action, the NRC ruled that TRIGA LEU fuels developed
by GA Technologies and tested by the RERTR Program are generically
approved for operation in research reactors. The NRC also issued
generic approval of the use of RERTR-qualifled SPERT fuel pins in
research reactors, and a research reactor (RPI) has already been
converted to LEU fuel using these pins.

Analyses and calculations related to the implementation of LEU
fuels in advanced research reactors continued. A few of the reactors
under study have very special and demanding features which complicate
the analysis, but the results obtained so far are generally positive and
some of these reactors are on the verge of testing prototypes.

Good progress was made also in the coordination of the safety
evaluations of U.S. university reactors preparing for conversion. One
of these reactors has already converted, evaluations for three others
have been completed, and evaluation for four more are in progress.
Several of these conversion plans and evaluations will be presented at
this meeting, including plans for concurrent upgrades. These plans
provide good evidence of the competence, resourcefulness and hard work
with which the universities are facing the task.

Plans for the future include fabrication, Irradiation, and
postirradiation ex.-imtnatIon of test/prototype elements of two fuel
types: U-jSi-Al with 6-7 g U/cm3 and 19.75% enrichment, and U3Si2~Al
with 4.0 g U/cm3 and 45% enrichment as a backup. Specifications for
these elements will be based on the results of the postirradiation
examinations of the second miniplate series. A full-core test in a
high-performance reactors is planned for after these tests.

The overall progress which has been achieved in the area of reduced
enrichment fuels for research and test reactors would not have been
possible without active cooperation among international fuel developers,
commercial vendors, and reactor operators. As we approach the conclu-
sion of our work, continued and intensified cooperation will be essen-
tial to the achievement of the common goal.
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THE STATUS OF THE GERMAN AF-PROGRAM AND
THOUGHTS TOWARD A NATIONALLY AND

INTERNATIONALLY COORDINATED TERMINATION OF
THE PROGRAM

G. Thamm

Kernforschung8anlage Jlllich GmbH, Federal Republic of Germany

ABSTRACT

The activities under the German AF-Program primarily

concentrate at present on the establishment of the fabrication

technology for LEU fuel elements on the basis of uranium

silicide (U3Si2)- In the meantime, the technical facilities for

the individual process steps have been largely provided and, for

the major part, have already been integrated into the future

series production line. The conversion studies for the German

research reactors planned to be converted from HEU to LEU

currently aim at determining the operation- and licensing-

specific data (in part already available) required primarily for

the licensing applications. Such an application has already been

filed for the Geesthacht reactors so that it is highly probable

that one research reactor in Germany will be converted to LEU

operation in 1988.

Since there are only about two years left until the

official end of the AF-Program, the procedure for terminating

the program is being considered at present. Relevant views

developed in the past as well as thoughts towards a coordinated

procedure for terminating the international RERTR activities

will be presented.
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1. INTRODUCTION

At last year's international RERTR meeting in Gatlinburg, Tennessee, USA,

it was reported that the German AF-Program had been updated by a second addendum

taking extensive account of the results of international RERTR activities. On

this occasion, the reasons for this new updating were outlined, the goals of

current and future work were described and the status reached as well as the

future research priorities were illustrated (see 111). As is generally known,

the program was mainly updated to extend the period by another three years from

the end of 1986 to the end of 1989 so that, among other things, the German AF-

Program will continue to be the official liaison address for international

cooperation.

In early 1987, the formal decisionu on program updating were finally made

relating to the type and 9cope of activities still to be carried out and above

all to the time and cost requirements for such work. Section 2. below contains

the most relevant information and also briefly deals with the status reached

(fall 3987).

Section 3. describes the procedure for terminating the German activities.

It was evolved by a working group of the German AF-Program meeting at regular

intervals. Furthermore, thoughts ("suggestions") towards the possible procedure

for a coordinated termination of current worldwide activities will be presented,

such coordination being achieved at an early stage between the different

national RERTR programs and the international organizations concerned.

A first addendum to the AF-Program had already been made in

1983.

12



2. CURRENT WORK, INFORMATION ON PROGRAM OPERATION, GOALS AND

STATUS

For the AF-Program 10 separate major tasks were defined in late 1979 which

were to be handled by five program partners (two industrial companies, three

large national research laboratories) with the aim to produce the prerequisites

for converting research reactors from HEU to LEU fuel cycles (five tasks each

for industry and national research centers). Up to the present and this will not

be changed any more, another five major tasks to be operated by industry have

been added. In total, 15 major tasks have been or are still being handled,

although the number of tasks running in parallel has always been < 10. Seven of

the 15 separate tasks belong to the field of fuel and fuel element development,

including the establishment of the associated fabrication technology, and four

each to the fields of fuel qualification by irradiation and post-examination as

weil as HEU-LEU conversion studies. Eight major tasks have already been

completed to date with minor residual activities being continued after

completion of the tasks as part of newly commenced work especially concerning

fuel and fuel element technology.

The seven major tasks under way at present are distributed between the

following three areas of activity:

- 3 fuel and fuel element technology,

- 3 fuel and fuel element qualification and

- 1 HEU-LEU conversion studies.

The attached schedule (Fig. 1) gives a survey of the priorities of the

three areas of activity and their handling in terms of time. It may be seen that

the essential work can be completed by the end of 1988 and final activities will

only be carried out in 1989 for fuel and fuel element qualification as well as

the establishment ;\f the LEU fabrication technology.

The costs of the program amount to DM 57.6 million. The major portion of

this sum equalling approx. 77 Z (DM AA.3 million) was already raised by the end

of 1986. Approximately 5A Z (DM 31.0 million) of these costs are allocated to

the industrial tasks and the remaining A6 Z (DM 26.6 million) to activities

.13



carried out by the national research centers. On the whole, there has been a

tendency towards ever increasing expenditure on industrial work. Original

program planning initially provided for a share of about 30 Z for industry which

had already increased to about 50 Z in the first addendum to the AF-Program in

1983. Approximately 75 Z of the expenditure for industry is covered by special

funds from the Federal Ministry for Research and Technology. The remainder is

borne by industry itself, although the respective self financing of the

individual tasks varies between 0 and 50 1. The funds for the tasks handled by

the research centers are provided through their basic financing.

As expected, the main share of approx. 48 Z of the costs (DM 27.6 million)

is accounted for by the development of the LEU fuel and fuel eleir.3nt technology.

About 43 Z is spent on work for fuel and fuel element qualification by the

centers (DM 24.8 million) which, however, contains a high neutron cost fraction.

The remainder of about 9 Z (DM 5.2 million) is required for HEU-LEU conversion

calculations including plant- and licensing-specific studies.

2.1 Fuel Technology

It was reported in 111 that intensified efforts have already been under way

since 1984 to find technically optimized and low-cost solutions for the six

essential process steps for the production of LEU-MTR fuel elements using

uranium silicide fuel. It was shown that particularly great efforts are required

for developing and establishing the processes needed for these steps because

work does not only relate to the development and future selection of suitable

methods, but especially also to their integration into the overall process for

the series production of LEU-MTR fuel elements. In addition, this work is aimed

at incorporating into the fabrication process all the testing required for

quality assurance in such a way that a smooth flow of production is ensured as

far as possible, that component parts not produced to specification are

identified in time and rejected or recirculated into the process without major

* Fuel conversion, melting of the fuel, fuel powder production,

preparation for rolling the plates, plate manufacture by rolling

and fuel element assembly.
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outlay and that the scope of testing on the finished fuel element can be reduced

as far as possible.

Information In detail (see also 121).

The essential aim in fuel conversion is to reduce the dust release as far as

possible in order to avoid increased radiation exposure of the operating

personnel. For this purpose, the concept of a hydrofluorinating fluid bed with

integrated powder transport was developed. The preparations for installing this

new system, including the evaluations by the Technical Control Board (TUV), have

boen largely completed by now so that the system can be put into operation. For

melting the fuel, the induction process has proved suitable so that it was also

possible here to set up the necessary technical facilities. Essential efforts

have been and are still being directed at the development and establishment of

suitable methods and devices for fuel powder production. For this purpose, a

comminution in two steps (coarse and fine) has proved to be promising.

Appropriate facilities aimed at furnishing fuel powder of a specified grain size

(fine grain fraction < 25 Z) in as few passages as possible have been developed

to a stage where efforts concentrate primarily on the establishment of a

continuously working multistep comminution plant suitable for series production.

While the technical system developed already satisfies the requirements for

coarse comminution, technical alternatives are still being examined for the fine

comminution device.

For the remaining three fabrication steps it has been largely possible to

create the technical prerequisites and make the required adaptations so that new

facilities of the LEU fabrication line have in part already been set up. The

technical systems are currently being tested for the series trial production of

78 LEU fuel elements for converting the Geesthacht research reactors from HEU to

LEU operation.

2.2 Fuel Qualification

Within the scope of the AF-Program, LEU fuel plates and elements have been

tested in Germany, primarily in Geesthacht and JUlich. A total of 25 Plates of

reduced size have been tested in special irradiation devices. The irradiations
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and the results of post-examinations already available were respectively are

being discussed by E. Groos, /3/, W. Krull, I1*/, and G. Thamm /5/. Post-

examinations have only been started just recently for the irradiation of five

plates with increased fine grain fraction in Geesthacht and for the second

irradiation campaign in Julich which recently had to be discontinued prematurely

at a moderate burn-up of only about 1.2 x 10 f/cm due to increased activity

releases into the cooling water of the irradiation device. The concluding post-

examinations of the first irradiation campaign in Julich (see /5/) have once

more corroborated the different irradiation behavior of U3Si2 and U3Si already

reported by G. L. Hofman and L. A. Heimark in /6/ and /7/. At burn-ups up to 2 x

10 f/cm3 and even above, U3Si2 (with densities up to 5 gU/cm3) was found to

exhibit only minor swelling (well below 10 Z) and moderate changes in the fuel

microstructure under irradiation. The blister temperature thresholds are

generally also above 500 °C and thus more favorable than for U3Si fuels. The

latter show substantially greater volume increases (20 to 30 Z) under

irradiation even before reaching the so-called break-away threshold and also

considerably greater changes in the fuel microstructure which is characterized

by considerable swelling and by the interlinkage of individual fuel particles as

well as by the concentration of fission gas bubbles. This adverse behavior of

U3Si is also retained in the uranium silicide mixed fuel (U3Si1_2), so that the

dimensional and microstructural stability of this fuel must be basically

regarded as inferior to that of U3Si2.

Test irradiations with LEU fuel elements have been completed successfully,

above all in Geesthacht with U3Si2 fuel elements which had a prototype character

for the conversion from HEU to LEU envisaged there. In part of the test

irradiations carried out with LEU-U3Og elements in Geesthacht and Julich it has

been possible to exceed without failure the maximum burn-ups possible in HEU

operation.

2.3 Reactor Conversions

A8 is generally known (see HI), reactor conversion studies are being
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essentially carried out in two steps in the Federal Republic of Germany. They

comprise

baaic studies for a reference core predefined by the

operator, followed by

operating- and licensinR-apecific studies which are, in

part, predefined by the requirements of the procedure for

HEU-LEU conversion licensing.

With one exception, the basic studies have been completed for the reactors

to be converted from HEU to LEU operation. The essential data and steps for the

conversion process in Geesthacht, Jlilich and Munich have therefore been

determined. Basic studies for a LEU element with high fuel load (Geesthacht

design) are still under way for the BER-II in Berlin. Since the licensing

application for HEU-LEU conversion was already filed in late 1986 for the

research reactors in Geesthacht, the operating- and licensing-specific studies

are most advanced for this case. In this connection, for example, special core

configurations deviating significantly from the reference core of the basic

calculations were examined with respect to their influence on the power density

form factors as well as on the fission product and total activity inventories

(see also /4/). Licensing is expected for Geesthacht in late 1987/early 1988 so

that in all probability the first research reactor in Germany will be converted

to operation with LEU fuel in 1988.

The conversion to LEU of the FRJ-2 (DIDO) in Jlilich requires a modification

of the fuel element design. Prior to a conversion to LEU operation the licensing

authority demanded test irradiations with three HEU and LEU elements each of the

new design (roll-swaged design; RS) and then first of all a conversion to RS

elements in HEU followed by a prolonged operational test phase. The final

conversion from HEU to LEU will therefore not take place before 1990.

If the Munich reactor (FRM) should be replaced in the early nineties by a

modern powerful (20 MW) beam tube reactor with a very compact cylindrical core

(see /8/), it would not then'be necessary to convert the current core from HEU

to LEU.

17



As far HB the BER-II is concerned, practical preparations for HEU-LEU

conversion will only be commenced after completion of the current reconstruction

measures for a power increase (5 -v 10 Mtf) and for the operation of a modern Cold

Source, so that conversion will probably take place not before 1990.

3. NATIONALLY AND INTERNATIONALLY COORDINATED TERMINATION OF THE
RERTR ACTIVITIES

The German AF-Program has been oriented from the very beginning towards

close international cooperation. Prior to the final defination of the program

goals and of the procedure for reaching these goals, German representatives were

already engaged in various INFCE and IAEA working groups so that the program was

optimally oriented to internationally recognized requirements. Especially the

recommendations and criteria evolved by INFCE (Working Group 8c) to reduce the

poliferation risk for research reactors became a basis for the program.

Moreover, the objectives and procedure were coordinated with representatives of

the American RERTR program, before the AF-Program was officially launched, and

close cooperation was agreed upon from the very beginning. If, therefore,

coordination with international partners played a significant role when the

program was initiated, this should definitely also be the case upon termination

of the program after more than eight years of successful international

cooperation.

The following will give a brief description of the views prevailing in

Germany and of the procedure for terminating the AF-Program, and thoughts will

be presented concerning an internationally coordinated approach at terminating

all the activities currently still under way. As to the latter point, it is

intended to utilize this year's RERTR meeting to get acquainted with the

attitudes and intentions of the international RERTR partners and start

discussing the further joint procedure.
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3.1 Views In Germany

Considering the results obtained under the AF-Program and also from

international activities and looking at the work under way and still to be

carried out in the future, there appears to be no need at present to continue

RERTR activities beyond the end of the eighties within the scope of a program

supported by the German Federal Government.

Essential reasons are:

- It may be assumed that all candidate fuels for the LEU operation of research

reactors have been examined in the past and that completely novel and

promising fuel.s still unknown today do not. exist.

- The fabrication technology for the uranium fuels to be used for LEU operation

is either already available (UA1X, U30Q) or the studies for establishing this

technology have reached the final stage (UgSi2).

- After the very extensive qualification of fuels by test irradiations with

plates and fuel elements and by post-examinations, including work under way,

there appears to be no need for any further qualification testing in Germany.

- The conversion studies under the AF-Program have entered a stage where only

plant-specific and regulatory issues have to be dealt with. These studies

accompanying the licensing procedure are supported under the AF-Program

insofar as they are of a "standard nature". Activities in this field

extending beyond 1988 are largely a concern of the research reactor operator

and do not require any specinl national program.

- Only in exceptional cases the Federal Ministry for Research and Technology

will support scientific/technical development programs of the present type

for a period exceeding five years. The extension of the program period to a

total of 10 years brought about by the program updating described in Section

2. should be regarded as the upper limit which can hardly be exceeded any

more.

The above reasons for terminating the AF-Program are to be discussed (see

also Section 3.3) with the international RERTR partners. In the event of any

areas being identified for which a continuation of certain activities beyond the

end of the eighties is required, the present partners to the German AF-Program

will certainly be available for further international cooperation when needed.



It will have to be examined very closely, however, whether this would require

another extension of the program period.

3.2 Planned Procedure for Terminating the AF-Proqram

As pointed out in Section 2., seven of the 15 major tasks of the AF-Program

are still being operated at present. As in the case of those already completed,

the responsible AF-Program partner has to prepare a final report upon completion

of these tasks. This report comprises the regularly submitted semi-annual

reports, a summary of the activities and results with a target/performance

comparison concerning the project goals as well as the cost and time required.

As far as applicable, recommendations are also made which, in the past,

primarily referred to a continuation of work found to be necessary in other

(newly adopted) tasks of the program. In the present phase of program

termination, the partners responsible for the projects are expected to make

recommendations concerning e. g. specific limits of fabrication and use (such as

maximum volumetric loading in the fuel and thus uranium density or upper limit

for average and local burn-up). In addition, however, any activities should also

be referred to which are meaningful and desirable from the specialistsx point of

view to support the work so far performed. The final reports shall be submitted

within the quarter following project termination.

An overall final report will be eventually prepared for the AF-Program

corresponding to those for the individual tasks as far as the form and the

contents are concerned to be submitted within the first six months after

termination of the program. It is also intended to prepare an English-language

version serving the purposes of information and especially also further

coordination with the international RERTR programs.

3.3 Thoughts Concerning an Internationally Coordinated Termination of the RERTR Programs

As already mentioned at the beginning of this section, the Federal Republic

of Germany is by no means considering an independent attempt at termination, an

analogous to the launching and later updating of the program. The Federal

Government rather considers it necessary not only to coordinate at a very early
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stage the procedure for terminating Geriflhn activities, but also to reach

agreement with all major partners in the other RERTR programs about the

termination of the international programs. To this end, a special advisory group

could be set up at the IAEA to wntch one representative each of the national

RERTR programs would be delegated. The essential task of the advisory group

should be to coordinate the procedure for terminating the RERTR programs, to

determine the activities still required in completion of individual work, to

clarify and define the possibilities of handling such activities and finally to

prepare a synoptic report in the end phase.

This report could be largely compiled on the basis of the national final

reports. A summary of the results obtained and a target/performance comparison

should be included by analogy to the national final reports. Of course, this

report should also contain special recommendations e. g. for operators whose

HEU-LEU conversion is 9till to be implemented. The IAEA advisory group should be

assisted by special expert groups in the following fields:

1. fuels and LEU fabrication technology

2. fuel qualification

3. reactor conversions

4. safety and licensing issues

Moreover, this group of experts should commence work at a very early stage

(in 1988) so that the results derived by them and especially recommendations for

the IAEA advisory group will be available, if possible, as early as late 1989.

It may be expected that another 1 - 2 international RERTR conferences will

have to be held even after termination of the RERTR programs.
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STATUS OF REDUCED ENRICHMENT PROGRAM FOR RESEARCH

AND TEST REACTOR FUELS IN JAPAN

Yoshiaki Futamura, Hiroshi Sakurai and Yasuhiko Iso
Japan Atomic Energy Research Institute

Uchisaiwai-cho, Chiyoda-ku, Tokyo 100, Japan
and

Keiji Kanda and Itsuro Kimura
Research Reactor Institute, Kyoto University
Kumatori-cho, Sennan-gun, Osaka 590-04, Japan

ABSTRACT

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

The post irradiation examinations on the MEU/LEU
aluminide full-sized experimental fuel elements are
completed or in progress in JAERI.

The full core demonstration using MEU aluminide fuel
was achieved in the JMTR in 1986, and will be performed
in the JRR-2 in November 1987.

The feasibility study for use of LEU as silicide fuel
in the JMTR and KUR is in progress.

INTRODUCTION

Among eighteen research reactors and critical assemblies in Japan
(Tables 1 and 2), those which are relevant to the RERTR program are the
JRR-2, JRR-3, JRR-4 and JMTR of JAERI and the KUR and KUHFR of KURRI
(Table 3). The RERTR program in Japan has been pursued extensively.
Under the direction of the Five Agency Committee in Highly Enriched
Uranium, which has played a remarkable role in deciding policy related
to the program and in close cooperation with ANL through Joint Studies,
the program has been very worthwhile.

The program in JAERI for the first step, in which the JRR-2 arid JMTR
are to be converted to the use of 45% enriched:uranium aluminide fuels
and the JRR-3 and JRR-4 to the use of 20% enriched uranium aluminide fuels,
has been completed or is steadily in progress. Further core conversion of
the JMTR to the use of 20% enriched uranium silicide fuel with burnable
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poison has been studied since 1984 in accordance with the Joint Study with
ANL. Along with this direction, silicide miniplates were irradiated in
the JMIR. Hydraulic tests using dummy fuel elements and release/born
measurements of fission products on silicide fuel are under preparation.

On the other hand, in KURRI the same efforts as in JAERI to reduce
the enrichment of the KUR fuel is in progress.

In October 1986, the Science and Technology Agency (STA) has organized
the Investigation Committee on Technical Standard of Test and Research
Reactor Fuels, including the inspection for both rod-type and plate-type
fuels, and it was completed in March 1987. The committee was closely
connected with the IAEA Consulatant Meeting on Standardization of Specifi-
cations and Inspection Procedures for LEU Plate Type Research Reactor Fuels
in order to correspond to it in the governmental level.

JAERI

JRR-2

The post irradiation examinations (PIEs) of two full-sized UA1X-A1
fuel elements loaded with 45% enriched uranium (1.6gU/cc)..have launched
in August 1986. Visual inspection, plate thickness measurement, X-ray
radiography, blister test, burn-up.measurement, tensile test and metal-
lography of the fuel plates have been completed with good results.
Scanning electron microscopy (SEM) and X-ray microanalysis (XMA) of the
fuel plates are in progress.

The safety review for the MEU full core conversion was over in
December 1986. The fuel elements for the demonstration core are being
fabricated. An additional emergency core cooling system is required.to
provide against single failure accidents and the installation is started.

The first criticality test of the MEU demonstration core is scheduled
in November 1987.

JRR-3

A design and construction of the upgraded JRR-3 using 20% enriched
uranium UA1X-A1 fuel (2.2gU/cc) are in progress. The old reactor body
was successfully removed in November 1986. The reactor core and pool,
the control system, the nuclear instrumentation system, the cooling
system, etc. are under construction at present. The LEU fuel element
design is going on.

The upgraded JRR-3 will reach the first criticality in 1989.

JRR-4

The PIEs of the full-sized UA1X~A1 fuel element loaded with 20%
enriched uranium (2.2gU/cc) irradiated in the JRR-2 are under way.
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Almost the same examinations as those of the JRR-2 MEU fuel elements have
been completed with good results. Scanning electron microscopy (SEM) and
X-ray microanalysis (XMA) of the fuel plates are also going on. Some
results of the PIEs are presented in this meeting hereafter.. The other
full-sized UA1X-A1 fuel element in the JRR-4 has been irradiated with a
good in-core behavior.

The core conversion to the LEU fuel is under consideration.

JMTR

The full core demonstration with MEU fuel (UAlx~Al, 1.6gU/cc) elements
in the JMTR was successfully carried out in August 1986. The JMTR has been
in steady operation with MEU fuel.

Investigations as to LEU fuel (UxSiy-Al) are as follows;

1. The miniplate tests (U3Si2, 5.0 and 5.3gU/cc; U3Si, 5.3gU/cc) were
completed in 1986 with satisfactory results.

2. The hydraulic tests for confirming a mechanical integrity will be
carried out in 1987 using two dummy fuel elements.

3. Release/bom (R/B) measurements of fission products (FP) at high
temperature are in preparation. Measurements of basic data such as
phase transfer? conpatibility of UxSiy particle and aluminum matrix,
and investigations of FP release mechanism at high temperature and
fuel behavior in reactor accident conditions are planned. The appli-
cation for the license of the full core conversion from MEU to LEU
(UxSiy-Al) is in preparation including two full size uranium silicide
fuel elements for irradiation test.

KURRI

KURRI has had a joint study program with ANL since May 1977. The KUR
has been successful in operation with 93% enriched uranium fuel since 1964,
and will be converted to use LEU silicide fuel, when the new reactor, KUHFR,
is established. Even if the construction of the KUHFR is to be delayed,
the KUR will be converted to use LEU silicide fuel after the ANL-KURRI Joint
Study Program is completed. Neutronics calculations and thermal hydraulic
analysis for use of LEU fuel in the KUR have been almost completed. Only
the domestic fuel irradiation test and integrity examinations remain for
its safety review. Meanwhile, the feasibility study to use MEU fuel
(UAlx-Al, 2.2gU/cc) and LEU fuel (UA1X-A1, 2.2gU/cc) with and without
beryllium reflectors instead of the existing graphite reflectors has been
performed, of which main results are presented in this meeting.

On the other hand, in the KUCA the basic studies on reactor physics
using plate-type HEU and MEU fuels associated with the RERTR program have
been completed. At present, it is mainly used for neutronic studies on
thorium fuel cycle, nuclear criticality safety and high conversion light
water reactors.



REFERENCES

1. K. Kanda, "Reducing Enrichment" Program for Research Reactors in Japan",
" o f Research and Test*

"Argonhe, 'USA, November
32~(3eptember 1983).

2. K. Sato, "Opening Statement, to the Internation Meeting on Reduced
Enrichment for Research and Test Reactors", in Proceedings of the
Internation Meeting on Reduced Enrichment for Research and Test
Reactors, ToEaTT^Tapan, October 24-27, 1983, JAERI-M &F073, pp.8-10
(May 1984).

3. K. Knnda, T. Sliibata, I. Hiyanaga, H. Sakurai and M. Kanbara,
"Status of Reduced Enrichment Program for Rt3search Reactor Fuels in
Japan"} in Proceedings of International Meeting on Reduced Enrichment
of Research keactor and Test Reactors, Argonne^ USA, October 15-18,
1984, ANL/RERTRTlM^S CONF-8410173, pp.11-20 (July 1985).

4. I. Miyanaga, K. Kamei, K. KanJa and T. Shibata, "Present Status of
Reduced Enrichment Program for Research and Te3t Reactor Fuels in
Japan", in Reduced^ Enrichment for Research and Test Reactors,
Proceedings of an InternationaT Meeting, Petten, The Netherlands,
October 14-16, 1985, D. Reidel Pulishing Company, Dordrecht/Boston/
Lancaster/Tokyo, pp.21-32, (March, 1986).

5. K. Kanda, T. Shibata, Y. Iso, H. Sakurai and Y. Okamoto, "Status of
Reduced Enrichment Program for Research and Test Reactor Fuels in
Japan" in Proceedings of the International Meeting on RERTR, Gatlinburg,
USA, November 3~6, 1986.

27



Table 1. Japanese Research Reactors in Operation

ho

cc

Nan)e

JRR-2

UTK-KINKI

TRIGA-II

TTR

JRR-3

TRIGA-II
MUSASHI

KUR

JRR-4

JMTR

YAYOI

NSRR

Owner

JAERI

Kinki Univ.

Rikkyo Univ.

Toshiba

JAERI

Musashi
Inst. Tech.

KURRI

JAERI

JAERI

Univ. of
Tokyo

JAERI

Site

Tokai

Higashiosaka

Yokosuka

Yokosuka

Tokai

Kawasaki

Kumatori

Tokai

Oarai

Tokai

Tokai

Type and•enrichment

D20 (CP-5)

H20 (UTR)

H20 (TRIGA)

H20 (pool)

D20 (tank)

H?0 (pool)

H20 (TRIGA)

H20 (tank)

H20 (pool)

H20 (MTR)

U-Al
UA1X

U-Al

U-ZrH

U-Al

NU
U02

U-ZrH

U-Al

U-Al

U-Al
UA1X

93%
45%

90%

20%

20%

1.5%
VI 20%

20%

93%

93%

93%
45%

fast U 93%
(horizontally movable)

H20 (TRIGA) U-ZrH 20%

Max.

10
10

1

100

100

10

20

100

5

3.

50
50

2

300

power

MW
MW

W

KW

KW

MW

MW

KW

MW

5 MW

MW
MW

KW

KW

Start-up

1960.
1987.

1961.

1961.

1962.

1962.

1989

1963.

1964.

1965.

1968.
1986.

1971.

1975.

date

11
11

11

12

3

9

3

6

1

3
8

4

6
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Table 2. Japanese Critical Assemblies in Operation

Name

VHTRC

TCA

NCA

JMTRC

Owner

JAERI

JAERI

NAIG

JAERI

Site

Tokai

Tokai

Kwasaki

Oarai

Type and ienrichment

Graphite U 20%
horizontally split

H2O (tank)

H2O (tank)

H20 (pool)

U02 2.6%
U02-Pu02 2.6%

U02 1-4.9%

U-Al 93%
UA1X 45%

Max.

10

200

200

100

power

W

W

W

W

Start-up date

1961.

1962.

1963.

1965.
1983.

-»
1

8

12

10
8

JAERI Tokai fast
U
U
Pu

93%
20% 2 KW

horizontally split

1967. 4

DCA PNC Oarai D20 (tank) j j * j j ; 2 f 5 % 1 KW 1969.12

KUCA KURRI Kumatori various
multi-core

IT—Al 100 W
1 KW

(short time)

1974. 8
1981. 5



Table 3. Research Reactors Relevant to RERTR in Japan

Name Power First Fuel
(MW) Critical Enrichment

Conversion

KUR

KUHFR

JRR-2

JRR-3

JRR-4
JMTR

(KURRI)

(KURRI)

(JAERI)

(JAERI)

(JAERI)

(JAERI)

5

30

10

20

3.5

50

1964
?

1960

1962

1965

1968

HEU—LEU

HEU—MEU

HEU—MEU

LEU—LEU

HEU—LEU

HEU—MEU

1990 ?

?
1987

1989

?
1986

Related Critical Assemblies

KUCA (KURRI) 0.0001 1974 HEU—MEU

JMTRC (JAERI) 0.0001 1965 HEU—MEU

1981

1983

30



Table 4. History of Reduced Enrichment Program for Research and Test
Reactors in Japan

Japanese Committee on INFCE WG-8 was started.

Joint Study Program was proposed at the time of the application
of export license of HEU for the KUHFR.

ANL-KURRI Joint Study Phase A was started.

Five Agency Committee on Highly Enriched Uranium was organized.

Five Agency Committee tentatively agreed to reduce the KUHFR fuel
enrichment from 93% to 45% as recommended by INFCE WG-8 in Japan.

ANL-KURRI Joint Study Phase A was completed.

Project team for RERTR was formed in JAERI.

ANL-KURRI Joint Study Phase B was started.

ANL-JAERI Joint Study Phase A was started.

ANL- JAERI Phase A was completed.

ANL-JAERI Phase B was started.

MEU UA1X~A1 full core experiment was started in the KUCA.

ANL-KURRI Phase B was•completed.

MEU UA1X~A1 full core experiment in the JMTRC was started.

ANL-KURRI Phase C was started.

ANL-JAERI Phase B was completed.

ANL-JAERI Phase C was started.

MEU-HEU mixed core experiment in the KUCA was started.

Irradiation of 2 MEU and 1 LEU UA1X~A1 full size elements
in the JRR-2 was started.

Irradiation of LEU UA1X-A1 full size element in the JRR-4
was started.

Irradiation of MEU UA1X-A1 full size elements in the JMTR
was started.

Irradiation of MEU UA1X-A1 full size elements in the'JMTR
was completed.

Irradiation of LEU UxSiy-Al miniplates in the LMTR was started.

Irradiatioj of LEU UxSiy-Al miniplates in the JMTR was
completed.

Irradiation of MEU UA1X-A1 full size elements in the JRR-2
was completed.

Irradiation of LEU UA1X-A1 full size element in the JRR-2 was
completed.

The JMTR was fully converted from HEU to MEU fuels.

1977.
1977.

1978.

1978.

1978.

1979.

1979.

1979.

1980.

1980.

1980.

1981.

19.83.

1983.

1983.

1984.

1984.

1984.

1984.

1984.

1985.

1985.

1985.

1986.

1986.

1986.

11.
ir.

5.

6.

10.

2.

5.
7.
1.

8.

9.
5.

3.

8.

11.

3.

4.
4.
9.

10.

1.

3.

6.

1,

5,

8,
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STATUS OF THE RERTR PROGRAM IN ARGENTINA

Domingo R. Giorsetti
Comision Nacional de Energia Atomica

Buenos Aires, Argentina

The Argentine Atomic Energy Commission started in 1978 the
Reduced Enrichment Research and Test Reactors in the field
of reactor engineering; engineering, development and manufa^
turing of fuel elements and research reactors operators.

This program was initiated with the conviction that it would
contribute to the international efforts to reduce risks of
nuclear weapons proliferation owing to an uncontrolled use
of highly enriched uranium. It was intended to convert RA-3
reactor to make possible its operation with low enriched
fuel (LEU), instead of high enriched fuel (HEU) and to develop
manufacturing techniques for said LEU.

Afterwards, this program was adapted to assist other countries
in reactors conversion, development of the corresponding fuel
elements and supply of fuel elements to other countries.

INTRODUCTION

Totally embodied with the international efforts to reduce at its utmost the
risks of proliferation, and in the conviction that the use of highly enriched
uranium (HEU) in the research and tests reactors fuel elements could lead to
its use for nuclear weapons, Argentina, through CNEA, firstly took part in the
INFCE (IAEA) and later on, immediately after its beginning, in the RERTR
(Reduced Enrichment Research and Test Reactors) International Program, which
-with the same spirit- the Energy Department of USA started in 1978.

Many were the contributions that CNEA made to the RERTR Program as well as
important were the contributions Lhat CNEA received from it. It must be
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stressed those corresponding to the joint study between the Argonne National
Laboratory (USA) and the Atomic Energy Commission (ANL-CNEA) (1) (10) that
are being carried on since 1979; especially the facilities offered for the
irradiation and postirradiation of fuel miniplates.

These knowledges developed by CNEA were presently transferred to South
American and other developing countries, through training courses or bilateral
agreements in the field of reactors and fuel elements.

Argentina is still interested in taking part in the RERTR International Program,
not only to continue with optimization studies on fuel elements development, its
manufacturing techniques and safe and economical operation of their research
reactors, but also to have the possibility of applying the knowledge acquired
to obtain 99 Mo from plates with high density low content of U (20% U-235).

BASIC SCOPE AND MAIN TASKS

The basic scope of the Program, still in force, is:

- The development and qualification under irradiation of fuels with high density
of uranium to use LEU (20% U-235) instead of HEU (90-93% U-235) in research
reactors in order to avoid -at maximum- changes in the fuel design and/or the
characteristics of the reactor.

- Performance of studies on reactors physics, thermohydraulics and safety, in
order to reet the best conditions necessary for the licensing of research
reactors operated with LEU fuel elements.

To achieve these objectives, since the beginning CNEA performed several works on
the fuel elements and reactors field. In nuclear fuel we began with lines of
aluminides (UA1X-A1) and oxides (U3O8-AI), pressuming that 20% U-235 could be
supplied as oxide (U3O8) or metallic (Uraetal) by its usual supplier, which up to
that moment, was USA (1). Besides, it was also understood that, while 20% U-235
fuel elements were not available, the supply of uranium would be kept as 90%
enriched U-235, in order to maintain the RA-3 operative. The truth was that,
since 1979, 90% U-235 was not supplied and, as for 20/» U-235 only reduced
quantities were received in the form of U3O8 and U m e t a^, that only allowed the
manufacturing of miniplates and 3 standard fuel elements. Therefore, for the
manufacturing of the RA-6 and RA-3 complete core, Argentina had to get its 20%
U-235 at the international market. This special circumstance made that CNEA, in
order to ensure the operation of its RA-3 reactor included three new development
fields in its initial program:

- Recovery of 90% enriched U-235, from plates manufacturing wastes and liquid
wastes, accummulated through several years.

- Conversion of UFg to U3O8.
- Technology of uranium enrichment.
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All thermohydraulic, neutronic and safety studies related to the RA-3 were
performed, having reached the conclusion that, if fuels with uranium densities
of 3 gU/cc could be obtained, the RA-3 reactor would be able to operate without
making significant changes.

The experience obtained through the studies performed in the areas of reactors
as well as fuel elements, made that CNEA passed on this knowledge to South
American and other developing countries through courses and bilateral works.

STATUS OF THE ACTIVITIES PERFORMED

The works performed, the present state and future prospect of the Program in
Argentina arc herewith briefly described.

- Technology of fuel elements manufacturing

According to the original program, as well as to what it was added as a
consequence of not having received the uranium necessary to operate the RA-3
reactor, the following activities were performed:

Recovery of 90% enriched_ uranium from manufacturing wastes

Treated materials:

Fussion salts Approx. concentration 0,1 to 5 Ug/100g

Fuss ion slag
Crucibles
Fuel elements alloys plates
Different solid wastes
Different solutions

Recovering and transformation scheme can be observed in Fig. 1. This material
recovered as U3O8, was afterwards converted to metallic uranium through a
calciumtliermal process, for which the corresponding laboratories were mounted.
The manufacturing of fuel elements for the RA-3 reactor continued with the alloy
obtained by metallic uranium casted with aluminium. This whole process allowed
the recovery of enough quantity of 90% uranium (about 8 kg UT) to manufacture
the fuel elements that made possible the operation of the RA-3 reactor from 1982
till the present.

It

II

II

It

II

1
0 ,
4
0 ,
20

5
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to
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- Conversion of UF6 into U3O8

When Argentina tried to buy 20% enriched U-235 in the international market,
only UF, was available. Therefore, methods for i t s conversion into l̂ Og had to
be developed, taking into account the special characteristics of the U3O8 powder



required for the manufacturing cc. high density fuel plates (more than 3 gU/cc).
This originated works performed at laboratory scale, development of processes,
manufacturing techniques and development of licensing programs for installations
and personnel, as well as the design, mounting and start-up of an U3O0 production
plant. These works provoked a significant delay in the initial program, as well
as higher costs than the estimated. The works performed shall be presented at
this Meeting (5-9) and the installations shall be visited at the Constituyentes
Atomic Centre (CVC) on Wednesday.

Fortunately, the results obtained have been satisfactory, which enabled us to
take on the manufacturing of plates for the RP-0 and RA-3 reactors fuel elements.

In order to optimize the use of 20% enriched uranium and with the idea of decreas^
ing the production costs, an alternative way of U3Og production by spray-drying
is being developed (25) . Moreover, a project of a plant for the recovery of
solid wastes and liquid effluents, generated during the different processes of
conversion of UFg into 11303,has been prepared.

- Low enriched fuel elements. Development and manufacturing

Three development lines were performed at CNEA:

U3O8-A1

UA1 -Al
x

U Si -Al
x y

Although as early as in 1980 it was necessary to decide on the line to use for
manufacturing the RA-3 and RP-0 fuel elements, which was U3O8-AI, the develop-
ment of the three lines was covered, having obtained at present the following
results (Fig. 2):

line; In 1978 it was started the manufacturing of miniplates. A first
set of 4 miniplates, with densities between 2,46 and 3,12 gU/cc, was sent in
1981 to the Oak Ridge Reactor (ORR) for their irradiation. They showed an
excellent behaviour after 87% Bu (14) . In 1982/83 a second set of another 4
miniplates, with densities between 3,12 and 3,58 gU/cc was irradiated in the ORRj
up to 91% Bu, also with excellent results (15).

Between 1985 and 1986, 2 standard fuel elements were manufactured, one of them
is at present being irradiated in the RA-3 reactor and the other one to be
irradiated in the ORR. At present, we arc at the final stage of the RP-0 core
manufacturing and the RA-3 reactor first core is being manufactured.

UAlx-Al line; Miniplates that were successfully irradiated together with the
U3O8 first and second sets in the ORR were also manufactured (15).

The high densities reached and their excellent behaviour, up to 91% Bu, must be
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stressed. This line is of special interest for 45% U-235 Medium Enriched
Uranium (MEU).

In the second set a 3,09 gU/cc density was reached, because UA1- was used.

Works with UAI2+U were also performed. As the free uranium, during the rolling
process, reacts with the free Al of the matrix, forming UA1X, the density can
reach 3,5 gU/cc or more. The advantage of introducing free uranium in the UxSiy

line can be seen in the postirradiation of the ORR standard fuel elements (19) .

It must be pointed out that after 91% Bu the postirradiation tests showed a
negative thickness change, contrary to what happens with l^Og or UxSiy.

UxSiv-Al line: In the beginning CNEA only worked with U3O8-AI and UA1X-A1 lines.
After the irradiation of the first set of miniplates in the ORR, and due to the
excellent results obtained by the postirradiati.on analysis, experts from ANL
recommended CNEA to aim at the UxSiy (U3Si or U3Si2) lines. Therefore, in the
second and third irradiation sets in the ORR, 3 and 7 miniplates were introduced,
respectively. They reached 91% and 83% Bu with satisfactory results (15). The
postirradiation test of the third set is pending.

Owing to the confidence of these results, CNEA manufactured in 1986 a standard
fuel element with a 4,8 gU/cc density, to be irradiated in the ORR with the
completed first core of that reactor together with fuel elements manufactured
by CERCA, NUKEM and B&W.

In parallel with the development of these three lines, a new manufacturing plant
of fuel elements had to be designed, built and set-up. It had to cover the three
processes developed taking into account, especially, powder lines, operators
safety as well as UA1X and U3Si2 powders of highly pyrophoric characteristics.
This plant was already described in Petten in 1985 (13) and you will be able to
visit it on Wednesday at the Constituyentes Atomic Centre.

This plant, that is now in operation, can produce one fuel element per day. All
standard fuel elements abovementioned have been manufactured in it. Moreover, a
QA system that guarantees the quality of the fuel produced has also been
performed (18).

All the development capacity performed in design, mounting and set-up of this
plant has also been useful for an Argentine public enterprise which could
commercialize this plant abroad. Also Chile, which through the Argeninte-Chilean
agreement, could mount its own fuel manufacturing plant based on the knowledge
and experience transferred by CNEA.

- Irradiation tests and postirradiation examinations

As abovementioned, CNEA has performed its miniplates irradiation tests and
postirradiation examinations using the facilities offered by the RERTR Program,
through the ANL-CNEA joint study. Unfortunately, the closing of the ORR at the
beginning of this year brought a real shock to CNEA because, not only became
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impossible to irradiate two standard fuel elements (one U3O8-AI and the other
U3Si3Al) that CNEA manufactured in 1986, but also because future tests are in
jeopardize. At present, the RERTR Program's authorities have advised us on
the possibility of irradiating in the Swedish R-2 reactors the 2 fuel elements
that could not be irradiated in the ORR. This possibility is considered as very
improbable. However, CNEA expects that, with the help of the RERTR Program's
authorities and particularly through the up to now very efficient ANL-CNEA
joint program, these problems that delay considerably the Argentine development
in this field can be solved.

Owing to these circumstances, CNEA has also considered the possibility of
performing irradiation tests in its RA-6 and RA-3 reactors in spite of the low
neutronic flux of these reactors.

- Manufacturing of miniplates to obtain radioisotopes

Using the capacity of producing high density uranium plates, 90% U in U-235
miniplates are manufactured at the Fuel Elements Manufacturing Plant, which
allow the production of 99 Mo after their irradiation in the RA-3 reactor. At
present, it is foreseen to produce 99 Mo irradiating plates with 20% U in U-235,
using the development obtained in high density siliciures miniplates. This
development is also foreseen within the RERTR Program and, especially, within
the ANL-CNEA joint study.

- Engineering reactors area

. Reactors Physics

It was apparent from the beginning of the reduced enrichment program in CNEA
that it was needed an ample variety of experimental data to validate and check
the 2-D or 3-D diffusion codes that were used in CNEA for the design of the 20%
enriched cores of MTR research reactors (RA-3 and RP-10).

Therefore, a series of subcritical, near critical and hipercritical experiments
were planned to have enough data to test the calculated codes. These experiments
were done in the RA-2 critical facility.

The first experiments were undertaken for a series of water reflected 90%
enriched cores from far subcritical to critical. Pulsed neutron technique was
used to obtain, prompt neutron decay constants, and reactivity values (20) .

Afterwards, a series of more complex experiments for subcritical cores were
planned with different reflectors arrangement (graphite and beryllium). Prompt
neutron decay constant, reactivity values and rod worth for control rods, were
obtained, using Gozani Garellis-Rusell and Simmons King interpretation for pulsed
neutron experiments (21).
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A second series of experiments were undertaken for near critical cores. A
description of some of these experiments is found in two papers presented in
this meeting (MTR Core Experiments Analysis Part I-II). In these experiments
reactivity and bucklings values were obtained (20).

A third level of experiments were done for hypercritical cores ( 4% K/K), in
which asymmetrical reflector (position) and control rod insertion, give a more
reliable approximation to an operating research reactor and suitable benchmark
to test 3-D diffusion code.

Finally, reactor parameters of our operating research reactor (RA-3) were also
taken into account.

These experiments contributed to improve the CNEA capability for the design of
the MTR 207a enriched research reactor (RP-10) and the core conversion of the
RA-3 research reactor.

. Activities developed in neutronics

The following activities were performed:

- Participation in IAEA's benchmark in 1979.
- Reproduction of some calculations done by ANL.
- Conceptual parametric study for the conversion of the RA-3 reactor.
- Calculation of the RA-3 reactor actual reac t iv i ty .
- Densities and geometries study for the conversion of the RA-3 reactor,

including beryllium ref lec tors .
- Joint work with ANL to verify dens i t ies , geometries, e t c . values obtained.
- Cri ter ia analysis to absorb experimental e r rors .
- Calculations reac t iv i ty coefficient and cinet ic parameters for the RA-3 with

HEU and LEU.
- Final design of the LEU fuel element ( <5 =3 gU/cc; meat thickness 0.7 mm and

290 gU-235/FE) .
- RA-3 f inal safety report preparation.
- Definition of equilibrium core configuration and fuel management.
- Detailed calculation model and re l iable system for the RA-3 operation follow-up.

The development of a rods calculation method and a neutronic and thermohydraulic
f a c t i b i l i t y study of a fuel element UO2 rod type enriched from 5 to 8% in U-235
for the RA-3 reactor were also performed.

This group worked intensively in the RP-10 Project. The works performed were
presented at internat ional meetings (10) (16) and at national meetings (22)(23)
(24).

Main ac t iv i t i e s in thermohydraulics

This group devoted to two fundamental tasks:
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- Thermohydraulic design for the re-design of the core and accident analysis of
the RP-10 reactor.

- Thermohydraulic design and accident analysis for the change of enrichment in
the RA-3 reactor and its use at 7 MW.

Unfortunately, it was necessary to make the decision of the RP-10 fuel element
design when the manufacturing technology of plate-type fuels, with 20% U-235,
only allowed to reach a maximum density of 2.3 gU/cc, which determined the design
of a 16 plates fuel, being therefore a less efficient thermohydraulic design.
Instead, for the RA-3 reactor, in which the final design decision was made when
the manufacturing technique of plates at 20% had already reached 3 gU/cc, a 19
plates fuel could be designed. Hence, the thermohydraulic design was more
efficient.

- Support to other countries

. Training courses

CNEA organized, for Latin American countries, training courses related to research
reactors core conversion to be operated with LEU, as well as the development and
manufacturing of the corresponding fuels. Details of these courses shall be given
in this Meeting (4) .

. Works performed through bilateral agreements

Within the Argentine Program related to research reactors conversion, joint works
in reactors and/or fuels were made with different countries, such as Peru, Chile,
Uruguay and Iran. These works were performed either through bilateral national
agreements or IAEA.

CONCLUSIONS

The necesity of reactors conversion from HEU to LEU fuels brought about a
significant economics and human resources inversion to Argentina, especially
regarding fuel development and manufacturing. However, today it is clearly
demonstrated that this effort has been profitable because, not only contributed
positively to the reduction of proliferation risks that implies HEU use, but
also meant for CNEA's experts a technological challenge that they were able to
succeed. For this reason, as we have worked intensely at CNEA during these
years, we are convinced that the technological level reached in research reactors
and fuel engineering as well as the facilities for development and manufacturing
plants for the plate-fuel production at present available allows us to undertake
the fuels supply to other countries and to develop facilities suitable for this
purpose.
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PRELIMINARY EXPERIENCE AND NEAR FUTURE UTILIZATION
PROGRAHHES OF THE MPR«-30 FUELED BY LEU

B. Arbie and S. Soentono
National Atomic Energy Agency of Indonesia

Serpong, West Java, Indonesia

ABSTRACT

The MTR type reactor MPR-30 G.A. Siwabessy, locat-
ed at PUSPIPTEK Serpong has recently reached its first
criticality. This mutipurpose reactor is supposed to be
the first MTR type reactor in the world that is designed
and constructed to* be fueled by low enriched uranium.

Preliminary experience covering the approach to
the first criticality and the excess reactivity loading
as well as some thermal hydraulics and power ascension
tests are briefly presented and discussed. The near
future utulization programmes during and after
commissioning are also presented.

INTRODUCTION

The G.A. Siwabessy reactor is the third research reactor
built in Indonesia yet the most sophisticated one. With the flux
of the order of 1014n/cm2/s, this swimming pool type reactor is
amongst the highest flux reactors in the world. This multipurpose
reactor is designed in accordance with the RERTR programme. The
fuel is low enriched uranium oxyde (U-jOgAl, 19.75% 235JJ)

contained in a flat plate type fuel element. There are six beam
tubes in the reactor with a central irradiation position (CIP)
and four incore irradiation positions (IPs). In addition, there
are some irradiation positions in the reflector elements (RI) and
5 rabbit system facility as well as power ramp test facility.



The reactor atttained its first criticality on July 29,
1987. When the reactor comes to its full (equilibrium) core
configuration, the thermal power of 30 MW is expected to -be
achieved with 40 fuel elements and eight control rods. At the
moment it is still undergoing some testing and calibration at its
first core configuration consisting 12 fuel elements and six
control rods. The average cycle time of the reactor is expected
to be 25 full power day operation.

The preliminary experience with the reactor discussed in
this paper has been highlighted by the first approach to criticar
lity and subsequent core excess reactivity loadings in order to
achieve sufficient reactivity for operational purposes. The test
n hydraulics for power ascension as well as the power run have
also been carried out. The approximate power of 1 MW has been
achieved so far. After the completion of all tests and calib-
rations, the maximum power of 10.7 MW for the first core configuu

ration is expected.

PRELIMINARY EXPERIENCE

The First Approach To Criticality

The approach to criticality was performed based on
predetermined loading scheme. The critical mass was calculated
using computer code IAFtJEL. According to the calculation, the
criticality is attained at 14 +/- 1 fuel elements. In reality,
the criticality was attained at 15 fuel elements.

The first approach to criticality of the reactor was
performed according to a step wise loading program. A loading
scheme comprising three stages was designed. Stage 0 was the
loading of all passive elements plus six control elements. Stage
one was the loading of fuel elements until the multiplication
factor k = 0.8. Stage two was the loading of fuel elements until
first criticality was attained.

For assessing the neutron population behaviour during- the
experiment, in addition to two existing start up channels of
fission chambers located above core grid position of H-4 and H-



6,the core was also equipped with two additional channels of BF3
counters located at A-3 (channel 1) and G-10 (channel 2), see
Figure 1.

Fuel elements were loaded onto the core according to the
stage one in the above scheme. Each counting measurement was
taken at four different control rods position namely: 1. all six
control rods were down, 2. , all six were up, 3. absorber bank of
five control rods (=absorber bank) were down and regulating rod
\,;\B up, and 4. absorber bank were up while regulating rod was
c/;,>'yn. The graph showing the relation between inverse count rates
iJio/Z) against the fuel element loaded was plotted at the above
i£jir control rod positioning and an average curve was made in
order to see the feasibility of the next loading and critical
mass assessment.

In stage two the core was loaded until the critical mass was
reached. When the criticality was almost reached, a new graph
showing the relationship between inverse count rate versus regu-
lating rod position was drawn. This was done to foresee at what
regulating rod position the.criticality could be expected, so
that the experiment could be done in a more careful manner. The
core as shown in figure 1 was reached at first criticality.

The first criticality was attained on July 29, 198"/ at 03:14
with all absorber bank were in up position, and regulating rod
was at 475 mm from the bottom of the core. Total number of six
control rods and nine fuel elements were in the core. Table 1
shows the fuel mass and counter reading during the experiment
while Figure 2 is the inverse count rate versus fuel mass in this
experiment.

A least mean square fit was applied on the last three points
on each of BF3 counter inverse count rate to calculate the criti-
cal mass. The average value of critical mass according to this
approach is 3130 grams.
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Excess Reactivity Loading

Excess reactivity loading is defined as loading of addition-
al fuel elements and/or reflector elements after the completion
of first approach to criticality experiment. The loading is
needed in order to provide sufficient excess reactivity for
experiments, xenon poison, burn up swing, etc.

After measurement of built-in reactivity at first criticali-
ty which was found to be 0.677 dollar (equivalent to 0.518 % ) ,
the excess reactivity loading was done by insertion of elements
according to a predetermined sequence of steps until a final
first core configuration was attained with an excess reactivity
of 9.2 % and capabled of going to power of 10.7 MW.

At first loadings steps, both doubling time method and
reactivitymeter were used to assess the reactivity in the core
and compare the results. But when agreement was reached in both
methods reactivitymeter was used becatise it was more time
saving.

The first three elements and subsequent three reflector
elements were inserted into the core one by one and reactivity
measurement was made after each single loading. The remaining
measurements were made after loading of two or more elements (see
Table 2). The loading method was that element with largest
worth of reactivity was loaded first followed by less reactive
one and so on until final first core configuration as shown in
figure 3 was achieved.

Shut down reactivity measurement at regulating rod in stuck
position was done by dropping control rods one by one from its
just critical position (209 mm).

The reactivity loading was performed resulting in the value
of 3.15 % which was closed to the designed value of 9.2 %. From
the arithmatic sum of reactivity worth of dropped control rods
from its just critical position, the shut down reactivity margin
at stuck rod position was 6 dollar, or 4.6%.



Hydraulic Test

Hydraulic test is one of most important tests to be taken in
order to make sure of safe and reliable operation of a reactor.
At the MPR-30 the test was carried out by employing a turbine
flow meter installed at a dummy fuel element. The primary system
flow rate for the first three core'configuration had to be
adjusted at 2500 m3/h.

For adjustment of primary loop flow and the individual fuel
element flow, a normal instrumentation system was used. The data
were recorded on a three channel line recorder. A turbine flow
meter (TFM) which was calibrated in Germany was used for flow
measurement at fuel element. Core picture as shown on figure 3
was used during this experiment.

Measurement was carried out with two pumps operation.
Nominal value of coolant flow was obtained by plugging in some
open grid position out side the active core. The increase in flow
resistance was compensated by opening the throttled valves
slightly. Two separate measurement was done: before power rise at
core position of D-7, and after power rise at several other
position for flow distribution assesment.

A result as shown on Tabel 3 was obtained. The wire of TFM
and the turbine itself at the end fitting might cause some flow
resistance, in addition to the tapering shape of flow cross
section through the core toward the end-fitting. The actual flow
should be greater than the obtained one.

Power Ascension Proqarm

Power ascension program was aimed at increasing the power of
the reactor safely to demonstrate the power run below 5 MW as a
part of its commissioning program. The reactor power was
increased in several stepsup to an expected power for
demonstration. The following was several parameters to be
examined during the power ascension: inlet and outlet coolant
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temperature, its temperature difference, coolant flow through the
core, pressure loss across the core, and thermal power
calibration.

The reactor power is a function of mass flow rate through
the core and its temperature increase. The power can also be
measured from automatic regulating channel based on current read
by compensated ion chamber (CIC) and the N-16 neutron activation
channel. These instrumentations have been calibrated beforehand.

A three channel line recorder and a two channel one were
used in the measurement. The three channel line recorder was
connected to three measuring points: outlet temperature, inlet
temperature and the temperature difference. The • two channel
recorder was connected with the coolant mass flow rate and
pressure drop accross the core. Initial plant condition for power
demonstration was adjustment of primary system mass flow, over
all plant preparation for power ascension and the start up to
power ascension release.

At the beginning, the power was raised to a level that
allowed first caloritnetric power calibration, in other word the
inlet-outlet temperature difference could be read from the line
recorder. Then the power could be increased in steps readable
from automatic regulating channel indicator. All data should be
recorded and filed during the process. For each power increment,
the power should be maintained for at least one hour.

The result from different instrumentation is shown on the
Table 4. The difference in result may be caused by high varia-
tion in the humidity during day and night time. This may influen-
ce the heat transfer in the secondary system. The power ascension
has been halted at a power level of about one Megawatt.



NEAR FUTDRE UTILIZATION PROGRAMMES

The basic principle in this neutron utilization is to make
the best use of neutron produced during commissioning period as
far as it is not jeoperdizing core physics experiment.

The next experiments to be done will deal with core physics
data collection and its kinetic behaviour before the attempt to
reach the maximum power of 30 MW. During these experiments, the
neutron, especially the ones in the irradiation positions at the
reflector, may be utilized. The utilization during these
experiments may be of interest of neutron activation analyses as
well as radioisotope production, especially the short life ones,
since the neutron fluxes can be in the order of 109 -
10lj>n/cm2/s. Powder diffactometer will be installed at one of
six beam tube and hopefully the preliminary use of the diffrac-
tometer will start by mid 1988. iodine loop for Ir-125 production
from one of the beam tube will start operating in 1988. The
utilization should however not to endanger nor deteriorate the
obtainable reactor data relevant to the reactor characteristics
and behavior. The safety of the reactor operation is always the
governing factor through out the whole next experiments. Once
the commissioning of the MPRr30 at 30 MW is accomplished then the
full use of the neutron flux of 10 n/cm2/s will take place.

Reference :

1. Anonym, BATANr-lNTERATOM MPR-30 start-up and power ascension
procedure^ June 1987

2. Supadi. S, Utilization Program of the Multi Purpose Reactor
and its supporting laboratories, Indonesian - Japan Seminar on
Nuclear Energy, Jakarta, November 1985

3. IAEA Safety Series No. 50-OD, Vienna 1978

4. S. Glasstone, M.C. Edlund, The elements of Nuclear Reactor
Theory, Van Nostrand 1952
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TABLE 2 : EXCESS REACTIVITY
LOADING DATA

Loading
Step

0

1

2

3

4

5

6

7 £t 8

9,10*11

12,13,14
(. 15

16

Reactivity

0.

1.

2.

1.

0.

0.

0.

1.

0.

G.

G.

677

739

C2

152

621

91B

951

189

789

477

1

0.

1.

1.

C.

0.

0.

0.

0.

0.

0.

C

%

5181

3309

5459

8816

4753

7026

7278

9099

6038

365

S765

Cumulativ
Reactivity
5

0.677

2.416

4.436

5.588

6.029

7.127

8.078

9.267

1(2.056

IB.533

1S.G33

0.

1.

3.

4.

4.

5.

6.

7.

7.

8.

S.

%

5181

8490

3949

2765

7518

4544

1822

0921

6959

0609

XI I 1

Element
Number

RI - 21

RI - 22

RI - 23

JF - 058

JF - 057

JF - 056

JF-032/
JF-036

JF-C25/
JF-037/
JF-033

JF-034/
JF-040/
JD-105/
JF-C38

Element
Position

E

. F

E

G

G

G

C
G

E
D
F

G
F

- 5

- 6

- 4

- 8

- 7

- 6

- 4/
- 5

- 3/
- 3/
- 3

- 4/
- 3/
- 4/
- 3

R e m a k s4t ™* **l H Mm %&

at first criti-
cality

1 to 3 are fuel
elements

from 4 onward :
reflector ele-
ment £> during

7&8 in one loa-
ding measure -
ment.

9,10 & 11 in
one measurement

12,13,14 & 15
in one measure-
iment

Reflector ele-
ments in posi-
tion J-.-3 i
\3 " it)

V.cze : RI = Fuel Element
JF = Reflector Eie-.ent
JD = During Dicincn'^

51



TABLE 3 : CORE COOLANT FLOW RATE

Primary Laup
Flow Rate m3/h

TFM Position

m3/h

Before
Power
Asc.

2450

D 7

47.1

After Power Ascension

2550

D 7

47.4

2550

D 9 •

46.7

2500

E 4

46.5

2500

E 6

47.1

2500

F 6

47.1

2500

E 5

46.4

2500 '

D 8

45.9

2500

C 7

46.4

Note : TFM • Turbine Flow Meter

TABLE 4 : POWER ASCENSION EXPERIMENT RESULTS

Step

1
2
3
-4
5
6
7
8
9 •

A

2.0
2.1
1.0
5.0
1.0
2.0
3.9
4.0
7.5

JKT01 DX004

Exp

-10
-9
-8
-8
-7
-7
-7
-7
-7

Power
kw

0.3
3.0

15.8
75.0
140
280
560
560
1120

N-16

mA

-
_

0.18
0.34
0.77
1.50
1.50
2.70

Act

power
(av)

-
_

61
115
260
510
510
918

T
(K)

_
-
_
0.1
0.2
0.1
0.2
0.18
0.37

JE01 CF811

Mass Flow
m3/hour

2450
'2450
2450
2473
2473
2473
2473
2473
2473

Power
kw

_
300
600 • •
300
600*
540

1300
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Figure 3
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IMPLEMENTATION OF A QUALITY ASSURANCE SYSTEM FOR THE
DESIGN AND MANUFACTURING OF FUKL ASSEMBLY MTR-PLATE

TYPK

Jose Helmut Koll
Comision Nacional tie Energita Atomica

GerencLa Desarrollo
Garantia de Calidad

Buenos Ai.res, Argentina

ABSTRACT

Since more than 30 years JIJ-.O, fuel assemblies (FA) of the MTR-Plate
type, for Research Keactors, h.-ive been developed and produced
using wc:ll known technologies, with different methods for the
design, manufacturing, quality control and subsequent verification
of FA behaviour, as well a.s of the design data.

The FA and its reliability has been improved through the recycling
of the obtained information. No nuclear accidents or major
incidents have taken place thai can be blamed to FA due to design,
manufacturing or its use.

Since the 70's, the use of Quality Assurance methodology has been
increased, especially for Nuclear Power Plants, in order to ensure
safety for these Reactors.

The use of QA for Roactors for .Research, Testing or other uses,
has also been .stead i.ly increased, not only duo to safety reasons,
but also because of its convenience for a good operation, being
presently a common requirement of the operator of the installation.

Herewith is described the way the QA system that has been developed
for the design, manufacturing, quality control and supply of MTR-
plate type FA, at the Gerencia DesarrolJo of the Argentine Atomic
Energy Commission (CNKA).

1. INTRODUCTION

The Cerencia Desarrollo of CNF.A has implemented a QA system for the design
and manufacturing of U-235 20% enriched FA MTR-plate type, due to its own, as
wi?ll as its customers1 requirements.



As CNIvA al ready has n 25 years experience in the manufacturing of this kind
of FA, il was possible to establish nn orderly methodology, starting with a QA
Manual, following with the QA-program procedures, then the documentation for the
operation functions and finally its implementation.

That was a difficult task which required a lot of persistence and patience
and was made progressively^so as the personnel might be conscious of how important
is to understand and perform their tasks according to the needs, not taken as an
imposition but as n usual way of working.

The scope of the activities mentioned in the present work, includes: design,
design testing, purchase of materials, manufacturing of components in our own
workshops and through subcontractors, FA assembly, quality controls, customer's
final inspection, to guarantee the materials, workmanship and FA behaviour in the
reactors.

Regarding all the aboveinentioned, a 1 or A level for the QA system has been
chosen, according to the qualification into 3 or 4 levels.

The present work refers to an MTR-plate FA manufacturer with a small
production and the subcontractors are also small machining works hops .

2. DKSCR[PTION AND MANUFACTURING OF FA

The design of Low Knrichment I'A (20% U-235) has been performed in a similar
way as for High Enrichment FA,but with the following changes:

- The fuel core is made of a mixture, of U^O^ powder and pure Al powder (formerly
it was used U-Al alloy) . -

- The relative and absolute, content of uranium i n the core was increased in gU/cm
and gll/plate.

- The structural, material was changed by using precipitation-hardening Al alloys
instead of pure Al.

- Some structural welded joints nre used instead of screwed joints.

Consequently, the FA of the new design based on calculations and irradiation
experience, was developed, and its results are informed separately.

The final results of the design are applicable to the drawings and
specifications, performed and approved by the FA design and behaviour section.
Verification is performed according to "design control" procedures.

These drawings and specifications define the materials, parts and components,
as well as the requirements for the assembly, tests, controls and acceptance
criteria.

The MTR-FA is outlined in F i cj . 1
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2.2. Materials and components

2.2.1. The materials to be used are those few of customary nuclear use:

- U_0g powder
- Pure Al powder
- Semifinished of Al alloy, as plates and bars
- Ag- In-Cd alloy as ingots or ingots raw materials
- Material of stainless steel AISI 316 type, for some structural

components of the reactivity control unit
- Consumable materials: (chemical reagents, welding gases, lubricants,

storage materials, handling, etc.)

2.2.2. The components of these FA are the following:

- Nozzle
- Sides
- Screws
- Handle
- Fuel plates

The fuel plates are composed by frame, plates and fuel core. The fuel core
consists of a mixture of U o0 o and Al powders.

J o

2.3. Manufacturing procedures

2.3.1. Most of the parts arc manufactured by subcontractors, selected according
to their previous experience, being machining the process more frequently
used.

In almost all cases the material to manufacture the parts is delivered to
the subcontractors by the FA manufacturer, this guaranties the
material's quality. Through a correct identification, mixing with other
materials is avoided.

Finished parts are controlled by the subcontractor and delivered with a
certificate of quality accomplishment.

Reception of parts is made by the FA manufacturer through a statistical
quality control.

The codification and identification of parts and materials are performed
according to a list corresponding to the subcontractor's instructions.

Whenever it is required, the materials are subject to a thermal treatment,
previous to the machining. Also the finished pa'rts a r e cleansed, pickled,
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washed and finally dried.

2.3.2. The core is manufactured using powder metallurgy methods, si.eui.ng and
mixing Al and l^Og powders and compacting the mixture in a hydraulic press.
The cores, already weighed and measured, are dried in a oven.

The identification is performed on the core and on the envelope or
identification card.

2.3.3. The manufacturing of plates is performed framing the cores and placing
plates in both sides. The components are joined by a welding seam.

The characteristics required by the fuel plates are obtained by hot rolling
and finished by cold rolling. Finally, the edges are cut in order to reach
the final dimensions.

2 .3 .4 . Assembly of the FA

The FA assembly is per formed using a proper device, setting the nozzle with
the sides with screws or by welding.

Then, the fuel plates are subsequently settled into grooves to the sides,
pressing the edges of the grooves with a special device.

' Once the fuel plates arc assembled the handle is fasten through MIG welding
process.

2.4. Quality control methods

2.4.1. Reception of materials

The U|jOg powder, Al powder, bars and plates of Al alloy, Al-In-Cd ingots,
AISI3 I6stainless steel.

Spectrographic chemical analysis for alloyings and impurities is used. For
the mechanical resistance, a conventLonal. laboratory tensile machine is used.
Metallographic control is performed i.n the conventional technique. Dimensional
control is made with gages, micrometers and tridimensional measuring machine.

Physical properties of U3O0 powder are measured by special procedures:
specific area, UO2/, density,etc.

2.4.2. Reception of parts and components

Dimensional control with a measuring machine of numeric control, micro-
meters and gages are used for nozzles, sides, screws, handle.

2.4.3. Manufacturing of fuel cores and plates

WeT<J]h.'t i-n£ is made with precision scales. Micrometers and gages are used
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for the dimensional control. Control of uranium homogeneity and core site is
performed by X-Rays, and surface contamination with an alpha counter.

2.4.4. Final control of the FA

A tridimensional measurement device and fixed gauges are used for the
assembly's final control.

2.4.5. Tensile machine, autoclaves for corrosion, metallography laboratory are'
used for processes control tests and for radiographies, the usual
technique.

