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FRM-II: STATUS OF CONSTRUCTION, LICENSING
AND FUEL TESTS
A. AXMANN, K. BONING, M. NUDING
Technische Universitdt Miinchen
ZBE FRM-H-Bau
85747 Garching - Germany
and

H.-J. DIDIER
Framatome ANP GmbH
91056 Erlangen - Germany

1. Introduction
The research reactor FRM-II of the Technische Universitat Miinchen is now ready for the nuclear
start-up, but still waiting for the operational license.
The high-flux neutron-source FRM-II (8 x 1014 n/(s cm2)) is a unique tool for
solid state physics and materials research by neutron scattering, positron annihilation experiments
and activation analysis
fundamental physics
isotope production
silicon doping
cancer therapy by irradiation with fission neutrons
tomography with fast and thermal neutrons
Reactor built in facilities as
a hot source
a cold source
an uranium loaded converter plate producing an intense beam of fission neutrons
allow to expand the range of usable neutron energies far beyond the thermal spectrum. In addition, a
source providing an intense beam of fission products is planned to be constructed by the LudwigMaximilians-Universitat Miinchen and a source of ultra cold neutrons is planned by the Physics
Department of the Technische Universitat Miinchen. The reactor is already prepared for both of these
facilities.
Tangential beam tubes beginning in the flux peak of the D2O-moderator and equipped with large sized
apertures will supply the experiments with the highest neutron flux possible. The available areas
around the reactor block and in the neutron guide hall are optimally used by neutron guides coated
with Nickel-58 or multilayers. For background reduction the biological shieldings are made of heavy
concrete with the highest densities possible (4.5 to 6 g/cm3).
For these reasons the FRM-II is a highly optimized neutron source with the highest signal to noise
ratio for neutron beam experiments worldwide. An important basis for the high performance of the
neutron-source is the compact core with only 17 liters of active volume using highly enriched
uranium.
The thermal power of the source has been limited to 20 MW for reasons of safety and costs. The
FRM-II operates within the well established safety margins of the high flux reactor in Grenoble.
Furthermore, due to the low power and unique construction features (safety with respect to impacts
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due to earthquakes and airplane crashes) the FRM-II fulfills the demands on nuclear power stations of
paragraph 7, point 2a of the German Atomic Law concerning the limitation of necessities of severe
accident control measures (no evacuation of the population must be taken into consideration).

2. Status of the licensing procedure
In the Federal Republic of Germany the regional state governments are responsible for the licensing
procedures of nuclear reactors, however, the state administration jurisdiction depends on the
instructions of the federal authority, the Federal Ministry of Environmental Protection and Reactor
Safety (BMU).
Appropriate licensing authority in Bavaria is the Bavarian State Ministry of State Development and
Environmental Questions (Bay. StMLU). In 1993 the Technische Universitat Miinchen applied for the
licenses to construct and operate the FRM-II. This application was divided into three partial licenses:
- construction of the reactor building with preliminary positive general assessment
- construction of the additional buildings and the electrical and mechanical installations
- introduction of the fuel element and nuclear operation of the research reactor.
The 1st and the 2nd partial licenses were granted in 1996 and 1997, respectively. At court it was sued
against these licenses without any success. As a result of the court decisions the construction licenses
are legally binding in all aspects.
In May 1999 the TUM applied for the operational license which was expected and needed in
September 2000.
In August 2000 the state authority presented the draft operational license to the federal authority,
however, the final decision is still pending.
As ordered by the BMU the new Reactor Safety Commission (RSK) and the Radiation Protection
Commission (SSK) - the highest nuclear experts bodies in Germany - examine in detail all aspects
concerning the fuel elements and the nuclear operation and such topics of the construction licenses
which could be influenced by a change of the so-called "current status of science and technology"
(paragraph 7 of the German Atomic Law).

3. Status of the plant erection
6.5 years after commissioning of the Siemens AG the erection of the reactor is completed. Included in
the work finished is the "cold" start up procedure of the reactor systems. Now the reactor is ready for
the nuclear start up.
The following highlights describe the development of the project during the last 4.5 years:
Turning the first sod
Aug 96
Installation of the pool liner
June 97
Completion of the pool structure with inner liner
June 98
Construction topping out ceremony
Oct 98
Moderator tank ready for installation
Oct 99
Installation of components in the pool
Aug 00
Overall plant view
Jan 01
Some of the above mentioned items are shown in the pictures at the end of this paper.

4. Status of fuel tests
As reported at last year's RRFM Meeting the TUM irradiated a test-plate containing fuel with
1.5 gU/cm3 at the SILOE-reactor of the CEA-Grenoble. The results of this test and of the post
irradiation examinations (PIE) that followed afterwards were in very good agreement with the values
given in the literature and the predictions for the FRM-II derived out of them.
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In addition to these tests and PIE the TUM started the irradiation of two more plates in the OSIRISreactor of the CEA-Saclay. One plate contains fuel with an uranium density of 3.0 gU/cm3 ("homogeneous plate"), the other one contains fuel with two uranium densities, 1.5 gU/cm3 and 3.0 gU/cm3
("mixed plate"). The results of the irradiation experiment performed with the homogeneous plate are
given in figure 1. The results of the measurements on the mixed plate can be seen in figure 2. As one
can see from figure 1 the increase of the thickness of the homogeneous plate is a uniform and
approximately linear function of the fission density in the fuel-particles; this indicates that the fuel
swelling is stable and that there is no indication of breakaway-swelling. In addition, the value for the
increase of the thickness is within the predicted range. In figure 2 one can clearly see the difference
between the swelling in the 1.5 gU/cm3- and the 3.0 gU/cm3-zone and it can be stated that the fuel
swelling behavior is as predicted also in the plate with fuel grading.

Increase of the thickness of the test-plate
OSIRIS-experiment, thickness of the oxidelayer estimated and subtracted (preliminary assessment)

90 •

:

40-

Fission density in the fuel particles [1031 Sp/cm1]
j—

OSIHIS(3,0gU/cm3)l

Figure 1: Increase of the thickness of the test-plate with an uranium density of 3.0 gU/cm3 as a function of the fission density
in the fuel-particles. The thickness of the oxidelayer has been estimated and subtracted.

Evolution of the plate thickness
OSIRiS-experiment, "mixed" plate

Plats width [mm]
-Reference

F 160

F 161

F 162

F 163

F 165

F 166

F 167

F 168

Figure 2: Measurements of the thickness of the mixed plate in transversal direction, i. e. perpendicular to the border between
the areas containing fuel with an uranium density of 1.5 gU/cm3 and 3.0 gU/cm3, respectively, available to date.

Figure 3: Turning the first sod.
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Figure 4: Moderator tank as arrived in the experimental hall of the FRM-II, ready for installation in the reactor pool.

Figure 5: View of the reactor pool of the FRM-II.
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Figure 6: Overall plant view with the air coolers in front and the old FRM on the left.
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CERCA 01 : A NEW SAFE MULTIDESIGN MTR TRANSPORT CASK
B.S. FAURE-GEORS
FRAMATOMEANP Nuclear Fuel - CERCA
Les Berauds ~ BP 1114 - 26104 Romans France
and

M.E. DOUCET
FRAMA TOME ANP Nuclear Fuel
10, rue J. Recamier 69006 Lyon France

ABSTRACT
CERCA, a subsidiary company of FRAMATOME ANP, manufactures fuel for research reactors all
over the world. To comply with customer requirements, fabrication of Material Testing Reactors
elements is a mixed of various parameters. World-wide transportation of elements requires a flexible
cask which accommodates different designs and meets international transportation regulations. To be
able to deliver most of fuel elements, and to cope with non-validation of casks used previously,
CERCA decided to design its own cask. All regulatory tests were successfully performed. They
completely validated and qualified the safety of this new cask concept. No matter the accidental
conditions are, a 5 % AK subcriticality margin is always met.

1. Introduction
CERCA manufactures fuel for research reactors all over the world. To comply with customer
requirements, design and fabrication of Material Testing Reactors elements may be composed of various
configurations such as uranium enrichment (LEU, MEU and HEU), uranium quantity, fuel alloy (Al, Si,
Zr, ...) or geometry (square, cylindrical, ...). World-wide transportation of these elements requires a
flexible cask which accommodates those different designs and meets the international transportation
regulations. To be able to deliver most of fuel elements, and to cope with non-validation of casks used
previously, CERCA decided to design and handle manufacturing of its own cask.
During all the phases of the cask design, emphasis has been put on the criticality safety aspects to comply
with international requirements. Keeping in mind the large range of geometry of MTR fuel elements,
three inner baskets have been designed to accommodate this aspect : two for large elements, and one for
six "classical" MTR elements.
As fuel integrity is the main criticality safety viewpoint, emphasizes were put on the mechanical
behaviour of the fuel geometry during the regulatory tests of dropping and punching. To ensure the fuel
integrity, a thick stainless steel inner shell is added between the shock absorbers and the inner fuel basket.
The neutron absorber as well as its thickness were carefully chosen in order to keep a reactivity level as
low as possible to meet the criticality safety criterion even after regulatory mechanical and thermal tests.
Criticality safety evaluations have been performed following two situations :
• One large fuel element with a robust skeleton is placed inside the inner basket ; thanks to the cask
concept, no fuel damage can occur. This complies with RHF and FRM2 fuel elements.
• Six "classical" MTR elements, with a more simple structure around the fuel, are placed inside an
inner basket ; even if some tests showed that their simple structure could stand IAEA mechanical
tests, a penalizing bounding limit of an homogeneous U metal - Water mixture accounted for a
complete fuel geometry loss. Therefore the content of the cask is defined as a maximum weight of
uranium versus the enrichment.

2. Shipping cask design and fissile and material contents
The CERCA 01 cask is a type 3 fissile materials industrial package (IP-3 Fissile).
In view of the great diversity of fuel elements transported and in order to optimise cask capacity, three
baskets have been designed. Each basket can easily be installed or removed from the cask and can be
used in every cask of the same type.
Cask : This cask has the following features (see figure 1):
• A cylindrical circular cavity with a net diameter of 543 mm and a net length of 1590 mm,
• A body composed of concentric walls made successively of stainless steel, plywood and
stainless steel. This succession of walls ensures good mechanical performance and makes the
cask fire-proof,
• the diameter of the ends is 980 mm, the overall length is 2089 mm and maximum weight of a
loaded cask with basket and fuel is equal to 1490 kg.

HEAD
LID

PLYWOOD
CAVITY FOR BASKETS

OUTER WALL
INNER WALL

BASE

FIGURE 1 : CERCA 01 cask

Baskets : The three inner baskets are the RHF / FRM2 baskets (one element per package) and the
multi-compartments basket: this basket is used for «standard» MTR fuel elements, as BR2, HFR, R2.
HOR, French reactors ....; 6 fuel elements can be shipped per package (see figures 2 and 3).
The geometrical constraints for fuel elements are diameter and length : respectively 129 mm and 1566
mm maximum.
The baskets present the following features:
• An outer circular cylindrical section, 537 mm in diameter and 1585 mm in total length,
• Neutron absorption for criticality safety is provided by a compound with Boron, placed between
the outer section and the compartments provided for the fuel elements.

FIGURE 3 : HFR fuel element

FIGURE 2 : Multi-compartments basket
3. Criticality methodology and results

The calculation codes used in this study are recommended, qualified and used by the
CEA/IPSN/DPEA/SEC. This system of codes has also been adopted by the whole French industry. It
includes tools to describe the inputting, and the two main codes APOLLO 1 and MORET 3.
3.1. Large elements (RHF and FRM2)
The main safety assessments used in the calculations are the following ones :
- the fuel is moderated by water,
- the thickness of the water layer inside the central void region of the fuel element is variable.
- the burnout of 20 mm of neutron absorber material results in its replacement by a vacuum ; the
remaining thickness of 30 mm has a chemical composition changed by the fire,
- the total thickness of the energy absorber (made of plywood) is lost,
- 2 x 2 package array for RHF element and infinite array for FRM2 element.
The figure 4 hereafter shows the reactivity variation with the water content inside the inner assembly
volume accounting for accidental conditions.

Reactivity variation with the water content
inside the inner assembly volume

Keff

FIGURE 4 :
Reactivity versus
water content
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3.2. Standard fuel plate elements
In order to study the whole diversity of elements manufactured by CERCA, the following hypotheses
are considered :
U235 enrichment
<20%

U235 enrichment
<93,5%

U235 content per compartment

<1200 g

<1000 g

U235 content per package

< 7200 g

< 6000 g

< 10 gU/cm3

< 10 gU/cm3

Core density

All different fuel elements alloys are considered as homogeneous metal-water mixtures (at 20% or
93% enrichment of U235), which show upper bounding reactivity assumptions (see figure 5).
B*m-f(H/U)

5.OOOOE-02

FIGURE 5 :
Criticality assumption
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As for large elements, the same accidental conditions were applied for the basket with 6 standard fuel
elements. Figures 6 and 7 show for the LEU and HEU enrichments the reactivity behaviour versus
Uranium content.
The criticality safety criterion is satisfied for an infinite package array for LEU fuel elements and for
12 packages for HEU fuel elements.
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FIGURE 6 :
LEU Fuel Reactivity versus
Uranium content
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FIGURE 7 :
HEU Fuel Reactivity versus
Uranium content

4. Regulatory mechanical tests
Among all safety justifications, mechanical drop and punch tests are of huge importance : their results
justify the hypotheses taken into account in criticality and thermal calculations.
Because of the fissile type of the cask, it has to withstand drop tests required by regulations pertaining
to normal and accident conditions of transport, in accordance with <1> and <2>.
After preliminary mechanical calculations, a program of drop tests was written, agreed by French
safety authorities, and finally performed in April 2000. Figure 8 gives the full description of the 7
drops; the number and order of these drops for the sequences are justified so that the specimen
sustains maximum damage ready for fire test and criticality analyses.
SEQUENCE 1

HEAD

9m
BOTTOM

1m

1,2 m

FIGURE 8 : Regulatory drop tests
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All results were in accordance with
calculations, and validated the
hypotheses ; figure 9 shows the specimen
after all drops.

FIGURE 9 : Results of drop tests

4. Conclusion
CERCA 01 package was licensed by French safety authorities : first in November 2000 for RHF and
FRM2 elements, then in January 2001 for the "standard" elements. Now on the process to be validated
all over Europe, this new cask will allow CERCA to meet customers needs on a more flexible and safe
ways than before.
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THE NEW CONTEXT FOR TRANSPORT
OF RADIOACTIVE AND NUCLEAR MATERIAL
Catherine ANNE - Marketing & Sales Division
Jerome GALTIER - Laboratories and Research Department
Transnucleaire,

9-11, Rue Cliristoplie Colomb, 75008 PARIS

Initially considered as ,,a subsidiary" activity of the nuclear industry, the transport activity is
nowadays considered as a keystone for the industry as the whole.
The transportation of radioactive and nuclear materials involves all modes of transportation (road, air,
sea. rail) with a predominance for road and for air (air for radioisotopes).
It is but a minute fraction dangerous good transportation. Around 10 millions of radioactive packages
are shipped annually all over the world of which ninety percent total corresponds to shipments of
radioisotopes. For example, about 200 000 sealed sources are delivered every year in France. In
France and in the US, radioactive shipments represent only two percent of the total of dangerous good
shipments. This percentage is about the same in all industrials countries.
In spite of the small volume transported, experience, evolution of transport means and technologies.
the trend to constantly improve security and safety and public acceptance have modified the transport
environment.
During the last few years, new evolutions have applied to the transport of radioactive and nuclear
materials in various fields and especially:
•
•
•
•
•

Safety
Security
Logistics means
Public acceptance
Quality Assurance

We propose to examine the evolution of these different fields and their impact on transportation
methods and means:

1. Safety
Most of the radioactive transport regulations are based on IAEA recommendations which are now
revised with a two years interval (instead often years previously). In 1996, the IAEA has published a
new regulation identified as Safety Standard N° TS-R-1. This new recommendation is applicable as of
2001 (with transitional period till 2002).
The International Commission of radiological protection has also issued in 1990 a new
recommendation (CIPR 60) applicable in 2000 which has been included in IAEA recommendation:
Safety series n° 115 ..International basic safety standards for protection against ionizing radiation and
for the safety of radiation sources".
What are the main evolutions of these new recommendations?
Essentially, revisions of the new safety transportation regulation have been prompted by:
the necessity to transport new material such as various types of waste and reprocessed uranium.
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the introduction of specific requirements for air transportation . Indeed, in the past, the different
modes of transportation were not considered an issue. The tests required on packagings in the
previous regulation were defined to envelop most accidental situations but the severe air transport
condition (even if the probability of an accident is lower) was not taken into account. In the new
regulation and for material with high activity, additional tests have been introduced for air
transport packages (type C )
The necessity to take into account the chemical risk associated with UF6 transportation.
Further more, modal transport regulation has been revised. For maritime transport :
the publication by the OMI, in 1993, of a new code (INF code) with complementary specifications
related to : stability, fire, hold temperature controls, stowage, radiological protection, staff
training and emergency plan. Three categories of ship have been defined depending of the type of
radioactive material and activity inventory. For example, for irradiated materials with an activity
from 4000 TBq to 2.10/6 TBq an INF2 ship is required. Specific regulations can apply
additionally for example in Japan where the specifications are more restrictive.
The revision of the radiation dose recommendation has also impact transport activity :
The reduction of the maximum allowable annual radiation dose. As the exposition related to
transportation activity is far below the new annual limits, the contamination and radiation levels
applicable for transportation have not been revised but some new dispositions are required :
Beyond the ALARA principle, radiation protection programs are now a requirement for all stages
of transport operation. Radiological Protection Plan (RPP) has to be implemented.
But the most significant evolution is probably not the revisions mentioned above but the fact that,
nowadays, the Competent Authorities require deeper justifications (safety in depth). A compliance
assurance system for design, operation has been implemented in the recent years. For older designs,
we faced difficulties providing new formal demonstrations of conformity of the package model.
Temporary solutions have been implemented for this older designs and the necessity to produce
additional justifications for new ones has been integrated. This evolution has obviously impacted time
to market. It has also improved the standard to which new equipment is designed and operated.
It is also important to point out that as there is no complete standardization for research reactor fuel
elements and because of the diversity of these fuel elements, casks owners must frequently apply for
license amendment in order to include these fuels characteristics in the license. Additionally, for
international shipments, validation of the license has to be issued by each country involved (crossed,
overflight countries, flag of the vessel). In order to solve these licensing issues, a lot of anticipation is
now needed to meet the transport schedule. The organization of a shipment must be initiated at least
two years prior to implementation.
Unfortunately, on the other hand, Competent Authorities ask for increasingly more details about the
contents to be transported meaning that using ,,envelope content" is more difficult to define.
A new evolution is for example, the fact that Competent Authorities have recently implemented safety
inspection during transport operations. Few inspections have been performed on Transnucleaire
shipments during the year 2000. Transnucleaire has also developed its own internal inspection system
in order to improve services and maintain a high level of quality.

2. Security
The security related to transportation of nuclear material is regulated by International Conventions but
also by complementary specifications enforced by each state. The objective of these regulations is to
prevent any loose or robbery of sensitive materials.

For example in France, complementary requirements have been issued:
•

For shipment of category 1 and 2 (more than 5 kg of high and low enriched uranium), trucks and
containers equipped with specific devices are required to guarantee the material security. Due to
the permanent technology evolution, regular improvements are implemented on specifications
issued by the Competent Authority.

•

For shipment of category 3 (most of the other shipments without irradiated fuels classified in a
specific category), new instructions have been issued by the Competent Authority in order to
improve security of the packaging: the vehicle must constantly be under control of the truck
drivers. Consequently, two drivers are now required for long distance relation.

3. Logistics means
An important evolvement of the nuclear industry is new logistics issues: the routes and the transport
means previously commonly used are not always longer valid. As we are confronted to various issues,
we are going to examine practical examples to develop the evolution of logistic means:
Ispra shipment:
Transnucleaire was awarded a contract to return to US Spent Essor fuel from the research reactor at
Ispra, in Italy. The services consisted of providing a licensed cask and of performing the transport
operation from the reactor site to Savannah River Site in South Carolina. The transport operation had
to integrate the following constraints:
•

no port authorized in Italy for nuclear material

•

no route already experienced and authorized through Europe : as the cask used was a German
cask (consequently approved in Germany), the option selected was to combine the loading
operation onboard the ship in Germany. Because of the incertitude to obtain transport licenses, we
have work in parallel on alternatives routes trough Switzerland and Austria, cask validation and
transport licenses have been applied in these two countries. For logistic reason and low
probability to get transport license through Austria, rail transport have been studied. However,
Switzerland State Railway rejected our submission. The only alternative then was to perform a
road transport using our affiliated truck company located in South of France (Celestin). Again we
had to face difficulties, road transport trough the St Ghottard tunnel was rejected in a first
approach by the canton authorities and finally authorized by the Swiss federal authorities trough
the St Ghottart alpine pass (with an escort of a Swiss radiation protection vehicle).

Because of their experience as radioactive and nuclear services providers, Transnucleaire have
concluded successfully this shipment but however, the time spent for transport preparation and
organization trough Europe has been significant.

Studsvik Fresh MTR shipment
On behalf of Cerca, Transnucleaire is shipping every year fresh fuel MTR elements from Cerca plant,
south of France to the Studsvik research reactor in Sweden. The packaging used was the MTRD. In
past years, 8 casks were needed to deliver the 48 elements. In 1999, due to the difficulties to obtain
the French validation of the MTRD (German design), the alternative solution to deliver the fuels was
to use the TNBGC1 packaging (developed by Transnucleaire) mainly used for Uranium and
Plutonium shipments. Due to its limited capacity for this geometry of material (Only one fuel
perTNBGCl), the number of packagings to be transported was multiplied by six. Consequently the
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type of aircraft previously chartered (a BAE 146 with payload capacity of 12 tons) was not any more
compatible. An Airbus with a payload capacity of 42 tons has been chartered.
Additionally, as handling operations have been multiplied by six, the time for loading/unloading
operations has been increased significantly.

Acceptance of liner ship and aircraft
A significant change in 2001, has been the rejection by some shipping lines to carry radioactive
materials. For example, a Japanese maritime company has announced that no radioactive container
would be transported on their liner ship from 2001 on for nuclear liability reason. For the frond end
material, new solution based on the utilization of chartered (dedicated) vessel is presently developed.
Such a solution includes more complex logistics in order to optimize the combination of radioactive
containers and offers a reasonable (affordable) price. For the shipment of fresh MTR fuels from
France to Japan, the liner company has temporary agreed to accept the freight but an alternative
transport system has to be found for the future.
Further more, aircraft companies are no longer interested in transporting radioactive material.
Recently, uranium shipments for a European research reactor, usually transported by a large airline
company, have been declined. Consequently, our selection for carrying this material was restricted to
one company who fortunately did transport.
We have to face the fact that liner maritime and air companies are not interested in transportation of
radioactive and nuclear material: this activity represents a very small turnover and potentially bad
advertising even in case of minor problems. New transport systems are going to be developed.
Dedicated ship and aircraft can sometimes be a solution but with a new logistic dimension in order to
combine different radioactive materials shipments.

4. Communication/Public Acceptance
Radioactive and nuclear material transportation were rarely mentioned by the media few years ago.
Nowadays, not only specialized but also general media report more and more information on nuclear
activity and especially transportation.
The public wants to understand and we must explain. Communication and public acceptance has also
been a growing activity in the recent years.
Further more, some recent maritime accidents (Erica Sun sinking for example) though not related to
nuclear activity but to other dangerous goods for which the regulation is not as restrictive, raise more
questions about our activity. Our role is also to answer to these questions and demonstrate the high
level of safety and security provided.
5. Quality Assurance
More quality assurance is always nowadays required. For example, in France since 1999, all the truck
companies have to be certified in conformity with the ISO 9002 code. Each company carrying
radioactive goods have developed a checking system to guarantee the conformity of the services under
performance.
CONCLUSION
All the aspects developed above have contributed to improve the safety and the security, to answer to
new needs from the environment. But they have also disrupt (disturb) the methods and transport
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system usually practiced. The field of actions is tighter. However, the adaptation to the evolution of
our environment is a key for the future.
Our challenge is to continue to built up experience, know how and adapted equipment, develop
creative and reliable services for transportation at an acceptable price.
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ABSTRACT
Operators of a research reactor generally have as their primary mission to
provide the users with a safe, reliable and economic source of neutrons. They
have to assure the availability of that source, while respecting the requirements
of the license. The fuel management is one of the major aspects they have to
tackle in order to fulfill their mission. This sometimes includes the qualification
of a new fuel and the core conversion. The operator has to assure that the whole
process is conducted in such manner that the availability of the neutron source is
only minimally disturbed, that the costs are kept under control and the
characteristics of the neutron source are preserved. This paper gives an overview
of the various issues that the operator has to consider.

1.

Introduction

Historically most research reactors were started up using highly enriched uranium (HEU) as fuel meat,
mainly under the form of U-Al alloy and later UAlx-Al dispersion fuels.
The major suppliers of the enriched material were the USA and the former USSR in their respective
spheres of influence.
For the Western countries the costs were rather low especially since the return of spent fuel was assured
to the country of origin and moreover a credit was given for the remaining uranium when purchasing a
new amount of HEU. For the countries supplied by the former USSR there was seemingly never any
return of spent fuel but apparently there were sufficient storage capacities available to cope with that
situation. The fact that there was only one supplier serving a particular operator was not seen as a threat.
The Western countries could choose between several fuel manufacturers (some of them have disappeared
nowadays) to assure some form of competition. Transport of fuel wasn't a big issue either.
The cost of the fuel cycle was not the dominant factor in the overall operation costs and this cost was
foreseeable and could be planned according to the budgetary situation.
In the late seventies (1978-1980) the INFCE effort was conducted at the instigation of the USA. The
objective was to evaluate the nuclear fuel cycle and propose measures to reduce the proliferation risk [1].
Concurrently the RERTR Programme was established in 1978 at ANL by the US-DOE, which up to this
day continues to fund the programme and to manage it in coordination with the US-DOS and the USNRC. The prime objective of this programme is to develop the technology needed to minimize and
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eventually eliminate the use of HEU for civilian applications worldwide; in facts these applications almost
exclusively concern research and test reactors.
Therefore the RERTR programme concentrates on the conversion from HEU to low-enriched uranium
(LEU) in these reactors by initiating collaborations with the concerned organizations and conducting LEU
fuel development programmes in order to make conversion feasible "without significant penalties in
experiment performance, in economic and safety aspects of the reactors".
Since the end of the cold war the RERTR programme has taken a truly worldwide dimension as Russia
and China are nowadays also progressively participating in the programme.
It is worthwhile to notice that the former USSR had also initiated a conversion programme for research
reactors, at least for those foreign reactors supplied by them. However the enrichment of the proposed
new fuel (36 %) is still being considered HEU material by the RERTR programme.
2. Present situation
2.1. conversion to LEU and qualification of new fuel
Since the qualification of U3Si2 fuel with a density of up to 4.8 g U/cc was achieved, most research
reactors are 'in principle' able to convert to LEU fuel.
The latest statistics on already converted, presently converting and conversion candidate reactors are
presented each year at the annual RERTR conference by the programme manager [2].
However some high power research reactors are not yet in the position to convert to this fuel as the
performances of the reactor would suffer significant drawbacks.
Recently the USA has launched activities within the RERTR programme to develop higher density UMo
fuel. However they presently concentrate on 'medium' densities up to 6 g U/cc. This is done to present an
alternative to the U3Si2 fuel (up to 4.8 g U/cc) because the use of this fuel, at least not easily
reprocessable, could become problematic after the crucial date of May 13 2006. The development of
higher densities is foreseen in a later step.
France has started activities within the 'groupe pentapartite' (CEA, CERCA, COGEMA,
TECHN1CATOM, FRAMATOME) for the direct development of high density UMo fuel (up to 9 g U/cc),
including all aspects of the fuel cycle, notably the reprocessing of this fuel.
The French activities are primarily driven by the RJH project (a new MTR reactor of 100 MW to be
erected in Cadarache).
2.2. the operator's perspective
Research reactors are generally the main infrastructure of a nuclear research centers. Nowadays many of
them are scrutinized with regard to their usefulness and their operating costs.
Each research reactor has his particularities with regard to the conversion problematic:
remaining amounts of fresh HEU material and fresh HEU fuel,
the foreseen or expected remaining lifetime of the installation,
future operating schedule and the corresponding annual consumption.
the type of utilization, which actually defines the specific requirements for a suitable LEU fuel,
available solutions for back-end of the fuel cycle,
available budgets and specific requirements for external income.
national political situation with regard to nuclear energy.
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In general the justification for operating a research reactor is to provide a neutron source for specific
needs: support of the national nuclear programme, availability of neuron beams, a national source for
radio-isotope production, a tool to acquire or maintain know-how in nuclear science and technology, ...
The operators have to provide these neutrons in a safe, reliable and economic manner. They are asked to
provide a good service and keep their performances at a constant level or improve them.
The fuel management (including front- and back-end aspects) is just one of the issues that the operator has
to tackle in order to fulfil his mission.
The efforts made in the conversion business and in the qualification of new fuel are generally not
perceived as a research programme by the general management but as an additional cost to be carried by
the operator. Indeed the expected benefit is not very convincing: the flux characteristics will not be
improved but just a little downgraded with respect to thermal flux. On the other hand some operators
experienced an increase of the cycle length after conversion to LEU U3Si2 fuel. Using higher density
UMo fuel should enhance this advantage.
Switching to another type of fuel is not likely to facilitate the back-end issue for those who still use
aluminide fuel. For those already converted to silicide fuel, switching to UMo may constitute an
advantage concerning the back-end issue.
Generally the operator has to carry out the conversion project with no additional personnel provided, and
in some cases he is asked to analyze the benefit of future operation compared to the conversion costs. The
general opinion seems to be that the cost of the fuel cycle will increase. For some research reactors this
will cause a serious threat for their survival in the medium term.
3. The major issues from the operator's point of view
3.1. front-end issues
The operator needs a secure and reliable source for raw material supply. The price should be foreseeable
in order to allow budgetary previsions and medium term planning of major financial outfluxes.
Likewise at least one secure and reliable fuel manufacturer is needed.
Some form of competition, at least for the manufacturing, would be desirable. However in recent years the
situation has evolved the opposite way.
3.2. back-end issues
The present US-DOE policy to take back the spent fuel of US origin will expire in 2006.
Those who want to continue operation beyond this point will have to establish a national solution or find a
solution abroad.
Based on present knowledge only one solution abroad will be available after 2006: reprocessing at the La
Hague plant in France. This solution is compatible with the goals of the non-proliferation policy as the
recovered HEU material will be diluted. However this is limited to fuel types that can be reprocessed with
existing industrial processes. This is not the case for U3Si2 fuels. Moreover the waste will be returned to
the country of origin and consequently a waste disposal solution (national or abroad) will still be required.
There are a few national disposal schemes for spent fuel under discussion/implementation, but this is
limited to a rather small group of countries, which all have an active nuclear power programme.
Whether Russia is willing and able to take back Russian origin fuel is not clear to he author.
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Therefore when one envisages the qualification of a new fuel, a future back-end solution should also be
established before actually starting to use this new fuel.
In some cases where a back-end solution is presently available for the current fuel, the new fuel will have
to be compatible with the existing solution. It is unrealistic to think that a second back-end solution could
be implemented in parallel with the existing one.
3.3. economical issues
The overall fuel cycle comprises a number of cost factors: raw material supply and shipment, fuel
fabrication, shipment of fresh fuel, shipment of spent fuel and a back-end solution.
In particular the back-end issue can generate to high costs.
Many operators have to establish annual budgets and have to make assumptions concerning the overall
cost of the fuel cycle. Some operators are also obliged to constitute financial provisions for the future
dismantling and the waste treatment. In many cases the future back-end solution is not well defined and
the operator has almost no control regarding these future costs: this may result in conservative
assumptions and high provisions.
On the other hand the research reactor world is increasingly placed under severe competition and the costs
are a prime issue when making bids for irradiations.
3.4. fuel performance and acceptance criteria
In assessing the practical feasibility of utilizing LEU fuel in a particular research reactors, the criteria are
not totally well defined and may lead to discussion and disagreement:
safety margins and fuel reliability should not be lower than the current design based on HEU
neither the loss in reactor performance, e.g. flux-per-unit power, nor any increase in operating costs
should be 'significant' (or 'more than marginal' as some sources state).
Unfortunately the upper level of 'insignificance' or 'marginality' is apparently not been unequicocally
defined. What has been experienced by those who converted is approximately 15 % penalty in thermal
fluxes in the nearby reflector positions.
The safety margins must be kept to the values agreed upon with the national licensing authorities.
Fuel reliability should also not be deteriorated as an increase in fuel failure cannot be totally excluded but
should certainly not be accepted up-front as an unavoidable fact, which it is not. In many cases the
licensing authorities will anyway not accept lower fuel reliability as a given fact.
In today's highly competitive environment amongst research reactors, including contractual commitments
to operate during predefined time-periods, reliability of operation is a competitive edge and a 'must'.
Unforeseen interruptions of operation can lead to the direct loss of income and may damage the
competitive position of the reactor.
3.5. qualification process
The generally accepted qualification process looks like this:
micro (or nano) plates irradiations up to high burnup, followed by post-irradiation examination (PIE)
fuel plate testing under representative and 'bounding' conditions, followed by PIE
fuel element testing, followed by PIE
qualification report of the new fuel, including qualification of the manufacturer
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prototype fuel element tests in the concerned research reactor
license applications for the conversion of the concerned research reactor
procurement of the new fuel
conversion of the research reactor, including temporary operation with mixed cores
The operator has to esablish the necessary cooperation agreements and incorporate these actions in his
planning. He also has to assign manpower to this project. One should realize that the whole process takes
several years although only part of the workload is with the operator and some overlapping between
various stages is possible.
The licensing requirements are country dependent and may in some cases be quite cumbersome.
The safety analysis has to include the determination of power peaking factors, a revision of thermalhydraulic assessment, the determination of the maximum allowed heat flux and the behaviour of the fuel
under accidental conditions.
The qualification procedure of the new high density UMo fuel should result in the establishment of a
report like NUREG-1313 (1988) for the fuel qualification and a report like IAEA TEC DOC-643 (1992)
concerning the impact of that fuel on the physical, safety and radiological characteristics. This should give
a sound basis upon which operators can build their safety case and have confidence that the conversion
process can be handled.
One may recall that the qualification process of U3Si2 included a whole core conversion demonstration of
the 30 MW ORR.