3. REQUIREMENTS FOR QA AND ITS IMPLEMENTATION

3.1. Basis for the QA program

From the several alternatives choices existing, such as 50-C-QA Code,
ANST/ASMK 4^2 standard, CSAZ 299 standards, or similar and at customer's request,
a similar scheme as to the CSA 299/1 standard has been chosen and used, adapted
for.the FA-MTR plate for which details and prominent points, related to QA, are
mentioned below:

3.2. Organization

The organization shown in Fig. 2 was adopted and described in a functions
and responsibilities manual:

Design and behaviour

Manufacturing

Project Manager

Production

Plant Kngineering

1
QA

Q> control

Subcontractors

Suppliers

FIG. 2. Organization for the design and manufacturing of MTR-Plate FA.

As can be seen in Fig. 2, the ralationsb/ip of "Design and behaviour" i s
/of the functional type. On the other hand, the direct relationship between
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Production Manufacturing and Quality Control allows the Group QA to perform
their tasks independently, over all participants of the Project, including
quality control, being this a very important point to ensure the quality of
the product.

- Qualification of personnel:

A system for the qualification and certification of personnel was developed
as part of QA activities, for the manufacturing as well as for those performing
QA and supervision tasks.

3.3. Design

a) Requirements:

- To have qualified personnel for design tasks.
- To perform the activities based on written procedures.
- That the design verification is made by different persons from those that
made the design.

- To perform irradiation tests of miniplates, in order to obtain design data,
and to perform design verifications on prototypes, if necessary.

b) Implementation:

All those requirements have been fulfilled, the documentation has been written,
the activities performed and the tests made.

3.A. Materials

a) Requirements:

- That their chemical, physical and metallurgical characteristics, as well as
reception criteria, are specified.

- That the manufacturers of materials are selected, through an evaluation.
- That the materials have the manufacturer's certificate, guaranteeing the

fulfilment of the requirements.
- Recontrol statistically the results given in the certificates, as necessary.
- To have an approved report on reception control.
- For the l^Og powder, it might be convenient that the manufacturer of the FA
makes an inspection during its production.

b) Implementation:

The materials are purchased from manufacturers or suppliers, selected from their
previous experience and with their quality certificates which guarantees the
fulfilment of the specifications. The reception of the materials is made by
written procedures and statistical quality control. The mechanical, chemical
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and metallographic tests havebeen performed at external laboratories. That
is why those laboratories must be qualified. It has also been necessary that
the results be handled as certificates.

3.5. Subcontractors and Suppliers

a) Requirements:

Taking into account that the subcontractors only machine parts, it is enough
with the following requirements:

. That they keep the identification of materials and parts.

. That they have a clean working place.

. That they have the adequate instruments for dimensional control.

. That they have capability to issue quality certificates, fulfilling
specific requirements.

b) Implementation

An evaluation and selection of subcontractors and suppliers have been made
through a visit to the factories and to previous experience. This evaluation
has been made according to written instructions and forms previously approved.

3.6. Processes of manufacturing, control, inspection and tests

a) Requirements:

- That a Manufacturing Plan or Program exist, indicating the steps of sequence.
- That there is an inspection and tests plan, with the holding points required

by QA.
- That the processes are described in procedures and instructions and completed
with forms or drawings or diagrams.

- That the processes requiring qualification are defined, according to point 3.7.

b) Implementation:

Though the manufacturer's experience in the manufacturing of this type of FA
was very complete, it was necessary to develop all the complementary
documentation to meet those requirements.

3.7. Special processes

a) Requ ir ement s:
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- Special processes sould be settled by a quality committee, according to
specifications and proceedings.

- The requirements for the qualification should be settled, as well as the
way to fulfil them.

- It should also be settled the requirements for the personnel, their
qualification and certifying.

As special processes for this type of FA, the following can be mentioned:

r Surface treatments: pickling and clean ing
- Thermal treatments: annealing, precipitation hardening, blister test
- X-Rays: Density of U, homogeneity of U
- Weldings: nozzle to sides, handle to sides
- Fuel core compacting
- Rolling of plates
- FA assembly: placing in grooves of; theplates

b) Implementation:

According to the existing manufacturing experience, the necessary documentation
has been developed, and it consists of making the qualification procedures,
establish the criteria for acceptance and rejecting tests quantity, etc. After
finishing the qualification, the corresponding certificates should be issued.

3.8. Control of measurement equipment and tests

a) Requirements:

- Records of measurement equipment and tests with their valid calibrations.
- Procedures and instructions to perform the calibrations.
- Calibration records.
- Records of measurements performed.

b) Implementation:

Though records of instruments by individual cards already existed, the
procedures* instructions and performance of calibrations and their records
have been completed.

3.9. Quality control and inspection

a) Requirements:

- To have the instruments calibrated
- To have qualified personnel
- To have control forms made according to drawings and specifications
- To have written instructions to perform the tasks
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b) Implementation

The abovementioned requirements have been so fulfilled that forms are more
available for control and quality records^that can be accepted by inspectors
without requiring deviations.

3.10. Non-conformities/Non-conforming items

a) Requirements:

- It must be settled that all non-conformities should be informed and
discussed by a quality committee.

- Deviations shall be authorized only by the design responsible or with his
authorization.

- The non-conforming items should be immediately identified and, if possible,
physically separated to avoid its use.

b) Implementation:

A system has been developed and used to allow detection, evaluation and
solution of non-conformities by a Quality Committee formed by Design
Production and QA.Production represents the sections of Manufacturing, Quality
Control, Plant Engineering and Purchasing.

3.11. Corrective actions

a) Requirements:

Corrective actions should be required, fulfilled and verified, according to
written and approved procedures.

b) Implementation:

Once estabished and analyzed a non-conformity, the action to be followed is
determined. If it is related to the product, the Production section should
take action to correct the deficiency. If it is on the system the QA section
should act to correct or request the correction of the deficiencies.

3.12. Records - Certificates

a) Requirements:

- A listing of the records.
- That there are the certificates avai lable.
- That the records have been correctly issued, distributed and filed.
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b) Implementation:

At the same time, the activities of manufacturing and control are performed,
the required records have been produced such as:

- Technical reports
- Results of tests and measurements
- Control testing
- Metallographies - X-Rays
- Non-conformity report - Authorization for deviations
- Certificates or calibration of instruments
- Certificates of personnel qualification
- Certificate of process qualification

3.13. Audits

a) Requirements:

Internal audits. For a small plant or project which has its own QA group,
performance of audits should not make difficulties.

- They should be planned.
- They must be performed according to written procedures.
- They must operate independently.

b) External audits:

This audits shall be contracted and performed according to already approved
plans.

c) Implementation:

Internal audits have been performed as confirmation of the fulfilment of
requirements 3.1 to 3.11 abovementioned, because it has been performed during
the commissioning. For future productions, ex.ternal audits will be performed
more formally.

4. CONCLUSIONS

The establishment and implementation of a QA system for the design and
manufacturing of MTR-plate FA, is very convenient and a practical way to ensure
the quality of the product.

Resistance of personnel to changes or to the unknown, should first be
overcome, in addition to solving many non-conformities that exist simply because
no importance was given to certain requirements which could have been easily avoided
or solved, such as non existing certificates or calibration records or incomplete
manufacturing or control instructions.



If we consider that this type of FA manufacturing requires a minimum to
fulfil the .required quality, the cost for introducing QA is a minor cost, that
should be taken into account mainly during the beginning of the QA implementation
and during the commissioning.

Control of fissil materials, required by radiological safety, helps to keep
a strict control of the direct materials used.

Thus, a QA system has been established and is in effective use for the
design and manufacturing of these FA.
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LICENSING ASPECTS OF REDUCED ENRICHMENT PROGRAM FOR JMTR FUEL

R.Oyamada, M,Saito, A.Yamamoto and H.Sakurai
Japan Atomic Energy Research Institute, Oarai Research Establishment

Oarai-maehi, Ibaraki-ken, Japan.

ABSTRACT

JMTR (5OMWt) has been successfully operated with the
MEU < 145% enriched uranium) fuel since July 1986.The
effort is still continued to convert the core from MEU to
LEU fuel. In the core conversion from HEU to MEU
fuel, some modifications to the reactor were made in
order to accommodate the postulated and hypothetical
accidents. And, in preparation of the application of
safety review (a license of reactor installation ) for
LEU fuel to be used in JMTR including test fuel elements,
the safety assessment in the application is being allover
revised based on light water power reactor-base criteria.

INTRODUCTION

JMTR is a 50MW, tank type research reactor cooled and moderated by
pressurized light water.

JMTR core conversion from HEU (93/1 enriched uranium) to MEU (45%
enriched uranium) was carried out in July 1986. Since then, JMTR have been
successfully operated with uranium aluminide MEU fuel. The effort is still
continued to convert the core from MEU to uranium silicide LEU (<20%
enriched uranium) fuel, which is the final gool of the program.

In the safety review for research reactor installation including
reactor modification like the core conversion with reduced-enriched fuel,
light water power reactor (LWR)-based criteria are translated into
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research reactor terms in most cases, because safety-related criteria for
research reactors are not yet developed in Japan.

Application for a license of reactor installation (including change
in the contents of the application form) is addressed to and granted by
the competent Minister (the Prime Minister in case of research reactors).
The safety of reactor is doubly examined ; first by the competent
authority (the Science and Technology Agency in case of research
reactors), and second by the Nuclear Safety Commission.

In addition, the application is examined by the Reactor Safety
Committee at JAERI, prior to being addressed to the competent Minister.

In the JMTR core conversion from HEU to MEU fuel, some modifications
to the reactor were made in order to accommodate the postulated and
hypothetical accidents. And, in preparation of the application of safety
review (a license of reactor installation) for LEU fuel to be used in JMTR
including test fuel elements, the safety assessment in the application is
being allover revised based on light water power reactor-base criteria.

This paper describes outlines of the reactor modifications made in
the core conversion from HEU to MEU fuel and the revised safety assessment
for the core conversion from MEU to LEU fuel which is now under
discussion.

MODIFICATIONS TO THE REACTOR

In the old scenario of postulated loss-of-coolant accident (LOCA), a
small primary coolant pipe rupture with area of 100cm^ was assumed. No
core melt would be resulted from such a small LOCA. Moreover, in the old
scenario of hypothetical accident, 10? of core was assumed to be melted by
simultaneous occurence of the LOCA (lOOcm^ pipe rupture)and the core flow
blockage.

These scenarios were different from those of light water power
reactors (LWR). The safety-related criteria for research reactors are not
yet developed in Japan so that LWR-based criteria are translated into
research reactor terms, and explicit base would be reqiured if different
figure is adopted in most cases.

Base for the maximum 100cm^ pipe rupture was impossible to verify so
that a main pipe (900mm in diameter) guillotine type break has to be
considered as LOCA. And, 100/1 core damage has to be assumed like LWR as
well.

In order to settle these problems, the scenarios were revised with
the following modifications to the primary coolant system and the
ventilation system of the reactor building.
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(1) To the primary coolant system

In order to prevent the core from being not covered by water in case
of LOCA, following modifications have been made.

(a) Larger syphon breaker valves (2X(j>125mra) have been installed to break
syphon phenomenon even at the guillotine type break, and automatically
open by LOCA signal, instead of manually operated-small valve (ix<j>25mm).

(b) The connecting valves are automatically open by LOCA signal, which
allows the pool water enter into the reactor pressure vessel.

(c) The leaked water and /or demineralized water are automatically fed
into the pool.

(2) To the ventilation system

In order to decrease fission product (FP) release to the atmosphere
from the primary coolant system, the following modifications have been
made.
(a) The exhaust system consists of the ordinary, the experiment and the
emergency exhausts. The former two exhausts are automatically closed when
LOCA or fuel failure occures.
(b) The off-gas system is automatically closed when fuel failure occures.

The modifications are' shown in Figs. 1 and 2.

In addition, the supports of the primary coolant system have been modified
since the old" design did not meet criteria such as the ASME Section 3.

These modifications totally costed about 600 million Yen (=US $ M
million).

The core flow blockage have been selected as the hypothetical
accident because of its possibility of the largest quantity of FP release.

And the following two FP release paths have been considered.

(D Fuel -*• Primary Coolant -*• Off-gas Tank -» Experiment Exhaust -> Stack
-»• Atmosphere

0 Fuel -*• Primary Coolant -*• Instrumentation Pipes -• Reactor Building
-> Emergency Exhaust -*• Stack -» Atmosphere

Path 1 : for 5 minutes

Path 2 : for 30 days
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Scheme of FP release is shown in Fig. 3.

APPLICATION OF SAFETY REVIEW FOR LEU FUEL USE

Revision of safety assessment

The safety assessment in the application for the license of the
reactor installation is being allover revised based on LWR-base criteria.
In the present application, the anticipated operational transients (AOT)
are included in the postulated accidents (PA), and no Judgment criteria
for PA are set up.

In the revised application, the Judgment will be set up as follows ;

Judgment criteria fpr AOT
The core must be kept so as to be able to revert to the normal

operational conditions without damage when AOT occures.
Judgment criteria for this ;
• Minimum departure from nucleate boiling ratio 2:1.5.
• Fuel core maximum temperature £* Blister threshold temperature

(JJOO°c).
• No significant deformation of fuel plate.
• Pressure loaded to the primary coolant system ^ 1.1 XMaximum

operational pressure (1.8 MPa)

Judgment criteria for PA
• The reactor core must be covered by water in any cases.
• The reactor core must not be led to signifecant damage, and can be

cooled enough.
• Pressure loaded to the primary coolant system ^ 1.2X maximum

operational pressure (1.8 MPa)
• No significant risk of radiation doses to the public.

Items of AOT and PA being discussed are listed in Tables 1 and 2,
respectively.

Additional data of silicide fuel necessary for the safety assessement
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Integrity of the fuel must be kept even in case of AOT, as mentioned
above. Therefore, temperature-dependent property data up to 400°c are
necessary for the fuel meat, because the maximum temperature allowed from
view point of the blister-threshold temperatuse is lJOO°c in case of AOT.
The necessary property date including those for the cladding and side
plate are listed in Table 3.

In addition, measurement of R/B ratio (R : release, B :born) of FP
(mainly iodine) of uranium silicide fuel at high temperature (700-1100°c)
i3 under preparation for assessing radiological consequences of PA and
hypothetical accident.

Extens.iva experiments for reactivity initiation accident behavior by
using NSRR (Nuclear Safety Research Reactor, a pulse reactor) at JAERI and
basic studies on compatibility of UxSiy particle and aluminum matrix, FP
release mechanism, etc. are planned as well.

CONCLUDING REMARKS

Since most research reactors including JMTR were constructed earlier
than the safety related criteria were developed in Japan, and the criteria
for rearch reactors are not yet developed, LWR- base criteria are
translated into research reactor terms in the safety review for reactor
installation including the core conversion.

By these reasons, in the core conversion from HEU to MEU fuel, some
modifications to JMTR were made, and in the core conversion from MEU to
LEU fuel, the safety assessment in the application for the license of JMTR
installation is being allover revised.

More detailed data such as temperature-dependent property data, R/B
ratio of FP (mainly iodine), etc, are necessary in order to assess
integrity of the uranium silicide fuel in the safety assessment. These
data are also required by the authority concerns because the uranium
silicide fuel does not have enough actual results like the uranium
aluminide fuel throughout the world.
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TABLE 1 Items of AOT to be Revised

• Uncontrolled positive reactivity insertion by reactivity control system from

low power start up condition.

• Uncontrolled positive reactivity insertion by reactivity control system at the

rated power.

• Positive reactivity insertion by sudden temperature drop of the primary

coolant.

• Single and multiple reactor coolant pump trips.

• Pressure drop of the primary coolant.

• Loss of A-C power.

Table 2 Items of PA to be Revised

• Core channel flow blockage.

• Reactor coolant pump shaft seizure.

• Loss-of-coolant accidents resulting fronr the postulated primary coolant pipe

breaks.
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Table 3 Property Data of Silicide Fuel Necessary for Assessment of Fuel Integrity

U3Si2-Al *

A^Mg 1,2,3

AJ MgSi 1

Fuel

meat

Cladding

Side

plate

Temperature

range

°c

Room

temperature

-400

Room

temperature

~400

Room

temperature

-200

Thermal

conductivity

o

o

o

Heat

capacity

O

o

Coefficient of
linear expansion

o

o

o

Young's

modulus

o

o

Tensile
strength

o

o

Yield
strength

o

o

Elongation

percentage

o

o

Poisson's
ratio

o

o

O ; Necessary data.
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INNOVATIVE CONCEPTS FOR FUEL PLATE FABRICATION*

R. F. Domagala, T. C. WLencek and H. R. Thresh
Argonne National Laboratory

Argonne, Illinois, USA

ABSTRACT

A number of fabrication concepts have been and
are being explored at ANL. Although specific pro-
cesses were addressed with silicide fuels in mind,
most are applicable to fabrication with any fuel
type. Processes addressed include improved comminu-
tion procedures for converting U-Si alloy ingots to
powder by using a roll crusher and an impact mill.
Aluminizing of core compacts by ion vapor deposition
techniques in vacuum offers prospects for improved
plate quality. Other concepts examined include
coatings on fuel particles, matrices different from
pure Al, and ductile fuel .illoys which might be used
to produce fuel plates with uranium loadings higher
than those possible with conventional dispersed-phase
powder metallurgy technology.

INTRODUCTION

As part of the ANL fuel development effort for the RERTR program, a
number of processes were addressed to improve the quality of fuel plates
and elements or to enhance manufacturing efficiency. Not all of these
concepts proved successful, but some have significant potential. We are
recording the activities of this phase of fuel development in a proceed-
ings format so that the RERTR communLty may benefit from our work. As
is true for any research activity, the tLme and effort devoted to any
specific concept were dictated by budget considerations. Further, the
lack of availability of an irradiatLon environment to test some concepts
precluded the possibility of bringing all studies to a logical conclu-
sion.

Work supported by the U.S. Department of Energy, "Nuclear Energy
Programs," Contract W-31-109-ENG-38, and the U.S. Arms Control and
Disarmament Agency.
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DISCUSSION

Fuel PartfcLe Coating

The irradiation performance of U^Si/Al dispersion fuels at high
burnup is considered to be relatively unsatisfactory. Coating fuel
particles to preclude any reaction bi'tweon Al (matrix and clad) and fuel
offered a potential solution to at li>ast part of this problem. Coated
fuel particles are a reality In some applications but are not used in
current research and test reactor elements. We assessed the type and
thicknesses of coatings required to serve as an effective diffusion
barrier. Coatings of 1 to 5 \\m of A^O-j, Si, Ni, or metal carbides are
within the realm of existing technology and represent the final choices
from a list that was originally much longer. Carbide coatings require
temperatures in excess of the U^Si perltectoid temperature, while Ni
coatings require working with extremely hazardous materials. Both
coatings were therefore not considered further. Si or A ^ O , at the
thicknesses presumed to be required to serve as a diffusion barrier
would diminish the maximum U loadings possible (assuming a 45-volume-
percent dispersed phase as a practical limit) to values comparable to
those that could be achieved with 113812.

For these reasons, we discontinued all considerations of coated
fuel particles and have not pursued the concept further.

Ductile Alloys

We considered fuel plate fabrication procedures different from con-
ventional dispersed-phase technology with U-rlch alloys fabrlcable to a
very thin sheet. We chose three compositions for study: U-jSi (96 wt.%
U, density 15.2 g/cm ), U75Ga1^Ge,Q (91 wt.% U, density 15.8 g/cm ), and
U75f*a10Si 15 C ^ w t >^ U> density 15.6 g/cm ). U^Si may be reduced to
sheot form, but experiments demonstrated that hot-rolling procedures are
not simple and require protection from oxidation. This renders the
entire process technically feasible but expensive and therefore commer-
cially unattractive. No minlplates of any kind were produced with U3SI
sheet.

The Ga-contalning alloys were selected from a total of ten alloys
In this family on which we had conducted experimental work. The pre-
liminary screening included density and hardness measurements, metallo-
graphic and x-ray diffraction examinations, and fabrlcability studies.
The two Ga alloys chosen are quite soft and ductile and can be cold-
rolled, with intermeri late anneals In a protective atmosphere, to sheet
of virtually any thickness desired. With no irradiation performance
data to support the potential value of continued experimentation with
sheet fuel Ga alloys, we decided that mlntplates with dispersions of
these alloys should be fabricated. By using a motorized, flexible-shaft
grinder and a carblde-ttpped burr, we generated particulate that can
best be described as small chips in a once-through nitrogen atmosphere
glovebox. Because of the ductility of the Ga-containing alloys it was
difficult to generate all of the partlculate at -100 (<150um) mesh.
Therefore, in order to proceed with experimental work in a timely
fashion, we made mlntplates with a range of particle sizes from 250ym
(60 mesh) to -325 mesh (<A5|im).
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As the mintplates containing the gallinide alloy "powders" were
being completed, the ORR was permanently shut down. Therefore, we have
no irradiation experience with these fuels. We did, however, anneal
compatibility study plates with 20-volume-percent gallinide fuel at
400°C. The fuel zone volume growth of these unirradiated plates sug-
gests a behavior poorer than that of u^Si. On the basis of this very
limited. Information and, at this time, no metallographic studies of the
fuel zone in either the as-fabricated or annealed condition, we would
suggest that neither the U-Ga-Si nor the U-Ga-Ge alloys are likely to be
a panacea in the search for a high-uranium-density fuel for plate appli-
cations in an aluminum matrix.

Matrix Changes

In order to reduce or preclude fuel-aluminum reactions, we tested
several variations in the matrix powder used for the fuel cores. We
made plates using prealloyed 6061 Al powder or ALCOA 718 Al powder. The
6061 powder is of the same composition as the clad used at ANL. We sub-
jectively perceived that in irradiated plates the diffusion of Al into
the fuel particles was less at the clad interfaces that at the pure Al-
fuel interfaces. Limited irradiation experience indicated no apparent
value in the use of the 6061 powder matrix. Further, the harder alloyed
powder resulted in a less homogenous fuel distribution in the mint-
plates.

1 ">
Other workers •*• have sugg&sted that the diffusion of Al in U metal

is reduced by a factor of three to five if Al is replaced by an Al-Si
alloy. To determine if an analogous reduction of matrix-fuel diffusion
would occur with uranium silicides instead of U metal, we used ALCOA 718
powder (Al + 12 wt.% Si + 0.4 wt.% Fe) in the fabrication of a number of
compatibility study plates with several U-Si alloy fuels. Thermal
annenls at 400°C of unirradiated plates resulted in a fuel zone volume
growth much more severe than that experienced with plates at similar
fuel loadings and the conventional Al powder matrix. Our work has
revealed a correlation between unirradiated thermal compatibility and
irradiation behavior. Therefore, we fabricated no miniplates for
irradiation with the ALCOA 718 Al matrix.

Finally, we used Mg powder in two attempts to fabricate compati-
bility study plates. The use of Mg quite obviously eliminates any Al-
fuel reaction except at the points of contact with the frame and cover
plate. To prevent the formation of Al-Mg eutectic liquid, the hot-roll-
ing temperature for the first assembly (which included six compacts) was
reduced to 385°C. Except for this change, we followed all regular
cleaning, assembly, hot-rolling, blister-annealing, and cold-rolling
procedures. When we sheared away the welded edges of the finished plate
assembly, there was no frame-to-cover bonding, and the assembly came
apart. A second attempt with Mg powder matrix and a hot-rolling temper-
ature of 415°C al9o resulted in a nonbonded product.

With further adjustments in the hot-rolling parameters, we believe
that the use of Mg powder matrix is still a viable procedure for pro-
ducing plates without an Al matrix. However, other priorities required
us to abandon further experimental work with Mg powder matrix plates.
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Comminution

More efficient conversion of U-Si alloy ingots to powder has been
of interest for some time. We examined procedures different from those
employed by commercial fuel element vendors and have conducted all
experiments to date with surrogate (non-U-bearing) materials.

We found a Retsch centrifugal grinding mill (shown schematically in
Fig. 1) to be quite unacceptable for this effort because severe erosion
of the components! of the mill resulted in a gross contamination of the
powder product. We have abandoned this type of equipment as a possible
device for comminution.

Roll crushing with a commercially manufactured unit is effective
for converting ingots (or ingot pieces) to granular material ~-10 mesh
(<2 mm). The roll crusher is in effect a vertical rolling mill with
corrugated rolls made from tool steel heat-treated to a hardness of
~RC58. Used with a speed control, the six-inch-diameter (15-cm) rolls
have worked efficiently to crush a Ni-10 wt.% Si alloy. Although no
work has been done with U-Si alloys, the roll crusher would probably be
very effective for comminuting U-jSi^. Experiments are needed to demon-
strate the applicability of this unit to U-,Si or to compositions between
U-jSi and UgSir,, in either the as-cast or heat-treated condition.

The Vortec impact mill shown schematically in Fig. 2 has worked
quite well with surrogate fuel materials of a variety of types. The
proof that the unit works for silicide fuel can only be provided by
experiments in a neutral atmosphere glovebox. The Vortec does require
as the charge material to be pieces no larger in any dimension than
~0.38 in. (0.9 cm). Therefore, primary crushing is necessary with a
roll crusher, or jaw crusher (if existing technology is to be used), to
produce a product acceptable to the Vortec. The charge particulate for
the Vortec should probably be considerably smaller than the maximum size
allowable by geometric considerations alone. The momentum of the par-
ticles must be reduced to a value that will allow efficient comminution
without significant wear of the Vortec components.

Aluminum-Coating Compacts

Coating of core compacts with Al has been considered at ANL for
several yenr6. Such a step would have the following potential benefits:

Preventing fuel particle oxidation during heating for hot-
rolling.

Eliminating "white spots" (fuel out-of-Eone) in plates.

Improving the integrity of the compact for easier handling and
storage.

Degassing the compacts (if Lhe process is conducted in a
vacuum).
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The general benefits of alurainizing compacts have been recognized,
and one vendor has already included such a step in its commercial fabri-
cation procedure.

At ANL we have considered three processes:

The use of Al foil at the top and bottom of a compact charge
before cold-pressing.

The use of a small quantity of pure Al matrix powder beneath
and on top of the core charge before cold-pressing.

The use of an ion vapor deposition unit called the Ivadizer,
manufactured and marketed by the McDonnell Douglas Corporation
(MDC) of St. Louis, MO, USA.

No compacts were ever made at Argonne by using the Al-foil tech-
nique briefly described above. The procedure does seem likely to pre-
vent stray fuel particles from escaping the surfaces of the compact.
However, the sides and edges of the compact would probably not be pro-
tected. This concept is, in our opinion, worth testing.

Only two miniplates were fabricated by implementing the second
concept noted above. These plates, made with ~50 volume percent fuel,
were neither better nor worse than conventionally produced compacts and
plates. We had no time for further effort with this variation in com-
pacting procedure, and the present sample size is too small for any
definitive statement regarding the value of the concept.

The treatment of compacts in the Tvadizer is being pursued.
Ivadizer technology has been in commercial use for more than f.en years
and has successfully alurainlzed parts ranging in size from small machine
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screws to aircraft parts six or more feel long. Applications of the
process have likewise covered a variety of materials including high-
strength steels, high-strength Al alloys, depleted uranium penetrators,
and composite materials. This is a well-established technology worthy
of the serious attention that, time and funds permitting, we plan to
give It,

At the time of this presentation, twelve compacts, nominally of the
size employed for ORR plates, have hoen produced by using W powder in
lieu of silicide fuel. Prepared at 40 vol.% W, the compacts have been
aluminized at the MDC plant in St. Louis. Characterization of the
nature of the coating and its effectiveness in reaching the goals of an
aluminlzing process must still be addressed.

Ivadizer units operate in a vacuum of ~IO torr or lower, a level
achievable with conventional vacuum systems. A 1-kV bias between the
parts and the molten Al pool enhances the throwing power of the Al
vapor. Compacts are easily supported in a rotating mechanism within the
chamber to ensure a uniform Al deposit. Units usually are tailored to
specific user needs and have already been built, sold, and used in sizes
ranging from bench top scale to chambers approximately six feet in dia-
meter and ten feet long. Coating thicknesses of 0.001 to 0.003 in.
(0.02 to 0.08 mm) are possible in an operational cycle time of approxi-
mately two hours. Multiple compacts may be aluminized at one time in
this batch-type procedure.

CONCLUDING REMARKS

The fuel plate fabrication concepts briefly presented here are to a
large extent still unproven for silicide fuel element technology. The
somewhat precipitous shut-down of the ORR has precluded any irradiation
testing of these ideas. As time, funds, and interest permit, however,
methods will be pursued for improving comminution and aluminizing of
compacts without a requirement for support by irradiation data.
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ASTRACT

New progress in CE11CA irradiation program for
8iliclde fuels is presented . U3Si2 and U3Six fuel
developments are now completed and the industrial
fabrication phase has started at CERCA . The paper
indicates the fabrication cost ratio to be expected
for a given reactor chosen as an example, when
replacing HKU fuel by LEU sllicide fuel.

INTRODUCTION

For the past seven years, we have been developing silicide fuel at
CERCA. Several uranium siliciura compounds have been used in order to
reach the highest possible uranium densities in the meat of fuel plates.

U3S12, U3Si and mixtures of U3S12 and U3Si (so-called U3Six) have
been successively developed. For each of them we have determined the
maximum practical limits from industrial fabrication point of view and
we have carried out an extensive irradiation programm in cooperation with
various reactors in the frame of the RERTR program.

The development work for U3Si2 and U3Six at CERCA is now completed
and our company has entered the industrial fabrication 6tage for more
than one year.This allows us to have now better ideas about the evolution
of fabrication cost when going from HEU to LEU silicide fuel elements.

This paper has a double purpose :

- to give the latest results about our silicide irradiation program
- to give an example- of fabrication cost increase for a particular

reactor.
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CERCA IRRADIATION PROGRAM STATUS FOR SILICIDES

Since the last RERTR meeting, our program for irradiatitn of
siliclde fuels has progressed as follows (table 1) :

- Two HFR fuel elements have been completed :

. one U3S12 fuel element with a loading of 4.8 g U/cm3

. one U3Six (mixture of U3S12 and U3Si) fuel element with a
loading of 5.5 g H/cra3-

These two elements contain cadmium wires aa a burnable poison.

- The SILOE fuel element loaded to 5.2 g U/cm3 (the only element to
date containing such high uranium loading with pure U3Si2) has
reached an average burn-up of 54 %. Its irradiation will go on
w h e n the S I L O E r e a c t o r s t a r t s o v e r a g a i n .

- One U3Six fuel element has started irradiation in the OSIRIS
reactor in November 86. This i6 the first element containing a
mixture of U3Si and U3S12 to be irradiated. The proportion of U3Si
in the mixture is 30 W%(U3Sil.7).This element has reached an
average burn-up of 60 % (max burn-up of 72 % ) . The OSIRIS reactor
has just obtained the authorization from the safety commission to
continue irradiation of this element up to an average burn-up of
80 %.

- Out of the 20 CERCA fuel elements participating in the ORR full
core demonstration,10 have been burned up to above 40 % (table 2):

. 2 elements above 50 % (average burn-up about 52 %)

. 6 elements between 45 and 50 %

. 2 elements between 40 and 45 %
and the 10 others stand between 5 and 40 %.

All these fuel elements confirm the excellent behaviour of silicide
fuels under irradiation.
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EXAMPLE OF FABRICATION COST VARIATION WITH SILICIDE FUELS

Since CERCA production line has been operational on industrial scale
for more than one year, we are now in position to give mere indications
about the fabrication cost variation when moving from highly enriched
uranium-aluminium fuel to low enriched uranlum-silicium fuel. Several
attempts to present such a cost variation have already been made in the
past. However, thesu attempts, which gave the main trends, have shown
that It was very difficult r.o make general statements applicable to all
reactors since research reactors and their fuel elements differ very much
from each other by Lhelr designs, their specifications, their uranium
loadings.

In order to overcome this difficulty, we have prefered to take a
particular reactor as an example. Whe have chosen the SILOE case which
presents the advantage of being representative of several reactors in the
world.

Before going into more details, we draw the reader's attention on an
important point : from what we have just said above, the conclusions of
the present study will be valid .for the SILOE reactor only.

2.1. Hypotheses used in the study

According to the Customer's wishes our offers may cover various
services such as conversion of UF6 to U metal, transportation costs,
scraps recycling cost. In practLce , the range of our services varies
widely from one customer to the other. In this paper, we shall speak only
of the cost which is completely under our control : the fabrication cost.
Our calculation has been carried out in the same conditions as our usual
supplies to the STLOE reactor (slide 1), that is to say uranium
conversion cost, scraps recycling cost, uranium cost and transportation
cost are excluded from the cost.

In addition, we assume that :

- the fabrication has entered normal operation conditions, after the
starting phase, which means in particular that enough reactors
have started using silicide fuel so that the fabrication line load
factor is optimized.

- the quantity of plates to be fabricated for this reactor stands
around 2000 per year.
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2.2. Comparison of HEU and LEU fuels characteristics

The main characteristics of HEU and LF.U SILOE fuel elements are
given In slide 2.

The present HEU fuel plate meat Is made of uranium aluminium alloy
(so called UA1) whereas the future plate meat will be made of a U3S12
dispersion in an aluminium matrix.

The preaent uranium density of 0.8 g/crn-̂  will be increased to the
density of 4.8 g/cm3 which may be considered as the new standard. The 6
fold Increase In uranium density thus obtained will allow to keep the
same plate and element geometry : the meat remains 0.51 mm thick and the
number of plates per element remains equal to 23. The plates are flat in
both cases.

In the HEU element the two outer plates have a smaller uranium
content than the inner plates and a thicker cladding. In the LEU element
all the plates are identical.

In such conditions the U-235 loading per element increases from
328 to 415 g which represents a 26 % raise and may be used to reduce the
number of fuel elements consumed every year.

2.3. Determination of the fabrication cost variation

The fabrication cost variation from HEU to LEU fuel element has
been determined as follows :

. calculation of the fabrication cost for a standard HEU fuel
element, including the cost of plates and the cost of assembly.

. calculation of the fabrication cost for a standard LEU fuel
element, including the same items as above.

. calculation of the ratio between the two above mentioned costs.

With the previously Indicated hypotheses, the fabrication cost ratio
is found to be equal to 1.3 (slide 3).

This 30 % increase Is mainly due to the following reasons :

. six fold Increase In the uranium content of the plates,which means
that there is six times as much uranium as in HEU elements to be
processed.

. particular precautions to be taken with high density sillclde
fuels, making the process more costly.
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. to check both core location and core homogeneity, two radiographs
instead of one must be taken. We should mention here that the
inspection carried out on l.EU tuel plates will be the same as on
HEU plates : 100 % ultrasonic test inspection, 100 % radiographic
inspection, 100 % dimensional inspection...

This cost increase is significant. However, it is worth looking at
it from an other point of view by considering the cost ratio per gram of
U-235 contained in the fuel element (slide 4).

In case of the SILOE reactor, the cost ratio per gram of U-235
becomes 1.15. For those reactors which can take the opportunity of
increasing the U-235 content per eiement in order to get a larger
lifetime , the cost ratio per gram of U-235 may be Lower and even below
1. The extended fuel element core life may thus compensate for the
fabrication cost increase.

CONCLUSION

The fuel development phase of U3S12 and U3SIx fuels at CERCA has
been completed. Our irradiation program for silictde fuels continues
proving the high reliability of our fuels. Our workshop is operational on
industrial scale production and our work is now oriented towards
improving the efficiency of the siliclde production line improving the
quality and reducing the cost of our products.

The cost study has shown that a 30 % fabrication cost increase Is to
be expected for the U3S12 fuel elements to be used in the SILOE reactor.
However such cost increase can be partly compensated by a higher U-235
loading per element.

CERCA has made a considerable effort to reach high uranium densities
in fuel elements for research reactors. Every time it is possible it will
be worthwhile for reactor operators to take profit of such technology
progress by designing highly loaded elements In order to keep the total
cost Increase within acceptable limits by extending the core lifetime.
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TABLE iCERCA U 3Si 2 and U3Si IRRADIATION PROGRAM STATUS

ENRICHMENT : 20 %

FUEL

U3Si2

U3S!X

UgSi

REACTOR

ORR

SILOE

SILOE

R2

ORR

HFR Petten

OSIRIS

HFR Petten

SILOE

SILOE

URANIUM
DENSITY
(g/cm3)

4.8

2.0
3.7
5.2
5.4

5.2

4.8

4.8

4.8

4.7

5.5

5.5
6.0

6.0

NUMBER
OF Elt

1 Elt
1 Elt

1 Plate
1 Plate
1 Plate
1 Plate

1 Elt

1 Elt

20 Elt

1 Elt

1 Elt

1 Eli

2 Plates
2 Plates

1 Elt

IRRADIATION

START

Apr. 83
Apr. 83

Jul. 84

Feb. 86

Nov. 85

Jan. 86

END

Oct. 83
Aug. 84

Jan. 86

AVERAGE
BURN-UP

(%)

56 (54)*
82

78
76
75
75

54

10

Up to 52

FABRICATION COMPLETED

Nov. 86 60

FABRICATION COMPLETED

Jun. 82
Jun. 82

Sept. 84

Nov. 83
Nov. 83

Oct. 85

56 (53)*
58 (54)*

55

* NUMBER BETWEEN ( ) : MEASURED VALUE



CERCA

TABLE 2 URN.UP RATIO

NUMBER OF ELEMENTS AVERAGE BURN-UP (%)

2
6
2
1
7
2

> 50
45 - 50
40 - 45
35 - 40
15 - 30
5 - 10

20



CERCA

SLIDE 1 HYPOTHESES FOR FABRICATION
COST RATIO CALCULATION

. NOT INCLUDED :

- URANIUM CONVERSION COST
- SCRAPS RECYCLING COST
- URANIUM COST
- TRANSPORTATION COST

. NORMAL OPERATION CONDITIONS

. NUMBER OF PLATES PER YEAR : ABOUT 2000



CERCA

SLIDE 2 SILOE FUEL ELEMENTS

VD

FUEL

U DENSITY (g/cm3)

MEAT THICKNESS (mm)

NUMBER OF PLATES/ELT.

PLATE GEOMETRY

U 235 CONTENT/ELT.

HEU LEU

U Al

0.8

0.51

23

FLAT

328

U3S i2

4.8

0.51

23

FLAT

416



CERCA

SLIDE 3 FABRICATION COST INCREASE
FOR SILOE ELEMENTS

HEU LEU

100 130



CERCA

SLIDE 4 COST VARIATION PER G
U-235 IN ELEMENT

(SILOE ELEMENTS)

VD

HEU LEU

100 115



HIGH DENSITY LEU FUEL DEVELOPMENT AT BABCOCK & WILCOX

K. BOGACIK, G. L. GARNER, AND J. E. KING

BABCOCK & WILCOX

RESEARCH AND TEST REACTOR FUEL ELEMENT FACILITY

LYNCHBURG, VIRGINIA, U.S.A.

ABSTRACT

An aggressive pursuit of developing a high-density
LEU fuel process has been undertaken over the past
six years at the Babcock & wilcox Co. A major effort
has been devoted to the U3S12 fuel development.
Today B&W feels confident that their current U3Si2
manufacturing process is comparable to existing U3O8
and UAlx fuel technologies. A continued effort will
be maintained within the U3Si2 product line to
provide the highest product quality and to increased
process efficiencies. Investigations into other high
density LEU fuel development such as U(x)Si(y)
alloys will only be secondary considerations.

INTRODUCTION

Initial silicide work was performed in 1983 on the ternary
compound U3SiAl. Several limiting processing and reaction
problems were encountered which discounted this as a viable LEU
fuel for the conversion programs. A significant effort was then
devoted to the understanding and process development of the U3Si2
fuel system. The following report will address the historical
effort which has brought B&W to its current U3S12 production
status. Within this frame work, specific quality attributes have
been defined via the B&W "Generic Silicide Fuel Specification".
Also the initial investigations into the U(x)Si(y) alloy will be
addressed.



HISTORICAL

From 1983 to the present B&W has committed significant R&D
expenditures to the development of LEU Silicide fuels as shown in
Figure 1 showing yearly expenditures and cumulative expenditures
in Figure 2. The most significant year was 1985 during which the
development and start-up of the R2 and the ORR plate and
element manufacturing process occurred.

Throughout this six-year period, a total of 26 U3S12 powder
lots have been manufactured and certified (~450 kgs of u3Si2
powder). Yield improvement within the powder process were
realized early and currently exceed 90%, which is similar to the
UAlx process yields.

Most of this powder has been manufactured into fuel plates.
The total quantity of U3Si2 plates manufactured to date exceeds
2100 plates. Within this quantity 9 specific plate types and
designs have been implemented into the B&W manufacturing process,
(see Figure 3). Yield improvements associated with the plate
process have been realized after reaction rates were understood,
homogeneity controls were implemented and white spots (stray
fuel particles) were controlled.

Elements manufactured with U3si2 plates currently total 90
(see Figure 4). A total of 72 University of Michigan (Ford)
elements loaded with UAlx have been fabricated and are included
in B&W's high-density LEU fuel experience.

PRESENT

Several LEU programs are currently being pursued at B&W.
These include:

- Development of a Generic LEU fuel plate for the
University Conversion Program (EG&G),

- Completion of the Petten Silicide Elements,

- Phase analysis & reaction studies of U(x)Si(y).

- Improved productivity and product quality.
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Nine lots of U3Si2 powder have been manufactured to date to
support the development and first production of the University
Conversion Generic piate design. Figure 5 provides details of
the Generic plate. It should be noted that the University
Conversion will also utilize LEU UAlx in a limited number of
University reactors.

Currently tha Pet ten U3S.i2 element is assembled. This 4.8
g/cc loaded element war. assembled with unclad Cd wire positioned
within the side plate grooves. The U3Si2 plates manufactured for
this element incorporated all improved processing techniques
developed over the past six years.

The second development element is to be fueled with
U(x)Si(y) having a loading of ~5.5 g/cc. A significant amount of
process development will be required to bring this fuel type
to the current reliability exhibited by U3Si2 fuels. B&W has
been evaluating process parameters such as hot roll temperatures
to determine what affect temperature has on the fuel meat.
Additional work is ongoing with the identification and formation
of the different uranium/silicon phases within this alloy.

SUMMARY

U3Si2 fuel fabrication at D&W will be directed at increasing
both process yield and process efficiency to produce high quality
fuel. This knowledge will be used to manufacture any of the
current international and domestic designs desiring a U3Si2 core.

A major effort is being planned to convert eleven University
Reactors with either U3Si2 or UAlx fuel. This effort v/ill involve
approximately 5000 fuel plates with the majority being the U3Si2.

Only minor development efforts in various silicide
compositions or other "new" LEU fuels are planned due to the
continued high fabrication performance found with U3Si2.
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RTRFE R&D EXPENDITURES
FY-83 THROUGH FY-88

260

200

150

Thousands

1963 1964 1965 1966 1967

FISCAL YEAR
B f l TOTAL KZ! UxSly

Figure 1. R&D Expenditures By Year.
Baboock & Wllcox Co. 1987

1966

RTRFE R&D EXPENDITURES
FY-83 THROUGH FY-88

1000
Thousands

800

eoo
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FISCAL YEAR
• H TOTAL E 2 UxSiy

Figure 2, Cumulative R&D Expenditures,
Babcock a Wllcox Co. 1087

98

1986



DESIGN

R2

ORR (STD)

ORR (SHIM)

SAPHIR

PETTEN

Figure 3.

PLATE
TYPE

54/55

56/57

58

59/60

80/81

Current U3Si2

U-235
PLATE
LOADING

27.22
18.06

17.90

13.33

17.90

27.50

plate types at B&W.

U G/CC

4.8
3.2

4.8

3.6

4.8

4.8

ELEMENT
DESIGN

R2

ORR (STD)

ORR (SHIM)

SAPHIR

PETTEN

FNR

Figure 4.

FUEL
TYPE

U3Si2

U3Si2

U3Si2

U3Si2

U3Si2

U3Si2

UAlx

Current LEU

U-235
ELEMENT
LOADING

325

,490

340

200

412

550

167

QUANTITY

3

2

62

12

10

1

72

elements manufactured at B&W.
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DESIGN

UN. CON.

ORR (STD)

Figure 5.

GENERIC

N 0

CORE
LENGTH
(CM)

59.055

59.787

PLATE DESIGN VERSUS

M I N A L

CORE CORE
WIDTH THICK
(CM) (CM)

6.083 0.051

6.243 0.051

» ORR SILICIDE

U U235
G/CC G/PLT

3.5 12.50

4.8 17.90

* Estimated nominal element loading.

University Conversion Plate Parameters.

U235
G/EL.

225 *

340
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NUKEM GmbH

THE SERIES PRODUCTION IN A STANDARDIZED FABRICATION LINE FOR

SILICIDE FUELS AND COMMERCIAL ASPECTS

E.L. Wehner/ H.W. Hassel September 1987
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THE SERIES PRODUCTION IN A STANDARDIZED FABRICATION LINE FOR

SILICIDE FUELS AND COMMERCIAL ASPECTS

E.L. Wehner and H.W. flassel

NUKEM GmbH

Hanau, Federal Republic of Germany

ABSTRACT

NUKEM has ben responsible for the development and fabrication of

LEU fuel elements for MTR reactors under the frame of the German

AF program since 1979.

The AF program is part of th« international RERTR efforts, which

were initiated by the INFCE Group in 1978.

This paper describes the actual status of development and the

transition from the prototype to the series production in a

standardized manufacturing line for silicide fuels at NUKEM.

Technical provisions and a customer oriented standardized product

range aim at an economized manufacturing.

INTRODUCTION

Mainly four fuel types were investigated in the past as potential

high density LEU fuels: UA1 , U_0o, U,Sio and U-Si.

The densities achievable with these fuels at the meanwhile well

known fabrication limit are represented in fig. 1. NUKEM did

manufacture fuel plates with all fuel types at this limit, the

irradiation behaviour all of these was good. This is reported in

other papers, e.g. by KFA (1) or ANL (2,3).

BRIEF/WH/S73
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This paper concentrates on the future standard fuel type U.si-

and a respectively standardized production technique. Prom 1991 on,

if possible, al l fuel elements jnd».-r commercial aspects shall be

manufactured with U-Si- fuel, even in the HEU case. This period

fits conventiently with the timu schedule for our new production

facility NUKEM building 2.

NUKEM BUILDING 2

NUKEM b u i l d i n g 2 i s ( b e s i d e s HTGR) t he new home f o r t h e MTR p r o -

duction l ine, the chemistry with uranium conversion and recycling

and a l l service departments e.g. the analytical chemistry or the

waste treatment. With the i n i t i a l operation of NUKEM building 2

the old fac i l i ty of NUKEM with the old production l ines will be

shut down. Fig. 2 gives a survey on the area of the nuclear faci-

l i t i e s RBU, TRANSNUKLEAR and NUKEM in Hanau on the base of a

model. The building NUKEM 2 is situated at the top r ight posi-

tion. Mainly of in teres t here are the parts 1 and 2 of the buil-

ding, representing the production, quality inspection, R+D and

bureau areas.

Fig. 3 represents a front and back view of building 2. Part 1,

the production building, has to be windowless, by safety reasons,

the walls r e s i s t earth quakes, b las t waves and in case of the

UFg store even a plane crash.

To fulf i l l these demands of the German nuclear technical require-

ments "KTA" we have to construct 13.000 m3 concrete with 2.400 tons

steel armouring. The dimensions of part 1 are about 60 m in length,

50 m in width and 17 m in heigth. The side view in f ig. 4 shows also

the personnel transfer channel to part 1, entrance is only possible

via this way coming from part 2 of the building.

BRIEF/WH/S74
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The material transfer channel to the production building is located

in the west side. Here all materials, but also all components of the

process lines have to be brougth in. Safety requirements prohibited

an assembly opening in one of the outwalls, which would prevent a

continuous armouring of these against terroristic attacks.

The production building is separated in two sections, as seen on

fig. 5. One side (blue) takes up the MTR production from fuel powder

to finished elements, the other side (red) the chemical production

lines. Here also the fuel production for HTGP fuel elements and the

corresponding R+D section (yellow/rod) are integrated. Finally be-

sides the chemical part of the process lines the storage and guard

rooms are housed (green).

On fig. 6 the time schedule for building 2 is shown. Meanwhile the

she-11 of the building is finished and we are waiting for the second

license, which is foreseen for end of this year and will allow the

installation of the energy, gas rind water supply systems.

The setting into operation of building 2 is planned for the end of

1990. Then at the latest we w U l produce MTR fuel elements on new

standardized process line for the standard fuel U.Sij.

TOPICS ON A STANDARDIZED

FABRICATION LINE FOR U_Si,

During the research and development work for LEU fuel elements with

U_Si~ fuel some process steps turned out to be more influenced

by the five times higher fuel throughput and the changed fuel

processing characteristics.

BRIEF/WH/S7 5
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The most important steps are:

conversion of UF to U metal

- powder comminution

plate fabrication.

A flow sheet of the UF, conversion Is shown in f ig.8. For the fab-

rication of U metal we use the conversion via UP by reaction

of IJPV with perchlorethylene. The UF,, i s reduced to U metal in a

calciothermic reaction.

Because there will be no standard enrichment in tine NUKEM fac i l i t i e s ,

the mass depending process step*, have to be limited due to the c r i -

t ica l i ty data of HEU. There fort- e.g. to produce the same amount

U235 as metal, we need five batches for LEU, but only one for HEU

material. The preceding process steps today are performed mass

depending also. Here NUKEM is constructing a new faci l i ty in safe

geometry, so that the content of or.n UFfi-cylinder can be processed

in one step. This means a double throughput compared to the actual

status. The recycling of scrap a.lsc wil l be performed in components

with safe geometry thus enlarging t he througput and decreasing the

extra costs compared to the s t i l l more economic HEU fuel.

The new conversion facili ty will also take into consideration the

rigorous German radiation protection regulations by dust t ight

powder transfer systems, which JS of special interest in case of

high throughput.

As pointed out already in Gatlinburg the comminution of U_Si2

to powder is s t l l 1. one of the technical, and therefore commercial

main problems (4/,.

This is due to the five times higher throughput also and the com-

minution character is t ic of lJo^i-j as well. To reduce the expendi-

ture and to enlarge the safety in processing the highly pyrophoric

U3Si-2 by minimizing the handling necessity NUKEM develops a com-

pletely new powder production l ine.

BRIEF/WH/S76
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Fig. 9 gives an impression on the proven technique for UAl powder,

which is carried out batchwise in safe masse;.

A lot of manual operation for the mass flow .3 corresponding to this

me thod.

The inspection of the powder characteristics is depending on a pre-

cedubg homogenization of the successively build up powder batch.

The new production technique planned for the standardized process

line is seen in fig. 10. The principle is in main sections automati-

cally/ the batchwise operation is substituted by a fast continuous

mass flow with direct coarse recovery.

A finalizing homogeneous dividing of the mass flow with integrated

sampling reduces the inspection expense also.

An important point for cost reduction on the specification point of

view is the allowed content of fines in the powder. Up to now at

maximum 25 % are specified, What necessitates the separation of the

usually higher fines fractions amount.

The analogous to the DAI specification higher value of maximum

50 % fines is no technical problem, what was proven by a referring

irradiation test in the FRG reactor. The post irradiation examina-

tion of these test plates did show no difference, the reached burnup

can be seen from fig. 11. F i r s t ordors on the basis of the specifi-

cation accomodated to the HEU experience have been set t led.

The plate fabrication, s tar t ing with picture and frame, is the third

aim for technical solutions to reduce the fabrication costs. A very

carefull treatment of a l l structure parts is the f i r s t step to re-

duce the known problem of high loaded plates, the "white spots". A

good solution of this problem was found with an additional manu-

facturing step, which meanwhile is used for a l l highly loaded fuel

plates made by NUKEM.

Fig. 12 gives a survey on the full sized fuel element delivery pro-

gram of NUKEM. The variety of types will remain in future, acccor-

ding to customers demand. The pla te ; in these elements should be

standardized as far as possible for the sake of lower costs.

BRIEF/WH/S77
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Fig. 13 f ina l ly gives the t radi t ional survey on delivered and

ordered MEU and LF.U f'lll s ize fuel elements.

1) "LEU Fuel Testing a t KFA, JUlich, under the German AF-Program,

Plate I r r ad i a t i on and PIE", G. Thamm, E. Gross and W. Krug,

KFA, RERTR-Meeting, Buenos Aires, 1987.

2) "The Use of U_Si~ Dispersed in Uuminium in Plate-Type Fuel

Elements for Research and Test Reactors", J .L. Snelgrove, R.F.

Domagala, G.L. Hofman, T.C. Wiencek, ANL, and G.L. Copeland,

R.W. Hobbs, R.L. Senn, ORNL, ANL/RERTR/TM-11., July 1987.

3) "Performance of Low-Enriched U Si^-Aluminium Dispersion Fuel

Elements in the Oak Ridge Research Reactor",

G.L. Lopeland, R.W. Hobbs, ORNL, and G.L. Hofman, J .L . Snelgrove

ANL, ANL/RERTR/TM-10, July 1987.

4) "MEU and LEU Fuel Elements-NUKEM1s Future Policy", H.W. Hassel,

NUKEM, RERTR-Meeting, Gatlirsbun.i, 1986.
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NUKEM

Building Structure of Building 2
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NUKEM

UF6

UF4

Co

MTR Fuel Element Production
Conversion of UF6 to Uranium Metal

8
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MTR Fuel Element Production
Discontinuous Fuel Comminution
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NUKBEftB

MTR Fuel Element Production
Continuous Fuel Comminution with
Representative Flow Dividing

10
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r
1
11

Fuel Type

U-Densitymax.
(g U/cm3 meat)

Fuel Fines <40/xm

Pictures
Al-coated

Burnable
Poison B4C

Fission Density
(f/cm3meat)x.l021

UALX

2,2

<»

no

no

1,5

U.A

3,1

<25

no

no

1,9

U3Si2

5,3

<25

<50

no

no

1,9

U,Si,,

6,0

<25

yes

no

yes

NUKEM

U,Si,3

6,5

<25

yes

no

yes

U3Si

6,9

<25

no

yes

no

2,5

1

Us

1
H *) Test interrupted, i>nc plate defect |

1 Test Plate Investigations
(Status: Aug. I«M7) 1

11
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on MTR-Fuel-Elements
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NUKEM

Fuel Type

FE Details

Number of FE
Total
Delivered
In Preperation

Enrichment
(% 235U)

U-Density
(gU/cm3mcat)

Meat-Thickness
(mm)

UALX

460.
294
166

45

1,1-1,7

0,5-0,65

DALX

39
39

20

1,8

0,76

116
116

20

2,0-3,1

0,51-1,5

U3Si2

156
54

102

20

2,6-4,8

0,51-0,76

Full Size MEU LEU Fuel Elements
ordered by NUKEM (Status: Aug. 1987)

13
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The Improvement of Technology for High-uranium-density

Al-baso Dispersion Fuel Plates

Dai Shouhui, Sun Rongxian, Mao Hejian,

Zhao Baosheng, Yin Changgen

Nuclear Material Research Institute,

South-west Center for Reactor Engineering

Research and Design

the People's Republic of China

Abstract

An Improved rolling process was developed for

manufacturing Al-base dispersion fuel plates.

When the fuel content in the meat increased up

to 50 \iol%, the non-uniformity of uranium is not

more than £7.2jCtand the minimum cladding thickness

is not less than 0.32mm.

Introduction

In the RERTR programm, one of the most important problems

is to develop high-uranium-density Al-base dispersion fuel

plates. Though the appearance of new fuels with higher-uranium-

density, e.g. u"3Si2 and U-jSi, has reduced the trouble in

fabrication,it is still a problem to get a fuel plate with

uniform thickness of the meat and the cladding by rolling,

when the fuel content is up to 50 \JQ1%. Since the meat hardness

increases and the meat ductility decreases significantly

under such a high fuel content, the ability for uniform
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reduction becomes very low, and the meat can not match the

Al-cladding at rolling temperature, so the meat thickness

of the fuel plates by rolling appears a wavy change, and a

serious dogbone appears at the ends of tha meat. This is a

major problem in fabrication of high-uranium-density Al-base

dispersion fuel plates.

Using the method of tappering the ends of the compact is

effective for reducing dogbone, but it is still uneffective

for flattening the meat* '. In order to solve this, problem,

the fabricating technology, has been studied in our laboratory,

and good results have been obtained.

Fabricating Procedures

This work was mainly carried out in the UAl^-Al system.

At the same time, in order to explore the effect of the

geometric shape of fuel on the fluctuation of meat thickness,

me have also studied the system of Sol^Gel U02 spherical

particles, which is smaller than 150/im in diameter, as a

simulating body of spherical fuel. Pure aluminium pouder of

30 /ira in diameter was used as matrix material, and Al-Mg-Si

alloy as cladding material.

The fabricating technology used in this work is the picture-

frame rolling method, but a lot of improvements have been made,

e.g. the construction of assembling billet, the rolling

procedures, the temperature control and the treatment of

cladding surface etc.. The rolling compression ratio used in

the experiment is 8:1. The nominal size of the fuel plates
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rolled are 320X51X1.27 mm, and the meat thickness and cladding

thickness are 0.51 mm and 0.38 mm respectively.

In order to show the effectiveness of this procedure on

flatting the meat, the fuel content was raised on purpose,

that is, 88 wt% UA1X- 12 wt% Al and 92 wt% U02~ 8 ujt# Al fuel

plates were rolled. The 47 \nt% UA1V- 53 wt% Al fuel plates
A

were also rolled by the same fabricating procedure for

comparison.

Results and Discussion

1. Bonding quality

The good metallurgical bonding between the cladding and

meat, cladding and frame is an essential prurequisite for

judging a successful technology. The blister test, ultrasonic

best and metallographic examination in the fuel plates rolled

by this procedure have shown that the bonding quality is good.

Besides the rolling compression ratio, the main factors affect-

ing the bonding quality are usually the cleaning of the cladding

and frame, and the welding quality of assembling billets. So

long as the special polybssic acid was used to clean the cladd-

ing and frame, and the well-welding quality was ensured, the

bonding quality at 8:1 rolling compression ratio would be

completely reliable.

2. The uniformity of thickness of the meat and cladding

\i The fluctuation of the meat and cladding thickness was

measured by metallographic method, and the uniformity of

uranium distribution was examined by ]f-iay absorption.
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Fifteen samples with 25 mm length were cut away from every

fuel plate at the typical part to get the maximum, minimum

and av/erage meat thickness(namely, the maximum, minimum and

average distance between the t'jo fuel particles at the boun-

dary along the direction of plate thickness ), and the minimum

cladding thickness (namely, the minimum distance between the

fuel particle and the cladding outside surface ). The data

obtained in this work are shown in Table 1. The typical

metallographs •are shown in Fig. 1.

The tf-ray absorption was

used to measure the uranium

density distribution along

the central line of every

pieces of fuel plates. The

results are shown in Table 1

and Fig. 2.

For comparison, the data

of 16-3 plate fabricated by

the same technology with

low-uranium-density is also

shown in Table 1 and Fig.2.

Comparing the data in Tab.1 Fig. 1. The metallograph of No.15-2

_, .. . ,-• UAl -Al plate with 2. /
and the curv/es in Fig.2, we x H

can find that the UA1Y content
/

of 15-2 plate is about twice as much as that of 16-3 plate,

but the fluctuation of the meat thickness is only increased

to +13% from ±Q%, the non-uniformity of uranium distribution
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are both about ±7% and minimum cladding thicknees is only

decreased to Q.32 from 0.34 mm. These changes are very small
(2 3)

and much better than allowed datav ' .

Table 1. The uniformity of the meat and cladding thickness

of typical fuel plates

plate

number

16-3

15-2

13-6

Meat compo-

sition

47UA1X-53A1
88UA1X~12A1

92U02-8A1

U-

density

1.1

2.6
(6.2)

.Minimum

cladding

thickness

mm

0.34

0.32

0.34

Fluctu-

ation of

meat

thickness
(%)

±8

±13
±10

[J-unifor-
mity £

*

6.0
7.2
5.0

—

6.8

6.3

4.5

From the data of 13-6 plate in Table 1 and Fig. 2, we can

find when the fuel is changed from polygonal UAl to the

simulating body of spherical U0 , though the volume content

of the fuel has increased about three times, that is above

60 voljfc, the fluctuation of the meat thickness is iiOjS, and

the uranium uniformity is between +5.0^ and-A.5^, the minimum

cladding thickness is 0.34 mm. Thu changes are very small.

Fig. 1 and Fig. 2 show that there is no dogbone in each

fuel plate mentioned above.

These results indicated that using the improved rolling

technology, though the fuel content is 50 voljS high, we

can still get the satisfactory fuel plates, in which the

fluctuation of the meat thickness is not more than ii3%,
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the non-uniformity of uranium distribution is not more than

17.2%, and the minimum cladding thickness is not less than

0.32 mm. The bonding quality is reliable. If the fuel is ball

shape, the uniformity of the meat thickness can be improved

more notably.

••2 0!;

J
•iQ'A /

4 2054

-20J4 y

+ 20%

!l 2 0 • •

Fig. 2. The distribution curves measured by y~ray absorp-

tion along the central line of fuel plates and

the acceptable line of uranium distribution, i.e.

fluctuate ±20% in the fuel element design

(a) 16-3 plate, loui-uranium-content(47. 2% UAl -

52.8% Al ) fuel plate

(b) 15-2 plate, high-uranium-content(88% UAl -

12% Al ) fuel plate

(c) 13-6 plate, 92% U02-8% Al spherical simulating

fuel plate

collimation hole 4x4 mm )
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As mentioned above, this paper only discribes the rolling

technology of the fuel plates with uniform meat thickness.

The fuel plates fabricated by this technology hav/e not

irradiated. We hav/e also done some research work on the

fabrication of II,Si -Al fuel plate by the i;nprov/ed fabricat-

ing technology, and the preliminary results prove the effect

is good. In addition,some simulating tests in which the

spherical U0_ was used showed that if fuel, e.g. U,0n, can

be made into the compact tiny ball, the higher uranium

density fuel plates can be expected, and strength of the

meat and bonding quality can be improved.
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DESCRIPTION OF THE CNEA U3O8 POWDER PRODUCTION

PLANT FOR LOW ENRICHMENT FUEL PLATES

N. Boero, J. Celora, C. l'arodi, F. Pertossi,

A. Marajofsky

Comision Nacional de Energia Atomica

Buenos Aires, Argentina

ABSTRACT

The design of the'20% enriched U3O8 powder

production plant was based on laboratory

level experiments. The UFg hydrolysis,

ADU precipitation, U3O8 conversion processes

were used.

The equipment, controls and confinement

were set not only by the processes but

also by safety requiremeni-.s according to

the kind and physical form of the uranium

compounds in each stage and criticality

considerations.

This paper describes the installation,

set up and operation of: the plant during

production.
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1. INTRODUCTION

The conversion of the Research Reactors core from 90%

enriched uranium to 20% required the change of the fisil

compound used in the meat of the plates.

In CNEA aluminium base U3O8 dispersion was selected

as meat fuel material.

The process to obtain the U3O8 powder according to specifications

was developed in CNEA and a plant for the manufacturing

of this material was built. The quantity for a complete

core was already manufacturod.

It was necessary to develop a different process from

the one available in the bibliography (Y12 powder).

This paper deals with the plant layout description.

2. DKSIGN CRITERIA

Due to the enrichment used, the use of water solutions

that might act as moderators and the UF5 handling, the

plant layout was ruled by nuclear and conventional safety

conditions and they include equipment sizes, controls,

operating procedures, batch sizes as well as physical

barriers introduced to avoid any kind of incidents.

According to the kind of manipulated material, the plant

was divided in two sections:

Section 1 Precipitation: obtention of ADU from UFs through
a wet process.

Section 2: from ADU, specificai ed U3O8 powder is obtained
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by means of a calcination and sizing operation.

3. PROCESS DESCRIPTION

1. Evaporation; the UFg solid at room temperature must

be heated over its liquefaction point to increase .its

vapor pressure.

2. Hydrolysis; When the gaseous UFg is added to water

in a closed agitated vessel a solution of uranyl fluoride

and hydrofluoric acid is formed:

UF6 (v) + 2H2O (1) — > UO2F2 (sol) = 4 HF (sol)

3. Precipitation. The precipitation is performed by

adding ammonium hydroxide to the uranyl fluoride solution.

2 UO2P2 (sol) + 6NH4OH (sol) >

(NH4) 2U2O7 + 4NH4F (sol) + 3H2O

The ADU precipitated is filtered and washed with ainmonium

solution.

4. U3O8 transformation: Tho ADU obtained is calcinated

at 800°C to U3O8 in an oxidant atmosphere. The product

is then milled: the bigger particles broken and the

smaller agglomerated. Afterwards it is sized between

44 and 150 microns.

5. Grain growth:A treatment at 1400°C is made to obtain

the high density U3O8 required. Subsequently the material

is treated in a mortar, milled and sieved keeping the

particles between 44 and 88 microns obtaining the desired

product.
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4. DECRIPTION OF THE INSTALLATION

1. Ventilation and glove boxes system

Section 1. Precipitation

The UF5 reacts with moisture in air forming a white

fog which consists of hydrofluoric acid and uranyl fluoride,

which are both highly toxic and corrosive, the last

also being radioactive contaminant.

With the purpose of preventing the contamination of

the personnel in case of UF5 release, all the equipments

of this section are located inside a glove box which

is under atmospheric pressure.

The gaseous material released is extracted through

scrubbers (subcritical spry towers) and a highly efficient

particle air filter (HEPA).

Section 2. Calcination

Due to the manipulation with dusty materials, the operations

are made in three interconnected glove boxes under depression,

the extracted air runs through HEPA filters.

2. Equipment description

Sector 1: The UFg cylinder is heated by means of three

independent electrical resistances and it is connected

to the hydrolysis vessel by heated copper piping.

The nitrogen line used for the piping cleaning has similar

characteristics:
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A pump makes vacuum in the system through a cold trap

arid an alumina trap. A safety valve allows the gaseous

UPg to expand into a bigger pressure vessel in case

of over pressure. A second valve opens freely to the

glove box.

In caae of overheating or leaks during vaporization

a cold system acts over the tube to cool it down.

The hydrolysis is made in an agitated vessel. The uranyl

fluoride solution is transferred to the precipitation

vessel which is made of polipropilene and surrounded

by a heating jacket, a pneumatic mixer is used.

The AiiU is filtered under vacuum in two Buchners.

The moi.her liquors . are gathered in subcritical boxes

and then extracted from the glove boxes to be stored

or pujrified.

Section 2: The system is formed by three joined glove

boxes. The material enters the central box and it is

loaded in alumina crucibles in the calcination box to

which the furnace is coupled..

The furnace has an inconel liner.

The U3Og obtained is weighed and carried to the central

box to be milledin ceramic ball mills. An automatic

sieve is then used, with stainless steel screens.

The material is then taken to the grain growth box to

which the high temperature box is fixed, where it is

loaded again in alumina crucibles.

After- the treatment the material goes back to the central
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box to the final milling and sieving.

Once the specified fraction is obtained the batch is

formed and samples for analysis are taken.

5. Operating controls

The evaporating system was designed taking into account:

a) Use of close systems.

b) To ensure subcritical vessels.

c) To ensure the UF6 purity before the heating operation.

d) To use clean equipment and fluoride oils to avoid

explosive reactions.

e) To avoid cylinder overheating.

f) To ensure pressure release in case of overpressure.

g) To avoid cylinder over loading.

h) To avoid VFQ condensation in pipings.

i) To avoid moisture entrance to the system.

j) To allow an adequate control of vent gases.

The A5 UFs tube contains a U235 m a s s greater than the

critical one.

To avoid criticity when the UF6 is hydrolyzed, the

hydrolyzer is made in subcritical geometry, but also

the transference is controlled by:

a) continuous weighing of the cylinder;

b) continuous measuring of the mass flux;

c) measurement of U concentration in the hydrolyzed solution,

The hydrolyzer and liquors boxes are covered with cadmium

to prevent neutronic interactions.

To prevent explosive reactions of the UFs with hydrocarbons
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of HF the presence of impurities is tested by the measurement

at room temperature of the vapor pressure by two pressure

gauges connected to the transference system.

In case of overpressure in the system there are two

release valves which open one after the other at increasing

pressures, that allow the gas to be released to an overpressure

vessel.

At the same time an automatic valve isolates the low

pressure zone.

The continuous pressure measurements during heating

and hydrolysis allow the phase changes to be followed.

The temperature is controlled with a supernumerary quantity

of termocouples that close the power in case of overheating.

The phase changes are also detected by the temperature

measurements.

The temperature in pipings is also controlled. The

pipings are exhausted and nitrogen swept before each

operation, leaks are immediately detected by changes

in pressure.

The hydrolysis vessel has temperature and pressure sensors

to follow the reaction.

During the precipitation, temperature, gas flow, ammonium

flow rate and pH are controlled.

In the calcination, due to the lack of moderators, the

mass control is administrative.

The furnaces have double temperature control and the
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glove boxes have temperature and smoke sensors with

alarms.

6. CONCLUSIONS

The plant has proved to be well designed and adequate

for its purposes, not only from the manufacturing, but

also from the safety point of view. This can be confirmed

since the first fuel production charge for a reactor

core has been successfully completed.
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PHYSICAL AND CHEMICAL CHARACTERISATION
IN THE PRODUCTION OF l^OgPOWDERS

A. Lecinana, J.L. Ramella
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Buenos Aires, Argentina

ABSTRACT

In the present work the methodology of analysis and characterisation of
UoOg powders developed by the Laboratory of Characterisation of the
Advanced Fuel Elements Project (CNEA) is described.
These methods are used so much in the process control as in the Qualj_
ty Control of the final product.
Likewise, the results obtained during the fabrication of the first fuel
loading are discussed.

INTRODUCTION

The production of U^Og powders for low enrichment p.late fuel elements
required the development of physical and chemical analysis methods for
quality and process control. With these methods, adequate operation of
the production line and product quality is assured.
In this paper we will show the results obtained with our analysis me-
thods for process control, and how they lead to change and improvement
of the production operations.
The U308 production method starts by reacting UF5 (g) with water to
form uranyl fluoride (aq), from which ADU is precipitated.
ADU is calcinated up to U^Og after a series of physical and mechanical
processes required to obtain a final product within the fuel plate fa_
brication requirements.
The reproductibility of the operation parameter as well as the nuclear,
industrial and radiological safety considerations, demand strict pro-
cess controls. These controls will interrupt the operation when the
deviations are detected.

1. PROCESS CONTROLS

a) U02++ Solution Control

There are two U02++ concentration tests, each one with own cha-
racteristics and with a different purpose. One is a fast response pro_
cess control method which allows to continue with the hydrolysis ope-
ration, and the second is to make material balances and check the ef-
ficiency of the line.
These two controls are performed after the hydrolysis, and before the
transfer of the U solution into the precipitation tank, since this
tank is not subcritically designed.
As a rapid process control method, samples are taken at regular inter^
vals, measuring the percentage transmitance on a single beam spectro-
photometer. This measurement is performed in the plant.
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The sample is diluted and measured at wavelength=410nm. The U con-
centration is obtained from a calibration curve based on standard
uranyl fluoride solutions.
The Beer-Lambert law is obeyed up to U concentration of 25 g/1
with cells of 10 mm optical path. Because of this reason it was de-
cided to dilute the samples from the hydrolysis tank to one half.
Get a calibration curve with a correlation coefficient r=0.933 and
molar absortivity coefficient a=1.4 10E4 cm2/mol.
The precision of the above mentioned method is of 5% which is ade-
quate in speed and precision for plant control.
The secon control of higher precision and accuracy is made twice
duplicate in normal cases, and thrice if required precision is not
obtained.
One of the objetives of this analysis is to achieve as little varia-
tions as possible in the starting solutions of ADU precipitation.
The method used is potentiometric volumetry (modified Davies-Gray
with a precision better than one percent.

b) Effluent and Waste Control

In order to establish the precipitation parameters of ADU, as
well as for accurate accounting of the uranium quantity involved
in the production line, for safety and safeguard reasons,a method
for low U concentration in concentrated F solutions based on the
complex UVI ArsenazoIII in aqueous solution of pH=l, was develo-
ped.
The absorbance of this solution is measured at 650 nm and the U
content is calculated using the standard addition method.
For 10E-2 / 10E-1 M F content, the Beer-Lambert law, up to 2 ppm
U with a molar absortivity coefficient a=2,l 10E7 cm2/mol, was
verified.
In samples up to 300 ppm U, the precision is better than 5%.

c) Control of Product for the Calcination Furnace

The heat treatment (calcination) of ADU coming from precipita-
tion step, produces gaseous produts and, finally, UjOgis obtained.
The evaluation of this product and the possibility of improvement
in this step and the previous one, the ADU precipitation, was
carried out measuring the 0/U ratio and the fluor content.
The 0/U ratio was determined by spectrophotometry in two wavelengths
where U absorption is high.
The sample is dissolved in H3P04 (c) in an inert gas atmosphere, and
the absorption readings are for portions of the sample to which H20
and Fell are, respectively, added.
The precission of the method is better than 1%.
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F is determinated by potentiometry with ion-selctive electrode, u-
sing standard NaF solutions for the calibration procedure. The elec-
trode response is linear, with logarithm of F concentration in the
range of 20-5- mg/1 with a relative error of 20%, and in the range
50-1000 mg/1 the error was 10%.
This is a simple and fast method, with acceptable precision.

2. QUALITY CONTROL OF FINAL PRODUCT

The following analyses are required by specifications:

1. Isotropic composition
2. U content
3. Impurities
4. Particle size
5. Density
6. Specific surface area

1. Isotropic composition of material ( U235, U234 and U236 content)
by mass spectometry.

2 U content, calculated on the basis of 0/U ratio.
3. Impurities, by emission spectroscopy ( some impurities by ato-

mic absortion spectroscopy after a U separation by inverted phase
chromatography with TBP).

4. The determination of particle size is made by sieving.
5. Density of material with He pycnometry
6. The BET method is used for the determination of the total surface

area (external and internal ) with a static equipment using Kr or
N2 depending of the calcination temperature. The working temperate
re is of liquid N2, and the range of the method is between 0.01
and the range of the method is between 0.01 and 5 m2/g.

3. RESULTS AND CONCLUSIONS

After processing forty batches of approximately on Kg each, we come
to the following conclusions:

a) It was proved that over approximately forty U determinations, the
modified Davies and Gray method agrees with the photometric method,
within a precision of 5%.
The accuracy of modified Davies and Gray method was less than 0.3%,
against standard U solutions.
b) 85 determinations were made of U by the A H I spectrophotometric me_
thod in the 8-760 mg/1 range. The determination of U in mother liquors
with Arsenazo III, allowed us to select the pH range necessary to
optimize the yield of the ADU precipitation. Levels below 50 ppm U
were reached in mother liquors.
c) The determinations of F and 0/U ratio in U 30 g after calcination
process, seggested the need to change the drying conditions of ADU,
and the extractino of gases of the calcination furnace.
We reached levels of F less than 20 ppm. These values are particulary
important for two reasons:
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i) The final product must have less than 20 ppm of F.
ii)The grain growth furnace (1400 C) does not have lining impervious
to HF vapors.

The evaluation of chemical impurities in the final product, showed
different contaminants, principally Al, Ca, Si, Na. Analysus of sam-
ples from different points of the production line were made, attri-
buting the contamination source of AT, Si and Ca in the 800C calci-
nation step.
Besides, we should consider that the samples were of enriched U, and
that they require strict safety and radiological protection procedu-
res.
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ANALYSIS OF THE PRODUCTION OF U3O8POWDER
FOR LOW ENRICHMENT FUEL PLATES

I. Boero, J. Celora, C. Parodi, G. Ponieman,
M. Kellner, A. Marajofsky

Comision Nacional de Energfa Atomica
Buenos Aires, Argentina

ABSTRACT

Description is made of the processes used in the production of U3O8
powder for low enrichment plates for fuel elements for Research Re-
actors.

The analysis of the efficiency of each batch is foccused on the rela^
tionship between milling ans sieving times and the morphology of the
product in each production step.

INTRODUCTION

Dispersion in an Aluminum matrix has been chosen by CNEA as meat com
pounds for its low enrichment fuel for Research Reactors.

Unlike others U oxides, U30g''does not react with Al and shows a good
resistance to aqueous corrosion, being also possible to produce it
with the required U content.

The selection was based upon CNEA previous experience in the use of
U oxides and on the international experience regarding good behaviour
of said fuels. To achieve a massive production level, previous labors
tory work was done to study the manufacturing process of this type
of powder.

Taking Y-12 powder as a starting point, specifications were settled.
Laboratory tests were promising, and specifications fulfilled, so it
was decided to install a small production plant for the manufactu-
ring of the oxyde, with capacity to process 1.8 kg U303per day.

The present work deals with the analysis of the first charge made in
CNEA, its tendencies and optimization.
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PREPARATION UF THE U 30 8

The physical specifications asked for the obtention of a deactivated
U30a> with density more than 8 g/cnP, total U content higher than 84.5%
and particle size with 75% between 40 and 80 microns.

The manufacturing scheme used is shown in Fig. 1. It consists of the
hydrolyzation of UFs, and after, the precipitation cf Ammonium Diuranate
(ADO) from the solution of uranyl fluoride. The material obtained is
calcinated to O3O8 and afterwards milled and sieved. The portion with
particles between 40 and 150 microns is again calcinated (grain growth)
in order to produce the sintering, followed by a dispersion, and finally
another milling and sieving.

All the operations are batch performed.

The various stages to produce the material and the process variables are
described below:

a) Extraction and hydrolysis

Being UFs a solid material at room temperature, it is necessary to pressure
heat in the container and in the conducting pipes in order to increase the
vapor pressure. Once in this state it enters into the hydrolysator, here
reacts with water, giving a solution of Uranyl Fluoride.

At this stage geometry restrictions of the vessels have been settled as
well as control of the transferred mass, in order to guarantee under
criticallity conditions. The variables that are being controlled are
temperature and pressure in the UFs container and pipes, mass flux, and
temperature and pressure in the hydrolysator.

2.4 kg of UFs per batch are extracted. The parameter values used during
this stage were maintained during all the manufacturing, their variation
having no influence on the final product.

b) Precipitation

Uranyl Fluoride solution (40 1) of 50 g/1 is transferred into the precipitator
where it is heated, when working temperature is reached Ammonium Hydroxide is
added at controlled velocity up to the attainement of the decided pH. The
excess of Ammonium Hydroxide is added at higher velocity. Agitation is
performed with N2 bubbling.

ADU precipitate is filtered in Buchners, and afterwards they are washed with
ammonia water under vacuum.

The variables during this stage are:

i) Concentration range of U in the solution: 40 to 60 g/1.

ii) Precipitation temperature, variation range: 40 to 60 °C.

iii) Agitation by N2 bubbling: 23 1/m at 2 bars.

iv) pH. We worked always with NH4 (UH) in excess to get low content of
U in the residual water.
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v) Adding speed of Ammonium hydroxide NH4 (OH): The quantity necessary to
complete the reaction is added slowly and the excess at higher speed.
Range of variation: 100 ml/min - 200 ml/min.

All these variables strongly influence the characteristics of the final
product.

c) Calcination to U3U8 - milling and sieving

Washed and filtered ADU is loaded in alumina crucibles and introduced into
an electric furnace in air atmosphere.

During decomposition, v/ater steam and Ammonia fluoride are produced. These
gaseous products enter into a washing tower. The chamber of the furnace is
covered with an inconel liner to protect the heating elements. The calcinated
material appears agglomerated. It is weighed and milled in a porcelain balls
mill. The size of the batch is 1.6 to 1.8 kg U3O8.

The material is neved in stainless steel sieves with possibility of varying
sieving frequencies. Process variables during this stage are:

i) Calcination temperature: 800 °C.

ii) Milling velocity and time: 70 rpm and 6 hours.

iii) Frequency of sieving and mass: it was settled on a value such as to
allow passage of material without excessive agglomeration and fracture
of the particles. Mass is about 150 g of U3O8 per sieving. This value
prevents excessive agglomeration of the material and therefore, the
impossibility of sieving it. In this way, fine particles are not
produced and the coarser ones passed in a mortar and afterwards sieved
again.
All the variables mentioned are important for the final product
characteristics.

d) Grain growth - Dispersion - Final Milling and Sieving

The material, separated between 44 and 150 microns, is loaded into alumina
crucibles and calcinated at 1400 °C during 6 hours. A solid, formed by
addition of dense particles, is obtained.

The insertion of a dispersion stage previous to the final milling, allows
to obtain between 15 and 25% of the material in specifications, without
production of fines. This operation is performed in a porcelain mortar.
The rest of the material is milled and afterwards sieved between 44 and 88
microns.

The batch is completed with 75% of the material between the mentioned nets,
and 25% of the material is fine particles, under 44 microns. Process variables
are:

1) Temperature and sintering time: 1400 °C and 6 hours to ensure the
obtention of dense particles.
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2) Velocity and milling time: 100 to 140 rpm and times between 3 and 6
hours, depending on the characteristics of the product.

RESULTS AND DISCUSSION

37 batches were processed, which make a total amount of 73 kg of U3O8.
The characteristics of the material as related to the specifications are
shown in Fig. 2, 3 and 4.

The U3O8 satisfies the physical requirements. It has high density, low
surface roughness and low open porosity (low specific area), being slightly
substoichiometric.

Impurities are as specifications, except Al, Li, Ca and Na.

Following Al, Si and Ca during the different stages, showed that contamination
was produced during calcination at 800 °C, Fig. 4, through attack by F on the
Al 203 crucibles which contains Si02 and OCa.

Na was constant and above the specified value in the ADU.

Its presence might be due to the attack by F of the polipropylene cover
and seal rings.

These deviations were authorized, since it was considered that they would
not have influence on the performance of the fuel.

As for granulometric distribution, efficiency media value (measured as
material between 44 and 88 microns over the total mass material) was of
47%, Fig. 5.

We can see that those lots with good final efficiency have a) lower milling
time after the thermal treatment at 1400 °C; b) lower sieving time after
calcination at 800 °C; and c) more material in specifications obtained in
the dispersion stage, Fig. 6. About 40% of the lots having performances
between nets higher than 50%, always showed the characteristics mentioned
before.

SEM micrographies of this type of powders (higher performance) are shown
in Fig. 7 and 8.

About 30% of the lots has efficiency between nets lower than 50%. These
lots have higher milling time after thermal treatment at 1400 °C, higher
sieving times after calcination at 800 °C and less material in specifications
in the dispersion stage. Their morphology characteristics are shown in Fig.
9 and 10.

Following the morphology of the product by a SEM along the different steps
of fabrication, it can be observed that the conditioning of the powder
in the first milling is most important for its future behaviour.
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Whenever a good cluster of ILOg particles is obtained during milling
and afterwards sieving, Fig. II, the final product is composed of
sintered particles that keep their identity and are easily dispersed,
Fig. 7 and 8, which shows that sinterization has taken place prefera-
bly in each particle and not between them.

The formation of necks between particles is weak and the later dis-
persion and milling can break them in less time.

On the contrary, in materials with low formation of clusters, and
plenty of loose material after the first milling and sieving, Fig. 12,
sinterization is also made between particles, thus having produced a
dense body where the particles lose their identity, unable to be
dispersed and with a long milling time, where the particles in spe-
cifications are obtained through fragmentation of the solid, Fig. 9
and 10.

These results show that the efficiency of the process is determined
in the operations of milling and sieving after the calcination at
800°C, being this observed as the formation of a great quantity
of agglomerates with well defined sizes between 40 and 150 microns.

It still has to be defined which variable of the process facilitates
the formation of said particles, taking into special consideration
the precipitation parameters and, probably, the easyness of the
powder to be moistened after calcination.

CONCLUSIONS

The manufacturing of a UgOg powder charge for plate fuel elements
20% enriched, allowed to prove the efficiency of the process used
and their variability within specifications.

The analysis of the lots showed the relationship among the n'orpho-
logy of the particles after treatment at 1400°C with the easynsss
of particle agglomeration after milling and sieving after calci-
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nation at 800°C showing the convenience of carefully studying said
properties related to the characteristics of the obtained ADU.
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LOW ENRICHMENT U3O8
Typical

Al
Ba
B
Be
Cd
Ca
Co
Cu
F
P

PRODUCTION
values of impurities

Value
(ug/gr)

^ 5 0 0
< 10
< 0,05
< 0,2 ND
< 0,5 ND
100 - 250
0,5 - 1
4 - 1 0
<20

*v> 80

Soecific.val
(ug/grU)

100
10

2
0.2
0,5
50

3
20
20

100

LOW ENRICHMENT U3O8 PRODUCTION
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U3O8 POWDER PRODUCTION BY THE SPRY DRYING METHOD

G.Thern, J.Celora, D.Vida.1, C.Kohut, A.Marajofsky
Comision Nacional de Energia Atomica

Buenos Aires, Argentina

ABSTRACT

U3O8 powders for low enrichment fuel elements, are made
from the precipitated ADU after the hydrolysis of uranium
hexafluoride. The subsequent steps of calcination and grain
growth are followed by milling and sieving. To avoid milling
and sieving after calcination the spray drying method is used
to obtain ADU particles with definite size.

INTRODUCTION

U3O3 powder obtained from UFg is used for the manufacture of low enrichment
plate fuel elements. An intermediate product ADU is calcinated at two different
temperatures, 800 and 1AOO°C, followed after each step by milling and sieving
in order to obtain density and particle size, as specifications.

The function of milling and sieving after 800°C is to conform the particles.
This step extends manufacturing time, demands a great deal of handling and
increases the contamination of the glove box, causing loss of material.

On this ground, it was explored the possibility of using the spray drying
method, a granulating process. A powder with definite granulometry is obtained
with this method, thus avoiding the milling and sieving steps after heat
treatment at 800°C (Fig.l).

The results shows that the product properties are easily held constant over
the time and that the product satisfies the requirements, admitting further
improvements.

DESCRIPTION

The experimental process is, basically, as follows: a suspension of the raw
material in water is sprayed into a stream of hot air which flows inside a
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cylindrical chamber with a conical bottom. By breaking it into small droplets
the surface areas increases and the evaporation is very fast. Thus, spherical
particles are obtained.

The characteristics of the powder (humidity, particle size and porosity)
can be controlled within the restrains imposed by the dimensions of the
evaporation chamber, type of nozzle and feed' solid contents, among other
facts.

Empirical expressions can be found in the literature (Ref.l) that allows
the evaluation of two fundamental parameters, the average drop size and the heat
treatment coefficient. They can be used to find optimum values for the
variables that control the operation and so increase the mean diameter of the
particles (Fig.2).

The steam evaporated from the drops is drivenoff the chamber by the hot
air stream together with the powder. The air leaving the chamber passes through
a cyclone which retains particles larger than 3 microns and inside a blower.
This puts the entire system under depression and, finally, the air pases
through absolute filters.

The nozzle is of the two fluids type. It is fed by a) a suspension of
ADU, pumped by a peristaltic or diaphragm dosing pump and b) a current of
compressed air.

ADU was precipitated from a solution of uranyl nitrate by addition of
ammonium hydroxide, settled, the floating liquid extracted and the solid
mixed with water. Suspensions with concentrations up to 10% in weight were
used. Suspensions with more concentrations increases the viscosity, breaking
the continuity of the operation, clue to the kind of pumps used. The drying
air is electrically heated and, additionally, the chamber is heated for
compensations of losses.

RESULTS

Fig.3 and Fig.4 show micrographs of the ADU and U3O8 powders obtained
and the spherical shapes of the particles can be observed. Each particle is
formed by the primitive ADU grains welded together and in a relative compact
structure (Fig.5).

Fig.6 shows the change in the particle size distribution after heating
at 800CC, where the curve is displaced to smaller sizes. The product is still
a free powder which indicated that the steps of milling and sieving can be
avoided at this point.

The grain growth treatment at 1400°C gives a compact product that should
be milled in normal fashion, giving densities as specified (Fig.7). Miniplates
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rolled with these powders have proved a good performance

These results can be observed in terms of the size distribution of
particles. When the distribution is sufficiently wide, the compactness is
better and determines a loss of individuality of the larges particles. During
the high temperature treatment a great number of bridges are created between
particles and they sinterize as a body. During the milling there is inter and
intraparticle breakage and production of coarse and fine particles in the
powder.

When the distribution is narrow it is expected to have less bridges and,
when milling, these bridges are broken. The breakage is between particles,
the operation is faster and the production of fine powder is smaller. In this
case it is necessary to have particles of the specified size.

CONCLUSIONS

The spray drying method shows as a useful alternative to avoid milling
and sieving after the 800°C heat treatment in the manufacturing of Y-12 type
powder.

The efficiency can be improved, and additionally the milling times, after
the 1400°C treatment shortened if:

a) the solid contents of the feed is increased,
b) a larger drying chamber is used,
c) a nozzle, able to give a lesser distribuiton of size particles, can be

used.
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FABRICATION AND IRRADIATION TESTING OF LEU FUELS AT CRNL
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ABSTRACT

The current status of Chalk Rivoi ^Tucloar Laboratories' (CRNL)
program to develop and test low-enriched uranium (LEU),
proliferation-resistant fuels for use in research reactors is
reviewed. CRNL's fuel manufacturing process has been qualified by
the successful demonstration irradiation of 7 full-size rods in
the NRU reactor. Now industrial-scale production equipment has
been commissioned, and a fuel-fabrication campaign for 30 NRU rods
and a MAPLE-X core is underway. Excess capacity could be used for
commercial fuel fabrication. In the irradiation testing program,
mini-elements with deliberately included core surface defects
performed well in-reactor, swelling by only 7 to 8 vol% at 93
atomic percent burnup of the original U-235. The additional
restraint provided by the aluminum cladding which flowed into the
defects during extrusion contributed to this good performance.
Mini-elements containing a variety of particle size distributions
were also successfully irradiated to 93 at% burnup in NRU, as part
of a study to establish the optimum particle size distribution.
Swelling was found to be proportional to the percentage of fines
(<44 fim particles) contained in the cores. The mini-elements
containing the composition normally used at CRNL had swollen by
5.8 vol%, and mini-elements with a much higher percentage of fines
had swollen by 6.8 vol%, at 93 at% burnup. Also, a program to
develop LEU targets for Mo-99 production, via the technology
developed to fabricate dispersed silicide fuel, has started, and
preliminary scoping studies are underway.
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INTRODUCTION

During the past year the research-reactor-fuel development program at Chalk
River Nuclear Laboratories (CRNL) has progressed significantly. All of the
industrial scale equipment for manufacturing low-enriched uranium (LEU)
silicide dispersion fuel has been installed and commissioned, operator
training completed, and a fuel manufacturing campaign is underway.

The irradiation testing program is also continuing successfully. Mini-
elements which had defects purposely machined in the fuel cores behaved
well during irradiation (EXP-FZZ-911). From the results it appears that
the stringent surface tolerances currently used can be relaxed. The
irradiation of mini-elements containing various particle size distributions
(EXP-FZZ-918) was also completed. The mini-elements were removed from the
NRU reactor in 1987 June, and detailed post irradiation examinations are
underway. Preliminary results indicate that fuel swelling is proportional
to the percentage of fine (<UU /im) particles contained in the core.

Preliminary work has also started on a program to develop LEU targets for
Mo-99 production, using the technology developed to fabricate dispersed
silicide fuel. The status of CRNL's fuel development program and
significant achievements of the past year are reviewed in this paper.

FUEL FABRICATION

Fuel Element Description

The fuels developed for use with LEU (20% U-235) in the research reactors
at CRNL consist of cylindrical pencils containing uranium silicide
particles dispersed in a continuous aluminum matrix, with finned aluminum
cladding and aluminum end plugs. The elements are assembled into bundles
which are inserted into flow tubes to form fuel rods.

Fuel Processing

Details of the manufacturing process have been presented at previous RERTR
conferences *•^ and will not be repeated here. The technology developed
has been qualified by the successful demonstration irradiation of prototype
LEU fuel rods in NRU 2, and now all of the industrial scale manufacturing
equipment has been installed and commissioned. Operator training has
essentially been completed, and manufacturing of LEU fuel rods is well
underway.
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To date operators have cast more than 120 kg of I^Si using CRNL's high-
frequency induction furnace, enough to make 30 driver fuel rods for NRU and
a core loading for MAPLE-X. The casting furnace is very efficient; it
takes less than 5 minutes to melt and cast a 4 kg I^Si billet, and very low
scrap rates, less than 3%, have been achieved during the fuel campaign. A
new computerized lathe has been purchased to machine chips from the
billets. It was intended as a dedicated machine but the production rate is
high enough that the excess capacity can be utilized for other jobs. The
glove boxes, centrifuges and grinders used for washing and pulverizing the
chips are also working well.

Much of the effort over the last year has been concentrated on establishing
the LEU quality assurance program and preparing standards and
specifications. A new procedure was developed to ensure homogeneous U-235
distribution in the approximately 3 m long NRU fuel cores. An essential
step is the prevention of segregation of the blended ^ S i and Al powders
before and during extrusion. Fuel elements with the uranium silicide
particles uniformly distributed in the core within narrow tolerances and
with particles sizes closely controlled can be obtained. The fabrication
step works well in full-scale production. A typical gamma scan of a full
size element showing the axial U-235 distribution is shown in Figure 1. It
can be seen that the U distribution is well within the prescribed limits.

A computerized accounting and criticality-control system has also been
installed and commissioning is underway. The various material forms and
manufacturing processes required for LEU production significantly
complicate accounting and criticality control compared to HEU fuel
fabrication. This modern on-line system should greatly improve the
efficiency of the operation.

IRRADIATION PROGRAM

The test vehicle for irradiating silicide dispersion fuels has been the
mini-element, except for the full-scale demonstration irradiation of seven .
prototype 12-element NRU rods. The mini-element fuel-core diameter (5.5
mm) and clad wall thickness (0.76 mm) are the same as in full-size NRU
elements. Mini-elements are however only 184 mm long compared with 2.9 m
for NRU elements. The mini-elements also resemble NRU elements in that
they have six cooling fins at 60° intervals around the cladding .

Table 1 outlines the scope, objectives and current status of tests in the
irradiation program. The mini-element irradiations previously completed
(EXP-FZZ-905, -909, -910 and -915) were described at preceding RERTR
conferences^-'^ and will not be repeated here. Only the significant results
from the fuel irradiations over the last year will be reviewed.
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EXP-FZZ-911

In 1987 we successfully completed the irradiation of 12 mini-elements, 4
with as fabricated surface imperfections, 4 with axial grooves and 4 with
circumferential grooves machined in the cores to simulate defects. The
objective was to evaluate the behaviour of these mini-elements as part of a
feasibility study into relaxing core surface quality standards. However,
the mini-elements also contained very fine silicide particles of the size
that led to enhanced swelling in Exp-FZZ-910. The elements contained only
61.5 wt% USiAl compared to 72.4 wt% in the highly loaded FZZ-910 elements
but, as a precautionary measure, interim examinations were performed to
check swelling. At the design burnup, 80 at%, three mini-elements were
selected for destructive examination, one from each group. Post
irradiation examinations revealed that the fuel behaviour was excellent;
swelling was only about 7 vol% at 80 at% burnup, less than the 1 vol% per
10 at% burnup limit, so a decision was made to extend the test for high -
burnup confirmation.

The nine remaining mini-elements were returned to the reactor and
irradiated to approximately 93 at% burnup without incident. Immersion
density measurements indicated that mini-elements with axial grooves, up to
0.2 mm deep and 2 mm wide, had swelled by only 7.3 vol% after 93 at%
burnup. The elements with circumferential grooves, up to 0.4 mm deep and 2
mm wide, showed similar good results, swelling by approximately 7.4 vol%.
The mini-elements with slight, as fabricated, surface imperfections up to
150 jira deep showed results similar to those from normal high quality USiAl
mini-elements irradiated to high burnup, i.e. swelling was slightly higher,
approximately 8.3 vol% after 93 at% burnup.

Detailed metallography showed that the cladding had flowed into the grooves
in the core of the mini-elements during extrusion (see Figure 2). The
additional restraint provided by the thicker cladding over the machined
defects likely contributed to the lower swelling observed in the mini-
elements with the deep grooves in the core surface. The local reduction in
U-235 concentration due to fuel lost from the grooves would result in
reduced local heat ratings or the opposite of "hot spots" in the elements
which could also contribute to the lower swelling. In contrast, as
fabricated cores with slight surface imperfections from scratches, scaling
or tear-outs during extrusions have essentially the same uniform thickness
of cladding over the cores. The linear fissile loading remains essentially
at the nominal value of 3.15 Mg.U/nr* and, as expected, the performance was
similar to that of high quality USiAl cores with the same loading. These
results are important indicating that core surface quality standards can be
relaxed without affecting the performance of the fuel. However, it is
unlikely that we will be able to use the leeway provided since refined
operating procedures already result in the consistent production of cores
with high quality.
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EXP-FZZ-918

In the EXP-FZZ-918 experiment 16 mini-elements containing Al-61.4 wt%
uranium silicide were irradiated in NRU to help establish limits on the
particle size distribution to be used in the manufacturing specifications.
The 16 mini-elements were divided into 4 groups, each group containing
different particle size distributions. Group 1 contained the highest
fraction of fines (<44 fun), about two to three times the concentration used
at CRNL. Groups 2 and 3 had progressively lower fractions and group 4 had
the lowest fractions of fines.

It was intended that the dispersion would contain a broad spectrum of
particle size distributions ranging from predominantly coarse to
predominantly fine so that the optimum size distribution could be selected.
Ironically, the refined comminution process produced l^Si powders with only
a small fraction less than 44 fim which is highly desirable for normal
production but resulted in too few fines for the experiment. Further
reduction of the coarse fractions (88-150 /im) into fines proved difficult,
only the medium sizes (44-88 /im) broke up readily. Since there was a large
supply of suitably sized USiAl powders from previous experiments, we
decided to include these to make up the difference rather than manufacture
additional l^Si fines.

The mini-elements were installed in NRU in 1987 January and irradiated
under normal driver-fuel coolant conditions. The power history, which was
more severe than that of a typical full-length driver fuel rod, is shown in
Figure 3. Mini-elements from each group were removed for interim
examinations after approximately 40, 60 and 80 at % burnup. The remaining
4 pins were removed in 1987 June after reaching 93 at% burnup. Immersion
density measurements indicate that, to a first approximation, fuel swelling
was proportional to the percentage of fines contained in the mini-elements
and, since the percentage of particles in the medium range was held
constant, inversely proportional to the fraction of coarse particles. The
least-squares fit of the measured data is plotted in Figure 4. After 93
at% burnup the mini-elements containing a high proportion of fines swelled
by 6.6 to 6.8 vol% while the mini-element with a low fraction of fines
swelled by 5.8 vol%. Known swelling mechanisms include gas bubble
coalescence and the thermal reaction between the silicide particles and the
matrix aluminum to form the aluminide UAI3 with dissolved Si. Post
irradiation metallography confirmed that these mechanisms had indeed
contributed to the swelling. Figure 5 shows the microstructure of mini-
elements #1-3 and #4-5 after 93 at% burnup. The fine particles had
essentially completely reacted forming the less dense UAI3 while only thin
interfacial layers formed around the coarser silicide particles. The
larger surface area provided by the fine particles undoubtedly led to the
increased reaction and contributed significantly to the observed core
swelling. Small fission gas bubbles up to 8 /im in diameter were contained
in the silicide kernels, but few fission gas bubbles had been retained in
the aluminide. There was no evidence of gross linking up of bubbles,
indicating that the fuel was well away from the onset of breakaway
swelling. Indeed swelling remained linear up to the very high burnup of 93
at%, and for all of the particle size distributions tested, swelling was
much less than the 1 vol % per 10 atomic % limit previously established.

159



From these results it appears that any of these silicide particle size
distributions could be used at 3.15 MgU/nr loading. Reassuringly, the size
distributions produced with the new equipment at CRNL results in the lowest
swelling levels.

LEU TARGETS FOR Mo-99 PRODUCTION

A program to develop LEU targets for Mo-99 production using as much as
possible the technology developed to fabricate dispersion fuels has started
at CRNL, and preliminary scoping studies are underway. Uranium silicide
dispersion targets were fabricated and irradiated but these proved
unsuitable. During dissolution for Mo-99 recovery, the silicides produce
very fine SiO2 particles which were difficult to remove from the solution
and may have Mo-99 sorbed on them as well. Other promising candidates
include dispersions of U or UO2 in aluminum. At the fissile loading
required for Mo-99 production, UO2 dispersions are at the limit of our core
extrusion capability. The volume fraction of oxide contained is so high
that a continuous aluminum matrix is not easily formed. Trial extrusions
with UO2 dispersions proved difficult. The cores fabricated were too weak
for normal handling and contained large tear-outs and surface defects. The
U-Al candidate appears promising; its higher thermal conductivity is
attractive, and the high density results in a more suitable volumetric
concentration for the dispersant. However, in fabrication trials it too
proved difficult to extrude. Under the conditions required for extruding
the dispersion, a thermal reaction occurs between the uranium particles and
the aluminum which produces the aluminide UAI3 and voids (condensed
vacancies) at the particle-matrix interface. Recently, a new manufacturing
process for fabricating dispersion targets has been proposed at CRNL which
does not include the conventional core extrusion step. Although there are
some considerable technical difficulties to be overcome, there are reasons
to be optimistic about the feasibility of fabricating LEU targets for MO-99
production.

CONCLUSIONS

1. Industrial scale manufacturing equipment has been installed and
commissioned, and fabrication of LEU fuel for NRU and MAPLE-X is
underway. The excess capacity of the facilities could be used for
commercial fuel fabrication.

2. Mini-elements containing fine silicide particle size distributions, and
as fabricated and machined surface defects were irradiated up to 93 at
% burnup in NRU without incident. The restraint provided by the
aluminum cladding which flowed into the defects during extrusion, and
the lower local heat ratings due to the reduced fissile loading at the
defects probably contributed to this good performance.

160



3. Post irradiation examinations confirmed the excellent behaviour of
mini-elements containing a variety of particle size distributions.
Swelling was linear and proportional to the percentage of fines
(particles <44 pm in size) contained in the fuel. After 93 at% burnup,
a mini-element containing the fraction of fines normally used at CRNL
had swollen by 5.8 vol % while those with two to three times as much
fines had swollen by approximately 6.8 vol%.
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Table 1. Irradiation Program Status

EXPERIMENT

FZZ-905

FZZ-909A

FZZ-909B

FZZ-910

FZZ-911

FZZ-9X31

FZZ-91S

FZZ-918

ELEMENTS

8
4
4

6
6

6
6

8
8

4

8
4

36
48

6

16

CORE MATERIAL

Al-61.5
A1-21U
A1-37U

Al-72.4
Al-73 .4

Al-61.5
Al-62,4

Al-72.4
Al-73.4

Al-61.5

Al-62.4
Al-61.5

Al-62.4
Al-61.0

Al-61.5
Al-72.4
Al-73.4

Al-61.4

USiAl

USiAl
USi*Al

USiAl
USi*Al

USiAl
USi*Al

USiAl

USi*Al
USiAl

USi*Al

USiAl
USiAl
USi*Al

U3Si

TEST OBJECTIVES

Compare Dispersions at
3.15 MgU/m3 with
U-Al alloys

Test Dispersions at
4.5 MgU/m3

High Burnup
Confirmation

Test Dispersions
with fines

Drilled Defects
in Cladding

Fuel Core
Surface Imperfections

Full-Size Assembly
Irradiation

In-Reactor Corrosion
of Pre-Irradiated
Dispersions

Define optimum particle

CURRENT STATUS

Irradiation and
PIE complete

Irradiation and
PIE complete

Irradiation and
PIE complete

Irradiation and
PIE complete

Irradiation and
PIE complete

Irradiation complete in 87-
Swelling only 7.3 to 8.3 volZ

Irradiation complete
Swelling 5.7 to 6.9 vol%

Irradiation and
PIE complete. Low fuel
corrosion rates.

Irradiation began

FINAL
BURNUP (at%)

56.4

82

93

60

21-57

95

78-87

30-85

95
size distributions

^•Full-length NRU-12 element assemblies

86 Jan. ended 87 June
PIE underway. Swelling
5.8 to 6.8 vol%.
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(a) Element 1-3 20 OX

(b) Element 4-5 200X

FIGURE 5 Microstructure of mini-elements containing 61.A wt% uranium
silicide from EXP-FZZ-918: (a) Element #1-3 from Group 1
which contained a high fraction of fines (<44 ym particles)
and (b) Element //4-5 from Group 4 which contained the fraction
of fines normally used at CRNL. Note that the silicide
particles (grey) reacted with the aluminum (white) to form
UA13 (light grey).
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POST-IRRADIATION EXAMINATION OF LOW ENRICHED

UA1X-A1 FUEL ELEMENT IN JAERI

Yoshiaki Futamura, Eiji Shirai, Harumichi Tsuruta,
Mamoru Adachi and Teruo Kikuchi

Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki-ken 319-11, Japan

ABSTRACT

UA1X-A1 dispersion fuel at uranium density of 2.2
g/cnr in the fuel meat has been adopted as candidate fuel
for JRR-4 (3.5MW). A full size fuel element was irradi-
ated in JRR-2 up to average burnup of 40 % ^J5U depletion
under accelerated conditions. The irradiation test was
completed with satisfactory results. The post-irradiation
examinations are being progressed in the Hot Laboratory
at JAERI and they will be completed by the end of this year.
The post-irradiation examinations comprising visual exami-
nation and dimension measurement on the fuel element, and
visual examination. X-ray radiography, dimension measurement,
gamma scanning, blister test and mechanical property test
on the fuel plates have so i'ar confirmed good irradiation
stabilities.

INTRODUCTION

The Japan Research Reactor No.4 (JRR-4) is a 3.5 MW swimming pool type
reactor with ETR type fuel elements. It is utilised for shielding experi-
ments, irradiation tests and training for reactor school students. The
reduced enrichment work on the JRR-4 fuels has been carried out based on the
RERTR program in JAERI. The specifications of JRR-4 low enriched uranium
(LEU) experimental fuel elements were determined by analytical studies on
the nuclear and thermal hydraulic experiments > . A candidate for JRR-4 LEU
fuel is a uranium aluminide dispersion type (UAlx~Al) with a uranium density
of 2.2 £/cm3. A LEU fuel element was manufactured by CERCA (France) and it
was irradiated from September 1984 to May 1986 in the Japan Research Reactor
No.2 (JRR-2). Average thermal neutron flux at the loading position is
4.1 x 101-* n/cm^ sec and no indication of fission product release was
observed by the failed fuel detector (FFD) up to the burnup of 40 % 235U
depletion (3.9 x 10^0 fissions/cnr). Its results were presented previously-^.

This report describes the results of post-irradiation examinations
(PIEs) of this fuel.
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SPECIFICATIONS OF THE LEU FUEL ELEMENT

The JRR-4 LEU fuel elements are shown in Table 1 together with the HEU
fuel element. The experimental fuel element contains 20 wt % enriched
uranium at a uranium density of 2.2'g/cnr in the meat. Its design has been
adapted to the dimensions of the JRR-2 core, but significant changes with
respect to the JRR-4 LEU fuel elements had to be implemented. The experi-
mental fuel element is shown in Fig.l.

PIES OF IT-IE EXPERIMENTAL FUEL ELEMENT

PIEs of the LEU experimental fuel element have been conducted in the
Hot Laboratory at JAER1.

Visual Examination

The external view oi" the fuel element, was examined in hot cell.
Unusual features such as damage or local deformation have not been observed.

After disassembling, the fuel plates were examined visually. No appre-
ciable defects such as crack, blister or corrosion pit have been observed on.
all plates. A typical external viuv/ of the fuel plates is shown in Fig.2.

Dimension Measurement

Major external dimensions (length and width) and amount of twist and
bow on the fuel element, and thickness on the fuel plates were determined.
No irradiation-induced changes on the fuel element have been detected.
The thickness of the fuel plates showed little change from the as-fabricated
dimensions.

X-ray Radiography

X-ray radiographies were performed in order to observe the irradiation
induced damage including crack and void. No abnormality was observed in any
plate.

Gamma Scanning

To determine the relative burnup distribution, the gamma scanning for
all fuel plates was performed by using a Ge(Li) detector and a multichannel
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pulse height analyzer. The results of the longitudinal gamma scan of the
fuel plate is shown in Fig.3. The curve shown in Fig.3 corresponds to
neutron flux distribution in JRR-2 core. Campa spectrum of a fuel plate is
shown in Fig.4. Photo peaks of 103RU and 10°Ru are observed very clearly.
The yields of these nuclides are much higher than those of high enriched
uranium fission.

Blister Test

To determine the Lhreshold temperature for the formation of blisters,
the fuel plates were annealed at 300°C to 550'C in 25OC or 50°C increments,
holding at each temperature for 30 minutes in the air at 1 atm and at a
flow rate of 100 ml/min. After heating, the fuel plates were examined
visually. This sequence is repeated up to 55O"C. At this temperature
range, no blister was observed and no fission gas release was detected.

Mechanical Properties

To investigate the irradiation-induced mechanical property changes of
fuel plates, hardness and tensile strength of the fuel plates were measured
at room temperature. The effect of burnup on the tensile strength and
hardness are shown in Table 2 and 3, respectively. The hardness of the
cladding show a little increase with burnup, whereas the tensile strength
of the fuel plates remain approximately the same as those of before irradi-
ation. The fact that the tensile strength of fuel plate preserved nearly
the same values are believed to be caused by the growth of pores in the
UA1X-A1 meat as shown in Fig.5 to 8.

Metallography

A metallographic examination was performed to investigate the void,
bonding integrity and uranium segregation. Fig.5 and 7 are photographs of
fuel plate cross-section in the dog bone area and in the edge, respectively.
The bonding between clads and meat was in good condition without bonding
defect. Fig.6 and 8 show microscopic photographs in the same area of the
fuel plates shown in Fig.5 and 7, respectively. The grains of UA1X were
dispersed homogeniously in the Al matrix. There are some large voids gene-
rated by concentration of small voids and fission gases. The thicknesses
of the meat and cladding satisfy the specification of fuel plate.

Absolute Burnup

Ganma scanning profile shows relative burnup distribution in the fuel
plates. The peaking factor of this fuel element obtained from this profile
was 1.35. Absolute burnup measurement was performed with the samples taken
from the fuel plates by the radiochemical and mass spectrometric methods.
The absolute burnup was correlated with the gamma scanning profile.
Average absolute burnup of this fuel element determined by this experiment
was about 40 %.
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Scanning electron microscopy (SEM) and X-ray microanalysis (XMA) of
the fuel plate will be completed by the end of this year.

CONCLUSIONS

A UA1X-A1 fuel element with a uranium density of 2.2 g/cm3 was irradi-
ated in the JRR-2 under accelerated conditions. The results of PIEs showed
satisfactory with no indication of irradiation behaviour detrimental to
use as reactor fuel element. The results obtained from our work are
surrmarized as follows.

1. Visual inspection of the fuel element and the plates revealed no
defects such as deformation, crack or blister.

2. Dimension measurements of the fuel element indicated essentially no
change in the width and length.

3. From the X-ray radiography, precise abnormality was not observed for
any plates.

4. Gamma scanning revealed uniform burnup distribution.

5. No blister formation and no fission gas release was observed up to
550° C in the blister tests.

6. Hardness of the cladding is a little increase but tensile strength of
the plates is nearly the same values as unirradiated material.

7. Metallographic examination revealed some voids but no bonding defect
in any plate.

8. From gamma scanning, radiochemical and mass-spectrometric method,
average absolute burnup of the fuel element was estimated to be
about 40 %.
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Table 1. Specifications of the JRR-4 LEU and HEU Fuel Element

Meat

Clad

Element

Ll

Enrichment (Wt %)

Material

U-Content (Wt %)

U-Density (g/cm3)

Void Content (Vol %)

Thickness (cm)

U-Weight (g)
2 3 5U Weight (g)

Thickness (cm)

No. of Plate

235u Weight (g)

Mater Gap (cm)

LEU

Inner Plate

19.
UA1X

51

2.20

8

0.089

74.73

14.76

0.038

14
221.

0.

Outer Plate

75
-Al

31
1.10

2
0.039

37.37

7.38

0.038

2
4
335

HEU

Inner Plate Outer Plate

93.15

UA1 Alloy |

20

0.66
-

0.05

12.75

11.87

0.038

13

11 i
0.33 i
-

0.05

6.35

5.91

0.038,
1

2
166

0.410
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Table 2. Tensile Strength of Fuel Plate

Sample No.

1

2

3

4

5

6

7

8

9

10

11

12

Burnup
<%>

unirradiated

unirradiated

unirradiated

29.3

32.6

32.8

34.1

34.9

37.3

39.5

40.2

43.4

Tensile Strength
(Kg/im2)

11.1

11.8

12.0

9.3

10.6

11.8

9.7

13.0

9.7

11.5

10.7

9.5
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Table 3. Vickers Hardness of Al Cladding

Sample No.

0

1

2

3

4

5

Burnup

unirradiated

37.7

39.9

45.0

47.2

49.3

Vickers Hardness
(Hv)

47.6

60.0

57.3

63.5

66.1

66.3
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• • 50/in

Fig.5 Microstructure of the dog bone area of irradiated UAIx-AI fuel plate

i • 5/im

Fig.6 Micrograph of irradiated UAlx-AI near the dog bone area
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1 1 50/im

Fig.7 Microstructure of the edge area of irradiated UAIx-AI fuel plate

5//m

Fig.8 Micrograph of irradiated UAIx-AI near the edge area
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LEU-FUEL TESTING AT KFA-JULiCH

UNDER THE GERMAN AF-PROGAM

Plate Irradiation and PIE

G. Thamm, E. Groos, W. Krug

Kernforschungsanlage Jiilich GmbH, Federal Republic Germany

ABSTRACT

Plate irradiation at FRJ-2 is an important part of the German

AF-Program in the field of comprehensive LEU fuel qualification.

The essential data of 2 irradiation campaigns and the PIE re-

sults for U 30 8, U3Si, U3Si2 and U3Si1_2 fuels achieved to date

are given. The different irradiation behavior of U3Si and U 3Si 2

as far as dimensional stability and fuel microstructure at high

burn-up rate9 (> 2 x 10 f/cm ) is concerned that already has

been found by test irradiations at ORR and PIE at ANL was con-

firmed. MEU-U308 plates used as reference fuel for the 1st cam-

paign and irradiated to a higher burn-up than achievable in LEU

( 1.9 x 10 f/cm ) pillowed in some spots without any fission

product release into the coolant the activity level of which wa9

monitored continuously with great sensitiveness during the

tests.

The 2nd campaign was stopped unscheduled at moderate burn-up

rates due to a significant increase of the coolant activity cau-

sed by a cladding failure of a U^Si, 3 plate at a place where a

thermocouple was attached to the plate thus considerably redu-

cing the effective cladding thickness.



1. INTRODUCTION

The main objective of the irradiation tests under the German AF-Program is to

demonstrate that low - enrichment uranium (LEU) fuels fulfill the same safety

criteria during reactor operation as do the highly - enriched uranium (HEU)

fuels.

Irradiation of small plates (5-10) in well instrumented irradiation devices

with subsequent extensive post irradiation examinations (PIE) to determine the

fundamental irradiation behaviour is the most important 1st step out of 4

qualification test stages that LEU fuel has to pass successfully and which have

been agreed upon by the German licensing boards and their experts (TUV) before

the fuel can be used for reactor core conversions (see /I/).

25 small REU1 fuel plates have been irradiated in 2 different irradiation

devices at FRJ-2, KFA-JUlich, and at FRG-2, GKSS Geesthacht (/2/). The 1st irra-

diation campaign with 10 test plates (8 plates with uranium silicide fuels, 2

with U3Og) has been terminated in October 1984 at FRJ-2 (DIDO). PIE in hot cells

of KFA are completed. Due to fission product release into the coolant the 2nd

irradiation campaign has been stopped unscheduled in January 1987. A brief de-

scription of the test facility (AF-Loop) as well as irradiation data and PIE re-

sults achieved to date will be given.

2. THE IRRADIATION DEVICE (LV-50)

The irradiation device in the FRJ-2, called AF-Loop-JUlich, comprises the

inpile section, the loop system and the electrical instrumentation and control

system. It is designed for a maximum power removal of 250 KW.

1 23 x LEU, 2 x MEU (40 I U-35) ref. plates
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The inpile section carries 10 testplates partially instrumentated, which are

arranged in two groups of 5 plates each, one above the other (see Fig. 1) and

which are irradiated in a vertical (6 V) reflector position.

2 I
-4-

q

i
0
7

I 6

-active core heigth [mm]-

' ' ' ' * ' > ' / * r s s t t j t * t r t t i j j *

/T2S
— ;

dimensions of test plates: 200 « 60mm _
dimensions of meat: 190 * 50mm '

cladding material: Al Mg 2

i

*T22

s * * s J S J S s f f t

I
i direction of

coolant flow

y T21-T26 : thermocouples
core (measurmenf of plate surface temperature)

Fig. 1: Arrangement of the test plates in the inpile section

Coolant flow, temperatures, pressure and activity are monitored continuously.

In case of a failure, the reactor will be automatically scramed. A more detailed

description of the device has been given in /I/.

3. THE IRRADIATION CAMPAIGNS

The 1st irradiation campaign started in July 1983 and was completed as

scheduled in October 1984 after 321 full power day9 and an average burn-up (U-

235 consumption) of more than 80 X had been achieved. Informations of the test

plates and the irradiation data are given in table 1. The thickness of the test

plates was 1,27 mm and the U-235 content was 4,28 g for each.
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Table 1: Test plate and irradiation data of the 1st campaign

siaie

1
2
3
4
5
6
7
S

9

10

fuel

u3o8
U3Sl2

U3SI2
U3SI
U3SI

u3o8
U3SI2

U3
S'2

U3SI
U3SI2

U-denslty
(fl/cm^)

£34
4.73
S.04
0.03
6.05
£34

4.73
0.04
0.05
4.75

U5-enrlchmerrt

(%)

40.00
19.75
19.75
19.75
19.75
40.00
19.75
19.75
19.75
19.75

thickness (mm)
meat

0.51
O51
0.48
0.40
0.40
0.51
0.51
0.48
0.40
0.51

burnup total
flulons cm"3

1.91 x 1021

1.90 x to 2 1

2.02 x 1021

2.41 X1021

2.4 X102 1

1.91 X1021

1.90 X102 1

2.02 X102 1

2.41 X1021

1.88 X1021

power density (W/cm2]
rango

76.3 — 3 U

The 2nd test campaign began in March 1986 and was stopped unscheduled in

January 1987 according to a significantly increased activity level of the

cooling circuit. DIDO had to be scramed, 9ince the dose rate of the cooling

water increased up to a level of more than 550 mrem/h, punctually to more than

2000 mrem/h, compared to about 35 mrem/h under normal conditions. Results of a

water analysis showed fission products as Xe 133, Xe 133 m, Xe 135, J 131,

J 132, so that a plate failure had to be assumed. Therefore the inpile section

has been removed from the reactor and has been dismantled in the hot cells after

a reasonable decay time. A first visual inspection of the test plates showed a

crack in the region of a thermocouple attachment combined with a local bulging

on both sides of the plate.

This failure caused a release of fission products into the cooling water and

thus the early termination of this irradiation campaign.

130 full power days and an average burn-up (U-235 consumption) of about 42 1

had been reached.

Test plate and irradiation data are summarized in table 2.
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The thickness cf the test plates was 1,27 mm, too and the U-235 content was

6,0 g for each.

Table 2: Test plate and irradiation data of the 2nd campaign

Hate

1
2*)

3*)
4
5
6*)
7
8
9*)
10*)

)B4C

fuel

WJ

U3SI1 3

U3SI1J

U 3 S I U
U3SI1.5
"3SI1.3

In the meat

UKlensKy
(a/cnv")

03
0.0
0.5
0.0
0.5
6.5
0.0
0.5
0.0
6.5

US-anrlchmont

<%>

19.78
19.70
19.78
19.70
19.78
19.78
19.70
19.78
19.70
19.7B

ttilcknaw (mm)
moat

0.52
0.50
0.52
0.50
0.52
0.52
0.50.
0.52
0.50
0.52

burnup total |xwar danslty (W/cnrr;
fissions cm"3 range

I^xio21

1.12 X1021

1^2 X1021

1.12 X1021

1.22X1021

1^2 X1021

1.12 X1021

1^2 X1021

1.12 X1021

1.22 X1021

93.6 - 61.3

A plates of each campaign were equipped with thermocouples. Max. plate tem-

peratures (of the cladding) between 120 and 130° C have been recorded.

4. PIE RESULTS OF THE 1ST IRRADIATION CAMPAIGN

The post irradiation examinations of the 10 plates irradiated during the 1st

campaign have been completed recently. Examinations have been performed as fol-

lows :

1. visual inspections

2. analysis of plate layers

3. gamma scanning

4. burn-up determinations

5. dimensional measurements

6. metallographic examinations

7. blister tests.
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Since the major part of PIE results already had been reported in /I/, the

following sections only will deal with the examinations according to 5., 6. and

7.

4.1 Dimensional measurements

As 2 plates (U3Si2, 4,75 gu/cm
3 and U3Si, 6,05 gU/cm ) had been taken for

metallographic examinations at an early stage 8 plates (2 x U3Og, A x U3Si2,

2 x U3Si) were examined with respect to dimensional changes only. Oxide layer

removal and volume change determination were performed according to procedures

U6ed for PIE of LEU plates which had been irradiated in the ORR (including pla-
p

tes manufactured in Germany; oxide film removal by Aloca Bright Dip ; determina-

tion of plate weight and volume before and after irradiation (the latter measu-

red by immersion density method) taking into account the loss of cladding by

oxide film production).

Table 3 presents the volume change rates of the plates (related to either

plate or meat volume) for the different fuel types characterized by fuel

loadings and fission densities. Additionally the loss of cladding volume after

the oxide layer has been removed is given. Although one U3Og plate pillowed

during irradiation (one blister with a diameter of 20 mm) the swelling remains

moderate. The U3Si2 plates show the lowest swelling with an average rate of 6 Z

(versus meat volume), surprisi jly plates with smaller fuel loading and fission

density having slightly higher swelling rates. Anyway all U3Si2 plates appear to

be far from the threshold for breakaway swelling which is also confirmed by

examinations of the microstructure (see 4.2).

The U-jSi plates, however, seem to have exceeded the breakaway swelling thres-

hold. Plate thickness measurements show that they did not swell uniformly as did

the U3Si2 plates. All the measured dimensional changes are in very good agree-

ment with previous data of PIE at ANL /3/.

20 parts H-jPÔ  (85 Z) , 1 part HNO3 (70 Z) and 79 parts distilled water
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Table 3: Volume change (swelling) data

Fuel Type Fuel Loading Fission Density Cladding Reduction Swelling
(Plate No) gU/cm3 Vol/% In Meat In Fuel AVol/% A V O I / %

10 2 1 cm"3 Plate Meat

U3Oa (1) 2.34 33 1.91 5.79 -10.7 3.6 13.8
U3O8 (6) 2.34 33 1.91 5.79 -9.3 1.8 6.1

U3SI2 (7) 4.75 43 1.90 4.42 -9.9 2.1
2 1.9

U3SI2(2) 4.75 43 1.90 4.42 -8.1 -8 5.0
U3SI2(3) 5.04 46 2.02 4.39 -3.5 -2 4.9
U S ( 8 ) 5.04 46 2.02 4.39 -1*4
U3SI (5) 6.05 42 2.41 5.74 -10.9 7.1 33-9
U3S. (9) 6.05 42 2.41 5.74 -10.3 6.9 33.0

4.2 Metallographlc Examinations

The microstructures of the fuel were investigated by optical microscopy up to

magnifications of 500 x. Typical pictures of transverse section of all four ty-

pes of fuel are shovn in Fig. 2,3, 4 and 5 (magnification 50 x and 500 x). The

two plates with U3Si2 (4,75 resp. 5.04 gU/cm
3) behaved very well. Only small

fission gas bubbles have been formed, which are uniformly distributed within the

fuel particles. No disturbance of the bonding between fuel particles and the me-

tallic phase (Al) or the cladding has developped.

The U^Si (6,05 gU/cm3), however, is at the beginning of breakaway swelling.

Fuel particles have linked up to a high extent, loosing their identity. Large

gas bubbles have accumulated, opening extended cavities in the central region of

the fuel meat. The occurence of pillowing without further irradiation (burn up

increase) due to thermal cycling effects only seems highly probable. Again, as

mentioned above, the ANL PIE results with respect to the microstructure of irra-

diated U3Si and U3Si2 (/3/, /4/) have been confirmed excellently.
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LEU-FUEL TESTING AT KFA JULICH UNDER
THE GERMAN AF-PROGRAM

Plate Irradiaton an PIE

5 0 : 1 500:1 50:1

Fig. 2: Microstructure of a IJ3SJ2 fuel plate (No. 10) with
fission densities of 1.9 x 1021 f/cm3 (4.75 gU/cm3

3

U-35:19,75 %)



LEU-FUEL TESTING AT KFA JULICH UNDER
THE GERMAN AF-PROGRAM

Plate Irradiaton an PIE

50 : 500:1 50:1

Fig. 3: Microstructure of a U3SI2 fuel plate (No. 3) wfth
fission densities of 2.0 x 102 1 f/cm3 (5.04 gU/cm3,
U-35: 19,75 %)



LEU-FUEL TESTING AT KFA JULICH UNDER
THE GERMAN AF-PROGRAM

Plate Irradiaton an PIE

50:1 500 : 1 50:1

. 4: Microstructure of a U3Si fuel plate (No. 4) with
fission densities of 2.4 x 1021 f/cm3 (6.05 gU/cm3,
U-35: 19,75%)



LEU-FUEL TESTING AT KFA JULICH UNDER
THE GERMAN AF-PROGRAM

Plate Irradiaton an PIE

5 0 : 1

5 0 : 1

5 0 : 1

Fig. 5: Microstructure of a U3O3 fuel plate (No. 1) with
fission densities of 1.9 x 102"1 f/cm3 (2.30 gU/cm3,
U-35: 40.00 %)



Compared with the UjSi plate the UjOg plate which pillowed during irradiation

shows a somewhat different microstructure. Large gas bubble formation can also

be seen at the location of the pillowed blister, however not in the centre re-

gion of fuel but between meat and cladding, separating these two by a large gap.

On the other hand fission gas bubble formation and fuel particle interlinkage

can be found in the pillowed area only while the remaining parts of the meat

(non-pillowed) show a quite normal microstructure similar to that of U3Si2 resp.

unirradiated U^Og.

4.3 Blister tests

Four test plates were selected for the blister test, one of each type (see

previous chapter). The plates were heated together in air to the desired tem-

perature - starting with 350° C, increasing in 50° and above 450° C in 25° in-

crements - and held there for 30 minutes. After cooling down to ambient tempera-

ture, the plates were inspected visually, plates with blisters were removed and

testing was continued. Twice leaks occured during the heating, which could be

detected by the monitor in the cell ventilation outlet. The results in Tab. A

were as expected and in good agreement with all other data found.

Table A: Blister testing data

T° C Fuel U-Denalty

400 U3O8 2,34

BOO U38I 8,05

525 U3SI2 6,04

S25 U38I2 4,78

Plate Condition

Irradiation pillow enlarged
(leak)

vary large pillow extending
over whole length of plate

many small bllaters, mainly
along the meat border
(leak)

many email bllaters, mainly
the meal border
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QUALIFICATION STATUS OF LEU FUISLS

J. L. Snelgrove
Argonne NatLonal Laboratory

9700 S. Cass Avenue
Argonne, IL 60439 USA

ABSTRACT

Sufficient data has bei:n obtained from tests of
high-density, low-enriched fuels for research and test
reactors to declare them qualified for use. These
fuels include U55rIIx (TRIfiA fuel) and U02 (SI'F.RT fuel)
for rod-type reactors and UA] , U3O0, U^Sl^, and U^Sl
dispersed in aluminum for plate-type reactors. Except
for U^Si, the allowable fission density for LEU appli-
cations is limited only by the available 23;>U. Several
reactors are now using these fuels, and additional
conversions are in progress.

The basic performance characteristics and limits,
if any, of the qualified low-enriched (and medium-
enriched) fuels are discussed. Continuing and planned
work to qualify additional fuels Is also discussed.

INTRODUCTION

The U.S. Reduced Enrichment Research and Test Reactor (RERTR)
Program has been developing, testing, and demonstrating reduced-
enrichment fuels for the past nine years. Our goal has been to qualify
the highest density fuels possible in order to make feasible the
conversion of the maximum number of reactors to the use of low-enriched
uranium (LEU) fuels. We consider a fuel qualified when we belifive that
sufficient data exists for regulatory .authorities to approve the use of
the fuel in the reactors they regulate.

Many organizations, listed in Table 1, have participated in the
fuel development and testing efforts of the RERTR Program. A number of
these—B&W, CERCA, CNEA, NUKEM, CEA, JRC/ECN, Studsvlk, and, Informally
thus far, CEN/SCK—have entered into cooperative agreements wLth the
RERTR Program to provide fabrication, irradiation, and/or postlrradl-
ation examination services without cost to the Program. The U.S.
Government has provided enriched uranium and will provide for disposi-
tion of the spent fuel. Our partners have greatly contributed to the
achievements discussed in this paper.

The RERTR Program has concentrated on the development of plate-type
fuels since they account for most of the HEU consumption. We have,
however, contributed to the qualification of two fuels for use In rods
or pins. These will be discussed briefly before proceeding with a more
extensive discussion of plate-type fuels. Although we have been
primarily concerned with LEU fuels, i.e., with uranium enrichments less
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Table 1. Fuel npvelopnient Participants

Devel./Fab.
ANL
B&W
CERCA
CNEA
GA
TNEL (EG&G)
NUKEM
ORNL
TT

Irrad./PIE
ANL
CEA (SILOE, OSIRIS)
CRN/SCK (BR2)
JRC/KCN (HFR-Petten)
ORNL (ORR)
Studsvik (R2)

Irradiation contract not yet negotiated.

than 20%, qualification of some fuels with medlum-enrLched (40- to 45%-
enriched) uranium (MEU) is Included in the work of the Program In case
adequate LEU fuels cannot be developed for all reactors. Notwithstand-
ing the title of this paper, these MEU fuels will briefly be discussed.

ROD- OR PLN-TYPE FUELS

UZrH (TRIGA) Fuel

At about the time the RERTR Program was being formed, GA began the
development of UZrH fuels with uranium densities significantly In
excess of those In use at that tlmo. The RERTR Program provided the
long-term, high-burnup irradiation tests of LEU TRIGA fuels with uranium
densities of 1.3, 2.2, and 3.7 Mg/m3 (20, 30, and 45 wt% U, respectively).
The pins were Irradiated In the ORR to peak burnups as high as 80% of
the originally contained 2 3 5U. The fuel behavior was excellent and in
agreement with predictions.1 The NRG has recently granted generic
approval for use of the 20- and 30-wt% fuels as a replacement for the
8.5-wt% fuel currently used in most TRIGA reactors.2 Specifically,
operation of a whole core of the fuel has been licensed for GA's TRIGA.
Mark F. Other potential users must provide analyses covering their
specific conditions of operation, but they will not have to address the
behavior of the fuel. It should bo pointed out that a whole core of the
20-wt% fuel is already in operation In Bangladesh and will soon be In
operation in the Philippines.3

U02 (SPERT) Fuel

Approximately 9000 stainless steel-clad, 4.81%-enriched, UOj fuel
pins were produced in the mid-l%0s for use in the Special Power
Excursion Reactor Test (SPERT) Program. Although the fuel pins had been
saved, the fabrication inspection and certification records had been
destroyed. Rennselaer Polytechnic Institute (RPI) chose to use these
pins for the conversion of its Critical Facility,1* and two other
universities have been considering using them. In all applications being
considered, burnup would be so low that Irradiation testing was not
needed. However, in order to confirm that the as-fabricated attributes
of the pins remained within the range of the fabrication specifications
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and that no deterioration of the pins had occurred, the RERTR Program
performed a series of requalificatinn Inspections.s The pins were
successfully requalified, and the NRC granted generic approval for their
use in non-power reactors, subject to possible constraints in specific
situations.6 The RPI Critical Facility has now been licensed to operate
with this fuel.

PLATE-TYPE FUELS

General Remarks

The RERTR Program chose to concentrate its efforts on further
development of aluminum-matrix dispersion fuels in order to take
advantage of the large commercial base of equipment for and experience In
fabrication of such fuels. Both UA1 and U3O0 were being used as
dispersants in HEU fuels at the beginning of the RERTR Program, with
maximum uranium densities of 1.7 and 1.3 Mg/m3, respectively. Both of
these fuels have been developed and qualified to their practical fabrica-
tion limits. The much-higher-density fuels needed have been provided
through the use of uranium-silicon alloys. One of these, U^S^, has
proven to be a very stable and attractive fuel.

The first irradiation tests of the higher-density fuels were
performed using miniature fuel plates (mlnlplates) In order to screen the
candidate fuels and provide basic Irradiation behavior data. Approxi-
mately 240 mlnlplates have been Irradiated and examine'! thus far. The
acceptable performance of successful candidate fuels under typical
operating conditions has been confirmed by the testing of full-sized fuel
elements in the reactors listed In Table 1. Thus far, 39 test elements
have been irradiated or are scheduled for Irradiation. In most cases some
elements of each type were irradiated to burnups well in excess of those
typical of test reactors. Average burnups of from 70 to 82% have bo.cn
achieved, with peak burnups ranging up to 98%. Extensive PIEs have con-
firmed the expected behavior of all fuels. In two whole-core demon-
strations the good behavior to normal burnup of statistically significant
numbers of commercially fabricated elements has been demonstrated. In
these demonstrations 130 elements have been irradiated to at least partial
burnup. As evidence of the acceptance of the fuel performance data
generated by the RERTR Program, approximately 750 more reduced-enrichment
fuel elements have been ordered on a commercial basis by reactor
operators—for testing, for conversion, or for fueling of new reactors.