4. Conclusions
Only the 'fittest' research reactors will survive. This 'fitness' will mainly depend on the ability to establish
a relevant and useful utilization programme (in many cases this translates into the generation of a
'sufficient' amount of income). The ability to actually do this depends on many factors on which the
operators sometimes have only limited control over. This is particularly true for the fuel cycle.
As the qualification of a new fuel and the core conversion generates additional costs for the operation of a
research reactor, the operators should be assisted in this task by all other parties and institutions involved
in this matter. Actually this is one of the objectives of the RERTR programme. In particular suppliers of
fissile material and fuel manufacturers should handle reasonable prices and conditions and assist their
customers in finding acceptable solutions for all aspects of the fuel cycle.
A viable, affordable and proven solution for the back-end of the fuel cycle is a crucial point for many
research reactors to survive. This is a complex issue as this includes the implementation of an acceptable
storage and final disposal solution. A major problem seems to be that the amount and overall activity
inventory is not big enough to trigger decisions at high level. Clearly it is not reasonable to expect a small
country with only one research reactor to establish a national solution for the rather small amounts of
radioactive waste. For these countries a commercially and financially viable solution needs to be defined.
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ABSTRACT
Even if the research reactors are using very well known MTR-fuel, a need exists
for research in this field mainly for 3 reasons:
• industrial qualification of fuel assemblies (built with qualified fuel);
• improvement or modifications on a qualified fuel (e.g. increase of density);
• qualification of a new fuel such UMo.
For these types of tests, the High Flux Reactor located in Petten (the Netherlands)
has a lot of specific advantages:
• a large core with various interesting positions ranging from high to low
fluence rate;
• a high number of operating days (>280 days/year) that gives - with the high
flux available - a possibility to reach quickly high burn-up;
• a downward coolant flow that simplifies the device engineering;
• all possibilities of non-destructive and destructive examinations in the hotcells (visual inspection, swelling, y-scanning, macro- and light microscopy,
SEM and EPMA examinations, tomography....).
Two types of tests can be performed at the plant: either a full-scale test or a test of
plates in dedicated devices.
A presentation is made of the irradiation test on four UMo plates, begun in March
2000 in the device UMUS.
A status is made of the full-scale test to be done in the near future, especially the
UMo tests to begin the next year.
In conclusion it appears that the HFR, that had already given an excellent
contribution to silicide fuel qualification in the 1980's, will also give a significant
contribution to the current UMo qualification programs.

1. Introduction
The High Flux Reactor (HFR) is located at Petten (Netherlands). It is owned and managed by
the Institute for Advanced Materials of the Joint Research Centre (JRC) of the European
Commission and is operated and commercially exploited under contract by the Nuclear
Research and Consultancy Group (NRG).
The HFR is of the tank-in-pool type, light water cooled and moderated. It is operated at 45
MW. It has been in operation since 1961, and following vessel replacement in 1984, the HFR
still has a technical life beyond the year 2015. It is one of the most powerful multi-purpose
materials testing reactors in the world.
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The decision to convert the reactor to LEU was made in the year 2000, and the choice was
made to use the classical silicide fuel with a density of 4.8g/cm3, [1]&[2].
The close co-operation between the Joint Research Centre and the Nuclear Research and
consultancy Group (NRG) on all aspects of nuclear research and technology is essential to
maintain the key position of the HFR amongst research reactors world-wide. This cooperation has led to a unique HFR structure, in which both organisations are involved with the
aim to adopt a more market oriented approach and offer their long standing and recognised
competence in exploiting a powerful, reliable set of nuclear facilities to world-wide interested
parties.
The HFR is also in the heart of the Medical Valley Association. This association between
IAM, NRG, Mallinckrodt and hospitals leads to a medical structure unique in Europe, and
more than 50% of the reactor is already used for medical applications: radio-isotope
production, Boron Neutron Capture Therapy, research on new medical applications, etc.

2. Presentation of HFR possibilities
• Core description
The core lattice is a 9 x 9 array (729 mm x 750.4 mm) containing 33 fuel assemblies, 6
control assemblies, 19 experiment positions and 23 beryllium reflector elements. The
following figure gives the flux available in the 19 experiment positions and in the pool side
facility.
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Fig 1. Standard core configuration with nuclear values and permanently installed
experimental reactor facilities
Thermal hydraulic limits
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Operation is restricted to a maximum power per plate. To respect thermal hydraulic safety
margins, an experiment can be started in a place with lower flux. After several cycles, the
final burn-up, can be reached in another place where a higher flux is available.
• Number of operating days
With more than 280 operating days/year, the necessary burn-up can be reached faster in HFR
than in most other reactors.
• Device
Two possibilities exist for the MTR fuel test: the plates are made in the final form of HFR
fuel assemblies and tested as normal element; or plates with other dimensions are used and
irradiated in fuel boxes.
The downward coolant flow simplifies the engineering of these holders, which serve only as a
mechanical support of the plates.
• Post Irradiation Examination
All necessary measurements can be performed within easy access to the hot-cells
visual inspection with digital photography,
swelling measurements by mechanical apparatus in the hot-cells,
y-scanning,
all destructive examinations (macro- and light microscopy, SEM examinations and
EPMA analysis, ....).
• Calculation and engineering
All the possibilities of neutronics thermalhydraulic calculations and engineering designs and
manufacture are available on-site.

3. UMUStest
A working group with the objective to develop new high-density low enrichment uranium
(LEU) fuel for research and testing reactors has been set up in France [3]. Three parties are
involved in this group: CERCA to test the manufacture feasibility, CEA for neutronic
calculations and in-core performance studies and COGEMA for investigating the reprocessing
feasibility. Their investigation is concentrating on the development of Uranium-Molybdenum
(UMo) alloys with 8-10 gU/cm3.
The irradiation programme, supervised by CEA, foresees two series of irradiation of few fullsized plates: one at the OSIRIS reactor and one at the HFR Petten. The initial objective of the
UMUS experiment was to irradiate four experimental plates in HFR to a 235U burn-up of at
least 50% [3].
Four UMo plates with 7 & 9% Mo and with 19.75 & 35 % enrichment in 235U have been
irradiated in a special device, see Fig 2, in the HFR, from April 14th 2000 until June 4th 2000,
i.e. 48.4 Full Power Days (FPD), in the core position D2.

Fig 2. The carrying box loaded with the 4 plates into the sample holder
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The 3rd June first peaks of activity in primary water were observed. After a decrease and a
stabilization of the activity, a new release of fission products occurred the 4th June. It has been
decided to stop the reactor the 4th June at 16:00h. The UMUS sample holder was unloaded
from the core and stored in the pool water for cooling down. The activity measurements of
water taken above UMUS experiment confirmed the failure of the UMUS plate. After 3
months of storage, the device has been transported to the NRG hot cell laboratory in Petten
for examinations.
At present, post-irradiation examinations of plates are being performed. Some preliminary
results of non-destructive examinations have been communicated. Based on the information
presently available from non-destructive examinations, we come to the following preliminary
observations.
The 4 plates are damaged at different degrees, see Fig 3. According to the irradiation
conditions, significantly more damages have been observed on plate 2 and plate 4 with
UMo7% enrichment 35% (plate 2) and UMo9% enrichment 35% (plate 4). These two plates
were irradiated under the most severe conditions, in particular the plate 4 with the maximal
power and the maximum calculated cladding temperature. The presence of UMo with 35 %
enrichment probably also increased the temperature of neighboring plates. We assume that the
damage observed on plate 1 (number side) and plate 3 is most probably the consequence of
the behavior of plate 2 and 4 under irradiation that could explain the little damage of plates 1
and 3. In conclusion the final failure (plate 4) was at the point of maximal temperature and
maximal power of our calculations.

Fig 3. Visual inspection of the 4 plates
Another non-destructive measurement was made as punctual activity measurements. Fig 4
shows for example measurements of activity made on the plate 4. The cladding failure is easy
to see with a loss of material around the failure.
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Fig 4. Gamma spectrometric measurement of Ce-144 in the failed plate
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The destructive examinations should start in March 2001.
In conclusion, this very fruitful experiment has perhaps given one limit in the utilisation of
UMo with this type of cladding. A more detailed presentation and analysis of all these results
and of following conclusions is presented in the paper in [5].
4. HFR Fuel scale 1. Testing
Several other experiments are under discussion, under building or under tendering. All these
experiments are conduced with fuel elements scale 1.
• A tendering procedure has begun in February 2001, for the fabrication of prototype
elements for the HFR conversion to LEU. These classical elements with silicide 4.8
g/cm3 will be irradiated in 2002.
• Elements with UMo 6 g/cm3, 20 plates, are under building by BWXT for test next year in
the reactor, in the frame of UMo qualification in US programme, [6].
• An experiment UMUS 2 is in preparation to continue after the first results obtained this
year.
• Discussions are also ongoing with 2 other customers for test possibilities in UMo and
silicide in HFR.
5. Conclusion
For qualification of research reactor fuel, the HFR has possibilities to test or full size fuel
assemblies or separate fuel plates in special devices.
For these types of test, the High Flux Reactor has many specific advantages:
• a large core, providing a variety of interesting positions with high fluence rates,
• a downward coolant flow simplifying the engineering of the device,
• easy access with all handling possibilities to the hot-cells,
• the high number of operating days (>280 days/year), together with the high flux, gives a
possibility to reach quickly the high burn-up needs,
• an experienced engineering department capable of translating specific requirements into
tailor-made experimental devices,
• a well equipped hot-cell laboratory on site to perform all necessary measurements
(swelling, y-scanning, etc.) and all destructive examinations.
Although the conversion of HFR will be managed with classical silicide fuel, HFR is totally
involved in UMo test and qualification. The fruitful results of UMUS experiment and the
others experiments in preparation will give a significant contribution of HFR to the future and
final UMo validation.
6.
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ABSTRACT
The U.S. Reduced Enrichment for Research and Test Reactors program is working to
qualify dispersions of U-Mo alloys in aluminum with fuel-meat densities of 8 to 9 gU cm"3.
Postirradiation examinations of the small fuel plates irradiated in the Advanced Test
Reactor during the high-temperature RERTR-3 tests are virtually complete, and analysis of
the large quantity of data obtained is underway. We have observed that the swelling of the
fuel plates is stable and modest and that the swelling is dominated by the temperaturedependent interaction of the U-Mo fuel and the aluminum matrix. In order to extract
detailed information about the behavior of these fuels from the data, a complex fuel-plate
thermal model is being developed to account for the effects of the changing fission rate and
thermal conductivity of the fuel meat during irradiation. This paper summarizes the
empirical results of the postirradiation examinations and the preliminary results of the
model development. In addition, the schedule for irradiation of full-sized elements in the
HFR-Petten is briefly discussed.

1. Introduction
For the past several years the focus of the fuels area of the U.S. Reduced Enrichment for Research
and Test Reactors (RERTR) program has been the development of aluminum-based dispersion fuels
that will accommodate uranium densities in the fuel meat of 8 to 9 gU cm'-' [1]. Our primary focus
has been on determining the irradiation behavior of candidate fuels. Thus far, data are available from
three irradiation tests of very small fuel plates—RERTR-1, -2, and -3. The first two tests resulted in
the identification of U-Mo alloys with Mo contents of at least 6 wt.% as very promising candidates
[2]. The third test, which is the principal subject of this paper, was focused on the behavior of the
U-Mo fuels under high-temperature (up to ~250°C) irradiation conditions.
The small test plates irradiated in RERTR-3 contained either atomized or machined fuel particles
ranging in composition from, nominally, 6 wt.% Mo (U-6M0) to 10 wt.% Mo (U-lOMo); actual
compositions ranged from 6.7 to 10.6 wt.% Mo. Of the plates discussed in this paper, one set was
fabricated using either atomized or machined U-lOMo powder that had been given a solution heat
treatment in the gamma phase; all other plates discussed in this paper were fabricated using powder in
the as-fabricated state. The fuel plates in the RERTR-3 test measured 10.0 mm x 41.1 mm x 1.52
mm; the meat was in an elliptical zone nominally 0.76 mm thick and contained, nominally, 8 gU cm"
3 of fuel meat. The actual average uranium densities in the plates were probably somewhat higher,
and uranium densities in some areas of the plates were significantly higher.
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2. Postirradiation Data
Because of the small size of the test plates, volumetric measurement with the customary immersion
method would not yield swelling data with sufficient accuracy; therefore swelling was determined
from plate thickness measurements. The measured plate-thickness increases are shown in Fig. 1,
normalized to a meat fission density of 10^1 cm~3 (-30% burnup), as a function of beginning of life
(BOL) fuel centerline temperature. These BOL temperatures were calculated using a onedimensional (1-D) heat transfer model. It is clear from Fig. 1 that the plate swelling is a strong
function of temperature and that there appears to be no clear difference, within the measurement
uncertainty, among the various compositions. It is important to note at this point that these thickness
increases are quite small, and since thickness measurements always overestimate the swelling, the
maximum fuel-meat swelling at this burnup is no more than 10% at the highest temperatures tested.
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The 1-D BOL temperatures plotted in Fig. 1 only
serve to illustrate the trend in swelling with
increasing temperature. The actual fuel temperature
is a complex function of irradiation time and
position in the fuel meat. Not only are there
substantial temperature gradients in the fuel meat,
but the temperature changes during the irradiation as
a result of the competing effects of decreasing
thermal conductivity and U-235 burnup. This issue
is treated in detail later in this paper.
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Thickness increase of RERTR-3
test fuel plates normalized to a fuelmeat fission density of 10^1 cm~J
(30% burnup) vs. calculated BOL
peak fuel meat temperature.

Two irradiation effects singly, or in combination,
may be responsible for the observed temperature
dependence of the swelling. One is the behavior of
fission gas in the LJ-Mo alloy (the swelling owing to
solid fission products can be considered to be
athermal); the other is irradiation-enhanced
interdiffusion of the fuel and the matrix aluminum.
Inspection of the optical micrographs shown in
Fig. 2 suggests that the latter is the major contributor
to the temperature dependence of the swelling. Note
Meat Center

Cladding

Cladding
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Fig. 2. Optical micrographs of sections of plate V03 taken near the center of the plate showing
the change in interaction-layer thickness from the cladding/fuel-meat interface to the
center of the fuel meat.

the large increase in interaction thickness when going from a fuel temperature of 175°C (1-D BOL) at
the cladding interface to 217°C at the center of the meat in U-10 Mo. It should also be noted that
although virtually all of the matrix aluminum near the center of the plate has been consumed,
resulting in a mass of reacted and unreacted fuel, there is no evidence of instability of this fuel mass.
There are indications of the presence of small gas bubbles at the grain boundaries in the unreacted
fuel. This is better illustrated in the SEM fractographs shown in Fig. 3. Small gas bubbles have
begun to form in the I75°C sample and are more numerous and larger at 217°C. However, the 175°C
sample reached only 30% burnup compared to 40% for the 217°C sample. Comparison of the bubble
morphology in this latter sample with that of the same fuel irradiated previously in RERTR-1 to the

30% Burnup, 175°C

40% Burnup, 217°C
\

40% Burnup, 65°C
Fig. 3. Fuel microstructure of U-lOMo at low and high temperature,
showing apparent athermal fission gas behavior.
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same burnup, but at a much lower temperature of ~65°C, leads us to conclude that there is no effect of
temperature on the fission gas behavior over the temperature and burnup range tested thus far, and
that the temperature dependence of the measured plate swelling is the result of fuel-aluminum
interdiffusion. Fission-gas bubbles begin to form on grain boundaries somewhere below 30% burnup,
and between 30 and 40% burnup fission-induced grain refinement starts, providing additional grain
boundaries for fission-gas precipitation. This process, which has been described in detail previously
[3], will progress with further burnup, eventually covering the entire fuel particle.
The evolution of the unreacted fuel microstructure does appear to be a function of composition, as
shown by a comparison of U-lOMo and U-6M0 in Fig. 4. Grain refinement has evidently started at a
lower burnup in the U-6M0 sample and has already covered significant fractions of the grains. All
fuel compositions are expected to develop microstructures like those shown in Fig. 4 for the

U-10Mo,~65°C
30

Fig. 4. Comparison of fuel microstructures of U-lOMo and U-6M0 at -40%
burnup irradiated at T>200cC, and at 70% burnup irradiated at
~65°C.

low-temperature, 70%-burnup sample from RERTR-2, but the lower-Mo compositions will complete
their restructuring at lower burnup and should therefore have a somewhat higher fuel-swelling rate.
In summary, we have observed through metallographic examinations that (1) fuel plate swelling is
stable and modest, (2) overall swelling owes predominantly to temperature-dependent U-Mo/Al
interdiffusion up to the burnup where the matrix aluminum is fully consumed by this interdiffusion
process, (3) the aluminide interaction product appears stable and contains no fission gas bubbles,
(4) the swelling behavior of the unreacted fuel appears to be athermal in the range of burnup and
temperature tested, and (5) reducing the molybdenum content of the alloy results in somewhat higher
rates of interdiffusion and fission gas swelling. Although not discussed in this paper, we have also
shown that small ternary additions of other elements to the alloy, shown to reduce the rate of
thermally driven interdiffusion, do not reduce the rate of irradiation-induced interdiffusion.

3. Fuel Plate Thermal Analysis
3.1 Motivation
As described above, results from postirradiation examinations of U-Mo alloy dispersion fuels indicate
that the interaction between the fuel and matrix phases is apparently a sensitive function of
temperature. As the interaction proceeds, a low-conductivity reaction-product phase builds up, while
at the same time the high-conductivity aluminum-matrix phase is depleted. Thus, fuel temperatures
are likely to increase with burnup even if plate powers decrease. This interplay between fuel
temperature and fuel-matrix interaction makes the development of a simple empirical correlation
between the two difficult, since it is unclear what temperature to employ. For this reason, a complex
thermal model was developed to calculate fuel temperatures, taking into account the changing volume
fractions of fuel, matrix, and reaction-product phases within the fuel meat, as well as gas
generation/swelling in the fuel phase. Then, within the context of this best-estimate temperature
calculation, a fuel-matrix reaction-rate equation can be developed in an integral manner.
3.2 Model Description
The thermal model developed is based upon a steady-state, three-dimensional, control-volume-based
finite-difference temperature calculation implemented within a FORTRAN computer code. Although
the calculation is a steady-state calculation, a series of such calculations are made while marching
along in time (while under irradiation), allowing fuel-matrix interaction to proceed based upon a
physics-based reaction-rate equation; a correlation developed for U3Si2/Al interaction was taken as
an initial guess [4]. As the reaction-product phase increases and the matrix phase depletes, the
effective fuel-meat thermal conductivity is changed through the use of an analytical multiphase
conductivity model [5]. The multiphase conductivity model employed was derived for a two-phase
material from purely theoretical considerations. The matrix aluminum constitutes one phase and the
fuel, consisting of the spherical fuel particles surrounded by a uniform spherical shell of reaction
product, constitutes the other. The reaction product produces a thermal resistance to radial heat flow
out of the spheres that increases with time as the reaction-product thickness increases. This resistance
is calculated directly and used to decrease the fuel alloy thermal conductivity accordingly. The
revised value for the fuel thermal conductivity, representing both the fuel and interaction-product
phases, is then used in the multiphase conductivity model to reevaluate the effective fuel-meat
thermal conductivity.
As fuel-matrix interaction proceeds, volume fractions of the meat constituents change. The volume
fraction of the reaction product is initially zero, but increases with irradiation time/burnup. The
matrix phase decreases from its as-fabricated value as it is consumed both by the fuel-matrix reaction
and by incorporation into solution with the 'unreacted' fuel alloy. The incorporation of matrix
aluminum into solution with the 'unreacted' fuel alloy kernels has been observed during the "•

postirradiation examinations [6], and the effect this has on decreasing the fuel-phase density (and
increasing its volume) is an important phenomenon because it affects the calculation of the meat
effective thermal conductivity. The fuel-phase mass is consumed by the fuel-matrix reaction;
however, the volume of'unreacted' fuel actually increases owing to swelling and to the incorporation
of aluminum into solid solution. Keeping track of constituent masses and densities for each meat
control volume allows the change in volume fractions with time to be calculated. This in turn leads to
a degradation of the effective meat thermal conductivity with time/burnup. Combining the changing
fuel thermal conductivity and a detailed plate-power history results in a best-estimate fuel
temperature calculation made on time-step intervals of typically one day of irradiation at various
locations in the fuel meat.

3.3 Model Results
The fuel-plate thermal model was employed to perform preliminary calculations for two U-lOMo/Al
fuel plates irradiated in the Advanced Test Reactor (ATR) as part of the RERTR-3 irradiation
experiment [7] and subsequently examined destructively to quantify the extent of fuel-matrix
interaction [6]. The two fuel plates, V03 and V07, were subjected to significantly different plate
powers, and the extent of fuel-matrix interaction observed during postirradiation examination differed
significantly between the two plates. Both of these fuel plates were fabricated using as-fabricated
spherical U-lOMo fuel powder produced by the Korea Atomic Energy Research Institute (KAERI) by
centrifugal atomization.
Figure 5 shows the detailed power histories for the two fuel plates as calculated using the ATR
whole-core MCNP model. Also shown are the peak fuel temperatures calculated using the thermal
model. It is apparent from this figure why simply using a calculated beginning-of-life fuel
temperature would be inadequate for the purposes of correlating fuel-matrix interaction. It is
interesting to note that the calculated fuel-meat thermal conductivity of plate V03 decreased during
irradiation from -40 W n r 1 K"1 at BOL to -7.5 W nr 1 K"1 at the end of the irradiation.
Figure 6 shows the fuel-matrix interaction thicknesses calculated by the thermal model, along with
the measured data. The silicide-based interaction rate correlation has an Arrhenius dependence upon
temperature with an activation energy of 8,520 cai/mol (35,670 J/mol). This activation energy was
not changed, but the pre-exponential term was reduced by approximately 25% to obtain the
agreement shown with the thickness data for V03. The calculation results shown for V07 were
<-
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obtained using the same parameter set as for V03, resulting in a slight overprediction of reaction
thicknesses.
It must be emphasized that the calculations shown are preliminary in nature. Several aspects of the
model are still under development and validation against a much larger set of data must be
undertaken. Nevertheless, the qualitative agreement of these preliminary results with observed
irradiation performance is encouraging.
4. Qualification Irradiations
The analysis of the RERTR-3 test discussed above is an important step in the qualification of the
U-Mo fuels. However, since the RERTR-3 test was limited to burnups below 40% and because fuelmeat swelling determined from plate thickness measurements or by quantitative metallography has a
large uncertainty, two additional irradiation tests are underway in the ATR-RERTR-4 and RERTR-5.
These tests utilize larger, though still miniature, fuel plates so that the fuel-meat volume increase can
be determined by the immersion method. The temperatures will be somewhat lower than those of
RERTR-3, but the burnups achieved will be considerably higher—up to -50% for RERTR-4 and up to
-80% for RERTR-5. Irradiation of RERTR-4 was completed in early January, and it will be shipped
to ANL-East (Illinois) during the first half of March for postirradiation examination. Irradiation of
RERTR-5 will be completed in the July-August 2001 time period, and its examination is expected to
begin during November. A good capability to predict irradiation behavior of U-Mo fuels will result
from the analyses of the RERTR-X tests, and the data obtained will be the basis for qualification.
As discussed at RRFM 2000, the RERTR program is also planning to irradiate several full-sized fuel
elements as part of the qualification of both fuel and fabricator [8]. Unfortunately the schedule for
the start of the first irradiations in the HFR-Petten, of 6-gU cnr 3 U-7Mo fuel fabricated by BWX
Technologies (BWXT) using atomized powder produced by KAERI, has been delayed by at least six
months from that shown previously owing to commercial uncertainties resulting from a KAERI
patent claiming protection of all dispersions using spherical U-Mo fuel particles. We hope finally to
resolve this problem in early March, and a progress report and an updated schedule will be presented
during the oral presentation of this paper on April 2.
In the meantime, the Argentine Comision Nacional de Energia Atomica (CNEA) has requested to join
the RERTR program's U-Mo fuel element qualification program. Discussions are currently underway
regarding fabrication by the CNEA and irradiation in the HFR of one fuel element with a fuel-meat
density of 7 gU crrr-*.
5. Conclusions
The postirradiation examinations of the RERTR-3 fuel plates have provided a wealth of information
about the swelling of U-Mo fuel meat. The swelling is dominated by the fuel-aluminum interaction,
and there is no indication that even complete depletion of the aluminum matrix will result in unstable
swelling behavior. A complex fuel-plate thermal model is under development that should allow us to
derive quantitative information on the interaction correlation and on the thermal conductivity as a
function of the plate's thermal and burnup history. This model, when completed, can be used with
externally supplied fission-rate histories and fission-product fuel-swelling correlations to predict the
irradiation behavior of U-Mo fuel plates under actual irradiation conditions.
All of the information obtained so far from the RERTR program's irradiations indicate that the U-Mo
fuel will perform well in research reactors. Additional irradiations are underway, and a series of fullsized fuel element irradiations is planned. Although the start of the irradiation of 6-gU cm'3 U-7Mo
fuel elements in the HFR has been delayed, we still hope to be able to issue a qualification report by
the end of CY 2003.
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ABSTRACT
The conditions for use of the IRIS irradiation device in SILOE and OSIRIS reactors for the
qualification of new fuel types dedicated to research reactors have been the subject of
safety assessments carried out by the IPSN for the benefit of the French safety authority
(Directorate for the Safety of Nuclear Installations - DSIN). This institute has also
assessed the results of qualification tests carried out at SILOE in the scope of a contract in
agreement with GRS in 1997, on a U3Si2 fuel plate enriched to 93 % in 235U and
containing 1.5 g of uranium per cm3, which is representative of the planned fuel for the
FRM-II reactor of the Technical University of Munich. After a general description of the
IRIS irradiation device, this paper presents the main conclusions of the above-mentioned
safety evaluations.

1. Presentation of the IRIS device
The IRIS device is intended to qualify various types of fuel plates for research reactors. It includes an in
pile part consisting of a fuel plate irradiation box made of aluminium alloy and a part consisting of a
plate thickness measurement bench and associated control and acquisition rack.
A similar device was used in the SILOE reactor (35 MW) to qualify various types of silicide fuels and
fuels based on uranium and aluminium alloy. After the definitive shutdown of the SILOE reactor at the
end of 1997, a new device was built for the OSIRIS reactor (70 MW). It enables qualification tests to
be carried out on the fuel at a higher power level. It is currently being used for further qualification tests
to those carried out at SILOE for the FRM-II reactor silicide fuel, and for the qualification of UMo
planned fuel for the future RJH reactor.
The irradiation box comprises a massive unit prolonged by two grooved side plates. Fuel plates to be
irradiated and inert plates are placed in these grooves, alternating (see figures 1 and 2). The width of the
cooling channel between the plates is 3mm in the case of SILOE and 3.6mm in the case of OSIRIS. In
both cases the device occupies, on the perimeter of the core, a location equivalent to that of a standard
fuel element. The fuel plates to be tested are removable and the inert plates are crimped in the device.
The mid-height plane of the plates corresponds to the mid-height plane of the core.
The IRIS device is cooled by the water of the reactor core cooling system. Because of the ascending
direction of the flow in the case of the OSIRIS reactor (different from that of the SILOE reactor),
special attention was paid to the locking of the irradiation device and of the experimental fuel plates, to
avoid the risk of their taking off because of the hydrodynamic thrust.
There is no alarm or automatic shutdown of the reactor directly associated with the IRIS irradiation
device, which is not instrumented. In the course of the irradiations, the experimental fuel plates placed in
the irradiation box receive the same surveillance as the fuel elements of the reactor core, in particular
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for cladding failure detection. Any failure of the cladding of an experimental fuel plate during the
irradiation would be detected by the core fuel integrity surveillance system, based on the detection of
delayed neutrons, and would lead to an automatic reactor shutdown if the maximum counting threshold
were exceeded.
After each irradiation cycle, the thicknesses of the experimental fuel plates are measured to ensure the
follow-up of their swelling versus the irradiation.
80 mm

Figure 1 - Irradiation device used in SILOE reactor

1 4 ou
1.27 mm
3,6 mm

Inert plates

Figure 2 - Irradiation device used in OSIRIS reactor

2. Conditions of use of the IRIS device in the SILOE and OSIRIS reactors
The qualification irradiations of silicide fuels were begun in SILOE in 1982 and ended in december
1997 with a qualification irradiation of a U3Si2 type fuel plate enriched to 93% for the FRM-II reactor.
The evaluation of the results of this qualification irradiation is presented below (paragraph 5).
The maximum surface power density authorized for the experimental fuel plates in SILOE was initially

36

150 W/cm2, and has been increased to 175 W/cm2.
In the case of the OSIRIS reactor, the conditions of use were defined with allowance for the
qualification programmes planned for the following types of fuels:
- homogeneous silicide fuel with a density of 3 gUtot/cm3 and enriched to 90% in 235U,
- mixed silicide fuel (with a zone at 1.5 gUtot/cm3 and another zone at 3 gUtot/cm3) based on uranium
enriched to 93% in 235U for the FRM-II reactor,
-

UMo fuel with a low enriched uranium (19.725% 235U) and having a variable Mo content,

- nitride type fuels.
The experimental plates were 641.9mm long, 73.3mm wide, and 1.27mm thick. The maximum weight
of Utot per plate will be 500g and that of 235U lOOg.
The maximum surface power density planned by the operator for the experimental fuel plates
is 277 W/cm2.
3. Safety documentation submitted by the operators of the SILOE and OSIRIS reactors
The safety documentation submitted by the operators of the SILOE and OSIRIS reactors presented, in
particular:
- thermohydraulic studies intended to determine the maximum power allowable for the experimental
plates,
- the mechanical design of the IRIS device, in particular the arrangements made to avoid the fuel
plates taking off because of the hydrodynamic thrust (case of the OSIRIS reactor),
- the programme of tests and checks planned before the first qualification irradiation of fuels,
-

studies of the radiological risks associated with the use of the IRIS device.

The operators applied to the experimental fuel the same safety requirements as to the core fuel. They in
particular required, for the experimental plates irradiated in the IRIS device, compliance with the
thermohydraulic safety criteria applied to the core, which are recalled below.
Presentation of the thermohydraulic safety criteria
As in the case of the core fuel of the SILOE and OSIRIS reactors, the arrangements made by the
operators are intended to avoid any deterioration of the cladding of the experimental fuel plates that
could result from corrosion of the cladding of the fuel or from local or generalized drying in a fuel
cooling channel.
The safety criteria applied by the operators are the following:
- no nucleate boiling under nominal power and flow conditions, with the worst-case uncertainties
cumulated at the hot spot,
- no flow redistribution and critical heat flux not reached in operation at the limits of the power and
flow safety thresholds, with the worst-case uncertainties cumulated at the hot spot.
This last criterion must also be satisfied in the following situations:
- loss of flow due to the failure of the primary pumps, with allowance for the inertia of their flywheel,
-

loss of flow due to the failure of the primary pumps with blockage of one of the pumps, with
allowance for the inertia of both other pumps (case of the OSIRIS reactor),
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- guillotine break of the primary circuit downstream of the primary pumps and upstream of the heat
exchangers.
It is recalled that these situations lead to automatic shutdown of the reactor and to a changeover to the
natural convection cooling configuration.
Check of satisfaction of the above-mentioned criteria
In the case of the SILOE reactor, the operator used the SILCOR code for the thermohydraulic
calculations concerning the reactor core. These calculations showed that:
- the heat flux at the hot spot leading to nucleate boiling under the nominal reactor operating
conditions is 190 W/cm2,
-

a flow redistribution could occur for a heat flux at the hot spot of 212 W/cm2.

In the case of the qualification irradiation of the fuel plate representative of the fuel planned for the
FRM-II reactor, the maximum surface thermal power density at the hot spot was limited to 175 W/cm2,
leaving a margin of approximately 8% with respect to nucleate boiling.
Case of the OSIRIS reactor
In the case of the OSIRIS reactor, the thermohydraulic calculations were done using the FLICA and
SIRENE codes developed at the CEA, which had already been used in 1995 when the OSIRIS reactor
was converted to the silicide fuel.
The results of these calculations, performed with allowance for the uncertainties and operating margins,
show that:
- the maximum heat flux that must not be exceeded to avoid the onset of nucleate boiling is
280 W/cm2, in the mid-height plane of the experimental fuel plate,
- the heat flux not to be exceeded in normal operation to avoid flow redistribution at the limits of the
safety thresholds is 459 W/cm2,
- the heat flux not to be exceeded in normal operation to avoid any risk of critical heat flux at the
limits of the safety thresholds is 277 W/cm2.
The operator has accordingly chosen 277 W/cm2 as the peak surface power density value not to be
exceeded in the mid-height plane of the hot channel of the experimental fuel plates.
4. Main results of the safety evaluations performed by the IPSN
Limitation of maximum power of the experimental plates
In the case of the SILOE reactor, the operator was able to show, thanks to the instrumentation placed in
the irradiation device, that the fuel was suitably cooled for the maximum power planned for the
experimental fuel plates (175 W/cm2). The check of compliance with the thermohydraulic safety criteria
therefore posed no problem.
In the case of the OSIRIS reactor, following the analysis performed by the IPSN, the operator was
asked to limit the surface power density at the level of the experimental fuel plates to the value
authorized for the fuel elements of the reactor, namely 231 W/cm2, instead of the 277 W/cm2 proposed
in the operator's documentation.
This limitation was motivated by the uncertainties associated with the calculation codes used, which do
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not correctly reflect the core fuel plate cladding temperature measurements made in 1997 using an
instrumented fuel element. These measurements also showed a significant disagreement between the
calculated and measured evolutions during the shutdown transients of the pumps on their inertia.
Furthermore, the measured heating of the water in the channels was 37°C, whereas the calculated
heating was 17°C. This difference was ascribed by the operator to an inadequate representation of the
primary circuit by the SIRENE code, in particular as regards the operation of the natural convection
valves.
In conclusion, the safety authority authorized the operator to perform the experimental irradiations in
the IRIS device while limiting the surface power density to 231 W/cm2, pending further information
concerning the validation of the calculation codes used. To date, the operator has not yet submitted this
additional information.
This approach enabled the operator to use the IRIS device for the experimental irradiations
approximately three months after submitting its documentation to the safety authority.
Radiological risks
Possible radiological risks in connection with the use of the IRIS device are:
-

risk of irradiation of the personnel while handling the irradiation box and the experimental fuel
plates,

-

risk of irradiation and/or of contamination of the personnel if there is a loss of integrity of the
cladding of a fuel plate or melting of the plate.