To provide the data needed for qualification, the fuels were
extensively characterized both before and after irradiation. The fuel
compounds; the fuel meat porosity, heat capacity, and thermal conduc-
tivity; the compatibility of the fuel with the matrix and cladding; the
corrosion behavior of the fuel; and any exothermic reaction between the
fuel and aluminum were studied prior to irradiation. Following lrradLa-
tion the primary attributes studied have been the volumetric swelling of
the fuel meat, the microstructural behavior of the fuel, and the blister
threshold temperature. The swelling and microstructure studies have
resulted in a good understanding of the fundamental Irradiation behavior
of dispersion fuels. The basic fuel swelling mechanisms of dispersions
of intermetallic fuels and U3O3 in aluminum are discussed elsewhere.7*
In this paper 1 will summarize the swelling data for the dispersion
fuels tested by the RERTR Program.
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What is usually of most interest to the reactor operator Is the net
swelling of the fuel meat or fuel plate. However, it is the swelling of
the fuel particles which 1 wish to discuss first. The fuel meat volume
of an unirradiated fuel plate Is occupied by the fuel particles, the
aluminum matrix, and pores created when matrix aluminum does not flow
around all fuel particles and Into the cracks produced in fuel particles
during the rolling of the plate. Such pores can occupy from approxi-
mately 4% to greater than 12% of the volume of high-density fuel meats.
During the early stages of irradiation, irradiation-induced sintering
results in some consolidation of the pores, and the volume of the fuel
meat can actually decrease. As the fuel particles begin to swell from
the buildup of solid and gaseous fission products, the pores begin to be
filled. The fuel meat exhibits a net positive volume change only after
the volume of the fuel particles has increased by approximately the
amount of the original pore volume. Since the amount of as-fabricated
porosity is influenced by many factors, the effect of the porosity must
be removed to ascertain the swelling behavior of the fuel itself.

The swelling of the fuel particle as a function of the fission
density in the particle is shown in Fig. 1 for UA1 9 and three of the
uranium silicide compounds. The swelling of the fuel meat was measured
by an immersion technique. The original volume of as-fabricated
porosity was added to the volume change of the meat, the sum was divided
by the original volume of fuel particles in the meat, and the result was
converted to percent to obtain the fuel particle swelling. The fission
density in the meat, based on the measured burnup, was divided by the
original fuel volume fraction to obtain the fission density in the fuel
particle. It is seen that UAlx, USi, and UoSi2 fuel particles swell
linearly to fission densities well beyond those achievable with LEU
(indicated by the ends of the solid parts of the curves). The data are
scattered in narrow bands about the USi and U^Sl^ curves. The scatter
is considerably greater for UA1 , owing at least partially to the fact
that UAI2 and UAl-j react with Ai to form UAl^ during fabrication,
obscuring the original fuel particle and porosity volumes. Within the
accuracy of the data, the swelling of UA1 and UTSIJ fuel particles per
unit fission density are equal.

UoSi exhibits an entirely different behavior. As has been
described previously,10 the U^Si particles in very highly loaded fuel
plates tend to swell rapidly (breakaway swelling) at high fission
densities under the influence of fission gas pressure. The curve shown
represents the upper limit of U^Si fuel particle swelling. In lower-
loaded fuel plates, where the larger amounts of matrix aluminum restrain
the swelling fuel particles and prevent interparticle linkage of fission
gas bubbles, the fuel particle swelling is considerably less. The data
for such plates lie to the right of the U^Si curve. It is obvious that
a fission density limit is required to maintain an adequate margin to
breakaway swelling. At the highest loadings, represented by the curve,
a limit of 4.0 x 1027 f/m3 (1.8 x 1027 f/m3 tn t h e fue\ m e at for a
45 vol% fuel loading) will provide more than n 25% margin* This limit
corresponds to a peak burnup of 60% of the originally contained 2 3 5U.
For lower loadings the particle fission density limit will be higher.
For example, 2.0 Mg U/m3 miniplates performed acceptably at 12.6 x
1027 f/m3 in the U-̂ Si particles. It is Interesting to note that this
corresponds to 1.7 x 1027 f/ra3 in the meat, so a limit of approximately
1.8 x 1027 f/m3 in the meat may be generally applicable to l^Si
dispersion fuel.
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Fig. 1. Swelling of Uranium Silicide and UAI Fuel Particles
vs. Fission Density in the Particle. Dashed Lines
Indicate Fission Densities Not Attainable in LEU Fuel.
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Although the swelling mechanism of U3O0 dispersion fuel differs
somewhat from that of U3SI dispersion fuel, the data are very similar.
The same curve represents both the U^Sl and U3O0 swelling, except that,
because of Its much lower density, a fission density of 3.6 x 1O27 f/m3

cannot be exceeded In low-enriched U^OQ. This fission density is low
enough that no additional limit need be applied for low-enriched U3O0
dispersion fuel.

Qualified Dispersion Fuels

The limits for LEU plate-type dispersion fuels considered qualified
by the RERTR Program are listed in Table 2. Full-sized elements loaded
to the densities listed have been tested. These densities, incidental-
ly, represent the practical limits for commercial fabrication (50 vol%
for UAlx, 45 vol% for U 30 g, and 43 volX for UoSi2). It should be noted
that the actual densities of the nominally 4.8-Mg U/m3 U3Si2 elements
ranged from 4.6 to 5.2 Mg U/m3, depending principally on the amount of
porosity in the meat. As discussed in the previous section, the linear
swelling behavior of UAl and U^Si2 and the relatively low uranium
density of l^Og obviate the need for a fission density limit for LEU
applications. The expected fuel meat swelling, which can be used to
calculate the plate thickness change, Is given as a range to account for
uncertainties in the fuel particle swelling data and variations in as-
fabricated porosity. The swelling Indicated for each fuel is accept-
able. Blister threshold temperatures are acceptably high, being compar-
able to those measured for the currently used highly enriched uranium
(HEU) fuels. Our tests have shown that full-sized fuel plates tend to
blister at somewhat higher temperatures than do minlplates. (The 500°C
temperature for U-Si was measured for minlplates.) We have found that
the blister threshold temperature Is quite insensitive to both fuel
loading and burnup. Because the first release of fission gas occurs
during blistering,11 we can also state that the threshold temperatures
for release of fission gas from the high-density fuels are comparable to
those of the currently used dispersion fuels.

Fuel
Type

UAlx

U3°8
UoSi,

Table 2.

Maximum
Density,
Mg U/m3

2.3
3.2
4.8
6.0

Limits for Qualified LEU

Fission
Density
Limit'
1027/m3

None (1.2)
None (1-7)
None (2.5)
1.8 (3.1)

Meat
Swell.,

%

0-3
2-5
5-7
5-10

Fuels

Blister
Temp.,

°C

>55O
475->550
515->550

500

The values in parentheses are for 100/! burnup of the 2 3 5U in LEU fuel,
including non-235U fissions, and, therefore, are physical fission
density limits.
Expected swelling at the maximum uranium density and at the fission
density limit.
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The principal fuel developed by the RERTR Program, U3Si2, will make
the conversion of mo9t research and test reactors technically feasible.
Two major reports12*13 covering the qualification of this fuel are
currently being reviewed by the U.S. Nuclear Regulatory Commission (NRC).
Generic approval for use of this fuel in NRC-licensed reactors is
expected within a few months. The major conclusions of the
qualification report are:

1. The fuel is compatible with the Al matrix and cladding.

2. The fuel meat thermal conductivity is similar to that of
UA1 and UnOg dispersion fuels.

3. The magnitude and rate of the U.jSi2-Al exothermic reaction
are low enough to mitigate its consequences in an
accident.

4. UnSi^ swells stably under irradiation, with fission gas
contained in submicron-slzed bubbles.

5. Minor amounts of other phases which might be present in
nominal U3Si2 (UoSi, Ugs, or USi) are acceptable. The U 8 8

(or free uranium) apparently converts to UAlx, which, as
noted above, is very stable under irradiation.

6. Blister threshold temperatures are at least as high as
those of UA1 and U^Og dispersion fuels.

7. Fuel elements irradiated to well beyond normal burnup were
dimensionally stable.

8. Release fractions for volatile fission products were not
measured but cannot be significantly above the 25 to 70%
values measured for U-Al alloy or UnOg-Al fuels.

A relatively small effort has been made to qualify MEU dispersion
fuels. Early in the Program some 1.7-Mg U/m3 UA1 and U3O0 elements were
tested to provide the means for an intermediate enrichment reduction prior
to adequate LEU fuels being qualified. Irradiation of medium-enriched
UAlo miniplates has shown that this fuel behaves well. Further experience
with highly enriched UAlo miniplates14 leads us to declare medium-enriched
UA1 qualified even though no full-sized elements have been irradiated.
There can be no doubt that the fuel will behave properly. Medium-enriched
UnOg dispersion fuel is qualified for loadings up to 1.7 Mg U/m3 with no
fission density limit (1.8 x 1027 f/m3 is the maximum achievable at that
loading with 45%-enriched uranium).

Acceptance of the qualification status of the fuels discussed above
is indicated by the use of whole cores of UA1 , U^Og, or U^Si2 fuels in
several reactors. Work leading to the conversion of additional reactors
is actively in progress.

Continuing and Future Work

We now believe that we understand the mechanism underlying the poor
swelling behavior of UgSi.7 There is some possibility that modifica-
tions of the fuel alloy might give some marginal improvement in the
fission density limit.15 If any such modifications are identified;
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irradiation tests will be performed. The prospects for economic com-
mercial fabrication of fuel plates with densities much in excess of
6.0 Mg U/m3 (say, above 6.3 Mg U/ra3) are not good because of homogeneity
problems.

There continues to be an interest in uranium siltclde alloys with
composition between U.jSi2 and U^Si. Miniplate (U^Sl, ,.) irradiations
have been completed, one full-sized; 4.7-Mg U/m3 U-jSij -, element under
irradiation in OSIRIS has reached 60% burnup; and three full-sized
elements (4.8 to 5.5 Mg U/m3) are being fabricated with compositions in
the range U3Sii.5-i.6 f o r Irradiation in the HFR-Petten. The results
thus far indicate a*somewhat higher fission danslty limit than for U^Si.

Since it appears likely that the uranium density achievable with
UjSi will be lower than that needed for use of LEU fuel In a few
reactors, we intend to qualify medium-enriched U^Sio dispersion fuel.
The very good behavior of MEU and HEU miniplates indicates excellent
prospects for acceptable behavior of medium-enriched U-jS^ ^ue* P"l-atea

with loadings in the range 4.0 to 4.8 Mg U/m3 to fission densities of at
least 2.5 x 1027 f/ra3 in the fuel meat.

SUMMARY AND CONCLUSION

With the help of our many partners, the RERTR Program has qualified
several high-density fuels for use in LEU conversions of research and
test reactors. Conversions have already been accomplished using TRIGA
(UZrHx) and SPERT (U02) rod-type fuels and UAlx plate-type fuel. Work
leading to the conversion of a number of plate-type reactors using UA]
or U-Si^ disPersion fuels is underway. Generic NRC approval for use of
U|jSi2 dispersion fuel is expected soon. One new reactor recently began
its operation using high-density, low-enriched U,Og dispersion fuel.

Work to qualify higher-density dispersion fuels (UoSi and UoSl )
continues. In order to provide the technical means to convert all
research and test reactors, the RERTR Program intends to pursue
qualification of U3Si2 with MEU.

With the fuels qualified with LEU to date, however, the RERTR
Program has already provided the technical means to convert most of the
free world's research and test reactors.
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PROSPECTS FOR STABLE HIGHH-DENSITY DISPERSION FUELS

G. L. Hoftnan and L. A. Neimark

ABSTRACT

The problem of breakaway swelling In high-density
fuel compounds is attributed to radiation-Induced
araorphization of these compounds. Alloy additions are
a possible means by which' the crystal structure of
very-high-density compounds can be strengthened and
preserved to high irradiation doses. Tailoring
metallurgical treatment during fabrication, to avoid
therraodynamically weak compounds, appears promising
for certain compound combinations.

INTRODUCTION

The majority of research and test reactors around the world employ
aluminum fuel element designs that contain dispersed powders of uranium
compounds as fuel. Specifically, two compounds are used: (1) uranium
oxide (^Og) and (2) an uranium aluminlde mixed phase composed of the
intermetallic compounds UAI2, UAl^. and UAl^, all made with highly
enriched uranium (HEU), i.e., 93% 2 3 5U. The reduction of 3U
enrichment to below 20%, to so-called low enriched uranium (LEU),
requires the use of higher density fuels for those applications where
increased fuel loading is not feasible. Fuel dispersant loading is, in
practice, limited to approximately 45 vol.%. Fuel development in the
Reduced Enrichment Research and Test Reactors (RERTR) program has
focused on uranium silicides (U^Si and UoSi2) as the most promising
high-density fuels.1 The compounds of U,Fe and U^Mn as well as U-Si
containing Cu were tested as part of the search for stable very-high-
density fuels.

EXPERIMENTAL PROCEDURE

All fuels were tested in the Oak Ridge Research Reactor (ORR) in the
form of miniature fuel plates. The "miniplates" measured 2.5 x 4 x
0.050 or 0.060 inches (1.27 mm or 1.52 mm) and consisted of a core of
fuel powder dispersed in the pure Al and Type 6061 Al cladding. The
bulk of the fuel samples contained LEU. However* a number of samples
with medium enriched uranium (MEU, 40% or 45% 2 3 5U) and HEU (93% 2 3 5U)
were included to establish fuel performance margins.
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The irradiation performance of fuel plates is determined by the
extent of plate volume increases caused by fuel-Al interaction and
irradiation-induced swelling of the fuel. The effect of fuel-Al
interaction is minimized by proper selection of fuel type and is there-
fore a minor component in the overall thickness increase. However, it
does play an indirect role insofar as the fuel-Al reaction affects sub-
sequent fission-product-driven swelling. For example, the U^Og-Al
reaction results in a mixture of UC^, Al^O^, and UAl^ which, when formed
in a continuous mass, is susceptible to large fission-gas bubble swel-
ling at high burnup.2 The extent of the reaction of Intermetallic
compounds with Al depends on the thermodynamic stability of the com-
pounds. Although the immediate volume increase due to fuel-Al inter-
action is relatively small for intermetallic compounds, Al diffusion
into U^Si, for example, has a pronounced enhancing effect on fis9ion-gas
bubble growth and therefore on swelling.

Fuel swelling data obtained by immersion density measurements on
IJ^Si, U3SI2, U,Fe, and UA1 miniplates are shown In Fig. 1. Because the
fission density levels at which breakaway swelling occurs is affected by
the loading, only data from highly loaded miniplates, 45 vol.% or
greater dispersant, are compared in Fig. 1. The data show that UA1X and
UoSio remain stable to very high fission densities, but the higher
density fuels U3SI and U^Fe undergo rapid swelling increases at medium
and low fission densities. These swelling rate Increases lead to fuel
plate failure by pillowing.

DISCUSSION

The underlying mechanisms affecting swelling behavior involve the
stability of the compounds under irradiation, in particular the
Irradiation-enhanced diffusion and plastic flow of the fuel that Is
controlling fission-gas bubble growth.3 The differences in fission-gas
bubble behavior are illustrated in Fig. 2 for four of the fuels shown In
Fig. 1. UA1 typically does not develop resolvable fission-gas bubbles,
whereas U^Si- does, but with an extremely narrow size distribution and
uniform spacing. U^Si develops large bubbles in certain areas in the
fuel particles. These large bubbles interconnect and result in the
rapid swelling increase shown in Fig. 1. U^Fe develops large irregular
bubbles at a significantly lower fission density and these bubbles then
Interconnect to cause an early increase in the swelling curve.

The swelling behavior of the stable compounds, UA1 x and U.jSi2, can
be explained with current models of fission-gas behavior In a
crystalline solid, models that include such effects as radiation-
enhanced diffusion and nucleatlon and growth of fission-gas bubbles on
grain boundaries, subgrain boundaries, and dislocations.4

The large increase in gas bubble growth observed in U^Si and U,Fe at
low temperature can only be explained if it is assumed that the fuel has
properties approaching those of the liquid state. There is indeed evi-
dence suggesting that extraordinarily low viscosity occurs in amorphous
solids under irradiation.4 It has further been established that both
U3Si and U^Fe undergo a crystalllne-to-amorphous transformation during
irradiation but u"3Si2 and UA1X do not.

3
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Maintaining a crystalline fuel structure appears to be essential for
acceptable swelling behavior. The crystal stability during irradiation
depends on the therraodynamic stability of the compound. For example,
UgFe has a less negative free energy of formation than U^Sl. U,Fe
becomes amorphous and undergoes breakaway swelling at a much lower
irradiation dose than U^Si. To test whether the free energy of
formation is a good indicator of crystal stability under irradiation, a
compound similar to U^Fe in all respects except free energy of formation
was sought. The compound U^Mn fulfills the requirements In that It Is
similar in density, crystal structure, and stoichiometry, but it has a
factor of five more negative free energy of formation than U/-Fe. Thus,
all things being equal, its irradiation stability should be better than
that of UgFe. A few miniplates of UgMn were fabricated and irradiated
to test the hypothesis. The swelling results are represented in Fig. 1
by the U^Si data, to which they were essentially identical. Because the
breakaway swelling occurs at a higher dose than that for Uj-Fe, the
correlation between crystal stability and breakaway swelling appears to
be valid.

It may be possible to make high-density compounds more stable by
means of small amounts of third or fourth alloy components. It was
found earlier that small amounts of Al destabilized U3SI.5 Aluminum, it
was concluded, reduced the crystal stability of U3SI because of its low
binding energy with vacancies. Copper, an element which generally has
high binding energies with vacancies in host materials, was identified
as a possible additive that might afford fission-gas bubble stability In
high density U^Si. A few 30 vol.%-loaded miniplates with Cu added tro
U3Si were irradiated to ~7 x 10

 l fiss/cm . The early Irradiation
results on U^Si-Cu show Indications of a shift in breakaway swelling to
a higher dose than for U^Si. However, insufficient irradiation data on
highly loaded plates make a definitive conclusion impossible at this
time.

Another way to improve swelling behavior may be to avoid unstable
compounds altogether. This is only possible in alloy systems that
contain stable components in the vicinity of the required overall
composition such as in the U-Sl system. If heat treatment of the as-
cast UoSi composition is omitted, a two-phase mixture of U-Si solid
solution and ^2Si~2 *s retaine<i« During plate fabrication, the metallic
U phase can be reacted with Al to form the stable UA1 . Such a
fabrication scheme would result In an overall U loading corresponding to
that of U3Si but with only stable UA1 and U^Si2 present. The volume
change that would occur on the formation of the UA1 would be
accommodated in the as-fabricated porosity normally contained in these
plates.

CONCLUSION

The prospect of developing successful very-high-density dispersion
fuels depends on finding fuel compounds that remain crystalline during
irradiation. Because of the limited number of suitable binary com-
pounds, this will likely involve alloying the promising compounds with
one or more elements. Another possibility involves avoiding the lens
stable compounds through specific fabrication techniques. Initial work
in both areas has begun; however, irradiation testing has not progressed
enough to provide direction for successful commercial development.
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10 2 1 fissions cm"3

Fig. 1. Swelling of Various Intermetallic LEU Compounds Versus
Fission Density in the Compound; Dashed Lines from Data
on MEU and HEU Fuel.
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UA1 , FD 6 x 1021 cm"3 i7, FD 15 •< 10
21 cm"3

U Si, FD 5 x 1O21 cm"3 U6Fe, FD 2 x 10
21 cm"3

Fig. 2. Characteristic Fission Gas Bubble Morphology in Various Inter-
metallic Uranium Compounds after Reaching Indicated Fission
Density (FD).
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M. Friedenthal, A.M. de Batistoni, A. Marajofsky
Comision Nacional de Energfa Atomica
Departamento Combustibles Nucleares

Centro Atomico Constituyentes
Buenos Aires, Argentina

ABSTRACT

The process of obtainment of U3O8 for fuel elements
fabrication for research reactors starting from UF6 comprises
two well defined stages characterized by the risks involved
in the raw materials and intermediate products. The first
stage includes the hydrolysis of UF6 to UO2F2 and posterior
precipitation to ammonium diuranate; the second stage comprises
powder handling with thermical treatment at high temperatures.

The determining hazards in handling these compounds are:
critical excursion, UFg cylinder explosion, UFg escape and
dispersion of materials.

The Plant Production at Constituyentes Atomic Centre was
designed under the principle of totally avoiding the first and
second hazards, and reducing to minimum the consequences of the
last two.

This work presents the analysis of the events that have as
a consequence the stated risks, their detection and prevention.

The obtainment of. U"30g starting from UF6 comprises a wet stage consisting in
the extraction of gaseous UF6 by heating at 60-80°C, its hydrolysis to uranyl
fluoride and precipitation to ammonium diuranate, and a dry stage where conversion
to U3O3 powder takes place through calcination at 800°C and further treatment till
the attainment of the raw material for fabrication of fuel elements.

The treatment of these compounds upon the stated process involves a prevailing
toxicological risk due to exposition to UF6, FH and UO2F2, and a radiological risk
of a fundamentally non-stochastic nature for the critical accident and stochastic
nature for the dispersion of materials. The two stages, in view of the differences
in the process, kind of materials and type of risk involved in case of internal
contamination are performed in two different enclosures. (Fig. 1).
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The risks of critical excursion, UF6 cylinder explosion, UFg escape and
dispersion of materials lead to the consideration of the following events: (Fig.2)

- The presence of FH or impurities in the UFg cylinder may result in the
explosion while heating. The control of UFg vapor pressure at room
temperature allows to prevent this event, so that heating must not be
initiated until the determination of this parameter.

- An exhaustive analysis of the events that lead to the risk of explosion
imposes the consideration of failure in impurities detection; it could occur
in that case an abrupt rise of pressure during heating for which the counte^
measure consists of the automatic relief to a gas expansion system.

- Heating at temperatures greater than 121°C would lead to hydraulic rupture
of a full cylinder; redundant, independent controls of temperature linked to
automatic stopping of heating are needed to impede this event. The effective
barrier in this case consists of using heating systems that only attain
temperatures under 121°C.

- Heating of a mass of UF6 greater than the one for which the cylinder has been
designed can lead to hydraulic rupture of the tube. It is indispensable to
check the tube weight with the net weight indicated in the certificate of the
supplier prior to heating to avoid this fault.

- The contact of UFg with hydrocarbons generates explosive mixture. This fault
is avoided through prohibition of the use of hydrocarbons in the plant, and
using fluorinated oils in the vacuum system.

- Localized heating leads to the risk of hydraulic rupture in the gas transfer
system, the heating of piping must assure an homogeneous temperature along
piping.

- Cloggings in piping or valves and water vapor presence are events conducing
to pressure rise in the gas transfer system with the risk of loss of primary
confinement. As operations are performed in glove boxes with air extraction
these events do not imply radiological or toxicological risk. The design of
the UFg gas transfer system involves a series of operations destined to prevent
the occurrence of events resulting in pressure rise. It also contemplates the
relief to a gas expansion system; in addition, valves and piping resist high
pressures.

- All the stages of the process present the possibility of loss of primary
confinement with passage of materials to the glove box. Except for the hazards
of explosion or hydraulic rupture, menacing the integrity of the glove box,
dispersion of materials inside the glove box does not configurate risk of
contamination because the glove box and its air extraction system constitute
an effective barrier, even in the case of secondary confinement loss due to
gloves or bags rupture. (Fig. 3).

- The prevention of criticality is given operatively by the mass control at the
wet stage, and mass and moderator control at the dry stage. Always units of
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less than 2,4 kg of U are handled. As the process starts from a mass
greater than critical mass for optimal moderation, the transfer of gaseous
UFg to the hydrolysis vessel constitutes the more relevant point for mass
control. This control is done redundantly and independently by weight
measurement of the cylinder and massic flow measurement along the gas transfer,
The event of an uncontrolled transfer of UFg to the hydrolysis vessel does not
constitute a critical excursion risk due to the safe design of the hydrolysis
vessel which constitutes an effective barrier. (Fig. 4).

Operatively there is no hazard of critical excursion in further steps due
to physical restraints that exclude simultaneous hydrolysis and precipitation
operations.

In case of UFg dispersion, liquids or materials spreading, inherent safety
is achieved by safe design of the air extraction system, safe geometry of the
glove box floor and of collector bowls, and safe distribution of subcritical
units.

Along the dry powder line, 10 kg of uranium are allowed; administrative
mass control is there aided by limiting the number and capacity of containers,
so that operative control is reduced to respect the prohibition of moderator
in excess of the minimum amounts allowed.

The double contingency principle is widely fulfilled as it is necessary
the concurrence of three events of small probability to compromise safety.
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FAILURE CRITICALITY PREVENTION

excess transfer of UFg
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ACTIVITIES RELATED TO FUEL FABRICATION AT THE
CHILEAN COMMISSION FOR NUCLEAR ENERGY (CCHEN)

E. Testart, J. Castillo, D. Cortes, J.C. Chavez,
K. Hechenleitner, J. Marin

Chilean Commission for Nuclear Energy
Santiago - Chile

ABSTRACT

A brief description is herein presented of the activities
related to fuel elements fabrication for research reac-
tors, starting with U3O8 powder preparation, U3O8 - Al
miniplates fabrication, dummy fuel elements assembling
and disassembling and the reassembling of fuel elements.

INTRODUCTION

On October 13, 1974, the La Reina research reactor went criti-
cal, reaching its nominal power in June 1975. The reactor has been
operating for almost 14 years, using 80% enriched (HEU) UA1X - alloy
type fuel. No failures have been detected and the estimated burnup
of the dicharged fuel elements is about 45%.

Core conversion activities were started in 1979! and these
were arranged into three main steps, namely:

a) Intermediate conversion to 45% enriched uranium fuel (MEU)

b) A program of measurements and computations in nautronics and
therraohydraulics3'4

c) A fuel elements fabrication program

Partial results of a) and b) have been previously reported2 '3' **
therefore, in this presentation attention will be focused on the fuel
elements development program. This would include some information on
on-going repairs of the Lo Aguirre research reactor fuel elements.
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FUEL FABRICATION

The first goal during the fuel fabrication program was to obtain
U3O8 powder with characteristics similar to the Y-12 powder. This program
started in 1982 and Table 1 shows a comparison between Y-12 powder and
powder produced at the CCHEN5'6

Table 1.- Comparison between l^Og powder produced at CCHEN
and at Y-12 plant.

8.4

0.05

1.34

26

1400

6

8.26
0.72

24

PARAMETER CCHEN Y-12

Density, g/cc

Surface Area, m2/g

Apparent Density, g/cc

Average Spherical Equivalent Diameter, yra

Treatment Temperature, °C

Time Treatment, hrs.

Once a U3O8 powder with good chemical and physical characteris-
tics was obtained, a program of miniplates fabrication was established
in cooperation with Chilean Universities.

U3O3 miniplates with uranium loadings of up to 3.0 g/cc, meat
thickness between 0.6 and 0.9 mm and plate thickness between 1.5 and
1.7 mm have been fabricated using, among others, the following steps:

Production and characterization of U-jOg powder

- Blending of U3O8 and Al powder

Preparation of the cermet by pressing

Fabrication of frame and covers

Sandwich assembly

- Welding

Hot and cold rolling
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Miniplates were characterized by external dimension measurements,
density measurements, X-ray plate, autoradiography, blister test and metal^
lographic examinations. According to our miniplates specifications, rejec
tion after blister test has been about J>%.

Also, due to internal defects in the meat, rejection has been near
13%.

Given that be required uranium density for the conversion of La
Reina reactor using 20% enriched fuel is about 3.5 gU/cc and that the most
feasible way to increase the uranium loading in the meat is with a disper-
sion fuel type, Uranium alurainides and Uranium silicides have been pre -
pared on a laboratory scale5'7.

Along with the laboratory development of the Uranium aluminides
and silicides a facility for fuel development was implemented at CCHEN
during 1985, with the following equipment:

- X-ray attenuation equipment

- Milling machine

- Heat treatment furnace

- Metallographic laboratory

- Chemical analytical laboratory

Powder characterization equipment

- Press with a capacity of 50 T.

- Shearing equipment

- Rolling mill

- Roller leveler

- Equipment for dimensional measurement

This year's main activity at the fuel development facility was
the repair of the Lo Aguirre research reactor fuel elements. Those were
mechanically damaged due to an inadequate loading system which is no
longer in operation.

For this purpose specifications for reparations were established
and dummy fuel elements were assembled, with CCHEN generated specifica-
tions and the following deviation limits:

- Alignment : < 0.5 mm/m

- Excentricity : < 0.03 mm

- Width : + 0.0 mm

- 0.1 mm
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Structural components for fuel elements are fabricated with AG-3
N.E. Aluminium Alloy.

Mechanical tests have been performed on the holder of the fuel
element, showing they can withstand loads of up to 'WOO (Kgf). Mechani-
cal and hydrostatical tests have shown that with the swaging technique
used to assemble fuel elements, we can exceed specifications requirements
(>2.7 Kg/cm of swaged fuel plate).

The principal steps of the reparation of the damaged fuel ele -
ments are:

a) Structural components fabrication under specifications (side plates,
bolts, spacers and holders).

b) Overall inspection and measurements of the fuel elements before dis-
assembling.

c) Disassembling the fuel elements by machining the side plates, looser^
ing the fuel plates one by one causing them no damage.

d) Fuel plates inspection after disassembling.

e) Fuel plates cleaning.

f) Size, weight and density measurement of the fuel, plates.

g) X-ray plates.

h) External damage assessment.

i) Roller leveling of the plates if flatness is greater than 0.6 mm.

j) Reassembly of fuel elements, leaving aside the most damaged plates
(external damage with a depth greater than 100 um).

ACTIVITIES UNDER DEVELOPMENT

A hot-cell for burnup measurements is being implemented, with aid
from the IAEA. The cell will be in operation next year.

A program for hydraulic tests and measurements on fuel elements in
conjunction with the National Institute for Hydraulics is under
consideration.

A program of cooperation supported by the Comision Nacional de Ener-
gia Atomica (CNEA) of Argentina is currently in progress. It covers
training in basic aspects of fuel design through to the manufacturing
of fuel elements.
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A program for dispersion-type fuel elements development will be pre-
pared this year, for start - up in 1988, after completion of the fuel
production facility (200 T. press and induction furnace).

CONCLUSIONS

Miniature U3O8 - Al dispersion fuel plates, with uranium loading up
to 3.0 g/cc have been fabricated with good results.

The process of fuel assembly is being understood and the main dificu^L
ties found during this stage have been the lack of specifications,
keeping them within the tolerances and the welding of the fuel ele -
tnent.

Fuel elements can be disassembled and reassembled without damage to
the fuel plates.

At this point, we know that the critical path during fuel development
is both the irradiation of fuel and the evaluation of the results in
a relatively short period of time.
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OPERATIVE EXPERIENCE IN HANDLING ENRICHED URANIUM
COMPOUNDS IN A UOQO PRODUCTION PLANT1 ' ~ J a — -

M. Friedenthal, H. Cardenas, E. Cinat, H. Pino, C. Surin
Comisio'n Nacional de Energia Atomica
Departamento Combustibles Nucleares

Centro Atomico Constituyentes
Buenos Aires, Argentina

ABSTRACT

The design of a nuclear installation associated with
chemical processes depends fundamentally on the risks
derived from the materials and process used . The operative
experience brings useful data mainly related to the
ventilation and equipment design that allow to improve
the handling of operational incidents and maintenance work.

This paper presents the results extracted from a
production campaign; ambient and personal monitoring results
from monitorings performed routinely and during special
interventions are commented.

The experience gained during the first uranium powder fabrication campaign
at the U3O8 Production Plant was highly valuable to confront the previsions
stated in the risk analysis and for improving design and operative aspects . The
aspects of the installation related to the principal risks had been sufficiently
taken into account and did not have to be modified; on the other hand, there were
modifications derived from the operative experience and the occurrence of incidents
which are the object of comment of this paper.

- Handling of the UF, cylinder is one of the relevant points related to safety.
Replacement of an empty cylinder by a full one constitutes an operation in
which there is a greater probability of UFg escape to the glove box, due to
the fact that it is not possible to sweep away completely the UF5 left in the
connection pigtail to the gas transfer system.

- Monitoring of the empty cylinders always indicated values of background along
the cylinder, and lesser than 1..5 pCi/cm2 in the valve zone. As small UFg
escapes to the glove box did occur, these low values are due fundamentally to
have placed an outlet for the glove box air extraction close to the cylinder
valve.
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- The cylinder that emerges from the glove box is immediately introduced into
a polyethylene bag until its separation from the heating belts, decontamination
and deliverance to transit out of the controlled area. The absorbed dose
measured in contact with the surface of a full cylinder is 0.3 mrad/h in the
upper zone and 0.8 mrad/h in the lower one. In contact with an empty cylinder,
on the other hand, the values are 0.1 mrad/h in the upper zone and 2 mrad/h in
the lower one.

The incidents of UF5 escapes were quickly visualized and controlled; when a
certain amount escapes the fire ionic detector inside the glove box is activated.
UF6 escapes came from UF5 deposits in the connection pigtail to the transfer
system and UF5 deposits in the mouthpiece through which the gas enters to the
hydrolysis vessel and the hydrolysis vessel cover; this last was evident when
the cover had to be dismounted due to operative problems. In every occassion,
when UFg escapes took place special air and surfaces monitoring was performed,
including glove rings and passant holes near the escape; the values were always
less than 5 x 10-2 Eq/cm2 on surfaces and less than 2,6 x 10~2 Bq/m^ in the air,
being 20 Bq/m3 the derived air concentration.

- Along this campaign a fissure was detected in the internal sheath of the
hydrolysis vessel, thus revealing that a too low probability was associated
with this event in the risk analysis. This is relevant to the evaluation of
critical excursion risk, as it is during the hydrolysis stage when a subcritical
mass of enriched uranium is extracted from a mass greater than critical for
optimal moderation in the UFc cylinder.

- Liquid spreadings inside the glove box were due to corrosion of the filtrate
collection recipients welding, to Uie already mentioned fissure of the internal
sheath of the hydrolysis vessel and to overflow of precipitation filter funnels
used to collect ADU precipitate. The control of these incidents was simple and
in no occasion there were radiological consequences. Later on it was important
to get down the glove box contamination to admissible levels in order to remove
the front pannels to take away components and to modify the equipment along the
fabrication campaign. The risk analysis led to the conclusion that it was
equally satisfactory as a respiratory protection system to operate in glove
boxes or in fume hoods with air extraction system. This allowed to perform
some modifications in the precipitation and powder treatment glove box lines
by removing the front pannels of the glove boxes without contamination of
personnel.

During these interventions, when the glove box had Co be opened, contaminated
objects cleaned and removed, work was done with the maximal number of air
renewals, operators dressed with suits of Tyvek Fiber and respiratory protection
against fluorhydric acid and powders.

The only occasion along this campaign when appeared results of urine uranium
indicative of an incorporation of soluble compounds, was when the arrangement
of the hydrolysis vessel was done; the values were less than 4 ug/1, being
6 ug/1 the investigation level.

- Operative troubles that had not been foreseen appeared, consisting of
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difficulties to clean up the filtration funnels and ammonia vapors emanation
during the precipitation to ADU. A glove box and a small fume hood were
installed; the first was a good solution for handling a moderately insoluble
compound as ADU, and the second provided an outlet for the room air that did
not have independent ventilation.

Important modifications to the air ventilation system in the powder treatment
area were performed. All the interventions were preceded by a rigorous
planification and coordination with safety personnel, as annual limits of
incorporation can be easily reached handling insoluble enriched uranium
compounds in case of accidental contamination. Glove boxes decontamination,
dismountling, contaminated ventilation segments removal, modifications to the
air injection system, were carefully outlined in advance. Originally air
entered the grinding-sieving glove box, located between the glove boxes
containing the calcination and thermal treatment furnaces in each of which
an outlet for air extraction was situated. This disposition brought an
unnecessary contamination of the glove boxes with furnaces and excessive
heating of the acrylic pannels. The new design consisted of independent
injection and extraction for every glove box and metallic hoods in the exhaust
to the air extraction in the glove boxes containing furnaces.

Mass control for criticality prevention was not a problem due to the simplicity
of the stated standards. Mass control for a rigourous balance is a more
demanding task requiring the attention of a person apart from the urgency
accompanying a production. The principal difficulty lied in the control of
losses •
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REACTIVITY ACCIDENT ANALYSIS IN MTR CORES

R. Waldman and A. Vertullo
Comision Nacional de Energla Atomica

Buenos Aires - Argentina

ABSTRACT

The purpose of the present work is the analysis
of reactivity transients in MTR cores with LEU and
HEU fuels.

The analysis includes the following aspects:

The phenomenology of the principal events of the accident
that takes place, when a reactivity of more than 1$
is inserted in a critical core, in less than 1 second.

The description of the accident that happened in the
RA-2 critical facility in September 1983.

The evaluation of the accident from differents points
of view:

Theoretical and qualitative analysis,
Paret Code calculations,
Comparison with Spert I and Cabri experiments,
and with post-accident inspections.

Differences between LEU and HEU RA-2 cores.

INTRODUCTION

The analysis of a reactivity accident is an important part
of a safety study in every nuclear reactor. By means of it,
the total released energy, the maximum power, the maximum fuel,
clad and coolant temperatures, the eventual partial core melting
(and consequently, the fission product liberation to air), etc.,
may be predicted for every probable case considered.

In this work, some calculational tools are presented, which
were used in the RA-2 accident of September 1983, and may help
for this type of study.

Nevertheless, we want to remark the difference between a
safety analysis, and the detailed calculation of an accident
that actually ocurred. In this last case, there are uncertainties
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in some of the parameters which are determinant for the values
reached by the main variables characterizing the accident, so
that careful limits for those parameters are needed, while in
a safety analysis such parameters have postulated values.

PHENOMENOLOGY OF THE PRINCIPAL EVENTS IN A REACTIVITY ACCIDENT

Description

In this analysis, a fast reactivity insertion transient
due to a ramp of more than 1$ in less than 1 second is considered
The accident is supposed to happen in a critical assembl1', with
MTR fuels, moderated and cooled with light water, initially
at very low power (less than 1 watt) and without considering
scram during the first seconds.

The variation of the characteristic parameters of the
transient is shown in Fig. 1..

u
CLAD TEMPERATURE]

REACTIVITY
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1. Variation of Characteristic Parameters
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The prompt-critical condition is reached at t.., while the
maximum reactivity insertion occurs at t2- The feedback mechanisms
are active from t, on. The power peak is reached at t., being
tr the instant of maximum clad temperature. The power change
is very slow at t6 (quasi-equilibrium power) and the scram
mechanism becomes active at t7.

Between t., and t,., fuel, clad, and coolant temperatures
(T,., T , T ) increase, boiling appears and the reactivity feed-
back mSchaKismdevelops. If the flux and the clad temperature
are higher than their critical values during this period, flow
instabilities or DNB occur for these channel conditions, and
their clad temperature are predicted to exceed melting temperature,

Feedback Mechanisms

The most important feedback mechanisms above mentioned
are:

- Doppler effect in the fuel,.
- Uniform heating of core,
- Fuel plate thermal expansion,
- Moderator thermal expansion,
- Steam formation in the channels,
- Geometric change in the configuration.

The fuel Doppler effect follows energy generation
instantaneously. It is the more important, the less enriched
are the fuel elements (FE).

The global core heating produces a reactivity feedback
estimated by the reactivity temperature coefficient, a .

The fuel plate and moderator expansion, as well the steam
formation, produce a reactivity feedback estimated by the void
coefficient, a

v
In MTR fuels, some plates may get out of their original

position, due to pressures created during the transient. This
geometrical change also affects reactivity.

RA-s-2 ACCIDENT

Characteristics of the critical facility

The RA-2 is a pool type critical assembly of variable
configuration used for experimentation, with MTR FE, 90 %
enriched. The nominal power is 0.1 watt. The moderator is
demineralized light water at atmospheric pressure.

227



It has two safety systems, one of them, the fast one,
producing the falling down of neutron absorbing rods, the slow
one, lets the water drain from the tank.

An illustration of a fuel plate is shown in Fig. 2. The
fuel plate contained Uranium-Aluminium alloy, cladded in Al.

In a standard fuel element (SFE), containing; 148 g U-235,
there were 19 plates inserted regularly between two Aluminium
lateral supports.

In a control fuel element (CFE), containing 117 g U-235,
there were 15 plates, and in the place of plates 3-4, 16-17
of SFE, 2 SS cladded Cadmium plates could be moved.

Some views of SFEare also shown in Fig. 2. The FE are placed
on a grid plate, with a 8.06 cm pitch in one direction and a
7.72 cm pitch in the other direction. Usually water reflector
is used, but Graphite, and Berylium, Al cladded reflectors,
with the same external dimensions as SFE could be used.

n i

6,0
7,12

ID

• 6.13

FUEL PLATE STANDARD FUEL ELEMENT

Fig. 2. Views of Standard Fuel F.lement
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Description of the accident sequence

Although the actual sequence cannot he cxacty confirmed,
the most probable development of events ocurrcd as follows:

The pool water level was, as the operator said, slightly
below the top of active zone of fuel plates.

The core configuration before any change was the one shown
in Fig. 3 as A (-2.7$), and the required con f i guia I" i on was the
G (= -3.1 $ ) . After some changes, subcritical configurations H,
C, and D, the operator reaches the configuration li. In this
situation, and being a configuration not necessarily subcritical,
a CFE without the absorbing plates inside it, was almost completely
inserted in the C3 position (Con fi guru t.ion 1-") . This event meant
a reactivity excess greater than 1$, producing a prompt critical
condi tion.

B C D E F G H I

CONFIGURATION A

B C D E F G H I

CONFIGURATION B

B C D E F G H I

CONFIGURATION C

CONFIGURATION D CONFIGURATION E CONFIGURATION F

2
3
4
5
6
7

1
1n
m

inw
WSmmi

1•
m

%m
CONFIGURATION G

m SFE
SFF with neutron
detector inserted
CFE with control
rod inserted

CFE without
control rod

Water trap

HI Graphite reflector

Fig. 3. RA-2 Accident Probable Configuration Sequence
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IiVALUATTON OH Til l : ACCIlVliNT

Some different methods were considered in order to obtain
the results that predict the transient best.

Theoretical Analysis

An elemental neutronic model was used in order to know the
principal parameters describing the transient and to estimate
trends.

The model is based in the point kinetics, neglecting delayed
neutrons and external source; the feedback reactivity depends
on the energy released by fission without delay time:

dP(t) _ ($(t) - 1) p(t) ,
dt " A, . CD

$(t) » $0 - y E"(t) (21

initial conditions: P(0) » P 0 # $(0) = $0 , E(0) = o

where:

P(t) : reactor power

E(t) = / p(t) dt : energy released
o

A = A/3 * reduced prompt neutron generation time

"Jf: energy reactivity coefficient

Both parameters T and n could be obtained either by adjusting
measured values 1, or, by analytical models giving the contribution
of different feedback mechanisms produced by the energy released 2.

As an illustration 7 depends on <Xy strongly, while n is
associated with the peak asymmetry (n=1, symmetric peak).

With the following definitions:

reciprocal initial period
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1/n 1/n
(n+1) ( $ 0 - 1)

ET = •' Total energy released
1/n

n
(ET)

A =

The terms for the energy and power are:

n n
Em - E ( t !

— = A e - n a 0 t (3)

( E ( t ) + V0/aQ)

a 0 (EIJ - E n ( t ) ) ( E ( t ) + P 0 / a 0
)

P ( t ) => — C4)

n n - 1
E T + E ( t ) ( P 0 / a 0 )

(Valid for cases n=1,2 and 3 ) \

If E_. 3>P0 lcio , for the peak i n s t a n t , tp , they are reduced
t o : r

tp = — in (A/n)
nao

E(tp) =

1/n

($0 " D

1/n
Y

n ($0 - 1) E(tp)

P(t_) = (7)
P n+1 A*

As delayed neutrons are not taken into account, this model
predicts a pronounced diminishing power that is not real.
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Eq. (6) relates the energy released up to the instant the
power peak is reached, with the reactivity' excess and the energy
coefficient. If a scram takes place, this value is the most
important contribution to the total released energy. It is
independent of A*. ,

The peak power depends on the reactivity excess strongly,
being inversely proportional to £, as eq. (7) shows it.

According to the preceding arguments, it may be concluded
that in LEU cores (smaller A*) with similar Y , the power peaks
produced are higher and narrower than the corresponding peaks
in HEU cores.

Paret Code Calculations

Paret, an ANL code, was used in order to calculate the
transient. It is a coupled thermalhydraulic-neutronic code with
a continuous reactivity feedback 4.

A nodal point kinetics up to 4 regions is used for the
neutronic model. The heat transfer in each channel is computed
on the basis of a one-dimensional conduction solution for each
of up to a maximum of 20 axial sections.

The heat transfer correlations chosen (as suggested by ANL),
were:

simple phase Sieder - Tate
two phase Me. Adams
nucleate boiling Bergles - Rohsenow
critical heat flux Tt>ng
void model Zuber

The core was represented by two regions, one of them having
average channels and the other, the hottest channels of the core.

Input Data:

Inserted Reactivity: A lineal insertion of 1.5$ in 0.5 sec.

This reactivity value is the result of neutronic calculations
corrected with two experimental terms, one of them representing
the value of the in-core detector anti-reactivity, and the other,
due to the change of water level respect to the infinitely
reflected condition.

The cross sections of the different materials of the core,
were checked by means of a calculation-experiment correlation
obtained with more than 40 different configurations 5.

232



The insertion time may be changed up to 2.5 sec. without
affecting results.

j3, A: 0.0078 and 78 //sec, respectively.

By means of the pulsed neutron source ;md neutron noise
techniques, a value for the ratio/9/A of 100 sec"1 was obtained^.

By using a 5 energy group perturbation theory, separate
values for (B and A were calculated1^ being the agreement
between calculated and "measured" ratios, reasonably good, so
that these values were adopted.

Void coefficient: -0.31$/(lvoid).

As an extrapolation, this value for the void coefficient
was obtained from an indirect measurement of &v in another
configuration, at room temperature, with the moderator partially
replaced by Aluminium. The correction due to dispersion of Al
was calculated with perturbation theory 8.

Temperature coefficient: -O.O22$/°C at 50 °C.

This coefficient was calculated with ncutronic codes in
a 5 energy group structure with R-Z geometry and without
control-rods inserted?".

Initial power: 10 watt.

This is an uncertainty but this error does not introduce
changes in the results.

Inlet temperature: 20 °C.

U-Al alloy density: 3.12 g/cm".

Total peaking factor: 2.52

Fuel caloric capacity: 0.75 J/g°C at 40 °C

Collapse time of bubbles: 5x10 sec. (Zuber model f Nucleate boiling)

Expansion coefficient of fuel plates: 23.8x10" cm/cm°C

Fuel thermal conductivity: 1.65 watt/cm °C
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RHSULTS AND DISCUSSION

The results of the Paret calculation of the accident arc
shown in Pig. 4, 5, 6, and 7. The principal results ;irc Riven
in table 1.

1OC
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TIMEGecond)
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8
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I I
TIMECseoond)

I -t »—H 1 1
0 A ,6 1,2 1,6 '0 A .8 \2 1.6

Fig. 4. Power vs. Time Fig. 5. Energy vs. Time
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I
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H 1 1 1
.4

TIME (second)
1—+ 1 H-

.8 1.2 1.4

Fig. 6. Reactivity vs. Time Fig. 7. Fuel, Clad and
Coolant Temperature vs. Time
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Table 1. Results obtained with Parct code of RA-2 Accident

Parameter Maximum value Values at t=1.65 sec.

Power (Mwatt)
Energy (MJoule)
Fuel temperature (°C)
Clad temperature (°C)
Coolant temperature (°C)

1U8
4.8 ft=t )
11)7 P

108

2
9
1
1

.34

.82
16.
16.
84.

8
2
1

It can be seen that the peak power occurcd before the transient
first second, and nucleate boiling is predicted in the hottest
channels shortly after.

The peak temperature of center fuel and clad were far below
melting point.

It is very probable that a delay time may have elapsed before
the draining of water from the tank. If this was the case, the
energy produced after the power peak may have been as important
as the one produced before, or even greater than it.

Figure 8 shows a good agreement between I'aret results and
those obtained from the analytical model for n=3.

200-

180'

160

140

120

100-

80

60

40-

20-

0

1

oc.
UJ

I
a.

H K-

CODE PARET

-—ANALITICAL MODEL (n=3)

TIME (second)

.7 1.0 1.1
H 1-

13 1A 15

Fig. 8. Comparison between Parct

and Analytical Model
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This code was also used to predict the influence of transient
on uncertanties in parameter values. The results arc summarized
in Table 2.

Table 2. Influence of transient on uncertainties in parameters

Parameter

ft

<*v

$o

Insertion
reactivity time

Bubble collapse
time

Fuel caloric
capacity

Clad expansion
coefficient

Charipc

5 ( 3 ) a w

1 ( 5 ) w

• 1M

+ 101,

+2no*

1 .3

1 .7

2 .5 s

+1000*

+ 20'«

+ 400*

P ( t p )

0
- 4 8 .

- 2 3 .

- 1 . 2

- 1 2 .

- 5 2 .

+ 73 .

0

- 1 9 .

+ 2 .0

- 1 1 .

Hft p )

0

- 4 2 .

- 2 . 0

- 0 . 5

0

- 7 .

+ 17.

1)

- 1 9 .

+ 5 . 3

- 2 . 3

Rclat

yy
0 • . ••

- 2 0 .

- i l -0

- 2 . 0

o. >

- 2 0 .

+ 5 v

0

- 3 8 .

+ 6 . 9

- 5 . 4

i v e chiin^o ('.)

T c ( t ) I'(F.O5 s u e . ) I : .(1.h5 s e c . )

0

- 2 0 .

- 1 . 0

- 2 . 0

. 0 -200 -200

. . . .

.

o

- 2 4 .

+ 5 . 4

- 5 . 5 - - - -

aRead : 5x103

Only was considered self-limited transients.

The most important uncertainties are those in $0 , and A .
The oi— affects the quasi-equilibrium power.

Table 2 reproduces trends given by the analytical model.
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COMPARISON WITH SPF.RT AND CABRI liXIM-RIMIsNTS

AND WITH POST-ACCIDENT INSPKCT1ONS

Table 3 shows a comparison between ncutronic parameters
of the RA-2 accident configuration with the A-17/28 of SPliRT I
reactor and Si/23 of CABRI reactor.

Table 3. Comparison between neutronic p;ir;nnctcrs

Parameter SPHRT Ia CABRTb RA-2

(A-17/28) (Si/23) (Conf. F)

(3 7.6 (-3)* 7.8 (-3)* 7.8 (-3)*

A (sec.) 53.2 (-(>)* 58.5 f-6)* 78.0 (-6)*

( s ec . ) 7.0 ( -3)* 7.5 f-3)* 10.0 (-3)

Channel Thickness (mm) 2.87 2.I2 2.89

Metal /water r a t i o 0.79 0.79 0.605

Atomic r a t i o H/U 320 370

Temperature -0.670 (20 °C) -0.40 (30 °C) -2.20 (50 °C)
coeficient (c/°C) _2^Q (95 Oc) -1.10 (50 °C) _4>4Q (95 o c )

Global void ,
coefficient ($/cni ) -4.6 (-4) -2.9 (-3) -4.2 (-4)

Maximum void ,
coefficient ($/cm ) -9.3 (-4) -4.1 (-3) -10.0 (-4)

* a 9b 10
calculated values From reference From reference

In the RA-2 reactor the neutron generation time is greater
due to the existence of a graphite reflector. As the moderating
ratio is better, the void coefficient is somewhat smaller. So
that, for the analytical model, for the same reactivity insertion,
there would be more energy released at peak instant. On the other
hand, for peak power value, both effects are of opposite sign.

Table 4 shows a comparison between calculated (RA-2) and
measured (SPERT I) values for the same reactivity insertion.
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Table 4. Comparison between RA-2 and SPERT I

values for the same reactivity insertion

P(

Tc

Parameter

t ) (Mwatt)

t ) (MJoule)

(max.) (°C)

SPERT Ia

(A-17/28)

.400

8.0

180

RA-2

(conf. F)

197

4.8

168

a 11
From reference

As has been explained before, from extrapolation of the
SPERT I experiments, greater values than those calculated for
the accident main parameters would have been expected. It is
not a simple task to explain this discrepancy.

For instance, it is well known that for periods longer than
30 milisec, power peaks would not exist or would be low, while
for periods shorter than 10 milisec, some FE would be partially
destroyed, which has not been observed in the RA-2 transient^.

The existence of a power peak follows from assertions of
the operator and people standing near the reactor.

The calculated reactivity excess (1.5$) corresponds to an
intermediate period value of 19 miliscc.

DIFFERENCES BETWEEN LEU AND HEU CORES

Figure 9 and table 5 show the comparison between the calculation
of RA-2 core with LEU and HEU fuels.

The calculations show that the general behavior of LEU
and HEU cores during fast transients are quite similar. Reference 13

shows similar conclusions.

The LEU core shows a lower and narrower peak. The prompt
Doppler feedback seems to play an important role. Aditionally,
a higher void coefficient is expected due to a harder spectrum
in LEU fuels, and this effect would give a smaller peak power
and lower energy release. The difference in T is due to the
change in the fuel caloric capacity, and thermaf conductivity.
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Table 5. Comparison between IlA-2 core with HF.U and LF.U fuels

Parameter HEU LF.U

P ( t ) (Mwat t ) 197

E ( t ) ( M J o u l e ) 4 . 8

T c ( m a x ) ( °C) 168

1.57

3.9

130

2 O 0 T

•J2O

80

Oe

HEU

LEU

0.4 0.5 0.6 O.I

Fig. 9. Power vs. Time HEU and LEU RA-2 fuels

CONCLUSIONS

The results obtained through the present study are summarized
as follows:

(1) The energy generated in the RA-2 accident, until the peak
power instant ranges 5 and 9 MJoule. After the peak is reached
due to the quasi-equilibrium power, its value may be increased
in a similar quantity, so that during all the transient,
the Total energy released may be estimated in a value between
10 and 15 MJoule.
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(2) No fuel plate melting ocurred. The calculations performed
validate this assertion.

(3) The Paret results agree with the analytical model trends.

(4) The consequences of a reactivity accident in a LEU core are
similar or lower than those for e HEU core.
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EVALUATION OF DIFFERENTIAL SHIM ROD WORTH MEASUREMENTS
IN THE OAK RIDGE RESEARCH REACTOR

M. M. Bretscher

Argonne National Laboratory
Argonne, Illinois, U.S.A.

ABSTRACT

Reasonable agreement between calculated and measured
differential shim rod worths In the Oak Ridge
Research Reactor (ORR) has been achieved by taking
into account the combined effects of negative
reactivity contributions from changing fuel-
moderator temperatures and of delayed photo-
neutrons. A method has been developed for extract-
ing the asymptotic period from the shape of the
initial portion of the measured time-dependent
neutron flux profile following a positive reactivity
insertion. In this region of the curve temperature-
related reactivity feedback effects are negligibly
small. Results obtained by applying this technique
to differential shim rod worth measurements made in
a wide variety of ORR cores are presented.

INTRODUCTION

At the last International Meeting on Reduced Enrichment for
Research and Test Reactors I presented a paper1 dealing with analytical
methods used to support the Oak Ridge Research Reactor (ORR) Whole-Core
LEU UoSi2~Al Fuel Demonstration. In that paper it was noted that a
large discrepancy existed between measured and calculated differential
shim rod worths in partially burned cores. New data, based on measure-
ments of the time-dependent flux following shim rod displacements, has
shown that the presence of photoneutrons in the ORR complicates the
interpretation of reactivity measurements obtained by the positive
period method. To overcome the photoneutron source effect, it was
necessary to operate the ORR at a steady state power of about 3 kW prior
to the positive reactivity insertion. As a result, negative reactivity
feedback effects, associated with increasing temperatures during the
transient, contaminate the measurement of asymptotic periods. This
paper presents a method for interpreting data measured under these
conditions and shows that contributions to differential worth measure-
ments from delayed photoneutrons are also important. Finally, compari-
sons between calculated and measured differential rod worths are
presented.

METHOD

Normally one measures reactivities by the positive period method by
waiting a sufficient length of time after a reactivity Insertion for
transient terms to die out so that the time-dependent flux approaches a
pure exponential from which the asymptotic period is determined. The
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inhour equation then relates the asymptotic period to the reactivity.
If the temperature of the moderator and fuel changes during the
transient, however, the time-dependent flux never approaches the shape
of a pure exponential. This is the situation one encounters for
reactivity measurements made in the ORR.

Based on the point kinetics model, a method has been developed for
extracting the asymptotic period from the initial part of the time-
dependent flux profile where transient term3 are present but where fuel-
moderator temperature changes are still negligible. The one-energy
group, space-independent, kinetic equations are

keff h n , p
dt " l V i

where the symbols have their usual meaning and are defined in Ref.
(2). The total effective delayed neutron fraction for m groups is

m
0 = £ B and S is the extraneous neutron source strength in

i-1 1

neutrons/cm3-sec. It is to be understood that in these equations 8^ is
the effective delayed neutron fraction (8eff)i f°

r the ith group.

If the reactor operates at a steady state level nQ long enough to
obtain saturated concentrations C. of the delayed neutron precursors,
the time-dependent flux following a step change in reactivity is given
by

w.t

1

where the w.'s are the (m+1) roots of the inhour equation,

t at/c * y

and where

ra
(i - p) u + k y, M K + Mi

A. =j m
Ul - p) + £ 8. X./(w, + X,)2

i-1 J

(1 - p) (I - kQ)

- p) + £ B X /(w + X )2]
1 1 J 1

C - (1 - 1/p) (1 - k Q).
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Note that kQ is the initial value of k ., prior to the step change in
reactivity. Since at this time the reactor is in a steady state
condition, kQ < 1 if S > 0. From the original kinetic equations it
follows that

1 - k = iS/n .
o o

The photoneutron source S builds up in a reactor due to long-lived
fission product gamma activity associated with partially burned fuel
elements. For measurements made in the ORR the steady state power level
was large enough to have essentially infinite multiplication and thus be
truly critical. Under these conditions kQ = 1 and so the coefficients
B. and C vanish in the above equations. The flux amplitudes A. are
J m+1 ,J
normalized so that T, A » 1.0. For positive reactivities (p > 0)
all the roots of the inhour equation are negative except one whose
reciprocal is the asymptotic period.

To analyze the data one begins by calculating the flux ratio
n(t2)/n(t,) from the measured flux profile where tj and t, are times
after the reactivity step change. From an initial guess for the value
of the asymptotic period a preliminary value for the reactivity is
obtained from the inhour equation. After writing this equation in
polynomial form, the subroutine ZRPOLY from the International Mathe-
matical and Statistical Libraries, Inc. (IMSL) calculates the zeros (w.)
using the Jenkins-Traub three-stage algorithm described in Ref. 3.
These values are then used in the above equations to calculate the flux
ratio n(t2)/n(t,). An iterative technique Is followed whereby the value
of the reactivity is adjusted until the calculated flux ratio agrees
with the measured one. The asymptotic period Is then just the recipro-
cal of the positive root corresponding to this reactivity. Using this
procedure a program was developed to determine the reactivity, asymp-
totic period, and differential rod worth from the measured flux profile
data. In principal, this method works equally well in the initial
region of the flux profile where transient terms are present as well as
in the asymptotic range where, if temperature changes are negligible,
the time-dependent flux is a pure exponential. In practice, however,
temperature changes are not negligible so that the n(t2)/n(t,) flux
ratio should be evaluated near the beginning of the profile where
perturbations from changing temperatures are still very small.

In the application of this technique to the measurement of differ-
ential shim rod worths, it is important to consider factors which limit
the accuracy of the method. The more important of these are discussed
below.

The accuracy of the reactivity determination is limited by the
statistical uncertainty with which the n(t2)/n(t|) flux ratio is
measured. The greater the period the more sensitive are the results to
this error. For example, for periods in the range from 40-45 seconds, a
1% error in the flux ratio leads to about a 1.25% error in the differ-
ential worth. However, for periods in the 80-90 second range, a 1%
error in the flux ratio results in about a 3% error in the differential
worth. Thus, periods longer than 60 seconds should be avoided if
possible. Because of the sensitivity of the results to the measured
flux ratio, corrections should be applied for count losses associated
with the detection equipment needed to record the time-dependent flux
profile.
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The analytical solution to the point kinetic equations, upon which
this technique is based, assumes that the reactivity insertion is
instantaneous. In practice, however, the shim rod cannot be moved
instantaneously from its initial position R.. to its final position Re.
The effect of the finite time for the rod movement on the kinetic
response has been addressed by C. E. Cohn (Ref. 4) who assumed that p
varies linearly in time as the rod moves from RJ to Rp. The equivalent
instantaneous step change occurs at a time T1 < 0.5 T, where T is the
time for the rod movement. As p -»• 0, T' -»• 0.5 T. However, the flux
predicted by the equivalent instantaneous step change is always somewhat
less than the actual case. For the purpose of data analysis it is
usually sufficient to set T' = 0.5 T. The error introduced by this
assumption becomes vanishingly small for large t, and t~ sampling
times. However, to minimize errors from temperature-related negative
feedback effects, small sampling times are needed. For t. ™ 20.0 sec
and t2 = 40.0 sec, as measured with respect to the end of the shim rod
movement, the error in the differential shim rod worth due to the
uncertainty in T' is about 0.6%.

Differential shim rod worths depend on the actual displacement,
Rf - R. = AR, of the rod in question. In the 0RR a digital readout
system measures the rod positions to 0.01 inch. The accuracy relative
to a fixed reference position is about 0.005 in. For differential worth
measurements rod displacements may be as small as 0.25 inch so that
these measurement errors can result in about a 3% error in the measured
reactivity.

The accuracy of the reactivity obtained from the shape of the
measured flux profile ultimately depends on the accuracy with which the
kinetic parameters (i.e. the X^, B^ set) are known. These matters are
discussed in the next section. Some errors in reactivity measurements
due to photoneutron effects are examined in Ref. 5.

KINETIC PARAMETERS

The prompt neutron lifetime I was calculated for several 0RR core
configurations using the 1/v insertion method with 10B chosen as the l/v
absorber. According to this technique the" reactor is uniformly poisoned
with a weak concentration of 10B and the corresponding eigenvalue
calculated. It follows that

i = r^/N o v
p k ao o

where N is the 10B concentration (atoms/b-cm) and aaQ its neutron
absorption cross section at the velocity v . For v = 2200ra/sec,
a (10B) = 3837 barns. Strictly speaking, this equation is valid only
in the limit as H + 0.

Beginning with burnup-dependent cross sections, flux and adjoint
distributions were calculated using the three-dimensional code,
DIF3D.6 With'these distributions as input, VARI3D7 calculations
determined the effective delayed neutron fractions and corresponding
decay constants for the delayed fission neutrons. The evaluated 6-
family coalesced set of the kinetic parameters (X^, S^) is based on
ENDF/B Version V delayed neutron data. Values for the kinetic para-
meters determined in this manner are given in Table 1. The core
configurations are described in Fig. 1.
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For two of these cores the ratio of the effective delayed neutron
fraction to the prompt neutron lifetime, fleff/fcp> was measured by
J. T. Mihalczo and G. C. Regan fpom the Oak Ridge National Laboratory
(ORNL) using a two-detector cross correlation method" to obtain the
prompt neutron decay constant. The Peff/^o C/E ratio for the water-
reflected core with fresh fuel was found to be 0.9943 ± 0.0041. Since
the 10B 1/v insertion method provides an accurate way for calculating
the prompt neutron lifetime in thermal reactors, this result suggests
that delayed photoneutrons make negligible contributions for ORR cores
containing only fresh fuel. However, the Beff/fcD C/E ratio for the 179A
core, most of whose fuel had been previously irradiated for a number of
weeks at 30 MW, was found to be 0.9297 ± 0.0060. Therefore, it appears
that Beff is undercalculated because delayed photoneutrons associated
with long-lived fission product activities have not been taken into
account.

Delayed photoneutrons arise from the gBe(y»n) reaction in the
beryllium reflector and from the 2K(y,n) reaction in the water
moderator. Because of the years of operation of the 30 MW ORR reactor,
the deuterium content in the water (from the 1H(n,y)2H reaction) is
considerably higher than what one might expect based only on natural
abundance considerations.

The effective delayed neutron fraction, Befp, may be written as

m ~^4*- n ~^i^
Beff = £ Vih(l-e } + £ ^ ( 1 - e J 6)e " i-1 X X j-1 J J

where the indices i and j refer to delayed fission neutrons and delayed

photoneutrons, respectively. The factor (1-e e) corrects for
undersaturation precursor concentrations where t is the time during
which the reactor is maintained at a steady state power level prior to
the reactivity transient. In so far as promoting fission is concerned,
the effectiveness of delayed neutrons (y,,y.) is different from that of

prompt neutrons. This is because the delayed neutrons have a lower
average energy than prompt neutrons and so fewer of them leak out of the
reactor. However, gamma energy degradation, absorption and leakage
reduce the values of y . For t > 7 mln, the above equation may be
written in the form

p E
L J

Beff " £ Beff

Photoneutron parameters for beryllium and deuterium are taken from Ref.
9 and are shown in Table 2. Plans to measure the average effectiveness
of delayed photoneutrons in beryllium, Y_(Be), and in deuterium,
Y (2H), by a careful analysis of the flux dieaway curve following a rod
drop measurement had to be abandoned when the ORR was permanently shut
down. In the absence of experimental data, estimates for ~y (Be) and
"yo(

2H) were obtained by requiring the average value of the C/E ratios
for differential shim rod worths to be approximately unity for cores
179AX3 and 179AX4 (see Fig. 1). These two cores are nearly Identical
and contain previously irradiated fuel. However, 179AX3 is beryllium-
reflected whereas 179AX4 is water-reflected. This analysis yielded the
values T p(

B e) * °'90 an(i 7 p(
2 R) * °«54' Using these values for the

average photoneutron effectiveness, the calculated value of Beff f
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the 179A core increases from 0.725% (see Table 1) to 0.792%. Conse-
quently, the fleff/£D C/E ratio for this core increases from
0.9297 ± 0.0060 to 1.014 ± 0.007.

Determinations of Differential Shim Rod Worths
in the Oak Ridge Research Reactor

The detection channel used to record the time-dependent flux pro-
files consisted of a fission chamber (operating in the pulsed mode), a
high voltage supply, a preamplifier, a delay line amplifier (for high-
counting rate applications), a single-channel analyzer (for alpha count
rejection), and a 1024-channel analyzer used as a multiscaler. Nearly
all the data was taken with a 400 millisecond channel width. Using a
double pulser, the resolving time of the detection channel was found to
be about 1.5 ysec. This value was used to correct the data for counting
losses.

To illustrate the effect of changing temperatures on the measured
flux profiles, segments of the curve were fit by the least squares
process to a pure exponential function. These segments were chosen at
times well removed from the end of the rod motion so that contributions
from transient terms should be negligibly small. Thus, the fit deter-
mines an asymptotic period which should be independent of time if
temperature-related feedback effects are negligible. Some typical
results are shown in Table 3. In all cases the asymptotic period
increases with time due to negative reactivity feedback effects associ-
ated with rising temperatures. However, the rate of increase is sub-
stantially less for the high flow rate case (18000 gpm) than for the low
flow rate case (1200 gpm) in core 179AX7.

It does not require much of a temperature change to noticeably alter
the shape of the flux profile. The isothermal temperature coefficient
was measured in core 179AX7 (see Fig. 1) by observing the change in the
critical position of the B4 shim rod as the temperature of the coolant
was slowly increased from 77°F to 111°F. At the beginning and end of
these measurements the differential worth of the B4 shim rod was deter-
mined over this same rod displacement interval. From these measurements
the isothermal temperature coefficient was found to be

aT " If" = ~(U3A1 * O.O75)1O~4/°C.

Using this value combined with reactivities calculated from the average
periods given in Table 3 for the 179A core, the temperature change
between the last two time intervals is estimated to be

p(fj - P(T.)

AT = — - 0.77°C

This example illustrates why it is important to evaluate the n(t«)/n(t,)
flux ratio near the beginning of the flux profile in order to minimize
the effects of temperature changes.

For a typical ORR core with burned fuel the initial steady state
power before a differential rod worth measurement is ~3 kW. During the
course of the measurement fluxes increase by factors as large as 50-75.
Thus, at the end of the transient the reactor power may be as large as
200 kW so that temperatures changes in the fuel, clad and coolant are not
negligible even under high flow rate (18,000 gpra) conditions.
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ORR shim rids consist of a lower fuel follower section and an upper
poison section. The poison section is a square water-filled cadmium
annulus 0.040" thick, 2.30" on a side, and 30.5" long. Differential shim
rod worths are calculated by determining the eigenvalues corresponding to
the measured Rj and R^ rod positions. Thus,

% |^/in. (calc.) = 100 (£- -,'£p )/(Rf - R^.

It. was shown in Ref. 10 that the cadmium control elements may be
represented in diffusion calculations by blackness-modified diffusion
parameters in which the cadmium absorber is black to all neutrons with
energies below 0.625 eV.

It was pointed out earlier that errors associated with the deter-
mination of the n(t2)/n(t,) flux ratio limit the accuracy of the
reactivity determination. In an effort to minimize these errors, the
measured flux profile, corrected for counting losses and obvious noise
spikes, was fit by the least squares process to a high degree polynomial
in the range over which flux ratios are to be determined. Three sets of
flux ratios were evaluated at different times along this fitted curve.
The three corresponding differential shim rod worths were then calculated
by the methods described earlier and averaged to obtain the final result.

A typical set of data used to evaluate the differential shim rod
worth is shown in Table 4. Mote that delayed photoneutrons are needed to
give a reasonable comparison between the measured and calculated
differential worths.

Semilog plots of calculated and measured flux profiles are compared
in Fig. 2 for the B4 shim rod measured under low (1200 gpra) and high
(18,000 gpm) flow rate conditions in core 179AX7. The calculated curves
show the influence of transient terms at the beginning and the pure
exponential shape in the asymptotic region near the end of the curves.
Because of the finite time required to move the shim rod from the initial
to the final position, the experimental curves fall above the calculated
ones. Rod movement times for the low and high flow rate cases are 11.2
and 18.8 seconds, respectively. Therefore, the measured curve is closer
to the calculated one for the low flow rate case. A careful examination
of the experimental curves shows that because of increasing temperatures
neither curve approaches a pure exponential. These temperature effects
are smallest for the high flow rate, case, as would be expected. For
this particular set of data the % |-/ln. C/E ratios are 0.990 ± 0.052
(1200 gpm) and 0.990 ± 0.050 (18,000 gpm). Even with very different
temperature-related feedback effects, the methods described earlier give
equally good differential shim rod worths.

Flux profiIs curves for small shim rod displacements were measured
for each of the cores shown in Fig. 1. Using the methods just described,
differential shim rod worths were obtained for each of these cores from a
careful analysis of the shape of these curves. The results are summa-
rized in Table 5. Generally speaking, measured and calculated differ-
ential worths are in reasonable agreement. However, the errors (la) are
quite large. Most of these errors result from the statistical uncertain-
ty with which the n(to)/n((tt) flux ratios were measured. In most cases
these flux ratio errors were in the 3-4% range. At the time of the
measurements it was thought that the asymptotic periods could be obtained
directly from the final portions of the flux profiles. Therefore, the
detector locations were chosen so as to give good counting statistics in
the asymptotic region. Because of temperature effects, however, the
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initial shape of the curve becomes very Important and this shape,
unfortunately, was not measured as precisely as it might have been.
Nevertheless, results from core 179AX6, where flux ratios were determined
to a precision of about 1.5%, suggest that the method is potentially
capable of measuring differential worths to an accuracy of one or two
percent. For the 179AX4 core small shim rod displacements resulted in
unusually large asymptotic periods (in the 70-85 sec range). Therefore,
the total errors are very large (~10%) because for long periods the
results are extremely sensitive to uncertainties in the flux ratios.
Similar comments apply to core 179AX7 for the B6 and FA shim rods.

CONCLUSION

Tn the past discrepancies between measured and calculated
differential shim rod worths in the ORR were observed to be as large as
20-40% (see Ref. 1). It has now been found that these discrepancies
resulted from the failure to take into account the combined effects of
negative reactivity feedbacks associated with changing temperatures
during positive period measurements and of contributions from delayed
photoneutrons. A method, based on the point kinetic model, has been
developed for extracting the reactivity from the shape of the initial
portion of the measured flux profile following a positive reactivity
insertion. In this region of the curve temperature-related feedback
effects are negligibly small. The accuracy of the method depends mostly
on the statistical precision with which the initial portion of the flux
profile is measured. For long period measurements the errors are
significantly amplified and, therefore, reactivity insertions should be
chosen, if possible, so as to produce periods of 60 seconds or less.
The measurements reported here have appreciably larger errors than might
have been the case if more attention had been paid to obtaining good
statistics for the early regions of the flux profile curves. For
example, a very accurate flux profile could be measured with a detection
channel consisting of a current chamber, an electrometer, a voltage-to-
frequency converter, and a multichannel sealer.

Plans to measure an effective set of kinetic parameters, including
delayed photoneutrons, by the flux dieaway method11 following a rod drop
had to be abandoned because of the early shutdown of the Oak Ridge
Research Reactor. In the absence of this data, a rough estimate of
delayed photoneutron effects was obtained by comparing the kinetic
response of two nearly identical cores one of which was reflected with
water and the other with beryllium.

By using the methods described in this paper, calculated and
measured differential shim rod worths have been shown to be in
reasonable agreement for 7 different ORR cores.

ACKNOWLEDGEMENTS

We are very indebted to the entire operating staff of the Oak Ridge
Research Reactor for performing the measurements and supplying us with
experimental results and details for each of the cores. In particular,
R. W. Hobbs coordinated the measurements and promptly supplied the
experimental results. Most of the differential worth measurements were
performed by T. F. Hammrick. The instrumentation for the detection
channel used to measure flux profiles was set up and maintained by
J. A. Ray who also measured the resolving time of the system.

249



REFERENCES

1. M. M. Bretscher, "Analytical Support for the ORR Whole-Core LEU
U-jSi2-Al Fuel Demonstration," International Meeting on Reduced
Enrichment for Research and Test Reactors, Gatllnburg, Tennessee
(November 3-6, 1986). (to be published)

2. B. J. Toppel, "Sources of Error in Reactivity Determinations by Means
of Asymptotic Period Measurements," Nucl. Sci. Eng., _5_, 88-98 (1959).

3. M. A. Jenkins and J. F. Traub, "A Three-stage Algorithm for Real
Polynomials Using Quadratic Iteration," SIAM Journal on Numerical
Analysis, _7_, 545-566 (1970). See also M. A. Jenkins, "Zeros of a
Real Polynomial," ACM Transactions on Mathematical Software, 1 (2)
(1975).

4. C. E. Cohn, "The Interpretation of Rod Drops with Finite Drop Times,"
Reactor Physics Division Annual Report, July 1964 - June 1965,
p. 354, ANL 7110.

5. C. E. Cohn, "Errors in Reactivity Measurements Due to Photoneutron
Effects," Nucl. Sci. Eng. 6_, 284-287 (1959).

6. K. L. Derstine, "DIF3D: A Code to Solve One, Two, and Three-
Dimensional Finite-Difference Diffusion Theory Problems," Argonne
National Laboratory Report ANL-82-64 (April 1984).

7. The VARI3D Code is under development at the Argonne National
Laboratory (October 1987).

8. W. Seifritz, D. Stegeraann, and W. Vath, "Two-Detector Cross-
Correlation Experiments in the Fast-Thermal Argonaut Reactor
(Stark)," Symposium on Neutron Noise, Waves, and Pulse Propagation,
University of Florida, Feb. 14-16, 1966. USAEC C0NF-660206.

9. G. Robert Keepin, Physics of Nuclear Kinetics, Addison-Wesley (1965).

10. M. M. Bretscher, "Blackness Coefficients, Effective Diffusion
Parameters, and Control Rod Worths for Thermal Reactors,"
ANL/RERTR/TM-5 (September 1984).

11. G. J. Dilorio and E. F. Bennett, private communication, Argonne
National Laboratory.

250



M-l
M-l
CD

CQ

vO

(X
3
O
U

o

(X
3
o

o
+w

oo
•

co

o

wCM.
o
o

CO
I

w
m

*

1
w
o
CM
f—<

•

CM

ro
1

u
o
CO
o

o
+td
vO

00
•

CO

o

wCM
O
O
• ^

CO

td
f^
WN.
00
00

ft

1
td
<f
t—«

ON
O

•
CM

-a-
I

td

o

o

td

if}

oo
•

o

td
O
o\
o\
CO

CO

td
vO

i / ^
CM

1
td
O
t—«

• ^

O\
«

^

1
td
O\
00
I / *
CO

o
CO

u
V
u
V
B
co
co
P-

ou

I
CO
CO

cx

§
uo

't CO

W (d
UN vO
- H CM
vO ON

<-H CO

(d (d
t>. vO
•—i IA

-H o\

cx
3
o
u
o

w
vO
• ^
t—«

•

CO

CO

w
«—1
vO
• ^
CM

ft

CO

w
CM
• ^
»—4
t—<

ft

CO

CO

td
O
co
o
CM

•
CO

I
1

tdvO
ON
t—<

•

CO

CO

td
vO
ON
CO
ON

•
CM

1
wcoIO
\O

CO
1

td
O
CM
vO
CO

V

o

CD

H

CM

CX

O
U
O

CX

O
U

o

-H CO
I Iw w
CO O

—I vO

CO -H

CM sr
I I
W Id
CM vO
CM CO

CM O

-* CO

CM CO

( d
CO

•—i

CO

CM
|

td
CM
CM
r*̂
CM

td
vO

vO

t—«

1
td
CO

o
o
CO

CM CO

td td
co co
-H CO

CO

CM " sr
I I
td td

CM CO

CM r^
-H CM

cd

C

1
o
0)
CO

• H

•H

M-l
M-l

0Q

1
o
0)
CO

T-l

•H
/ • ^

M-l
M-l
V

aa

1
o
0)
CO

•H

•H
/~«

M-l
M-l
V

aa

o
(XV
« CO

CM o
CM

\O

CM

uoo ON

251



Table 2. Group Constants for Delayed Photoneutrons from
235U FLssion Gammas on Be and D90

Group
Index, i

1

2

3

4

5

6

7

8

9

Total

Beryllium
X1(sec~

1) B

6.24E-7

2.48E-6

1.59E-5

6.20E-5

2.67E-4

7.42E-4

3.60E-3

8.85E-3

2.26E-2

15.175

Ave. Photoneutron
Lifetime
= Z(f?1/X1)/EB1: 3.33 hr.

tCl0-5)

0.057

0.038

0.260

3.20

0.36

3.68

1.85

3.66

2.07

Deuterium

6.26E-7

3.63E-6

4.37E-5

1.17E-4

4.38E-4

1.50E-3

4.S1E-3

1.69E-2

2.77E-1

100.75

24.1 min.

:io~5)

0.05

0.L03

0.323

2.34

2.07

3.36

7.00

20.4

65.1

Data taken from G. Robert Keepin, Physics of Nuclear Kinetics,
Addison-Wesley (1965)
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Table 3. Influence of Temperature Changes on the Asymptotic
Period Calculated from Measured Flux Profiles

Core

179AX5

179AX7

179AX7

179A

-Rod

F4

B6

B6

F4

Flow
Rate, gpm

1200

1200

18000

1200

Time Interval After
Rod Movement, sec
Start Stop

60.0

120.0

180.0

60.0

120.0

170.0

60.0

120.0

180.0

60.0

120.0

180.0

120.0

180.0

213.2

120.0

170.0

201.6

120.0

180.0

246.8

120.0

180.0

230.4

Period

70.76

75.56

82.52

60.70

66.34

75.86

85.34

88.45

91.75

63.93

68.01

78.51

±

±

±

±

±

±

±

±

±

±

±

±

- sec

0.39

0.32

0.69

0.25

0.27

0.53

0.66

0.52

0.31

0.41

0.27

0.31
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Table 4. Differential Worth of the D6 Shim Rod
in ORR Core 179AX7

Quantity Case 1 Case 2 Case 3

R^ - in.

Rf - in.

Flow Rate, gpm

Period Guess, sec1

ti, sec2

t2, sec
2

n(t2)/n(t1)

Stat. Err.
in Ratio, %

T, sec3

% 6k/k/in.:
Calc.

Meas. no (y,n)

Meas. with (y,n)

C/E

12.00

12.36

1200

42.0

10.0

30.0

1.62073

2.92

16.8

0.4287

0.351 ± 0.015

0.411 ± 0.017

1.043 ± 0.042

12.00

12.36

1200

42.0

20.0

40.0

1.61574

2.56

16.8

0.4287

0.356 ± 0.015

0.420 ± 0.016

1.021 ± 0.040

12.00

12.36

1200

42.0

30.0

50.0

1.59461

2.27

16.8

0.4287

0.353 ± 0.014

0.418 ± 0.017

1.027 ± 0.040

initial asymptotic period guess is taken as the e-unfolding time
recorded with a stop watch at the time of the measurement.

2These times are measured with respect to the end of the rod motion.

3T is the time for the rod displacement from R^ to Rj.
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to

Core

179A
179A
179A
179A
179A
179A

179AX2
179AX2
179AX2
179AX2
179AX2
179AX2

179AX3
179AX3
179AX3
179AX3
179AX3
179AX3

179AX4
179AX4
179AX4
179AX4
179AX4
179AX4

Shim
Rod

D4
D6
B4
B6
F4
F6

D4
D6
B4
B6
F4
F6

D4
D6
B4
B6
F4
F6

D4
D6
B4
B6
F4
F6

12
12
12
12
12
12

12
12
12
12
12
12

12
12
12
12
12
12

12
12
12
12
12
12

Ri
in.

.00

.00

.01

.01

.01

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.01

.00

.01

.00

Rf
in.

12.38
12.32
12.64
12.53
12.60
12.69

12.37
12.37
12.54
12.53
12.86
12.90

12.34 "
12.34
12.56
12.50
12.74
12.54

12.27
12.27
12.33
12.33
12.75
12.78

Table 5.

Flow
gpm

1200
1200
1200
1200
1200
1200

1200
1200
1200
1200
1200
1200

1200
1200
1200
1200
1200
1200

1200
1200
1200
1200
1200
1200

Differential Shim Rod Worths in
Oak Ridge Research Reactor

x = % 17-/10.
Exp.

0.4002
0.4720
0.2330
0.2574
0.1500
0.1757

0.3856
0.4203
0.2853
0.2591
0.1392
0.1587

0.4718
0.4107
0.2671
0.2750
0.2118
0.2655

0.3717
0.3435
0.3197
0.3085
0.1310
0.1408

%
Step

0.59
0.64
0.67
0.70
0.85
0.84

0.58
0.61
0.58
0.71
0.80
0.71

0.56
0.66
0.67
0.72
0.62
0.69

0.71
0.70
0.64
0.81
0.42
0.73

Err. in X froir
n(t2)/n(t1)

4.
4.
6.
6.
9.
8.

4.
3.
3.
4.
6.
3.

3.
4.
4.
6.
3.
4.

8.
9.
8.
8.
9.
11.

80
17
38
88
10
93

34
19
50
78
05
51

70
81
71
04
94
92

42
07
99
91
61
64

the

1 Err.
AR

1.86
2.21
1.12
1.36
0.90
1.02

1.91
1.91
1.31
1.33
0.82
0.79

2.08
2.08
1.26
1.41
0.96
1.31

2.62
2.62
2.21
2.14
0.96
0.91

in
Total

5.18
4.76
6.51
7.05
9.18
9.03

4.77
3.77
3.78
5.01
6.16
3.67

4.28
5.28
4.92
6.24
4.10
5.14

8.85
S.47
9.28
9.20
9.67
11.70

1.
0.
1.
0.
1.
0.

1.
0.
0.
1.
1.
1.

0.
1.
1.
1.
1.
0.

1.
1.
0.
1.
1.
1.

C/E

,089
910
082
943
084
947

063
998
931
038
077
001

894
062
050
048
071
910

033
139
960
000
070
035

±
±
±

±
±

±
±
±

±
±
±
±
±
±

±

±

±
±
±
±

0.
0.
0.
0.
0.
0.

0.
0.
0.
0.
0.
0.

0.
0.
0.
0.
0.
0.

0.
0.
0.
0.
0.
0.

,056
043
070
066
099
085

051
038
035
052
066
037

038
056
052
065
044
047

091
108
089
092
103
121



Core

179AX5
179AX5
179AX5
179AX5

179AX6
179AX6
179AX6
179AX6

179AX7
179AX7

179AX7
179AX7

179AX7
179AX7

179AX7
179AX7

179AX7
179AX7

179AX7
179AX7

Shim
Rod

D4
D6
F4
F6

D4
D6
F4
F6

D4
D4

D6
D6

B4
B4

B6
86

F4
F4

F6
F6

12.00
12.00
12.00
12.00

12.00
12.00
12.00
12.00

12.00
12.00

12.00
12.00

12.00
12.00

12.00
12.00

12.00
12.00

12.00
12.00

in.

12.23
12.19
12.39
12.36

12.31
12.19
12.31
12.28

12.39
12.38

12.36
12.33

12.52
12.53

12.A7
12.34

12.81
13.06

12.92
12.30

Table 5.

Flow
gpm

1200
1200
1200
1200

1200
1200
1200
1200

1200
18,000

1200
18,000

1200
18,000

1200
18,000

1200
18,000

1200
18,000

Differential Shim Rod Worths in the
Oak Ridge Research Reactor (Cont.)

X = % "r-/in
Exp.

0.5836
0.5809
0.2517
0.3364

0.5690
0.5810
0.5438
0.5564

0.3934
0.3648

0.4160
0.4509

0.2511
0.2543

0.2659
0.2836

0.1288
0.1449

0.1573
0.1670

i. Z
Step

0.36
0.56
0.63
0.55

0.29
0.53
0.32
0.37

0.58
0.69

0.62
0.60

0.61
0.79

0.82
0.89

0.90
0.66

0.69
0.78

Err. in X from
n(t2)/n(t1)

3.90
5.81
8.05
5.62

0.98
1.03
1.18
1.68

3.36
4.81

3.31
3.40

5.10
4.90

5.77
11.54

8.42
3.31

3.74
4.81

Err.
AR

3.07
3.72
1.81
1.96

2.28
3.72
2.28
2.52

1.81
1.86

1.96
2.14

1.36
1.33

1.50
2.08

0.87
0.67

0.77
0.88

in
Total

4
6
8
5

2
3
2
3

3
5

3
4

5
5

6
11

8
3

3
4

.98

.92

.12

.98

.50

.90

.59

.05

.86

.20

.90

.06

.31

.14

.02

.76

.54

.50

.88

.95

C/E

1.045
1.054
1.425
1.066

1.014
0.986
1.044
1.027

1.006
1.085

1.030
0.951

0.978
0.966

1.022
0.958

1.146
1.018

1.053
0.992

±
±
±
±

±
±
±
±

±
±

±
±

i

±
±

±
±

±
±

0.052
0.073
0.116
0.064

0.025
0.038
0.027
0.031

0.039
0.056

0.040
0.039

0.052
0.050

0.062
0.113

0.098
0.036

0.041
0.049

This measurement is obviously in error. Symmetry considerations demand that the D4 and D6 and the F4
and F6 shim rods have equal differential worths in the 179AX5 core. If a recording error took place
and Rf were actually 2 2.29 inches, the F4 and F6 shim rods would have equal C/E rat ios .



Fig. 1. ORR Core Configurations
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Fig. 1. ORR Core Configurations (Cont.)
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STATUS OF THE ORR WHOLE-CORK LEU U3S12-A1 FUEL DEMONSTRATION

A A A AA

M. M. Bretscher, R. J. Cornelia, J. L. Snelgrove , and R. W. Hobbs

Argonne National Laboratory, Argonne, Illinois, U.S.A.
Oak. Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A.

ABSTRACT

This paper summarizes the operating cores, the
fuel element burnups, and the core physics
measurements made In the ORR Whole-Core LEU Fuel
Demonstration.

With the shutdown of the Oak Ridge Research Reactor (ORR) the
Whole-Core LEU Fuel Demonstration was brought to a close earlier than
had been planned originally. Table 1 gives a summary of all the cores
used in the demonstration which operated at full power (30 MW). For
each of these cores, preliminary burnup calculations have been done
using the REBUS-3 code.1 For these calculations the cycle length was
divided Into three equal time intervals with the control rods located at
the measured critical rod posit long at the boundaries of each of the
time intervals. Using burnup-dependeut cross sections, REBUS-3 calcula-
tions yielded eigenvalues which, In nearly all cases, were within 0.3%
of unity. However, the results are still preliminary because they do
not account for the perturbing influences of six voided beam tubes on
the east side of the core nor have they been corrected for a recently-
detected error in EPRI-CELL2 hydrogen cross sections. These effects
work, in opposite directions so the net correction is expected to be very
small. New hydrogen cross sections are now available and a method for
treating the perturbing influences of voided beam tubes in REBUS
calculations has been developed using appropriate sets of spatially-
dependent internal boundary conditions. With these modifications,
together with some small modeling changes,' new REBUS calculations will
be performed and results compared with the older ones.

The 2 3 5U burnup up status of all the LEU fuel elements irradiated
in the ORR during the whole core demonstration In summarized in Table 2.
These results are based on the 3-dimensional REUBS-3 burnup calcula-
tions. After every cycle each irradiated LEU fuel element was -y-scanned
to determine its integrated fissions and consequently, its relative
burnup during the cycle. On the basis of this information and the total
power of the elements from REBUS-3 calculations, fuel element powers and
235u burriups

 w e r e determined. Generally speaking, fuel element burnup
obtained from REBUS-3 calculations and from y-scanning agreeded within
2-3%. Currently the gamma scanning of the 137Cs line for the LEU
elements used in the demonstration is in progress to determine relative
total integrated fissions. An absolute normalization will be determined
on the basis of destructive analyses.
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Throughout the demonstration numerous core physics measurements
were made. Table 3 summarizes these measurements. Much of this data is
still being evaluated, but the Interpretation of differential shim rod
worth measurements is the topic of one of the papers3 presented at this
conference.
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(March 1983).
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supplied to Argonne National Labortory by Electric Power Research
Institute, Palo Alto, California (1977).

3. M. M. Bretscher, "Evaluation of Differential Shim Rod Worth
Measurements in the Oak Ridge Research Reactor," this conference.
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Table 1. Summary of Operating Cores Used in the ORR
Whole-Core LEU U3Si2-Al Fuel Demonstration

Fuel Elements3 Cycle Lengthb

Core HEU LEU

174C 27+6 0+0

174D 24+6 3+0

174E 24+6 3+0

174F 24+6 3+0

175A 20+6 7+0

175B 20+6 7+0

175C 17+6 10+0

176A 17+6 10+0

176B 13+4 14+2

176C 14+4 14+2

176D 8+4 17+2
177A 8+4 17+2

177B 4+2 21+4

177C 4+2 21+4

177D 0+2 24+4

178A 0+2 24+4

178C 0+0 26+6

178D 0+0 26+6

178H 0+0 26+6

178J 0+0 26+6

179A 0+0 26+i

Cycle Length
FPD's

16.

12.

10.

15.

18.

20.

17.

17.

21.

19.

19,

14,

18,

18

15

11

11

16

20

16

20

840

845

621

429

518

303

354

,224

.861

.434

.445

.772

.517

.453

.332

.850

.118

.351

.216

.488

.170

aThe notation 27+6 means there are 27 19-plate standard fuel elements
in the core and 6 15-plate fuel follower elements in the shim rods.

bFPD stands for full power (30 MW) days.

262



Table 2. 2 3 5U Burnup Status of ORR LEU Fuel Elements

Number of 19-Plate Standard Fuel Elements

Range,
%

>50

45-50

40-45

35-40

30-35

25-30

20-25

15-20

10-15

5-10

0

Total:

CERCA

2

6

2

1

0

1

5

1

0

2

0

"~20

NUKEM

2

3

6

1

1

2

1

2

1

1

0

20

Babcock
& Wilcox

2

2

4

4

3

0

0

2

7

4

32

~60

Total

6

11

12

6

4

3

6

5

8

7

32

100

Range,
%

70-75

55-60

35-40

10-15

0

Total:

Number of 15-Plate B&W Fuel Followers

Based on 3-dimensional REBUS-3 burnup calculations.
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MTR CORE EXPERIMENTS ANALYSIS -PART I-

REACT1VITY MEASUREMENTS IN WATER, GRAPHITE
AND BERYLLIUM REFLECTED CORES

G. H. Ricabarra, M. D. B. de Ricabarra and M. T. Bang
Depto. Pisica Experimental de Reactores
Comision Nacional de Energia Atomica

Buenos Aires - Argentina

ABSTRACT

The purpose of the present work is to ob-
tain experimental reactivity values for wide
range of MTR cores which could be compared with
the values obtained through reactor codes. It is
of fundamental importance to verify the capabi-
lity of these codes to predict reactor parame-
ters for the design of 20X enriched fuel ele-
ments MTR research reactors.

These reactivity values have been obtained
in a critical assembly (RA2) made of 19-plates
fuel elements arrays (90X enriched and water
moderated). In the experiments different core
size have been used, both totally reflected by
water and graphite and graphite and beryllium.

The core consist of 4x4, 4x5 and 5x5 fuel
elements arrays. Reactivity has been measured
for each configuration by using both control
rod and water level calibration.

A semiempirical interpretation based on
the two-groups difussion theory allows a gene-
ral description of the present results and the
prediction of the reactivity values with a rea-
sonable degree of reliability for other confi-
gurations.
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INTRODUCTION

has been measured
used as benchmark

in
for

enriched, water

uranium-aluminium plates,

The reactivity of MTK reactor cores
more than 21 arrays. These results can be
transport or diffusion codes.

The experiments were perfomed in the 90X
moderated core of the RA2 critical facility.

The fuel elements consist of 19
containing 148 g U235 (fig.1).

To introduce the con-
trol rods, special fuel ele-
ments have been used, with

Fu*l plotc: four plates withdrawn, to
thicknm u.52 mm. allow insertion of the two
widt x 7,12 cm.
Itnght i 65,5 cm.

4—1
' 1.011 • 0.011

Fuel mtat:

thickntsc
widu
Itnght
U.AI alloy

.0,52

.6.00

.61,5
• HV.

mm.
cm.
cm.

control rod blades. These
special fuel elements ('con-
trol boxes') consist of 15
plates and 117 g of U235.

The reactivity impor-
tance of the 'control boxes'
in several core positions
was determined to deduce the
reactivity of a 'uniforme
core',composed only of nor-
mal fuel elements.

The reactivity worth of
several reflector materials
was determined by measuring
arrays partially reflected

with water and graphite and/or beryllium.
Finally a whole set of presents and previous experimental re-

sults were analyzed by means of a semiempirical two groups diffu-
sion theory interpretation.

wattr gap> 2,89 mm.
lattict ctlli 8,06.7.72 cm.

Fig. 1 RAS Fuel Element

EXPERIMENTAL METHOD

Two procedures were selected depending on the core reacti-
vity excess, a) Water level calibration was used for small core
reactivity excess, around IX or less, b) Control rod calibration
was used for cores with larger reactivity excess.

a - Water Level Calibration

In this procedure was measured the reactivity increase as a
function of the water level from critical until maximun height.
A critical experiment, with control rods in upper position, was
made for each array and the critical water level, He, was determi-
ned.

The water level was increased by steps, starting from criti-
cal height and the asymptotic reactor period was measured'<2.
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Criticality and previous power level was restored after each step
by insertion of a control rod. A fine regulation rod was used for
exact criticality adjustment.

Integration of the water level calibration curve gives the
core reactivity.

In addition the time dependent neutron flux evolution was re-
gistered and the reactivity obtained from analog solution of the
Kinetics equations by means of a Reactimeter described in section
b. Both techniques agree better than 37..

This procedure was used for 4x4 graphite reflected and 4x5
water reflected cores (Tables 2,3).

b - Control Rod Calibration

Other way to determine the reactivity excess was to measure
the worth of the control rods total or partially inserted in the
critical core (maximum water level).

The reactivity worth of any control rod section was obtained
by analog solution of the kinetics equations from the time depen-
dence of neutron density, when a rod was slowly introduced starting
from critical condition.

The rod was inserted at normal velocity (K2. 5 mm/s) and the
flux was measured with two lonization chambers located at suitable
positions to compensate for higher flux "harmonics". The currents
from both counting lines were summed up and fed into a "Reactime-
ter" .which solves the Kinetics equations for reactivity3.

These results are calcula-
ted with the nuclear delayed

Table 1. Two Groups Cell neutron fraction P = 0.0065 and
Constants. a have to be corrected to take

into account the neutrons esca-
pe probabilities.
The effective delayed neutron
fraction is 0eff = &V and the
results were corrected using-the
P factor,non escape probability
ratio of prompt to delayed neu-
trons. P is a function of the
cell constants and the geometri-
cal buckling.

BucKlings were estimated
aWIHS code calculation^ with the experimental reflector

savings from Part II of this
work .The cell constants were calculated with WIMS code and are
listed in Table 1.

This procedure was used to measure the reactivity of partially
beryllium reflected cores (Tables 4,5) and all 5x5 cores of Ta-
ble 6.

D

sa

* = f
L2

Group i

1. 451
0. 001989
0. 0273
0. 00232
49. 5

1.

Group 2

0. 2695
0. 0615

0. 09775
4. 38

561
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EXPERIMENTAL RESULTS

The results from measurements of 21 core arrays are summarized
in Tables 2 to 6. In the first and second lines are the array des-
cription and the core reactivity excess. The bottom lines give the
control rods reactivity. The reactivity was expressed in 'pcm' units
(reactivity in pcm = 105 A keff/keff).

In Table 2 is shown the reactivity of 4x4 graphite reflected
cores, with a control rod in various positions. In the third line
is the reactivity diference between a special and a normal fuel
element.

The dispersion assigned to reactivity shows the discrepancy be-
tween results from water level and control rod calibration proce-
dures.

Table 2. Reactivity Measurements in 4x4 Arrays with Graphite
Reflector.

Array
/

/
g
1

////
y

7(///'

s
x /

V As
X

X

<: ps

V
/

/
Reactivitya

Excess (pcm)

Box

Control Box
(pcm)

Control Rod
(pcm)

1120190 585150

G3

-635

410120

G4

-810

40

E6=H3:H6

-393

2070

595180

E4

-625

aReactivity in pcm = 105 A keff/keff.

Graphite

Fine Rod (475 pcm)

Control Box

E F G H

i
ft

In the second line of Table 3 it is shown the reactivity ex-
cess of 4x5 water reflected cores, with a control rod in different
positions and the third line shows the difference between a spe-
cial and a normal fuel element.

The reactivity values of a graphite reflector element, used to
allocate the fine regulation rod , was obtained in a separate ex-
periment ( = 325 pcm ).This values has to be subtracted to obtain
the reactivity of totally water reflected cores.
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Table 3. Reactivity Measurements in 4x5 Arrays with Water
Reflector.

Array
X h x A

X

x
Reactivitya

Excess (pcm)

Box

Control Box
(pcm)

Control Rod
(pcm)

565 380

E6

330

175

G6

-535

25

G5

-685

1 160 4330 5125

420

-145

aReactivity in pcm = 10 5 A Kef f/kef f.

Graphite (325 pcm)

Fine Rod (365 pcm)

Control Box

3

4

S
6

T

E F S H

In order to evaluate the effect of different disposition of
graphite and. beryllium on 4x4,4x5 and 5x5 core arrays, the experien-
ces described in Tables 4,5 and 6 were undertaken. The core reacti-
vities shown in these Tables have been measured by the control rod
calibration procedure already described.

Table 4. Reactivity Measurements in Small Arrays with
Water-Beryllium and Graphite-Beryllium Reflectors.

Array

'////'/////.•

I
B1

B3

B2

Bt

:•:.''•.•':.!'/::'•'•:%'•

/,-
s .-'

'i-
3a.

5T

SI

32

•.•W.i ••* •'"..*!;

v

tii

92

Reactivitya

Excess (pcm)

Control Rod (pcm)
Bl
B2
B3
B4

635+30

3210
1840
5750
3450

485

2060
3630
2780
4100

295

2090
4110
2660
4480

aReactivity in pcm
B Control Box

= 105 A keff/keff.
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Table 5. Reactivity Measurements in 4x5 Arrays with Water,
Beryllium and Graphite Reflectors.

Array

IB3

Bi
\

bl
83

bi.

Bl

7///////////

tfi

•.••'..''•

Reactivitya

Excess (pern)

Control Rod (pem)
Bl
B2
B3
B4

180

2080
4600
2080
4420

1700

2540
4480
2840
4720

2050

2060
5020
2180
4900

3160

2 340
4960
2760
4740

aReactivity in pem = 105 A keff/keff.
B Control Box

Table 6. Reactivity Measurements
Beryllium and Graphite Reflectors.

in 5x5 Arrays with Water,

Array yi

B3

V///////////

Si
So.

p K

Reactivitya

Excess (pem)

Control Rod (pem)
Bl
B2
B3
B4

4140+50

3990+150
3510+30
4080+60
3640+30

5460+50

3930+120
3330+100
4520+100
3840+90

7260+120

3660+120
3245+60
4190+60
4455+200

8540

4040
2690
5150
4210

aReactivity in pem = 105 A keff/keff.
B Control Box

However in order to analyse and see the consistence of all re-
sults it is convenient to present the reactivity of uniform regular
cores as shown in Table 7. These values have been obtained from
the results of Tables 2 to 6,taking into account the difference
between the 19 plates fuel element and the 15 plates fuel element.

When not measured the "control boxes" reactivity has been esti-
mated by one group perturbation theory extrapolation or interpola-
tion from experimental results. The used values for four "control
boxes" (Tables 5,6) are 1700 pem for 4x5 cores and 1500 pem for
5x5 cores.
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To calculate the geometrical buckling, B2, of Table 7 were used
the experimental horizontal reflectors savings, d, and the axial
buckling, Bz

2, of Part II of this work.
For water reflector dx = dy=7cm, for graphite dx = dy = 9. H, 10. 0, 10. 8

cm in 4x4,4x5 and 5x5 arrays and for beryllium dx=dy=14. 2cm in the
5x5 cores. B z

2 = 0. 00i7cnT2, was used for all cores,

ANALYSIS of EXPERIMENTAL RESULTS

The reflector saving method is used to analyze the reflected
cores by bare reactor formulas^.

This may be safely done if it is possible to find a large cen-
tral region where the flux distribution is described by the asymp-
totic solution of the reactor flux.

If the reactor is described as a parallelepiped geometry :

[ TT - i H r TT - i H r TI n

•[ •[
X + a x l + dx2-J

 L Y + d y l + d y 2 J L Z + 2dz Jyl+ dy2 J L Z + 2dz

B2 = B x
2 + B y

£ + B z
2

jz( = jz(0 COS(XB X) cos(yBy) cos(zBz)

where X, Y, Z are the dimensions of the core in the directios x, y
and z, d is the reflector saving , 0 the neutron flux and B2 the
geometrical buckling.
Then it is possible to calculate the effective neutron multipli-
cation factor ,keff :

1 / keff = (i + B2L1
2) (1 + B2L2

2) /

where k^ , L^2 and Lp2 are calculated with the WIMS code cell cons-
tants of Table 1 5- 6,

In Part II of this work has been made a careful investigation
of flux distribution,buckling and reflector saving for different
core geometries and reflector arrangements in x, y, z directions.
It is apparent that there is an ample asymptotic region from which
the reflector saving can be obtained by a careful least square ad-
justment.

In Table 7 are compared the experimental an calculated 1/Keff
values, which are in reasonable agreement.
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Table 7. Experimental and Calculated Uniform Core Reactivities

(~*m"*P Qi 7 0
\-*\Jl C O -L £t C

4x4a

5x4a

4x5
5x5
5x5a

6x5a

4x4
5x4a

5x5a

5x4 LJ_c

5x4

5x5

5x5

5x5 /

-U
_p
v̂

c

Be

Be
C

D n X ] Q p + v-»*-»

H20
H20
H20
H20
H20
H20
C
C
C

H20, C

H20, C

H20, C

H20, Be

H20, C, Be

B2xl00

cm~2

1. 122
0. 9956
0. 9890
0. 8621
0. 8621
0. 7812
0. 9619
0. 8832
0. 7004

0. 9360

0. 8866

0. 8156

0. 7812

0. 7388

1/keff

Measured Calculated

1. 0404 1. 0454
0. 9945 0. 9980
0. 9962 0. 9956
0. 9436 0. 9485
0. 9477 0. 9485
0. 9172 0. 9187
0. 9839 0. 9855
0. 9396 . 0. 9563
0. 8972 0. 8891

0. 9812 0. 9758

0. 9660 0. 9576

0. 9304

0. 9124

0. 8996

0. 9314

0. 9181

0. 9014

aFrom reference 7.

However one must bear in mind the shortcomings of the semiempi-
rical bare theory approach based on experimental reflector saving.

Although the reflector saving is approximately constant for
infinite water reflector, for partially graphite or beryllium re-
flected cores the reflector saving may change as much as 20/ for
different core sizes. Therefore graphite and beryllium reflector
savings are not constant and have to be measured in the particular
core under investigation.

CONCLUSIONS

We have determined reactivity core values for a wide range of
near critical and hipercritical core arrays with various reflec-
tor arrangements.

Similar experiments have been made for subcritical cores by
pulsed neutron techniques7- 8.

This results have been used to improve the capability of CNEA
transport and diffusion codes to predict the reactors parameters
of 20/ enriched cores5.

A semiempirical bare reactor two group approach based on the
reflector saving concept has enabled to globally analyse both
reactivity and flux experiences and verify the realiability of
the results.
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PERFORMANCE OF A DIGITAL REACTIVITY-METER (009-NC/l-IPEN)

IN INITIAL TEST PROGRAMS FOR RESEARCH AND POWER REACTOR

by

J.M.L.Moreira, P.S.B.Ferreira, E.W.Pontes,

J.R.Maiorino and A.J.Soares

Instituto de Pesquisas Energeticas e Nucleares-CNEN-SP

Departamento de Tecnologia de Reatores

Sao Paulo,SP - Brazil

ABSTRACT

This paper describes the digital reactivity-meter

(009-NC/l-IPEN) built at the IPEN/CNEN-SP for the start-up

tests of Angra-I power station. It is also being used in

the IEA-R1 research reactor for evaluating control rod

worth and the various reactivity coefficients. The

equipament is composed of two main parts: an electronic

module with 12 bit A/D and D/A interfaces, an picoamperi -

meter and several microprocessors; and the micro-computer

in which is solved the inverse kinetics equation to obtain

the reactivity as a function of time. The results obtained

demonstrate the accuracy and the practicability of the

reactivity meter.
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1. INTRODUCTION

Reactivity is a fundamental physical variable for safe

operation of Nuclear Reactor. At each new start-up or

refueling of Nuclear reactors it is necessary to measure

several reactivity parameters such as Critical Boron Concen-

tration, Control Rod Worth., Temperature Coefficients, etc,as

part of a Initial Test Programs usually demanded by the

license authority

There are several techniques for reactivity measurements
(23)

' most which requiring sophisticate equipments, and

theoretical bases which demands long time for analysis. For

practical, or routine, measurements the best technique involves

the solution of the inverse kinetics equation allowing

reactivity results in real time. In this technique a signal

from out of core instrumentation is used to feed a reactivity
(i|)

computer, which so.lves the inverse kinetic equation . In

the past, the solution of inverse kinetics equation was carried

out in an analogue computer. However, with the recent development

of digital microcomputers, the solution, of the inverse kinetic

equation can be obtained in real time.

In this paper, a digital reactivity-meter developed by

the Reactor Technology Department of IPEN-CNEN-SP is described,

as well as the results of a test of performance made at the

Brazilian Nuclear Power Station, Angra I.

2. REACTIVITY-METER (DESCRIPTION)

The reactivity-meter (009-NC/l-IPEN) is composed of an

interface A/D of 12 bits which conects the signals from the

out of core instrumentation to a digital microcomputer. In

Figure 1 is illustrated a schematic operation of the reactivity-

meter. This electronics module is composed by:

i) picoamperimeter of automatic scale;

ii) 12 bit A/D converter;
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iii) multiplexer with flying capacitor

iv) 10 bit A/D converter;

v) microprocessor

vi) RS 232 C Interface

A block diagram of the electronics module is show in

figure 2. The equipment uses a current signal from a ionization

chamber (3x10 to 10" A) to feed a picoamperimeter which

gives an out put of 0 to 10 volts. All the control is made

by a internal microprocessor. Through a signal from an

external microcomputer the internal microprocessor decodifyies

this instruction and starts the data aquisition from the pico

amperimeter. A multiplexer sorts the desired information,

temperature signal or power channel signal. The total number of

analogue input is 3 to the multiplexer, and 2 to picoamperi-

meter. Once the data aquisiction is made the microprocessor

provides signals in 4 096 channels to an external microcomputer

through in RS23?C interface for real time digital computation

of reactivity . The reactivity obtained is made available

through a D/A converter, for x-t/x-y register. The front and

back views of the eletronics module, are shown in figure 3.

The reactivity is obtained through the solution of the
inverse kinetic equation,

p(t)=e+A
n(t)

— 00

where p(t) is the reactivity; F is the total efective delayed

neutron fraction; n(t) is the neutron amplitude function(power);

X. and f. are the.radioactive decay constant and a efective

delayed neutron fraction of percursor i and A is the prompt

neutron generation time. The solution of equation $1) is

obtained through a numerical scheme which assumes that n(t) or

the digital signal coming from the electronic module, can be

linearly interpolated between two successive measured points,

and that the integral in eq.(l) can be solved in a time

instant using the results obtained in the previous time. The

software were made in FORTRAN-8 0 CP/M, and instaled in a
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microcomputer.

3. REACTIVITY METER PERFORMANCE

The digital reactivity-meter, 009-NC/l-IPEN, was developed

by the IPEN-CNEN-SP mainly to be a tool in Reactor Physics

Measurements in the IEA-R1 Research Reactor. It has been used in

reactivity assessment (control rod worth; reactivity coefficients)
(6 7 )

to qualify the computer codes used in research reactor design '

mainly in view of the Institute goal to change the core by using

a low enrichment uranium fuel (20%).

Furnas, the brazilian utility responsible for the operation

of Angra -I Nuclear power plant, had been using a Westinghouse

rented analogue reactivity computer to conduct the necessary low

power physics tests. With the development of IPEN'S digital

reactivity computer, Furnas demonstrated interest in utilizing

it in the low power physics tests of Angra-I. A series of tests,

comparing the IPEN's reactivity meter results to the

Westinghouse's, was performed in order to qualify the IPEN's

instrument for utilization in a nuclear power plant.

The reactivity-meter was used in the low power physics

test in the refuelling cycle 3, having performed the
(8 9)

following measurements ' :

i) Low-Power Range of Conduct the Physics Tests by

measuring the Nuclear Addition Heat Point

ii) Boron End Point, or Critical Boron Concentration

iii) Control. Rod Worth

iv) Temperature Coefficients.

In Table 1 the definition of the physics test power

range is ilustrated by reporting the Heat Addition Point

i.e., the power level below which the nuclear heat feedback;

has no effect.
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TABLE 1 - POWER RANGE TO CONDUCT THE PHYSICAL TEST

RANGE

HEAT ADDITION

POINT

WESTINGHOUSE
(AMP.)

7xlO"9 - 3,5xlO"7

7 x 10"7

009-NC/l-IPEN
(AMP.)

8xlO"9 - 4x10"7

8 x 10"7

In Table 2 the critical boron concentration (ppm) is

reported for several conditions of control rod banks

insertions. The experimental values measured by the tv/o

reactivity-meters are compared with those calculated by FURMAS,

TABLE 7 - BORON END POINT <j/wn>.

CONTROL ROD BANK

CONDITIONS

All Rods With drawn

D-IN

D+C-IN

D+C+B-IN

D+C+B+A-IN

WEGTINGHOUfii;

1U8S

1409

1276

1165

962

003-NC/I-IPEN

148 8

1409

1276

1165

96 2

CALCULATE!

1515

1431

1279

1166

947

In Table 3 the control rod worth, in pern, for A,B,C and

D banks is reported, and in table 4,' the isothermal and

moderator reactivity temperature coefficients are reported.

In both cases, the experimental results measured-by the

reactivity-meters are compared with thc-sc caicujatwd "jy
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FURNAS and KWU/NUKEN (an architect engineering company)

TABLE 3 - CONTROL ROD WORTH (pcm)

BANK

D
C
B

A
SUM

CALCULATED

KWU/NUKEN

670

1240

920

1790

4620

FURNAS

676

1266

905

1838

4685

EXPERIMENTAL

WEST.

67'l.3

12 55'. 1

916.9

1840.9

4687.1

TPEN

b77.8

1264.0

898.7

1837.3

4677.8

DEVIATION(%)

WEST.

+ 0,6

+1,2

-0,3

+ 2,8

-

IPEN

+ 1,2

+ 1,9

-2,3

+ 2,6

-

TABLE 4 - TEMPERATURE COEFFICIENTS (pcm/°C)

COEFFICIENT

Isothermal

Moderator

CALCULATED

KWU/NUKEN

-9.45

-5.95

FURNAS

-9,80

-5.85

EXPERIMENTAL

WEST.

-10.1

-6.6

IPEN

-10.2

-6.7

DEVIATIONS)

WEST.

-6.9

-10.9

IPEN

-7.9

-12.6 •

4. CONCLUSION

In all tests the measurements obtained by the digital

reactivity meter were in good agreement with those obtained

by the Westinghouse analogue reactivity meter, as well as

the results calculated by the utility.

The good performance of 009-NC/l-IPEN demonstrates that

it is appropriate in reactivity measurements in nuclear

reactors. Due its good performance, FURNAS has decided to use

the digital reactivity meter in the next refueling low power
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test. This decision will save the utility US$ 50.000 yearly.
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STUDY OF THE REDUCED ENRICHMENT FUEL CONVERSION AT THE
UNIVERSITY OF MISSOURI-RQLLA REACTOR

M. Straka, A. Bolon, L. Covington
Reactor Facility, University of Missouri-Rolla

Rolla. MiBSouri 65401, USA

ABSTRACT

The method used to analyze the low-enriched uranium core which
has been proposed for the University of Missouri-Rolla Reactor is
described. Results of calculations for the high-enriched uranium
core have been compared with the measured data whenever possible in
order to verify this method. For most of the cssss that were
analyzed the proposed method is adequate and the results obtained for
the low-enriched uranium core can be used in revising the licensing
documents.

INTRODUCTION

In the near future, the high-enriched uranium (HEU) fuel in the
University of Missouri-Rolla Reactor will be replaced with low-
enriched uranium (LEU) fuel. Before an order to convert the reactor
can be issued, the U.S. Nuclear Regulatory Cos.sission, requires a
submittal of all necessary changes in the licensing documents.
Especially, a safety analysis for the new reactor core must be
performed and its results included in the facility's Safety Analysis
Report. Currently, this work ie in. progress at the University of
Missouri-Rolla Reactor facility.

REACTOR DESCRIPTION

The University of Missouri-Rolle Reactor <UMRR) is a pool-type
research and training reactor licensed for 200 kilowatts*J . It is
cooled by natural convection in ."3 large 8 x 6 x 3 m pool.

The present elements are o£ the MTR-type each consisting of 10
fuel plates. A plate consists of 0.51 mm thick U30e-Al dispersion
fuel meat and aluminum clad of the same thickness. The LEU elements
will retain the MTR-geometry. except they will have 18 fuel plates.
The fuel meat will be U3Si2-Al dispersion with an increased uranium
density and a thickness of 0.51 mm. The aluminum cladding will be
0.38 mm thick. For control, the UMRR is equipped with three boron
stainless steel shim/safety rods and one stainless steel regulating
rod.

The current HEU core and the proposed LEU core configurations
are shown schematically in Fig. 1. For certain experiments, the
reactor can alternatively face a thermal column or: its «est'8ic*e C* -
mode), or be completely surrounded by uaier (Id-mode).
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Fig. 1. HEU and LEU Core Configuration.

CALCULATIONS

Using the computer code LEOPARD2' a set of two energy group
macroscopic cross-sections has been prepared for each core. LEOPARD
determines fast and thermal spectra using temperature data and a
MUFT/SOFOCATE model in a one-dimensional geometry. These cross-
sections were then used in two-dimensional reactor calculations using
the 2DB-UM diffusion code35 . This code package was previously
documented by the staff of the University of Michigan Ford Reactor
and provided by them via Argonne National Laboratory (AND.

The core was modeled using the X and Y coordinate system at the
reactor horizontal midplane. In the axial direction a chopped cosine
distribution was assumed with an extrapolated length derived from a
3-D diffusion calculation. The standard fuel element was divided
into 3 homogenized regions: a fuel, clad and moderator region; a
sideplate region; and a region for end-plates. The control fuel
element was divided in a similar fashion, except that a region was
added for the guide tube/water gap.

Neutron physics calculations were first performed for the
present core, since a large amount of experimental and operational
data is available for comparisons. For example, the calculated and
measured excess reactivities for the present core are shown in the
table below.

Table 1. Excess Reactivities

Source

UMRR (2DB)

ANL (DIF3D)

UMRR (Measured)

W-Mode

0.21

0.23

0.27

T-Mode

0.57

0.M8

0.73

•287



Various core configurations for the LEU fuel have been
investigated resulting in the core already shown in Fig. 1. The
staff appreciates the fact that the LEU core configuration is quite
similar to the present one. This makes the comparison with the HEU
core easier.

At the UMR Reactor the moderator coefficient of reactivity is
due to a change in two moderator properties: temperature and density,
The effect of each property has been investigated separately4* . It
seems, when compared with the calculations performed with the more
advanced code package used at the Argonne National Laboratory,
that the effect of moderator temperature has been consistently
overpredicted in our calculations. This can be seen in Fig. 2 in
which the measured and calculated overall reactivity change for the
HEU core is shown for the moderator temperature between 20°C and
100°C. Apparently, a shifting (hardening) of the neutron spectrum
due to an increase in moderator temperature is not well described
with only one thermal group used in present calculations. The same
calculation has been performed for the proposed LEU core. Its
results are also shown in Fig. 2. Again, a comparison with the ANL
calculations has revealed that our result is slightly overpredicted,
the discrepancy being approximately 20%.

LEU (calculated)

HEU (measured)

HEU (calculated)

cteaut ctif I M

Fig. 2. Change in Core Reactivity vs.
Moderator Temperature.

With the new fuel element design the researchers would loose the
capability to irradiate samples within the core, i.e. inside the fuel
elements. Therefore, a special LEU fuel element, called the
irradiation fuel element, is being designed to enable irradiations
within the reactor. Its schematic and the calculated lateral neutron
flux distribution (for the position E-5) is shown in Fig. 3. The
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Fig. 3. Lateral Flux Distribution in the
Irradiation Fuel Element.

flux is by about a factor of 2 higher than the flux calculated for
the pneumatic rabbit facility (abbreviated BRT in Fig. 1) used for
routine irradiations. A calculation shows45 that the power peaking
factor in the irradiation fuel element is only slightly higher than
the one encountered in a control rod fuel element, i.e. 2.M compared
to 2.2, for which a large margin of thermal-hydraulic safety
exists55 . Hence, the fuel plates in the irradiation element will not
be exposed to an excessive thermal load.

CONCLUSION

A detailed study of a fuel conversion (using low enriched
uranium) has been undertaken for the University of Missouri-Rolla
Reactor. The neutronic codes LEOPARD and 2DB-UM provided adequate
results in most of the cases examined. They have fairly simple
input, quick run times and a good stability. It is felt, however,
that the use of a newer code for the cross-section generation would
be of a benefit since in some cases apparently more than two energy
groups are needed, e.g. for the calculation of moderator temperature
coefficient.
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NEUTRONIC DESIGN OF AN LEU CORE FOR
THE OHIO STATE UNIVERSITY RESEARCH REACTOR

M. D. Seahadri, H.S. Aybar, T. Aldemir
The Ohio State University
Columbus, Ohio, U.S.A.

AHSTRACT

The 10 kw HEU fuelled Ohio State University Reactor (OSURR) will
be upgraded to operate at 500 kW with standardized 12,5 g 2 3 oU I.KU U3SJ2
fuel plates. An earlier scoping study based on two-dimensional
diffusion calcuiations has identified the potential LEU core
configurations for the conversion/upgrade of OSURR using the
standardized plates in a 16-plate (+ 2 dummy plates) standard and 10-
plate control element geometry. The diffusion model used in the
scoping study is improved for a more precise determination of tho
excess reactivities and safety rod worths for these potential
configurations. Comparison of the results obtained by the improved
model to experimental results and to the results of full-core Monte
Cario simuiations shows excellent agreement. The results a 1st) indicate
that the converslon/ugrade of OSURR can be realized with three possible
LEU core configurations while maintaining a cold, clean shutdown marein
of 1.57-1.91 &Ak/k, depending on the configuration used.

INTRODUCTION

The Ohio State University Reactor (OSURR) is a 10 kW pool type
reactor, fuelled by 93* enriched UA1-alloy MTR type elements and cooled
by natural convection. Tho OSURR will be upgraded to operate at 500 kW
with "standardized"1!?.^ g 2 3 5U LEU U3Si2 fuel plates, using IB-plate
(+ 2 dummy plates) standard and 10-plate control elements" The present
and future OSURR core characteristics are shown in Table I.

The results of a scoping study2 indicate that:

operation of OSURR at 500 kW with the LEU elements described
above requires a minimum cold, clean excess reactivity of 2.5
% A k/k to compensate for the temperature, xenon and burnup
effects, and,

core size has to be reduced from the present 20 standard
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element configuration to a 17-18 standard element
configuration to achieve this minimum excess reactivity.

TABLE I

Present and Future O3URR Core Characteristics

Characteristic

Power (kW)
Fuel type
:J3U enrichment (%)
^ ! U per standard element (g)
: 3 !U per control element (g)

Number of fuel plates per standard element
Number of fuel plates per control element
Fuel- meat thickness (cm)
Clad thickness (cm)

Water channel thickness (cm)
Element dimensions (cm)
Active fuel area (cm)
Control rods

Present Core
(HEU Fuel)

10
UAI alloy

93
140.34
84.20

10
6
0.0914
0.0914

0.4877

Future Core
(LEU Fuel)

500
U,Si.-Al dispersion

19.5
200.0
125.0

16
10
0.051
0.038

0.30
7.62 x 7.62 x 88.9

S.08 x 60.96
Stainless steel, 1.3 wt<fo boron

The scoping study has also identified the potential LEU core
configurations for the conversion/upgrade of OSURR. Table II describes
these configurations in terms of the location of the elements removed
for the reduction of core size and gives the corresponding excess
reactivities. The present core configuration and the nomenclature used
in Table II to indicate core locations are shown in Fig. 1. The excess
reactivities in Table II -i-.v. based on four-energy-group, two
dimensional diffusion calculations (with the 2DB3 code), using a core
model with: a) 13 material regions to represent the inner core
composition and reflectors (i.e. graphite and water, see Fig.l), b) a 9
X 10 and 9 X 12 mesh structure for standard and control elements
respectively, c) a reflector thickness of 20 cm. (both for water
reflector and thermal column), and, d) an average axial extrapolation
distance of 10.12 cm (provided by the ANI. KERTR Program). The four-
group constants for thess diffusion calculations are generated by the
LEOPARD4 code. Since the implementation of the core model described
above for the present HEU core underestimates the measured excess
reactivity by 1.4%, a bias factor of 1.4* is used to obtain the excess
reactivities in Table II from 2DB results.

For the purposes of a scoping study, modifying the computational
results through a bias factor is a reasonable approach for an
estimation of excess reactivities. However, the choice of the actual
core configuration for the conversion/upgrade requires high confidence
in the computational results, especially since a constraint on the core
configuration is to have 1* cold, clean shutdown margin with the
highest worth rod stuck2. This study has two objectives:

1. Determine the excess reactivities for the LEU core
configurations in Table II using a core model which yields
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TABLE H

Potential LEU Cores2

Core

E

6

H

I

J

Elements Removed

1A. IE, 5E, 6A-6E

5A. 5C. 5E, 6A-6E

1A, 5A, 5C, 6A-6E

1A, 5C. GA-6E

3A. 5E. 6A-6E

Excess Reactivity (SAk/k)

3.31

2.83

2.32

3.27

3.32

LEGEND

• Of* 0>*«*«*t ft«f*«*

(>••*•« »WHl«a

re
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SRI
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better agreement with experimental results than the model
used in the scoping study.

2. Determine the rod worths for the LEU configurations in Table
II.

IMPROVED EXCESS REACTIVITIES FOR T11K POTENTIAL LEU CORES

The choice of the material regions, wator reflector thickness,
ssesh size and structure, and the generation of 4-group diffusion
parameters for the core model used for the scoping study are based on
well established procedures. In that respect, the discrepancy between
the computational and measured values of excess reactivity for the
present HEU core can be attributed to two possible error sources: 1)
the representation of the axial leakage through an average
extrapolation distance, and, 2) reflector thickness used to model the
thermal column (TC) savings. Fig. 2 shows that the physical TC
thicknesses in x- and y-di recltions are 80 cms. and 180 cms.,
respectively.

Three-dimensional calculations with th« UHDIF code (three
dimensional version of 2DB, written at the University of Michigan),
using the same two-dimensional discretization schema as in the scoping
study, indicate that error source #1 is not a major contributor to the
discrepancy. FJg.3 shows the significance of c-rror source *2 on the
predicted k e f f for the present HEU core. The curve in Fig. 3 in
generated by 2DB and LEOPARD runs with a fixed axial extrapolation
length of 10.12 cm.. From Fi&.a it is clear that using 20 cm. of TC
thickness in the diffusion calculations ieuds to a large error in the
predicted k e f f (by about 1.5%). However, beyond 50-60 cm. of TC
thickness in the error is reduced to leas than 0.2 %, A three-
dimensional calculation for the present HEU con; with the UHDIF code
using 50 cm. for TC thickness and a TC height of 80 cms. (i.e. core
height including non-fuelled portion of the plates and the end boxes)
yields keff=1.0043 which is in good agreement with its measured value
(i.e. 1.006+0.0012).

Table III shows the excess reactivities predicted by 2DB for the
present HEU core and the potential LEU cores with TC thicknesses of 46
cm. and 57 cm. in x- and y-directions, respectively, and average
extrapolation length of 10.12 cm. The measured excess reactivity for
the HEU core and VIM5* results (i.e. full-core Monte Carlo simulations)
based on plate by plate descriptions of the LEU cores E and I (provided
by the ANL RERTR Program) are also shown. Considering : a) the error
margin on the experimental result for the HEU core, and, b) the margin
of statistical uncertainty on the Monte Carlo results and small
differences in modeling for the LEU cores (e.g. a uniform TC thickness
of 40 cms. is used in VIM calculations), 2DB predictions for excess
reactivities are in excellent agreement with the experimental and Monte
Carlo results. Note that thorn Js a N O , 3 S difference between tint
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TABLE III

Improved Excess Reactivities (* £k/k) for the Present HEU Core
and Potential LEU Cores

Core

HEU

LEU

LEU

LEU

LEU

LEU

E

G

H

I

J

Experimental

Diffusion Calculations

0.40

2.46

3.01

2.01

2.71

3.29

** VIM (Provided by ANL)

Experimental/VIM

0.60 t 0.12*

2.24 ± 0.30"*

2.17 t 0.30
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excess reactivity corresponding to 50 cms. of TC thickness in Fig.3 and
the excess reactivity for the HEU core shown in Table III. This
difference between Fig. 3 and Table III results originates from the
difference in the TC mesh size used for the respective 2DD
calculations.

Table III shows that core H is not suitable for the conversion/
upgrade of OSURR. The excess reactivity for core H (i.e. 2.01 *A k/k)
is substantially lower than the required minimum (i.e. 2.5 *Ak/k).

CONTROL ROD WORTHS FOR THE POTENTIAL LEU CORES

The methodology used in the determination of the control rod
worths is described in Ref.6 and involves the following steps:

1. Using two-dimensional transport or Honte Carlo calculations
for the supercell shown in Fig.4, determine the groupwise
absorption density rates in the control region.

2. Implement the two-dimensional diffusion code used for the
global core calculations on the supercell.; and match the
diffusion theory predictions for the groupwise control region
absorption rate densities to the values determined in step #1,
by treating the groupwise macroscopic absorption cross
sections for the. control region as variables.

> 3. Using the macroscopic absorption cro3s sections determined in
X step #2 for the controJ region, determine the change in the

core *eff due to the insetion of the rod(a) by diffusion
calculations.

The discretization scheme for step #2 has to be identical to the one
used in step #3. The raacrosoo^jo transport cross sections necessary to
determine the groupwise diffusion coefficients in step #2 are found
from

Z t r . g = E a . g + E s , B f ^ ) (1)

with E8 p (1- V) kept constant for varying 2 Q „. The rest of the
diffusion ' parameters for the control region (e.g. £ n'r'" vs) are

obtained from unit cell calculations with the control rod constituting
the extra region. If a Konte Carlo code is used for step #1, the
matching has to be done on an absorption rate per neutron basis and
thus the diffusion theory results for the groupwise control rod
absorption rate densities have to be divided by a factor, f, In step #2
for comparison with step #1 results, where

f= > , d V ( v E f ) 4 /vr kpff. (2)
V

f'E v g / vc *eff
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TABLE IV

Comparison of Rod Worths (*Ak/k) for the Present HEU Core
and LEU Core I

Core

HEU

LEU I

Control Rods

SRH-SR2+SR3

SR2+SR3

SRI

SR1+SR2+SR3

SR2+SR3

Methodology

7.13 a

4.24a

2.60a

7.l4c,y.89a

5.20c,5.17a

Experimental/VIM

6.72 ± 0.79b

3.87 ± 0.55°

2.85 ± 0.57b

7.97 + 0.43d

4.55 + 0.48d

aUMDIF Experimental C2DB 'VlH (provided by ANL)

Both experimental and UMDIP results are for the positions of SR3 and RR
in Fig.l interchanged.
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In Eqs. (1) and (2) the subscript g is the group index (g=l,...,G), Vc
is the control region volume and V Indicates the volume of the
supercell. The rest of the symbols have their conventional
definitions. The matching process in step #2 can be very tedious due
to the interdependency of the groupwise absorption density rates (the
flux spectrum changes every time T. a is changed). However, if there
is no upscattering, starting the' matching process from the most
energetic group minimizes the number of iterations in the determination
of E_ _ for step #3.

"A i 6

Table IV compares the rod worths obtained by the methodology
described above to the experimental results for the present HEU core
and whole core VIM simulations for the LEU core I. Step #1 results for
both cores and VIM results for the LEU core I were provided by the ANL
RERTR Program. Table IV shows that the predictions by the methodology
are in excellent agreement with the experimental/VIM results. An
interesting observation in Table IV is that the control rod worths
Increase in going from the HEU core to LEU core I, in spite of spectrum
hardening due to Increased resonance absorption. The Increase in rod
worths is caused by the reduction in the core size.

Table V lists the rod worths obtained by the methodology for the
potential LEU cores. The main motivation for considering all the
possible combinations of the safety rods is to determine the shutdown
margin with the highest worth rod stuck. No credit is taken for the
regulating rod. Table V shows that the shutdown Riargins for cores E,
G, I and J are 2.40, 1.91, 1.89 and 1.57 SsAk/k, respectively. The
individual rod worths for the p.-*- \n!:ial LEU cores obtained from Table V
results are shown in Table VI. Note that there is a ±0.5 % Ak/k
difference between the sum of the rod worths in Table VI for a given
core and the total rod rod wr.ivri shown in Table V for the same core.
This difference is due to the power perturbation caused by the presence
of the rods in the core. In that respect, the rod worths given in
Table VI are only estimates.

DISCUSSION

The results of this study show that the LEU conversion/upgrade of
OSURR can take place with core configurations G, I, or J described in
Table II. The suitability of core E for the conversion/upgrade is
debatable, since the predicted excess reactivity is very close to the
required minimum. All the configurations E, G, I and J have similar
operational characteristics, with:

10* variation in the element averaged maximum power-per-
plate,
3* variation in the thermal flux at the Central Irradiation

299



TABLE V

Potential LEU Core Rod Worths (%A k/k)

Rods

SR1+SR2+SR3

SR2+SR3

SR1+SR3

SR1+SR2

Core E

7.87

5.18

5.29

4.86

Core G

8.23

5.02

4.92

5.99

Core H

7.89

5.09

4.55

5.63

Core I

7.14

5.20

4.60

4.97

Core J

7.94

5.12

4.86

5.42

TABLE VI

Individual Rod Worths (*A k/k) for the Potential LEU Cores

Rod

SRI

SR2

SR3

Core E

2.69

2.58

3.01

Core G

3.21

3.31

2.24

Core H

2.80

3.34

2.26

Core I

1.94

2.54

2.17

Core J

2.82

3.08

2.52
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Facility (i.e. CIK in Pig.I), and,

10* variation in the thermal flux near the beam tubes.

Core J has the lowest radial power peaking factor (1.36), and core I
has the highest thermal fluxes at the CII' and near the beam tubes (1.44
x l(r° and 8.0 x 10 J C neutrons/cnr sec, respectively). The radial
power peaking factor for core I is 4% higher than that for core J.