The arrangements proposed by the operator to limit these risks have been judged acceptable.
Nevertheless, the operator has been asked to update the evaluation of the radiological consequences of
melting in air of the experimental fuel plates to take account of the inventory of fission products at the
end of irradiation.
5. Evaluation by the IPSN of qualification of the fuel planned for the FRM-II reactor
The new research reactor for the Technical University of Munich (FRM-II reactor, P=20 MW) will use
a silicide fuel enriched to about 90% in 235U (densities of 1.5 g/cm3 and 3 g/cm3). In 1997, the future
operator of this reactor had a U3Si2 fuel plate enriched to 90% with a density of 1.5 g/cm3 irradiated in
the SILOE reactor. The aim of this irradiation was to qualify the thermal-mechanical behaviour of this
type of fuel. The burn-up level attained was 1.2xlO22 fissions/cm3 (corresponding to 55.8% of
consumed 235U).
The IPSN has assessed (for the benefit of the German safety organization GRS) the results of the
above-mentioned irradiation. This assessment covered the report submitted by the future operator of the
reactor giving the results obtained after 16 irradiation test cycles of the U3S12 fuel plate and the postirradiation examinations carried out, as well as a brief analysis of them.
The assessment carried out by the IPSN has been focused on the only one fuel plate with a density of
1.5 g/cm3, which is representative regarding the uranium density of part of the fuel to be loaded into the
FRM-II reactor. The fuel assembly of FRM-II reactor will also contain U3Si2 fuel with a density of
3 g/cm3, on which irradiation tests are currently being performed in the OSIRIS reactor.
The above-mentioned assessment made it possible to verify mainly :
- the validity of the measurements and analyses made as regards burn-up (based on gamma
spectrometry) and oxide layer thickness, making allowance for various uncertainties,
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- the correct behaviour of the fuel plate in the presence of the swelling phenomenon, which did not lead
to any loss of the integrity of the fuel cladding. In particular, it was possible to demonstrate the
validity of the linear relationship between swelling and burn-up, and consistency with results taken
from the literature for plates enriched to a lower extent has been verified,
- the swelling measured (around 50 um after subtracting the oxide layer thickness) is consistent with
the predictions (54 um) for a fission density of 1.2xlO22 fissions/cm3, making allowance for
uncertainties.
The results obtained from the irradiation campaigns carried out in the SILOE reactor indicate that the
use of the tested fuel type for the FRM-II reactor is acceptable.
Conclusion
The safety documentation concerning experimental devices used for the qualification of new fuels for
research reactors must include clear information about the validation of the calculation codes used, in
particular as regards thermohydraulics. The use of fuel plates instrumented with thermocouples when
the qualification irradiations are begun may be an efficient way to confirm the adequate cooling of the
experimental fuel. The evaluation performed by the IPSN for GRS did not call into question the choice
of type of fuel for the FRM-II reactor. It was a good example of co-operation between two safety
organizations.
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1. UMo DEVELOPMENT PROGRAM
The high-density UMo fuel has been irradiated in two reactors : the OSIRIS reactor for
standard conditions, and the HFR reactor for severe conditions that meet RJH
requirements.
This paper gives the first results of theses irradiations and presents the next steps in the
French development program on SgU/cnf UMo fuels.
Two alloys have been tested in each experiment: U-7%Mo and U-9%Mo. In OSIRIS the
enrichment of Uranium is 20%, and in HFR both 20% and 35% have been used.

2. PLATE MANUFACTURING AT CERCA
The experimental full-sized plates have been made by CERCA with ground powder. The
table below gives the main characteristics of the plates.
1
Reactor

2

3

4

5

6

7

HFR

OSIRIS
7.6

8.7

8.7

7.6

6.6

8.7

9.6

Enrichment (%)

19.65

19.66

19.66

19.65

34.54

19.66

34.86

Ufe)

150.38

145.47

145.59

149.99

150.35

145.34

144.43

29.55

28.60

28.62

29.47

51.93

28.57

50.35

Meat density (gU/cm )

8.3

8.1

7.9

8.2

8.1

8.0

8.2

Porosity (%)

12.4

10.9

13.0

13.5

14.7

11.5

10.8

%Mo in alloy

235

u (g)
3

Table 1 : characteristics of UMo plates
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3. IRRADIATION IN HFR PETTEN
3.1 IRRADIATION CONDITIONS
A special irradiation device has been used to irradiate four plates. This UMUS device
was in the D2 peripheral position in the core.
Neutronic calculations indicated a maximal nominal cladding temperature of 110°C on
the low enriched plates and 135°C on the higher enriched.
The plates have been irradiated for 48 EFPD (equivalent of 10%burn-up) from April
to June 2000. At the end of the second cycle, the experiment has been unloaded from
the core due to a failure detected in reactor and confirmed afterward from water
sampling. The device has been cooled down in the reactor pool for 3 months and
transported into hot cells for examinations.
3.2 EXAMINATION RESULTS
Non destructive examinations have been carried out in the Hot Cells Laboratory of
NRG Petten at the end of the year 2000.
The first visual examinations clearly revealed that the two 35% enriched plates were
damaged (Figure 1). They show large spots with decolourised zones.

Figure 1 : Visual examination of irradiated plates

Figure 2 : Crack in the failed plate
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The high enriched U-9%Mo plate (N° 4) failed at the maximum flux location where a
7mm long transversal crack can be observed (Figure 2).
The two low enriched plates seem to have had a good behaviour. The oval-shaped
spots are likely due to the neighbouring hot plates.
The gamma spectrometry revealed normal axial profile according to the flux profile
(Figure 3), except on the failed plate on which a loss of Zr95 clearly appears.
Transverse profiles are also related to the flux gradient in the plates.
Plaque U-Mo 2055. distribution longitudinal <Jes PP

Figure 3 : Zr95 longitudinal profile
Thickness measurements have been performed on the three non failed plates (the
failed plate could not be measured due to the contamination). The thickness increase
on the low enriched plates is lower than 20um, and the maximum is reached at the
maximum flux location. The thickness reached 100 urn on the U-7%Mo 35% enriched
plate.
In conclusion it can be inferred from these examination that the behaviour of the 20%
enriched plates is acceptable, and that their irradiation could have been carried out.
On the other hand, the two 35%enriched plates had a similar behaviour leading to a
non acceptable deformation.
3.3 FOLLOW-UP
The destructive examination that are necessary to get an explanation of the origin of
the failure are foreseen in the second trimester of 2001. Mainly metallographic and
SEM examinations are going to be performed on two of the plates.
3.4 STATUS AS OF MARCH 2001
The cause of the failure and the deformation of the high enriched plates is not yet
known. The first investigations clearly show on the one hand that fabrication defects
are not responsible of the failure, and on the other hand that the failure is closely
related to the high irradiation conditions of the high enriched plates.
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4. IRRADIATION IN THE OSIRIS REACTOR
4.1 IRRADIATION CONDITIONS
The device used allows to unload the plates between each cycle for swelling
measurements. Two plates have been irradiated with U-7%Mo and U-9%Mo alloys
and 20% enrichment.
The experiment was in a peripheral location in the core. The table 2 gives the
estimated values of plate power and cladding temperature and burn-up levels.
Total
duration
(EFPD)

Average burn-up
(%)

Maximum surfacic
power (W/cm2)

Maximum cladding
temperature (°C)

Maximum fuel
temperature (°C)

U9Mo U9Mo U7Mo U9Mo U9Mo U7Mo U9Mo U9Mo U7Mo U9Mo U9Mo U7Mo
i

I

2

1

2

2

I

2

4

1

1

132

121

75

73

89

85

26

7

7

120

109

72

70

84

81

46

12

11

130

120

75

69

88

85

68

17

107

69

80

86

21

106

69

79

108

6

26

138

101

77

67

91

78

130

12

30

125

90

73

65

86

74

152

17

34

101

72

66

59

77

67

176

23

38

110

80

69

62

80

70

195

27.1

41.1

95.9

68.3

65

58

75

65

214

30.4

43.7

85.2

61.9

63

56

71

63

241

35.8

47.7

90.0

66.7

64

58

73

65

Table 2: plate power & cladding temperature
The maximum burn-up reached are locally 54% in U-9%Mo and 67% in U-7%Mo.
4.2 SWELLING
Swelling measurement have been carried out after each cycle on both plates. The
figure 4 shows the variations of plate thickness along a longitudinal line at different
stages of irradiation.
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Figure 4: swelling measurement on U-7%Mo plate
At the end of the irradiation the swelling of the U-7%Mo plate is 37jim in average
and the maximum is 57um, which is very acceptable according to the burn-up
reached.
4.3 F O L L O W UP
A y-spectrometry will be performed in Saclay in order to confirm the calculated values
of power and temperature.
After a few months of cooling down, the plates will be transferred to Grenoble. Non
destructive examinations and some of the destructive examinations are foreseen in the
second semester of 2001.

5. NEXT STEPS OF THE PROGRAM
On the basis of the results of these experiments the next irradiation will only be concerned
with U-7%Mo alloys.
A second series of tests is under preparation on full-sized test elements. The expected bumup is 50 or 60%. The density will be 8 gU/cm3 and the enrichment 20%.
This program is in accordance with the initial time schedule that lead to a qualification of
the 8gU/cm3 UMo fuel in 2005.
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ABSTRACT
CNEA, the National Atomic Energy Commission of Argentina, is at the present a qualified
supplier of uranium oxide fuel for research reactors. A new objective in this field is to
develop and qualify the manufacturing of LEU high density fuel for this type of reactors.
According with the international trend Suicide fuel and U-xMo fuel are included in our
program as the most suitable options.
The facilities to complete the qualification of high density MTR fuels, like the
manufacturing plant installations, the reactor, the pool-side fuel examination station and the
hot cells are fully operational and equipped to perform all the activities required within the
program.
The programs for both type of fuels include similar activities: development and set up of
the fuel material manufacturing technology, set up of fuel plate manufacturing, fabrication
and irradiation of miniplates, fabrication and irradiation of full scale fuel elements, postirradiation examination and feedback for manufacturing improvements. For suicide fuels
most of these steps have already been completed. For U-xMo fuel the activities also include
the development of alternative ways to obtain U-xMo powder, feasibility studies for large
scale manufacturing and the economical assessment. Set up of U-xMo fuel plate
manufacturing is also well advanced and the fabrication of the first full scale prototype is
foreseen during this year.
1.

Introduction

CNEA. the National Atomic Energy Commission of Argentina, is a qualified and reliable supplier of
uranium oxide fuel for the domestic market and also for the international market [1J. Mainly because
of the reduction of enrichment programs, new types of fuels are required by reactor operators.
Therefore CNEA's objectives in this field include the development and qualification of LEU high
density fuel manufacturing for this type of reactors. According with the international trend Suicide
fuel and U-xMo fuel are included in the program as the most suitable options.
This paper briefly describes some of the activities performed within these programs and provides
results obtained during their different steps.
2.

High density fuels

When the U3O8 fuels development and set up at industrial scale was completed CNEA activities were
focused in the development of high density U3Si2 fuel with a density of 4.8 gU/cm3 and the
improvement of the manufacturing process to obtain the U3SÍ2 powder. More recently and according
with the international trend in this field, CNEA started also with the development of a new type of
fuels bearing very high density fuel materials (U-xMo) and a density up to 7 gU/cm3.
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Qualification programs of similar characteristics were established for both type of fuels. These
programs are described in the following points.
3.

Description of the Qualification Programs

The programs for both type of fuels include the following activities: development and set up of the
fissile compound manufacturing technology, set up of fuel plate manufacturing, fabrication and
irradiation of miniplates, fabrication of fuel assembly prototypes for irradiation, post-irradiation
examination and feedback for manufacturing improvements. For silicide fuels most of these steps has
already been completed. For U-xMo the fabrication of the first full scale prototype is foreseen during
2001.
4.

CNEA's Facilities

The facilities required for the qualification of high density MTR fuels, like the manufacturing plant,
the pool-side fuel examination station and the hot cells were lengthy described in [2]. This facilities
are fully operational and equipped to perform all the activities needed to complete the programs.
As was previously reported [3], the fabrication facilities were improved and upgraded to set up the
equipment necessary for silicide material fabrication. The RA-3 reactor is being upgraded to 10 MW
and the hot cells are also operating. These hot cells have been already used for the non-destructive
examinations of P-04, the first silicide fuel element manufactured and irradiated in Argentina.
5.

Status of the silicide fuel qualification

As was mentioned, most of the steps related with the qualification of silicide fuel has been already
completed. PIE of the first full scale demonstration fuel element (P-04) is almost finished. One FE (P06) is being irradiated in the RA-3 and another one will be loaded in April. Figure 1 shows a
simplified schedule of the operational stage of this program.

Task
P-06 Fabrication
P-06 Irradiation

2001
2003
2000
2002
1 2 3 | 4 1|2 3 4 1 2 3 4 1 | 2 | 3 4

\

•—

P-06 Pool-side inspection
P-07 Fabrication
P-07 Irradiation
P-07 Pool-side inspection

L.

P-06 Cooling down
PIE P-06 in Hot Cell
P-07 Cooling down
PIE P-07 in Hot Cell

1
h

Figure 1: Simplified Schedule of the Silicide Fuel Manufacturing Qualification
5.1 Considerations about using U3Si2 and its manufacturing process
The use of U3Si2 in research reactors has been widely evaluated and demonstrated within the
framework of the RERTR program. The aspects associated to the use of U3Si2 as fuel material were
analyzed and evaluated by the US Nuclear Regulatory Commission, the results of such evaluation was
included in the NUREG-1313 report [4].
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The U3Si2 used in our qualification program is fully manufactured in CNEA fulfilling NUREG-1313
recommendations. Its development and results were reported in [5],
5.2

Main characteristics of U3Si2

The total uranium and silicon contents of the U3Si2 ingots are checked and a metallographic control is
also carried out. Typical contents of U and Si are 91,76 % and 7,53 % respectively.
Once the grinding process is completed, the material is sifted and adequately mixed to obtain, as
shown in Figure 2, a powder with a maximum particle size below 100 urn and with under 50 % of
particles below 45 urn. The density of the resulting powder ranges from 12 to 12.1 g/cm3.

x<45

75>x>45

90>x>75

100>x>90

x>100

Particles Size
Figure 2: Particle size distribution for U3S12 powder production
The content of impurities is well controlled and the typical uranium plus silicon content in the powder
is above 99.3 weight %.
5.3

Fuel Plate manufacturing

The fuel plate manufacturing has been set up. Figure 3 shows a typical distribution of plate thickness
along a fuel plate, at 9 different positions

Figure 3: Typical distribution of plate thickness along a fuel plate
At the present the set up of the manufacturing of thinner plates (1,3 mm) is completed and the results
are being evaluated.
5.4

Full Scale Fuel Element Irradiation

The qualification program of silicide fuels includes the irradiation of two full scale fuel elements.
The following Table shows a comparison of the main parameters of both fuel elements P-06 and P-07

Fuel

U3S12 - Al

Fuel Plates

Meat dimensions

Length

[mm]

Width

[mm]

Thickness

Length

Outer

[mm]

Width

Thickness

Cladding Thickness

19

20

619

615
60

0,51

0,61

735

735

655

665

70,8

70,5

1,5

1.5

Inner
Outer

[mm]

Inner
Fuel Plate dimensions

P-07

P-06

Fuel Element

Outer
Inner
Outer

[mm]

[mm]

1,35

Inner
Outer

[mm]

0,45

0,495

0,37

Inner
U3Si2-Al Density

[g/cm3]

Enrichment U235
Utotai Density

Gap between fuel plates

6,54

6,54

19,78 ± 0,012 %U weight
[g/cm3]
mm

4,8
2,7

2,6

The first pool-side inspection of P-06 after 3 month of irradiation was completed; no undesirable or
unusual findings were reported. Figure 4 shows a picture of the element with backlighting during the
inspection.

Figure 4: Picture of element P-06 during the pool-side inspection
6.

Status of U-Mo fuel qualification

Another objective of CNEA is to develop and qualify the technology for the production of highdensity LEU fuel elements using U-xMo alloy.
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6.1 Alternative manufacturing routes
One of the main activities related with this program is the development of alternative U-Mo
fabrication routes. The most suitable options at the present are: Conventional Atomization, Cyclonic
Centrifugal Atomization (CCA) and the hydriding and dehydriding technique. Initial results using this
process were reported in [6]. The activities related with the alternative routes will include full testing
and irradiation with U-Mo powder coming from different routes and finally the development of
powder specifications. The main characteristics under analysis are the shape and size distribution of
the U-Mo particles and the content of impurities.
6.2

Setup of Fuel Plate Manufacturing and Irradiations

Currently the main activity within this program is the adjustment of fuel plates manufacturing using
natural U-7Mo powder supplied by KAERI and prepared by the centrifugal atomization process.
Several fuel plates have been manufactured. The influence of filling technique and tooling has been
analyzed. Uranium density is 7 gU/cm3. Porosity within the plates is close to 5 %. The process is now
under further improvements and refinements. Quality control techniques arc also being set up for this
material and the fuel plate fabrication is expected to be consolidated before the end of this year.
6.3

Irradiation

The next step will be the fabrication and irradiation of full-size fuel elements. To fulfil this objective
fuel plates will be fabricated using LEU U-7Mo also from KAERI. At the present it is planned to build
three full-sized fuel elements for irradiation in the RA-3 reactor. The target burnup will be 50-70 %
and the irradiation of the first of these fuel elements is expected to start by the end of 2001.
7.

Conclusions

CNEA has built a wide experience on designing, development, qualification and fabrication of MTR
fuel elements. In the high density fuels area, U3Si; qualification is well advanced and U-Mo
development and qualification is in progress. The development and qualification of these technologies
associated with the fabrication and irradiation of U^Si? and U-xMo fuels in Argentine research reactors
will allow CNEA to fulfill satisfactorily the new requirements of potential customers.
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ABSTRACT
Decrease of public trust to research reactors causes the concern of experts working in this
field. In the paper the reasons of public mistrust to research reactors are given. A new
technology of 99Mo production in the "Argus" solution reactor developed in the Russian
Research Centre "Kurchatov Institute" is presented as an example assisting to eliminate
these reasons. 99Mo is the most widespread and important medical isotope. The product
received employing a new technology completely meets the international specifications.
Besides, the proposed technology raises the efficiency of 235U consumption practically up
to 100 % and allows to use a reactor with power 10 and more times lower than that in the
target technology. The developed technology meets the requirements of the community to
nuclear safety of manufacture, reduction of radioactive waste and non-proliferation of
nuclear materials.

Introduction
RRFM annual conferences held by the ENS allowed to achieve a certain success in the increase of the
understanding degree of research reactors (RR) necessity, both in the scientific societies and at the
political level. At the same time, it is necessary to discuss not only the problems of the RR persistence
but to proceed to a "new" level of discussion - the complex approach to a choice of new nuclear
technologies and as consequence to RR development.
Unfortunately from the beginning of 1990s the tendency to the decrease of public trust to RR,
premature shutdown and refusal to construct new RRs is observed in the world. The principal reason
for this are the community concern about:
the RR nuclear and radiation safety;
employment and proliferation of highly-enriched nuclear materials;
safety in processing and storage of spent nuclear fuel and radioactive wastes.
The new technology of 99Mo production in the"Argus" solution reactor developed in the Russian
Research Centre "Kurchatov Institute" (RRC KI) is proposed as an example of assisting to eliminate
these reasons.
99

Mo is the most widespread and important medical isotope. Production of that in necessary quantities
is feasible only by means of extraction from 235U fission products and the research type reactors are
used for these purposes . The satisfaction of public demands for 99Mo can be an important factor
increasing the public interest to RRs and development of those.

The traditional method of "Mo production based on irradiation and processing of uranium targets is
widely spread and protected by the Cintichem, Nordion, etc patents. This method includes the
following stages: fabrication of uranium targets; irradiation of targets in a nuclear reactor; dissolution
of targets; "Mo extraction from uranium and purification from fission products [1,2].
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This method is extremely inefficient from the point of view of uranium use and requires the creation
of the high-flux power reactors, hot cells with improved protection]!].
The analysis of the traditional method of 99Mo production results in the conclusion, that the realization
of that in the RR do not promote the elimination of reasons for the public mistrust.
Really, the majority of sagnificant manufacturers of 99Mo employ highly-enriched uranium (more than
90 % in 235U). During the target irradiation only ~ 0.4 % of uranium is used for 99Mo generation.
Uranium consumed to maintain reactor operation is not employed in the product generation. After
99
Mo extraction, 99.6 % of the target uranium goes to waste as a rule. The evidence of this is the fact
that in 1995, the US DOE developing the concept of own production in the SNL, made the following
conclusion:"Uranium will not be recovered either from the solutions or from solid wastes because it is
not economically feasible and impossible to recover it at other DOE recovery sites" [1].
Certainly, there are ways for uranium recycling, but those demand additional expenses and special
technology, increase volumes of radioactive wastes as well as complicate the fabrication of targets.
In the resent years, many countries are striving to proceed to use low-enriched uranium for research
reactors and, in particular, to develop targets with ~ 20 % enrichment in 235U [3, 4]. However, these
targets considerably rank highly-enriched targets in such parameters as 99Mo specific output, total
quantity of irradiated uranium, quantity of radioactive waste and generation of plutonium. The
problem of uranium recycling is also not solved.
Targets are irradiated in research reactor cores with power ranging from 10 up to 40 MW [1]. In this
case, it is necessary to take into consideration the introduction of positive reactivity and heat
generation in the targets. High power of reactors determines their potential danger, limits their location
in the populated regions, complicates licensing issues.
In the traditional method of 99Mo production, a total activity of radioactive waste is determined both
by the activity of targets at each production cycle and by the activity of a nuclear reactor fuel.
As all fission products generated together with 99Mo are present in a target, it is necessary to trap all
generated radioactive inert gases (Kr, Xe) when target is dissolved in hot cells. In particular, on
dissolution of a target in nitric acid there is a sharp release of iodine in the steam - gas phase within a
short time interval. This creates a large loading on system of gas purification of the given manufacture
[2].
In RRC K.I, a new technology of 99Mo production in the "Argus" solution reactor was developed and
tested. This technology can allow not only to meet the public need in 99Mo but also to promote the
elimination of the reasons for public mistrust to RRs.

Development of a New Technology and Creation in the RRC KI of a Demonstration
Complex for 99Mo Production and Extraction from "Argus" Reactor Fuel Solution
"Argus" is a homogeneous solution thermal-neutron reactor (Fig. 1) [5].
The reactor core is the uranyl sulfate water solution enriched up to 90 % in 235U located in a welded
cylindrical vessel with a hemispherical bottom and a flat cover. Vertical "dry" channels are installed in
the vessel: the central and two symmetric peripheral ones. Control and regulation rods are located in
the peripheral channels. The core elements contacting with a fuel solution are made from stainless
steel. The reactor vessel is surrounded with a side and bottom graphite reflectors.
Gaseous products of fuel solution radilysis are regenerated by the system including a catalytic
recombiner, a heat exchanger and pipelines, which together with the vessel forms a sealed system
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excluding the leakage of fission products into the environments. The regeneration system is based on
the principle of the natural circulation of a gas mixture along the circuit.
In the course of the new technology development for 99»Mo production in the "Argus" solution reactor
in the RRC KI various organic and inorganic sorbents were investigated and modified for Mo
selective extraction from the fuel solution. The inorganic sorbent based on titanium oxide was chosen,
and studies on 99Mo desorption and purification from fission products were carried out. As a result of
these works, 99Mo purification process was developed that now undergoes tests. To realize this process
a special equipment for remote operations in hot cells was designed and fabricated.
In order to improve the technology of 99Mo production the demonstration complex for Mo
production and extraction from the "Argus" reactor fuel solution was created in the RRC KI. A
condensate collector was installed into the reactor regeneration system to accumulate a part of
regenerated water during the reactor power operation. The experimental facility which included a
hydraulic circuit with the necessary equipment, the system for the remote installation of a sorption
column and pumping a fuel solution through as well as a control system was mounted to the reactor.

Installation
system

Hi - O) recombiner

Reactor vessel with UO2SO4

Pump
Reflector
(graphite)

Fig 1. The scheme of a Demonstration Complex on the Basis of the "Argus" Reactor.

The process of Mo production in the solution reactor is carried out as follows.
The reactor is brought to power and produces 99Mo in the reactor fuel solution. All uranium required
for maintenance of the reactor power, is spent for Mo production. Then the reactor is shutdown, held
for some time, and then the fuel solution is pumped through the sorption column containing a special
inorganic sorbent based on titanium oxide which provides the first stage of 99Mo extraction from the
bulk of fission products. The fuel solution is returned into the reactor, in this case uranium is not
sorbed. In order to remove completely the fuel solution from the sorption column, it is washed out by
the accumulated regenerated water. The regenerated water is also returned into the reactor. Thus, the
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system remains closed and as a result 99 Mo extraction does not cause changes of the composition and
neutron-physical characteristics of the reactor core.
Then the column is disconnected from a reactor and moved to the hot cells where
purification are performed, and the reactor is again brought to power.

99

Mo desorption and

The demonstration complex has the following basic characteristics: reactor power - 20 kW,
enrichment - 90 % in U, productivity ~ 200 Ci 6-day Mo per week.
The demonstration complex operation resulted in 99 Mo production the quality of which was analyzed
by experts from RRC KI. The quality of produced 99 Mo was confirmed by the independent test in
West Europe. Results of the analysis are given in Table I.
During 99 Mo production in the solution
reactor all unconsumed uranium is returned
into the reactor core and is used in the next
production cycles. With this method of
9
Mo production, the efficiency of uranium
consumption, improved by two orders in
comparison with the traditional method and
comes to 100 %. Besides, the necessity of
uranium processing and fabrication of
targets is eliminated.

Alfa Impurity
Total Alfa/99Mo
Beta Impurity
S9
Sr/99Mo
90
Sr/ 99 Mo

The solution reactor technology allows to
use the uranyl sulfate water solution with
the enrichment less than 20 % in 235U that
meets the IAEA requirements, solves a
problem of non-proliferation and allows
develop this technology in the different
countries.

Gamma Impurity
13l
I/"Mo
103
Ru/99Mo
Other Gamma, Beta
Total/ 99 Mo
l32
Te/ 99 Mo
133 99
I/ Mo
126
Sb/99Mo

Table I
Results of the analysis
Test

99

Mo

European
specifications

Result

< 1.0-10"9

1.4-10-10

<6.0-10" 7
<6.0-10" 8

6.4-10"9
6.4-10"10

<5.0-10" 5
<5.0-10" 5

1.1-10"5
0.9-10"6

< 1.0-10"4

<1.0-10" 4
4.4-10"5
3.4-10"7
2.7-10"7

On " M o production in the solution reactor, a total activity of radioactive wastes is determined only by
the activity of the reactor fuel, which power (and activity) 10 and more times lower than that of
traditional reactor.
It should be noted that radioactive inert gases generated during uranium fissioning leave the solution
due to radiolitical boilings and are localized in the regeneration system where they decay. This process
has been investigated and confirmed experimentally [6]. Thus, on the sorption column processing in
hot cells there is only a part of gaseous fission products that determines abatement of production
ecological danger.
The technology proposed by the RRC KI allows to employ the solution reactor with power 10 and
more times lower in comparison with that of the traditional reactor. This reduces the production
potential danger as well as possible consequences in case of an accident with the release of radioactive
materials into the environments.
Besides, the solution reactor has an inherent safety determined by the negative power reactivity effect,
by the opportunity of cooling down due to the natural air convection, by the lack of local overheatings,
low temperature of the solution (up to 90°C) and pressure in the reactor vessel (below the atmospheric
one). There are also no problems of fuel "swelling" during the campaign in the solution reactor.
A twenty year operating experience of the "Argus" reactor demonstrates a practical absence of
radiating loadings on the personnel and environment, safe operation at any unplanned malfunctions of
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the equipment and mistakes of the personnel and the opportunity to locate the reactor in the populated
regions.
Thus, the developed technology of 99Mo production is capable not only to meet the public need in
99
Mo but also to promote the elimination of the reasons for the public mistrust to research reactors.
This is the fact that explains the interest of our partners in the development of this technology, both the
private (TCInternational Inc., Albuquerque, US) and federal ones (US DOE, Argonne National
Laboratory), as well as the attractiveness of this project for young experts. The participation of young
generation may play an important role in the ensuring of public trust and further progress of research
reactors.
As the following stage of work in the RRC KI in this line of RR employment there will be a project on
the creation of the technological module consisting of the reactor facility and hot cells, with the
following basic characteristics: reactor power - 100 kW, enrichment < 20 % in 235U, productivity ~
1000 Ci 6-day 99Mo per week.
Conclusions
1.

2.

3.

4.

The new technology of 99Mo production in the "Argus" solution reactor wss developed and
experimentally tested in RRC KI. 99Mo sample, produced in the RRC KI, completely satisfies the
adopted international specifications.
The proposed technology allows to improve the efficiency of 235U consumption practically up to
100 % and also to use the reactor with power 10 and more times lower than that used in the
traditional technology.
The developed technology allows to improve the safety level of 99Mo production and to reduce
the quantity of radioactive wastes that promotes the elimination for the reasons of public mistrust
to research reactors.
The new technology may transfer 99Mo production to the use of only low-enriched uranium that
also meets the public interests.
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FAST REACTOR CORE MANAGEMENT IN JAPAN :
TWENTY YEARS OF EVOLUTION AT JOYO
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Experimental Reaetor Division, Irradiation Center, Oarai Engineering Center
Japan Nuclear Cycle Development Institute
4002 Narita, Oarai, Ibaraki 311-1393 JAPAN

ABSTRACT
Twenty years of operations at the experimental fast reactor JOYO provide a wealth of
experience with core and fuel management. This experience has been applied to several core
modifications to upgrade JOYO's irradiation capability. Core physics tests and Post
Irradiation Examination (PIE) results have been used to confirm the accuracy of neutron
diffusion theory calculations. These experiences and accumulated data will be useful for the
core design in future fast reactors in Japan's development.

1. Introduction
The experimental fast reactor JOYO at Oarai Engineering Center of Japan Nuclear Cycle
Development Institute operated from 1983 to 2000 with the MK-II core as an irradiation test bed to
develop the fuels and materials for future Japanese fast reactors. Thirty-five duty cycle operations and
thirteen special tests with the MK-1I core were completed by June 2000. The reactor is currently being
upgraded to the MK-II I core.
In order to predict the core parameters for operation and refueling plan within the design
limitation, a core management code system has been developed. The nuclear calculation was based on
diffusion theory and corrected with a bias method. Results from the core physics tests and Post
Irradiation Examination (PIE) have been used to confirm the accuracy of these predictions. These
verifications are also important to conduct various irradiation tests accurately. This paper describes the
method and verification for core and fuel management used with the JOYO MK-II core.
2. Specifications and Operation History of JOYO
JOYO is a sodium cooled fast reactor with mixed oxide (MOX) fuel. The main reactor
parameters of the MK-II core are shown in Table 1, which compares the MK-II and the future MK-1II
cores. The MK-II driver fuel plutonium content is about 30wt%. Initially l o U enrichment was about
12\vt% (J1 fuel), however this was increased up to 1 8wt% (J2 fuel) since 1987 to provide enough
excess reactivity so that the core burn-up be increased. Consequently, the operational period was
extended from 45 days to 70 days and the plant availability was increased. Since 1998, some of the
MK-I11 driver fuel subassemblies. which lias the same specification as the MK-II except a shorter fuel
stack length, were loaded in the outer region of the core. The number of driver and irradiation fuel
subassemblies was gradually increased from 67 to 76 by loading the MK-III driver fuel.
Six control rod subassemblies made of 90% enriched B4C were used in JOYO MK-II. These have
the same specifications with both control and safety functions. In normal operation, all the control rods
are inserted at equal axial elevations. The control rod subassemblies were located symmetrically in the
third row. In 1994, one control rod was moved to the fifth row to provide a position for irradiation test
assemblies with on-line instrumentation. Since then, the control rod subassemblies have been loaded
asymmetrically. Figure 1 shows the MK-II core configuration.
The operating data and history of the JOYO MK-II core are shown in Fig. 2 and Table 2. The
reactor operated for 48,000 hours and the integrated power generated was 4,400GWh. During the
MK-II operation. 382 driver fuel subassemblies and approximately 47,000 fuel pins were irradiated. A
peak burn-up value of 86.0 GWd/t was attained for the MK-II driver fuel without any fuel pin failures.
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3. Core Management Method
The MAGI calculation code system was developed to predict the reactor parameters required for
core and fuel management of JOYO MK-II1'1'21. Figure 3 shows the MAGI system outline. MAGI is a
neutronic and thermo-hydraulic coupling code system that calculate the excess reactivity, power
distributions, fuel bum-ups, coolant flow rate and temperature condition of each subassembly. MAGI
uses diffusion theory with seven neutron energy groups for the nuclear calculations.
The neutron cross section was collapsed from the 70 group JFS-3-J21'1 cross section set processed
from the JENDL-2 library. The gamma-ray cross section including delayed fission gamma-ray was also
processed from the JENDL-2 library to improve the calculations of gamma heating in stainless steel.
The core configuration was modeled in three-dimensional Hex-Z geometry for each operational cycle.
The actual reactor power history was used in the burn-up calculation.
MAGI supported the refueling plan for each operational cycle. The number of fresh driver fuel
subassemblies and their position were determined within design limitations of neutronic and thermal
parameters with consideration for the following items; (1) burn-up of fuel subassembly, (2) operation
period of the cycle, (3) neutron fluence and temperature condition of the irradiation test subassemblies.
The number of discharged spent fuel subassemblies is approximately from 10 to 12, one sixth of total
driver fuel subassemblies. Therefore, the MAGI calculation needs to be verified in each operation cycle
due to frequent refueling which affects the core characteristics and irradiation conditions significantly.