Based on the computational results, core I or core J seem to be
the optimal choice for the conversion/upgrade of OSURR. However, since
the predicted operational characteristics for cores E, G, I and J are
similar, all these cores are being regarded as possible options for the
conversion/upgrade. The choice of a configuration for long term
operation will depeml on t lie validation of the computational results
through low power experiments following implementation.
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FEASIBILITY STUDY ON USE OF LEU AND MEU ALUMINIDE FUELS IN THE KUR

Keiji Kanda, Masatoshi Hayashi, Kaichiro Mishima and Seiji Shiroya
Research Reactor Institute, Kyoto University
Kumatori-cho, Sennan-gun, Osaka 590-04, .Japan

ABSTRACT

Because of the delay of the safety review to use
LEU silicide fuel in the KUR, the feasibility study on
use of LEU and MEU aluminide fuels (2.2 gU/cm3) was
performed. Thermal hydraulic study did not find any
difficulty, however, neutronics study has some problems
even when beryllium reflector is used instead of the
existing graphite reflector. Nnmely, even when the LEU
aluminide fuel is fully loaded in a whole fuel region,
a goal depletion of 35 %U-235 can not be attained. On
the other hand, the MEU aluminide fuel can get an
upgraded performance. We conclude that for continua-
tion of the KUR operation, either one of the following
fuels is needed: (1) the present HEU alloy fuel (0.5845
gU/cm3), (2) MEU aluminide fuel «>..2 gU/cm3), or (3)
LEU silicide fuel (3.2 gU/ -3>.

INTRODUCTION

The KUR (Kyoto University Research Reactor) is a light water moderated
tank-type reactor of 5 MW. It has been successfully operated for 23 years,
during which period it has served as one of the most useful inter-university
research reactor facilities in Japan. Recently it has been used in medical
purposes: clinical treatment and diagnosis of brain cancer and malignant
melanoma. It is believed that the KUR deserves upgrading during core conver-
sion for longer use.

The feasibility study on use of silicide fuel (3.2 gU/cm3) in the KUR had
been done from the viewpoint of ncutronics and thermal hydraulics,1'2 as a part
of the Joint Study Program between the Research Renctor Institute of Kyoto
University (KURRI) and Argonne National Laboratory (ANL) in Phase C, and we
confirmed the its use is feasible without major design changes. However,
because of some shortage of integrity test data for burned silicide fuel, a
safety review application to use LEU silicide fuel in the KUR is not accepted
yet by the government authorities. Meantime, the tentative use of LEU or MEU
aluminide fuels (2.2 gU/cin3) is considered, and the feasibility study was
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performed, since the use of 2.2 gU/cm3 aluminide fuel had been already accepted
for the JRR-3 by the authorities.

DESCRIPTION OF THE KUR

Figure 1 shows the horizontal cross section of the KUR. Figure 2 shows a
typical core loading pattern. Currently, we use curved-plate elements shown in
Fig. 3, which will be changed to flat-plate elements shown in Fig. 4 at the
occasion of the final core conversion.
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Fig. 1. Horizontal cross section of the KUR.
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Fig. 4. The modified KUR fuel elements
(left: standard, right: for control rod).

CALCULATION ASD RESULTS

Thermal hydraulics

After the various thermal hydraulic analyses, we reached the conclusion
that no major design change would be needed if the peaking factor in the
converted core would be less than 3.2.2

Neutrnnicfi

Neutronics calculations were performed by the 4-group two-dimensional
diffusion theory using the SRAC code system.3

The multiplication factors for initial cores shown in Fig. 5 with MEU and
LEU aluminide fuels (2.2 gU/cm3) as well as the present HEU fuel were calculat-
ed as shown in Table 1. For LEU fuel, even when beryllium reflector is re-
placed for graphite one, the multiplication factor is less than 1.05, which is
needed for a continuous 5 MW operation of the KUR.

The peaking factors for all cases satisfy the thermal hydraulic require-
ment (<3.2) as shown in Table 2.
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Table 1. Multiplication factors for initial cores

Case Enrichment Density Chemical
(%) (gU/cm3) form

Reflector

1CSI
3
4

HEU
MEU
LEU
LEU

93
45
20
20

0.5845
2.2
2.2
2.2

UA1-
UA1
UA1"
UA1X

X

UAl-alloy graphite 1.690 1.047
graphite 1.732 1.142
graphite 1.543 0.953
beryllium 1.543 1.018

initial core contains 18.5 effective number of elements (see Fig. 5).

Table 2. Flux distribution, peaking factor and A Rod worth
(eigen value correction are not done yet.)

Case

1

CSl

3
4

Flux (1013

A
HY

2.78
2.23
3.15
2.87

n/cm2

*
PN

0.63
0.36
0.77
0.92

•sec) Peaking
factor

2.59
2.78
2.56
2.34

A rod worth
(%Ak/k)

3.1
2.5
3.6
2.7

* HY and PN are shown in Fig. 5.
•(• Two dimensional vnlue x 1.57.

307



Table 3 shows the multiplication factors of initial and 17.5 % burnup
fully-loaded LEU cores with graphite or beryllium reflector. Even when
beryllium reflector is replaced for graphite, k f. in the equilibrium core of
17.5 % burnup is less than 1.05. Moreover, the fully loaded core shown in Fig.
6 and 7 reduces the reactor performance.

Table 3. Multiplication factors of fully loaded cores
with LEU UA1 fuels of 2.2 gU/cm3

X

Case Fuel Density Reflector Burnup
(gll/cm3) (%) eff

1-1
1-2
3-1
3-2
4-1
4-2

HEU
HEU
LEU
LEU
LEU
LEU

0.5845
0.5845
2.2
2.2
2.2
2.2

graphite
graphite
graphite
graphite
beryllium
beryllium

0
17.5
0

17.5
0

17.5

1.690
1.639
J.543
1.484
1.543
1.484

1. J.48
1.097
1.046
0.990
1.083
1.026

Ref. Fig. 6 for cases 1-1, 1-2, 3-1 and 3-2.
Fig. 7 for cases 4-1 and 4-2.
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According to neutronics calculation, including former presentations,1 we
conclude that either one of the following fuels is needed for the continuation
of the 5 MW operation of KUR with 35 %U-235 burnup:

(1) the present HEU alloy fuel (0.5845 gU/cm3),
(2) MEU aluminide fuel (<2.2 gU/cin3),
(3) LEU silicide fuel (3.2 gU/cm3).
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CONVERSION, CORE REDESIGN AND UPGRADE OF THE RHODE ISLAND
ATOMIC ENERGY COMMISSION RF'.ACTOR

A. Francis DiMeglio
Rhode Island Atomic Energy Commission

Narraganset, Rhode Island, USA

J. E. Matos
Argonne National Laboratory

Argonne, Illinois, USA

K. E. Freese
Argonne National Laboratory

Argonne, Illinois, USA

ABSTRACT

The 2 MW Rhode Island Atomic Energy Commission
reactor is required to convert from the use of High
Enriched Uranium (HEU) fuel to the use of Low
Enriched Uranium (LEU) fuel using a standard LEU
fuel plate which is thinner and contains more
Uranium-235 than the current HEU plate. These
differences, coupled with the fact that the
conversion should be accomplished without serious
degradation of reactor characteristics and
capability, has resulted in core design studies and
thermal hydraulic studies not only at the current 2
MW but also at tne û:'-*. mum power level of the
reactor, 5 MW. In addition, during the course of
its 23 years of operation, it has become clear that
the main uses of the reactor are neutron scattering
and neutron activation analysis. The requirement
to convert to LEU presents an opportunity during
the conversion to optimize the core for the
utilization and to restudy th.e thermal hydraulics
using modern techniques. This paper will present
the preliminary conclusions of both aspects.

The Rhode Island Nuclear Science Center (RINSC) reactor
is an open swimming pool reactor which has operated at 2 MW
since 1968 using fully enriched MTR fuel. The reactor was
designed by the General Electric Company for operation at 1,
2.5 and 5 MW and all permanent structures such as shielding,
in-concrete piping, and pool depth were sized and installed
for 5 MW operation. In addition, using the calculational
techniques available in the late 1950's, operating parameters
for all three operating power levels were established.
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This reactor, as most reactors which became operational
in the early 60's, was designed for wide ranging utilization
and therefore incorporates a thermal column, bulk shielding
facility, radial and through tubes, pneumatic irradiation
systems, and in-core radiation baskets. Historically,
however, the facility has been utilized for activation
analysis as part of research programs conducted at the
facility, and in neutron scattering. The size of our effort
is demonstrated by the fact that each year we perform
irradiations on about 5,000 samples, analysis of which lead
to about 100,000 element identifications. We provide
facilities for the entire operation, from clean rooms for
sample preparation to counting equipment. In neutron
scattering, two spectrometers are in operation with a third
under construction. We operate the only polarized neutron,
small angle scattering instrument in the United States. The
neutron scattering effort at our facility is currently
expanding through the addition of staff.

In both experimental areas, there is a need for more
neutron flux. The NAA groups are interested in doing smaller
samples and the neutron scatterers always want more flux.

In early 1986, as you know, the Nuclear Regulatory
Commission (NRC) issued a regulation requiring all licensed
reactors in the United States to convert to the use of low
enriched uranium when technically possible unless the reactor
could claim a unique purpose. The rule further stated that
the costs of conversion would be borne by the Department of
Energy (DOE) and that the conversion should be accomplished
in such a way as to not seriously degrade the characteristics
of the reactor. At the same time the DOE which supplies fuel
for most university reactors decided to produce a standard
fuel plate for use in all university reactors including the
Rhode Island reactor. This standard plate is different from
the fuel plate currently in use. These differences are shown
in Figure 1. Note that our standard 18 plate element
currently contains 124 grains of u^35 while the proposed LEU'
plate will contain 225 grams of u235. in addition, the
proposed plate will lead to a fuel element with greater flow
area. The net result will be a smaller core with increased
flow through the core and less pressure drop across the core.

At first glance these are desirable changes: the
increased flow will allow the reactor to operate cooler; the
smaller core will increase the neutron flux. However, the
design of the reactor does not readily accommodate these
changes.

The pressure drop in the primary system is used to force
coolant water through the thermal column cooling system. A
decrease in pressure drop across the core will therefore
decrease the coolant flow to the thermal column. It may be
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necessary to install a pump to provide adequate cooling to
the thermal column.

The smaller core presents a problem because of the
design of the existing grid plate and grid box.

Figure 2 shows the grid box of the reactor and shows the
grid plate and the support for shrouds which contain control
blades.

Figure 3 shows one control blade with its shroud. Four
of these shrouds are permanently fixed in the grid box and
cannot be moved. While these large control blades are
desirable from a safety standpoint, they are obviously only
effective when surrounded by fuel.

Figure 4 shows the current core used: a 30 element
graphite reflected core with 5 irradiation baskets. This
figure shows the HEU core which has become our standard
operating core. Before arriving at this core however,
critical experiments were performed for 19 cores for which
excess reactivity and control rod worths were experimentally
determined. These 19 cores were utilized in early 3
dimensional calculations to determine that the analytical
techniques could predict the experimental results. These
calculations, as well as all the calculations for the
remainder of my presentation, have been performed by the
Reduced Enrichment for Research and Test Reactors (RERTR)
group at Argonne National Laboratory.

Note the arrangement OJ. tlhe facilities for experiments
around this core. The spectrometers are at the two large
radial tubes, and a new spectrometer is being constructed in
the thermal column port. Rabbit irradiations are performed
in the rabbit system and in a fast automated system installed
in a beam tube. While not shown in the figure, the power
peaking factor for this core is about 2.5.

In the early core design work for an acceptable LEU
core, the use of a flux trap was investigated. This was done
to create facilities with higher flux for use in activation
analysis programs and to make the core large enough to
incorporate the fixed control blades. Figure 5 presents the
end result of many calculations and shows an LEU core
containing 21 elements and two flux traps. The core would
also provide enhanced fluxes at the beam tubes and rabbit
position. Note, however, that this core has a maximum power
peaking factor of 4.16 which from a thermal hydraulics
standpoint is unacceptable at the existing coolant flow rate.
Calculations on several variations of this core were also
performed which included half loaded elements, a central
graphite reflector element, and 1/8" stainless steel liners
in the flux trap. With these variations it was possible to
reduce the power peaking factor to about 3 but usually at the

313



expense of excess reactivity. From these calculations/ it
became clear that the power peaking factors would remain a
problem.

Figure 6 shows the next core which was investigated.
This core contains a row of beryllium elements in the center
with irradiation holes in the beryllium. Also note that the
row of beryllium now lines up with the beam tube in the
thermal column creating a very desirable situation for
neutron scattering for one beam tube. If, however, the row
of beryllium were rotated by 90 degrees then 2 instead of 1
beam tube would have the advantage of "seeing" only scattered
neutrons. At this point in the conversion redesign studies,
it became clear that we should proceed in such a way as to
peak the core for neutron scattering and the increased flux
for NAA would take care of itself.

Figure 7 shows the next core which was and is still
being investigated. Note the acceptable peaking factor and
that all tubes now "see" only scattered neutrons. Also note
the use of beryllium reflectors.

Figure 8 presents the most recent core design under
investigation. Note again the acceptable power peaking
factor and shut down margin even though the control blades
are now outside the core. This core also utilizes beryllium
reflectors.

Figure 9 presents thermal flux data for the four cores
considered, i.e. the current HEU core,, the 9 element core
designated as Be-13, the 16 element clustered core designated
as Be-5B and the flux trap core designated as LEU-1. All
data are at the 2 MW power level. Clearly the beryllium
cores offer distinct advantages not only in increased thermal
flux but also in an improved signal to noise ratio. The
locations calculated are indicative of the relative flux for
beam tubes and for the NAA irradiation facilities.

Calculations already performed on these beryllium
reflected cores show that the excess reactivity is strongly
dependent on the gap between the outside of the core and the
reflector. For this reason, all the results should be
considered preliminary.

At the present time, calculations on Be-5B and Be-13 are
continuing. Burnup calculations already performed indicate
that the excess reactivity is not adequate or at best
marginal even at our low duty cycle. Calculations are
continuing to increase the core lifetime perhaps by using
more than 18 plates in each fuel element or increasing the
uranium in each plate. Calculations are also being performed
to determine if this deviation from standardization is
justified by savings in fuel element fabrication.
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Calculations are underway to optimize the thickness of
the beryllium reflector. At the same time, a cost balance is
being performed on the use of beryllium versus the use of
additional fuel elements in the larger core which would
result if beryllium were not used.

Calculations are also underway to improve still further
the beam port flux. Ideally, the beam ports should extend
closer to this smaller core. Since the grid box makes it
impossible, calculations are underway to determine the
effects of holes in the beryllium reflectors which
effectively extend the beam tubes.

Finally, detailed calculations of xenon behavior and
temperature coefficient are being performed.

Thermal hydraulic calculations and design basis accident
considerations are also being performed concurrent with the
core design.

The existing HEU reactor with its lightly loaded fuel
element is adequately cooled by air convection after a short
shut down period. Any new core incorporating the more
heavily loaded fuel plates will probably not be adequately
cooled by air convection after a short shut down period. The
new core then may require an emergency core cooling system.
Calculations are underway to make this determination. It
should be noted however that the grid box, instead of only a
grid plate, makes emergency core cooling more simple since it
may be only necessary to keep the grid box filled with water.

As already stated, this reactor was designed to operate
to a maximum power level of 5 MW. The coolant flow rate at 1
MW was set at 340 M3/HR with 227 M3/HR passing through the
fuel elements. This flow rate at higher powers has been set
at 658 M3/HR with 454 through the fuel. In order to assure
that these thermal hydraulic parameters are not seriously
effected by the conversion, calculations have been performed'
using present day techniques.

Figure 10 presents the plate surface temperature for 4
cores as a function of power level. Also shown is the
saturation temperature tor the conditions of operation. Note
that while the flux trap core may be acceptable under some
conditions, it is unacceptable at our present power level and
at 5 MW. The HEU, and the 9 elements and 16 element LEU
cores are acceptable.

Figure 11 presents data for the onset of nucleate
boiling as a function of power level for the 4 cores. Again
the flux trap reactor is unacceptable while the remaining
three provide a sufficient margin before the onset of
nucleate boiling.
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Figure 12 presents the preliminary calculation for
critical heat flux as a function of power level for the 4
cores. These calculations are incomplete but for the cores
of interest/ Be-5B and Be-13/ the margins appear more than
adequate for burnout due to the departure from nucleate
boiling and flow instability.

In conclusion, the federally mandated conversion coupled
with the use of a standardized fuel plate has lead to a
reanalysis of the nuclear, safety and thermal hydraulic
characteristics of the RIASC reactor. To insure that there
is no reduction in capability, the analysis is being
performed not only at 2 MW but at the 3 and 5 MW power
levels. In addition, the study is proceeding to match the
reactor with its utilization.
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Figure
2 : Reactor Core Grid Box
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Figure 3: Control Blade and Shroud
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RINSC HXU CORE (6/16/B6)

Figur* 4: Typical 30 alom«nt HEU cor*
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LEU STRRTUP CORE: 21 Froth Elements

POWER PERKING FRCTORS
Blades at 12.7* (Rbtorbor Tip at Fuel Meat Centerllne)

Calculated EHCBJJ Reactlulty - -1.3B % Ak/k

Radial
Elemen

Total

FIguro S: F5UH Trap, 2\ Element Core
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LEU COM B E - 1
18 Fraah Clamant*

C a l c u l a t e d Excaaa R a a o t i v i t y - 5 . 1 3 % Ak/k
Tota l Powar Paaking Factor » 2 .47 i n C4 and K4

Shutdown Margin - 3 .42 % Ak/k with Blade 3 Stuck

1 2 3 4 5 6 7 8 9

Figure 6: Ba s p l i t , 18 element core
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LEU CORE BE-5B
IS Freoh Fuol EUmantn

CalcuUtoii Excsoo R«»cllvitu » S.37 % Vk
Total Pooor Pocklnfl Factor a 2.7B In C1 and E4

7: Bs rafloctod, 16 alamont coro
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LEU CORE BE-13
9 Fneh Fuji Ebmonts

Calculatsd E x c t n Htactlrlty •> 4.43 % k/k
Total Powur Poaklng Factor •• 1.97 la M

Shutdamn margin - 5.BB D k/k mlth Blado 3 Stuck

Figure 8: Bo rofloclcd, 9 elamaol ecru
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PERFORMANCE AND ECONOMIC PENALTIES OF SOME LEU CONVERSION

OPTIONS FOR THE AUSTRALIAN REACTOR HIFAR

D.B. McCulloch

and

G.S. Robinson

Australian Nuclear Science and Technology Organisation*
Lucas Heights Research Laboratory, Private Mail Bag 1, MENAI, NSW, 2234

AUSTRALIA

ABSTRACT

Performance calculations for the conversion of HIFAR to low
enriched uranium (LEU) fuel have been extended to a wide range of
235U loadings per fuel element. Using a simple approximate
algorithm for the likely costs of LEU compared with highly enriched
uranium (HEU) fuel elements, the increases in annual fuelling costs
for LEU compared with HEU fuel are examined for a range of
conversion options involving different performance penalties. No
significant operational/safety problems were found for any of the
options canvassed.

INTRODUCTION

HIFAR (High Elux Australian Reactor) is a 10 MW, Dido-class heavy water moderated
and cooled research reactor, operated by the Australian Nuclear Science and Technology
Organisation at the Lucas Heights Research Laboratories, near Sydney, New South Wales.
The fuel is highly enriched uranium/aluminium alloy.

In recent years, a number of studies relating to the proposed conversion of HIFAR to
low enriched (19.75 wt % 2ssu) fuel have been published.1!2.3!4 They were concerned
primarily with neutronics and thermohydraulics, for both normal operation and the
assessment of safety; they also addressed the likely detriment to reactor performance for the
main areas of reactor application.

A basic assumption of those studies was that the current highly enriched uranium
(HEU) fuel cycle, fuel element burn-up, etc would be matched as closely as practicable with
low enriched uranium (LEU) fuel by selecting an LEU .236U loading which would give the
same end-of-cycle core reactivity as the HEU fuel. WitnWHhis framework, the studies
suggested that the main cause for concern was the effect on reactor applications of the
concomitant reduction in (predominantly thermal) neutron fluxes. Judgements could then be
made regarding the extent, if any, to which the performance losses should be compensated
by an increase in reactor operating power with its attendant increase in fuel element
consumption rate and fuel cycle cost.

Accumulating experience in the fabrication of LEU dispersion fuels, particularly
UsSi2-Al, strongly suggests that fabrication costs for LEU fuel elements will be substantially
greater than for the HEU ones they replace, and will show a significant dependence on the
uranium loading. In these circumstances, the simple conversion strategy previously studied
may not be appropriate, since it may incur unnecessarily severe economic penalties,
particularly in a reactor like HIFAR, where the normal HEU (150 g 235U) fuel elements
require only a very modest uranium density (~ 0.54 gem-3) in the fuel 'meat1.

*The Australian Nuclear Science and Technology Organisation (ANSTO) replaced the
Australian Atomic Energy Commission (AAEC) on 27 April 1987
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The present study surveys the economic implications of a range of fuel loading options
to meet specified reactor performance criteria in IHFAK's conversion to LEU fuel. It
primarily addresses the effect of 23BU loading per LEU element on fuel consumption rates
and neutron flux levels in comparison with those for standard HEU (80% 2SBU) 150 g 23BU
elements. The LEU fuel considered is UjSi^-Al fuel of 19.75% enrichment, with identical
geometry to the HEU fuel. Relative reactor fuelling costs are deduced from simple
assumptions based on preliminary fuel element cost information.

HIFAR

HIFAR has 25 fuel elements on a 152.4 mm square pitch in a 4,6,5,6,4 array with the
central row displaced one half-pitch. The heavy water for the moderator and reflector is
contained in a cylindrical aluminium tank, 2 m diameter and 12.7 mm thick. The dished, 16
mm thick bottom of the tank provides space for an equivalent uniformly 0.4 m thick bottom
D20 reflector. The top DiO reflector extends 0.78 m above the active core. Further radial
and bottom reflectors of 0.6 m thick graphite are located outside the tank, and a large
number of horizontal beam tubes and vertical facilities extend into the heavy water reflector.
The reactor is controlled by six 'signal arm' absorber blades, and operates at 10 MW over a
28-day cycle of which about 24 days are at power. The general arrangement of the reactor
is shown in Figures 1 and 2.

The standard fuel element (Figure 3) contains 150 g 235u at 80% 235U enrichment, and
consists of four concentric fuel tubes, each of 0.66 mm thick U-Al alloy meat clad in 0.43
mm thick aluminium. The active length is 603 mm. Each fuel tube is made up of three
curved plates welded together and the consequent aluminium seams between plates reduce
the notional volume available for fuel meat by 9.1%. The inner radii of the fuel tubes are
30.39, 35.29, 40.19 and 45.09 mm. Inner and outer aluminium tubes, of inside radii 25.36
and 49.90 mm and thicknesses 1.63 and 1.59 mm respectively, complete the element and
provide five coolant channels of width (inner to outer) 3.40, 3.38, 3.38, 3.38 and 3.29 mm.

REACTOR MODELS AND MAJOR ASSUMPTIONS

Reactor modelling for the present study followed the same general approach as
previous AAEC studies of conversion to LEU.2 In brief, few-group macroscopic cross
sections for a cell consisting of a section through a fuel element were obtained from a cell
burn-up calculation. Global calculations with these cross sections were performed first in
RZ geometry to obtain axial bucklings and then in an XY model which included detail of
in-core and reflector rigs and facilities. A uniform burn-up was assumed throughout the
core. The adequacy of this approach was established previously.2

As in previous studies, fuel cycle data for HEU fuel were taken as the average of
HIFAR operating programs 266 to 286. Where necessary, data were obtained from the
HIFUEL program5 which is used for HIFAR fuel management. The average data extracted
were

» 46 fuel elements per year with an average discharge burn-up of 64.7 MWd per
element;

• 22.8 effective full power days of operation at 10 MW per 28-day cycle;

• reactivity balance at end-qf-cycle of 2.3% for in-core rigs, 2.2% for reflector
rigs and 1.6% excess held in the coarse control arms (CCAs); and

• core loading at end-of-cycle of 2.48 kg of 2SBU with an average burn-up per
element of 40.5 MWd.

The reactivity unit used throughout was per cent reactivity in a core containing 3.2 kg of
235U. Calculated values of reactivity, p, were obtained from keff using

p - 100(1 - l / k o / / ) ( M / 3 . 2 ) 0 - 7 ,

where M is an equivalent 235U core mass (kg) after allowing for 2S9pUi

The main neutronics calculations established, for a given LEU fuel element, the core
average burn-up which gives the same excess reactivity at end-of-cycle (1.6%) as HEU fuel
of a given burn-up. Two situations were considered:
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(i) the standard in-core rig burden of 2.3% for which the HEU burn-up is 40.5
MWd and

(ii) an increased in-core rig burden of 5.3% for which the corresponding average
burn-up was calculated to be 32.0 MWd for HEU fuel.

The criterion of matching excess reactivity in a 3.2 kg core was chosen because it allows for
the smaller xenon override requirement in a core with a larger fissile mass.

The fuel consumption rale was obtained from the core-average burn-up at
end-of-cycle, I, using the approximate relationship

I = cP (1/n + 1/N)

where P is the reactor power,

n is the average number of elements changed per 28 day cycle,

N is the number of fuel elements (25) in the core, and

c is a constant determined from the average fuel cycle data given
above.

Such a relationship gives good results when normalised to actual fuel cycle data.

FUEL COST DATA

To compare fuel costs for LEU and HEU fuel, a number of simplifying assumptions
and approximations, considered to be adequate in terms of the available preliminary cost
data and their accuracy, were made. They were

• Cost per gram of 235U is the same for 80 or 20% enrichment

• Breakdown of HEU fuel element cost is 50% for uranium and 50% for
fabrication

• meat processes account for 30% of HEU element fabrication cost, i.e. 15% of
total cost.

• Cost of meat processes is proportional to the mass of uranium handled.

• In the relevant limited range of uranium density the rejection rate for LEU
fuel plates is constant.

On this basis, the costs of LEU elements relative to the HEU 150 g element are 1.46,
1.61 and 1.83 for 235U loadings of 150, 170 and 200 g respectively. Although the relative
costs of LEU fuel and HEU fuel may change when firmer data are available, the variation
of LEU element costs with 236U loading is unlikely to change much since about 80% of their
cost is proportional to the 235U loading.

COMPARISON OF THREE LEU FUEL LOADINGS

Comparative fuel-cycle data for standard HEU fuel and LEU fuel with 2S6u loadings
of 150, 170 and 200 g per element are given in Table 1. For each element type, data are
presented for both standard and high rig burdens. The table is further subdivided to give
fuel consumption rater, and relative fuel cost at 10 MW and at that power which is required
to ensure no flux reduction for any application of the reactor facilities.

For the cases considered, the maximum uranium densities required are very modest
compared with the 4.8 g cm-3 being qualified in the RERTR programs. Core fissile mass
data are included in the table because of their influence on the reactivity scale. The average
discharge burn-up values are for 10 MW operation; there would be a slight reduction at the
higher powers. In terms of fission density, the discharge burn-ups are also modest
compared with those already demonstrated in the RERTR program.
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Whether operation at 10 MW or at the increased power corresponding to no reduction
in neutron fluxes is considered, the Table I data show clearly that considerable sayings in
fuel costs can be achieved by the use of high ZSSTJ fuei element loadings; the savings
become more pronounced when the rig burden is assumed to increase from its current,
rather low value.

Table 2 gives some details of neutron fluxes (including those at some beam facilities)
and isotope activities for 10 MW operation with the current rig burden. The latter were
derived using the effective isotope cross sections of Harrington and McCuUoch*. As
expected, the fluxes at the beam facilities and the (n, f) Mo activity in particular, show
much less variation than the core thermal flux. Results for higher power levels may be
taken as directly proportional to power.

Figure 4 shows neutron fluxes, along the X-axis (i.e. through the C3, C4, C5 fuel
positions) at the core midplane, for HEU fuel. Figures 5 to 7 give the flux ratios for
150 g, 170 g and 200 g LEU fuel relative to HEU fuel and Figure 8 shows the penalty in
selected fluxes and activation levels if 10 MW operation is retained. The relative increase in
fuelling cost for LEU is varied by changing the 25BU loading of the fuel elements. In all
these figures, the fast flux is > 0.8 MeV, the epithermal flux is from 9.1 keV to 1.1 eV, and
the thermal flux is the Westcott flux.

Table 2 also gives absorption coefficients, and the good agreement of the variation in
core average values with the 1 /(fissile mass)0-7 ratios validates tne reactivity worths used
throughout the study. The power fractions in each ring of a fuel element were also
calculated for the four fuel types and proved to be practically independent of fuel type.
The greatest change was an increase in the fraction in the outer ring from 0.315 for standard
HEU fuel to 0.319 for 200 g LEU fuel.

ADDITIONAL CALCULATIONS FOR 200 g LEU ELEMENTS

Because the 200 g LEU element gave the lowest fuel costs for those elements
considered and its use represents the biggest change from the current fuel cycle, additional
calculations were performed for this case.

Flux peaking in a new fuel element was calculated for standard HEU and 200 g LEU
fuels. The results basically refer to a new element in the C3 position, which is the worst
case. The results of seven cases are given in Table 3. All cases except case 2 were
performed in RZ geometry, and comparison of cases 1 and 2 shows that RZ model results
may be used directly. Cases 3 and 4 model the start-up for standard fuel with standard rig
burden. Case 4 attempts to increase the peak power by surrounding C3 with fuel elements
of very high burn-up, but retaining the same average burn-up as case 3. Case 5 represents
the worst possibility in changing fuel types. Cases 6 and 7 are the equivalent of cases 3 and
4 for 200 g LEU fuel. It is clear that peaking with 200 g LEU fuel differs little from that
with standard HEU fuel, and the extreme case (5) could be easily avoided in the HEU/LEU
change-over.

An operational limit on fuel element power is determined from consideration of the
margin to excursive flow instability. This has been investigated for operation at 13 MW,
which is approximately the power required with 200 g 235U elements to ensure that no
application of the reactor is disadvantaged compared with operation with HEU fuel at
10 MW.

For operation at 13 MW with two coolant pumps, the normal inlet coolant temperature
was calculated to be 48°C.6 An analysis of HIFAR flow instability power by Romberg' gave
a value of 2400 kW for this inlet temperature. By applying the same uncertainty factors on
coolant flow rate and fuel loading used for HIFAR safety assessments with HEU fuel, this
value is reduced to 1680 kW. The margins between this reduced value and the calculated
powers of 860 and 975 kW for the worst cases under operation with LEU fuel and with
mixed cores are 1.95 and 1.72 respectively. These margins, which have not been reduced to
allow for uncertainty in the peak power, still remain adequately large.

The loss of reactivity over an operating cycle was calculated for HEU fuel at 10 MW
and 200 g LEU fuel at 10 and 13 MW. The results given in Table 4 were obtained for
cores of uniform burn-up. The validity of the 'uniform burn-up' assumption for this
purpose was demonstrated by comparison with HIFAR 'core-follow' calculations2 and
experimental observations. It can therefore be deduced with confidence from t'.he results of
Table 4, that 200 g SSBJJ LEU fuel elements would not give rise to significant reactivity
control problems.
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DISCUSSION

Earlier conversion calculations for HIFARV showed that an LEU element with about
160 g 235U matched the reactivity of the standard HEU element with 150 g 235U; that is,
the same number of fuel elements would be required. Assuming that the operating power of
10 MW was retained, the main effects on reactor performance were reduction in thermal
flux of about 15% in the core and 5-10% (depending on distance from the core) in the
reflector. Changes in reactivity coefficients were minor. Although these results were for
UsOg-Al LEU fuel elements, neutronics calculations are very little affected by a change
from UsOgto the now preferred UsSi2. The results were generally in line with those For
other DIDO-class reactors, though the higher power levels and rig burdens of the latter
complicated detailed comparisons.

A later study4 of the same fuels examined in more detail the effects on irradiation
facilities. Briefly, the results indicated reductions of about 5% in (n, if) Mo activity, 14% in
fission-product Mo activity, 10% in lr activity at typical irradiation positions and 6 to 10%
in thermal neutron fluxes at the beam facilities, again assuming that the 10 MW operating
power level was retained. These results promoted some consideration of whether a power
increase on LEU conversion might be desirable to restore, fully or in part, the performance
of the HEU fuelled reactor in at least some applications. The costs of such options,
however, could hardly be even crudely estimated at that time because no satisfactory cost
data for LEU production fuel elements were available.

The present work extends the range of conversion options previously considered. In
terms of reactor performance changes, the results are entirely consistent with those of the
earlier studies, as was expected. The significant difference is that some reasonably reliable
indicative cost data for UsSi2-Al LEU fuel elements relative to those for U-Al alloy HEU
elements are now available. Although these may change in detail in the light of
manufacturing experience, it is considered unlikely that the main conclusions of the present
investigation would be seriously affected.

For HIFAR, the 2ssu loading of the HEU fuel is low, and LEU fuel loadings
considerably higher than the maximum of 200 g 235U considered jn this study (U density in
meat 2.9 g nr 3 ) could in principle be used before the U density limit of ~ 4.8 g cm-3

validated for U3S12 fuel was approached. The fuel cost algorithm used would, however,
require reconsideration before any upward extension of the study was made. Any
conclusions drawn should therefore not be extrapolated beyond the range of 235U loadings
(150 - 200 g) actually considered.

Within that range, the reactor fuelling costs decrease monotonically with increasing
fuel element 235U loading. If the current 10 MW authorised power limit for HIFAR is
retained, the results show that 200 g LEU elements should enable the incremental annual
cost of fuel compared with HEU to be held to about eight percent. The associated flux and
activation penalties, ranging from about 6 to 23% are unlikely to be wholly acceptable, and a
compromise loading of 160-170 g 236U with attendant flux/activation penalties in the 5-17%
range may be preferred. The LEU cost penalty compared with HEU would then be some
40-60%. The principal findings are summarised in Table 5.

If, however, it is considered necessary to maintain some or all fluxes and activations at
the levels now applying with HEU fuel, LEU incremental fuelling costs, again within the
limits of the range considered, are lowest for the highest 235U loadings. If no current
application of the reactor is to be disadyantaged by conversion to LEU, the study shows that
200 § 235U LEU elements would necessitate a reactor power of about 13 MW. The annual
fuelling cost is then estimated to be about 40% higher than for the present HEU fuel at
10 MW (Table 5).

CONCLUSIONS

The fuel (23°U) loading per element in HIFAR can be significantly increased without
difficulties in fabrication or in reactor operations. The incremental costs of LEU fuelling
compared with HEU would be reduced by such increased element loadings.

If the current 10 MW authorised power limit is retained, practical considerations of
performance penalties would probably limit the increase in 235U loading for LEU fuel
elements to about 10% more than the HEU elements now used. It is estimated that the LEU
fuelling cost?, would then be some 40-60% higher than for the present HEU fuel. The
concomitant flux and activation penalties would be in the general range from 5-17%.
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If the authorised reactor power can be increased, following conversion to LEU
fuelling, to restore flux and activation levels for some or all current applications to their
present levels, the economic case for higher fuel element "6U loadings is strong. For the
range considered, the maximum loading of 200 g 23BU per element would require an
operating power of approximately 13 MW to ensure that no current application of the
reactor was disadvnntaged by the conversion to LEU. The annual fuelling cost increment
compared with HEU (at 10 MW) is estimated to be about 40%, which is about the same as
that which would apply for the practicable (170 g 23&U) option if the 10 MW power limit
were retained.

Since 200 g ™U for a HIFAR UsSi2-AI LEU fuel element is equivalent to a uranium
density of 2.9 g cnr s compared with the maximum validated density of 4.8 g cm-3 for this
type of fuel, an even higher fuel loading (and corresponding increase in reactor power) may
have economic advantages. The fuel cost algorithm used in the present study may, however,
be inappropriate for use in that extended loading range.
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TABLE 1 COMPARATIVE FUEL-CYCLE DATA

HEU
80% ?55U

LEU
207. ?S5U

U/element (g)

235 21 -3
U density in meat (10 atoms cm )

Total U/element (g)

• _ 3
U density in meat (g cm )

150 150 170 200

1.10 1.10 1.24 1.46

187.5 750 850 1000

0.535 2.17 2.46 2.90

1 Average end-of-cycle burnup (MWd/elemont)

2 End-of-cycle core fissile mass (kg)

3 Average discharge burnup (MWd/element)

4 Average discharge burnup-

(10 fissions cm" )

For 10 MVJ operation:

5 Fuel Elements per year

6 Relative fuel cost

For operation with no flux reduction:

v7 Reactor power (MW)

8 Fuel elements per year

9 Relative fuel cost

4 0 . 5 3 2 . 9 4 6 . 0 6 5 . 4

2 . 5 0 4 2 . 8 5 5 3 . 0 0 3 3 . 2 3 4

6 4 . 7 5 0 . 9 7 4 . 6 1 1 0 . 0

0 .50 0 .39 0 .58 0 .85

46

1.0

10

46

1.0

58

1.86

11.4

68

2.17

1

1

1

40

.40

2.0

49

.71

1

1

1

27

.08

2.9

36

.42

1

2

3

4

5

6

7

8

9

As above but

for high rig

burden .rather

than standard

rig burden

32.0 23.0 36.0 55.1

2.765 3.124 3.275 3.514

49.2 32.8 56.4 91.4

0.38 0.25 0.44

60 91 53

1.0 2.20 1.41

10

60

11.3 11.8

102 64

1.0 2.57 1.71

0.70

33

0.99

12.7

43

1.29
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TABLE 2 COMPARISON OF FLUXES AND ACTIVITIES

235U/element (g)

Thermal Flux (1O1- n cm"2 s " 1 ) :

Central element

Core average

At 10H

At 6H

At 4H1 and 4H2

At 4H3 and 4H4

At 4H5 and 4H6

Mo (n,y) ac t i v i t y :

At C2

Core average

Mo f i ss ion product ac t i v i t y :

At C2

Core average

Ir a c t i v i t y :

At C2

Core average

l / ( F i s s i l e mass)

l / (F i s s i l e mass)0-7

Absorption coeff t (Sk/k per m2):

Central element

Core average

HEU

150

Result

1.287

1.051

0.609

0.952

0.607

0.904

0.615

2.904

1.791

LEU 20% *35U

150

Result

0.875

0.886

0.943

0.935

0.958

0.930

0.957

0.963

0.965

0.882

0.892

0.907

0.912

0.877

0.912

0.894

0.911

170 200

re lat ive to HEU

0.832

0.847

0.924

0.912

0.944

0.906

0.942

0.951

0.955

0.842

0.855

0.876

0.883

0.834

0.881

0.857

0.875

0.773

0.792

0.896

0.880

0.924

0.873

0.921

0.935

0.939

0.786

0.803

0.833

0.842

0.774

0.836

0.804

0.824
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TABLE 3 HEU/LEU fLUX PEAKING

No.

1

2

3

4

5

6

7

Case description

Uniform core of HEU at 40.5 MWd

Same as case 1 but using XY model

New HEU element in C3, remainder of core HEU
at 33.1 MWd

New HEU element in C3, 6 surrounding elements
HEU at high burnup (50 MWd), rest HEU at
27.5 MWd

Same as case 4 but new LEU element in C3

New LEU element in C3, remainder of core LEU
at 59 MWd

New LEU element in C3, 6 surrounding elements
LEU at high burnup (95 MWd), rest LEU at
47 MWd

C3 Power (kW)
at 10 MW

501

491

632

643

750

649

663

TABLE 4 REACTIVITY LOSS OVER AVERAGE FUEL CYCLE

Fuel

150

200

200

Type

g HEU

g LEU

g LEU

Power
(MW)

10

10

12.9

Reactivity
Long Term

3.16

2.61

3.36

Loss % (in 3.2
Transient

2.06

2.69

2.55

kg core)
Total

5.22

5.29

5.91
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TABLE 5 PRINCIPAL PENALIT1ES OF SOME LEU CONVERSION OPTIONS

Conversion
Option

Constant

Power

No Current

Application

Disadvantaged

Reactor
Power
After
Conversion
(MW)

10

13

Selected
Fuel
Element
Loading
(g " B U )

200

170

160

200

Performance Penalty
C/W 150 g HEU Core

<f>Th
(Core)

21%

15%

13%

0

<£Th (reflector)

8-13%

6-10%

4- 8%

0

(n,7)MMo
Activity

6-7%

5-6%

4-5%

0

Estimated Annual
Fuel Cost Relative
To 150 g HEU
elements at 10 MW

+8%

+ 40%

+ 60%

+ 42%
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TRAINING COURSES FOR LATIN AMERICAN HUMAN RESOURCES IN SUBJECTS
RELATED TO RERTR PROGRAM

T. Perez, S. Harriague, E. Perez
Comision Nacional de Energia Atomica

Buenos Aires, Argentina

ABSTRACT

Between 1984 and 1986, the Atomic Energy Commission of
Argentina organized three post-graduate courses on research
reactors, aimed at the Latin American region. Twenty one
university graduates from Brazil, Colombia, Chile, Mexico,
Peru, Uruguay and Venezuela, and six from Argentina, attend
ed the courses. Lecturers were in all cases staff members
of CNEA.

These activities of Manpower Development in the Latin-
American Region are part of an overall program starting in
the early sixties at CNEA's Development Branch.

The interest shown by many Latin American countries in
these courses, the technical training received and the
technical cooperation established among the participants,
are taken as a measure of the success obtained.

INTRODUCTION

Manpower development has been prioritary in the Development Branch
of the Atomic Energy Commission of Argentina (CNEA) since its begin-
nings in the late fifties.

The Post-Gradu? te Courses on Metallurgy are probably the activity
in this area showing more continuity. Since 1962, ten Pan-American
Courses on Metallurgy, five Courses on Advanced Training in Metallurgy
and six Courses on Metallurgy and Materials Technology have been
organized. These yearly courses have not only been the basis for the,
training of most of the university graduates currently working at
CNEA's Development Branch, but have been attended by personnel belong-
ing to many Research and Development Institutes and private corpora-
tions of Argentina and of other Latin American countries. In 1969, the
Organization of American States (OAS) Multinational Program on
Metallurgy started. The OAS supported the course and, by a system of
fellowships, made possible tha participation of university graduates
from all the Latin American countries.
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Through the last twenty five years, more than three hundred
attendants,with a high percentage of foreign graduates, prove that
these courses are successful and necessary.

Since 1976, the Course has a modular structure, allowing for
training on specific areas. More than two thousand five hundred
graduates have attended different moduli of the Course.

In the sixties, most of the Faculty in the Course were experts
from the developed countries, but during the last fifteen years, teach
ing responsibility is shared by the researchers of CNEA's Development
Branch with some support from Argentinian Universities, Research and
Development Institutes and Corporations.

CNEA has also organized the Post-Graduate Course for "Specialists
in Welding Science and Technology". This special qualification did
not exist in the country universities, and its need was a result of
the technological demands arising from the construction of Nuclear
Power- Plants. In 1981 the First Course on Technology of Welding was
organized together with the Argentinian Steel Institute (IAS); the
Second Course was organized in 1983. Since 1984 the School of
Engineering of the University of Buenos Aires has participated in the
organization of these courses.and a certificate of "Specialist in
Welding Science and Technology" is issued to each participant. All
professors are argentine experts on the different topics. Ninety
university graduates, coming from government owned and private corpora
tions, have attended the Welding Courses.

Another activity has been the work on Masters and PhD thesis done
in the laboratories of the Development Branch, under the supervision of
its staff. Seventy eight PhD thesis and seventy eight Master thesis
have been completed since 1960.

The ten Post-Doctoral Seminars organized between 1975 and 1984
are another relevant precedent in the Manpower development activities.
The aim was the updating of graduates already active in specific areas
of materials science. Each seminar lasted two months, and each topic
was presented by an international expert on the subject. A total of
two hundred and sixty one graduates attended the seminars, 43% of them
coming from Latin American countries other than Argentina. Since 1985
this activity has continued in the form of week-long Colloquia. Here,
the aim is to promote the discussion of current research lines between
Latin American specialists and international experts, in order to
promote cooperation and updating according to the international latest
developments. Two Colloquia have been organized in Argentina, and a
third one in Chile by the Catholic University of Santiago.

A continuous activity of Manpower development has been carried on
in areas of high technological interest, as Non-Destructive Testing
and Welding Inspection. Initially, under the scope of the United
Nations Development Program (UNDP) (from 1972 until 1979), and later
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on under the Regional Project on Non-Destructive Testing (also support^
ed by the United Nations), staff members from the Non-Destructive Tes_t
ing Department of the Development Branch have lectured in approximate-
ly three hundred courses with six thousand attendants in the country,
and in twenty one courses organized in the rest of Latin America and
the Caribbean Area.

Three courses on Welding Inspection, with an attendance of fourty
five participants have been organized since 1983, the last one in
coordination with the Misiones National University in the North-East
of the country.

Both Welding and Non-Destructive Testing demand not only the train
ing of personnel, but also a standardization procedure for the
qualification and certification of the available human resources. In
this respect, the CNEA-IRAM'Standard Y500-1003 for "Personnel qualifica
tion and evaluation of Certifying Authorities for Non-Destructive Test-
ing", currently under revision, was elaborated. Eight hundred and
eighty certificates on different NDT techniques have been issued since
1978. CNEA has established in 1982 ;i system for training, qualifying
and certifying personnel working in welding in the nuclear and high
technology industries. More than six hundred certificates have been
issued to welders.

It was within this wide program on Manpower Development that CNEA
decided, in 1984, to organize and offer to the other Latin-American
countries the Course on Technology of Fuel Elements for Research
Reactors.

THE COURSES ON FUE1, ELEMENTS FOR RESEARCH REACTORS

During 1984, 1985 and 1986, three Courses on Fuel Elements for
Research Reactors were offered by the Development Branch of CNEA to the
other Latin American countries. 15oth the organization and lecturing of
the three courses waB done by members of the staff of CNEA.

In what follows, a brief description of the courses, all of which
lasted three months, is given:

a) Courses on "Technology of Fuel Elements for Research Reactors" (1984
1985).

The first two courses in the series were very similar. In both
cases, a series of lectures were given to present the basic know-
ledges necessary for the design and performance analysis of the fuel
in a resoarch reactor.

The areas covered in this introduction were:
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- Physics of the core, covering neutron physics in a research reactor
and analysis of shielding.

- Thermal-hydraulics of the research reactor core, both under normal
operation and in accident conditions.

These topics were presented by members of the staff of the Nuclear
Reactors Department of the Nuclear Power Stations Directorate (DCN)•
of CNEA.

Afterwards, the following specific fuel topics were covered:

- Design and engineering of fuel elements for research reactors.

- Structural materials.

- Fuel materials: aluminide, silicide and uranium oxides.

- Materials for control devices.

- Fabrication and quality control of fuel for research reactors.

- Fuel performance in research reactors.

- Irradiation tests of fuel elements.

- Use of research reactors for experimental irradiation of materials
and fuel elements. Irradiation devices and tests.

These subjects were covered mainly by members of the staff of the
Fuel Elements Department with participution of some members of the
Materials Department, both belonging to the Development Branch of
the Research and Development DirecLorale (DID) of CNEA.

In both courses, the differences arising from the. use of high en-
richment fuel (approx. 90% U235) or low enrichment fuel (approx.
20%) were systematically pointed out. The steps necessary for con-
version from high to low enrichment fuel were also presented.

Participants to the courses not only attended the lectures but also
performed experimental work in the laboratories of CNEA's Develop-
ment Branch. As an example, all steps in the production of a mini-
plate were done by the attendants,starting from powder and ending
in the final quality controls.

Seventy six percent of the attendants to both courses were from
Latin American countries other than Argentina. Table I shows the
origins of the attendants, which in all cases were staff members of
the National Atomic Energy Agencies.

CNEA offered fellowships to all foreign attendants covering their
living expenses in Argentina. In the first course, travel expenses
were covered by each country, while in the 1985 course, thanks to
the efforts of the International Affairs Office of CNEA, travel
expenses were covered by the Organization of American States (OAS).
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Table 1

Country

Argentina

Brazil

Colombia

Chile

Mexico

Peru

Uruguay

Venezuela

TOTAL

Number

1st Course

-

1

1

6

-

1

1

-

10

of participants

2nd Course

5

2

-

2

1

1

-

-

11

3rd Course

1

2

1

-

-

1

-

1

6

b) Course on "Use of Computers in the calculation of research reactors"
(1986).

The aim of the 1986 course was training in the computer analysis of
research reactors. The course included lectures as well as calculji
tions performed by running different codes in CNEA's Computer Center.

The topics covered in this course were similar to the ones in the
previous courses:

- Neutron physics and shielding. Use of the codes: WIMS,
EXTERMINATOR, MERCURE and ANISN.

- Thermohydraulics. Use of the codes: PARET, LOFA and others
developed at CNEA.

- Fuel Elements for research reactors. Design criteria, steps and
design evaluation. Use of the DISTEM code and others developed
at CNEA for design and seismic analysis.

As in the previous courses, both the lectures and the computer work
were under staff members of the Nuclear Reactors Department and
Fuel Element Departments of CNEA.

Through the International Affairs Office of CNEA, this course was
included in the ARCAL project of the IAEA of the United Nations, a
regional project for Latin America and the Caribbean Area. The
IAEA covered both the travel and living expenses of the foreign
participants.

During the three courses, seminars on the research and development
activities of CNEA in power reactors and fuel were presented.
Visits to different nuclear facilities in the country were organized.
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The interaction between foreinjj participants and CNEA's working
groups was encouraged, with the aim of establishing future coopera-
tion.

CONCLUSIONS

In this three courses, the experience of thirty year8 of work in
CNEA in the development and production of fuel for research reactors
was presented to the other Latin American countries. As a matter of
fact, these courses became an open techno]ogy transfer from Argentina
to the Latin American region.

On the other side, and as usual in this type of activities, the
courses have become the basis for future technical cooperation in this
area.
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NEUTRONIC MEASUREMENTS AND CALCULATIONS OF THE
IRRADIATION OF A LEU-FE IN THE PRESENT HEU CORE OF

THE RA-3 REACTOR

J. A. Mascitti, L. Porto, M. Madariaga and M. Higa
Comisi6n Nacional de Energla AtSmica
San Mart£nr Buenos Aires, Argentina

ABSTRACT

The RA-3 radioisotope production reactor (3.5 Mw) works with
HEU fuel. The conversion to a LEU-PE has been studied here com-
pletely, designing the fuel element according to IAEA's crite-
ria. This work has been done in collaboration with other groups
such as ANL.

As a part of the Conversion Program the irradiation of
LEU-FE prototype is foreseen. The purpose of this irradiation is
to verify the global performance of the fuel and its design.

Reactivity and neutronic flux measurements in the core have
been performed introducing a LEU-FE in it.

A comparison with calculated results is shown*

INTRODUCTION

The Argentine 3.5 MW RA-3 reactor, which is still operating
with HEU-FE will soon be completely loaded with LEU-FE. The
possibility of mixed cores (HEU-LEU) was not taken into account'
as there is a geometrical difference between both types of FE;
the former contains curved plates while the latter has plane
ones.

The criteria followed in designing the LEU-FE are those
recommended by the IAEA Tec. Doc- 233.

The calculations were checked in the frame of the RERTR
program, in a joint work performed by CNEA and ANL. The
outstanding features of the design1 are:

t

- the geometry is maintained, i.e. 19 plates, geometrical
cross section of 7.6cm x 8.01cm x 61.5cm of active length.
Only the meat thickness is changed from 0.052 to 0.070 cm.

- fuel type: U3O8-AI with an uranium density in
the meat of 3.0 gr/cm^ and an enrichment of 19.7%.

- according to calculations the LEU-FE will reach burn ups
higher than 40% of U-235 consumed with an end of cycle
(EOC) reactivity excess equivalent to the HEU core.

351



- the irradiation availability is not seriously penalized.

CNEA has performed a series of irradiations of miniplates
at ORNL. In spite of it the possibility of a complete FE2

irradiation in the RA-3 was considered with the following
purposes :

- A FE almost identical to the designed one would be
irradiated up to 15% of u2iJi> consumed by the time the
core is converted and would continue its burning in the
new core, providing anticipated useful information.

- The set of experimental values to be obtained would be a
partial validation of the design of the FE.

The reason why the prototype FE (P-0 1) is not identical to
the one designed is the geometrical difference already
mentioned. The dimensions were preserved as well as the
composition of each plate and the water channel between them.
The number of plates was reduced to 18, in order to introduce
in the HEU core.

The schedule to be followed for the irradiation of the
prototype^ is:

- Neutronic and thermohydraulic calculations in order to
check that correct limits for over-power are preserved.

- Entrance of prototype in core in its due position;
calibration of control rods and flux mapping in and
around its position, with and without LEU-FE and at a
power of around 100 KW.

- Exit of prototype followed by normal operation (3 Mw)«
Evaluation of measurements and validation of the
preliminary report conclusions.

- Re-entrance of the P-01 and full power operation.

- Periodic surveillance.

In this report the measurements and calculations performed
a-posteriori are shown. We conclude that the calculational
predictions of the perturbation produced by the LEU-FE are
reasonably good. Some interesting aspects such as the
calculations of cross sections for LEU-FE surrounded by HEU-FE
are also mentioned.

DESCRIPTION OF THE RA-3 CORE

Figure 1 shows the RA-3 core in the moment of irradiation.
It has 28 FE, and five control rods; the four of them in central
positions, and the FE chosen for fine control in position F-1.
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The core has 6 positions for irradiation and is completely
reflected by graphite.

The irradiation was performed by replacing the HEU-FE in
position C-5 (with a burn up of some 17%) by the P-01 FE.

l"i<7. 1: JUW3 core configuration.

A B C D E F G H I

SFE: Sfc.and.ird fuel aiftc-.

CFK: Control fuel element.

I?: Irradlaiior. position.

r.s Orrt'ihite toflector.

MEASUKE.-2NTS

The measurements of the thermal neutronic density^'1*
distribution was perfomif:d sy means of activation detectors, as
is usually done in the 3A-3; this method is chosen due to the
small space between platss (0.28 cm) which makes the use of
other type of dttachore almost impossible.

Measurements of relative thermal activity in the positions
shown in figure 1 before an after the introduction of P-01 in
position C-5, were performed. These experimental values weru
obtained using 0.3 cm and 0.005" thick Co leaves. During the
irradiations a testing leaf was placed in position G-6 in order
to normalize measurements to this value. These measurements
were obtained with a 2" x 2" I-Na crystal while the absolute
flux at G-6 was obtained with a Ge-Li detector and a 1024
multichannel.

The Cd ratio in the HEU-FE ha<5 been previously Strtssiî s.5
with diluted Indium leavaa (0-12% in Pb), obtaining A** 0.1C,
and in the irradiation position G-6 X= 0.042 while for the
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LEU-FE the value X= 0.12 was estimated using auxiliary
calculations.

The error in flux measurements has been estimated in 5% .
Reactivity was measured with a CMR 72 reactimeter^ of the

French C.E.A. in a HEU core with and without P-01 in position
C-5. Control rods were calibrated for each case, considering
the core reactivity excess as that calculated as the mean value
of several critical situations.

The thermal fluxes were measured in some FE, in prototype
and neighbouring FE at a height corresponding to the center of
meat (see fig. 1). The fluxes in axial direction in positions
C-5,and C-6 were also measured (see crosses in fig. 1) along 7
equally spaced points of meat heigth (61.5cm). . All the
measurements were performed at a power of 80 Kw.

CALCULATIONAL MODEL

A three-dimensional modelb having the following features
was used in the calculations:

- Explicit representation of the FE frames, i.e. 0.5 cm of
Al lateral support plus 0.35 cm of non-fuel Al-H O
region each side of FE.

- Explicit representation of control rods and water channels
through which they are introduced, as well as the water
channel corresponding to the non-existence of the first
plate in p-01.

- Representation of 6 axial mesh intervals of 10 cm each in
active zone (61.5 Cm) with a response matrix boundary
condition simulating the reflector (HO + Al) on top
and bottom.

The PUMA7 diffusion homogeneous code was used for reactor
calculations in 2 energy groups.

The fuel cross sections were obtained from the WIMSU

lattice code, using for the energy condensation (from 12 to 2
energy groups) a critical spectrum, while those of water and
graphite reflector, .were calculated with GGTC-ENELS;,. for
control rods , O6ffec5t4ve^. cross sections were calculated!1 ° •',_,,„<•/.

Particular., care,, was taken in the production of prototype
cross sections,' having in mind that it is completely surrounded
by HEU-FE. A WIMS calculation was done, with explicit description
of the LEU-FE (meat,clad and water channel of the 18 plates of
P-01) and surrounding it by HEU-FE (with homogenized cross
sections) in order to reproduce a realistic spectrum.

t've vc". ci;.;r • •; f o r '.: i n e • j r c - t r o ! i:. r.«;r.-i\ ioi, ?
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COMPARISON BETWEEN CALCULATED AND EXPERIMENTAL VALUE

Measurements of thermal flux were obtained along lines C and
5 crossing at C-5 at points shown in fig. 1, at a heigth of
31.75 cm corresponding to the center of meat. The thermal flux
was also measured in axial direction.

The following set of 2 measured values was obtained in
every case:

I) a HEU-FE with a burn up of 17% in position C-5.

II) the prototype P-01 in position C-5.

Table 1 shows a comparison between calculated and measured
values of the reactivity effect of P-01.

Table 1. Reactivity excess difference between a core
containing P-01-FE and another with a 17%
burn-up HEU-FE.

Ap(pcm)

Measured

361 ± 153

Calculated

280

We conclude that the calculated value is within the
experimental error.

Table 1 shows the change in core reactivity produced by
the replacement of a HEU-FE (17% burn up) by the P-01. The
experimental value is obtained by subtracting the reactivity
value with the P-01 (4417 ± 116 pern) to that with the HEU-FE
(4056 t 100 pern). The high value of the error involved is due
to a small reactivity variation between both states.

Figures 2 and 3 show the comparisons of axial flux in
positions C-5 and C-6, with P-01 (full line) and HEU-FE (dotted
line).
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Figures 4 and 5 compare experimental and calculated values
with a HEU-FE in position C-5, showing a good agreement between
them.

FIG: A COMPARISON OF THERWAL NEUTRON FLUX D1STRIB. IN 5-LINE
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FIG: 5 COMPARISON W me.iS.Vl NEUTRON FLUX DISTRIB. IN 5- l ine

with: LEV-]tE

.20
10 30 40 50

5-UNE X(cm)
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A similar comparison is shown in figures 6 and 7 but with
P-01 in position C-5. A difference of 5 * 10% is observed.

FIG:6 COMPARISON QF Tfffl/tUAt-NEUTRON FLUX DISTRIB. IN C-LtNE

1.60° 5 10 15 20
' " • ' IJ " i '!

5 10 15 20 25 30 35 40 45
C-UNE Y ( c m )

FIG: 7 COMPARISON OF THERMAL NEUTRON FLUX DISTK. IN C-LINE

50
20

10 15 20 25 30 35
C-UNE y(cm)

.20
50 55
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From the figures 6 and 7 it may be noticed that there is a
significant depression in measured an calculated fluxes for the
LEU-FE, due the neutronic absorption produced by a greater
U^1* mass in P-01 (275 g versus 162 g) . Looking at the power
distribution in table 2 (upper values correspond to a HEU core
and the lower values to a HEU core with P-0 1 in C-5 position)
it may be shown that in the former case, the FE with greater
power is that in D-5, while in latter case, a redistribution
of power is produced so that the maximum power is found in
D-5 and C-5 (P-01 position). We thus verify what had been
calculated before: the HEU-FE and the P-01 are not subject to
over-power.

Table 2. Power distribution with P-01 in position C-5 (lower
values) or with HEU-FE in the same position (upper
values), (x 10"2)

1

2

3

4

5
6

7

A

h
2

2

2

B

. 8 5

.84

. 9 5

. 9 0

c

2 . 8 9

2 .86

4 . 2 6

4 . 2 3

5 . 0 4

4 .97

4 . 2 6

5 . 5 5

3 . 3 2

3 . 2 9

3

3

4

4

4

•S

5

5

3

3

D

.27

.22

.56

I'J
.22
. 53

.55

. 9 2

. 9 1

E

3 . 1 3

3 .07

VI
5 .43

5 . 3 5

3 . 5 3

1 1
3 . 4 9
4 . 0 1

3 . 9 0

1
2

2

<!

2

3

3

3
1

4

4

3

I

. 09

.91

.84

.91

.82

.26

.20

. 68

. 6 0

.54

. 4 9

G

2 . 9 3

2 . 8 6

3 . 8 9

3 . 8 0

3 . 2 8

3 . 2 1

H

2.04

1.99

2.12

2.07

1

1
i

l

Finally, table 3 shows the measured and calculated mean
thermal neutron fluxes values either with the HEU-FE or the P-01
in some FE nearby the C-5 position.
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Table 3. Mean thermal neutron flux x 1013n/cmi!seg

P 0 S

W/HEU
in C-5

W/P-0 1
in C-5

I T I 0 N

Measured

Calculated

Measured

Calculated

C-4

2. 10

2. 16

2. 08

2.08

C-5

1 .97

1.95

1.41

1.56

C-6

1 .70

1.72

1 .70

1 .76

B-5

1 .60

1.63

1 .55

1 .64

D-5

2.25

2.27

2.27

2.21

We conclude that there is a good agreement between
calculated and measured values, being the differences less
than 10%.

CONCLUSIONS

According to what has been presented it may be concluded
that there is a good agreement between calculated and measured
values although differences of 10% have been found when comparing
thermal fluxes with LEU-F2 in position C-5. These differences
may be explained, among other reasons, by a not very accurate
description of the water channel around P-01 produced by the
shape of plates. Besides the position of control rods during the'
experiments is not precise, so that the fluxes near them are
affected. On the other hand, the burn up attributed to each FE
is an average value and the radial distribution is not taken
into account.

Finally, the good agreement between calculated and measured
mean thermal fluxes suggests that the methods and codes chosen
are a reliable tool for the RA-3 operation simulation, which is
being done from N-139 to N-147 cores.
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HTR CORE EXPERIMENTS ANALYSIS -PART II-

FLUX DISTRIBUTION AND BUCKLING MEASUREMENTS IN MTR CORES

G. H. Ricabarra, M.D.B. de Ricabarra and M. T. Bang
Depto. Fisica Experimental de Reactores
Comisión Nacional de Energia Atómica

Buenos Aires - Argentina

ABSTRACT

In the precedent paper reactivity values
were obtained for a wide range of MTR cores. In
this part of the work experimental thermal and
epithermal flux distributions, reflector saving
and bucklings were also measured in specially
selected MTR cores. These parameters can also be
used to check the capability of reactor codes to
predict the behaviour of 20/ enriched MTR re-
search reactors. The availability of these data
in the international literature is scarce and
usually the designer has only the values obtained
from the core of an operating research reactor.

A 4x4 fuel elements graphite reflected co-
re and 4x5 water reflected core, with almost no
introduction of Cd control rods, allowed the
measurement of quasi-symmetrical axial and hori-
zontal distribution, well suited to check bidi-
mensional reactor codes.

Three 5x5 fuel element arrays, water re-
flected or partially graphite and/or beryllium
reflected were also measured to study the flux
behaviour in the reflector.

Axial and radial reflector savings and
bucklings were obtained by fitting experimen-
tal neutron flux distributions. The reflector
savings and bucklings obtained were used in a
semiempirical two group diffusion equation to
approximately, predict the reactivity values
quoted in the precedent paper (MTR Core Expe-
riments - Part I).

The measured axial reflector saving for a
4x4 fuel elements graphite reflected core has
been compared with calculations performed in
Argonne. The observed discrepancy, around 10/
is in line with discrepancies found in the
calculations of reactivity values in CNEA and
suggests problems in the calculation of diffu-
sion constants of the reflector.
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INTRODUCTION

Experimental distributions of thermal and epithermal neu-
tron density are of particular importance for adequate understan-
ding of MTR-type reactor physics.

Power distribution, fuel element burn-up, thermal and epi-
thermal flux in reactor irradiation facilities are a necessary
information for an adequate management of research reactors.

In addition, buckling and reflector saving can be obtained
from flux distributions and these data together with reactivity
values of Part I of this work are a coherent set of data that
can be used to improve the capability of diffusion codes to pre-
dict the behavior of 20/ enriched HTR research reactors.

Unfortunataly the reactor designer has only the information
from an operating reactor wich is not quite amenable to a thorough
comparison with diffusion reactor codes. That is because 1) irre-
gular core shape, flux traps inside the core and variable inser-
tion of cadmium control rods, 2) different content of U235 due
to fuel burn-up, 3) scarce or limited set of flux values because
of intrinsic difficulties in obtaining these data in an operating
reactor.

Then in order to obtain a reliable set of data, two kinds of
core experiments were planned in our critical facility (RA2):
a- Plux determination in core:: with small reactivity excess (ar-
round 400 pcm), graphite and water reflected. These cores have al-
most no cadmium control rods introduced inside the core. There-
fore flux distributions in axial and horizontal directions are
quite convenient for flux adjustment to obtain reflector saving
and comparison with bidimensional core calculations,
b- Cores with large reactivity excess (4-00O to 7000 pcm). In the-
se cores at least one cadmium control rod is totally inserted in
the core and are a more realistic approximation to the core of
operating reactors and can be used to check tndimensional diffu-
sion or transport codes.

The flux measurements has some important features that have
to be described:
1- Cora and fuel element description. In type b experiences control

rods insertion inside the core has also to be specified.
2- Epithermal and thermal flux measurement technique and position

of flux monitors in the reactor.
3- Description of the least square fit and the reliability test

used to obtain experimental buckling and reflector saving.

CORE DESCRIPTION

The measurements were perfomed in the, 90X uranium enriched,
ligth water moderated and reflected, RA2 critical assembly.



RA2 is a MTR-type crituMl facility. The RA2 core is placed
in a 2m diameter and 1. 5m height water aluminum tank. A 20cm thick
aluminum grid is fixed to the tank bottom. The grid has 1 0 x 8 po-
sitions to allocate fuel element; an>l graphite and beryllium re-
flectors, fig. l.

o. t.3-2.

standard ru»)
tttmt nl

Fig. i. Schematic
RA2 Vertical Section.

_______ JJ_ Fuel plat*:

_ITLR_H_Im.
Id

wide
lenght

• 1.52 mm.
«7,12 cm.
165.5 cm.

Fuel meal:

thickness 10.52 mm.
wide «6.00 cm.
t»nght ••1.5 cm.
U.AI alloy • HV,.

water gapi 2,69 mm.
lattice c»IU8,08.7.72 cm.

Fig. 2. Core Cell Dimensions (cm)

i

I

il
71.3

The fuel element consists OJ 19 uranium-aluminum fuel plates.
Each plate is a sandwich with 0. ̂ 2 mm. 14X in weight U-Al alloy as
"meat" and 0.50 mm cladding on either' side, fig. 2,3.

TIK; first and last fuel plates are e-
lojigate'd and fixed together with two lateral
grooved aluminum plates ('frames') to a bot-
tom aluminum piece that can be inserted in
in any tfri»-i positions. The inside fuel plates
are x.-\z :-rted in the equally spaced frame
si ots. See 1 ig. 2.