4. Verification of Core Management
4.1. Core Physics Tests in Each Operational Cycle
Criticality and Burn-up Reactivity
The excess reactivity in a zero power critical condition was measured at the reactor start-up of
each operational cycle. Measured data were compared with the calculated values by MAGI that
included the bias factor (C-E) correction obtained for the previous cycle. The comparison of calculated
and measured values is shown in Table 3. By using this bias method, it was found that the excess
reactivity after refueling can be well predicted within an error of 0.1 %Ak/kk'.
The burn-up reactivity was determined by measuring the reactivity change during rated power
operation. Measured values were compared with the MAGI burn-up calculation and both agreed within
5 % as shown in Table 3. It is considered that the decrease of atomic number densities of major fissile
nuclides as ~"U and ~9Pu are the dominant factor of burn-up reactivity because of JOYO's small
reactor size, which results in hard neutron spectrum and small internal conversion ratio (-0.3).
Therefore, the burn-up reactivity can be predicted accurately even at a high burn-up.
Control Rod Worth
Every control rod worth was calibrated with either the positive period method or the inverse
kinetics method during the low power test of each operational cycle. The calculation was conducted
with the CITATION code based on 3-D diffusion theory using the same cross section, geometry and
atomic number densities as MAGI. After correcting with the previous cycle's C/E, the calculated
values were compared with the measurements. Table 3 shows that both agreed within 2%. When one
control rod was moved from the third row to the fifth row in 1992, the worth of the relocated rod was
reduced to one third. The accuracy of calculation, however, was not changed significantly.
Reactivity Coefficients
Reactivity coefficients are important not only for safety reasons but also to account for reactivity
change associated with temperature and power changes during the reactor operation. The measured
values are used to predict the reactivity change for the next operational cycle.
The isothermal temperature coefficients were measured by taking the difference of reactivity at
approximately 250 °C and 370°C during reactor start-up. The measured isothermal temperature
coefficients were constant through the MK-II operation because they were determined mainly by radial
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expansion of the core support plate, which is independent of burn-up. However, when the core region
was gradually extended since 32nd cycle, the isothermal temperature coefficients were decreased as
predicted with the mechanism. Table 4 shows these values.
The power coefficients were measured at the reactor start-up and shutdown in each operational
cycle. Figure 4 shows that the measured power coefficients decreased with increasing core burn-up. It
was considered that the fuel thermal expansion, which is the major component of the power coefficient,
decreases at high burn-up due to fuel restructuring during irradiation. It was also observed that the
power coefficients varied depending on the reactor power as shown in Fig. 5. This phenomenon
appeared to be due to a combination of the core bowing effect, fuel thermal expansion and Doppler
effects. These causes need to be further investigated.
4.2 Post Irradiation Examination (PIE)
The calculation accuracy of MAGI's axial power distribution was confirmed by comparing the
relative distribution of measured ( m Pr) and calculated fuel burn-up. The burn-up measurement was
taken in the JOYO spent fuel storage pond'4). The spent fuel subassembly was contained in a stainless
steel can, and it was set on a fuel-scanning device. Axial and circumferential gamma-ray distributions
were measured using a high purity germanium (Ge) detector by moving the fuel scanning system
vertically and by rotating itself around the fixed detector. As illustrated in Fig. 6, the MK-11 spent fuel
subassembly with a burn-up of 62.5 GWd/t and cooling time of 5.2 years was measured. It was shown
that the measured and calculated values by MAGI were close except at the upper region of the fuel
column, apparently due to the calculation error of neutron absorption by control rod.
Chemical analysis of M8Nd was conducted at the hot cell facility. As M8Nd is one of the stable
fission products and its fission yield is highly reliable, ltsNd production obtained by destructive
examination has been commonly used as a burn-up index [S|. The calculated and measured burn-up
ratios for the MK-11 spent fuel from 0.3 atom % to 8.7 atom % is shown in Fig. 7. Measured results
agreed with the MAGI burn-up calculation within 5% in each row.
4.3 Reactor Dosimetry
The neutron flux calculation error rate was evaluated to be less than 5% in the fuel region
according to the comparison between MAGI and reactor dosimetry test results. Figure 8 shows an
example of adjusted neutron spectrum based on the foil activation method at the core center position of
the MK-11. The dosimetry test results were used to correct MAGI calculation to assure the neutron
fluence to be used in the post irradiation test analysis. Helium Accumulation Fluence Monitor (HAFM)
has been developed to improve the accuracy in long-term irradiation tests.
5. Conclusions
Core and fuel management techniques for fast reactors have been developed through successful
operation of the JOYO MK-II core. The core characteristics and fuel burn-up calculations were verified
by core physics tests and PIE results and the verifications are important to conduct irradiation tests
accurately. These experiences and accumulated data are expected to be used for the design of future fast
reactors. This experience is also useful for upgrading JOYO's core to the MK-111 configuration. This
project will enhance JOYO's irradiation capabilities and is scheduled to be completed by 2002.
6. References
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Table 1 Main Core Parameters of JOYO
Items
Reactor Thermal Output

Table 2 JOYO MK-II Operational Data

MK-ll

MK-ll!

Operation Time(Accumulated)

100

140

Heat Generation(Accumulated)

9

21

Max. Fuel Burn-up

(MWt)

Max. No. of Test Irradiation S/A
Core Diameter

(cm)

73

80

Core Height

(cm)

55

50

12(.!1)/18(J2)

18

3S30

^30

2

'"U Enrichment

(\vt%)

Pu Content

(wt%)

Pu fissile Content (Inner/Outer Core) (wt%)

-20

-16/21

Total

(n/enr'/s)

4.9X 10"(J2)

5.7X 10"

Fast(>0. IMeV)

(n/cnr/s)

3.2XI0"(J2)

4.0X10"

370/500

350/500

Neutron Flux

Primary Coolant Temp. (Inlet/OutletX=C)

(days/cycle) 45(.ll)/70(.12)

Operation Period
Reflector/Shielding
Max. Excess Reactivity (at 1001)

%Ak/kk'

5.5

4.5

%Ak/kk'

^9

^7.6

1982

Irrad. Fuel

142 GWd/t

No. of Irradiated Fuel Subassemblics

1

0.96±0.05

#

1985

•'

>

(•) Irriidialion Rig

(m) Noulfon Source

:

Fig. 1

1986

V..) ]3ri\ror Kucl

Control Rod

{Sy liTadicition 1'ucl

(>10"%Ak/kkrCl
-3.98 + 0.12
-3.67
-3.65
-3.47
-3.49

1984

)

\ ) \ )

Isothermal Temperature
Coefficient

1983

382

C/E;

0.99±0.03
(±0.1%\k/kk')
0.99±0.02
0.98±0.01

Table 4 Measured Isothermal Temperature Coefficients

MK-ll Average
32
33
34
35

86 GWd/t

Relocated
Control Rod

Table 3 C/E Values of Core Characteristics

Cycle

Driver Fuel

60

Control Rod Worth

Number
of
f-uel S/A
67
69
71
75
76

4.400 GWh

SUS/BjC

SUS/SLJS

Core Characteristic
Excess Reactivity (%Ak/kk'l
Control Rod Worth
Symmetrical
(%Ak/kk7total)
Asymmetrical
(%.\k/kk'/to1al)
Bum-up Reactivity
Coefficient
(%.\k/kk7MWd/t)
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ABSOLUTE ON-LINE IN-PILE MEASUREMENT OF NEUTRON
FLUXES USING SELF-POWERED NEUTRON DETECTORS :
MONTE CARLO SENSITIVITY CALCULATIONS
L. VERMEEREN
Reactor Experiments
SCK-CEN, Nuclear Research Centre, Boeretang 200, B-2400 Mol, Belgium

ABSTRACT
Self-powered neutron detectors (SPND) are well suited to monitor continuously the
neutronic operating conditions of driver fuel of research reactors and to follow its burnup
evolution. This is of particular importance when advanced or new MTR fuel designs need
to be qualified. We have developed a detailed MCNP-4B based Monte Carlo approach for
the calculation of neutron sensitivities of SPNDs. Results for the neutron sensitivity of a
Rh SPND are in excellent agreement with experimental data recently obtained at the BR2
research reactor. A critical comparison of the Monte Carlo results with results from
standard analytical methods reveals an important deficiency of the analytical methods in the
description of the electron transport efficiency. Our calculation method allows a reliable
on-line determination of the absolute in-pile neutron flux.

1. Introduction
On-line in-pile monitoring of the neutron flux is routinely performed in many research reactors by
means of self-powered neutron detectors (SPNDs). This information is of crucial importance for
programs dealing with the production of radioisotopes, the activation of samples (e.g. Si doping) and
also for the study of the radiation impact on fuel and material properties. With respect to the driver
fuel of research reactors, SPNDs can be used effectively to monitor continuously the neutronic - and
hence thermal - operating conditions of such fuel and to follow its burnup evolution. This is of
particular importance when advanced or new MTR fuel designs need to be qualified through
representative irradiation tests in the same or another research reactor. In this case well-calibrated
SPNDs will allow to verify the actual irradiation conditions of the MTR fuel as compared to the
neutronic calculations.
The general SPND operation principle is well understood, but a detailed knowledge of all
contributions to the detector sensitivity is often lacking, and SPND signals are considered to be
reliable for interpretation only in a relative way. As the detector sensitivity depends on the neutron
spectrum, on the detector surroundings, on the temperature,..., experimental calibrations are only valid
as long as these conditions remain the same. From the theoretical side, analytical models were
developed already in the early 70s [1-3] and, albeit with some modifications, they are still being used
[4-6], but they require experimental input and they exhibit some important failures in the detailed
description of all relevant physical phenomena.
This paper deals with the recent development of a detailed MCNP-4B-based Monte Carlo approach for
the calculation of the absolute neutron sensitivity of several SPNDs. The method contains no
adjustable parameters, but the global sensitivity can of course only be computed if the neutron
spectrum is known. A critical comparison between our Monte Carlo method and the standard
analytical model [1-2] will be presented.
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2. The MCNP-4B based Monte Carlo model
A self-powered neutron detector consists of a cylindrical metallic emitter surrounded by an insulator
(MgO or A12O3) and a sheath, usually made of Inconel or stainless steel (see figure 1). After neutron
impact, several possible interactions lead to the creation of energetic electrons (mainly in the emitter).
A fraction of these electrons is sufficiently energetic to cross the insulator. These electrons constitute
a current which can be measured by connecting a current meter between the emitter and the sheath.
SPNDs can be classified in two groups. In the delayed SPNDs the main process is the production of P
rays upon decay of unstable isotopes formed after neutron capture ; typical response times are of the
order of a few minutes. In prompt SPNDs y rays instantaneously produced after neutron capture create
energetic electrons (by photoelectric effect, Compton scattering, or pair formation).
Of course also y rays from outside the detector can contribute to the detector current via similar
processes, so the SPND have also some y sensitivity. In many cases however, opposite currents due to
electrons originating from the emitter and the sheath cancel to a large extent, leading to a small
detector signal contribution.
Already in the seventies, a Monte Carlo approach for the SPND sensitivity calculation was proposed
by Goldstein [7-8]. Because of the limited computer capacity in those days, his model neglected
several processes (neutron captures taken into account only in the emitter, electrons produced only via
first order Compton interaction, no Bremsstrahlung included, electron transport modelled using an
average stopping power,...). Still the agreement between his calculated sensitivities - without any
adjustable parameter - and experimental data was generally reasonably good. Meanwhile extensive
Monte Carlo codes describing the generation and the transport of neutrons, y rays and electrons have
become available. We used the Los Alamos MCNP-4B code [9] as a basis to construct a model for the
calculation of the neutron sensitivity of SPNDs.
sheath
insulator
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Figure 1 : Longitudinal cut of an SPND with typical dimensions (in mm)
Starting from a user-defined neutron, y or electron source (position, initial direction and energy
distribution), the MCNP-4B code [9] calculates the time evolution of the ensemble of electrons
(directly from the source or produced via y interactions), y rays (from the source or produced after
neutron capture) and neutrons.
The modelled neutron interactions cover elastic and inelastic scattering and capture, using extensive
cross section libraries (mostly from ENDF). If the library for the isotope under study includes alsoy
production data, the prompt emission of y rays after neutron capture is also modelled. The
calculation for the y rays includes energy loss and electron production via incoherent (Compton)
scattering, coherent (Thomson) scattering, the photoelectric effect and electron-positron pair
production. To calculate properly the electron transport, the electron path is divided into a large
number of steps, according to the work of Seltzer and Berger (ETRAN code) [10]. For each step, the
energy loss is sampled from a distribution taking into account the energy straggling. For the path
calculation each step is further divided in substeps; for each of these substeps the GoudsmitSaunderson theory is used to calculate the angular deflections. To conclude the calculation for every
substep, the production of Bremsstrahlung photons and the production of knock-on electrons
(produced by electron-electron scattering) are accounted for.
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MCNP-4B does not follow the history of the unstable activated nuclei, produced by neutron capture.
These will decay with their characteristic time and emit (3 and/or y rays. To include this effect, which
is crucial for the calculation of the sensitivity of delayed SPND, the calculation has to be performed in
two (or three) steps : first the production rate and the spatial distribution of the activated nuclei is
calculated from a specified neutron source, and next this information is used to define the spatial
distribution of an electron (P) source (or a y source) for the calculation of the electron currents. For
the initial velocity direction a random distribution is assumed. The energy distribution for the
electrons is calculated according to the Fermi (3 energy distribution [11,12] with the appropriate P
end-point energy ; for they ray energy distribution and intensity, experimental data are needed.
For some isotopes (e.g. 103Rh), the libraries associated with MCNP-4B do not include the generation
of y rays upon neutron capture. In this case a similar procedure as described above has to be applied
to take into account the effect of prompt y rays.
A neutron (or y) source is defined with an origin uniformly sampled on the outer surface of the
detector and with an initial direction proportional to cos(9), 6 being the angle between the direction
and the surface normal. As initial energy 40 energy bins in the range from 1 meV to 10 MeV were
taken for the neutron source and 20 energy bins from 0.02 MeV to 14 MeV for the y source. As
output of the code we obtain (directly or in two steps as explained above) the net charge deposit in the
respective parts of the detector (emitter, insulator, sheath). Usually the major contribution to the
resulting current is the net charge deposit in the emitter (usually positive since negatively charged
electrons are leaving). If all electrons stopped in the insulator would diffuse further to the sheath, it
would be the only contribution. In order to determine the fraction of electrons stopped in the insulator
that return to the emitter, the insulator is divided into 25 concentric segments and the charge
deposition in each of these segments is calculated (by MCNP-4B). This information is used to solve
the Poisson equation for the potential profile in the insulator, assuming a zero potential at the inner
and the outer insulator radius. Assuming that all electrons that are stopped closer to the emitter than
the potential extremum position, are driven back to the emitter by the space charge field, the fraction
/ of electrons ultimately returning to the emitter can be calculated. The net current is finally
calculated as the net charge deposit in the emitter plus/times the net charge deposit in the insulator
(which is negative if more electrons are stopped than emitted). To convert the obtained 'current per
incoming particle1 into a sensitivity ('current per flux unit'), MCNP also calculates the neutron (ory)
flux per incoming particle at the detector surface.
It should be stressed that this calculation model is straightforward, without any adjustable parameters.
This is not the case for the commonly used analytical Warren model [2], in which an adjustable
pseudopotential is defined to bias the final destination of the electrons stopped in the insulator. The
adjustment is performed using experimental data, so the Warren model is in a sense more a "fitting"
model than a purely predictive model.

3. Evaluation of the standard analytical sensitivity calculation method
In the following we concentrate on the calculations for a specific SPND, which we recently irradiated
in the BR2 reactor. This exemplaric approach will facilitate a detailed comparison of the different
models ; the conclusions are quite generally valid. The considered SPND is a NEUTROCOAX Rh
SPND of the type 2NNI-10. It consists of a rhodium emitter (length 5 cm, diameter 0.05 cm),
surrounded by an A12O3 layer (thickness 0.025 cm) and closed by an lnconel collector (thickness 0.02
cm) (see figure 1).
The calculated sensitivities for a neutron energy of 25 meV (thermal neutrons at 20 °C) are :
analytical Warren model :
1.31 10"21 A / cm / (n/cm2s)
Goldstein MC calculation :
0.98 10'21 A / cm / (n/cm2s)
actual MCNP calculation :
1.15 10"21 A /cm /(n/cm 2 s).
The MCNP value is 18% higher than the Goldstein value, which can be explained by the fact that
Goldstein does not include the contribution from the capture y rays and makes some other
approximations (no photoelectric effect, less complete electron transport model,...).
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The analytical Warren model result is 14% higher than our MCNP result. The origin of this
difference can be found by writing the sensitivity S as a product of three components (considering
only the (n,P) contribution) : S = sc • se • £\, where ec is the number of neutron captures per unit
neutron flux, ee the average P escape probability from the emitter, and 8j the insulator crossing
probability. For both calculations ec amounts to 2.6 10"21 A / cm / (n/cm2s) - this means that 40 % of
the neutrons crossing the emitter are captured - and for both S; is about 80 %. The difference in the
obtained sensitivity is almost exclusively due to theP escape probability out of the emitter, which is
48% in the MCNP calculation and as large as 62 % in the Warren case. One important approximation
that has been made in the latter model is the simplified description of the P energy spectrum. The
applied P spectral density function is a low energy approximation (E«0.5MeV) and does not provide
for Coulomb effects in the P decay. This results in a too high weight for low energy p, and would
thus lead to a lower ec (by about 20%), while we observe a too high se. However, the effect of the p
energy approximation is counterbalanced by another, even more crude approximation.
The Warren model treats the electron energy loss in a macroscopic way, using literature values for the
average electron energy loss per unit distance and assuming straight electron paths. In reality
however, electron scattering is very important and the followed path is much longer than the shortest
distance between start and end point [13]. MCNP follows the electron on a microscopic scale
including many possible collision processes. We validated this electron transport treatment by
reproducing experimental transmission data [13] for electrons in the relevant energy range through Al
foils with a thickness of the order of the emitter size. Figure 2 shows that the MCNP results agree
perfectly with the experimental data. The Warren approximation would correspond to a 100 %
transmission up to a thickness t|im (0.18, 0.37, 0.56, 0.80 resp. 1.00 g/cirT for the electron energies
427, 727, 1011, 1370, resp. 1627 keV) and complete absorption for thicker foils, which clearly
provides a poor description of the data. Not only the energy straggling is missing in these models,
the electron transmission is also overestimated globally : the threshold thicknesses are well above the
so-called extrapolated ranges (i.e. the thickness obtained after extrapolating from the linear part to 0
transmission). A comparison with extrapolated range data from [14] for Cu, Ag and Au shows the
same trend, so also for Rh the MCNP approach should be much more appropriate.
For delayed SPND the effects of both approximations in the analytical model counteract each other,
leading to reasonable final results. For the neutron sensitivity of prompt SPNDs and for gamma
sensitivities, the error introduced by the basic electron transport model is fully reflected in the
sensitivity result. In these cases a good agreement with experimental results could be obtained only
after the introduction of a semi-empirical pseudopotential parameter in the analytical model.
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Figure 2 : Electron transmission probabilities through aluminium for energies of 427, 727, 1011,
1370, resp. 1627 keV. Dashed lines are from MCNP calculations, solid lines are experimental data
from [13].
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4. Comparison with experimental data
In order to validate our Monte Carlo model, we compare our results for the Rh SPND with
experimental data. SPND currents during irradiations in two BR2 channels (E30 and LI80) were
recorded, and the corresponding thermal, epithermal and fast neutron flux were measured by
activation dosimetry (total fluxes 8.9 1014 n/cm2s and 2.8 1014 n/cm2s). From the calculated relative
neutron spectra the total SPND sensitivities, integrated over the complete spectrum, were calculated.
Using the measured absolute thermal flux data, these sensitivities were converted into expected SPND
currents, which can be directly compared with the measured currents :

Measured current
Expected current from
Expected current from
Expected current from
Expected current from

MCNP (this work)
Goldstein [9]
manufacturer's calibration
the analytical model [1]

Channel E30 Channel L180
2.64 |uA
0.93 \xA
2.65 nA
0.94 [iA
2.06 |uA
0.74 ^A
2.06 nA
0.76 \xA
3.05 |iA
1.08 nA

The MCNP sensitivities account perfectly for the observed current Iobs. Averaged over the two
channels, the Goldstein Monte Carlo calculation leads to an expected current of 79 % of Iot,s. From
the detector sensitivity specified by the manufacturer, 80 % of Iobs is predicted, but here the
contribution of the epithermal neutrons is neglected. Finally, the analytical model calculations for the
complete neutron spectrum overestimate the current by about 16%.
5. Conclusion
A new Monte Carlo model was developed to calculate the neutron and the y sensitivity of selfpowered neutron detectors. The commonly used analytical model is critically evaluated through a
detailed comparison with the Monte Carlo method. Provided the spectra are known, the method
allows a reliable in-pile on-line measurement of the absolute neutron flux which is important for a
quantitative study of fuel behaviour.
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ABSTRACT
The Budapest Research Reactor is the first nuclear facility of Hungary. It was commissioned
in 1959, reconstructed and upgraded in 1967 and 1986-92. The main purpose of the reactor is
to serve neutron research. The reactor was extended by a liquid hydrogen type cold neutron
source in 2000. The research possibilities are much improved by the CNS both in neutron
scattering and neutron activation.

1. Introduction
The tank-type Budapest Research Reactor was first commissioned in 1959 as a 2 MW thermal
power reactor, using EK-10 (10% enriched) fuel. The first reconstruction and upgrading
project took place in 1967. when new fuel type was introduced (WR-SM. 36% enrichment)
and the power was increased to 5MW. The reactor was operated till 1986, when based on a
governmental decision the reactor was shut down for a major reconstruction and upgrading
project. The reconstruction was finished in 1990, but due to the political changes in the
country the reactor was re-commissioned only in 1992. The operating license was issued in
November 1993 and from this time the reactor has been operated in a regular manner on
10MW nominal power.
The reactor is used for various purposes (e.g. isotope production) but the main user is neutron
research. This research possibility was offered to the entire user community of Europe
(scientists active in member states and associated states of European Community) within the
5th Framework Programme. Eight instruments for neutron scattering, radiography and
activation analyses are offered. The majority of these instruments get a much-improved
utilization with the cold neutrons. Commissioning of the cold neutron source (CNS) was
finished at the end of 2000.
The CNS sponsored partially by the Copernicus project of the EU and by the IAEA, was
installed at a tangential beam port of the reactor and it will extend the use of the reactor,
especially in the scientific field. The source is liquid hydrogen type and the relatively low heat
load (about 250 W) makes feasible the direct cooling of the condensed hydrogen (average
temperature ~20K) in the double walled moderator cell by the cold helium gas. The
construction work was completed early 2000, the out of reactor cold tests were performed
during the summer shutdown period. With the operating CNS the reactor was first on nominal
power on September 27, 2000. Test operation of the CNS was made in the last four reactor
cycles of the year 2000, while the licence for the regular operation was issued in January
2001.

66

2 Description of the CNS
2.1 Cold Plug (Hydrogen System)
The so-called cold plug consists of two main components, which are connected together with
a flange (see Fig. 1).

Fig 1. The cold plug in the time of out of reactor tests
The head, which is an explosion-proof vacuum chamber, contains the double-walled
moderator cell and it's connecting pipelines. The vacuum chamber is double walled to allow
the cooling of the walls.
The moderator cell, is a double walled aluminium structure, having cold helium between the
walls and hydrogen inside. When the cold operation starts, the helium first makes the
hydrogen liquid, than removes the heat generated in the liquid hydrogen and the walls of the
cell. The geometry of the moderator cell allows minimal hydrogen temperature with minimal
void. The moderator cell with the direction of the helium flow can be seen in Fig. 2.
The volume of the cell is about half a litre, the initial pressure of the warm hydrogen is 3.5
bara, while the cold pressure of the hydrogen is -2.7 bara. The moderator cell is connected to
a buffer tank via a double walled pipeline. When the hydrogen is condensed, it is supplied
from the buffer tank, while warmed up, it is let back to the buffer tank. The hydrogen safety is
ensured by a helium blanket around the inner hydrogen pipeline. A valve-box controls the
hydrogen system, inside the box (around the pipes and valves also helium blanket ensures the
hydrogen safety).
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Fig 2. The moderator cell
The cooling capacity and the helium flow rate of the helium refrigerator was determined by
an experimental setup. The helium cryogenic-pipeline was connected to an electrically heated
box, which imitated the heat load of the cold plug. The in- and outlet temperatures and their
difference were measured on-line, on the refrigerator and the experimental setup. The heat
removed by the helium gas, is the sum of the heat loss and the electrical heating: Q = Qo+Qd,
Q = CpHexGxAT, where CPHe = 5.25 [J/gK] is the specific heat of helium, G g/s is the mass
flow-rate of the helium, while AT [K] is the temperature difference:
CpHeXGxAT = Qo+Qcl
or
AT = AT0+Qel/(CpHeXG)
The estimated total heat load of the moderator cell at nominal (10 MW) reactor power
is: QAI + QH2 = 189 W, while the measured heat loss of the whole system is 52W.
Upon inserting the cold plug into the biological shielding of the reactor cooling tests were
performed on various reactor powers (0, 2, 5, 8 and 10 MW). The in- and outlet temperatures
and their difference were measured on-line on the refrigerator and the cold plug as it was
made in the case of the experimental setup. The results are the following:
Reactor power ==0 MW
AT0 = 1.85 [K], q/G0 = 1.9 LJ/gMW] (0.36 [K/MW]), Qo = 97 [W]
Reactor power =10 MW
Q10R = 189 [W], while the total heat load is Qt = 286 [W]
This value is somewhat higher than the nominal cooling capacity of the refrigerator, but
increasing the hydrogen pressure beyond the design value but within the allowed pressure
range, the whole hydrogen content of the moderator cell can be kept in liquid state. In the near
future the refrigerator will be adjusted according to the as built state of the system in order to
decrease the hydrogen temperature and pressure.

The steel body of the cold plug (see Fig 3) holds the explosion proof vacuum chamber and
contains the three neutron guides. The steel body also provides biological shielding and there
is a lead beam shutter in its front part, which makes possible the maintenance on the neutron
guides and the beam shutters.

Fig 3. The steel body of the cold plug with the holes of the neutron guides.
The neutron guide system consists of three curved super-mirror neutron guides having
different lengths. The first part, which is built in the steel body of the cold plug, is made of a
special ceramics, having higher irradiation resistance. The out-of reactor part of the neutron
guide is made of boronized glass. The coating is nickel, containing titanium. The first part of
the guide (to the beam shutters and one meter after them) is in vacuum jacket. The end part of
the guide is vacuumed directly.
The beam shutters ensure the individual closing and opening of the beam ports. The design
provides inherent safety, so that the basic position of the shutter is closed. In closed state it is
a 50 cm long sandwich structure, containing several layers of boronized polyethylene, steel
and lead. The shutter can be opened by compressed air, when a 50 cm long super-mirror
neutron guide is lifted into the opening position. In case of emergency the shutter can be
closed simply by releasing the air pressure.

2.2 The refrigerator system
The refrigerator system, which was installed in a new building connected to the reactor hall,
has the following four major components:
a. / Compressors
Two KAESER type screw compressors can provide 6 g/s and 12 g/s helium flow
respectively. When the CNS is operated in cold mode both compressors are running
parallel, while in the so-called warm mode the smaller one is enough to cool the moderator
cell and the vacuum chamber.
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b. / Oil removal system
The built-in filter removes the oil from the helium gas and four pumps (two-two) feed back
the oil into the compressors.
c. / Bypass filter
The bypass filter should be used before the CNS cold operation every time when the helium
system is opened. The helium gas shall be rotated through the filter until the gas purity
measured by a built-in gas analyser reaches the needed value.
d. / Cold box
The cold box is the heart of the refrigerator system. The cooling process is made by two
turbine type expanders, which expand the helium gas from 10.5 bar to 1.5 bar pressure.
Control of the cooling process is performed by a microprocessor-based controller (PLC),
which not only controls the whole system, but also collects and displays the measured data
of the system including the valve positions. The operation including the transients, i.e.
cooling down and warming up the system are entirely automatic, only the start-up
preparations such as gas cleaning and helium filling of the cooling system is made
manually. There is a water cooler connected to the cold box to cool the brake gas of the
turbines and the diffusion vacuum pump, providing the heat insulation of the cold box.
2.3 Cryogenic pipelines
The cold plug is connected to the refrigerator by cryogenic pipelines. The pipelines are double
walled, the insulation of the cold helium pipeline is provided by special heat insulation
coating of the inner pipe and by high vacuum made by a turbo molecular vacuum pump.
2.4 High vacuum pipeline
The high-vacuum pipeline is connected to the double walled explosion proof high vacuum
chamber providing the insulation of the moderator cell. A helium blanket covers the highvacuum inner pipe, so in case of a leakage no air can freeze on the surface of the moderator
cell and of the connecting pipes. The high-vacuum pipeline is connected to a turbo molecular
pump via a valve box containing a helium blanket around the valve.
2.5 Instrumentation and control (I&C)
As it was mentioned, the refrigerator system has a PLC based controller, which controls the
refrigerator including the gas management system and the compressors. There is a higher
lever controller, which gives orders to the controller of the refrigerator, controls the helium
blanket and handles the emergency situations.
Four display and control panels were designed and built in the I&C system:
The first panel is situated in the new refrigerator building. From this building not only the
measured parameters of the whole system can be displayed but also all the valves can be
manually operated.
The second panel is in the reactor hall. This panel serves only as a display where every
measured value can be seen and also contains a data acquisition computer too. No manual
control of the valves is possible from this panel.
The third panel is in the control room of the reactor. On this panel the most important
measurements are displayed, which inform the operator about the status of the system. The
main safety' philosophy of the CNS is that the cold source cannot be harmful for the reactor
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but the reactor can cause damage in the moderator cell and the explosion proof chamber. This
is why the CNS measurements are not connected to the reactor safety system, but the operator
shall be kept informed about the status of the system. In case of a cooling problem (failure of
both compressors) the reactor power should be decreased or the reactor should be shut down.

3. Conclusions
Installation and commissioning of the cold source proved that the inner heat-exchanger
concept could be used in those cases where the irradiation heat load is relatively low. The first
neutron spectrum measurements showed that the efficiency of the system as a whole
(including the new neutron guides and beam shutters) improved by a factor of forty in case of
neutron scattering and by a factor of sixty for neutron capture type measurements.
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ABSTRACT
Twenty-five years of operation has resulted in an inventory of spent fuel with a wide
variety in the BR3 nuclear pilot power plant Studies were launched to evaluate all
possible solutions for the BR3 experimental and "exotic" spent fuel, i.e. reprocessing,
dry storage in containers and dry storage in canisters. For the BR3 spent fuel the
interim dry storage in Castor BR3 containers was chosen.
The present paper describes in a first part the history and characteristics of the spent
fuel. A second part handles with the different options, which were studied for the
spent fuel evacuation. The last part focuses on the spent fuel preparation and the
production of the Castor BR3.
This project allowed the SCK«CEN to build up an important know-how in the field of
spent fuel management Especially the management of research reactor fuel, which is
very specific and not comparable with spent fuel of commercial nuclear power plants.
1. Introduction
The BR3 reactor was the first PWR plant installed in Europe. It is a low rated plant with a net
electrical power output of 10.5 MWe. The BR3 was definitely shut down on June 30th. 1987.
Used at the beginning of its life as a training device for commercial plant operators, it was later
also used as test-reactor for new fuel types and assemblies. So Mixed Oxide (MOX) fuel, Poison
containing fuel pins (Gd2O3) and other types of fuels were tested and are still present in the plant.
Moreover, in order to cope with the requirements of experimental users, one used fuel assemblies
that could be disassembled to allow fuel pins exchanges amongst assemblies.
Most of the spent fuel is presently stored in the deactivation pool of the plant. Moreover some
experimental fuel pins, having undergone non-destructive or destructive analysis, are stored in all
kinds of forms and characteristics in the different SCIOCEN laboratories. There are almost 200
fuel assemblies present representing about 5000 fuel pins of different composition.
The plant being now in decommissioning, different solutions were analysed for the evacuation of
the spent fuel, the interim dry storage being one of the most promising solutions. This option
allows the later selection of a possible definitive solution.
2. Overview of the spent fuel
During its exploitation period, the BR3 reactor has had eleven successive core loadings. Each
core loading consisting out of 73 fuel elements except the first and the second (32 assemblies),
most of the fuel elements were irradiated during several cycles. The spent fuel of the first and
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second core was already returned to the owners in an earlier period, this was also the case for
several experimental assemblies coming from different countries. Nevertheless, the remaining
spent fuel has to be removed out of the pond in order to proceed with the decommissioning of the
BR3 power plant.
As mentioned before the BR3 power plant was used as a test bench for prototype fuels during his
life time, this led to the presence of a large variety of spent fuel, which is stored in the spent fuel
pond. The assemblies used in the 9 latest core loadings have a hexagonal cross-section. There are
5 different hexagon fuel assemblie types irradiated. Table 1 gives an overview of the different
dimensions and characteristics of the fuel.
Table 1: Overview of the different types of fuel
Isotopic composition (enrichment)

Rod0
(mm)

Cladding
material

Overal
Ilength
(mm)

Z

8.7

Zircalov4

1235

7.1

3

Gf

9.4

Zircaloy4

1136

6.4 - 8.6

IK

8.5

Stainless
steel

1251

G

10.7

Zirealoy4

Go

9.5

Zircaloy4

Type

Gd 2 O 3
(%)

Ratio-rods
U/Mox

3.1-5.0

-

36/0 -» 10/26

-

-

-

28/0

-

0.7

6.4

-

0/37

1136

5.1 - 8 . 6

3

3.7-7.0

1.35

20/0 -» 0/20

1136

5.0-8.3

0.3 - 0.7

3.7- 10.3

3.0-7.0

28/0 -» 0/28

U-rods
U (%)

235

Mox-rods
U (%)
Pu nss (%)

235

The spent fuel is stored in storage racks, which can contain 203 fuel assemblies from which 90%
of the capacity is presently used. The storage racks are foreseen of Cadmium cladded storage
positions.

3. Different options for the fuel evacuation
In general, the different options for the back-end of the spent fuel is reprocessing or interim
storage awaiting final disposal. The various options were evaluated against criteria like available
techniques, safety, waste production and overall costs. The results of the evaluation can be
summarised as follows.
The reprocessing of spent fuel is the process that probably best minimises the waste volume. This
solution had to be excluded for the BR3 spent fuel, the main reason being the low solubility of the
plutonium (old Mox-rods) which would make the reprocessing difficult and economically not
attractive and competitive compared to other options.
At first the decision was taken to perform the dry storage outside the SCK»CEN BR3 site.
Therefore the option of dry storage away from the reactor site was studied and led to an open call
for tender. Three different solutions were by the bidders:
• Dry storage in several dual-purpose casks in a dedicated building.
• Dry storage in one big dual-purpose cask in a dedicated building.
• Dry storage in three welded canisters inside a concrete bunker.
The evaluation of the bids was carried out by external companies and a task force with delegates
from SCK«CEN (the owner of the spent fuel), NIRAS/ONDRAF (the national agency responsible
for radioactive waste and spent fisile materials) and Belgoprocess (the owner of the site for the
interim storage). Finally the first solution was adopted.
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4. CASTOR BR3®
The CASTOR BR3® is derived from the CASTOR THTR and is designed as a transport and
storage cask for accommodating 30 BR3 spent fuel assemblies. As a type B(U) cask fitted with
shock absorbers, it meets the transport requirements according to the IAEA regulations and fulfils
the conditions for cask storage in Germany. For the transport, the cask needs a Type B(U) licence
from the Belgian competent authority.
The necessary modifications to the original THTR design refer to an additional neutron shielding
in the cask wall, the secondary lid and the cask bottom as well as to the basket. The basket is
designed with closed loading tubes and can be handled separately by a crane even in loaded
condition. This allows to unload a cask if some leak was detected.
The main cask components are:
> The cask body constructed out of ductile cast iron foreseen of an internal cavity, which is
coated to avoid corrosion. The dimensions of the cask (table 2) are derived from the necessary
shielding capability.
For neutron shielding, 30 axial boreholes are machined in the cask wall, which are filled with
polyethylene rods.
> The primary lid, foreseen with an inner metallic and outer elastomer seal, closes the cavity and
acts as first independent safety barrier both for the leaktight confinement of the fuel and for
the radiological shielding. The closure of the metallic seal is controlled by a Helium leak
tightness test performed on the inter-seal volume.
The primary lid contains an opening into the cavity, which is used for dewatering, drying and
gas filling of the cask cavity after loading (He at 500 hPa abs).
> The secondary lid, also foreseen with an inner metallic and outer elastomer seal, serves as an
additional shielding as well as a second independent tightness barrier.
An opening into the secondary lid, giving access to the space between primary and secondary
lid, allows adjusting the pressure in the inter-lid space (He at 6000 hPa abs).
Additionally a pressure sensor system is mounted in the secondary lid to monitor the pressure
in the inter-lid space hence providing a continuous check-up of the leak-tightness of the
CASTOR cask during the long-term storage period.
> The inner basket consists of 30 hexagon tubes, which are mounted on a bottom steel plate. The
tubes are made of borated stainless steel and the bottom plate of stainless steel and is provided
with some small holes (diameter approx. 20 mm) for dewatering purposes. Apart from these
small holes in the bottom plate, the basket structure is closed and designed for being handled
in loaded condition. The hexagons can accept both BR3 fuel assemblies and canisters loaded
with fuel remnants.
Table 2: Dimensions and weights of the CASTOR BR3 parts.
Part
Cask body
Cask cavity
Primary lid
Secondary lid
Basket
Inventory

Height
(mm)
2493
1652
270
70
1638
150

0
(mm)
1428
690
911
1122
685
(Hex) 85

Wall thickness
(mm)
370
-

Weight
(tonne)
20
1.3
0.6
1
0.8

Due to the diversity of the spent fuel and in order to simplify the calculations, 4 fuel cases were
defined which covered the most important and worst case of loading. The main characteristics of
these fuel cases (residual heat production, neutron and gamma radiation) were used to perform the
safety calculations (except for criticality) of the CASTOR BR3. These four fuel cases are covering
each assembly and canister, which will be evacuated in a CASTOR BR3®.
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Calculations have showed that the worst case for criticality was a non-irradiated type Z fuel
assembly. A CASTOR BR3® loaded with 30 fresh type Z assembly showed a Keff< 0.82 after a
type B(U) test.
To obtain the necessary transport licence, a complete safety report has been issued by GNB (the
manufacturer of the CASTOR BR3®). The following main items have been checked according to
the IAEA regulations for the safe transport of radioactive material (1996 Edition No ST-1):
> Study of the sealing system and activity retention of the Castor BR3®.
> Criticality calculations
> Shielding calculations
> Mechanical analyses under accident conditions
> Thermal analyses
For the storage licence, additional safety calculations had to be performed like:
> Cask behaviour in case of an earthquake
> Cask behaviour in case of a shock wave
> Mechanical interaction of casks in the storage facility
> Airplane crash onto the lid system
> Drop of the cask in the storage facility

5. Spent fuel preparation
During the consecutive core loadings, a large number of rods were withdrawn from their original
assembly position to perform post-irradiation examinations or another irradiation in a different
assembly position. This led to a situation that 25% of the assemblies were not complete and about
380 rods were stored in temporary storage cans.
Therefore, it was necessary to organise large consolidation campaigns in order to complete these
fuel assemblies. The consolidation is quite time consuming. In total there are three consolidation
campaigns foreseen over a total period of 12 weeks.
Each assembly, which is complete and ready for evacuation, is submitted to a leak tightness test
using the "Wet sipping" method. The "Wet sipping" is used in several nuclear power plants and is
described in an IAEA guidebook on non-destructive examination of water reactor fuel. During the
"Wet sipping" of 161 assemblies, we found 4 suspected fuel assemblies of which two of them are
already successfully treated to remove the non-intact fuel pins. An external safety inspectorate
verifies the results of the leak tightness test.
Non-intact and cut fuel pins were loaded into canisters, which were welded and tested on leak
tightness. Each canister can contain 15 equivalent fuel pins; pieces of rods were first loaded in a
zircaloy tube before being put into the canister. The loading of the canister was performed in a hot
cell.

6. Castor BR3* production
The production of the Castor BR3® started in March 2000, the first cask being complete and ready
in January 2001. The others will be delivered in a period of 4 months.
The quality assurance on the design and the fabrication is performed according to the GNS/GNB
quality management system based on the international standard DIN EN ISO9001. In addition to
this QA follow up, a spot check follow up is performed by an independent organism on behalf of
the SCK-CEN.
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Important steps in the fabrication process were:
> The casting of the cask body (figure 1),
> Coating of the cavity in the cask body,
> The basket fabrication,
^ The forging of the lids and trunnions,
y The assembly of the cask,
> Final tests: overload test of the trunnions and leak tightness test.
Figure 1: Casting of the first CASTOR BR3**

7. Conclusions
Studies were launched to evaluate all possible solutions for the BR3 experimental and "exotic"
spent fuel, i.e. reprocessing, dry storage in containers and dry storage in canisters. These studies
were intended to compare the different options against criteria like available techniques, safety,
waste production and overall costs.
For the BR3 spent fuel the dry storage in CASTOR BR3® containers was chosen.
This project allowed the SCK«CEN to build up an important know-how in the field of spent fuel
management. Especially the management of research reactor fuel, which is very specific and not
directly comparable with spent fuel of commercial nuclear power plants.

8. References
[1] Noynaert L., Massaut V., Braeckeveldt M.
The back-end management of fissile material at the SCK>CEN, ENS RRFM 1999.
[2] Sannen L., Claes W., Noynaert L., Maris P., Ooms L.
The conditioning of fuel rod remnants from research programmes for long term
intermediate storage.
IAEA Technical Committee Meeting on Requirements for long term storage facilities, 16-20
October 2000, Vienna

77

CH01000258

MANAGEMENT AND PHYSICAL ASSESSMENT OF THE SPENT
FUEL FROM RESEARCH REACTORS IN POLAND
S. CHWASZCZEWSKI, W. CZAJKOWSKI,
E. BOREK-KRUSZEWSKA, T. MATYSIAK,
M. MADRY
Institute of Atomic Energy, 05-400 Otwock Swierk POLAND.

ABSTRACT
The inventory of the spent nuclear fuel in Poland comes from two research reactors: the first
Polish reactor EWA, which was operated from 1958 to 1995, and the second, reactor MARIA,
operated from 1974 until now. In the paper, the basic information about these reactors and used
nuclear fuels i.e. Ek-10, WWR-SM, WWR-M2 and MR type, is presented. After discharging from
the reactors, the spent fuel was stored in the wet storage facilities. The Ek-10 fuel rods have been
stored in wet storage since 1958. WWR-SM fuel assemblies have been stored since 1968 and
WWR-M2 since 1990. The basic design information on these facilities and experience from their
operation are presented in the paper.
Taking into account the fact that the fuel was stored for the long period of time in wet
condition, the wide program of physical investigation of spent fuel and storage facilities was
carried out. The visual investigation of cladding material was performed. Only initial cladding
corrosion was observed for the fuel with 20 years of storage, and the strong corrosion process was
visible on elements stored for 30 years. It was observed that corrosion processes is faster if fuel
meat is present under cladding material.
On the basis of the results of the sipping tests of WWR-SM fuel assemblies with different
storage time (from 4 to 31 years), the assessment of the time limit of their storage in wet condition
has been made. Based on this assessment, the value of the daily leakage of Cs-137 from WWRSM and WWR-M2 spent fuel in the wet pool was estimated and compared with the measurements
performed in 1999 and 2000. The results of systematic sipping tests of Ek-10 fuel rods and WWRSM fuel assemblies discharged from EWA reactor before 1970 is presented in the paper.
The condition of the stainless steel liner and aluminium tank of the storage poo! was
investigated. For this purpose the wide range of techniques e.g. penetrating, ultrasonic was
applied. On the basis of the investigation necessary repairs were made.
Taking into account the fact that storage in wet condition is limited in time, the concept of
dry storage facility was put forward.

1. Introduction
In Poland, the problem of spent nuclear fuel management appeared when the first fuel was discharged
from the EWA reactor in 1959. The first spent fuel, after short storage in the EWA reactor storage
tank, was transported to the EK-10 storage facility. At the beginning, it was assumed, that spent fuel
problem would be solved by the supplier of the nuclear fuel i.e. the Soviet Union organisations. It was
planned that after the initial cooling in the wet storage, the spent fuel would be returned to the
supplier. The common effort for such solution continued until the end of 1992. But after political,
economical and social transformation of the Soviet Union into Russian Federation, and the
transformations in the countries of Eastern and Central Europe, the spent fuel management principles
have to be established anew, in the radically new conditions. Several options of future spent fuel
management were analysed: reprocessing in Russian Federation, in the United Kingdom and in France
or a long time storage in a dry storage facility. In the last option the CASTOR containers, NUCHOMS
containers and dry storage facility at the EWA reactor (decommissioned) were considered. Taking into
account legal, technical and economical aspects, the reprocessing solution was eliminated. It is
expensive, legally complicated and technically difficult. In all the variants of reprocessing , the high
level waste originating in the process should be returned and stored in Poland. The magnitude of
problems connected with spent fuel and HLW management is similar. Therefore, the concept of longterm storage of the spent fuel in the dry condition has been chosen. From the possible dry storage
options the design of the dry storage in EWA facility was chosen as optimal [1].
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2. Spent nuclear fuel in the Institute of Atomic Energy.
At the beginning, the Ek-10 fuel elements were used in the EWA research reactor. After the
reconstruction in 1966, the WWR-SM fuel assemblies were used in EWA reactor, and from 1990
WWR-M2 fuel was also used. The EWA reactor with WWR-SM and WWR-M2 fuel was operated at
the power of 6 MW, 8 MW, and in last period at 10 MW. The EWA reactor was closed in February
1995.
In 1974, the second Polish research reactor - the MARIA reactor - was put into operation. The
reactor uses fuel assemblies of MR-6 type. In the reactor core, the MR fuel assemblies are placed in
technological channels being a part of fuel cooling circuits. Spent fuel is discharged from the rector
together with the technological channel and stored in the auxiliary pool at the reactor MARIA hall. In
the Table 1, the basic data of the spent fuel stored in the IEA are shown.
Table 1. The basic parameters of spend fuel stored at the Institute of Atomic Energy.
WWR-M2
Parameter/ Type of fuel
WWR-SM
MR-6
Ek-10
EWA
MARIA
1. Reactor
EWA
EWA
2.Period of application
1958-1966
1990- 1995
19761966-1995
Facility 19 A
3Spent fuel storage facility
Facility 19
R. MARIA pool
Facility 19 A
4.Fuel dispersion
U in Al
U in Al or UO2 in Al UinAlor UO2 in Al
UO2 in Mg
5.Mass of uranium in SFA* (g)
81,4
108
124,5
429(1500)
44,8
345(540)
6.Mass U-235 in SFA.
8,05
38,9
10
36
80(36)
7. Enrichment (%)
36
16,02
96(170 max)
8.Average bur up MWd/SFA.
0,966
14,36
1 mm
0,9 mm
0,8 mm
0,8 mm
9.Thickness of al. clad mm
445 in SFA
275(12)
10. Number of elements SFA
2595 rods
2095 in SFA
Calculated values after discharge
ll.BurnupMWd.
1,00
15
15
100
12.Mass of uranium (g)
80,2
324
88.1
108
13.in this U-235 (g)
6,85
25,4
19.5
218
14 Mass of plutonium (g)
-0,147
0,56
0,55
0.38
0.44
15.in this mass of Pu 239 (g)
-0,136
0,43
0.24
*SFA. - Single Fuel Assembly. WWR-SM and WWR-M2 fuel is manufactured in single and triple assemblies.

3. Storage facilities.
Ek-10 fuel rods are stored in their water storage facility. The basic unit of this facility is the concrete
tank with the dimensions of 735 x 585 cm and the height of 360 cm. In the central part of the concrete
tank, four cylindrical chambers with the diameter of 140 cm and the height of 333 cm. are situated in a
square grid. Each chamber is lined with stainless steel about 4 mm thick. The liner steel forms an
integral part of the storage chamber. 160 cm from the bottom of a chamber the austenite tube was
welded for the ventilating purposes. All of the welds were quality checked using the penetrating
method. In each chamber, the internal aluminium pool, made of 6-mm aluminium plate is placed. In
the pool a separator is placed with spent fuel positioned in tubular containers.
WWR-SM and WWR-M2 spent fuel assemblies are stored in the second storage facility. The store
became operational in 1968. The design of the store is based on the assumption that spent fuel
received will be cooled at the reactor auxiliary pool for minimum 3 months after discharge from the
EWA reactor. The storage facility consists of two parts: the underground part, made of reinforced
concrete, and the part built of bricks, situated above the ground. In the concrete block the two storage
pools are situated. Each of them has the dimension: length 300 cm, width 270 cm and depth 550 cm.
The pools were lined with the 3-mm of stainless steel. The store contains 10 T crane, ventilation
system and an activity monitoring system. The movable station for water purification was used when
needed. Spent fuel stored in the pool is located in vertical channels forming a square lattice with 110mm pitch, in the aluminium storage basket. In each basket 40 triple fuel elements can be stored.
The MR fuel assemblies from the MARIA reactor are stored in the auxiliary pool at the MARIA
reactor hall. After discharge from the reactor core, the spent fuel assembly is transferred together with
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its technological channel and is suspended on the wall of the pool. After cutting off the technological
channel and the inner construction structure of the fuel channel, the fuel element is loaded in one of
the storage positions of the basket located on the bottom of the auxiliary pool of the MARIA reactor.
The cutting of the fuel channel is made using the cutting device located in the floodgate between the
reactor and the auxiliary pool.
The parameters of water in all the storage pools are controlled periodically (each week) and the
following limits are maintained: conductivity smaller than 3,5 u.S/cm and pH between 5,7 and 6,2. If
any of the above parameters exceed its limits, the water in the pool is purified.
In general, in the spent fuel storage facilities at the Institute of Atomic Energy on 31 of December
2000, 5422 spent fuel elements were accumulated, from which 1,75 TWh of thermal energy was
produced, and which contain 635,6 kg HM. The estimated activity of the spent fuel is 1, 5 MCi (5.5*
10 l6 Bq).

4. Physical assessment of the spent fuel conditions.
In 1997, the Governmental Strategic Program "Management of Radioactive Waste arid Spent Fuel in
Poland "(GSP) was established. In the frame of this program, the following scope of activity with
respect to the spent fuel from EWA and MARIA reactors were envisaged:
> estimation of safe storage time in wet condition;
> elaboration of proposals for improvement of the storage conditions;
> elaboration of the concept (with preliminary technical, safety and economy analysis) of the final
solution of the spent fuel management in Poland.
Visual testing of the outside surface of spent fuel and sipping test of specified fission product from
fuel element were used to analyse the spent fuel condition after long time of storage in wet conditions.
Recently, the ultrasonic scanning of clad surface (and possibly the clad thickness) is tested as a tool for
the spent fuel condition analysis.
For visual investigation of the surface of the spent fuel elements, the VIDEO-TEST system was used.
It consists of the following components: video camera Panasonic GP-KS162CUDE; TV monitor
SVHS Panasonic WC-CM14150; video recorder SVHS Panasonic AG-4700 EY; personal computer
with MUTEC video card, LUCIA programming system and high resolution colour printer
MITSUBISHI CP4700D.
Underwater pictures of spent fuel cladding surface were registered on the video tape recorder and,
using the MUTEX video card, converted to bmp file. The file was then registered in the memory of the
computer. Large sets of picture files were registered on CD ROM disc. The pictures can be
transformed using the LUCIA programming system and printed using MITSUBISHI CP-700D printer.
Before the main measurements, the tests of the video equipment were performed, e.g. the influence of
gamma ray on the video picture quality was investigated. It was established, that the video camera of
the VIDEO - TEST system is working satisfactorily in the gamma field with intensity up to 15 Gy/h.
The visual inspection of the fuel cladding could not provide information on the depth of corrosion,
especially the pit corrosion. We are currently testing the ultrasonic range finder as a tool for scanning
the surface profile of the fuel cladding. For precise positioning of the measuring equipment and the
analysed fuel element during visual and ultrasonic analysis, the STEND 1 system was constructed [2].
The video test of Ek-10, WWR and MR fuel shows that the advanced corrosion, especially pit
corrosion, is present in the spent fuel cladding which was stored in wet condition for more then 30
years. The first phase of corrosion processes was observed on the surface of fuel assemblies stored for
over 20 years. Practically, the process of corrosion was not observed on the surface of fuel stored for
less than 20 years. The samples of pictures of the cladding surface of Ek-10, WWR and MR6 fuel are
presented in fig 1.
In the sipping tests, the Cs-137 isotope was used as an indicator of the fission product leakage. The
isotope is produced in the fission processes with relatively high yield and has sufficient lifetime. After

5 years of storage of the spent fuel, more than 90% of gamma radiation is due to Cs-137 decay. The
investigated fuel elements were placed in a special container. After tightening, the container was filled
with fresh water and the activity of Cs-137 in a water sample from the container was measured after
24 hours by scintillation gamma spectrometer. Based on the result of the measurements, the total
activity of the released Cs-137 was determined. Therefore all the data of the sipping technique were
shown as activity of Cs-137 isotope released per day.

i
(a)
(b)
(c)
Fig. 1. Sample of clad surface pictures: Ek-10 (a), WWR-SM (b) and MR-6 (c)
The sipping test was applied to determine the value of Cs-137 daily release from WWR-SM fuel
assemblies as a function of storage time. The WWR-SM fuel assemblies were used in EWA reactor
from 1966 up to 1995 and therefore we have a wide range of storage times at our disposal. The results
of the measurements are shown in fig 2.
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Fig. 2. The release of Cs-137 from WWR-SM assembly as function of years after its discharge from
the reactor.
The results of Cs-137 release measurements were compared with the simple theory which correlates
the steady reduction of effective clad thickness during storage time as the result of the corrosion
processes with the magnitude of caesium diffusion through clad material (solid line in Fig 2). After
certain time, the effective clad thickness becomes so low that caesium release reaches significant
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value. This indicates the limit of time for storage of spent fuel in wet condition. In the WWR-SM fuel
assembly, the estimated maximum storage time is 41 years. Of course, this value depends on the
storage conditions and may be different from assembly to assembly. Therefore, taking into account the
presented results, the WWR-SM fuel assemblies discharged from EWA reactor in the period of 1968 +1969 were investigated and several of them were selected for encapsulation in dry condition as soon
as possible. In similar way, the Ek-10 fuel rods were investigated and some of them were selected for
encapsulation in dry condition.
The release of Cs-137 isotope from all the stored spent fuel elements may be determined by the
measurements of the growth in time of Cs-137 concentration in the pool water. In 1999, this
parameter, determined for all WWR-SM and WWR-M2 stored in pool of storage facility, was 103
kBq/day. In 2000, this value was 153 kBq/day. The simple theory gives 83 kBq/day in 1999 and 173
kBq/day in 2000. The daily intensity of Cs-137 source in the Ek-10 storage pool determined from the
Cs-137 concentration growth was 45±15 kBq. The sum of Cs-137 release from all Ek-10 elements
measured separately was equal to 6,68 kBq/day. The reason for this discrepancy is as yet not clear.
In the frame of GSP the technical state of the spent fuel storage facility was also investigated. The
quality of the stainless steel liner of the pools in the storage facility for Ek-10 and for WWR fuel was
analysed using destructive and non destructive techniques. It was established, that the stainless steel
plates (1H18N9T) used both in the Ek-10 (~ 45 years) and WWR (36 years) storage facilities are in
good condition. Some defects were identified as design errors and errors in the welding connections.
In the WWR storage facility, the new cover of the 6 mm stainless steel was made in the two storage
pools. In the Ek-10 storage facility, some new welding was necessary.
Contrary to the stainless steel, the state of the inner aluminium tank in the Ek-10 storage pool is in a
very poor condition. In the 6-mm aluminium plate the pit corrosion more than 5 mm deep was
observed on the outer surface. In the Ek-10 storage facility the condensation water with poor chemical
quality fills the volume between the lining and the inner aluminium tank. The value of pitting rate
index (PRI) [3] for aluminium, calculated on the basis of chemical impurities of this water, is 52
weeks. As a consequence the new inner tank was made for Ek-10 storage facility.
5. Final remarks.
The main result of the investigations is that there are no failed spent fuel assemblies stored in the
storage facilities. The failed elements or assemblies are stored in special containers. But the results of
the visual investigation and sipping test show that in the next few years some of the spent elements
should be removed from wet condition and placed in containers filled with inert gas. Besides, the
decision on construction of the dry storage facility in the decommissioned EWA reactor building was
accepted. The concept of the dry storage facility is presented in this seminar [4].
After reconstruction, the existing storage facilities (for Ek-10 and WWR spent fuel elements) are in
good condition and can be used for further storage of the spent fuel elements. The National Regulatory
Body will determine the period of licence on the operation of these facilities.
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ABSTRACT

The EWA reactor was in operation from 1958 until February 1995. Then it was subjected
to the decommissioning procedure. Resulting from a prolonged operation of Polish
research reactors a substantial amount of nuclear spent fuel of various types, enrichment
and degree of burn-up have been accumulated.
The technology of storage of spent nuclear fuel foresees two stages:
wet storing in water pool (deferral period from tens to several dozens years);
dry storing (deferral period from 50 to 80 years).
In our case the deferral time in the water environment is pretty significant (the oldest fuel
elements has been stored in water for more than 40 years). Though the state of stored fuel
elements is satisfactory, there is a real need for changing the storage conditions of spent
fuel.
The paper is covering the description of philosophy and conceptual design for construction
of the spent fuel dry storage in the decommissioned EWA reactor shaft.
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1. Introduction
At the Institute of Atomic Energy at Swierk in Poland two research reactors EWA and MARIA have
been operated for many years. The 30 MW(th) MARIA reactor which was commissioned in 1974 was
modernized in the period of 1985-1992 and it is anticipated to operate this reactor until 2015. The pool
type reactor EWA was in the operation from 1958 until February 1995. Then it was permanently shut
down and a bit later successfully decommissioned. Resulting from a many years operation of both
reactors a substantial amount of nuclear spent fuel of various types, enrichment and degree of burn-up
has been accumulated.
Actually in several water pools about 610 kg uranium and fission products of activities from 300 to
25000 GBq/fuel element is being stored. These comprise nuclides (such as e.g. Kr-85, Cs-134 and Sr90) of substantial activity and long decay half-times. Another 900 kg of uranium and fission products
will be accumulated after the operation of MARIA reactor will be terminated.
Our spent fuel elements canned with aluminum alloy have been stored in wet conditions for a long time,
e.g. the EK-10 type for more than 39 years and the WWR-SM type for about 28 years and though the
state of their cladding is still satisfactory there is a need for changing their storage conditions into the
dry ones.
•

After having analyzed different options of management of the spent fuel including eventual
shipment for reprocessing abroad we have chosen the most promising economical solution based on
storing fuel on the site in the shaft of the decommissioned reactor EWA

The paper contains a brief characteristic of the proposed solution.
2. J u s t i f i c a t i o n of t h e p r o j e c t
The aim of construction of the spent fuel dry storage facility at the Institute of Atomic Energy at Swierk
is to create appropriate conditions which can substantially slow down corrosion process in the fuel
cladding and which will not allow to lose the integrity of spent fuel.
According to the world practice the conversion of storing conditions from wet into dry ones and
providing the neutral gas atmosphere inside the hermetic fuel cans will create the acceptable conditions
enabling the safe storage of spent fuel for at least 50 years. Poland doesn't plan to construct a nuclear
power plant in this decade so it also doesn't intend to utilize presently any deep geological formations,
e.g. as salt mine as a repository for high level activity wastes. After having considered and analyzed all
technologically and economically feasible options of management of the spent fuel in Poland, the most
reasonable solution seems to use the well in the reactor tank of the decommissioned reactor EWA.
The basic threat for the fuel cladding integrity is caused by the corrosion of aluminum. Though the
natural process of aluminum surface corrosion in water proceeds very slowly, around 0.08 mg/dm2, but
the other forms of its such as the pitting corrosion or intercrystalline corrosion are occurring rather
nonuniformly. They are exhibited by local damaging of the surface, which brings about to the release of
the fission products. The accelerated corrosion can be prohibited by proper chemistry of water, in which
the spent fuel elements are stored.
For the time being at the Institute of Atomic Energy the research works on the release of fission
products to determine the limit period for wet storage are being carried on. It is very difficult to
determine the limit period for wet storage of the spent fuel elements in water. In some publications on
the subject this limit has been constrained to 35 years [1], The substantial majority of the spent fuel
from Polish research reactors already meets this quantity.
Bearing this in mind it has been decided to construct dry storage facility in the former EWA reactor
building.

3. Construction of the dry storage facility [ 2 ] .
The dried fuel elements are closed in helium atmosphere in the leak-tight cans made of stainless steel.
Lack of moisture and chemical passivity of environment confines in a significant way corrosion of
aluminum. The proposed way of isolation of spent fuel from the ambient outside environment enables
safe fuel storage for at least 50 years [3].
In line with the project in the shaft of concrete biological shield of the reactor a special separator with
storage channel will be installed (Fig. 1). In the channels the cans containing spent fuel elements will be
stored. The storage channels will be arranged in a fixed triangular lattice with a pitch of 130 mm
(Fig.2).
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Fig. 1. Dry storage for nuclear spent fuel

Fig. 2. Segment "A" of the separator

The separator of the storage facility consists of six independent segments comprising 250 pieces of
channels constructed of the stainless steel tubes (1H18N9T). Free space between the channels in
segments are filled with concrete of 2.3 g/cm3 density and the upper and lower cover and lateral surface
are made from stainless steel sheets. In that way one obtains a structure of 250 storage channels
distributed within a circle of dia. 2.3 m and total height« 7 m.
The separator is resting upon a supporting structure made of ductile cast iron. A special attention is put
in preserving coaxial arrangement of this stratified structure. Supporting structure of the separator has a
free space through which the free influx of air to the storage channel enables the removal of residual
heat generated in nuclear fuel.
In the center of the separator zone the channel with a socket enabling the discharging of transport
container is installed.
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The storage channels of the separator (Fig. 3) are
locked from the top by the shield plugs. Each of
the plugs has a labyrinth channel for airflow,
which enables the ventilation and cooling of the
fuel providing simultaneously a shielding against
radiation.
©
A-A

The fuel elements are placed in the leak-tight cans
filled with helium. The cans are equipped with grip
heads, which allows their transportation by means
of mechanical and electromechanical devices. All
the cans have the same diameter, but heir height is
accommodated to the length of specific fuel
elements.
One can is to be loaded by:

®

0114/4,5

1- Shielding plug

•

EK-10 fuel

40 rods

•

WWR-SM, WWR-M2
triple) fuel elements

3 singular (or 1

•

MR fuel:

1 fuel element.

The additional advantages of described solution
are as follows:

Fig. 3. Storage channel - segments A and F
•

the structure of reactor concrete shaft and movable iron-cast covers closing the shaft from
upper side are constituting a perfect biological shielding against irradiation emitted by spent
fuel;

•

movable rotary slabs, AR spent fuel pond and the hot cells enable to apply a safe technology for
the loading operations, closing fuel in the leak-tight cans and fuel monitoring;

•

existing technical infrastructure of former EWA reactor facility (such as technological
ventilation, power supply system, special sewage, hot cells, hoisting devices) will enable normal
and safe operation of the dry store;

•

available building structure, concrete reactor structure and the technical infrastructure will
allow for diminishing of expenditures of such undertaking and shortening the time of its
accomplishment;

•

construction of the dry storage facility is in compliance with the assumptions of the Strategic
Governmental Program as regards to the nuclear spent fuel management in Poland.

The major operational equipment enabling the operation and safety of the dry storage will comprise:
•

exhaust technological ventilation system expelling eventual gas products and aerosols to the
ventilation stack and further to the atmosphere;

•

stationary dosimetry system providing radiological monitoring of the air exhausted from the dry
storage;

•

water appearance detection system in space under the support slab of the storage channels;

•

fuel cans leakage detection system.

Basic preliminary safety analyses and calculations for dry spent fuel store have been completed. They
comprised, criticality calculation under normal and emergency conditions (using Monte Carlo methods),
heat transfer conditions and radiological protection questions. The results obtained are satisfactory.

4.

Conclusions

According to the opinion and recommendation done by the specialists of the BNFL (England) and
FRAMATOME (France) with accounting for the limited funding to be spent for the spent fuel
management in Poland, the option of using the EWA reactor well as a space for the spent fuel storage
facility is very promising and economically justified.
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ABSTRACT
Actions performed in order to identify and improve storage conditions of spent fuel from RA
research reactor are summarized. Recently performed inspection of sealed aluminum barrels,
containing aluminum cladded metallic uranium fuel, are described in details. Based on the
results of this inspection, options for future safe disposal of RA reactor spent fuel are proposed.

1. Introduction
The six meters deep temporary spent fuel storage pool in the basement of the RA reactor building consists
of four connected basins and is filled with approximately 200 m3 of stagnant ordinary water. 304 channeltype stainless steel fuel containers are placed vertically in the pool. In order to increase the storage
capacity, already during the 1960's the oldest spent fuel was gradually taken out of the original containers
and repacked into 30 aluminum barrels, containing altogether 4929 irradiated fuel elements. At the time of
disposal both type of spent fuel containers were filled with demineralized water and hermetically closed.
According to the original design, the RA reactor spent fuel storage had no system for pool water
purification. Monitoring and maintaining of pool water radiochemical parameters were not imposed and
were considered unnecessary since this water was not supposed to be in contact with the spent fuel.
During the years a lot of sludge accumulated at the bottom of the pool, which even concealed a lost spent
fuel element since 1970. A serious concern about the conditions of the spent fuel storage pool was first
expressed in 1994, when possibility of fuel leakage and eventual fission products release was pointed out [1].
Fuel stored in the channel-type stainless steal containers could be relatively easily inspected [2]. Strings of
spent fue! elements were taken out from some of these containers and visually inspected. Thick corrosion
deposits were noticed on the Al cladding of all fuel slugs. Increased specific activity of water samples
taken from about 10% of channel-type stainless steal containers was an indication that fuel elements were
leaking in most of them. It was assumed that the situation in aluminum barrels could only be worse.
Besides, IAEA experts [3] expressed a concern that the barrels could fail as a result of increased internal
gas pressure and that radioactive substances could be released to the pool water and to the environment.
Following recommendations obtained from IAEA, a project was formulated at the VINCA Institute with
the ultimate goal to perform underwater drilling and venting of aluminum barrels and to inspect the state
of the repacked spent fuel by analyzing water and gas samples taken from these barrels.
The first phase of the project had the following steps: preliminary removal of sludge and other debris from
the bottom of the pool, isolation of the failed lost fuel slug from the pool water, sludge conditioning and
disposal, mechanical filtration of pool water, monitoring of the pool water activity in order to identify
eventual leakage of the spent fuel containers, monitoring and control of the pool water chemical
parameters. The above activities were accomplished by the VINCA Institute laboratories [4,5], The
second phase of the project, comprising underwater drilling of aluminum barrels, measuring the interior
pressure and controlled release of possible overpressure, analyses of water and gas samples from these
barrels in order to inspect the state of the repacked spent fuel elements, was performed together with the
Research and Development Institute of Power Engineering (RDIPE) in Moscow.