Control rods fuel elements (control
boxes) are modified standard fuel elements
with four fuel plates eliminated (2nd, 3th,
17th, 18th) to provide two channels (7.7mm)
for vertical movement of the control rod
bl ades.

Each standard fuel element contains 148
U235 and each control box 117 g of U235.
Tho graphite and beryllium reflectors
approximately the same dimenaions as the
el ements.
The horizontal flux distributions were
along 'Y' axe (parallel to fuel plates)

and along 'x' axe (parallel to box frames).
We used letters to identify box position
along 'xJ and numbers along 'y'.

The water gap between fuel boxes is
0.05 cm along ' xJ and 0. 10 cm along 'yJ.
So the lattice cell dimensions are 8.06 x
7. 72 cm. See fig. 2.
is 'z' and tii_ H7 cti\ hot', on zx\& vp-pe'r 2*^,a^

g of

have
f us 3

made

Fig. 3. Fuel
Element (Standard)

The vertical a>:e
reflectors are conroosed cr? v/si.s l t r ant:, auumiTKiir;, ~xg.

364



4x4, 4x5 and 5x'i arrays have been chosen for the experiences
with infinite water reflector suvim: or totally or partially sur-
rounded with beryllium or graph: te refleclors.We often refer to
graphite or beryllium reflector meaning z 7 cm beryllium or gra-
phite pl\is infinite water reflector. *

METHOD

Measurement Technique

The thermal and epithermal neutron density was measured by
activation technique. This technique has been widely discussed el-
sewhere. *• 2

Bare and cadmium covered manganese foils were fixed to thin
plastic plates that could be easely allocated in the 2.9 mm gap
between fuel plates. The plastic plates position accuracy was
better than i mm in 'x' direction and around 2 mm along 'y' and
' zJ axes.

A monitor foil irradiated in the same reactor position each
time was used for run to run normalization.

The activation detector.':-, were n. 5cm diameter, 0. 13mm thick,
foils made of a 10X Ni-Mn alloy and the cadmium filters were 0.5mm
thick, (energy cadmium cut-ofi = 0.5 eV).

Gamma counting of the Mn56 847 ReV pliotopeak was made with
a 2"x2" INa(Tl) scintillation detector. A sample changer automa-
tically located the foils inside the crystal well. This procedure
improves both geometric reproduclbillty and counting efficiency,

Preset count was fixed to Keep the statistical error below
1. 2X for bare foils and 1.4-/. .'or cadmium covered foils. The coun-
ting was repeated at least tnree times for every foil and the ave-
rage was normalized to tho monitor activity. It was checked that
dispersion among the three counting series was consistent with
the counting statistical error of each fo.i 1 activity.

In addition,two or three irradiation runs were made for each
distribution and averaged. The curves dispersion was statistically
analyzed as it is described latter.

For fission rates distributions evaluation, the thermal flux
was obtained from bare activity and cadmium ratio curves. In the
text we refer indistinctely to epitliermal flux or epicadmium acti-
vation distributions (neutron energy above? 0. 5eV cadmium cut-off).

Buckling and Reflector Saving Evaluation

The epithermal flux distributions curves were least-square
fitted to the well known expression :

*3mm aluminum clad, 1.6 and 1.85 g/cm^ C and Be densities.
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cos(xBx) cos(yBy) cos(zBz) (1)

the neutron d
kling.B2 :
where jzf is the neutron flux'*and is related to the geometrical buc-

B 2 i Bv 2 + B v
2 + B 7

2 (2)

x y 2
X + 2dx Y + 2cty Z + 2d z

X, Y, Za are the core dimensions and dx,ay,dz the reflectors savings
along the x, y,z axei.

This method requires: an asymptotic central region where the
flux shape is separable in x,y,z and hence it is independent of
neutron energy. 3

Even if this is not always strictly true,it is useful to eva-
luate average reflector savings and predict spatial flux shape and
reactivity. Evenmore it is a way to clieck the coherence of all re-
activity and neutron flux distributions measurements.

Reflector Saving in Cores with Large Reactivity Excess.

Graphite and beryllium reflector savings in 5x5 cores were
estimated by least-square fitting of the epithermal curves along
'Y' axe.

In these arrays extrapolation to zero of epithermal curves
is different on side because of the asymmetrical disposition of
the reflectors.

Even so the cosine function is a quite reasonable approxima-
tion of the epithermal flux shape,if one takes into account the
difference,dy, between the geometrical center and the center of the
curve. Instead of expression (3) we have :

B y = (4)
X + rtj + d2

where dj is the water reflector saving and 6% is the beryllium or
graphite reflector saving. Then the flux in 'y' direction is equal
to cosBy(y+dy) in equation (1). 4y was first estimated from the cur-
ve and B^ was t.btainod as in previous section. The best dy was de-
termined by trial and error,repeating the fitting until minimum
residual variance and a 5'/. level of significance.

Statistical Tests

To check the realibility of tht results 'tie t**i«i-*.l
sion analysis outlined by Spirodonov and Lopatkin. ̂

"X, Y were calculated multiplying the cell wide (fig.2) by the num-
ber of boxes along ' x', ' y';Z=bi. 5cm, is the meat lsngth (fig. 3).
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In this method the Fisher's test is used for the regression
analysis. If k pointj are measured N times each,the statistic, F,is
defined :

F = S2(2) / S2(l) (5)

K
S2(2) -- E (li- kx)'-'- / (K-q) (6)

1

k
s2(i) = N i: Sj/' / k (7)

i

where a^ and S^2 are the mean value and the variance, and A^ is the
calculated value using the estimated function of q parameters for
point .1.

The sampling distribution of F,for S 2 (2)>S2(1),is Fpffgifi).
where p is the level of significance and f2 = k-q and f^kfn-i) are
the degrees of freedom. F,5 was obtained from tables of reference 4;
but most authors quote Fg or Fa meaning P or a = i-p.

 5 < 6

Since the F te.̂ t assumes homogeneity of variances the Cochran's
test was applied. 4-r> If the statistic C is :

largest S 2

C = (8)
E S,2

where S^2 are the sampling variances. »
If fi = N-l and £2 = k are the degrees of freedom, C<Cg(f1, f2) must

be obtained to accept the hypothesis of homogeneity with a level
of significance equal to p.

RESULTS

Cores with Small Reactivity Excess

Arrays were chosen to keep reactivity excess low enough to
control the reactor with the fine control rod and still high
enough for operation (s250 pern) and to compensate for thermal ab-
sortion when cadmium covered foils were irradiated (B200 pem). *

Cadmium ratio measurements throughout the core were made to
determine the asymptotic region.

The buckling was obtained by least-square fit of the epither-
mal curves. The fitting was repeated dropping outer points until
no significant change in buckling was observed. Futhermore when-
ever possible the bare curves were least-square fitted to see how
well the buckling agreed with that evaluated from epithermal cur-
ves.

"Reactivity in pem = 105 A keff/keff.

367



The horizontal epitharmal distribution in these arrays ia
symmetrical and the reflector aaviug can be obtained using ex-
presion (3).

i- Graphite reflected 4x4 core.

fig.

The reactivity excess was equal to 440 pcm, the fine control
rod reactivity worth 475 pcm and the shutdown reactivity greater
than 2000 pcm.

Vertical flux distributions wt?re measured in E3, F3 and F4 bo-
xes. A typical vertical thermal and epithermal mapping is shown in

4.
The horizontal flux distri-

butions in 'y' direction were
measured in the interface be-
tween rows F and G (F/Q) and a-
long rows E and F(0. 6 cm to the
left uf the box axe 'y').Flux
mapping in 'x'direction was ma-
de along rows 3 and 4. In fig. 5
are shown the core array and ho-
rizontal flux mapping and cad-
mium ratio.

Box average thermal flux
is listed in Table 1. The flux
was averaged along the meat wi-
de in 'Y' direction and along

F,o.4 Verticol Neutron Dlttribulioni in Box F4 of Ih. gro- t h e C e l l W i d e i n t h e ' x ' d i r e C -
- phite Reflected 4x4Array tion ( fo i l s in box interface or

in control rod gap are not in-
cluded) .

BucRlint: and reflector savings evaluations are shown in Ta-
ble 1.

Table 1. Average Thermal
Flux in the 4x4 Array.

Table 2. Reflector Saving
Evaluation in 4x4- Array.

Core Box

E F O H

imi

7///////}//%,

E3

E4

F3

F4

0.

0.

0.

1.

70

79

80

Axe

z
z

z

y

Box or
Row

F3 = E4
F4

average

F

0
0

0

0

B
(cm-1)

.041110

.041158

.041134

.063879a

a
(cm)

7. 437

9. 150

aQraphite (s 7 cm) plus infini-
te water reflector.
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Fig-5 Horizontal Bare and Epicadmium Activity Distribution in 4 x 4 Graphite Reflected A-
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2- Water reflected 4x5 core.

The reactivity excess was equal to 420 pcm, the fine control
rod reactivity worth 370 pcm and the shutdown reactivity greater
than 1300 pcm.' In this array a stainless steel control rod was
20X introduced into the core for bare foils irradiations runs.

Horizontal thermal and epithermal flux mapping , cadmium ra-
tio and core' array are shown in fig. 6.

E F G H

1

2

f - 420 pcm

B,s 1160 pcm

Bz- 250 pcm

BF= 370 pcm

Control Rod Position

( % Withdrawn)

B,= 100%
82 = 0/100%

\2A Groprtlta

8F Flno regulation rod

B2 Stalnleao steal control rod

8 4 Codmiun control rod

4«3Cart
Wat«r fUfltctw
F/8 Inltrfooi

4 i3 Cort
WotV RtrtCCtM'

9.44 23L16 3O.G9 38.60 (0*1) 0 0 7.72 iOM 23.49 3003 MGOCm)

4iS Cor*
Water Riftortor
Roa C

4<9 Coro
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Fig. 6 Horizontal Bare and Epicudmium Activity Distributicn in 4s 5 Watsr
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r. i *.

Axial epithermal £ lux mapping was made for E7!F4 and F5 bo-
xes (fig. 7).

Box average tnermai flux was ••alcul-.ited as in the previous
core and is listed in Table 3. 1'ucK.i ings and reflector savings eva-
evaluation summarized- in ̂

4.5 Cora
Wol«r RtfiMtor
Bo< F3

Wot*r

16 24 cm
t i i i

-.10
4«5 Con
Woltr Rtlltcior
Bo« E7

Fig.7 Vertical Epithermal Distribution in
Water Reflected 4 x 5 Array-

4.

Table 3. Average Thermal
Flux in the 4x5 Array.

Core Box 0th

E F 0 H

1

e

E3
E4
E5
F3
F4
F5

0. 55
0. 73
0. 82
0. 69
0. 89
1.

Table 4. Reflector Saving
Evaluation in 4x5 Array.

Axe

z
z
z

z

y
y

y

X

Box or
Row

K7
F4
F7

tiver.itje

F/G
F

average

4

B
(cm-1)

u. 041b4b
u. 041231
0. 041255

0. 041344

0. 060420
0. 06047 3

0. 060446

0.067316

d
(cm)

7. L'43

6. 69

7. 21

Cores with Large Reactivity Excess

Neutron density distributions were measured in three 5x5 ar-
rays with large reactivity excess . One totally surrounded by wa-
ter and two with five reflector pieces placed at row 8, as can be
seen in fig. 8.

These arrays operate with a cadmium control rod totally in-
serted in H4 and another partially inserted in H6,the other two
control rods are in the upper position.

Reactivity excess,control rods reactivity worth and operating
control rods position of the three arrays are shown in fig. 8.
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Shutdown reactivity is e>[ual to 110<>0 pcm in the water reflected
core, 10000 pcm in trie water c'rai-hit-- reflected core and 8000 pcm
in the beryllium reflected C"re.

,3
4
5
6

i ?

E

t -

F G

3

2

H 1

1

4

pcm

3
4

5

6

7

E F

w
d

G

i

H 1

1

4

% i
Y

, V

t - 5460 ncm

E F G H I

3

2

1

4

;„

f =7260 pcm

Cont ro l Rods Wortii
Qyl : 3990 pcm
352 : 3^.10 pcm
£3 : 4t)80 pcm
B2 : 3G3O pcm

39-0 p. m
3 3!O pcm
45i'O P'.m
38^10 p> m

Cotrol Rods Position ("/. withdrawn)
Bl : 0 '/, 0 7.
B2=B3: 100 7. 100 7.
B4 : 70 /. 4 0 /.

3b60
3245
4190
'1445

0
100

30

pern
pcm
pcm
pcm

7.
7.
/.

Fig. 8. Description ot 5;:i:; Arrays.

Bare and cadmium covered foils were irlradiated in 'y' direc-
tion along F/G interface together with a monitor foil for normali-
zation. Horizontal thermal and epithprmal (lux mapping in 'y' di-
rection are shown in fig. 9 jnd 10 respectively. The constant cad-
mium ratios through 25cm showed an pnereaue of about &'/. at box H6.

232 50.S 59.S 46.3 (cm)90.8 38.6 46.3 (cm)
I I

Fig. 9. Bare Activation Dis- Via 10. Epicadwiu:rt Acf.iv;-.
tributions in 5x5 Arrays. tion Distributions in 5x5 Arays.
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Box average thermal and epithermal flux is listed in Table 5.
The flux was averaged along the meat wide,in 'y' direction.

Table &. Box Average Thermal and E]'L thermal Flux in 5x5
Array along Interface F/G.

Row

3
4
5
6
7

8

1.
1.
1.
1.
1.

1.

Water

40
52
57
11

36

*ePi

0. 077
0. 117
0. 137
0. 128
0. 089

0. 032*.

R e f 1 e c t or

Water-Graphite

^th ^epi

1. 0.08?
1. ..<8 0. 12LI
1. '.7 0. 141
1.|.3 0. 13C
1.17 0. 10?

1. .!6 0. 0577

Water-Beryl 1lum

I.
1. 46
1. 60
1. 70
1. 32

1. 45

*ePi

0. U88
0. 131
0. 156
0. 154
0. 127

0. 0841

The horizontal epicadmium a.<-
fig. 10 show a displacement,'ly, b(-
beryllium or graphite is greater
displacement m the curves of the
most possible due to the cadmium

These curves were tester! for
square fitted and the dy disi'lac<>
error, as described in the Mel tiod
reflector savings and the
summmarized m Table 6.

tivation distribution curves of
cau;je the reflecting power of
than that of the water. A small
totally watt?r reflected array is

control rods insertion.
homogeneity of variances, least-

men t obtained by trial and
section. The evaluated horizontal
ical test for the 5x5 arrays are

Table 6. Horizontal Reflect'T Saving in 5x5 Arrays

Reflector

Water
Water

0
1

dy
cm)

CU

i

0.
0.

B
[cm"1)

059624
059649

7
7

(cm!

. 04 i

. 030

(cm)

Graphite 1.38 0.055663 7.040 10.80

Beryllium 3.55 0.052447 Y. 10 14.20

F K
(N=2)

15. 21
2. 35 21 2. 47 0. 025

i. 93 23 2. 01 0. 050

1. 90 23 2. 01 0. 050

It has to be pointed out that the shape assumption of expres-
sion (2) is only approximate and was used as a practical way to ex-
trapolate to zero the epithermal flux. For instance the statisti-
cal test shows a poor level of significance for the first array. In
this array there is no significant change an the reflector saving
if the curve is supposed symmetric (dy=0),but using the best dy
improves the statistical test.
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The level of significanoe ior cosine shape assumption in the be-
ryllium and graphite ref lect'-r saving evaluation is quite good (a-
bout 5'A).

Vertical epiea'.lniium activation distributions were measured in
ten boxes of the water reflected core,to study axial buckling, Bz

2,
variation as a function of x and y cordenates.

The center of the curves was below the medium height of the
fuel and the displacement, dz. was found as before, but the results
change was negligeaMe, even so the level of significance improved
greatly. The least-square fit and statistical test results are shown
in Table 7.

Table 7. Vertical Buckling in Water Reflected 5x5 Array.

Box

E4
F4

*>G3
G4
G5
G6
H4
13
14
16

B2
2(dz=0)
(cm"2)

0. 001704
0. 001724
0. 00172':.
0. 001711
0. 001729
0. 001724
0. 001670
0. 001667
0. 00164i
0. 001590

0. 001690

dZ
(cm)

1.
0.
1.
0.
1.
1.
1.
1.
1.
2.

0
5
2
4
0
5
0
0
0
0

0
0
0
0
0
0
0
0
O
0

»

Bz"
(cm2)

.001713

.001725

.001725

.001715

.001721

.001726

.001663

.001688

. 001649

. 001593

. 001692c

F

2.
1.

2.
1.
1.
1.
1.
3.
1.

0
0

0
3
5
6
7
7
4

F

2.
1.

2.
1.
1.
1.
1.

1.

pa

01
51

01
51
51
79
79

51

P

0.
0.

0.
0.
0.
0.
0.

0.

025
10

025
10
10
05
05

10

aFp(k-2, N. k) . k=2b, N-3.

cRef lector saving: dz:7. 437 cm,

The changes in B z
2 and oz are larger in the neighborhood of

the partially inserted control rod in H6. Nevertheless the average
value for the whole core is quite near to those obtained for the
arrays with small reactivity excess.

Table 8. Average Horizontal
Reflector Savings.

Table 9. Average Vertical
Bucklings.

Reflector

Water
Water
Graphite
Graphite
Beryllium

Array

4x5
5x5
4x4
5x5
5x5

d

fi
7
9
10
14

(cm)

. 95

. 04

. 2

. 8

. 3

Reflector

Water
Water
Graphite

Array

4x5
5x5
4x4

B Z

0
0
0

2 (cm"2)

. 001709

.001692

. 001692
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No attempt was made to assign an error to the buckling results
using the regression analysis because the purpose was to obtain
the most reasonable average value for the whole core.

In Tables 8 and 9 are compared horizontal reflector savings
and vertical bucklings for all the measured arrays.

DISCUSSION OF THE RESULTS AND CONCLUSIONS

The results of cores with small reactivity excess (near cri-
tical) show that the axial buck1 ing,Bz

2, changes iV. between graphi-
te and water reflected arrays.

These results also show negligible difference («0. Z'/.) in Bz
2,

between a fuel box next to the reflector and a central one.
In the water reflected 4x5 array ( Table 4) the horizontal re-

flector saving in 'x' direction is 0. 5Hcm longer than in 'y' direc-
tion. Nevertheless if one takes the fuel limit instead of the cell
limit, to caculate the core size (X and Y in expression (3)), the
differece between dx and dy decreaces to 0. lcm. *

In Table 8 can be seen that the horizontal reflector saving
for graphite reflected cores increases with the core size and it
is about 15X larger for the 5x5 array than for the 4x4 array.On
the other hand the infinite horizontal water reflector saving chan-
ges much less when the core size increases. Then an assumption of
7cm horizontal reflector saving can be used in buckling and reac-
tivity evaluation of all the water reflected cores.

The average axial buckling, B z
2 = 0. 001692cm"2, of the water re-

flected 5x5 array, which is strongly perturbed by the insertion of
two control rods (fig. 8), is iV. lower than that of the water re-
flected 4x5 array.The average axial reflector saving for this ar-
ray is dz=7. 437cm.

A 4-group diffusion calculation (Exterminator-2) of the axial
reflector saving for the water reflected 4x5 array,has been made
in our laboratory,using 4-group core constants obtained by the WIMS
code. A 4-group transport calculation (DOT) has also been made with
4-group core constants calculated by ANISN code. The 4-group reflec-
tor constants for both diffusion and transport calculations were
obtained by GGC3 code. The re Hector saving obtained by this proce-
dure was about 8cm. 7

Calculations made in a joint study with Argonne Laboratory
for the RA3 reactor, with 2 and 3 dimensional diffusion codes give
also in axial reflector saving around 8cm. ®

These results are 10X higher than that obtained in the present
work. This discrepancy is in line with those found in the CNEA reac-
tivity calculations and suggests problems in the calculation of the
reflector diffusion constants.

Finally, these experimental flux distributions and bucklings,
for a wide range of cores,can be used for comparison with calcula-
tion codes. These data together with the reactivity values of Part I
of this work form the basis for a coherent analysis of the behaviour
of MTR cores.

*X and Y would be 0.48 and 1.72 cm shorter (dx and ay 0.24 and
0. 86 cm longer).

375



REFEKENCES

1. A. E. Profio, "Experimental Reactor Physics", John Wiley 8,
Sons , 1976.

2. K. H. Beckcurts and K. Wirtz, "Neutron Physics", Springer-
Verlag , 1964.

3. A. Henry, "Nuclear Reactor Analysis", The MIT Press , 1975.

4. V. P. Spiridonov and A. A. Lopatkin, "Tratamiento Ha-tematico
de Datos Fisico-Quimicos", Editorial MIR, Moscu , 1973.

5. W. J. Dixon and F. J. Massey, Jr, "Introduction to Statistical
Analysis", McGraw-Hill Book C° , 1969.

6. B. R. Martin,"Statistics for Physicists",Academic Press ,1971.

7. H. G. Amato y R. M. Walclman, "Comparacion Calculo-Experiencia
en Diferentes Conf • guracion-'S del RA2", informe CNEA: Qerencia de
Ingenieria, 1982.

a. Repport of Phase A : "ANL/CMEA Joint Study for RA3 Reactor",
Argonne National Laboratory (Jan. c'.Oth) , 19B1.

376



ESTUDOS NEUTRONICO3 VISANDO A

REDUÇÃO DE ENRIQUECIMENTO DO

REATOR DE PESQUISA IEA-RI.

por
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Instituto de Pesquisas Energéticas e Nucleares(IPEN)
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RMSUMO

Neste trabalho são descritos os códigos utilizados

em cálculos de reatores tipo placa pela Divisão de Física '

de Reatores do IPEN-CNEN-SP, visando o reator de pesquisa

IEA-RI. 0 problema padrão cia JAEA para um reator tipo placa

10 MW com alto, médio e baixo enriquecimento, e solucionado

através de três metodologias distintas em uso na RTF/IPEN -

.CNEN-SP (HAMMER & HAMMER-TECH-CITATION e LEO4-2DB-UM), vi-

sando capacitação de cálculo para conversão de alto para

baixo enriquecimento, dentro do contrato com a IAEA(BRA-H661).

Finalmente, cálculos da atual configuração do reator IEA-R1

são comparados com medidas experimentais, com objetivo de

validação da metodologia de cálculo.



1. INTRODUÇÃO (O REATOR ILA-Kl)

O Instituto de Pesquisas Energéticas e Nucleares

(IPEN), tem operado um reator de pesquisa tipo piscina a-

berta, o IEA-R1, desde 19b7, com uma potencia nominal de

2KW utilizando combustível tipo placa com alto enriqueci -

mentó em U-235 (93%). Na figura 1, ilustra-se urna vista ge

ral deste reator '^'.

0 Núcleo do reator tem a forma de um paralelepípe-

do e e composto por elementos combustíveis e refletores '

que são encaixados verticalmente em furos da placa matriz'

a qual é suspensa por uma estrutura de Alumínio no topo da

piscina. Em média um carregamento normal comporta 30 ele -

mentos combustíveis formaiido um arranjo 6x5 , sendo que dos

30 elementos, 4 são elementos especiais reservados para a

inserção das barras de controle.

0 elemento combustível é do tipo MTR (Material Te£

ting Reactor), sendo composto de 18 placas planas parale -

las montadas mecanicamente num estojo de alumínio. 0 ele -

mento de controle, é formado por 12 placas combustíveis,o-

cupando a posição central do elemento, sendo as posições

do estojo de Alumínio destinadas à 2? e 17? placas reserva

das para a inserção de barras de controle/segurança (Ag-In

-Cd), e as placas que antecedem e sucedem a barra absorve-•

dora constituídas somente de alumínio. Além dos elementos1

combustíveis e de controle, o Núcleo do IEA-R1 possue 4 e-

lementos de irradiação, dos quais 3 se localizam na região

refletora e um interno ao Núcleo. 0 elemento de irradia-

ção situado dentro do Núcleo é composto de 9 placas planas

de combustível reunidas em grupos de 4 e 5, nas laterais f

do elemento e os outros elementos de irradiações são com -

postos de grafita e água. Na figura 2 ilustra-se as carac-

terísticas do Núcleo do IEA-R1.

Atualmente (configuração 155), o IEA-R1 opera ã

2MW, intermitentemente (8 hrs/dia; 5 dias/semana) utilizan

do-se 2 tipos de combustíveis : i) 20 elementos de fabrica -

ção americana com 9 3% de enriquecimento, com queimas apro-
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ximadas de 38% em U-235, e ii) 5 elementos de fabricação NUKEN

com'19,75% de enriquecimento, apresentando queimas da ordern de

27% em U-235.

Em vista da tendencia mundial de produção de combustí-

vel com baixo enriquecimento em U-235, o IPEN-CNEN-SP iniciou

um programa de estudos visando a medio prazo a conversão da

utilização de combustível com alto enriquecimento para baixo

enriquecimento. Alem do mais, em vista da crescente demanda pe_

Ia produção de radioisótopos no Brasil, e evitar a importação,

o IPEN-CNEN-SP decidiu conjuntamente com os estudos de conver-

são de enriquecimento, iniciar os estudos para o aumento de po

tência para 5 MW, e mudança no ritmo de operação de intermiten

te para contínuo (3 semanas/mês ; e 1 semana para operação a

baixa potência e manutenção).

Para atingir este« objetivos, vários estudos foram inj.

ciados: i) fabricação e irrad i.açüo de elementos combustíveis ,

ii) reformas no sistema de refrigeração e instalações em geral

do reator, e iii) estudos neutrón icos e termohidráulico do Nú-

cleo do reator. Com relação a fabricação e irradiação de ele -

mentos combustíveis , o Departamento de Metalurgia Nuclear do

IPEN-CNEN-SP iniciou desdo 19H4 um programa de construção de

elementos com 20% em U-23!J, para substituição dos combustíveis

com alto enriquecimento. L'.ste programa resultou na montagem em

caráter experimental de dois elementos parciais, um com apenas

2 placas combustíveis nas posições externas do elemento, e ou-

tro com 10 placas, e as restante:; de alumínio. Estes elementos

combustíveis foram irradiados nas; posições 128 e 129 (vide fi-

gura 2), e posteriormente inspecionados. Os resultados desses

estudos irão fornecer os subsídios técnicos para a fabricação'

dos futuros combustíveis 5 20% de enriquecimento que serão utd.

lizados no IEA-R1. As reformas dos sistemas de refrigeração,já

iniciaram-se e tendem a se completar ainda no início de 1988.

Finalmente, os estudos.neutrõnicos e termohidrãulicos serão

descritos neste trabalho, principalmente as atividades que de-

monstram a capacidade de cálculo para o projeto de núcleos com

baixo enriquecimento, que estão sendo desenvolvidas com o su-

porte da Agência Internacional de Energia Atômica. (Contrato '

Fl-BRA-4661).
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2. METODOLOGIA DE CÁLCULO NL'l'TRQNlCÜ

A Divisão de risica de Real ore:; (IM I rHN-CNIIN-!!!' <~ fus

ponsavel pelo pro jeto de nina nova ron f if.uração do Nuclei (.lo

TEA-R1, utilizando combun i íve] com ba ¡ xn enriqueci meíi I n. Km

vista desta responsabilidade, foi obtido um contrato de pos -

quisa com a Agencia Internacional de l'.nerj1, i .1 Atomic.i ( 'i i> ('• I -KB)

para utilizar a metodologia de calculo disponível no II'IIN-CNKN

-SP em problemas padrões, principalmente <> descri 1 << ti'*' TF.CDOC
(3)

233 . A comparação dos cálculos com ror;u.l. I a dor; de medidas

experimentais de reatividade e. distribuição de fluxo d.i ritual

configuração, tem como objetivo obter capacitação técnica, pa

ra então poder-se definir .a nova con Pi guração do II.IA-RI.

Os códigos de computando, a tu<i I meu te disponíveis no

1PEN-CNEN-SP, para cálculo:: nnutronicoi; :J<"ÍO inostr-ados IM \ ¿\he

Ia 1. Para obtenção da:s secçô'is de choque homogeneizada:; no

combustível, util Lza-se um do:; códigos de:JC7'¡ I os na I abela 1,

e. o modelo da célula unitária. 0 cerno de uma placa roiíil>u:;t í-

vel é envolta de um revestimento de Alumínio, pelo modelador,

e por uma região extra (alumínio o moderador). A dependency a'

com a queima é conssiderada ¿atra véu de ca I cnlfjrj consecu I ivot; '

(ie transmutação e espectro. A:; r.eĉ õac, úc cbo(|ue de barras de

controle são calculadas ul i Lizando-:.;e o método da supercé.111 La,

na qual o cerne é uma região absorvedora envolta por alumínio,

moderador e regiões de combustível., linier! cladoü são modifica-

dos de tal forma que a:j taxas (Je reação ra | eu l.adas com o códi

go de geração de secção de choque (ex: IIAMM1IR) sejam preserva

tias quando calcul.-idas pelo código de difusão (ex: CITATION).

Finalmente, uma vez de term L nadei s ..is seocöea de choque homoge-

neizadas de cada região do reator, este é modelado e é calcu-

lado através de códigos de difusão, ou transporte, sendo que

para estudos de gerenciamento de combustível utiliza-se cãlcu

los em duas dimensões, e na previsão de criticalidade, ou eál

culos detalhados da•distribuição de fluxos, cálculos em três

dimensões.
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TABELA 1 - CÖDIGOS DE COMPUTADOR DISPONÍVEIS NO IPEN-CNEN-SP

PARA ANÁLISE NEUTRONICA VISANDO A CONVERSÃO PARA

BAIXO ENRIQUECIMENTO.

NOME COMENTARIOS

Geração de Secgões de Choque

i) HAMMER (4)

ii) HAMMER-TECHNION

i) Calcula-se o espectros

células unidimensio -

nais, combinando os

p ro g rama s THE RMO S,MU FT,

ZUT,TUZ,FDG e, teoria

integral de transpor-

te; em 5 4 grupos rápi.

dos e 3 0 térmicos, pa

ra gerar secções de

choque homogeneizada'

em 4,3 ou 2 grupos de

energia, e em função

da queima.

ii) Nova versão do codißo

HAMMERCTechnion-Isrœl

Institute of Technology)

que utiliza dados de

ressonância em forma

tabular, ao invés de

parâmetros de resso -

nância.
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iii) LE04

iv) AMPX-II (7)

iii) Versão da Universi-

dade de MICHIGAN do

código LEOPARD (MUFT-

SOFOCATE) para cál-

culos de células t_i

po placa. Gera sec-

ções de choque ho-

mogeneizadas e com

queima no formato '

do código de Difu-

são 7DB-UM.

iv) Sistema modular pa-

ra produzir secções

de choque (neutrons-

gamas) multigrupo,'

homogeneizados a

partir do ENDF-B-IV.

Os cálculos celula-

res são feitos

vés do XSDRN-PM.

Códigos de Difusão

i) CITATION (8)

ii) 2DBUM (9)

i) Programa de difu -.

são, uni, bi e tri-

dimensional, multi-

grupo que efetua '

pesquisa de critica

lidade, e distriboi

ção de fluxo e po-

tência.

ii) Programa de difusão

em 2-D com depleção

macroscópica
incorpora o

Desenvolvido

Universidade

Michigan.

que
FIDO.
1 pela

de
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Códigos de Transporte

i) ANISN e MICRO/ANISN-W
(HD

ii) DOT 3.5 (11)

i ) Soluciona a equação

de transporte mult_i

grupo em geometria'

unidimensional com

espalhamento aniso-

trópico. A versão '

para microcompu tadcj

res da linha IBM PC

é também disponível.

ii) Equivalente ao

ANISN, para geome -

tria bidimensional'

(X-Y,R-Z,R-Q).

Códigos de Cinética

(1? 1 (13
i) CINETHICA v "' e INVK v

ii) FX2-TH (14)

i) Códigos de cinética

puntual e cinética1

puntual inversa,com

realimentação. De-

senvolvidos no

IPEN-CNEN-SP.

ii) Código de cinética

espacial bidimensio

nal, multigrupo e

com realimentação '

termohidrãulica.

Códigos de Termohidrãulica

i) MACABRE-II
(15) i) Código termohidrãu-

lico para combustí-

vel tipo placa.
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3. AVALIAÇÃO DE METODOLOGIA DE CÁLCULO PARA ESTUDOS

DE CONVERSÃO.

Para avaliar a metodologia de edículo disponível no

IPEN-CNEN-SP solucionou-se o problema padrão publicado no

IAEA-TECDOC 233 ( 3 . Este problema consiste na avaliação de

parâmetros neutrônicos, tais como: fator de multiplicação;va

riação em reatividade; razão de fluxos etc, de um típico rea

tor de pesquisa de 10 MW quando da conversão de alto enrique_

cimento (93%) para médio (45%) e baixo enriquecimento (20%).

O objetivo deste problema padrão e comparar os métodos de fí

sica de reatores de diferentes centros de pesquisa interna -

cionais, sendo que no TECDOC 233, são publicados os resulta-

dos de sete centros internacionais (ANL-EUA; INTERATOM-RFA ;

EIR-Suiça; 0 SGAE-Austria; CEA-França-, JAERI-Japão ; CNEA-Ar -

gentina). Nesta seção, são mostrados os resultados obtidos '

pelo IPEN-CNEN-SP como mais uma contribuição aos esforços iri

ternacionais de avaliação de diferentes metodologias de cál-

culo.

Desde que o problema padrão da IAEA para reator gene

rico de 1QMW é extensivamente discutido no TECDOC233, aqui

se reproduz apenas o Apêndice F0 do referido documento, o

qual define os dados gerais do reator, tendo como objetivo '

definir o problema (vide anexo). Os resultados obtidos pelo

IPEN-CNEN-SP foram a partir de diferentes combinações de có-

digos disponíveis , tanto de geração de secções de choque co-

mo de cálculos de difusão. As combinações utilizadas foram :

Método 1 : HAMMER/CITATION,

Método 2 : LE04/2DBUM e

Método 3 : HAMMER-TECH/CITATION

sendo que no Método 1 utilizou-se o HAMMER-TECHNION para ge-

ração das secções de choque dos elementos refletores (Grafi-

ta e H„0). Finalmente, os resultados aqui apresentados fazem

parte do contrato de pesquisa entre o IPEN-CNEN-SP e a IAEA

(BRA-4661).
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3.1. Secções de Choque e Cálculos de Queima

Os programas HAMMER, IIAMMER-TL'CIINION e o LE04 foram

utilizados para gerar as secções de choque em função da quei.

ma para as varias regiões do reator c; pcirü 93%, 45% e 20% de

enriquecimento em U-235, usando o modelo da célula unitária,

em dois grupos de energia:

Grupo Térmico : 0,0 < E < 0,625 eV

Grupo Rápido : E > 0,625 eV.

As células utilizadas para as regiões de combustível,

elemento de controle, refletores de água e grafita são mos -

tradas na figura 3. É de se notar que as células para o LE04

nos elementos refletores incluem pequenas zonas de combustí-

vel, tal fato é devido as limitações do próprio programa que

exige que a região central seja combustível, e a próxima o

encamisamento. Tal limitação foi superada utilizando uma fi-
~ -6 -

na região de U-235 com densidades de 10 . Ja o HAMMER-
TECI1NI0N, fornece as secções de choque por região celular.

Na tabela 2, 3 e 4 ilustram-se os valores obtidos

para as constantes macroscópicas homogeneizadas obtidas pe-

los programas HAMMER HAMMER-TECHNION e LEO4, para algumas

situações de queima, e na tabela 5 os valores obtidos para o

fator de multiplicação infinito versus a queima; de 0% ä

50%, para a célula combustível obtido pelo programa LEO4.FÓ.

nalmente, as figuras 4,5 e 6 ilustram a comparação dos resul.

tados dos cálculos celulares (Kœ.vs.queima) entre os vários

centros de pesquisa, inclusive os obtidos neste trabalho.

Desses resultados verifica-se que em geral os valores do

ÏPEN-CNEN-SP tendem a subestimar ligeiramente o valor de
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FIGURA 3 - CÊUiïAS UNITARIAS PARA A GERAÇÃO DAS SECÇÕES DE CHOQUE

HOMOGENEIZADAS.
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3.2. CÁLCULOS DO REATOR

Cálculos utilizando teoria de difusão em geometria

X-Y foram realizados com os códigos CITATION, (consoante:;1

multigrupo geradas pelos códigos HAMMER e HAMMER-TECIINION ),

e 2DBUM (constantes geradas pelo LEO1)), para a geometría

de um'quarto do reator mostrado no Apêndice. Foram util ¡/.ti

dos 4 intervalos espaciais por elemento de combustível e

elemento de controle e H intervalos nas regiões refleto -

ras tanto na direção x, como rid direção y. Os fluxos loram

normalizados utilizando-se uma densidade du potência ]()d,il

watts/cm . A fuga axial foi levada em consideração através

de um "buckling" axial (B2z) de 1,787 x m"'1.

Os valores do fator de multiplicação efetivo (K „),

para as condições, sem queima ("FRESH"), i nú'Lo de vida

(BOL) e fim de vida (EOL), e para os trê;; enriquecimentos,

são mostrados na tabela G, em conjunto com o:; obtidos pe-

los outros centros de pesquisa. 0 resultado da INTERATOM '

foi tomado como referência arbitrari a , sendo que abaixo '

dos valores de Keff são mostrados as vari ações percentuais

obtidas, com relação ã referência. Nota-so que os resulta-

dos do IPEN-CNEN-SP utili/.ando-se o sistema LEO4-2DBUM for

nece resultados menores que 1%, relativos Ti referência, p£

ra altos enriquecimentos, entretanto dumeril.u-s« as diíerej]

ças relativas conforme aumenta-se ó enriquecimento. Por OIJ

tro lado, o sistema HAMMER-CITATION apresen ta um comporta-

mento inverso. Estes resultados indicam a necessidade de

.investigar as causas desses comportamentos, que podem ser

encontrados nas bibliotecas de dados nucleares desses codî

gos , ou na modelagem da célula unitaria. Por outro lado, ë

conhecido que o código HAMMER foi. desenvolvido para cotnbus_

tíveis tipo varetas com baixos enriquecimentos (LWR), e

portanto, ë necessário investigar com mais profundidade a

aplicação deste programa em reatores com combustível tipo

placa utilizando-se altos enriquecimentos.

Nas tabelas 7 e 8 ilustram-se comparativamente a

variação de reatividade (Ap) em função da variação da qued.

ma no início (BOL) e fim (EO!,) de vida, e em função da
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redução de enriquecimento de 9 3% para 45% e 20%. Na tabela 9

e ilustrado a quantidade de Pu-239 em gramas por elemento '

combustível obtidos dos cálculos celulares calculadas pelos '

varios centros. A variação dos fluxos térmicos e rápidos (ra

zão) quando das reduções do enriquecimento de 93% a 2 0% e

93% para 45% em função da distância x do centro do reator,i.

e., (<Dth)20/ (*th)g3 ou Uth>45/<4>th)93 e (O20 / (*r )93

Vs.X, são ilustrados nas figuras 7,8 e 9. Estes resultados '

quando comparados com os obtidos pelos outros centros de pes;

quisa indicam uma razoável concordância, notando-se apenas

que os cálculos LE04/2DBUM tendem a superestimar os valores

na região do refletor.
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TABELA 5 - LE04 Kw. Vs. QUEIMA DE U-2 35 PARA TRÊS

ENRIQUECIMENTOS.

Enriquecimento

Queima (%)

0

5

10

15

20

25

30

35

40

45

50

93%

1,73811

1,63869

1,61294

1,59046

1,56691

1,54179

1,51473

1,48542

1,45306

1,41694

1,37660

45%

1,70469

1,60838

1,58361

1,56236

1,54017

1,51659

1,49136

1,46433

1,43489

1,40256

1,36670

20%

1,64320

1,55287

1,52812

1,50712

1,48511

1,46205

1,43759

1,41181

1,38418

1,35446

1,32210
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TABELA 6 - FATOR DE MULTIPLICAÇÃO EFETIVO ( K
e f f)- COMPARAÇÃO DE RESULTADOS

00

Enrique
cimento
(%)

93

45

20

BOL

EOL

FRESH

BOL

EOL

FRESH

BOL

EOL

FRESH

INTERATOM
(RFA)

"Referên-
cia"

1,0328

1,0101

1,1888

1,0311

1,0108

1,1790

1,0278

1,0091

1,1683

ANL
(EUA)

1,0233

(-0,90%)

1,0004
(-0,96%)

1,1838
(-0,38%)

1,0247
(-0,51%)

1,0033
(-0,73%)

1,1732
(-0,57%)

1,C213
(-0,53%)

1,0014
(-0,76%)

1,1683
(0,00%)

EIR
(Suiça)

1,0368

(+0,37%)

1,0138
(+0,36%)

1,1939
(+0,36%)

1,0306
(-0,05%)

1,0099
(-0,09%)

1,1791
(+0,01%)

1,0178
(-0,96%)

1,0000
(-0,90%)

1,1594
(-0,66%)

OSGAE
(Austria)

1,0320

(-0,08%)

1,0090
(-0,11%)

1,1966
(+0,55%)

1,0334
(+0,22%)

1,0116
(+0,08%)

1,1896
(0,76%)

1,0320
(+0,40%)

1,0120
(+0,28%)

1,1813
(+0,94%)

CEA
(França)

1,0404

(+0,71%)

1,0170
(+0,68%)

1,2020
(+0,92%)

1,0408
(+0,90%)

1,0190
(+0,80%)

1,195
(+1,14%)

1,0394
(+1,08%)

1,0191
(+0,98%)

1,1870
(+1,35%)

CNEA
(Argen-
tina)

1,0377

(-0,45%)

1,0143
(-0,41%)

1,2002
(-0,41%)

-

-

-

1,0332
(-0,50%)

1,0130
(-0,38%)

1,1815
(-0,96%)

JAERI
(Japão)

1,0420

(+0,85%)

1,0220
(+1,15%)

1,1810
(-0,55%)

1,0489
(+1,65%)

1,0306
(+1,90%)

1,1811
(+1,85%)

1,0578
(+2,75%)

1,0412
(+3,06%)

1,1834
(+1,09%)

IPEN-CNEN-SP
LEO4/2DB HAM/CIT

(Brasil)

1,0296

(-0,30%)

1,0055
(-0,45%)

1,1945
(+0,40%)

1,0191
(-1,14%)

0,9973
(-1,33%)

1,1731
(-0,43%)

1,0101
(-1,70%)

0,9897
(-1,94%)

1,1579
(-0,77%)

1,0446

(+1,05%)

1,0198
(+0,94%)

1,2173
(+1,97%)

1,0404
(+0,86%)

1,0173
(+0,63%)

1,2053
(+1,85%)

1,0339
(+0,57%)

1,0127
(+0,35%)

1,1910
(+1,63%)

HAMT/CIT

1,0371

(+0,40%)

1,0140
(+0,38%)

1,2069
(+1,26%)

1,0319
(+0,08%)

1,0132
(+0,23%)

1,1931
(+1,00%)

1,0287
(+0,08%)

1,0076
(-0,15%)

1,1828
(+1,05%)

Obs.: Os valores entre paréntesis indicam a diferença em % relativo ao valor referência.



TABELA 7 - COMPARAÇÃO DA PERDA DE REATIVIDADE DEVIDO A QUEIMA

Enrique- Igual INTERATON ANL EIR OSGAE CEA CNEA JAERI IPEN IPEN IPEN

cimento Queima LEO/2DB HAM/CIT HAMT/CIT

93% 2 , 1 8 % 2 , 2 4 % 2 , 1 9 % 2 , 2 1 % 2 , 2 1 % 2 , 2 2 % 1 , 8 8 % 2 , 3 3 % 2 , 3 3 % 2 , 2 C %

vr>
•4 5 %

20 %

1 , 9 2 %

1 , 8 1 %

2 , 0 8 % 1 , 9 9 % 2 , 0 9 % 2 , 0 6 % 1 , 7 0 % 1 , 8 7 % 2 , 1 8 % 1 , 7 9 %

1 , 9 4 % 1 , 7 5 % 1 , 9 2 % 1 , 9 1 % 1 , 9 3 % 1 , 5 1 % 2 , 0 4 % 2 , 0 2 % 2 , 0 4 %



TABELA 8 - COMPARAÇÃO DAS VARIAÇÕES DE REATIVIDADE (Ap) DEVIDO A REDUÇÃO DO ENRIQUECIMENTO

INTERATON ANL EIR OSGAE CEA CNEA JAERI IPEN IPEN IPEN

LEO/2DB HAM/CIT HAMT/CIT

oo

93

45

93

FRESH

BOL

EOL

FRESH

BOL

- 0 , 7 0 %

- 0 , 1 6 %

+ 0 , 0 6 %

- 1 , 4 7 %

- 0 , 4 7 %

- 0 , 3 8 % - 1 , 0 5 % - 0 , 4 9 % - 0 , 4 9 %

+ 0 , 1 3 % - 0 , 5 8 % + 0 , 1 3 % + 0 , 1 3 %

+ 0 , 2 9 % - 0 , 3 8 % + 0 , 2 5 % + 0 , 2 5 %

0

+ 0

, 0 0%

, 6 3%

- 1

- 1

, 5 2 %

, 0 0 %

- 0

- 0

, 8 1 %

, 3 8 %

- o ,
- o ,

96%

48%

+0,82% -0,82% -0,24% -0,08%

-1,09% -2,49% -1,08% -1,05% -1,32% +0,17%

-0,20% -1,80% 0,20% -0,09% -0,42% +1,44%

-2,64% -1,81% -1,69%

-1,91% -0,99% -0,79%

20 EOL -0,10% +0,01% -1,36% +0,29% +0,20% -0,12% +1,81% -1,59% -0,69% -0,63%



TABELA 9 - QUANTIDADE DE PU-239 EM GRAMAS, POR ELEMENTO

COMBUSTÍVEL ATÉ 50% DA QUEIMA (DADOS OBTIDOS

DOS CÄLCULOS CELULARES)

E n r i q u e OSGAE ANL INTE EIR JAERI CNEA IPEN IPEN IPEN

cimento LEO HAM HAMT

93% 0 ,42 0,44 0,42 0,45 0,37 0,43 0,41 0,43 0,43

45% 4,34 4,24 4,41 5,50 3,32 - 4,91 4,77 4,70

20% 12,30 12,71 11,92 14,80 9,13 12,71 13,07 13,17 12,97

401



i 1090

I

"•mm -

1

'ãuxm i-

i

HSH

-M- -H-

• HAMMER

* HAMMER TECH

•* LEO 4. /20B

20 S3 30

DISTANCIA X DO CENTRO 00

3Q 50 55

FIG.7 ~ RAZAD DE FLUXO RÁPIDO ( 20 % / 93 % ) VS. DISTANCIA - X . BOL



11000

HAMMEí?

X HAMMER

LEO 4 / ? Dß

8000 4. . - _ 1 1 1 _
5 10 15 20 25

_l J

30 35
..I

40
L

-15 50 55

DISTANCIA X DO CENTRO DO REATOR

FIG.-3 - RAZÃO DE FLUXO TÉRMICO ( 45 % / 93 % ) VS. DISTANCIA - X . 30L



noa«

KAMMER

X HAMMER TECH

* LEO 4

Jt_

ao as 30 as
DISTANCIA X 00 CENTRO 00 REATOR

45 90 55

RAZÃO DE FLUXO TÉRMICO ( 20 % / 93 % ) VS, DISTANCIA - X SOL
IVUICTJ/. t « i ' V,:-iV*.^:-*Ù.Xi-'

J



4. CÁLCULOS DE PARÁMETRO f. NWi'RfJNTCOS V. COMPARAÇÃO COM

MEDIDAS EXPERIMENTAIT. PARA O U.:A-R1 .

P a r a v e r i f i c a r r,y. H W ! o d o r ; <]p <\7l n i l «•> u t i l i ;'.ri<los p i o l a

RTF/IPEN-CNENSP, foram m<!«li«.lof: param et m r; <1<- reut: i.v iil.uk- do

atual configuração do ro.il.or TIJA-Rl (vid(> figura '/) »» »vnnpürvii

dos com os obtidos peloc coditos disponíveis. Or; pnrâmei m s •

de reatividade medidos foram :

i) valor diferencial e integral de barras do ''onlvo

le.

ii) coeficiente de reatividade de temperatura do

moderador,

iii) coeficiente de reatividade de vazio local.

Para a determinação da reatividade diferencial e inte

gral das barras de controle {3p/î)z e p(z)} utilizou-se a téc-

nica do período estável . Os coeficientes de reatividade1

de temperatura do moderador íam(T)} = 3p/3Tin) foi obtido va -

riando-se a temperatura do moderador com auxílio do circuito1

secundário, e medindo-se a reatividade introduzida com um roa

tímetro digital ' . 0 coeficiente de reatividade de vd-

zio local foi obtido através da inserção de placas de alumi -

nio, entre as placas combustíveis, para simular a introdução1

de vazio, e a medida da reatividade introduzida através <lc

um reatímetro digital (17> { 009-NC/l-IPEfO.

Os cálculos dos parâmetros foram feitos com os cod.i -

gos HAMMER; HAMMER-TECHNION e CITATION. As células unitária:.:'

para os elementos combustíveis enriquecidos a 03%, ou ?n% fo-

ram tipo placa »com a região do combustível (U..Og-Al ou U-Alx),

envolta pelo encamisamento (Al), moderador (H?0) e uma região

extra (H„0 + Al). As regiões com elementos de controlo (Ag-In

-Cd),detalhe 2, da figura 2, foram homogeneizados através do

modelo da supercelula e da equivalência das tnxas de reação
~ ( 18 )

entre a teoria de difusão e transporte . 0 elemento rüe
irradiação com placas combustíveis (detalhe 3, d<=j figuro /)
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foi homogeneizado de maneira análoga ao elemento combustível

padrão, com a diferença das espessuras das regiões celulares

devido o menor numero de placas de combustíveis desse elemen

to. Na figura 10 são ilustrados as células utilizadas.

Os cálculos do reator foram feitos em 3 dimensões '

(X-Y-Z) e em dois grupos de energia . 0 numero de intervalos

foram 11 em x, 23 em y, e 10 em z. Em X-'! o reator foi mode-

lado de acordo com a figura 2, incluindo um refletor de H_0.

Na direção axial, o reator foi modelado de acordo com a figu

ra 11. Para o calculo dos valores diferenciais das barras de

controle, inicialmente modelou-se o reator com a posição das

barras na posição crítica, a baixa potência, tendo-se obtido

uma previsão de critical"idade com um erro de ~3% (Kej?p=l
:;03508).

A seguir, processou-se varios casos, subindo a posição da

barra, cuja reatividade esta sendo calculada, em 10 passos,e

corrigindo-se a posição das outras barras para a posição cri

tica.

Na tabela 10 ilustra-se o valor diferencial e inte-

gral da barra de segurança BS2, localizada na posição 119.

Desta tabela verificamos que o valor total da barra i 32C4

pcm (experimental); sendo o valor previsto por calculo '

de 2974 pcm, fornecendo um erro de 10%, aceitável do ponto

de vista dos testes físicos de partida.

Na tabela 11 ilustra-se o valor dos coeficientes de

reatividade da temperatura do moderador, obtidos experimen •-'

talmente e os calculados, e na tabela 12, ilustra-se o valor

do coeficiente de reatividade do vazio local, tanto os obti-

dos experimentalmente» quanto os previstos pelos cálculos.

Os resultados para o coeficiente de temperatura foram obti -

dos com uma variação de -9 °C na temperatura do moderador, '

sendo o desvio do previsto por calculo para o medido experi-

mentalmente de -13%.

Os erros nas previsões dos parâmetros de reatividade

são devido as incertezas no método de cálculo,mas principal,

mente devido as incertezas nos valores de quells. d.r>* el-ŝ sr.-

tos combustíveis, qua äcaswetasi grandes ei*sro¿ quvis?á'- ¿:> j*<:.-•'?.

ção das secções de choque. Este fato indica que quando C.&
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instalação de um novo núcleo com baixo enriquecimento, o his-

tórico de operação, e um acompanhamento experimental da quei-

ma deva ser realizado, com o objetivo de reduzir as incerte -

zas nos cálculos, e desta forma poder-se gerenciar o combust^

vel com mais eficácia.
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TABELA 10 - VALOR DIFERENCIAL E INTEGRAL DA BS2. COMPARAÇÃO

ENTRE RESULTADOS EXPERIMENTAL E CALCULADOS.

Posição da

Barra *
(Passos)

371

419

465

507

549

592

637

687

738

796

Valor Diferencial
(pem/passo)

Experimental

5,19

5,52

5,72

5,81

5,79

5,66

5,42

5,04

4,53

3,84

Calculado

4,61

4,97

5,11

5,11

4,95

4,62

4,43

3,89

3,49

2,85

Valor Integral

Experimental

1039,4

1296,9

1553,2

1795,6

2039,3

2285,8

2538,2

2797,5

3041,9

3284,9

(pan)

Calculado

1095,3

1332,2

1558,9

1768,7

1975,5

2181,0

2388,1

2597,0

2789,6

2974,2

* A posição da barra é medida em passos, sendo que o comprimento total

ê dividido em 1000 passos com o zero na base do Núcleo, com a barra

totalmente inserida e cada passo de 0,6 mn.
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TABELA 11 - COEFICIENTE DE REATIVIDADE DE TEMPERATURA

DO MODERADOR

EXPERIMENTAL CALCULADO

8,74 - 0,37

(pcm )
-115,5 - 15,2 106,67

aM -13,6 - 2,4 -11,85

(pcm/°C)

TABELA 12 - COEFICIENTE DE REATIVIDADE DE VAZIO LOCAL (cty)*

EC EXPERIMENTAL CALCULADO

86 (-4,3 - 0,6) x IO3 -4,03 x IO3

94 (-6,6 - 0,3) x IO3 -5,8 x IO3

110 (-3,9 - 0,4) x IO3 -3,7 x IO3

125 (-7,9 - 0,5) x IO3 -7,9 x IO3

* O a ë expresso em pcm por fração de vazio introduzido

pelo alumínio, i.e.; pela razão do volume do Alumínio

para o volume de todo o moderador da parte ativa do

núcleo.
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ANEXO (REPRODUZIDO DO TECDOC2 33)

APPENDIX F

Benchmark Calculations

F-0 Specifications

The benchmark calculations were performed by the following organizations:

F-l ANL (USA)

F-2 INTERATOM (FRG)

F-3 EIR (Switzerland)

F-4 b'SGAE (AuBtria)

F-5 CEA (France)

F-6 JAERI (Japan)

F-7 CNEA (Argentina)

ABSTRACT

Benchmark calculations were performed to compare the
computational methods of various organizations. The
methods and results of neutronics calculations for the
specified core are described in Appendices F-l to F-7.
Only limited conclusions for actual core conversions
from HEU fuel to LEU fuel should be drawn from these
results.
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F-0.1

APPDíDIX F-0
ScecificationB

Alma: Comparison of the different calculation method« and cross-section data
acta used In different laboratorlrs. Halted conclusions for real con-
version problem.

T a b l e 1 Specifications for the Hethodlcal Benchnmrk-Problen

uata and Specifications Agjrecd_Up(in:

Active Core Height 600 mm
Extrapolation Length 80 sin (In 80 an dlstnnrr from the core, the
cosine-shaped flux goes to zero)
X-Y Calculations only

Space at the grid plate per fuel element 77 mm x 81 on

Fuel element cross-acctlon
76 mo x 80.S mo Including support plate
76 mm x 80.0 a without support plate

Neat dimensions

63 mm x 0.51 mm x 600 mo

Aluminum-canning with p^i • 2.7 g • ca"'

Thickness of support plate 4.75 mm; pj^y - 2.7 g * c»"'

Number of fuel plates per furl element:
23 Identical plates, each 1.27 mn thlcV

Number of fuel platea per control element:
17 Identical plates, each 1.27 no thlcV

element:Identif ication of the remaining jplate posit ions of the control e l
4 plates of pure aluminum p¿¿ -ui-.7 g • cm"3, each 1.27 mm thick
In the position of Che f i r s t , the third, the twenty-first , and the
twenty-third standard plate position; water gnps between the two sets
of aluminum plates .

Specifications of the different fuels (UA1X-A1 Fuel) for HKU, HKU,
LEU corresponding to the previous def init ions:

HEU: • Enrichment 93 w/o (weight Z) U-235
• 280 g U-235 per fuel element, which corresponds

to 12.174 g U-235 per each fuel plate
• 21 w/o of uranium in the UA1X-A1
• only U-235 and U-238 In the frech fuel

HEU: • Enrichment 45 w/o U-235
• 320 g U-235 per fuel element (23 plate»)
• 40 w/o of uranium In tile UAIX-AI
• only U-235 and U-238 In the fresh fuel

LEU: • Enrichment 20 w/o U-235
• 390 g U-235 per fuel clement (23 plates)
• 72 w/o of uranium In the UA1X-A1
• only U-235 and U-238 In the fresh fuel

Total power: 10 HUth (power buildup by 3.1 x 1010 f lesion/Joule)

Thermal hydraulic data:
Water temperature 20*C
Fuel temperature 20*C
Pressure at core height 1.7 bar

Xenon-State:
Homogeneous Xenon content corresponding to averagc-powcr-denslty

Results

k e f f i fluxes and flux rat ios along the two «ymmctry-nxes of the core
In three groups and for begin of cycle (BOL) and end of eyele (EOL),
respectively. „

•thermal " " " 0 eV < F.n < !
•eplthermnl with 0.625 cV < En < 5.531 keV

•fast w l*h En > 5 - " 1 k e V

4.1 i>



P-0.2

outside boundary condition $ = O

f
77mm

A

3fuel element width of water reflector
= 231mm

graphite graphite

25%

45%

water 45^

5%

25%
Control

Element

4 5 %

water

water

5%

25%

BOL-Core

-3 fuel element width*
of water reflector
= 243 mm

outside
boundary
condition
0 =0

81mm

Burnup step 5%

graphite graphite

3 0 %

5 0 %

water

10%

30%
Control
Element

50%

water

water

10%

3 0 %

EOL-Core

graphite block cross
section 77 mm x 81 mm
graphite density i.7gcm3

Burnup definition : {%) means the percentage of loss of the
number of U 235 -Atoms

METHODICAL BENCHMARK
10 MW CASE
CORE CROSS SECTION Pig. 1



IMPROVEMENTS IN THE MODEL OF NEUTRON CALCULATIONS

FOR RESEARCH REACTORS

0. Calzetta - F. Leszczynski
Centro Atómico Bariloche

8400- Bariloche, R.N.-Argentina

ABSTRACT

Within the research program in the field of neutron
physics calculations being carried out in the Nuclear
Engineering Division at the Centro Atómico Bariloche,
we are researching the errors which due to some typi-
cal approximations appear in the final results.
For research MTR type reactors, two approximations,
for high and low enrichment are investigated: the
treatment of the geometry, and the method of few-group
cell cross-sections calculation, particularly in the
resonance energy region. Commonly, the cell constants
used for the entire reactor calculation are obtained
making a homogenization of the full fuel elements, by
means of one-dimensional calculations. An improvement
is made, that explicitly includes the fuel element fra-
mes in the core calculation geometry. Besides, a detai-
led treatment-in energy and space- is used to find the
resonance few-group cross sections, and a comparison
of the results with detailed and approximated calcu-
lations is made. The least number and the best mesh of
energy groups needed for cell calculations is fixed
too.

INTRODUCTION

The aim of this work is to analyze and to appraise the mag-
nitude of the errors associated to different approximations adop-
ted in neutronic calculation for research reactors, to the cell
and entire core calculation level

Besides, the importance of these approximations, for MTR
type fuels with 20% and 90% enrichment in 2 3 5U, is analyzedJ

The approximations investigated can be classified in two
groups: geometrical and energetical.



The geometrical approximations comprise the inclusion or
not, in the cell calculation, to the lateral suppport material
of the fuel elements (FE), and the geometry used in the reactor
calculation= bi or tri dimensional.

The energetic calculations include the analysis of the num-
ber and limits of the energetic groups in the cell calculation;
its condensation into two groups using either geometrical or
critical buckling, or by means of transport calculation with
criticity; and a study using different methods of the incidence
of the resonance cross-section treatment.

Different core configurations have been studied, but the
results shown are only those 5 x 5 fresh FE, without control
elements, reflected with graphite and/or water

MAIN CHARACTERISTICS OF THE FUEL ELEMENTS

The main characteristics of the two FE studied here (FEl
and FE2) are included in Table 1 and Fiquro 1.

Table 1

Fuel elements characteristics

- Fuel element

- Enrichment (wt %235U)

- Number of plates

- Meat composition

- U concentration (wt %)

- U density (g/cm )

- Meat thickness (mm)

- cladding thickness (mm)

- Lattice pitch (mm x mm)

- Active height (mm)

- Material of the side
plates

FE2

20

19

FEl

90

19

Al-U
al loy

14.20

0.450

0.52

0.40

8.1 x 7.7

615

Al

d i spe r s ion

38.46

1.505

O.i)

0.45

CALCULATION CODES

The cell calculations have been made with the WIMS code,
with the collision probability option for the main transport cal-
culation for collapsing to two energy groups with geometrical or
critical buckling.
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FIGURE 1
Standard (19 niates/element) FEl and (19 niates/element) FE2
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The ANISN code has been used for collapsing the constants
calculated with WIMS to two energy groups with critical geometry
and are an anxibory for obtaining the constants for structural
materials, reflectors, etc. The method for collapsing the diffu-
sion coefficient has been modified in ANISN . The method used to
obtain the two-group cross-sections for FE and other materials
with WIMS and ANISN (modified) may be seen in (3)

For calculating with details in the resonance region the
RMET23 code has been used with the collision probability method
in the slowing-down region using thousands of energy groups. This
code is a slab geometry version of the RMET214 code .

The cross-section data used in these codes are those co-
rresponding to the ENDF/B library pre-processed with the pro-
grams LINEAR,RECENT, SIGMAl 5.

The core calculations have been made with the program
DIPOBAR6, for two dimensional geometry, and with the program
PUMA^, for three dimensional geometry. Both programs resolve
the multi-group diffusion equation . In all cases, the calcula-
tions have been made with two energy groups (group 1, E >.-
0.625 eV, group 2, E < 0.625 eV)."

CALCULATIONS

The calculations made differ in the principal transport
calculation form, the collapsing to two energy group form
(cell level) and by the number of geometrical dimensions (core-
level). All these calculations have been made for 90% and 20 %
235u enrichment.

GEOMETRICAL EFFECTS

1.- Homogeneous mixture:

This case has been included to find the importance
of itsgeometry in the cell calculations.

2.- Inclusion of the lateral support material in the
cladding and coolant regions.

In Fig. 2.1 the cell geometry is shown.
The fuel plate thickness is conserved.

3.- Inclusion of the lateral support material in a fourth
region.

In Fig. 2.2 the cell geometry is shown.



4.- Exclusion of the lateral support material in the
cell calculations.

The'cell calculation is made with regions 1,2 and
3 of Fig. 2.2. The frames and added coolant are
explicitly represented in the core calculation.

Figure 2

Cell calculation geometry

2.1 Inclusion of support material in the cladding
and coolant regions

REGION 1 REGiOKl 2

AL ,
I
I

xzCrgal) 1

REGION *>

X*> trcolj

2.2 Inclusion of the support material in a fourth
region

RE.Q10M REQ\OW 2.

t

FEZ:

0,0^0 •

r O. X2'rO. z O A l l • XA.-0

m cm
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ENERGETIC EFFECTS

The energetic effects are presented for case 4, because
this is the most exact.

5.- Reference case, with 4 6 energy groups in the main
transport calculation (3 2 fast and 14 thermal group)

6.- 5 Energy groups in the main transport calculation.
The WIMS limits for each broad group are 5,15,45,
57 and 69.

7.-12 energy groups: 10 fast and 2 thermal groups.
For selecting those groups, equal lethargy width
criterion was used.

8.- 12 energy groups: 8 fast and 4 thermal. The crite-
rion for selecting the group was the conservation
of the leakage rate in the fast groups and the ab-
sorption rate in the thermal groups. These are the
most important physical phenomena in each energy
range.

RESONANCE EFFECTS

These effects are presented for the case 4 too.

All the previous cases include the WIMS resonance treat-
ment.

9.- NORESONANCE option in WIMS: This case is included to
show the importance of the resonance treatment for
different enrichment

10.- Resonance cross-sections calculated with the RM23
code and included in WIMS as input-data.

All the calculations have been made for the two 235y en_
richment, for the three form of collapsing the constants to two
energy groups, reflected v/ith graphite and/or water and in bi
and tri dimensional geometry. Only the most important results are
shown.

Fig. 3 shows the core calculation geometry for plane
X-Y.

For tri-dimensional calculations the. active FE zone has
been divided into six parts . The upper and lower zones vexe
each divided in two parts. Only one quarter of the core was ta-
ken into account in the calculations, after verifying that, no
significant differences were produced usign the whole core*
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Figure 3

Cbre calculation geometry

s

H2.0

C or W-,0

Z//7/A
re.fl.

c
/\
/Xj \

* \

. or

v/':-

H2O

\%

support ( AL+ W20)

follows:

RESULTS

2 gives the most important results, identified by 4 diqits as

1- condensation form
1: with geometrical buckling
2: with critical buckling
3: with ANISN and critical geometry

2- reflector type
1: water
2: graphite + water

3- core calculation dimensions
1: 2-dimension
2: 3-dimension

4- cell calculation form :

The measurements taken in the RA-2 critical facility by the group j
directed by G. Ricabarra using FEl-type fuels for a 5x5 configuration gave the
following results: (5400± 400j pan (reflected with water); and (10200± 400) pern
(reflected with graphite and water).
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Table 2

pacp

2.1.1.1

2.1.1.2

2.1.1.3

2.1.1.4

1.1.1.4

3.1.1.4

3.1.2.4

2.1.2.4

2.1.1.5

2.1.1.6

2.1.1.7

2.1.1.8

2.1.1.9

2.1.1.10

1.2.1.4

3.2.2.7

2.2.2.7

2.2.1.7

2.2.1.8

2.2.1.10.

90 %

Keff

1.09590

1.11191

1.08688

1.05968

1.06765

1.05430

1.05338

1.05875

1.05978

1.05540

1.05530

1.05996

1.05930

1.05937

1.12131

1.11003

1.11482

1.11063

1.11463

1.11432

235U

8751

10064

7993

5631

6336

5150

5068

5549

5640

5249

5239

5656

5598

5604

10818

9913

10300

9961

10284

10258

20 %

Keff

1.03674

1.03681

1.04007

1.02448

1.02979

1.01973

1.01906

1.02352

1.02332

1.02028

1.01940

1.02484

0.94961

1.01148

1.09570

1.08307

1.08802

1.08703

1.09154

1.07794

235U

-PW

3543

3550

3852

2389

2892

1935

1870

2298

2278

1987

1903

2423

-5306

1134

8733

7670

8090

8005

8386

7230

CONCLUSIONS

1- The explicit inclusion in the core calculation geometry of the lateral su-
pport or frame implies substantial differences in the evaluation of core
reactivity as regards other treatsments. These differences becane greater
as enrichment increases.

2- Two or three-dimensional multiplication factor calculations are nearly
equivalents for any enrichments, except when the reflector is graphite.
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3- The group-condensation methods. With critical buckling or critical geometry
give satisfactory results, but if geometrical buckling is used, the results
show differences within each enrichment.

AT The energy group selection included in case 8, is the most suitable for the
main transport calculation.

5- Correct resonance treatment is very important for low-enrichments, but i s
nearly imperceptible for high enrichments.
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ANALYTICAL STUDY ON FLUX DISTRIBUTION
IN 5 MW HEU AND LEU TRR CORE

A.Pazirandeh
Physics Department, Teheran University,Iran

P.O.BOX 11365-7693

G.Bartsch
Institut fur Kerntechnik

Technische Universitat Berlin
Marchstr 18, 1000 Berlin 10.BRD

ABSTRACT

In HEU to LEU fuel conversion LEU core suffers un-
formidable changes in core arrangement and fuel element
design structure. These lead to some redesign calcula-
tions as regard to heat removal and control potentia-
lity. In this paper some results related to flux di-
stribution are given. Two core configurations with 18
(flat) plates/FE and two types of control elements,
oval (8 pl/FE) and Fork-type (12 pl/FE) fork-type were
considered. In oval type control element thermal flux
depression in LEU fuel as compared to HEU fuel is about
30Z. In case of LEU fuel flux distributions are mainly
cosine and general power distribution follovrs more or
less the flux shape.Two shuffling patterns were atudied
and indicate some slight changes in flux level. Our
calculations showed that based on reactor operational
requirements to an optimum fuel loading and fuel
element design characteristics can be reached.

1. INTRODUCTION

Unaccessibility to highly enriched uranium(HEU) fuel
for contiuation of research reactor operation fuelled
with this type of fuel has urged reactor owners to
think of alternative fuel enrichment. Replacement of
HEU with low/ and medium enriched uranium fuel(LEU)
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seems to be the only practical solution. Replacing HEU
with LEU fuel ceates some technical problems which may
lead to some modifications in core arrangement and fuel
element design which have to be solved before any
practical steps for substitution to be taken. Among
these are sufficient reactivity to operate the reactor
without much loss in long term performance, efficient
heat removal, proper power distribution, adjustable
excess reactivity,flow stability and also safety margin
should not be violated. Because of multiplying cost of
HEU to LEU conversion due to many times fuel mass
treatment, necessitate to obtain highest practical
burnup in fuel shuffling cycle scheme. In practice all
these requirements can not be met and would end up to
an optimum fuel loading and fuel element design in
order to yield most economical burnup. In the course of
HEU to LEU study a thorough look paid to the flux di-
stribution in the core. In this paper an analytical
study on three group(see Table 1 ) flux distribution in
5 MW Teheran Research Reactor core(TRR) in HEU to LEU
conversion is discussed. Results mostly are demonstra-
ted in form of diagrams to visualize the variations.
For this study the RSYST Code System[l-2] was used

2. TRR CORE CONFIGURATION

The first core arrangement(CORE-2) for HEU to LEU con-
version calculatin is shown in Fig(l). In the existing
fuel elements in HEU core the plates are curved while
in the calcultions plates are assumed to be flat. Other
specifications are of fuel elements given in Table(2).
In another calculations instead of oval type control
elements fork-type control elements were used. In the
case of fork-type the gap is about three times the wa-
ter channel thickness. In an attempt for further in-
vestigation a 5*5 fuel element core arrangeement(CORE-
3) was considered in which the control elements were
fork-type. Fig(2) shows the core arrangement of CORE
3.
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3. DESCRIPTION OF RSYST SYSTEM CODES

RSYST is a modular system that can be used in different
areas,such as reactor criticality, cross-section pro-
cessing, burnup calculations, shielding, reactor safe-
ty, and heat transfer problems.
RSYST Code System in this computations performs speci-
fic tasks:
a-Cell calculations, burnup in cell for pre-specified
time steps.
d-Eigenvalue and pointwise group flux , power distri-

bution and burnup distribution in core are calcula-
ted.

The condensation of 45 group cross-section to 5 energy
group is performed by a series of sequences prepared
for fuel burnup calc. sec Table(l).

4. RESULTS AND DISCUSSION

In the conversion calculation from HEU to LEU different
fuel loadings of 20Z enrichment were considered. As
fuel loading increases flux level because of higher U-
235 concentration drops, see Figs(3a,b). Fig(4) shows
the integrated power generation in each fuel element
for 932 and 20Z enriched fuel. It is seen from
Figs(5,6) that the integrated thermal flux increases
with increasing cycle length which is due to fuel bur-
nup and fission product accumulation. Detailed three
group (3 group B) fluxes in HEU fuel core in different
rows are shown in in Figs(6,7). The same distributions
for 20Z enriched fuel are given in Figs(8,9). Group
flux distribution show hardening effect in spectrum
partly due to U-238 presence in the fuel Figs(10,ll).
Three group fluxes (3 group A) with flux retios are
shown in Figs(12-15). This effect leads to higher
leakage and less effectiveness of control absorbers.
Reflector materials such as graphite and Beryllium help
in thermalizing the escaped neutrons and fraction of
them are reflected back, see Figs(10,ll). It should be
noted that the Doppler affect is becoming more pro-
nounced with inc.-:r=a'j.ing fuel loading.
In a study on fl :ix and power distributions a compact
core of 5*5 FSs --.-jntaining 202 enriched fuel with Fork-
type contro] elements was considered. Figs(16,17) give
the detailed flux distributions in different rows of
elements in cors-3.
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Group flux distributions and flux level have important
impact on reaction rates mainly fission rates which
influence fuel element design and core configuration
features.
Fig(18) shows the integrated flux along each row of
elements in core-3 for two loadings of 202 enrichment
and Fig(19) shows power distribution for the same fuel
loadings. From the neutronic studies it is seen that
the fuel loading of between 240-260 g U235/FE is quite
practical with sufficient reactivity and control capa-
bilities. It should be pointed out that the amount of
fuel required for conversion is more than five times
the HEU fuel. Therefore the cost other than enrichment
is more than five times. It should be worked out which
loading is most suitable one.
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FIG 6

THREE GROUP FLUX UISIRIDUTION IN CORE 2
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FIG 8

THREE GROUP FLUX DISTRIBUTION IN CORE 2
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FIG 14 RATIO OF THREE GROUP FLUXES
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EVALUATION AND SELECTION OF HOT CHANNEL (1'EAKING) FACTORS
FOR RESEARCH KEACTOR APPLICATIONS

W. L. Wondrufl
Argonne National Laboratory

9700 S. Cass Avenue
Arjvmne, IL <">043<) USA

ABSTRACT

A proposed method for selecting and applying
hot channel factors is presented along with some
justification for these selections. The method Is
illustrated by example, and the sensitivity to some
of the choices is examined. The uncertainty in the
heat transfer coefficient is a major contributor to
the reduction in thermal-hydraulic safety margins.
The uncertainty .introduced by tho heterogeniety in
the fuel is another important contributor and an
area where more information nay be useful in
reducing this uncertainty.

INTRODUCTION

The selection of engineering hot channel factors for the thermal-
hydraulic analysis of the limiting (hottest) channel can have a signifi-
cant impact on reactor safety margins. Some reactor designs have large
safety margins, and large uncertainties can be assumed without any par-
ticular difficulty. Even in these cases the choice of overly conserva-
tive peaking factors can unnecessarily limit the range and usefulness of
the reactor. The safety documents for thr current reactors show a
variety of choices for peaking factors and often with little justifica-
tion for those choices. There seems to be no generally accepted method
for the selection of hot channel factors.

A method for the selection and application of hot channel factors
is proposed here for consideration. The assumption here is that the
fuel plate design has been set (perhaps through standardization), and
the reactor operator must now evaluate this fuel for his reactor based
on the given fabrication tolerances and uncertainties. The thermal-
hydraulic limits of the fuel are not used to establish what tolerances
can be allowed in the fuel fabrication. The method is illustrated by
example, and the sensitivity to some of the choices is examined.

METHOD AND EVALUATION

Engineering hot channel factors :nay be broken down into three
separate components corresponding to:

(1) Uncertainties that influence the heat flux, F
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(2) Uncertainties in the temperature rise or enthalpy change In
the channel, F.

(3) Uncertainties in the heat transfer coefficient, F^.

These factors should be introduced into the analysis as

q" . F * o"H he q M nc

Fb * Q/(Cp * MFR)

T 8 - Fh * ,'Vh

whera the notation he refers to the hot channel value and nc refers to
the nominal channel value for the hent flux (q"), and MFR is mass flow
rate. The remaining notation is standard. F. can be defined as the
ratio ATJ^/AT for the bulk (b) coolant temperature, and F. can be
defined as a similar ratio in the clad surface (s) temperature. These
components can be broken down further into sub-factors and combined
either multipllcatively

Fb - fbl * fb2 * fb3 *

or statistically

Many of the sub-factors may be determined from the tolerances in
the specifications for the fuel elements,, pumps, and other related
components. Other sub-factors may be determined from limitations in the
ability to measure certain parameter.1; accurately, such as, flow rates
and temperatures. While still others may require some engineering
judgment in the assessment of the quality of the data available. Some
thermal~hydraullc analysis may be useful In determining the range of
influence of certain variations.

The specifications for the fuel plates and elements that are used
in the fabrication of the fuel usually contain tolerances on the fuel
loading, the fuel density variation, plate thickness, and channel
spacing. A portion of the fuel plate specifications for the University
of Michigan are quoted here for illustration and further discussion:

(1) Fuel Loading - Each Fuel Plate shall contain 9.28 grams ± 0.18
gram U-235 based upon final weight of the final compact and
chemical and Isocopic analysis of the constituents.

(2) Fuel Homogeneity - Density of the fuel per 0.080-inch-diameter
Fuel Core area shall not differ by more than ± 20% from the
average for all Fuel Core locations, except in the area one
(1) inch from each end of the Fuel Core where the variance may
be ± 30% in a region not to exceed 1/2 inch in the Fuel Plate
longitudinal direction, A "high" region shall be defined as a
location for which the fuel density per 0.080-inch-diameter
Fuel Core area exceeds 20% of the Fuel Plate average. The
average fuel density of the "high" region and four regions
taken at th« corners of a l/2-incl»-squ-ire nyiAHtK*:i.*. •aV'^it vv?
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"high" region shall be less than ZO'K. Between the minimum and
maximum permissible fuel core length boundary, fuel underload
condition shall not be evaluated.

From these specifications, the fuel loading in a plate can be higher
than nominal by nearly 2%, and the density can be 20% higher in the
X-ray scan. The tolerances on plate and channel dimensions may be
extracted from the associated blue prints used in fuel fabrication.
From these data the uncertainty In the plate thickness is slightly more
than 3%, and the channel spacing can be almost 6% smaller than nominal.
The channel spacing does not include bowing of the plates.

These fuel plate and channel tolerances can be translated into sub-
factors in most cases without difficulty. The presence of a higher fuel
loading in a plate will result In both an Increase in the heat flux from
the plate and a temperature rise in the channel. A fuel loading
specification of M per plate with a tolerance of Am translates into the
following sub-factors:

f " 1.0 + Am/M

fb - 1.0 + Am/M.

The fuel plate tolerances with upper and lower thicknesses speci-
fied for the entire fuel plate can conservatively be assumed to be the
result of variation in the fuel meat thickness. A thicker fuel meat
region results in an increase in the local heat flux. Here one could
also assume that the meat is thicker over the entire length of the plate
and that the bulk temperature is also affected by this variation in
thickness. This overall variation is addressed under density uncertain-
ties. If the nominal meat thickness Is t and tht; tolerance on the
plate is ± At , the heat flux sub-factor may be expressed as:

1.0 Atp/tm.

The potential reduction in the flow channel spacing results in both
a;bulk temperature rise (AT^) over the channel and a reduction In the
h£at transfer from the clad to the coolant (AT ). For turbulent flow
the change in channel thickness can be related to these temperature
changes through basic principles.2 First It is useful to develope an
expression relating the change In flow in the hot channel to the
nominal. The pressure drop across the hot channel Is assumed to be
equal to that of the nominal channel (a good assumption with forced
flow), and the pressure drop can be expressed as

where fr is the friction factor For the channel. Thus, the velocity (v)
is proportional to (De/fr) ' , and the hot to nominal velocity ratio can
be written as

he

nc

De,_
he

U e ~
nc

1/2 *fr
nc

Tr—
he

n 1/2
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The friction factor may be express In tirrras of the Reynold's number
(Re~ ), where Re • fi*v*De/ii. With the lssumptlon that p and u are
constant, the velocity ration can be rewritten as

'he

nc

De

6T
he

nc

where the friction factor coefficient, a, is usually in the range of
0.2 - 0.25.

Now using the relation q" » h * AT , the fltib-factor f^, the AT
ratio of hot to nominal at the clad surrace, can be expressed as
hn(,/hhc. The heat transfer coefficient for single-phase turbulent flow
Is usually represented by correlations that are proportional to
(Re)°*8/De, again Re is proportional to v*De, and the above heat

transfer ratio can be written as (v
njV

vhc^°*8 * ̂ Dehc^Denc^* T h e

velocity ratio can then be replaced by the expression derived above to
give the hot channel sub-factor

He
nc

he

(O.4+a)/(2-a)

In a similar fashion, a hot channel sub-factor for the bulk
temperature rise due to a channel reduction can be derived. Using
Q » p*A*v*C *AT. . AT. is proportional to 1/Av, and the flow area, A, is
proportional to De. The AT ratio of hot to nominal, fv, can be
expressed as

De

he

nc

'he

and again substituting for the velocity ratio the relation

3/(2-a)
r>e
De
nc

he

For plate geometry De is approximately equ.il to 2t, where t ia the
channel thickness, the above sub-factors can be written as

(0.4+a)/(2-a)

nc

he

nc
Lhc

For a friction factor coefficient of a-0.2, f̂

and if the channel thickness
.^ - 1.04 and

^nc/t:hcu> and

b — vi_.,_/i-i.~7 • eii iu A*, i- nc v. Manner i UHLUMICSO 111 t H6 nOt CndtinG! 18

10% less than the nominal value, fh = 1.04 and Cb " 1«19. These
expressions were derived under the assumption of turbulent flow and
forced convection (p, y, and C constant), and --ire not valid for other
flow regimes.
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The homogeniety specificattons for the fuel are subject to some
interpretation and may not really be used directly for choosing hot
channel factors. The density measurements are a function of the appa-
ratus used to make the measurements. In either a direct or indirect
manner the instrument measures the transmission of X-rays through the
fuel plate, and with proper calibration these may be translated into
density values over the viewing area. The aperture In this example is
0.08 inches in diameter, and the densities are average densities within
this aperture. Other Instruments may havo smaller apertures with larger
tolerances or larger apertures with smaller tolerances, and all indicat-
ing the same degree of horaogeniety. None of the Instruments indicate
the degree of heterogeniety within the aperture (the fuel particles may
all be lumped Into one portion of the aperture). The method outlined in
this example seems to allow credit to be taken for the spot to be an
isolated area of high density surrounded by areas of lower density (con-
duction away from the hot spot transverse to the clad surface may reduce
the importance of the heterogeniety). The reasoning behind these par-
ticular choices of aperture size and tolerance soems to have been lost
over the years. The density variations observed by these instruments Is
not only a function of the heterogeniety but also of the thickness of
the meat. A thicker meat will also he indicated as a higher density.
This uncertainty may duplicate the uncertnlnty already included for the
fuel plate thickness.

The heterogeniety in the higher density fuels with LEU is more of a
concern than was the case in the earlier MEU fuels. The conductivity is
generally much lower with less aluminum in the m;itrlx at the high densi-
ties, and the heat cannot be conducted aw;iy from the regions of higher
fuel concentration as readily as was the rase with HEU fuel. The uncer-
tainty in the homogeniety of the fuel is also an important factor to
include in the evaluation of hot channel factors for the LEU fuels.
Clearly more work is needed to couple the density measured In the aper-
ture to the actual heterogeneity this may represent in the fuel meat.
This is not to say that these measurements are no longer adequate for
the acceptance of the fuel plates as fabricated. .

For an uncertainty in the local density of X%, the sub-factor for
the heat flux can be expressed as f = 1.0 + X/100. In some assessments
this same value is taken as an uncertainty applied to the factor f̂ , but
this seems to be a duplication and is not done here (in q" • h * &Tg, h
is not reduced along with an increase in q"). The density variation of
Y% from end-to-end may also be expressed In f^ » 1.0 + Y/100 for the
temperature along the channel. At this time an uncertainty of 20% is
believed to be a conservative estimate for the variation in the heat
flux, and an additional 10% uncertainty is assumed for the variation in
density end-to-end (including the dog bono region) and applied to the
temperature rise along the channel.

Most of the other uncertainties can be related to uncertainties in
measurements or tolerances in equipment. Some of these data can be
taken from the specifications of the equipment, such as, pumps, meters,
etc. Others may be taken from known uncertainties in measurements and
methods of calibration.

Uncertainties in the flow CMU result From tolerances in pumping
rate as the pump speed may vary with voltage fluctuations or load.
There may be uncertainties in the instruments mad to meamire flow.
There may also be uncertainties assigned t:o plenums, orflces, piping,
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etc. If these uncertainties are -fc X%, the following factors can be set:

fb = 1.0 + X/100

fh = (1.0 + X/100)0*8,

where the 0.8 exponent comes from the exponent on the Reynold's number
in most 9lngle phase hoat transfer correlations, and the Reynold's
number is directly proportional to the flow rate.

Uncertainties in the power level and the power density may be
attributed to various sources. There may be uncertainties in the power
level due to limitations in the calibration of the instrumentation or in
the sensitivity of the equipment used for measurements. Uncertainties
in the computed power density data may be assigned based on
uncertainties in the basic data, dimensions, method, etc. With and
uncertainty of
± X%, the following factors can b<> specified:

f and fb =• 1.0 + X/100

The last major uncertainty to be discussed Is In the heat transfer
coefficient. This uncertainty may be based on the spread of data and
the fit of the data by the selected correlation. The experimental data
generally fit within a band of ± 20% for any of the single phase
correlations commonly used. For an uncertainty of X%, the sub-factor
f^ =• 1.0 + X/100 is assigned.

Some of the others factors that might be consider, such as, conduc-
tivity and heat capacity have beon found to have little Impact on the
results. Uncertainties in these properties are neglected. Also in some
of the derivations, tho density and viscosity arc assumed constant.
These assumptions are not valid For reactors undi*r natural convection
flow conditions. Other factors may nued t.o be considered is some
special cases.

The following tabulation provides a summary of the proposed sub-
factors:

Fuel loading/plate - M ± Am

f and fb » 1.0 + Am/M

Fuel plate thickness - ± At

f " 1.0 + ACD^
t
ra»

 w n e r e t,,, ~ nominal meat thickness

Fuel density - ± X%, local and ± Y%, end-to-end

f = 1.0 + X/100 and fb = 1.0 + Y/100

Channel thickness - t ± At

fh - (1.0 - At/t)-(0.4+a)/(2-a) a n d ffe „ (l.n - At/e)"-^
2" 0*
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where a a friction factor coefficient

Flow rate - ± X%

fb - 1.0 + X/100 and fh - (1.0 + X/100)0*8

Power and power density - ± X%

f and ffa - 1.0 + X/100

Heat transfer coefficient - ± X%

fh = 1.0 + X/100

APPLICATION

The fuel specificatlons for the University of Michigan as quoted Ln
the previous section are used as an example. This fuel design is pro-
posed for the 10 kW reactor at Worcester Polytechnic Institute (WPI).
The reactor is pool type and cooled hy natural convection. Thus, some
of the expressions do not apply to this oxample. The assumptions of
turbulent flow, constant density, and constant viscosity are no longer
valid with natural convection. There is no pump associated with the
coolant flow, and the flow rate Jn the channel changes as the heat flux
changes. The sub factors associated with a reduction ln the channel
spacing have been obtained from a natural convection thermal-hydraulics
code.

The fuel plate specifications and blue prints for fabrication give
the following data:

Plate thickness, in 0.062/0.058
Channel spacing, in 0.123/0.103
235u loading/plate, g 9.28 ± 0.18

The fuel plate variation is ± 0.002 In., the nominal meat thickness is
0.030 in., and the meat thickness variation Is then taken to be ± 7%.
The nominal channel spacing is 0.109 in., and the reduction in spacing
allowed is about 6%. However, a variation of 10% was assumed and
introduced in a steady-state thermal-hydraulics computation. This
resulted in a 16% rise in the bulk temperature In the channel, and a
increase in the temperature difference at the clad surface. The
uncertainties in the fuel density are taken to be ± 20% over the fuel
core and ± 10% end-to-end.

Since data were not available for uncertainties in power, power
density, and flow in this case, the following assumptions were made:

Uncertainty in power measurement ± 5%
Uncertainty in power density ± 10%
Uncertainty in flow measurements ± 10%

The uncertainty in the heat transfer coefficient for thin natural
convection case was taken to be ± 20£.
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The hot channel factors and the hot channel sub-factors derived
from the uncertainties for the Wl'l reactor are summarized in the
following table:

Uncertainty

Fuel Meat Thickness
2 3 5U Loading
2 3 5U Homogeneity

Coolant Channel Spacing

Power Measurement

Calculated Power Density

Coolant Flow Rate

Heat Transfer Coefficient

Multiplicative Combination

Statistical Combination

A.
1.07

1.02

1.20

-

1.05

1.10

-

-

1.51

1.24

_!b_

-

1.02

1.10

1.16

1.05

1.10

1.10

-

1.65

1.24

1

1

_l

1

1

!h_

-

-

-

.14

-

-

.10

.20

.50

.41*

Factors for coolant channel thickness anil coolant flow rate are
treated statistically. Thr factor for the heat transfer coefficient
is multiplicative.

The multiplicative method of combining the sub-factors is
conservative but somewhat unrealistic. The statistical method
recognizes that all of these conditions do not occur at the same tiroe
and location. The uncertainty in tho heat transfer coefficient is
treated as a multiplicative bias. The hot channel factors with the
statistical method arot lower. The choice of hot channel factors
strongly affects the design ar.d safeliy margins. The WPI reactor power
at the onset of nucleate boiling is predicted as:

No Factors 018 kW

Statistically Combined 442

Multiplicatively Combined 301

The sensitivity to the various components Is Illustrated for the
WPI reactor at 200 kW In th* following table:

No

Fb
Fq
Fh
All

Factors

= 1.24 only

=1.24 only

" 1.41 only

Factors

,Vj\' W/m*

—

-

5233

-

5233

ATouc•

-

2.(S3

1.50

-

•'•.•J3

°C

-

3.29

7.35

13.14

27,76

Avout'

-1.

0.

cm/a

-

10

87

-

•'*0
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The heat transfer component, F. , is i.he largest and has the largest
effect on the clad surface temperature. This factor changes only the
clad temperature. The uncertainty in the heat transfer coefficient is
treated as a multiplicative sub-factor and is the largest contributor.
If this uncertainty can be reduced, safety margins will increase.

The heat flux component is the next largest contributor, and the
dominant sub-factor in this coraponenf is the heterogeniety of the fuel.
Some further analysis may be helpful In reducing this uncertainty. In
this natural convection example, the flow rate increases as the heat
flux is increased in the hot channel. This improves the cooling of the
plate in the channel nnd reduces the clad temperature.

This natural convection example may differ somewhat from the
results one might expect in a renctor with forced convection. The
impact of changes in the coolant channel spacing are probably larger in
this case than with forced flow. With pumps and piping other uncertain-
ties may be introduced.

CONCLUSIONS

The selectLon of hot channel factors has a large influence on the
thermal-hydraulic performance and impacts the design and safety margins
of the reactor. Thus, these factors should be selected with great
care. The proposed selection process is .in attempt to provide some
guidance and rational for this task.

Hot channel factors should be divided into three separace compo-
nents rather than only one factor applied to the heat flux. Hot channel
factors are applied to the heat flux, the temperature or enthalpy change
in the channel, and the heat transfer to the coolant at the cJ.aci-coolAnt
interface. These factors can be broken down into sub-factorts based on
uncertainties in the manufacturing process, measurements, specifica-
tions, and methods.

These sub-factors may be combined by multiplying them together, by
treating them statistically, or by a combination of the two previous
options. The multiplicative method Is overly conservative, and the
statistical or combined method is recommended. Only the uncertainty in
the heat transfer coefficient is treated as multiplicative in Che
example provided.

The sample results from the WPI reactor show that the power for the
onset of nucleate boiling is reduced by almost a factor of two with the
introduction of hot channel factors (statistically combined) and further
reduced if the multipllctively combined factors are used. The increase
in clad surface temperature with the introduction of hot channel factors
is dominated by the heat transfer component, and the largest contributor
to this factor is the uncertainty in the heat transfer coefficient.

A rather large uncertainty factor was also Introduced for the
heterogeniety in the fuel. This contributes directly to an increase in
the heat flux. This Is an area where further refinements would be
useful in perhaps reducing this uncertainty.
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FEASIBILITY OP MAINTAINING NATURAL CONVECTION MODE CORE COOLING
IN RESEARCH REACTOR POWER UPGRADES

J. J. Ha, M. Belhadj, T. Aldemir, R. N. Christensen
The Ohio State University
Columbus, Ohio, U.S.A.

ABSTRACT

Two operational concerns for natural convection cooled research
reactors using plate type fuels art1: i) pool top * N activity (PTNA),
and, ii) nucleate boiling in core channels. The feasibility assessment
of a power upgrade while maintaining natural convection mode core
cooling requires adressing these operational concerns. Previous studies
have shown that:

The conventional technique for reducing PTNA by plume
dispersion may not be effective in a large power upgrade of
research reactors with small pools.

Currently used correlations to predict onset of nucleate
boiling (ONB) in thin, rectangular core channels are not
valid for low-velocity, upward flows such as encountered in
natural convection ecu 1 Inf..

The PTNA depends on the velocity distribution in the reactor pool.
COMMIX-1A code is used to determine the three-dimensional velocity
fields in The Ohio State University Research Reactor (OSURR) pool as a
function of varying design conditions, following a power upgrade to 500
kW with LEU fuel. It is shown that, a sufficiently deep stagnant water
layer can be created below the pool top by properly choosing the
disperser flow rate. The ONB heat flux is experimentally determined
for channel gaps and upward flow velocities in the range 2mm-4mm and 3-
16 cm/sec, respectively. Two alternatives to plume dispersion for
reducing PTNA and a new correlation to determine the ONB heat flux in
thin, rectangular channels under low-velocity, upward flow conditions
are proposed.

INTRODUCTION

Maintaining the core cooling mode in the power upgrade of natural
convection cooled research reactors reduces the facility modifications
and licensing issues to be addresed. Two operational concerns in the
feasibility assessment of such an upgrade are: 1) pool top 16N activity
(PTNA), and, ii) nucleate boiling in core channels.
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The conventional technique for reducing PTNA is to disperse the
active water plume rising above the core by a flat water jet. The PTNA
depends on the pool velocity field under dispersion. Ideally, a
sufficiently deep stagnant water layer Is created below the pool top
which confines 16N activity to lower pool regions and also acts as a
shield. Nucleate boiling in reactor channels leads to reactivity
fluctuations which are operationally undesirable. Furthermore, onset
of nucleate boiling (ONB) is usually regarded as a first warning to
burnout in the safety assessment, of plate type research reactors and is
not allowed under normal operation.

Previous studies1'2 have shown that:

The conventional technique for reducing PTNA may not be
effective in a large power upgrade of research reactors with
small pools.

Currently used correlations to predict the ONB heat flux in
research reactors (i.e. Bergles-Rohsenow3 and Ricque-Siboul4

correlations) are not valid for low-velocity, upward flows in
thin, rectangular channels such as encountered in natural
convection cooled plat.o type research reactors.

The objectives of this study arc:

1. Investigate the feasibility of using plume dispersion tind two
other alternatives for reducing PTNA in the power upgrade of
natural convection cooled research reactors.

2. Experimentally determine the ONB heal, flux in thin,
rectangular channels as « function <>f upward flow velocity
and channel gap, and find a new relat ion for correlating the
ONB heat flux to flow parameters.

The system under consideration for objective #3 is The Ohio State
University Research Reactor (OSURR) following a power upgrade to 500 kW
with standardized5 LEV fuel plates in a 16-plato p 2 dummy plates)
standard and 10-plaU> control element neometry6. C0MMIX-1A code is
used to simulate the three-dimensional pool dynamics under varying
design conditions. The experimental setup for objective #2 and the
present OSURR pool configuration, including the HKU core, are described
in earlier work ' • .

POOL DYNAMICS OF OSURR UNDER VARYING DESIGN CONDITIONS8

The OSURR core following the LKU conversion/upgrade is assumed to
have 18 standard elements (i.e. core I in Ref.9). The options under
consideration for reducing PTNA are schematically shown in Figs. 1-3.
Option 1 uses the conventional technique for reducing PTNA. Options 2
and 3 are alternative techniques. The shroud in option 3 is an
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allrainum box with a hole at the top to accomodate the guide tubes and
to allow natural circulation .if the heal removal system pump trips.

The computational model for COMMIX-1A simulations is similar to
that described in Kef.l. However, two improvements are:

The difference; between the shapes of the guide tubes
(circular) and the computational cells (rectangular) are
accounted for using the concept of directional surface
permeability'. In the previous st.udy1, the guide tubes are
described as square ducts with equivalent cross-sectional
area. This approximation loads t.o an exaggeration of jet
flow diversion by the guide tubes and prediction of flow
inversion in some core channeJs.

In addition to laminar flow modeling with no frictional
losses except In the: core (physical model #1), turbulence
effects are taken into consideration by: i) using generic
correlations for cross-flow frlciional losses in turbulent
flow' at the guide tubes (physical model #2), or, b) assuming
constant locnl turbulent viscosity and conductivity"
(physical model #3).

Table I lists the characteristics of the cases considered in this
study for options 1-3 shown in Figs. 1-3. Cases A-F, G and H-K
correspond to options 1, 2 and 3. respectively. In aU the cases the
reactor power is 500 kW. Comparison of the results for cases A-F lead
to the following observations:

TABLE I

Case Characteristics

Case

A
B
C
D
E
F

G
H
I
J
K

Disperser
Inclination Angle

(deg)

0
30
0

30
30
30

0

,

Shroud
Height

(m)

_.-

0.3620
0.3620
0.7811
0.7811

Disperser/Suction
Velocity1

(m/s)

0.51
0.51
1.53
1.02
0.51
0.51

1.00
0.17
0.22
0.17
0.22

Disperser/Suction
Flow Rate*

(x 10"2 mVs)

0.4935
0.4935
1.4805
0.6742"
0.4935
0.4935

0.9676
0.3948
0.5110
0.3948
0.5110

Physical
Model

Number

1
1
I
1
3
2

1
I
1
1
1

'For disperses in cases A through G and at each suction point lor cases H through K. The disperser location is 1.17 m
above the core top (cases A through F). The location of tlie core outlet/suction points is far away from the core for cases
A through F and 0.11 m above the core top for cases G through K. The pool heat removal system return water temper-
ature is 20°C.

'Different disperser area.

1. Variation in disperser orientation (i.e. inclination angle in
Table 1) has little effect on the pool velocity distribution.

2. The plume can be dispersed more effectively by increasing the
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disperser mass flow rate.

3. A stagnant layer can be created below the pool top by the
appropriate choice of the disperser mass flow rate. For the
flow rates considered In cases C and D, the depth of the
stagnant layer increases with increasing disperser mass flow
rate (see Figs.4 and 5).

4. Physical model #1 underestimates the extent of plume
dispersion and leads to conservative predictions with respect
to PTNA, since cross-flow frictional losses (i.e physical
model #2) improve plume dispersion. On the other hand, local
turbulance effects (i.e. physical model #3) do not lead to
significant changes in the predicted pool velocity
distribution.

Assuming a uniformly distributed volume source under the stagnant
layer, the OSURR pool top 16N dose rate for case C is estimated to be
<lmrem/h. However, as shown in Ref.l, observation #3 may not be valid
if the reactor poo] is small and high-velocity disperser flow is needed
to overcome the plume momentum resulting from a large power increase.
Interaction of the disperser jet. with the opposite wall causes massive
upward flow and prevents the stratification observed in Figs. 4 and 5.
In that situation, an alternative to plume dispersion to reduce PTNA
is to place the core outlet suction point near the top of the core (i.e
option 2). Case G results show that the pressure drop due to the
suction effect at the core outlet creates a deeper stagnant layer
compared to cases C and I) (set; Figs.4, 5 and 6) and th<; disperser is
redundant.

If the research roactor is undergoing a power increase that
necessitates the upgrade of the existing heat exchanger or the
installation of a new one (as is the case for OSURR), upgrade costs can
be reduced by increasing the temperature difference between the primary
and secondary sides of the heat exchanger and thus reducing the heat
exchanger area needed for energy removal. Case A-0 results show that
the water temperature at the suction points is close to the average
pool temperature («*25°C). Since the lower bound on the secondary side
temperature is often determined by atmospheric conditions, the only way
to accomplish cost reduction in the upgrade with options 1 and 2 is to
increase the average pool temperature. On the other hand, increasing
the average pool temperature may not. be feasible, since: i) excessive
evaporation from the pool may cause corrosion problems in the reactor
hall, ii) reactor water cleanup system may degenerate, and, ill)
increased core inlet temperature may lead to nucleate boiling in
reactor channels.

Option 3 provides a way to increase heat exchanger primary side
inlet temperature without increasing the average pool temperature. The
results of case H show that, with the placement of the shroud above the
core, the suction temperature rises by 13°C (see Table II). Comparison
of the results for cases I, J and K (see Table II and Fig. 7) indicates
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the following:

Due to high flow resistance; of the core, channel flow
velocities and core outlet temperature are not appreciably
affected by an increase in the suction rate. However, since
the flow resistance of the holo on top of the shroud is very
small, the resulting pressure drop increases cool water
Inflow Into the shroud and subsequently decreases the suction
temperature.

The chimney effect becomes prominent with increasing shroud
height. Some portion of the plume escapes the shroud due to
increased channel velocities. Water temperature at the
suction point again decreases.

Thus to maximize the heat removal system primary inlet temperature and
minimize PTNA, the shroud should not extend beyond the top hole on the
control guide tubes.

ONSET OF BOILING IN THIN RECTANGULAR CHANNELS UNDER
LOW-VELOCITY UPWARD FLOW

Experimental Procedure

The experimental setup is described in Ref. 2. The control
parameters are the channel gap, average flow velocity and heat flux.
Heat source distribution along the channel wall has a truncated cosine
shape to simulate the axial neutron flux distribution in the fuel plate
(and the hence energy production rate). A total of 18 experiments were
carried out to determine the ONB heat flux as a function of the local
flow parameters. Table III shows the case characteristics for each
experiment. The static pressure head at the channel exit (1.5 atm.
absolute) and channel wall surface roughness are assumed to be constant
for all the cases. For the visual determination of ONB, the ONB point
is defined as the first location on the channel surface at which
bubbles start to form.

For data reduction, the definition of Reynolds number based on
channel thickness is used^, i.e.,

Re=p vd/y =m/y w. (1)

Here p and y are local water density and local viscosity,
respectively. The parameters v, d, in, and w=6.7cm. indicate the channel
velocity, gap size, mass flow rate and constant channel width,
respectively. In the determination of the Reynolds number, m is
measured. Local viscosity is found from property tables by:

linear interpolation of the measured channel inlet and outlet
pressures to estimate the local pressure, and,

460



estimating t lie local enthalpy, lii(z) , from

h1(z)=h1+(w/m) f q"l
0

dz' (2)

In Eq.(2), hj is the channel inlot enthalpy (known from measured
pressure and temperature) and q"(z) Is the surface heat flux
distribution (measured at 11 points along the channel). The
integration is performed using on«-thlrd Simpson'3 rule*1.

TABLE III

Caaa> Characteristics for CNB Experiments

Case

1

2

3

4

5

6

7

8

9

Average Channnl
Velocity (cm/a)

4.0

5.0

7.0

8.0

10.0

12.0

3.0

4.0

S.O

Channal Gap
(ran)

3.0

3.0

3.0

3.0

3.0

3.0

4.0

4.0

4.0

Case

10

11

12

13

14

IB

16

17

18

Average Channal
Volocity (an/»)

6.0

7.0

6.0

8.0

10.0

12.0

14.0

16.0

8.0

Channel Gap
(BD)

4.0

4.0

2.0

2.0

2.0

2.0

2.0

2.0

4.0

Observations

For low heat fluxes, the energy transfer mechanism into the
channel is forced convection. Bubbles start forming on the surface
with increasing heat flux (Fig. 8.a). However, the bubble growth may
not be stable and bubbles often collapse nt the same location.
Figs.8.a and 8.b illustrate the reduction in bubble size within 10 sec.
for case #8. Initiation of bubble formation marks the beginning of the
transition regime into nucleate boiling. As the heat flux further
increases, the bubbles start to leave the surface (Fig. 8.c) or slide
upward along the channel surface (Fig. 8.d), and nucleate boiling
begins. Note that this definition of nucleate boiling is different
from its conventional definition which only considers bubble departure
from the surface and not bubble motion along the channel wall. As will
be shown later, bubble motion along the channel wall can also remove
the energy deposited in the bubble vapor out of the channel and in this
respect is included in the definition of nucleate boiling.
Eventually, nucleate boiling develops into fully developed boiling,
which is characterized by severe bubble agitation (Fig. 8.e), and leads
to pressure oscillations in the channel.
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For Re<450, it was observed that bubbles can grow very large on
the surface and may cause a reduction in channel flow area (Figs. 8.c,
8.d). These bubbles are then pushed upward .ilong the surface by the
flow until they either: 1) reach a colder surface and collapse, or, II)
reach a hotter surf (ice and depart into the flow. Bubble growth and
subsequent reduction in the flow area does not disturb the laminar
nature of the flow. Two bubbles growing on the opposite channel walls
sometimes join (Figs. 9.a and 9.b) and sweep ul1 the bubbles on the two
surfaces as they move upward, forming a vapor column. In that case,
the energy deposited in the bubbles is removed out of the channel in
the form of a vapor slug.

For 450<Re<700, the transition regime into nucleate boiling is
characterized by stable bubble growth on the channel surface (Fig.9.c).
Comparison of Figs.8.a or 8.b with Fig.9.c shows that the bubble size
is decreased for higher Reynolds numbers at the transition regime. On
the other hand, bubble growth frequency on the channel surface
increases both for the transition sind nucleate boiling regimes. There
is little upward bubble motion along the channel wall and the bubbles
continuously grow and depart from the surface (Figs.9.d and 9.e), with
less chance for flow area restriction even for a 2mm. channel gap.

For Re>700, some turbulence was observed in the transition region
to nucleate boiling. The magnitude of the turbulence increases with
increasing Reynolds number. The frequency of bubble formation on the
channel surfaces also increases, with decreasing bubble size before
departure into the flow. For case #18, turbulence occured even In the
forced convection regime, with accompanying pressure oscillations in
the channel and wall temperature oscillations of almost 3°C. Thus no
valid data could be obtained for case #]8.

Results and Analysis

Table IV lists the ONH heat fluxes (Q"ONB^ anc* wa** superheats
( A T

g at) f°
r each case, as well as the corresponding Reynolds numbers.

In Fig. 10, the experimental data are shown graphically and compared to
the predictions by the correlations conventionally used to predict
q' ONB *n r e s e a r c n reactor channels. From Fig.10 it. is clear that: a)
there is no general trend relating <l"opjg to AT g h t, and, b) the Bergles-
Rohsenow and Ricque-Siboul correlations over- and underestimate q"nNB •
respectively. For Re>650, most of the experimental data are predicted
well by the Bergles-Rohsenow correlation. This agreement is not
surprising since the Bergles-Rohsenow correlation is derived and
validated for turbulent flow.

The graphical description of the q"oNR data *n Table IV (see
Fig.11) against Re implies a correlation of the form:

Here a, b and c are fitting parameters. Least-squares fitting of
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Eq.(3) to the data in Table IV for Re<750 yields a=15.331 W/m2, b=1.118
and c=0.313 mm. The q"oNB an(* ^ a r e *n w/m ant* mm- - respectively.
Fig.12 shows that Eq.(3) predicts the experimental data very well. The
maximum discrepency between the predictions by Eq.(3) for R<><750 and
Table IV resul ts is less than 13% (case #5). Since the experimental
e r ro r in determining q"oNB a m l ^(! ^ o r c a s e * s a r e I 3 * a nd 6*,
r e s p e c t i v e l y (see Table IV), t h i s discrepency Is within the
experimental error margin.

CONCLUSIONS

The results of the study show that:

1. The effectiveness of plume dispersion to reduce PTNA depends
on the reactor power and pool dimensions. For reactors with
small pools undergoing a largo power increase, options #2 and
#3 (see Fig3. 2 and 3) may be more feasible. Option #3 also
allows reducing the power upgrade costs.

2. For thin, rectangular channels under low-velocity, upward
flow conditions, ONR heat flux is correlated to the local
Reynolds number and channel gap size, and not the wall
superheat. Under these conditions, the predictions by the
Bergles-Rohsenow and Ricque-Siboul correlations constitute
the upper and lower bounds on the ONB heat flux,
respectively.

The results of the study also show that, the LEU conversion/upgrade
of OSURR to 500 kW is feasible with option #3. using a shroud height of
75-80 cms.(i.e. case J in Table I). This shroud height is not optimal
with regard to upgrade costs, but allows maintaining an ONB ratio of
1.18-1.22, depending on the LEU core configuration used for the
upgrade'. Case I in Table I (i.e. 36 cm. shroud height) maximizes the
heat exchanger primary side inlet temperature, however, the data in
Ref.9 and Tables II-IV indicate that ONB may occur in the core channels
under the flow conditions corresponding to case I.

It is important to note that Jf option #3 is used to reduce PTNA,
the core outlet pipe (see Fig. 3) has to be shielded, as well as
thermally insulated. The water flowing through the pipe is active and
may lead to high pool top doses if not shielded. Thermal Insulation is
necessary to prevent the heat losses through the pipe into the pool.
In addition, a delay tank will be required to de-activate the inlet
water to the primary side of the heat exchanger. In the conversion/
upgrade of OSURR, the delay tank will be placed at the pool bottom.
However, these additions to the existing facility are not expected to
be as costly as installing a conventional downward-flow, forced-
convection cooling system to accomplish the upgrade.
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ABSTRACT

Currently much of the world's supply of 99mTc for
medical purposes is produced from 99Mo derived from the
fissioning of high enriched uranium (HEU). This paper
presents the results of our continuing studies on the effects
of substituting low enriched uranium (LEU) for HEU in targets
for the-production of fission product ^^Mo. Improvements in
the electrodeposition of thin films of uranium metal continue
to increase the appeal for the substitution of LEU metal for
HEU oxide films in cylindrical targets. The process is
effective for targets fabricated from stainless steel or
zircaloy. Included is a cost estimate for setting up the
necessary equipment to electrodeposit uranium metal on cylin-
drical targets. Further investigations on the effect of LEU
substitution on processing of these targets are also reported.
Substitution of uranium silicides for the uranium-aluminum
alloy or uranium aluminide dispersed fuel used in current
target designs will allow the substitution of LEU for HEU in
these targets with equivalent 99Mo-yield p e r target and no
change in target geometries. However, this substitution will
require modifications in current processing steps due to (1)
the insolubility of uranium silicides in alkaline solutions
and (2) the presence of significant quantities of silicate in
solution. Results to date suggest that substitution of LEU
for HEU can be achieved.

INTRODUCTION

Technetium-99m for medical purposes is a decay product of ,
which is produced in research reactors from the fissioning of 235u o r

from neutron capture in.^Mo. This continuing effort is related only to
fission-product ^ M o . 1 Presently, 99^O is produced using a variety of
target designs that contain HEU (~93% 2 3 5 U ) . These designs include
curved fuel plates,^>3 rods,^ and cylinders with a film of UO2 electro-
plated on the inside surface.5>6
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The purpose of this study is to assess the feasibility of substi-
tuting LEU for HEU in targets for production of fission-product ^^Mo.
The main areas addressed this year were (1) optimization of conditions
for electrodeposition of uranium metal to produce well-bonded, uniform,
dendrite-free, 0.3 mm films that are compatible with current target
designs using UO2 films, (2) the effects of LEU substitution on the
processing of 99fto from these targets, and (3) the dissolution (by
bases) of uranium silicide targets followed by separation and purifi-
cation of 99Mo. This paper reports on the present status of our
investigations.

FABRICATION OF LEU METAL TARGET

Several target designs with HEU are currently used for the produc-
tion of fission product "Mo. These designs include curved plates2»3
and rods^ that contain either U-Al alloy or aluminide fuel and cylinders
coated with a thin film of U0£ on the inside surface.516 We anticipate
that the plate and rod target designs can be converted to LEU by
utilizing the high uranium densities achievable with the new LEU
silicide fuels? without changing the target geometries. However, the
cylindrical target design with HEU currently uses a UO2 surface density
that in some cases is close to the target's practical fabrication limit.
A new target design and/or a much denser film material is required for
use of LEU. As a result, our efforts have concentrated on a cylindrical
design with a thin layer of uranium metal electrodeposited on the inside
surface.

Uranium metal targets for fission 9%o production have several
advantages over the UO2 targets. For example, uranium metal is about
twice as dense as UO2, its thermal conductivity is an order of magnitude
higher than UC>2> and its plating efficiency from LiCl-KCl-UCl3 molten
salt melts is 100% vs. 20% for the UO2 deposition process. The princi-
pal disadvantages of using electrodeposited uranium metal targets are
that (1) they must be prepared from molten salt systems at high tempera-
tures (~450°C) in an inert atmosphere, and (2) the deposit morphology
tends to be dendritic. While the higher conductivity and density make
uranium metal targets appear quite promising, heat management and safety
issues need to be thoroughly analyzed.

Published literature indicates that uranium metal can be electro-
deposited from either a fluoride^-13 or chloride^'14-18 molten salt.
Because the fluoride melts are more corrosive, more sensitive to
moisture, and operate at much higher temperatures than the chloride
melts, electroplating uranium metal from chloride melts offers
advantages over the fluoride melts. While many different base chloride
salts containing UCI3 have been used to plate uranium metal (BaCl2~
CaCl2-LiCl, BaCl2-KCl-NaCl, BaCl2-CaCl2, LiCl-NaCl, and LiCl-KCl), none
seems to offer a significant advantage over any other. Because the
LiCl-KCl eutectic is inexpensive and readily available commercially, it
was chosen as the base electrolyte for our studies.
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This investigation evaluated the effects of current density,
plating mode (direct current vs. pulse current), and metal substrate
material on the quality of the uranium deposit. Initial studies
evaluated the quality of the uranium deposits that were formed under
direct current plating conditions using a nickel substrate material.
Pulse-plating regimes were next investigated in an effort to optimize
the plating regime. In these latter studies, factorial investigations
were conducted to identify a regime where dendrite-free deposits are
formed. Once these studies, were completed, pulse-plating electrodeposi-
tion of uranium films was carried out on a variety of substrate
materials. Preliminary studies with stainless steel, carbon steel, and
zircaloy indicated these materials gave poorly bonded, poor quality
uranium deposits. Therefore, the emphasis of the research shifted to
nickel and copper substrate materials because they are fairly resistant
to air oxidation and make excellent precoating materials for either
stainless steel or zircaloy cylinders. Both materials may be electro-
chemically deposited on stainless steel!9,20 o r zircaloy or, in the case
of nickel, by electroless plating methods.21 Intermetallic compound
formation" between nickel or copper and uranium is expected to result
in good adhesion of the deposit to the substrate.

Electrochemical parameters investigated in our pulse-plating
studies included the effect of a nucleation pulse and surface anodiza-
tion prior to uranium pulse deposition. Nucleation pulses were proposed
earlier by other investigators as a tool to enhance coating
uniformity,23 while surface preanodization has been proposed as a means
to generate a clean surface for deposition.24 A cost estimate for
equipment to run a full-scale electrodeposition process is provided at
the end of this section.

Experimental

Urr • ium metal was electrodeposited from molten salt in a helium
atmosphere glove box. The cathode substrates used in constant-current
and later pulse-plating experiments were disk-shaped coupons of metal
(zircaloy, stainless steel, carbon steel, nickel, or copper) that were
1.6 cm in diameter and 1 cm high (total exposed surface area = 6.2 cm2).
Early pulse-current experiments were run with smaller (0.5 cm diameter)
disks because of equipment limitations. The cathode was rotated at
~300 rpm for constant-current experiments and was kept stationary for
pulse-plating experiments.

The bottom circular face of the coupon was polished for five
minutes with, in succession, 600-grit SiC paper, 6 fim diamond paste,
0.3 fim alumina slurry, and 0.05 fim alumina slurry. The resulting
surface was degreased with acetone and rinsed with distilled water. The
coupons were then etched for 30 sec with a reagent of A vol % concen-
trated HNO3 and 10 vol % CH3COOH diluted by H20.
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The reference and counter electrodes used in these experiments
consisted of 15 cm lengths of 0.8 cm diameter uranium rods. The molten
salt electrolyte was LiCl-KCl eutectic (44.2-55.8 wt %) with approxi-
mately 20 wt % UCI3, which was generated jln situ by the oxidation of
metallic uranium pins with CdCl2« The CdCl2 was reagent grade material
from Cerac, Inc., Menomonee Falls, WI, and the anhydrous LiCl-KCl
eutectic was from Lithcoa, Bessemer City, NC. Plating studies were
conducted at 435°C.

Experimental Results

Direct Current Plating Studies

The experimental conditions for these plating studies, which
included current densities of 5, 10, and 20 mA/cm* and plating times of
2.75 to 13.0 hours, produced uranium films between 100 and 330 mg/cm2.
During the course of these studies, the coulombic efficiency of the
plating process was found to be essentially 100 percent, and the quanti-
ties of uranium deposited were determined based on this observation.
The results indicate that at higher current densities (20 mA/cm2) there
was a greater tendency to form dendrites, which were 2-3 mm in length.
At lower current densities (5 mA/cm2) and long plating times, the
electrodeposit was less dense, with significant areas free of deposit.
From these studies, it would appear that, under constant-current plating
conditions, a 10 mA/cm2 current density is near optimal. The uranium
deposits formed at 10 mA/cm2 had excellent bonding and may be adequate
for fabrication of uranium targets for 59^O production.

Pulse-Plating Studies

A series of experiments was performed using the smaller Ni cathode
to find the pulse-plating conditions thot provide the highest possible
deposition rate for a dendrite-free uranium deposit. The condition was
found to be cycling between a pulse at -65 mV for 0.1 msec followed by a
zero potential pulse for 1 msec. Using this regime, twenty-one hours is
required to deposit a 0.3 mm (580 mg U/cm2) film of uranium. Thinner
films require proportionally shorter times.

Under these conditions, a second series of experiments was per-
formed to measure (1) the success of this method on electrodepositing
uranium metal films on various substrates (stainless steel, carbon
steel, zircaloy, nickel, and copper), and (2) benefits in uniformity
gained by preanodization of the substrate and by use of a nucleating
pulse. Nickel and copper substrates were clearly superior to the other
metal coupons tested in bonding and uniformity. Overall, a nickel
substrate was the betier of the two.

The use of preanodization of the nickel and a nucleation pulse
improves the uniformity of the deposit. The best deposit laid down to
date is shown in Fig. 1. The deposit is nominally 0.3 mm thick, with a
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variation in thickness between 0 and 0.4 mm. This sample was prepared
by use of a preanodization step of 5 coulombs at 1.2S V, followed by a
-706 mA/cm^ nucleation pulse for 2 sec, followed by 21-hour deposition.
After deposition of uranium on the coupon in the heliu.iv atmosphere box,
the solidified electrolyte was removed from the coupon by washing in the
open atmosphere with 0.01N HC1, distilled water, absolute cthanol, and
acetone. The uranium appeared metallic with no signs of oxidation after
two hours in the laboratory atmosphere. The bonding of the deposit to
the substrate was excellent.

Further studies are needed to reduce plating times and to improve
the uniformity of the uranium deposit. In the latter case, studies are
needed to optimize the nucleation pulse and preanodization regimes.
Work is also needed to design and test the plating cell for the fabrica-
tion of the cylindrical targets. Studies are also needed to examine
nickel preplating of the stainless steel and 2ircaloy target cylinders.
This nickel plating may well be done commercially by an electroless
plating process.

il .,';. •;. Si *v:V :-^ • ''•"••: ' i ' S K ^

Fig. 1. The Best Uranium Deposit on Nickel Coupon To Date.
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Cost Analysis for Uranium Metal Target Fabrication

A cost estimate for the equipment and chemicals needed for an
operational system completely set up for uranium-metal deposition on a
cylindrical target is shown in Table 1. This system could electro-
deposit uranium metal films on 2-6 cylinders simultaneously. Under our
presently optimized plating regime, the system would produce 2-6
cylinders per day. Quotations on the major items (glovebox system,
purification system, and furnace units) were received from Vacuum
Atmospheres Company, Hawthorne, CA, and from Lindberg, Watertown, WI.
Quotations on the cost of nickel electroless preplating of the inner
walls of target cylinders were received from TWR, Rosemont, IL. Cost
estimates on the electrochemical plating equipment and the other smaller
items, such as the plating cell and chemical cost, were derived from
standard electrical units and/or auxiliary equipment and chemicals and
materials used here at the Argonne National Laboratory. The cost
estimate from TWR on a 1 mil-thick nickel electroless preplating of
stainless steel or zircaloy target cylinders was $14 each.

In summary, it will cost approximately $125,000 to place into
operation a uranium metal plating system for cylindrical targets for the
production of ^ % o . It should be noted that the nitrogen and moisture
analyzers included in this cost estimate are convenient but are not
essential.

PROCESSING OF LEU METAL TARGETS

Patented processes for separating and purifying 99MO from cylin-
drical UO2 film targets describe methods for dissolving the irradiated
uranium material in acid and separating 59^O from uranium, transuranic
elements, and other fission products.*>5»6,25 The first separation/
purification step for this process involves the use of either (1) preci-
pitation of Mo by a-benzoinoxime or (2) adsorption of Mo by Ag-coated
activated charcoal (ACAC) columns. Because the greater amount of
uranium in LEU vs. HEU targets is especially important in this initial
separation step, much of the work reported in Ref. 1 was directed to
these two techniques. The results-'- showed that the precipitation
process would not be hampered by the use of LEU, but the ACAC column
separation was likely to be. This earlier work left two further
concerns to be addressed. The first was the effect of higher amounts of
uranium on the behavior of fission product ruthenium in these two
separation techniques. The second was optimizing the less-than-satis-
factory performance of the ACAC column separation for processing HEU or
LEU targets. The following sections discuss our efforts in resolving
these two concerns.
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Table 1. Equipment Cost for Target Fabrication

Item Description Total Price, $

DXL-002-S-P Dri Lab Glovebox Stainless Steel,
90-in. wide x 30-in. deep x 33-'in. high, with
auxiliary equipment 14,750

Mo-40-2V Dri-Train Dual Bed Purifier and Auxiliary
Equipment for oxygen and moisture removal 16,815

Ni-AO Ni-Train and Auxiliary Equipment for nitrogen
and/or hydrogen removal 19,460

Instrument
A-l Nitrogen Analyzer
AM-2031 Moisture Analyzer
A0-316-C Oxygen Analyzer
AA-Audio Alarm
ANL-1R Chart Recorder
AV-1 Automatic Antechamber Control
OP-30 Quick Purge 24,450

Electrical connections, wiring, breakers, etc. 3,850

Two Reactor Furnace Tubes with connecting flange
(6-in. O.D. x 30-in. length) 1,000

Fabrication and installation of two flanges in
glovebox floor for furnace tubes 1,000

Factory Engineer for start-up, demonstration and
training of operators ' 2,850

Two Lindberg Model 54-M6024-Z
Three Zone Hinged Furnace with controller and

auxiliary equipment 16,554

Electrochemical plating equipment 10,000

Cell housing, chemicals, ceramic beakers, etc. 15,000

TOTAL Cost of Target Fabrication System Facility $125,729
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Separation of "Mo from Ruthenium

Experimental

The separation of 99^O from ruthenium was measured for both
a-benzoinoxime precipitation and ACAC column adsorption under conditions
similar to those presented in Ref. 1 for processing of LEU and HEU
targets. Acidic solutions of natural molybdenum and depleted uranium
were spiked with l^3Ru for these studies. Ruthenium-103 was measured by
gamma counting using a GeLi detector.

Results

fl-Benzoinoxime—The fraction of 103R U activity that remained with Mo
after the precipitation .of 0.5 mg Mo from 50 mL of solution by
a-benzoinoxime was: 0.4% for 11.9 g U, 1.3% for 7.1 g U, and 3.5% for
'zero U. The trend in greater purification of Mo from Ru with greater
amount of uraniunj indicates that use of LEU may reduce the chances for
Ru contamination in the 99raTc product.

ACAC Columns—Four experiments were performed to test the effectiveness
of ACAC column sorption of Mo for its separation from Ru. The results
of this study, presented in Table 2, show that it is not as effective as
the precipitation technique. Further, it appears that part of the Ru
passes through the column during the Mo adsorption step, part is eluted
with the Mo product, and part remains bound to the alumina after Mo is
desorbed. There is no clear trend in the data, except that Ru is not
very well separated from Mo by ACAC columns.

Optimization of ACAC Columns

Further studies were performed to attempt optimization of ACAC
column recovery of Mo. Fresh column materials were prepared and
separations were performed using instructions and suggestions in the
literature.5,6,25)26 ^ s rGported in Ref. 1, separations from uranium
are not as good or as consistent as those attainable by the precipita-
tion method, especially with uranium concentrations equivalent to those
encountered by a first Mo separation step for processing of either LEU
or HEU targets. Stripping of silver from the column material was noted
for feeds containing high uranium concentrations. This stripping
occurred with evolution of gas bubbles, which tend to destroy column
effectiveness. As reported earlier, ACAC column separations are useful
as a polishing step, after most of the uranium is removed by
a-benzoinoxime precipitation of Mo. However, we conclude that these
columns are not likely to be used commercially as a primary U/Mo
separation, and we are planning no further work on them.
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Table 2. Separation of Ru from Mo using ACAC Adsorption of Mo

Initial

[U],g

0

7.12

7.12

11.90

Conditions'1

[H+],N

0.6

0.6

0.4

0.4

In Mo
Product

10.9

7.2

5.6

10.9

% Ru

In Eluted
Feed

53.9

45.3

42.0

38.0

1
Remaining15

on Column

35.2

47.5

52.4

51.1

% Ru
% Mo

Ratio
Recovery0

Recovery

0.13

0.13

0.075

0.19

a In 50 mL, 0.503 mg Mo in each experiment.
° Calculated' from initial feed minus the sum of that in the eluted feed
and the Mo product solution.

c In Mo product stream.

PROCESSING OF LEU SUICIDE TARGETS

It appears possible to convert current HEU targets that use
aluminum alloy or uranium aluininide to LEU by use of uranium silicides
without changing target geometries or sacrificing 9!?Mo irradiation
yields. The following is a summary of our studies into modifications in
current technology that may be necessary to process irradiated LEU
silicide targets using basic dissolution. The current processing of HEU
targets27,28 i s likely to include dissolving the cladding and meat of
the irradiated target in 2-5M NaOH. In this step uranium and many of
the fission products precipitate as hydroxides; 133xe is released and
collected; and other species, including Mo, are solubilized in the
aqueous solution. As the pH is decreased, by the addition of acid,
is released from solution as a gas. The acidified solution is then run
through an alumina column, where Mo is sorbed. Molybdenum is subse-
quently eluted from the column and further purified.

Concerns in processing of LEU silicide targets arise from (1) the
greater amount and different composition of uranium to be processed, (2)
the presence of alloying elements that are necessary in the cladding of
silicide fuel plates, and (3) the presence of significant quantities of
silica in process solutions. The effects of these concerns on each
processing step are discussed below.
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Target Dissolution

Dissolution studies were performed using unirradiated miniplates
and miniplate components (A16061 cladding material, aluminum powder, and
depleted uranium t^Si and U3Sl2)« The miniplates and their components
were supplied by R. F. Domagala and coworkers, Argonne National
Laboratory.

Solid mixtures of A16061 cladding, aluminum powder, and either
or 1)3812 were heated with 3M NaOH solution. Dissolution of the cladding
and aluminum powder was rapid but controlled; the uranium silicides
appeared not to dissolve at all. They also were Insoluble In 6M NaOH
and 3M NaOH/AM NaNO3 solutions. The formation of copious amounts of
black precipitate resulted from the precipitation of hydroxides of some
of the alloying elements in-A16061 cladding (nominal composition is
reported in Table 3, all other elements are 0.05 wt % max with their
total being 0.15 wt % max; the balance is Al). The composition of the
cladding calculated from the sum of the compositions of the alkaline
precipitate and supernatant (Table 3) agrees with the specified composi-
tion of A16061. The major metallic constituent of the precipitate was
aluminum (83 to 92 wt % ) ; other metals contained in the precipitate are
also reported in Table 3. Probably because of some complexation by
hydroxide ion, the precipitation of alloying-element hydroxides was not
complete; the extent of their precipitation is reported in the second
column of Table 3.

More drastic measures than heating with concentrated base alone are
necessary to dissolve the l^Si and U3Si2 materials. A 1/1 solution of
3M NaOH/30% H2O2 readily dissolved these materials with heating.
Hydrogen peroxide not only dissolves uranium, It also complexes It and
prevents it from precipitating. After dissolution of the uranium sili-
cides is complete, H2O2 must be destroyed to allow precipitation of
uranium (thus separating it from the soluble molybdenum) and to prevent
complications in downstream processing of the Mo. Destruction of the
peroxide can be accomplished by the addition of hydroxylammonium
chloride (HAC), but its addition must be carefully controlled. If too
much HAC is added, it too will complex uranium and prevent its precipi-.
tation. Addition of small quantities of acidic ferric nitrate solution
(10~2 mol Fe/mol U) was found to catalyze the auto-degradation of
peroxide but did not take the reaction to completion. The addition of
potassium permanganate will complete the destruction of H2O2 and allow
complete precipitation of uranium hydroxide. Lowering the pH to ~8 will
allow the precipitation of

If "Mo w e r e n ot leached from the Irradiated uranium silicide fuel
particles during basic dissolution of the cladding and the aluminum
matrix, it would be possible to have a two-step process. Because of
their much lower density, the precipitated alloying-element hydroxides
can be easily swirled away, leaving the high density uranium silicides
behind for further processing. After the separation is complete, the
silicides can be dissolved independently with alkaline peroxide. We
plan to test this process using low-burnup targets in 1988.
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Table '3. Fate of Alloying Elements in A16061 Cladding during
Alkaline Dissolution of Uranium Sdlicide Targets

Element

Al

Mg

Si

Fe

Cr

Cu

Mn

Zn

Ti

'% of Element
Precipitated

28

99

18

9A

A8

9A

97

67

78

Weight % of Composition

Alkaline Precip.
Alkaline plus

Precipitatea Supernatant**

83-92

A.6-8.0

2.9-A.5

1.5-1.9

0.6-1.1

0.A-0.7

0.3-0.A

0.2-0.3

0.1

96

1.1

1.8d

0.5

0.2

0.2

0.1

0.1

0.0A

A16061
Claddingc

95.9-98.6

0.8-1.2

O.A-0.8

0.7 max

O.OA-0.35

0.15-O.AO

0.15 max

0.25 max

0.15 max

a Range from two experiments, performed under slightly different
conditions.

b Experiments dissolved both the requisite amount of A16061 cladding and
Al powder for uranium-silicide dispersed fuel.

c Based on manufacturing specifications! from R. Domagala, ANL.
^ This higher than expected value (from the A16061 composition) is

likely due to some dissolution of glassware.

Acidification

Before molybdenum can be separated from the dissolver solution, the
pH of the dissolver solution must be decreased with the addition of
acid. Acidification to a pH of ~3 causes the precipitation of aluminum;
this precipitate redissolves as more acid is added. To prevent the
precipitation of gelatinous silica, the concentration of silicate in
solution must be kept at or below ~0.1M.
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Adsorption of Mo on Alumina

Molybdenum can be separated from other components of the acidified
dissolver solution by its adsorption on a bed of alumina. Molybdenum
can then be stripped from the column by a concentrated alkaline
solution. Experiments were run to measure the effect of the concentra-
tions of hydrogen ion, uranium, and silica on Mo adsorption by alumina.
Representative data on their effects on the distribution ratio (Kd)
between alumina and aqueous solutions are presented in Figs. 2, 3, and
4, respectively. The higher the distribution ratio, the better Mo is
sorbed to the alumina, and the smaller the alumina column must be. The
sorption of Mo on alumina is highly dependent on the concentration of Mo
in solution. Molybdenum(VI) has an extremely complex solution chemistry
due to polymer formation.29,30 jt appears that the MoO^- monomer and
smaller polymers sorb better than larger polymers. Therefore, Mo
sorption is highest at lower Mo concentrations.

Under conditions envisioned for processing LEU-silicide targets
(essentially complete precipitation of uranium and [Si]£0.1M), the
concentrations of these species will allow satisfactory sorption of Mo
on alumina columns.

CONCLUSIONS

LEU-Metal Targets

Improvements have been made in the electrodeposition of uranium
metal films for application with LEU targets. Well-bonded, dendrite-
free uranium films can be electroplated onto stainless steel or zircaloy
targets by use of a thin (0.02 mm) preplate of nickel on these metals.
Increases in uranium-film uniformity by preanodization of the nickel
substrate and by pulse nucleation of uranium have been achieved but have
not yet been optimized. We believe that uranium films that we have
electroplated on a laboratory scale will be suitable for commercial LEU
target fabrication. In 1988, we plan to fabricate down-sized cylin-
drical targets using this technique.

The separation of fission-product ruthenium from 9^Mo by the
a-benzoinoxime precipitation of Mo appears to be enhanced by the use of
LEU. Our continuing studies on processing of LEU targets for ^^Mo
production have reinforced our belief that there will be no significant
barriers in target processing due to the substitution of LEU for HEU.

LEU-Silicide Targets

Substitution of uranium silicides for the uranium-aluminum alloy or
uranium aluminide dispersed fuel used in other current target designs
will allow the substitution of LEU for HEU in these targets with
equivalent ^Mo-yield p e r target and no change in target geometries.
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However, this substitution will require modifications in current
processing steps due-to (1) the insolubility of uranium silicides in
alkaline solutions and (2) the presence of significant quantities of
silicate in solution. The use of hydrogen peroxide allows the dissolu-
tion of ^ S i and U3Si2- Destruction of the peroxide after uranium
dissolution allows the precipitation of uranium and its separation from
molybdenum. Precipitation of gelatinous silica may be avoided by main-
taining the silicate concentration at or below 0.1M in the acidified
dissolver solution. Under these conditions, Mo separation by alumina
will be satisfactory. With these modifications, it is likely that yield
and purity of the $%lo from the processing of LEU-silicide targets will
not vary significantly from those of current processing of HEU targets.
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