2. Underwater Drilling of Aluminum Barrels
RDIPB, jointly with other Russian organizations, developed the
technology and designed the equipment to solve the above problems
[6]. The equipment, manufactured partially in Russia and partially in
Yugoslavia, comprises the following devices: special grapple for
manipulation with the barrels, dismountable protective container,
drilling device, control panel, sampling device, support frame for
mounting and operating the equipment. Before being installed at the
spent fuel storage pool, the above equipment was tested at a special
stand in the free area of the RA reactor hall and using a large vessel
produced to simulate conditions in the pool. The aim of testing was to
confirm the technical characteristics of the equipment and to train the
personnel to perform planned operations.
The underwater drilling of one by one aluminum barrel was
performed in the annex to basin 4. Thus, first the channel-type spent
fuel containers from the basin 4 had to be temporarily removed to
the transport channel in the reactor hall. Then, all aluminum barrels
had to be moved from the annex of basin 4, to the transport channel
in the spent fuel storage room and to the bottom of the basin 4, using
the grapple hang on a crane, Fig 1. When annex of basin 4 was
emptied and cleaned, the support frame, carrying the underwater
drilling device, as well as the control panel and the other necessary
equipment, could be installed, Fig 2.
Inspection of aluminum barrels had the following steps: placing
the particular barrel on the protective container base; installation of
the protective container cover, with a built in tube for inserting the
drilling device, over the barrel and closing hermetically the
protective container; drainage of water from the protective
container into the storage pool by pressurized inert gas; drilling a
15 mm aperture in the barrel's lid using the drilling device
operated by a pneumatic drive; measuring the pressure inside the
protective container after the gas from the barrel enters the free
space inside the protective container, gas sampling and its
analysis; releasing the gas from the protective container to the
auxiliary vessel and blowing down of the protective container by
inert gas; taking samples of water from the barrel at different
levels by using the capillary method. After venting of a particular
barrel was completed and gas and water samples were taken,
aperture in the barrel's lid was closed and the barrel was
transferred back to the bottom of the basin 4 for further short term
storage. The same procedure was then repeated for the next barrel.

Fig 1. Underwater video camera picture
of an aluminum barrel moved using the
special grapple

Fig 2. Equipment for underwater
inspection of barrels: 1-support frame,
2-inert gas, 3-grapple, 4-lamp, 5-device
for closing the barrels, 6-protective
container base, 7-drilling equipment, 8equipment for taking water samples, 9protective container cover, 10-the
underwater root of the barrel to be drilled
in the anex of basin 4, 11-control pannel,
12-monitor and video camera, 13- vessel
for collecting gas from the drilled barrel,
14-crane, 15-compressed air

3. Measuring the Intrinsic Gas Pressure, Releasing of Eventual Overpressure and

Analysis of Gas and Water Samples from Aluminum Barrels
The results of the underwater inspection of aluminum spent fuel containers can be summarized as follows.
Since considerable gas leakage took place during rearrangement and transport of aluminum barrels, in the form
of smaller bubbles (noticed occasionally even before the inspection started), Fig. 3, larger bubbles, Fig. 4, or
intensive stream of bubbles, Fig 5, and since no gas overpressure was found in any of the drilled barrels, it can
be concluded that these containers lost their leak tightness due to corrosion, caused by a long storage period in
extremely inadequate conditions. The positive aspect of this fact is that the concern expressed by IAEA experts
that the barrels could explode as a result of increased internal pressure is definitely removed.
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Fig 3. Small gas bubbles at the
surface of the water in the spent
fuel storage pool

Fig 4. LargL- \i-.\~ xibble coming
out from the bottom of an
aluminum barrel

Table 1. Activity of water samples taken from the drilled barrels
Name
of the
barrel

Average
burnup
(MWd/T)

Maximum
burnup
(MWd/T)

Water
samples
taken from

Activity
137
Cs
(Bq/mL)

bbl

4040

5805

Top

0.7

-

bb2

4657

6697

No samples
takennonstandard
barrel
dimensions

bb3

4651

6831

No samples
taken - drained
barrel

-

2

4677

6831

Middle

91

3

4398

6156

Top

54

Bottom

5

4

4387

6450

Middle

174

4a

5229

7185

Middle

24

5

4504

6548

Middle

53

7

5653

7257

Middle

10

12

4523

5936

Middle

254

16

5952

8272

Middle

710 000

18

6103

11072

Middle

1 100 000

Top

1 300 000

Middle

1 100 000

Bottom

1 300 000

20

90

5286

9292

21

6911

9545

23

6859

9759

Top

240 000

Middle

340 000

Top

300

Fig 5. A stream of gas bubbles
coming out from the corroded
welding of the barrel bottom

However, the negative and more
important aspect is that the dirty and
unattended pool water entered the
containers instead of original
demineralized and deionized water.
Chemical characteristics of the
water samples taken from the barrels
are similar to these of the water from
the pool (conductivity around 300
uS/cm2).
In spite of mixing with the water
from the pool, water samples taken
from aluminum containers showed
increased activity in most of the
cases, Table 1. Obviously, due to
the corrosion caused by long storage
in chemically aggressive conditions,
the integrity of aluminum cladding
of most spent fuel elements in
aluminum containers is lost, the
long lived fission products are
leaking into the water in the
containers and also gradually to the
pool water.
It can be seen from Table 1 that
water samples having highest 137Cs
activity originate from the aluminum
barrels containing fuel with highest
maximum total burnup. The same
phenomenon was noticed [2] when
analyzing water samples from the
channel type steal containers.
Regular monitoring of pool water
activity was introduced since 1995,
Fig 6.

Oct-95

Apr-96

Oct-96

Apr-97

Oct-97

Apr-98

Oct-98

Apr-99

Oct-99

Apr-00

Oct-00

Fig 6. Results of regular monitoring of pool water activity introduced since 1995.
After removing the sludge from the bottom of the spent fuel storage pool and after mechanical filtering of
water, the turbidity of water the turbidity of water decreased. That was very impprtant, since the special
underwater video camera was an indispensable device for performing and recording all operations in the
pool. However, chemical parameters of the pool water are still very poor. The latest analyses performed
showed that conductivity was as high as 430 jiS/cm and pH was 6.8.

4. Plans for Further Management of RA Reactor Spent Fuel
Further actions planned to improve conditions in the existing temporary RA reactor spent fuel storage pool
are the following: washing up corrosion deposits from all surfaces in contact with the pool water using
technology and equipment already provided by RDIPE from Moscow; design and production of special
equipment for underwater cutting of corroded iron steal construction in the basin 4 of the storage pool;
removal of the contaminated iron steal construction, its conditioning and storage at the temporary low and
medium level radioactive waste storage at VIN^A site; final removal of sludge from the spent fuel storage
pool. Physical purification of pool water by mechanical filtering; chemical purification of pool water using
the ion exchange resins; drainage of water from the spent fuel containers and exchange with the demineralized
and deionized water; establishing regular monitoring and maintaining the quality of water in the storage pool.
Improving conditions in the existing temporary RA reactor spent fuel storage pool is mandatory in the sense
that measuring the pressure inside aluminum barrels, controlled release of possible overpressure and regular
monitoring and control of pool water characteristics removed direct danger of a possible radiological
accident. However, the only long-term solution for storing aluminum cladded spent fuel is to transfer it to the
supplier, for reprocessing or adequate storage, or to provide the own dry storage. Thus, while improving
conditions in the existing spent fuel storage pool, it is necessary to start conceptual design of the long term
dry spent foe! storage, as well as of technology for transferring spent fuel from wet to dry storage conditions.
Possibilities for domestic dry storage of the RA reactor spent fuel depend on the decision about its future
status. If it is decided to restart the reactor, in the existing temporary storage pool there is no free space for
the new spent fuel and it would be necessary to build an independent storage facility for the fuel irradiated so
far. To avoid difficulties with public acceptance, to minimize the route of the spent fuel transport, and to
make use of the existing monitoring and maintenance services, the best location of the eventual new spent
fuel storage facility would be the VINCA Institute site.
If it is decided to permanently shut down the RA reactor, it would be possible to provide long term dry
storage for the so far used fuel in the reactor building. One of the options would be to use the existing channel
type stainless steal containers. By placing 25-30 spent fuel elements in each of the 304 containers (instead of
the originally allowed 18 fuel elements), there would be enough space for storing spent fuel which is now
situated in the pool, as well as the fuel which is still in the reactor core. Fuel, which spent more than 20 years
in the temporary spent fuel storage pool, does not need water for cooling, while a layer of 2-3 meters of pool
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water above its upper surface would provide sufficient radiological protection. The second possibility would
be to use the emptied reactor, while the concrete reactor shield would provide radiological protection.
Both options may look attractive at the first sight. It should be noted, however, that making a new building for
the spent fuel storage would not be the most difficult, nor the most expensive part of the dry storage project.
Besides, adaptation and refurbishing of the existing pool, or of the reactor body, would also require a
considerable effort. On the other hand, if the RA reactor is decommissioned, by removing the spent fuel from
its location, the reactor building could be used for other purposes.
Most sophisticated and most expensive operations would be taking out the spent fuel from their present
containers, inspection of this fuel, separating the leaking fuel from the fuel, which does not leak, providing
additional containers for the leaking fuel. These operations have to be performed in the same way both in
the case that a new storage facility is to be built or in the case that RA reactor building is used for
providing dry spent fuel storage. Since VINCA Institute has no experience in the above activities, the
project should be realized in cooperation with foreign partners. RJDIPE has already elaborated and
proposed some parts of the necessary technology [7],
5. Conclusions
Activities described in the present paper, results presented and conclusion drown represent finalization of
the project, initiated several years ago with an aim to get information about the state of the spent fuel, to
improve conditions in the existing storage pool in order to minimize further corrosion of the spent fuel and
the spent fuel containers, as well as to propose solutions for long term, i.e. final storage of spent fuel. It is
well known that the only long-term solution for the aluminum cladded spent fuel is to transfer it back to
the supplier, for reprocessing or adequate storage, or to build the own dry storage facility.
The following steps would be necessary for providing a domestic dry storage facility for the RA reactor
spent fuel: making decision about the future status of the RA reactor; making decision about the most
adequate solution for safe disposal of the spent fuel; providing or building a new dry storage facility;
transfer of the research reactor RA spent fuel from the existing wet storage conditions to the new dry
storage conditions; adopting regulations, procedures and an adequate organization for long-term
supervision, monitoring and control of spent fuel storage.
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ABSTRACT
An IAEA sponsored Coordinated Research Program was extended to study corrosion
effects in several sites. Racks containing Aluminium samples were placed in different
positions of each basin and periodic sampling of all the waters was performed to conduct
chemical analysis. Different forms of corrosion have been encountered during the
programme. In general, the degree of degradation is inversely proportional to the purity of
the water. Maximum pit depths after 2 years of exposure are in the range of 100-200 urn.
However, sediments deposited on the coupon surfaces seem to be responsible for the
developing of large pits (1-2 mm in diameter). In many cases, what appears to be iron oxide
particles were found, originated by the corrosion of carbon steel components present
elsewhere in the basin. These results correlate with observations made on the fuel itself,
during exhaustive visual inspection.

1. Introduction
Aluminium clad MTR spent fuel is usually stored underwater to shield the gamma emissions. Due to
its good corrosion resistance, corrosion problems should not be expected in the few years needed to
allow for a fair reduction in the activity levels, provided the water quality is maintained into
specifications values for nuclear reactors: conductivity lower than 1-3 uS/cm, pH in the range of 5 to 7
and chlorides in the parts per billion range [1]. However, aqueous corrosion starts to be a concern
when storage time becomes decades. In relation to this, the International Atomic Energy Agency
(IAEA) established an international Program on "Corrosion of Research Reactor Aluminium-Clad
Spent Fuel in Water"; as part of it, an extensive spent fuel corrosion monitoring program has been
conducted in Argentine research reactors spent fuel storage facilities from years 1996 to 2000. The
IAEA sponsored Coordinated Research Program was extended to study corrosion effects in several
different sites: the Central Storage Facility and the RA3 reactor Decay Pool, both located at the Ezeiza
Atomic Centre, the RA6 Reactor Pool and the RA6 Decay Pool, at the Bariloche Atomic Centre.
2. Experimental Set-up
2.1. SELECTED SITES
MTR-type fuel elements have a residence time of about 2 years in the RA3 reactor; after that, they are
moved to a decay pool (RA3 DP), an open stainless steel pool, to cool down enough before they are
transferred to another basin, the Central Storage Facility (CSF); although less than a year is supposed
to be enough time in the DP, the fuel elements may stay there for periods of up to 10 years. In the CSF
the fuel is placed inside buried steel tubes some 3 meters long; lines of 16 of these tubes connected to
share the water are arranged to hold several hundreds of fuel elements (two elements can be placed
into each tube, one on top of the other). One channel at the extreme of each line is left empty, to be
used as a control channel, for water level, etc. Storage in this basin began in the late sixties. The RA6
reactor started to work in 1982; due to its low power some of the fuel elements have not been replaced
and have stayed for almost 20 years inside the reactor pool (RA6 RP); some others have been
deposited in an adjacent decay pool (RA6 DP).
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Due to the different design and conditions of the sites, it was considered of interest to conduct the
surveillance program in all these 4 locations, what could provide valuable comparative information.
2.2. RACKS AND COUPONS.
Seven racks, containing some 10 (ten) Aluminium samples each, were placed in different positions of
each basin. Isolated coupons, crevice sandwiches and galvanic couples of different Aluminium alloys
were included in each rack. In order to study different effects; some of the coupons had been preoxidised and some included artificial scratches. The coupons consisted in 100 mm diameter, 3 mm
thick discs, mounted on a stainless steel support. The sandwiches-couples were assembled by putting
together 2 disks of Aluminium alloys or one of them with a 2 mm thick 304 stainless steel disk of
similar shape and diameter. Different Al alloys have been tested: SZ AV-1, 1100, 5086, 6061 and
6063. Provisions were made to avoid contact between the samples, samples and the steel support and
samples and parts of the basin, by means of different kinds of separators. Figure l(a) depict a couple
of racks before immersion at channels #46 and #113, two of the control (empty) channels of the CSF;
figure l(b) shows the moment of positioning in the basin; in CSF the racks were immersed up to a
distance of 0,20 m of the channel bottom.

Fig. 1: (a) Racks #2 and #3 before immersion; (b) Rack #3 entering a channel at CSF; (c) Racks in
position in RA3 DP.
In figure l(c), racks #4 and #5 can be seen in place into the RA3 DP, nearby a spent fuel canister. For
the location of samples in RA6 DP similar criteria was applied. In the case of the RA6 RP, the racks
was hanged at core's height but close to the pool wall.
2.3. MONITORING PROGRAM
During a period of more than 2 years, samples were extracted from the racks at regular intervals in
order to look for signs of corrosion. The degree of attack was assessed by visual inspection; upon
indication of the development of pitting corrosion, metallography and other analysis were performed
to determine number and size of the cavities. Also, periodical chemical analysis of the water in all
sites was conducted, to establish pH, conductivity and content of chloride, sulphate, and some other
ions. In order to make the material available for laboratory examination, the samples have been
decontaminated when needed, washing and rinsing them only with water or alcohol, but no chemical
cleaning was conducted, to avoid altering the surfaces.

3. Results
Signs of corrosion have been observed on the Aluminium coupons after exposure in all sites. The
intensity of attack depends on site, time, sample location and specific situation of the exposed surface.
3.1. EFFECT OF LOCATION OF EXPOSED SURFACES
A clear distinction can be made on the corrosion appearance of different surfaces, that can be grouped
as follow:
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1) Free surfaces (outer faces of sandwiches or single coupons) and inner surfaces of sandwiches or
couples
2) Free surfaces facing upwards and downwards
3) Free surfaces of samples in upper positions of the racks and those in lower ones.
Figures 2 (a) and (b) show the typical aspect of outer and inner faces of crevice sandwiches or
galvanic couples. As it can be seen, the inner surfaces are stained by uneven oxidation, that probably
depends on the remaining gap after coupling; depending on site and time, there may be an extended
shallow attack with pitting. The outer faces, instead, bear an even oxide and sometimes are pitted. The
thickness of all oxides depends mostly on water quality, specially on its conductivity. The amount of
pitting strongly depends on which conditions of points (2) and (3) are fulfilled. The fact that surfaces
pointing upwards of samples located at the top of the racks are the most pitted suggests that this is
related with the sedimentation of particles that may fall on the racks. In fact, brown-reddish deposits
have been encountered in some occasions; deep pits associated with these particles became evident
after the cleaning-decontamination procedure.

Fig. 2: Aspects of (a) outer surface of a coupon at the top and (b) inner surface of a sandwich.
3.2. EFFECT OF SITE
As expected, the magnitude of corrosion is strongly dependent of the water quality. As Table 1 shows,
water chemistry is quite different in each basin. In the reactor pool and all DP's the water is kept at
optimum levels, while high conductivity values and some chloride content are measured in the CSF.
Consequently, corrosion effects have been evident as early as after a 60 days period immersion (for
rack #1 in channel #46 of CSF), whereas no visible signs appeared after 6 months of exposure into the
RA3 DP, RA6 DP or the RA6 RP, other than a slight staining of the inner surfaces of sandwiches and
couples. Consistently, chemistry excursions verified in these sites during the monitoring period are
coincident with the development of corrosion processes.
Table 1: TYPICAL CHEMICAL ANALYSIS CONDUCTED ON WATERS
SITE

CH.#

DATE

CSF
CSF
RA6
RA6
RA3

46
113
RP
DP
DP

05/28/98
05/28/98
12/11/98
12/11/98
11/20/98

Cl
Hg/ml
15.6 ±0.1
3.2 ±0.2
ND
ND
<1

NO2
Hg/ml
ND
ND

NO 3
Hg/ml
ND
ND

SO 4 =
u-g/ml
4.4 ±0.1

1.4±0.1

ND

ND: NOT DETECTABLE (< 0.5 PPM)

ND
ND
ND

Hg/ml
ND
ND

PH
±0.2
7.5
8
5.5

Conduc.

US/cm
79 ±7
160 ±5

5.31

Tot. Sol.
ug/ml
59 ± 1
106 ± 2
22 ± 1
27 ± 1

— NOT MEASURED

As an example, figures 3 (a) and (b) illustrate the variation of chemical parameters with time in
channel #46 of CSF and RA6 DP, respectively; the times of sample extraction are indicated.
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Fig. 3: Evolution of chemical variables in (a-left) channel #46 of CSF and (b-right) RA6 DP. "E" and
"EXT" indicate Entry and Extraction time of racks
In CSF, a notable increment in water conductivity, accompanied by alterations in other variables, is
verified in coincidence with a period of fuel inspection in which major movements of water were
made. Also, in RA6 DP there was a period in which important increases in conductivity and total
soluble solids were measured, possible related to some civil work carried out in the vicinity of the
pool. As a result, the samples extracted in second term show an increased degree of corrosion. This
effect is strong in CSF due to its higher chloride content; in samples extracted from RA6 DP right after
the onset of an excursion was noticed, very localised pitting attack was encountered on the upper free
surface of the top coupon, as seen in figure 4.

Fig. 4: Localised pitting attack on an otherwise intact sample: (a) general view of the 10 cm diameter
coupon; (b) magnification of the pitted zone; (c) detail of one of the pits.
3.3. DEPTH OF ATTACK
When possible, metal lographic examination was performed on pitted coupons, to establish the depth
of the penetration. Fig. 5 (a) and (b) illustrates two typical cases; the first corresponds to corrosion of
the inner surface of a crevice sandwich in an aggressive environment; the second, is a cross section of
a pit produced under a deposited particle, that are some 10 times deeper.

4. Discussion
As expected, the degree of corrosion attack observed is strongly dependent on the purity of the water
of the basins where they are immersed. For higher conductivity values, thicker oxides are formed and
the crevice and galvanic corrosion are more extended. As for the depth of the attack, it has been found
that the effect of particles deposited on Aluminium surfaces overrides the influence of other variables.
The size of cavities produced this way may be in the range of millimetres for the mouth and about 1
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mm for the penetration; pitting produced inside crevices or galvanic couples, instead, do not seem to
penetrate more than about 100 um.
Although no chemical analysis has been performed of the sediments found, there appearance and
colour in several cases suggest there may be iron oxide in their composition. This compound may
come from steel components present around the storage sites, from sludge removed from the bottom of
the pools during large manoeuvrings with fuel, from civil work conducted near the places, etc.

Fig. 5: Cross sections of pits produced: (a) inside of crevice; (b) under deposited particle. (100 X)
These findings explain the extensive corrosion encountered on the fuel stored in the CSF [2]: throughclad pits, nodules in scratches and crevices, galvanic corrosion produced by contact of Aluminium
with stainless steel, etc., all these phenomena have been reproduced by the monitoring program. As a
counterpart, in the DP's and in the RA6 RP there is no visible damage on the fuel. This is consistent
with the measured differences in water quality. However, it is probable that the most damaging factor
has been the possibility of having particle pitting produced by iron oxide accumulated on Aluminium
surfaces. For example, in the CSF, some the positions are closed at the top by means of carbon steel
caps filled with lead. In the humid environment of the channel they may have undergone corrosion,
with production of iron oxide that may have fallen on the racks. Something similar have happened in
the RA6 DP, that is also covered with a painted carbon steel plate. In both places particle pitting was
found, although water chemistry is very different.
The fuel stored at CSF was considered suitable for transport and storage at the SRS [2] and has already
been shipped to this final destination. The experience obtained with this program will help in the
development of a new mixed facility in which the fuel will be kept in wet storage for a limited time
before going into a Long Interim Dry Storage.
5. Conclusions
1) All forms of corrosion of Aluminium alloys in spent fuel storage sites increases as the purity of the
water decreases.
2) Pitting produced inside crevices or galvanic couples may have grown less than lOOum in more than
2 years, in the worst conditions.
3) Penetration of pitting induced by deposits may be up to 10 times higher, regardless of water quality.
4) The state of fuel elements stored in the different basins is consistent with the state of the coupons
immersed in each place.
5) The monitoring program was able to detect the effect of excursions in water chemistry produced.
Hence, it is recommended to establish it as a routine for every basin.
6. References
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ABSTRACT
Out of 11.5 t of irradiated fuel arising from German research reactors until the end of this
decade, 3.9 t are intended to be returned to the USA, and 2.3 t are expected to be recycled
for reuse of uranium. The remaining 5.3 t, as well as the fuel irradiated after the year 2010,
will have to follow the domestic back-end option of extended dry interim storage in Castortype casks, followed by disposal in a deep geological repository.
R&D is going on in the Research Centre Julich to investigate the long term behaviour of UAl based fuel in a salt repository. First results from leaching experiments show 1) a fast dissolution of the fuel with mobilisation of its radionuclidc inventory, and 2) the following
formation of amorphous Al-Mg-hydroxide phases. Long-lived actinides from the fuel were
shown to be fixed in these phases and hence immobilised. Future R&D will be to investigate the nature and stability of these phases for long term safety assessments. Investigations
will have to be extended to cover alternative disposal sites (granite, clay) as well as different (e.g. silicon based) fuels.

1.

Introduction and background

Research reactors have been operated in Germany since the late fifties including Material Test Reactors (MTR), Training, Research and Isotope Facilities of General Atomic (TRIGA) and Zero-Power
Facilities (ZPF). The fuel elements from these reactors cover a broad variety of different types. Different U/Al alloys (MTR), U/ZrH (TRIGA), or U-oxide/PE mixtures (SUR-type ZPF) may form the
"meat" of the fuel element, with U-235 enrichment between 93% and 20% for the fresh fuel. The predominant cladding material is aluminium. Their physical form ranges from pins to thin plates, the
latter being shaped to tubes in some cases. Five of these research reactors with a power > 100 kW are
currently being operated in Germany, and the
new reactor at Munich (FRMII) is planned to
start operation soon.
According to [1] a quantity of 11.5 t of spent
nuclear fuel will have been accumulated from
German research reactors until the end of this
decade (see Fig. 1). Out of this, 3.9 t of spent
fuel of American origin irradiated until May
2006 are intended to be returned to the USA.
A quantity of 2.3 t of spent fuel from ZeroPower Facilities are expected to be recycled
for reuse of uranium. Recovery of uranium
from Siemens type ZPF (SUR-100, U,O8 in
polyethylene) has shown to be technically
feasible [2], recycling options for irradiated

Fig. 1 Concept for management of spent fuel
arising from operation of Research Reactors in Germany until 2010.

fuel from Russian type ZPF are under investigation. The remaining 5.3 t, as well as the fuel
irradiated after the year 2010, will have to
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follow a domestic back-end option.
Similar to LWR spent fuel management, extended dry interim storage on surface followed by permanent disposal in a deep geological repository is considered to meet all safety requirements for the management of spent fuel from research reactors. CASTOR-type casks will be used for transportation and
storage. As a first step towards realisation, 18 CASTOR MTR-2 casks have already been loaded with
2.3 t of irradiated fuel from the Rossendorf Research Reactor (RFR), waiting on-site for their transportation to the central storage facility at Ahaus [3]. The political decision whether centralised or decentralised storage should be realised is still pending.
Final disposal in a deep repository is planned for spent RR fuel elements similar to LWR spent fuel
disposal. The exploration of the Gorleben salt dome will be halted for 3 to 10 years while the suitability of new sites to accommodate a repository is to be examined. It is the government's goal to have
one single repository for all sorts of radwaste operational around 2030, without limiting the site selection process to one specific host rock. To this end, BMU (Federal Ministry of the Environment) in
1999 has convened a group of experts - AK-End (www.akend.de) — whose mandate it is to develop a
comprehensive site selection process within about 4 years. Its assignment is restricted to a relatively
short period at the beginning of the new site-selection process (1999 - 2003: AK-End develops methodology; 2005 - 2010: application of method; from 2010 on: exploration of various sites; 2030: repository takes up operation).
2.

R&D for final disposal

MTR fuel elements are the main type of fuel elements proposed for direct final disposal. Therefore a
research program has been started in 1994 at the Institute for Safety Research and Reactor Technology
at the Research Centre Jiilich to investigate the long term safety of the MTR fuel in a salt repository.
The intrusion of brine into the final repository and finally to the radioactive waste can not be excluded
with absolute certainty for the long period of 10 years. Then those aquatic phases will react with the
cask and the waste and mobilise parts of the radioactive material. Long term safety assessments of the
repository are based on source terms for the radionuclide mobilisation of the spent fuel under
accidental scenarios of water intrusion into the salt dome, normal scenarios of granitic or clay water in
other repository formations respectively. Investigations to determine the source term of UO2-fuel had
been performed in the last 20 year for LWR fuel elements. However the results of these investigations
can not be adopted to the MTR fuel elements. These fuel elements consist mainly of a metallic
uranium-aluminium alloy covered by a thin aluminium wall. The reaction of such a metallic system
with aquatic phases is completely different from ceramic UO2.
In the beginning the program was divided into two work packages:
1. The corrosion kinetic and mechanism of the metallic fuel in salt brines.
2. The radionuclide mobilisation from corroded fuel elements.
First results of these investigations have been reported on the RRFM'97 [4]. They showed a fast
corrosion of the fuel element matrix aluminium in a concentrated magnesium chloride brine especially
in presence of cast iron as main component of the storage cask under aerobic conditions. This
magnesium chloride brine (Brine 2) had been found in salt formations as an inclusion [5] and had been
identified as the most aggressive solution for aluminium. This corrosion is accompanied by the
production of a white gel, which precipitates on the bottom of the vessel. The dissolution of a fuel
element could be assumed to be completed within a month or two in such a system. First leaching
experiments under aerobic conditions of a part of a spent fuel element from the FRJ2 seems to confirm
these results. However the corrosion could not be observed directly in the hot cell because the formed
precipitate covered the fuel element pieces. The fraction of inventory in the aqueous phase (FIAP) of
the radionuclides reached finally 6% for B7Cs as example for easily soluble elements. The short living
m
Cs, which represents the main activity in the fuel element, had been measured instead of the long
living 135Cs because their chemical behaviour is identical. The FIAP's of other nuclides were much
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lower than for I37Cs and below 0.1% for the long living actinides. This had been explained with
sorption or co-precipitation of radionuclides with the precipitated gel.
Due to these results new work packages had been set up:
3. Leaching experiments with spent MTR fuel under anaerobic condition and measurement of the
hydrogen production as indicator for the corrosion process.
4. Characterisation of the gel phase.
5. Study of the radionuclide sorption on aluminium and iron oxides assumed as part of the gel phase.
The anaerobic conditions had been chosen because the brines will get in contact with the spent fuel
after corrosion of the storage cask. This process will consume all oxygen in the repository because the
formation of Fe3+ with oxygen consumption is preferred with respect to the formation of Fe2+ under
anaerobic conditions. Further the investigation had been extended for granite water with respect to the
open discussion regarding a suitable host rock for a final repository in Germany. The corrosion of the
fuel element is coupled with the production of hydrogen. The hydrogen generation by radiolytic
degradation of water can be neglected in comparison to its production by corrosion. Therefore the
pressure in the autoclave has been measured continuously in order to determine the corrosion rate of
the fuel element. The Fig. 2 shows the increase of the pressure during the leaching experiments. The
assembled gas had been analysed from time to time. The analyses proved, that the increase of the
pressure is directly coupled with the production of hydrogen. These results show, that the corrosion in
salt brines in presence of FeCl2 as source for Fe2+ is completed within 3 month. The corrosion in
granite water can be neglected. The pressure increase in the beginning is caused by heating up the
leaching vessel to 90°C.

11.5.00

30.6.00

19.8.00

8.10.00

27.11.00

16.1.01

Date

Fig. 2 Pressure development during the leaching experiments
The dissolution behaviour of radionuclides under anaerobic conditions shows some differences to the
results from the aerobic leaching experiments presented at the RRFM'97 [4], The corrosion in
presence of cast iron is significantly slower than under aerobic conditions. The situation changes in
presence of soluble FeCl2. The corrosion rate in this system is compatible with the aerobic conditions.
The reason for this behaviour is the Fe2+/3+ concentration. The corrosion rate of aluminium, which
controls the corrosion rate of the fuel element, is related to the Fe2+/3+ concentration. The corrosion of
the cast iron is much faster under aerobic conditions than under anaerobic conditions. Therefore the
Fe2+/3+ concentration in the brine increases slowly. After a sufficient Fe2+ concentration is reached the
dissolution and the release rate of 137Cs becomes faster. This behaviour can be seen clearly in Fig. 3.
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Fig. 3 Relase of Ll7Cs and 90Sr into brine 2 in presence of cast iron
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Furthermore the decrease of the l37Cs concentration had not been observed. This can be explained by
the larger brine volume and the usage of a close autoclave system. The open aerobic system looses
water by evaporation and larger volumes of secondary phases were precipitated.
Those secondary phases have a strong influence on the radionuclide mobilisation and hence their retardation. As the first results showed, especially the actinides are sorbed onto the secondary phases in
a yet unknown form. However the composition of the surrounding brine will change during the long
time period considered in the safety assessment. An investigation in view of the remobilization behaviour of the different radionuclides was undertaken with respect to ionic strength of the solutions,
because it can be assumed that a new brine system has a lower ionic strength than brine 2. The Fig. 4
shows that
Cs will be remobilised instantaneously with fresh brine independent from the ionic
strength. This is also an indication, that the decrease of the ' Cs FIAP was caused by a saturation
effect in the leaching experiment under aerobic conditions. A similar behaviour had been observed for
Co and ; Sr/9 Y. A complete different remobilisation characteristic was found for the long living
actinides. The remobilisation strongly depends on the ionic strength of the solution. Only in pure water
more than 75 % of the actinides were remobilised (see Fig. 5). These results explain the low release
rates for the actinides of less than 0.1 % in the leaching experiments with salt brines.
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Fig. 5 Remobilization of the a-emitter as function of time and ionic strength of the electrolyte
(The a-emitters can be approximately assumed as actinides)
3.

Conclusions and outlook
2+/}+

A high concentration of Fe " ions can be assumed in the final disposal, because the aquatic phase
will get in contact with the MTR fuel elements after corrosion of the storage casks. Therefore the
safety assessment of the direct disposal has to consider the following main points for a source term:
•
•
•

The fast dissolution of the MTR fuel elements in salt brines.
The immobilisation of actinides in the secondary phases.
The slow corrosion in granite water.

An alteration of the structure and composition of the secondary phases must be assumed due to
changes in the composition of the aquatic phase. Therefore the secondary phases need to be characterised and the alteration of the secondary phases with time has to be investigated in future. Further
investigations will have to include silicon-based fuel, which will be used in the FRM II, and clay water
as a third alternative host rock formation.
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ABSTRACT
The FiR 1 -reactor, a 250 kW Triga reactor, has been in operation since 1962. The reactor
with its subsystems has experienced a large renovation work in 1996 - 97. The main
purpose of the upgrading was to install the new Boron Neutron Capture Therapy (BNCT)
irradiation facility [1]. The BNCT work dominates the current utilisation of the reactor:
four days per week for BNCT purposes and only one day per week for neutron activation
analysis and isotope production.
The Council of State (government) granted for the reactor a new operating license for twelve years starting from the beginning of the year 2000. There is however a special condition
in the new license. We have to achieve a binding agreement between our Research Centre
and the domestic Nuclear Power Plant Companies about the possibility to use the final disposal facility of the Nuclear Power Plants for our spent fuel, if we want to continue the
reactor operation beyond the year 2006.
In addition to the choosing of one of the spent fuel management alternatives the future of
the reactor will also depend strongly on the development of the BNCT irradiations. If the
number of patients per year increases fast enough and the irradiations of the patients will be
economically justified, the operation of the reactor will continue independently of the closing of the USDOE alternative in 2006. Otherwise, if the number of patients will be low,
the funding of the reactor will be probably stopped and the reactor will be shut down

1. Introduction
The Finnish FiR 1-reactor is a 250 kW Triga reactor operating since 1962. The reactor with its
subsystems has experienced a large renovation work in 1996 - 97. The main purpose of the upgrading
was to install the new Boron Neutron Capture Therapy (BNCT) irradiation facility [1]. The fast fission
neutrons are slowed down to the epithermal energy range (1 eV - 10 keV) by a special composite
moderator material consisting of Al+AlF3+LiF (FLUENTAL™) developed and produced by VTT.
This material gives excellent beam values both in intensity and quality and enables the use of a small
research reactor as a neutron source for BNCT purposes. The epithermal beam facility of the BNCTirradiation station got its final form and the therapy area was surrounded with a heavy radiation shield
made of steel and heavy concrete. The reactor was taken again into operation in November 1997. The
license for patient treatment was granted in May 1999 to the responsible BNCT treatment
organisation, which has a close connection to the Helsinki University Central Hospital. Soon after that,
in May the first patient was irradiated at the FiR 1 BNCT facility. Now the BNCT work dominates the
current utilisation of the reactor: four days per week have been reserved for BNCT purposes and only
one day per week for neutron activation analysis and isotope production. Figure 1 describes the
general layout of the BNCT beam facility at the FiR 1 reactor. This arrangement gives a high
epithermal neutron field, 1.1 x 109 n/cm2s with a very low fast neutron and gamma component.
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Fig 1. FiR 1 epithermal neutron beam facility

2. Current situation
The Council of State (government) granted for the reactor a new operating license for twelve years
starting at the beginning of the year 2000. There is however a special condition in the new license. We
have to achieve a binding agreement between our Research Centre and the domestic Nuclear Power
Plant Companies about the possibility to use the joint final disposal facility of the Nuclear Power
Plants for our spent fuel, if we want to continue the reactor operation beyond the year 2006. We have
had already for twelve years an agreement in principle with one of the Nuclear Power Companies
about the final disposal matter, but it does not satisfy the requirements any more. If an acceptable
agreement will not be accomplished in about four years' time, we have to use the USDOE alternative
with the well-known time limits. The Ministry of Trade and Industry has the duty to decide, if the
agreement is acceptable or not. Before we can start the real negotiations about the final disposal of our
spent fuel with the Nuclear Power Companies, we have to prepare a safety study about the behaviour
of the Triga fuel in the final disposal surroundings. We need also a description how our spent fuel will
be handled at the final disposal facility. We assume that these reports will be ready this year and after
that the agreement should be ready in one or two years. If we can keep this time schedule, we can
"freely" choose one of these two spent fuel management alternatives. This will happen in 2004 at
latest. If we choose the USDOE alternative, it means the shut down of the reactor clearly before the
year 2006. The BNCT facility is completely ready for the treatment of the patients, but there are still
too few patients annually to be irradiated. This means lack in funding the reactor operation. If there is
not enough funding for the reactor, there is also no reason and no means to continue the operation.
3. Alternatives of back end solutions
USDOE's Program
According to the US Department of Energy's Foreign Research Reactor Spent Nuclear Fuel
Acceptance Program the ultimate time limits are May 2006, when you have to stop burning the fuel in
the reactor and May 2009, when the fuel has to be at its destination in the USA. In practice the
arrangements needed to send the spent fuel back to USA have to be done much earlier. When the
representatives of USDOE visited our reactor in 1999, we told them that our intention is to choose the
back end solution of the fuel in 2004. Next year, in 2000, USDOE reminded us that our possible
negotiations with USDOE about the return of the spent fuel should start already in 2004 or earlier.
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Domestic alternative
The Council of State (government) outlined already in 1983 the time schedule for the final disposal of
spent fuel of the nuclear power plants. Since that the Finnish Nuclear Power Companies have made
research work aiming for the final disposal of the radwaste. Later, in 1995 they founded a separate
company Posiva to develop the technology and carry out safety analysis and site investigations for
implementing spent fuel final disposal. In 1999 Posiva submitted an application for a decision in
principle for a final repository to be built at Olkiluoto, the site of two nuclear power units. At the end
of the year 2000 the Finnish government approved the application and sent it to the parliament for
ratification. After the ratification, if positive, separate licenses still will be needed for the construction
of the facility, scheduled to start in 2010, and also for the operation, 10 years later. The government
alone will decide, if these licenses are granted or not.
For the final repository the spent fuel will be encapsulated in airtight copper canisters and situated in
the bedrock at a depth of 500 m. The safety of this deep underground repository is based on multiple
natural and engineered barriers. Each canister contains 9-12 normal fuel assemblies from nuclear
power plants. The present concept for Triga fuel elements is that the elements will be loaded in
containers, which have the same outer dimensions as the nuclear power plant fuel assemblies. This
ensures that the Triga fuel will be easily handled in the final disposal facility and also loaded in the
heavy copper canisters.
4. Decisions in the near future
As was mentioned earlier the BNCT work is today the main purpose to run the reactor. The amount of
BNCT irradiations is still rather low: twelve irradiations during the first eighteen months. If the
frequency of the treatments is not growing up soon, the funding of the reactor will be stopped, which
leads inevitably to the permanent shut down of the reactor. In that case the USDOE alternative seems
to be the right one. The economic situation of the reactor will be the basic factor when we have to
decide about the future of the reactor. The economic situation will be analysed during the next two or
three years at latest. If the turnover of the BNCT and other irradiations will be satisfactory and the
positive trend seems to continue, there is no reason to use the USDOE alternative. Instead it is
reasonable to continue the reactor operation beyond the year 2006, which means inevitable also the
choosing of the domestic alternative for the treatment of the spent fuel.

5. Conclusions
The choosing between the USDOE and the domestic back end solution will be based on the economic
situation and the economic forecasts of the reactor and the BNCT irradiations, not the economics of
the spent fuel management. At the moment the expenses of both of the spent fuel management
alternatives seem to be of the same magnitude. The time of the decision will be very soon, in 2003 2004 at latest.
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ABSTRACT
The Belgian Nuclear Research Centre SCK'CEN has carried out a number of studies to
evaluate the long-term behaviour of cemented research reactor waste under the geological
disposal conditions of the Boom Clay Formation. Static leach experiments in synthetic clay
water were performed on active samples of cemented research reactor waste. The leach
experiments were carried out under anaerobic conditions at two testing temperatures (23
and 85°C). Leach rates of seven radionuclides (60Co, 90Sr, l34Cs, 137Cs, 144Ce, l54Eu and
241
Am) were measured. Most investigated radionuclides are well retained within the
cement matrix over a 280 days testing period. Results on the source term of radionuclides
were complemented with data on the leaching behaviour of cement matrix constituents as
Ca, Si, Al, Na, K, Mg and SO4 as well as with data from performance assessment
calculations and in situ tests. Despite limitations inherent to short-term experiments,
combined results from these investigations indicate only limited interactions of disposed
research reactor waste with the near field of a geological repository in clay.

1. Introduction
Between November 1993 and April 1994, a total of 240 fuel elements from the BR-2 Research
Reactor were shipped to the Dounreay facility of UK Atomic Energy Authority (UKAEA) for
reprocessing and conditioning in a cement matrix [1]. As the reprocessing raffinate contains long-lived
radionuclides, deep geological disposal is considered as the most appropriate option for the
management of these wastes. However until recently, few data existed on the behaviour of cemented
research reactor waste under site-specific geological disposal conditions. In Belgium, the Boom Clay
is investigated as a potential host rock for the deep geological disposal of long-lived and high-level
radioactive waste. This article summarises results from active leach experiments investigating
radionuclide release from cemented research reactor waste under simulated repository conditions. Data
obtained from leach experiments provide important information on (i) the quality of cement matrices
with respect to the immobilisation of critical radionuclides; (ii) the source term of radionuclides and
(iii) release rates of chemical elements having a potential effect on the near-field (e.g., alkaline plume)
of a geological repository in clay. Data derived from these studies can be integrated in performance
assessments and environmental impact studies. As part of a broader research programme on cementclay interactions, in situ tests were performed in the HADES Underground Laboratory (Mol, Belgium)
to investigate the long-term physical and chemical stability of cemented research reactor waste under
real geological disposal conditions. Most of these investigation were performed in the context of the
Fourth Framework Programme of the European Commission. Main results and conclusions relevant to
the safety of disposal are summarised.
2. Laboratory leach experiments on active simulant cemented RESEARCH REACTOR
waste samples
2.1 Experimental
Static leach experiments were carried out on active samples of cemented research reactor waste. The
leach rates of cations, anions and radionuclides were measured and the leach experiments were

107

performed in synthetic clay water simulating the composition of the Boom Clay groundwater [2,3],
Testing s p e c i m e n s were fabricated in laboratory conditions by FZJulich using a liquid raffinate,
obtained by dissolving a spent fuel element from the G e r m a n D I D O research reactor. D u e to strict
regulations for the handling and the transport of the samples, alpha-emitting radionuclides were
removed from the raffinate. As a consequence, the obtained samples contained very low actinide
concentrations. T h e resulting raffinate was subsequently conditioned in a c e m e n t matrix according to
the flowsheet that will be applied by A E A at the Dounreay cementation plant. A total of 22 active
cylindrical samples of cemented research reactor waste were obtained. The average radionuciide
composition of the cement samples used for leach tests is summarised in Table I.
Table I:

A v e r a g e radionuciide composition of cement samples used for leach tests (activities in Bq/g
and a in % at the reference date (05-05-95))
Activity [Bq/g]

60

Co

90

l55

64%
34%

4

" U

1.3 (D.L.)

65%

5

" U

0

U

0

U

0

Pu

62.2 (D.L.)

239-40 pu

20.9 (D.L.)

2.08 10

6

1.02 10

4

37%

B6

Sb

7.91 10

4

65%

B8

Cs

1.67 10 6

26%

Sr

Ru

Ag

l25

'"Cs
l44
154

2.10 10 7

Ce
Eu

238

26%

1.40 10

7

1.93 10

5

241

52%
56%

a

1.10 105

Eu

1.41 10

Om

m

6.48 10 3
7

IO6

"

Activity [Bq/g]

o

Am

3052 (D.L.)

2«-44Cm

11.7 (D.L.)

55 %

(D.L.) Detection limit
Leach experiments were performed under anaerobic testing conditions in a shielded hot-cell at two
testing temperatures (23 and 85°C). The lower value corresponds to the ambient temperature of the
hot-cell where the experiments were performed and is slightly higher than the ambient temperature of
the Boom Clay formation (16°C). The higher value represents repository conditions near a gallery
containing heat-producing HLW. The main experimental conditions are summarised in Table II.
fable II: Overview of the main experimental conditions for static laboratory leach tests on active
samples of cemented Material Testing Reactor Waste
Static leach test with Synthetic Interstitial Clay water (90 ml)
Test type
Sample

Cylindrical (diameter: 20 mm and height: 20 mm)

Test duration

30,90, 180 and 280 days

Testing temperatures

23°C and 85°C

Measured

P,

j -

i- i

6 0 ^

Radionuclides : Co,

10o

134^

Sr,

Cs,

117.-.

Cs,

144,".

Ce,

I54

r

hu,

241.

Am

Non-radioactive elements : Ca, Si, Al, Na, K, Mg, SO 4 , Mn, Fe, and Ti.
After completion of the leach tests, leachate solutions were ultrafiltered. The cation and anion
composition of the leachate was analysed by Inductively Coupled Plasma Atomic Emission
Spectrometry and Ion Chromatography, respectively. Radionuciide concentrations were measured by
alpha-, beta-, and gamma-spectrometry.
2.2

Results

From the analytical results, normalised elemental depletion depths (ND), for cations, anions and
radionuclides were calculated applying calculation procedures and equations described in [5] (see
Table III).
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Table III:

(ND)i-values obtained from laboratory leach tests (um)
Tests at 23°C
(ND); (in um)

Test duration (days)

Ca

Si

Al

Na

K

30
90
180
280

0.4
1.3
2.1
1.9

13.2
19.5
20.4
3.6

15.3
24.2
24.7
26.1

2600
2840
3100
3160

1190
1400
1670
1410

SO4

Mg

90

m

137

216
187
519
234

-1.8
-1.9
-1.8
-1.9

30
90
180
280

Sr

14
21
19

Cs

Cs

26

1730
1940
2140
2220

1530
1860
2140
2230

Tests at 85°C
Test duration (days)

Ca

Si

Al

Na

K

30
90
180
280

2.0
2.6
9.9
4.2

7.5
4.8

47.2
77.3

12.7

3.2
7.1

4466
5009
4140
3970

2027
2758
3540
4100

90

134

B7

SO4

Note:

0.7
Mg

Sr

Cs

Cs

-2.1
7
2249
2234
30
560
-2.2
2472
1386
21
2449
90
879
-1.7
180
273
2190
2190
280
1583
-1.8
122
2370
2400
A (ND)j-value of 3370 urn corresponds to 100% of leaching. (ND)j-values exceeding 3370 um result
from an underestimation of the initial concentration in the cement samples. Negative (ND)j-values for
magnesium are due to precipitation from the leachant.

i
Among the seven radionuclides measured, four ( Co, '""Ce, 154
'3I|Eu, a241
A m ) were present in
concentrations in the leachant below the detection limit (approximately 100 Bq/g). This detection limit
corresponds to an (ND)j-value of approximately 100 um. 90Sr, 134Cs, and n 7 C s were above the
detection limit. For the non-radioactive elements, Fe, Ti and Mn concentrations in solution were below
or close to the detection limit (a few ppb). The detection limit for Ti and Mn is lower than 0.01 % of
the total amount initially present in the cement samples while the detection limit for Fe is lower than
0.1 %. This indicates that these elements are incorporated in poorly soluble phases within the cement
matrix.
144,-

T

2.3 Discussion
Results from Table III illustrate that, with respect to leaching behaviour, two groups of elements can
be distinguished. The first group consists of Cs, Na, K and SO 4 and shows high leach rates. These
elements are instantly released from the cement matrix. The second group consists of slowly leached
elements (Ca, Si, Al, Sr, and Mg).
Two successive processes explain the high leach rates of Na, K and Cs. Initial high concentrations
result from the wash off of soluble salts from the sample surface. After this wash-offstage, Na, K and
Cs are released by a diffusion-controlled mechanism. The diffusion controlled release is confirmed by
the linear relationship between (ND), and the square root of time (Figure 1). Corresponding diffusion
coefficients were calculated and are summarised in Table IV. Diffusion values for Cs are in line with
values reported in other studies on BFS-rich cements [6, 7],
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Fig. 1 : The normalised depletion depths of 90Sr and 137Cs as a function of the square root of time. The linear
relationship between (ND); for 137Cs and Vtime supports a diffusion-controlled release mechanism
Table IV: Calculated diffusion coefficients of Cs, Na, K at 25°C

D [m7s]

Cs

Na

K

3.10 -14

3.10 -14

7.10 -15

Na represents approximately 3 wt % in the cemented waste. The complete release of Na due to
leaching would probably result in an increase in porosity and a decrease in compressive strength of the
cemented research reactor waste. The consequences of these processes on the safety of disposal have
not yet been investigated.
Ca, Si, Al are main cement matrix constituents. These elements are slowly released: typical
extrapolated normalised depletion depths for Si and Al are in the order of 20 to 30 urn after one year
leaching. Sr shows a similar leaching behaviour as Ca, which can be explained by isomorphic
substitution in various cement phases. Also Si and Al are mostly combined with Ca in cement phases.
Negative (ND)j-values for magnesium are explained by the uptake of magnesium by the cement
matrix. Magnesium may either react with the solid phase or precipitate at the sample surface, for
example as a Si-Al-Mg-H2O gel as shown by EMPA in the in situ tests [8].
For most elements and radionuclides measured, release rates increase with temperature due to the
increase in solubility and diffusion rate. For silicon and aluminium however, lower leach rates are
observed at 85°C compared to tests at 23°C. This observation may be explained by the formation of a
Si-Al-gel layer at the sample surface that would form faster at elevated temperatures.

3.

Results from in situ testing

In situ experiments were performed in the HADES Underground Research Laboratory (Mol, Belgium)
to investigate the extent and the consequences of interactions between cemented research reactor waste
and the Boom Clay [8], Results from in situ tests have evidenced distinct interactions between cement
and clay. The affected area is however confined to a zone with a thickness of only a few hundred
microns after 18 months testing. The observed interactions include mass transport of calcium,
magnesium, aluminium, iron, silicon, and sulphur as well as redox and carbonation reactions at the
cement-clay interface. The tested samples were in good condition after completion of the tests. The
most prominent features are (1) leaching of cement with loss of calcium and silicon; (2) development
of a calcium-rich zone in Boom Clay close to or at the contact; (3) the formation of a contact zone
marked by the precipitation of a hydrated Si-Mg-Al phase; (4) reduction in apparent porosity of
initially porous/permeable materials and (5) precipitation of calcite within the cement. This elemental
exchange tends to diminish pH and reduce the buffering capacity of the cement. Although hydroxide
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will diffuse into the clay, the development of an extensive alkaline halo in the surrounding clay is
unlikely owing to the buffering capacity of the Boom Clay.
4.

Conclusions

The behaviour of cemented research reactor waste under geological disposal conditions of the Boom
Clay was investigated. Results derived from active leach experiments indicate that most of the
investigated radionuclides are well retained within the cement matrix over the 280 days testing period.
Results on the source term of inactive constituents shows that Na (3 wt %) is readily released. In
addition to leach tests, in situ experiments were performed to investigate the behaviour of cement
matrices under realistic repository conditions of the Boom Clay Formation. Although mass transport
of matrix components occurs at the interface cement-clay, the extent of the affected zone is limited.
Experimental studies were complemented with preliminary performance assessment calculations to
evaluate the radiological consequences of the geological disposal of 69 canisters of cemented research
reactor waste in a hypothetical repository in the Boom Clay [2]. Maximum dose rates were calculated
for major actinides and fission products and were found to be approximately two orders of magnitude
lower than the maximum dose rates calculated for the disposal of the reprocessing waste resulting
from the Belgian reference scenario (based on an installed nuclear power of 5.5 GW(e) operated
during 40 years). The highest contribution to the dose rate (5 10"<; Sv/a ) was calculated for I29I.
Despite limitations inherent to short-term experiments, combined results from these studies suggest
only a limited impact of disposed research reactor waste on the near field of a repository in clay.
5.
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ABSTRACT
Starting in 2006, research reactors operators will be fully responsible for their research and testing reactors spent fuel back-end
management.
It appears that the only solution for this management is treatment-conditioning, which could be done at the La Hague
reprocessing complex in France. The fissile material can be separated in the reprocessing plants and the final waste can be
encapsulated in a matrix adapted to its potential hazards.
RTR reprocessing at La Hague would require some modifications, since the plant had been primarily designed to reprocess
fuel from light water reactors. Many provisions have been taken at the plant design stage, however, and the modifications
would be feasible even during active operations, as was done from 1993 to 1995 when a new liquid waste management was
implemented, and when one of the two vitrification facilities was improved.
To achieve RTR back-end management, COG EM A and its partners are also conducting R&D to define a new generation of
LHU fuel with performance characteristics approximating those of HELJ fuel. This new-generation fuel would be easier to
reprocess.

Introduction : Reprocessing, the long-term solution for RTR spent fuel back-end
Research and testing reactors ( R T R ) are used for nuclear applications in many fields, including
medicine, with boron neutron capture therapy, industry, with gauges, detectors, and other devices.
research and education with irradiators and calibration sources. All these applications generate
radioactive waste, in particular spent fuel, whose back-end management has experienced many stops
and starts in the past ten years.
Until the end o f 1988, US obligated materials were subject to the "Off Site Fuels Policy'" which
required spent fuel to be returned to the United States and to be reprocessed there. Since this policy
terminated on the 31 s 1 of December 1988. research reactors operators were then required to implement
other management solutions.
At the same time, the Reduced Enrichment for Research of Test Reactors ( R E R T R ) Program w a s
leading to a new L o w Enrichment Uranium ( L E U ) fuel to replace High Enrichment Uranium ( H E U )
fuel.
Since new LEU fuel was not as easy to reprocess as HEU fuel (the LEU fuel is made of silicide,
whereas the HEU fuel is made of aluminide), a new US spent fuel return policy w a s introduced in
early 1996 for all research reactors converted (or that had agreed to be converted) to L E U , and for
reactors operating with HEU for which no suitable LEU was available. This policy covers all the spent
fuels discharged until the 12"' of May. 2006. After that date, each operator will again be fully
responsible for its spent fuel.
For the ultimate back-end management, there are three options [1] :
©
©
(D

m

Interim storage
Direct disposal
Treatment-conditioning by reprocessing

The interim storage option does not constitute a reliable solution, while some research reactor
operators have been confronted with corrosion and material degradation problems in existing facilities.
Extended storage of RTR fuel would obviously require extensive R&D programs, as well as new
facilities designed for long term storage. Most significantly, this option does not provide a definitive
solution.
The direct disposal option entails several unsolved difficulties. First, one has to ensure that the
enriched uranium content will not lead to criticality hazards through long term processes as selective
leaching. Moreover, RTR spent fuel is generally considered as unstable (high corrosion rate, hydrogen
build-up) under the conditions of a geological repository. It requires watertight and durable
conditioning on a geological time-scale, for which no satisfactory solution has yet been found. Finally,
direct disposal remains a "virtual" solution that has never been implemented.
The reprocessing option avoids the above difficulties because it produces residues which are suitable
for direct disposal. The 30 years of experience gained at COGEMA's reprocessing site in La Hague
demonstrates the industrial expertise achieved in commercial reprocessing.
Principles of reprocessing : the example of La Hague
Reprocessing has two main objectives :
©

Recover the recyclable materials (plutonium and residual uranium),

©

Generate final waste according to their potential hazards, in order to dispose them safely for the
environment.

Reprocessing at the La Hague complex, in the UP2-800 and UP3 plants, uses the PUREX process,
including the following steps (see flow sheet in figure 1) :
>

Transport of fuel to the plant and cooling in storage ponds. This cooling, or "deactivation",
decreases the radioactivity of the fission products substantially.

r-

Shearing and dissolution of the fuel, followed by clarification of the liquor generated :
The first reprocessing operation consists of stripping the fuel rod to prepare it for chemical attack.
The process employed for zircalloy cladding rods is cutting them into pieces with a shearing
machine. At La Hague, as in many reprocessing plants, the shearing machine is placed above a
continuous dissolver, and the rod pieces fall into a perforated basket, which, placed in the
dissolver, allows the selective dissolution of the oxide in nitric acid without attacking the hulls.
At the end of the operation, the hulls are removed and sent for storage awaiting future compacting
and conditioning as a solid High Active Level Waste (HALW).
Depending on the fuel type, it is possible that some insoluble products may remain after
dissolution. This is the case for example for oxide fuels for which the insoluble particles are made
of cladding residues and metallic inclusions. These solids, which would hamper further
purification steps, are removed from the solution by centrifugation. A centrifugal clarifier has
been selected for La Hague because it provides good efficiency with high throughput.

r-

Uranium and plutonium splitting and purification by a liquid-liquid extraction process :
Basically, extraction consists in transferring a solute from one liquid phase to another one that is
not miscible with the first. This operation enables separation of salts whose suitability for
extraction by a given solvent is different.
For the extraction of uranium and plutonium, tri-butyl phosphate diluted in hydrocarbons has
been universally adopted. In the extraction operation, most of the fission products and actinides,
except U and Pu, remain in the aqueous phase. Scrubbing by nitric acid improves the separation
by stripping most of the fission products entrained by the solvent.
Several extraction cycles of the clarified liquor, in pulsed columns, mixer-settler banks, or
centrifugal extractors are necessary to meet the end-product specifications. At the end of these
cycles, different kinds of solutions are generated :
- a solution containing specifically the uranium
- a solution containing specifically the plutonium
- raffinates containing the fission products and the minor actinides
- the solvent, which is regenerated by a treatment with sodium carbonate followed by caustic
soda, and then recycled.
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Final conversion of uranium and plutonium to end-products :
The uranium solution is concentrated by evaporation, stored, and eventually converted to LJF6 for
a new isotopic enrichment.
In the same way, the plutonium is precipitated as an oxalate salt by the addition of oxalic acid.
This salt is then filtered, dried and calcinated to form the PuO2 oxide that is used to make the
MOX fuel. The mother liquor is concentrated and recycled.
Management and treatment of process waste :
The process waste comprises :
The hulls, provided during shearing and dissolution operations, which are stored, awaiting
for compacting in a canister, and intended for final disposal.
The High Activity (HA) liquid waste made up of solutions containing :
G the insoluble particles from the clarification (fines),
a the fission products and minor actinides split out during the extraction process,
a the concentrates generated by evaporation of the aqueous acidic process sewage in an
acid recovery unit. Acid generated in this unit is recycled in the process, and distillates,
with very low activity, are discharged into the sea.
The various streams, except the fines, are concentrated and generate the HALW concentrates
which are stored in large vessels fitted with cooling and pulsation devices. The concentrates
are then mixed with the fines and treated in a vitrification facility to form a glass matrix with
high resistance to leaching. Today, this matrix appears to be the most suitable and safer
packaging for long term storage.
The gases, which are collected according to type and level of activity, washed and treated on
specific traps to recover elements such as iodine, and then filtered through high efficiency
filters before discharge through a stack.
atmospheric release

to fuel manufacturing

interim storage

Figure I : LWRprocess scheme at La Hague
Reprocessing plants such as La Hague are designed to be operated for very long periods. During their
lifetime, they will have to reprocess fuel with changing characteristics, although they were primarily
designed for fuel from light water reactors. That can include LWR with an increased burn-up, but also
new fuels such as RTR which are highly diverse in terms of weight, shape, and composition, and
therefore require high flexibility of back-end services. Fortunately, in La Hague, many design margins
have been provided, so that significant modifications can be incorporated, even in the active part of the
plants, as shown in the following two examples.
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Two examples of La Hague design flexibility [2]
Implementation of a new liquid waste management process
Active operation of UP3 started in 1989. The initial liquid waste management process led to the
production of two types of solid waste : high level active waste (glass canisters) containing the bulk of
activity, and intermediate level waste (issued from medium and low level liquid waste generated
mainly by gas scrubbers, rinsing of equipment and solvent regeneration, and which underwent a
treatment by co-precipitation, with the sludge generated incorporated in bitumen).
The excellent decontamination performance of the first extraction cycle opened up the possibility of
modifying the liquid waste management process in order to eliminate production of intermediate level
waste. The main characteristics of this new process were :
- Concentrate all salt-free acidic waste and the most active salt-bearing waste, in order to route it to
the vitrification facilities.
Release in the sea the remaining salt-bearing waste, after a filtration stage, and control of its
activity.
To implement this new management process, three new evaporation units, a specific unit for the
treatment of laboratory waste, and new piping and vessels were installed. The main challenges were :
- To have the radiation exposure of construction personnel negligible,
- To lay out most of the new units in facilities already in active operation, which involved difficulties
for the active area access and for the piping connections,
- To perform the construction without any interference with operations of existing facilities.
These challenges were overcome mainly thanks to the original design of the La Hague plants, and to
the excellent co-ordination between the design teams and the construction teams.
The lay-out of UP3 facilities, as well as those of its sister UP2-800, is characterised by a central active
gallery, which houses all connecting pipes between various units. The active cells are located on each
side of this backbone, and surrounded by inactive areas. The process equipment is installed in active
cells separated by concrete walls. The equipment is gathered according to function and activity level,
to enable an easier access.
In the case of a cell with medium or low level activity, draining and rinsing of equipment is sufficient
to permit maintenance. In the case of a cell with high-level activity, most of the active pipes and
transfer systems are duplicated. Hold-up pipes, most of which are fitted with decontamination nozzles,
are provided for connection to future process extensions. In addition, extra space has been foreseen to
house possible process extensions, and inactive areas have been designed with large corridors to make
maintenance easier.
These conditions enabled :
- implementing 10 new active cells, both in existing facilities and in extensions,
- creating new piping between units inside the same facility and between facilities,
minimising maintenance in active cells both in term of space and duration,
- limiting radiation exposure of construction personnel to about 10 man-mSv per year during the
main construction period from 1993 to 1995.
Improvement of the vitrification facilities
La Hague has two vitrification facilities, R7 and T7, which are located respectively in UP2-800 and
UP3. The process includes first converting the HALW solutions to a solid form in a rotary calciner and
then vitrifying the solid in an induction-heated metallic melter.
Each facility has three vitrification lines capable of producing 25 kg/h of glass. Keeping two lines in
operation and one on stand-by meets the production requirements and provides considerable
flexibility.
R7 entered active service in 1989, and T7, three years later in 1992. The design of T7 took advantage
of R7's experience, by including some improvement, identified on R7 but which could not be
implemented in active conditions :
implementation of a new connecting device between the pouring nozzle and the canister,
associated with an improved off-gas system,
addition of an in-cell washable pre-filtering device on the ventilation of main hot cells, in order
protect the filters from contamination,
improvement of the canister decontamination device,
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modification of the cranes to improve the reliability of certain components and reduce their
maintenance.
In addition, T7's operators had the unique opportunity to train on R7 before T7's active start-up. As a
consequence, T7 was able to achieve its production goals quickly, and the modification mentioned
above proved to be very beneficial in terms of reduction of operating costs, reduction of waste volume,
and personnel irradiation exposure.
In early 1994, it was possible to remove R7 from service for one year, since most of the backlog of
HALW solutions had been vitrified, and the decision was taken to upgrade R7 to the same level as T7,
by implementing the same improvements.
The project, which included in-cell operations in the most active part of the plant, was feasible thanks
to careful preparation. In particular, all the most difficult operations were rehearsed beforehand using
inactive mock-ups.The main objective during the project was to minimise the personnel exposure, and
the careful training on inactive mock-ups was an essential element to reach it. The other two goals
were to minimise the waste volume and to comply with the deadlines to avoid interfering with the
production schedule of the facility.
The work was conducted in two steps. During the first one (5 months), only one line was stopped,
while vitrification operation continued on the other ones. During the second step (11 months), all the
lines were stopped. These modifications in active conditions were possible thanks to the design
principles of the vitrification facilities, in which all equipment is installed in mechanical cells and can
be assembled and disassembled using overhead cranes, master-slave manipulators and remote
controlled tools.
RTR back-end industrial implementation
To be reprocessed, RTR fuel must be diluted in power reactor UO2 spent fuel to lower the 233U content
to a maximum of 2 %.
La Hague is already available to reprocess aluminide HEU spent fuel, since head-end modifications —
especially in the shearing and dissolution units- are provided. Some adaptations may also be
necessary, on a case-by-case basis, to accommodate specific characteristics of each HEU fuel type.
However, as indicated above, the flexibility of the plant would enable such modifications and
adaptations, even during active operations.
It is not the same for silicide LEU fuel, which is not easy to reprocess. COGEMA therefore teamed
with other partners in R&D programs to develop a new generation of LEU fuel that should :
®
©
(D

provide higher performance characteristics than current silicide LEU fuel,
be easy to reprocess in existing industrial reprocessing plants, thus providing the best response
to long-term management concerns.
enable as yet unconverted HEU reactors to switch to LEU fuel, in accordance with nonproliferation commitments.

Conclusion
Apart from treatment-conditioning by reprocessing, none of the spent fuel management options
available for RTR operators is satisfactory. Due to the nature of the fuel, long term interim storage or
direct disposal would require extensive R&D programs and specially designed costly facilities.
However, the treatment-conditioning of RTR spent fuel through reprocessing is a proven and fully
operational management scheme. By separating and recycling the fissile material, it enables isolating
the final waste which is encapsulated inside an adapted matrix according to the potential hazards.
COGEMA can reprocess spent RTR fuels in its La Hague reprocessing plants. Only some
modifications are required, due to the specific characteristics of each RTR fuel type (both HEU and
LEU), but the La Hague complex has already demonstrated its capacity to perform modifications,
sometimes extensive, even after the start of active operations.
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Abstract

" " CH01000266

Uranium silicide nuclear fuel is substantially different from power reactor fuel.
Reprocessing of spent U3SJ2 fuel is a promising alternative to storage in order to reduce the
waste volume and improve containment while separating reusable material from the waste.
Among the possible spent fuel reprocessing scenarios, a study of dissolution of UjSii fuel
components in acidic media has shown that the PUREX process is applicable with a few
modifications in the initial process steps. This study provided valuable data on several
aspects of silicon behavior in nitric acid media, and suggests that the presence of silicon
does not hinder the extraction of reusable materials.

1. Introduction
Research reactors are characterized by a wide diversity of designs, operating conditions and fuel
compositions. As with power reactors, spent nuclear fuel management is a fundamental issue, and the
back end of the fuel cycle (interim storage, disposal or reprocessing) has yet to be defined for these
fuels. While the final choice will be based primarily on political, strategic and/or economic criteria, the
technical feasibility of reprocessing has not been demonstrated to date for all the fuels used in such
reactors.
In the case of uranium silicide fuel, the CEA recently began to consider and then to assess various
reprocessing scenarios. A comparison of the advantages and drawbacks of each scenario led to the
selection of a process using exclusively a nitric acid medium with no mercury catalysts. The technique
is thus compatible with the PUREX process that has successfully been used on an industrial basis in
France for many years. Prior studies in France and abroad indicated, however, that further
investigation was necessary to allow for the particular behavior of uranium silicide fuel, notably
arising from the presence of silicon and its effects on the process [1].
The study described here was therefore undertaken on fresh fuel in order to identify and solve any
problems encountered in designing and validating an industrial-scale process suitable for uranium
silicides. The work focused on the behavior of silicon in highly concentrated nitric acid media and its
interactions with the solvent (TBP).

2.

Fuel Dissolution

Uranium silicide powder in the size fraction between 90 \xm and 125 \\m was dissolved at 100°C in 3N
to 6N nitric acid with or without aluminum. Complete dissolution was obtained in less than one hour
due to the large surface area of the powder sample.
The dissolution of fuel plate sections with aluminum concentrations of up to about 1,3M in hot
concentrated nitric acid revealed two kinetic regimes directly related to the geometry of the fuel
elements used for laboratory testing. The first regime corresponded to the initial attack of the edges of
the fuel core and of the AG3NE cladding; the second, after elimination of the cladding, corresponded
to dissolution of the fuel. The kinetics observed were directly dependent on the surface area in contact
with the dissolution solution (Figure 1).
Under all the operating conditions tested, the aluminum was completely dissolved at a linear overall
rate. The cladding was totally eliminated after 3 hours at 100°C, and complete dissolution was
obtained after 6 to 8 hours. While the aluminum cladding dissolution rate was practically independent
of the initial acidity between 4N and 9N, dissolution kinetics increased appreciably with the
temperature.
The dissolution off-gases consisted essentially of nitrogen monoxide (NO) with smaller amounts of
nitrogen dioxide (NO2). The overall nitric acid consumption ranged from 3 to 4 moles per mole of
dissolved aluminum, depending on whether or not the acid recombined from the nitrous fumes was
recycled. Small quantities of hydrogen were measured (at acidity values between IN and 6N), but
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were well below the explosion threshold even without the additional dilution provided by the
scavenging gas stream.

\

\

Figure 1. Dissolution kinetics of unirradiated fuel plate sections at 100°C
The uranium dispersed in the core was totally dissolved, but was limited by the dissolution kinetic of
the aluminum in the cladding (AG3NE) and in the core (A5). The uranium dissolved after 6 to 8 hours
at 100°C. Silicon was then found as hydrated silica at a concentration of 5 g-L"1, i.e. 170 kg of silica
equivalent per metric ton of uranium (a value consistent with theoretical calculations). The residues
were separated to over 98% during continuous centrifugation in a centrifugal field of 2000 g; after
rinsing and drying, they contained less than 0.3% uranium.
In the dissolution of unirradiated fuel, virtually all the silicon was found in the solid dissolution
residue. Because of the very low solubility of silicon in concentrated nitric acid media, it tends to
accumulate in insoluble form. ICP-AES analysis of the solution after filtration to 0.45 \im indicated
that silicon was never present at concentrations exceeding 50 ppm; the final concentrations after
dissolution systematically ranged from 20 to 30 ppm (Figure 2).
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Figure 2. Silicon concentration in solution versus time: measured versus calculated values
for total dissolution of U?Si2 at 100°C with 1.3M aluminum concentration
Specific investigations and physical analyses (scanning electron microscopy coupled with X-ray
analysis) of fuel particles or sections sampled during dissolution confirmed that the principal
mechanisms involved silicon oxidation and condensation at the interface of the U?Si2 particles in
contact with the solution, forming a silica gel layer that progressed toward the core of the particle
grain, releasing uranium (Figure 3). The silica layers that formed around the periphery of the grain did
not exceed the initial grain size (< 125 urn) and were not thick enough to prevent or diminish
significantly the rate of uranium dissolution. Only about 15% of the initial silicon was found as silicic
acid that condensed in solution, then formed equally insoluble siliceous byproducts.
Because silicon behavior during dissolution in nitric acid media was expected to be highly dependent
on the nature of the uranium-bearing material, we also examined the behavior of intermetallic U,Al,Si
compounds that are formed in the reactor depending on the plate core temperature, local nuclear
reactions, and the fuel residence time. The compounds were obtained through extended heat treatment
(several days at 600°C in argon atmosphere) of fuel plate sections, resulting in a significant reaction
between U3Si2 and the aluminum in the core material; the reaction also caused the cladding to burst
and formed appreciable quantities of powder in the core. In addition to the disappearance of the
characteristic uranium silicide lines, the X-ray diffraction spectrum revealed the appearance of a
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compound, probably U(Al,Si)3, isomorphous to uranium aluminide UA13, in which aluminum atoms
were substituted for a fraction of the silicon atoms in the original uranium-bearing compound.
Siz particle

Beginning of
dissolution

Hydrated silica gel

During
dissolution

End of
dissolution

Figure 3. Oxidized silicon condensation mechanism at the U3Si2 grain interface
The results obtained with this new compound indicated congruent dissolution of uranium and silicon.
Most of the silicon in solution was in the form of silicic acid and its protonated forms, which rapidly
polymerized to yield polycondensed species, soluble silica precursors as indicated in Figure 4.
Increasing the temperature or the acidity, or adding aluminum to the solution considerably accelerated
the polymerization, rapidly leading to the formation of filterable species (0.45 urn cutoff threshold)
and leaving only 1% of the initial silicon in solution after a few hours. The solid siliceous residues
after polymerization were found mainly as a diffuse hydrated silica gel, of which about 25 wt% were
not retained by continuous centrifugal separation in a 2000 g field.
Silicic acid

Polymerization

Silica colloids

Polysilicic acid

Aggregation

Polymerization

•

Silica colloids

Silica gel

Figure 4. Silicic acid polymerization mechanism in solution
These results reveal silicon behavior quite different from that of the initial U.^Si? compound, and thus
raise a number of questions concerning the degree of UiSi2 + Al —> U(Al,Si).i reaction progress during
the fuel residence time in the reactor. Spent fuel will certainly exhibit intermediate behavior, as an
increasing silicon fraction will participate in the polymerization mechanism in solution according to
the proportion of new U(Al,Si)3 phases formed from the initial uranium silicide.
Although post-irradiation examinations suggest that the spent fuel resembles fresh fuel more than the
fuel subjected to extended heat treatment, and therefore that the silicon should not massively enter
solution, the effects of silicic acid polymerization during extraction were investigated over the full
range of silicon concentrations liable to be encountered after dissolution, i.e. from 0.1 to 5 g-L'1 of
silica equivalent.

3.

Extraction

Depending on the degree of polymerization, polysilicic acid may interact in various ways with organic
molecules. When the organic phase contains TBP, the phosphate acts as a complexing agent for
polysilicic acid through hydrogen bonding, and can react at least partially with the acid to produce the
corresponding ester. The compounds exhibit surface-active properties and, under very specific
conditions, can stabilize the emulsions formed during extraction of the major actinides [2,3].
Previous studies reported that only polysilicic acids at intermediate degrees of polymerization are
stabilizing [1]: a silicic acid (monomer-dimer) solution in nitric acid does not appear to be directly
stabilizing until it has evolved sufficiently to form the interfering species. The solution then exhibits
poor phase separation behavior as long as these chemical entities remain in the continually evolving
medium. When the polymerization reaction is sufficiently advanced the concentrations of intermediate
species diminish significantly and the emulsions are no longer stabilized. The nitric acid-silicic acidTBP system thus presents a time window during which the combined presence of intermediate
oligomeric species of polysilicic acid and TBP can form surface-active complexes that stabilize the
emulsions. The dynamics of the nitric acid-silicic acid system determine both the delay prior to the
onset of the unfavorable time window and its duration.
J

These dynamics were studied in the laboratory using a small device to agitate the mixture vigorously
to create the emulsion (equal volumes of organic and aqueous phase, with continuous aqueous phase)
and then to measure the time necessary for disengagement of the nitric acid phase containing the
polysilicic acid (excluding uranium) and of the organic phase consisting of 30% TBP in dodecane with
prior acid equilibration. The test parameters were the initial silicon concentration in the 3N nitric acid
phase, the temperature, and the aging of the siliceous solution in nitric acid prior to contact (i.e. the
degree of polymerization of the polysilicic acid). The reconstituted aqueous phase volume within the
organic phase droplet coalescence front was measured over time as a percentage of the initial aqueous
phase volume, as indicated in Figure 5. The least-favorable case in which all the silicon entered
solution (i.e. assuming the conversion of large quantities of U;,Si2 into U(Al,Si).i) was tested by adding
silicic acid to a uranium-free solution containing aluminum.
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Figure 5. Schematic representation of phase disengagement measurement procedure

Figure 6 shows a typical example of the disengagement kinetics compared with the reference phase
(nitric acid containing no polysilicic acid). Figure 7 shows another example with a polysilicic acid
solution heated to induce a more rapid evolution. For greater clarity in identifying the effects of the
test parameters, the time necessary to obtain 60 vol% disengagement was monitored versus the aging
time of siliceous solutions in nitric acid at room temperature (slow system evolution) and at high
temperature (fast evolution) for different initial silica equivalent concentrations (Figure 8 and
Figure 9).
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Figure 6. Phase disengagement kinetics
Figure 7. Phase disengagement kinetics in a fastin a slowly evolving polysilicic nitric acid solution evolving (heated) polysilicic nitric acid solution
The investigation of conditions favoring the formation of a stabilized emulsion showed that the
oligomeric species at a low degree of polymerization did indeed appear to stabilize the emulsions by
delaying the coalescence of the finest droplets of the organic phase formed immediately after
emulsification. Once the droplets had reached a sufficient dimension, the phase separation resumed at
a rate near that observed in the absence of silicic acid.
At a high enough degree of polymerization (notably after prolonged heating), the presence of silicic
acid in the nitric acid aqueous phase had no further effect on phase disengagement regardless of the
initial silicic acid concentration. Only a slowdown was observed in the coalescence of the final
droplets of the organic phase, the extent of which generally increased with the initial silicic acid
concentration in the aqueous phase; under these conditions, a polymer film forms at the droplet
surface, and its mechanical strength retards the drainage and rupture of the aqueous phase layer
between the organic phase droplets.

120

g
f 120-

^

60-

9.

3
0

1

2

3

4

5

6

7

8

9

10

0

60

Silicic iicid solution aying time (d;iys)

Figure 8. Disengagement time (to 60 vol%)
versus Si concentration in a slowly evolving
polysilicic nitric acid solution

120 180 240 300 360 420 480 540
Silicic acid solution ayiny time (minutes)

13201440
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versus Si concentration in a fast-evolving (heated)
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On this basis, and considering the beneficial effect of extended heating, it would seem obvious that
maintaining the uranium silicide fuel dissolution solution at 100°C for 24 hours, for example, should
avoid any emulsion stabilization problems. This was confirmed by the phase disengagement kinetics
following the dissolution of unirradiated fuel sections under standard conditions: these kinetics were
identical with the reference kinetics (without silicon) whether or not the solution was ultrafiltered
(Figure 10). Over 97% of the uranium was found in the organic phase during the first extraction step
under these conditions. Stabilization problems occurred after centrifugation only during the tests in
which the heating was interrupted as soon as the plates had dissolved (i.e. after 8 hours at 100°C); the
problems disappeared, however, when the dissolution solution was diluted to 1/10 in a silicon-free
nitric acid solution.
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Figure 10. Disengagement time (to 60 vol%) from an unirradiated U3Si2 fuel dissolution
solution heated for 24 hours or 8 hours, under various operating conditions

4.

Conclusion and Outlook

Based on the results obtained in this study, a process suitable for reprocessing uranium silicide (U;,Si2)
fuel was proposed. A batch dissolution process in hot concentrated nitric acid is recommended,
without prior mechanical decladding. Holding the solution at 100°C for about 24 hours then ensures
that the siliceous species reach a sufficient degree of polymerization to prevent them from interfering
with the extraction emulsions.
Although the behavior of silicon during the dissolution steps has now been studied in detail, the
system formed during emulsification of siliceous nitric acid solutions with an organic phase containing
TBP remains particularly complex. This study provided a rapid overview of the phenomena involved,
but further investigation is still necessary concerning the material organization in these two-phase
media, in order to understand and control the physicochemical phenomena observed in the process.
Finally, from the standpoint of spent fuel reprocessing, it will be important to study the silicon
behavior in all the PUREX steps and validate the results of this study by tests on genuine reactor fuel
samples. One area of particular interest would be to confirm the effect of modifications in the nature of
the uranium-bearing material due to the reactor residence time on the behavior of silicon during
dissolution in nitric acid media.
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ABSTRACT
Treatment and disposition of spent nuclear fuel (SNF) in the United States has changed
significantly over the last decade due to change in world climate associated with nuclear
material. Chemical processing of aluminum based SNF is ending and alternate
disposition paths are being developed that will allow for the ultimate disposition of the
enriched uranium in this SNF. Existing inventories of aluminum based SNF are currently
being stored primarily in water-filled basins at the Savannah River Site (SRS) while these
alternate disposition paths are being developed and implemented. Nuclear nonproliferation continues to be a worldwide concern and it is causing a significant influence
on the development of management alternatives for SNF. SRS recently completed an
environmental impact statement for the management of aluminum clad SNF that selects
alternatives for all of the fuels in inventory. The U.S. Department of Energy and SRS are
now implementing a dual strategy of processing small quantities of "problematic" SNF
while developing an alternative technology to dispose of the remaining aluminum clad
SNF in the proposed monitored geologic repository.

Introduction
The U.S. Department of Energy (DOE) and its predecessor agencies have received, stored, and
reprocessed aluminum clad spent nuclear fuel (SNF) from research reactors around the world since the
1950's. Until the 1980's, the primary disposal method was to chemically dissolve the SNF in one of two
"canyon" reprocessing facilities at the Savannah River Site (SRS), separating and recycling the remaining
uranium from the high level waste products. In the early 1990's, the operation and mission of the
reprocessing facilities came into question as a result of the end of the Cold War. As the SNF continued to
be generated and received, DOE stored aluminum clad SNF in water-filled basins while possible
disposition paths were reviewed. During that time, nuclear non-proliferation became an increasing
concern world-wide and also influenced the potential development of disposition paths for SNF.
Four separate environmental impact statements (EIS's) define DOE's management strategy for SNF. In
1995, DOE undertook a decision-making process to consolidate SNF across its nuclear facility complex.
The Programmatic SNF Management and Idaho National Engineering Laboratory Environmental
Restoration and Waste Management Programs EIS [1] was issued in April 1995 and identified three
primary sites within the DOE complex where SNF should be managed. The Hanford production reactor
SNF would remain at Hanford, aluminum-based SNF would be consolidated at the SRS, and nonaluminum-based SNF would be consolidated at DOE's Idaho National Environmental and Engineering
Laboratory (FNEEL). In implementing this EIS, DOE will transfer about 20 metric tons of heavy metal
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(MTHM) of non-aluminum-based SNF from the SRS to INEEL and about five MTHM of aluminumbased SNF from INEEL to the SRS.
The Savannah River Site Interim Management of Nuclear Materials (IMNM) EIS [2] was issued in
October 1995 and determined that traditional chemical processing of approximately 175 MTHM of
primarily production reactor fuel and target material was necessary. As of February 2001 approximately
169 of the 175 MTHM has been processed through SRS's F and H Canyons. The remaining material will
be processed through approximately 2004.
In February 1996, DOE published the Final EIS on a Proposed Nuclear Weapons Nonproliferation Policy
Concerning Foreign Research Reactor Spent Nuclear Fuel [3]. Implementation of this EIS may result in
up to 18 MTHM of aluminum-based SNF (of United States origin) from foreign research reactors being
transported to SRS for management, with additional SNF to be managed at INEEL. Shipments of foreign
research reactor SNF to the SRS began in 1996 and are expected to continue until 2009.
The SRS SNF Management EIS [4], issued in March 2000, evaluated management alternatives for 48
MTHM of aluminum clad SNF that was in storage at SRS or that is planned for receipt at SRS.
Conventional processing, continued wet storage, dry storage, direct disposal, and dilution alternatives
were considered. A dilution alternative that involves melting the aluminum clad SNF and blending it
with depleted uranium was selected as the primary disposal option. Direct disposal was identified as a
backup technology. DOE also determined that chemical processing should remain a viable alternative
until the melt and dilute technology has been brought on line.

Discussion
The SRS SNF EIS divided the site's current and projected future inventories of SNF into six major
categories with similar physical properties. A total maximum amount of SNF to be dispositioned was
estimated at 68.2 MTHM. This total includes approximately 20 MTHM of non-aluminum SNF.
The six groups are: A) uranium and thorium metal fuels, B) material test reactor (MTR) type fuels, C)
oxides and silicides requiring resizing or special packaging, D) loose uranium oxide in cans, E) higher
actinide targets, and F) non-aluminum clad fuels. In determining a disposition path for each category of
material, key considerations included environmental impacts, cost and schedule for implementation,
technological risks, and impacts to nuclear non-proliferation policies. The ultimate disposal for all of the
SNF was to place it in the proposed monitored geologic repository after some form of treatment. DOE is
committed to avoid indefinite storage at SRS.
A brief description of each group and their disposition paths follows.
Group A: This group consists primarily of fuels from the Experimental Breeder Reactor-II and the
Sodium Reactor Experiment as well as a small number of plutonium oxide-aluminum target assemblies.
This group represents approximately 19 MTHM by mass of the 68 MTHM included in this EIS. Material
in this group in its current form may not be acceptable for disposal in a repository due to the reactive
nature of the uranium metal or the particulate nature of some of the material. Conventional chemical
processing of these materials was selected to disposition the materials in this category.
Group B: This group consists primarily of MTR fuels and other fuels of similar size and composition.
Most research reactors, foreign and domestic, use MTR fuel. Approximately 70% of these fuels contain
highly enriched uranium. These fuels are in the form of uranium-aluminum, uranium oxide-aluminum,
or uranium silicide-aluminum all clad with aluminum. This group accounts for approximately 97% of all
material by volume that will be managed at SRS through 2035. This group represents approximately 20
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MTHM by mass of the estimated 68 MTHM included in this EIS. The melt and dilute technology, which
will be discussed in detail later in this paper, was selected as the treatment method for making these
materials suitable for geologic disposal.
Group C: This group is very similar in composition to materials in Group B except that their physical
configuration may preclude packaging them in standard (43.2 cm diameter) repository disposal canisters.
It includes material such as the High Flux Isotope Reactor (HFIR) cores. With the exception of some
sectioned pieces of fuel assemblies or cores that will be processed through SRS's canyon facilities, the
material in this group will also be prepared for disposal using the "melt/dilute" technology. This group
represents approximately eight MTHM by mass of the 68 MTHM included in this EIS.
Group D: This group consists of loose uranium oxide with fission products distributed through the
material that is being stored in aluminum cans. This material most likely would not be acceptable for
direct disposal in a repository because it is not in a tightly bound metal or ceramic matrix. This group
also includes target material that may be received from foreign research reactors under the DOE FRR
SNF Acceptance Program. This group represents approximately 0.7 MTHM of the 68 MTHM included
in this EIS. Current inventories in this group will be stabilized using traditional chemical processing
technology in H-Canyon. Future receipts of material in this group will be stabilized using the melt and
dilute technology.
Group E: This group contains irradiated and unirradiated target materials used to generate transuranic
radionuclides. This material could be used to support such national programs as space exploration or
medical research. These targets are typically aluminum clad plutonium oxide and have been heavily
irradiated. This material will continue to be stored at SRS pending future programmatic decisions to
recover the isotopes. This group represents approximately less then 0.1 MTHM of the 68 MTHM
included in this EIS.
Group F: This group consists of fuel clad in material other than aluminum, zirconium or stainless steel
for example. The approximately 20 MTHM of material in this category will be sent to the INEEL at
some point in the future to be prepared for disposal.
As noted above, the melt and dilute technology has been selected as the primary alternative to traditional
chemical processing for preparing aluminum based SNF for ultimate disposal. DOE has been developing
the melt and dilute technology in the laboratory for approximately 5 years. A detailed program, schedule
and approach has been laid out that will result in implementation of this technology and the start of
stabilization activities in late 2008. The basic approach is to demonstrate the technology on a small scale
prior to initiating the majority of the design effort for what is referred to as the Treatment and Storage
Facility (TSF).
As a back-up to the melt and dilute technology, DOE will continue to evaluate the possibility of direct
disposal and direct co-disposal and would pursue implementation of these options if melt and dilute were
found to not be feasible. In addition, if DOE identifies any imminent health and safety concerns
involving any aluminum-based SNF before TSF becomes operational, conventional processing will be
used to stabilize the material of concern. The melt and dilute technology is fully compatible with and
supportive of the nonproliferation objectives of the United States.
With the selection of melt and dilute as the alternative treatment technology for aluminum SNF, DOE
also determined that the most cost-effective approach to construct TSF would be to utilize the old 105-L
reactor building to house the treatment portion of the facility. This approach eliminates the need to
double handle the SNF by using an existing pathway from the water storage basin into the room where
the melter and associated equipment will be located. This room, referred to as the process room, is
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heavily shielded and can be easily modified to accommodate the TSF equipment. Modular dry storage
outside of the 105-L facility will be used to store the SNF canisters while they await shipment to a
geologic repository.
In order to eliminate uncertainties in the design of TSF and to prove the technology, DOE has decided to
construct the L-Area Experimental Facility (LEF). LEF is a small scale, single assembly melter that will
closely model the planned processes for TSF. Construction on LEF is under way and should be complete
by September 2001. Once operational, LEF will undertake an 18 to 24 month testing program that will
collect data on the performance of all of the systems that will comprise TSF. Eight assemblies that
provide bounding characteristics (e.g., enrichment, U-235 loading, irradiation history) for the fuels to be
stabilized in TSF have been selected for the testing program.
When constructed and operational, the TSF is projected to include the following process steps [5]. Cask
receipt and unloading capability will be provided through the existing L-Basin early on but the ability to
receive and unload a cask directly into TSF will be considered. Fuel will be cropped and stored
temporarily in underwater bundles until scheduled for TSF. Fuel will then be moved via underwater
canal into the process room where it will be characterized and resized if necessary. The fuel will be
placed into the melter, having been selected to ensure appropriate isotopic concentrations in the end
product. Fuel will be preheated to dry it followed by melting and diluting with depleted uranium. The
molten alloy will be sampled and analyzed and when acceptable will be cast into ingots approximately
40.6 cm. diameter and up to 83.8 cm. long. The ingots will then placed into the SNF disposal canister
which is evacuated, sealed, and decontaminated. Weight, dose rate and other parameters will be
measured prior to placing the finished canister in modular dry storage.
Many of the functional performance requirements of the TSF are relatively well defined at this point. For
example, the SNF will be heated to 200 degrees C for two to four hours to remove free water. Fuel
assemblies or pieces can weigh up to 13 kilograms prior to charging. The melter will be operated in batch
mode with a maximum batch size of 25 assemblies. The melter must have the capability to stir the molten
constituents to ensure a homogeneous mixture. The melter will be capable of melting and heating 300 to
400 kilograms of aluminum from ambient to a temperature of 800 to 1000 degrees C in a short period of
time. Analytically, TSF's systems must be able to determine the U-Al composition and the U-235
enrichment to within five weight percent. Sufficient convection cooling must be available to solidify the
molten alloy within two hours. The disposal canister, once fully loaded with ingots and sealed will weigh
up to 2,250 kilograms and with natural convection cooling be maintained at a temperature less than 200
degrees C during storage.
Current plans call for the TSF to be operational in the last quarter of FY 2008. Projected fuel inventories
coupled with TSF's planned throughput will allow for the deinventory of L-Basin, i.e., stabilization of
available aluminum clad SNF, by 2022 [6]. Production of an average of one canister per week is
currently planned. If conditions or cost warranted, higher production rates can be achieved. With
continued operation on an as needed basis beyond 2022, the total number of canisters projected to be
produced by TSF through 2035 is approximately 400. The design life of TSF will be 40 years.
The TSF is estimated to cost on the order of $240 million for design and construction. Once operational,
annual operating costs will be on the order of $24 million per year. The current schedule for TSF calls for
the completion of conceptual design work in September, 2002 followed by the initiation of design efforts.
Design for TSF will be completed by September 2005 and construction will begin. Operation during the
last quarter of FY 2008 is planned. The LEF will remain available during the design and construction
phases of TSF to provide support for the resolution of any technical issues that may arise.
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DOE and SRS have begun to think about the application of the melt and dilute technology to other
problematic special nuclear materials at other DOE sites or around the world. The concept of a smallscale complete unit that includes a melter, off gas system, analytical capabilities, and canister loading has
been postulated. This small scale, relatively low cost unit could be constructed inside an existing facility
and provide a disposal mechanism for materials that otherwise might require long term storage with no
clear path to ultimate disposal. As the design of TSF is finalized, the concept of applying its technology
on a smaller, modular scale will be further developed.

Conclusion
The U.S. has documented a path forward for preparing existing and projected future inventories of
aluminum clad SNF for ultimate disposal. We have embarked on a technology development and
demonstration program that should result in the construction of a treatment and storage facility at the SRS
by 2008. This facility will melt aluminum clad spent nuclear fuel and dilute it with depleted uranium
resulting in a material form that will be acceptable for disposal in a geologic repository. This treatment
technology appears to be scalable and could be implemented at other locations for stabilization of other
aluminum spent fuel inventories.

References
[1] DOE/EIS-0203-F, Programmatic Spent Nuclear Fuel Management and Idaho National Engineering
Laboratory Environmental Restoration and Waste Management Programs Environmental Impact
Statement, April 1995.
[2] DOE/EIS-0220F, Savannah River Site Interim Management of Nuclear Materials Environmental Impact
Statement, October 1995.
[3] DOE/EIS-0218F, U.S. Department Of Energy Final Environmental Impact Statement, Proposed Nuclear
Weapons Nonproliferation Policy Concerning Foreign Research Reactor Spent Nuclear Fuel, February,
1996.
[4] DOE/EIS-0279, Savannah River Site Spent Nuclear Fuel Management Final Environmental Impact
Statement, March, 2000.
[5] WSRC-TR-2000-00237, DOE Aluminum Spent Nuclear Fuel Alternate Treatment Technology Program
Technology Development Program Plan, July, 2000.
[6] WSRC-RP-2000-00883, Savannah River Site FY 2001 Spent Nuclear Fuel Integrated Management Plan,
October, 2000.

126

•

•"**y^/ r M J / r

"""'""""Hl11 "HI Hill Hill Hill i l i

"REDUCTION OF FUEL ENRICHMENT FOR RESEARCH
REACTORS BUILT-UP IN ACCORDANCE WITH RUSSIAN (SOVIET)
PROJECTS"
A.B. Alexandrov, A.A. Enin, A.A.Tkachyov
AO "Novosibirsk Chemical Concentrates Plant", 94 B. Khmelnitsky St,
Novosibirsk 630110, Russia,

Research reactors fuel management (RRFM 2001)
Aachen, Germany, April H4, 2001

ABSTRACT
In accordance with the Russian program of reduced enrichment for research and test reactors
(RERTR) built-up in accordance with Russian (Soviet) projects, AO "NCCP" performs works
on FA fabrication with reduced enrichment fuel. The main trends and results of performed works
on research reactors FEs and FAs based on UO2 and U-9%Mo fuel with U""°19,7 ck enrichment
are described.

Introduction
Works concerning research reactors conversion, built-up in accordance with Russian (Soviet)
projects, to low-enriched ( down to U 2 J 5 1 9 , 7 % enrichment) nuclear fuel are performed at AO
"NCCP" as per "Russian RERTR program" under the direction of AO "TVEL".
In accordance with the present program the works are performed in the following 2 trends:
• Development of FEs and FAs with UO2+AI conventional fuel
• Development of FEs based on U-9%Mo fuel
1. Development of FEs and FAs with UO2+A1 fuel
/./ Development of WR-M2 FA with U23519,7% enrichment (for reactors in Hungary, Ukraine and Vietnam)

In the frames of performed works the design of VVR-M2 FA based on UO2 fuel with
U23519,7 % enrichment, 2,5 g/cm3 (29,5 vol.% ) uranium concentration and 50 g U235 mass in
FA was developed.
The technology of FEs and FAs fabrication was worked out.
5 VVR-M2 FAs were produced and put into service life tests into VVR-M reactor (Petersburg
Nuclear Physics Institute, Russia).
In 2000 FA reactor tests were completed. Reached U" average burn-up in the tested FA
made up more than 70 %.
The licensing of these FAs was planned for 2001.
1.2 Development ofIRT-4MFA with U23519,7 % enrichment (for reactors in Czech, Uzbekistan and Libya)

In the frames of performed works for IRT-2M and IRT-3M FAs replacement the design of
IRT-4M FA based on UO 2 fuel with U 235 19,7 % enrichment, 3,0 g/cm 3 (34,5 vol.%) uranium
concentration was developed. U 235 mass in 8-channel IRT-4M FA is 300 g, in 6-channel FA 267 g.
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For substantiation of UO2+A1 fuel composition proper operation, 3,0 g/cm3 uranium
concentration, the following works were performed atAO "NCCP":
• 2 "combined" FAs of hexahedral cross section consisting of 2 experimental FEs with
UO2+AI fuel, 3,0 g/cm" uranium concentration, were fabricated;
• service life tests of "combined" FAs in IVV-2M reactor were performed (Branch of "
Research and Design Institute of Power Engineering", Ekaterinburg, Russia).
In experimental FEs with UO2+AI fuel, 3,0 g/cmJ uranium concentration, in 2 "combined"
FAs the average 40 % and 50 % burn-up was reached correspondingly.
One FA with 50 % burn-up in experimental FEs was sent to post-reactor tests.
Service life tests of FA with experimental FEs which reached 40 % burn-up are continued.
The technology of FEs and FA of IRT-4M is worked out.
In 2000 4 IRT-4M FAs, including 2 6-channel FAs and 2 8-channel FAs were produced.
At the end of 2000 the mentioned FAs reactor tests in VVR-SM reactor core («Institute of
Nuclear Physics», Uzbekistan), consisting of 16 FAs began (12 IRT-3M FAs U 2 ° 36%
enrichment and 4 IRT-4M FAs).
At the present time =15% average bum-up in FA was reached. To the end of the year the
expected burn-up will be ~ 50 %.
1.3 Development of MR with Uns19,7% enrichment ("MARIA"reactor (Poland))

In the frames of performed works the design of «MIR» FA based on UO2 fuel with U233 19,7
% enrichment, 3,0 g/cm'1 uranium concentration, was developed. U 2 ' 5 mass in 6-channel FA is
450 g.
For provision of reactor conversion to low-enriched fuel and substantiation of UO2+A1 fuel
composition proper operation, 3,0 g/cm3 uranium concentration, in channel type reactor, at the
present time the fabrication of 2 pilot FAs, «MIR» type, is performed at AO "NCCP"
From 2001 to 2002 reactor tests of the present FAs will be performed in "MIR" reactor («
Scientific and Research Institute of Nuclear Reactors», Dimitrovgrad, Russia).
The completion of the mentioned above works on FAs fabrication based on UOifuel U"^ 19,7
% enrichment will allow to convert reactors in Hungary, Czech, Republic of Uzbekistan,
Ukraine, Vietnam and Libya to low-enriched fuel.
From the beginning of 1998 AO "NCCP" in cooperation with "Research and Design Institute
of Power Engineering" and "Physics and Power Engineering Institute" (Obninsk, Russia)
performs the development of FAs with high density fuel, 5 + 7 g/cm3 uranium concentration
in FE with the object of further improving research reactor fuel and fabrication of high-flux
reactors with not more than U23= 20% enrichment.
2. Development of FEs and FAs based on U-9%Mo fuel
2.1 Selection of fuel composition

The optimal fuel composition of dispersion-type FEs for research reactors was selected by the
Physics and Power Engineering Institute based on the results of studies performed with a
number of high-density fuel compositions (U-9%Mo, U-10%Zn, U-5%Zn-5%Nb, U-5%Nb).
The following properties were assessed:
•
Via •

compatibility of dispersion fuel composition components at the FE production and
operation temperatures;
fue] composition corrosion stability in the cooling medium;

•
•

possibility of FE production waste (scrap) reprocessing;
Russian experience of long-term operation of U-Mo alloy as dispersion fuel composition
for AM reactor FEs (First Nuclear Power Plant in the World).

During the performed studies U-9%Mo alloy demonstrated the best results taking into
consideration the all obtained characteristics.
2.2 Production of U-Mo alloy and powder
The technology of U-9%Mo alloy production using induction-vacuum remelting was
developed at AO NZHK.
The present technology has a number of advantages:
• relatively small amount of non-metal inclusions in the metal after heating in the induction
furnace. Due to lower temperature and advanced heating conditions the bath oxidation
was less as compared with other furnaces.
• more uniform heating of the whole metal volume;
• simple and wide-range control of power and temperature;
• better alloy homogeneity and bath chemical composition uniformity due to use of electrodynamic agitation.
At AO NZHK the U-9%Mo alloy was produced using the described technology.
At the Physics and Power Engineering Institute the "spherical"powder was produced on the
basis of U-9%Mo alloy using the method of rotating consumable electrode sputtering in the
inert atmosphere. The powder was produced in order to master the full-size FE fabrication
process. The photographs of powder appearance are given in Figs. 1 and 2.
2.3 Fabrication of FEs and "combined" FAs
From 1999 till 2000 at AO NZHK the works on mastering the production process of full-size
FEs based on U-9%Mo fuel with 5/4 g/cm2 (34/5 vol.%) U concentration were performed.
The works performed showed that the temperatures used during production of FEs with
conventional UO2 fuel can't be employed because U-9%Mo powder begins to react with Almatrix at lower temperatures.
The technology of low-temperature U-9%Mo fuel degassing and hot densification was
developed and tested.
Pilot full-size hexahedral FEs were fabricated.
The photographs of cross section of FEs based on U-9%Mo fuel are given in Fig.3.
Aluminium alloys of SAV and AMg2 type (5251 prototype) were used as cladding materials.
The fabricated FEs passed successfully the following tests: control of geometric dimensions
and visual appearance, control of claddings-with-plugs diffusion adhesion, instrumentation
control of active fuel layer length, instrumentation and metallographic control of claddings
and active fuel layer thickness, instrumentation and metallographic control of non-uniformity
of fuel distribution in the fuel core.
The results of performed X-ray micrographic analysis of FE fuel composition confirmed that
there was no U-9%Mo powder-Al matrix interaction.
Two "combined" FAs having hexahedral cross section are expected to be fabricated by the
end of the first quarter of 2001. These FAs comprise two FEs based on U-9%Mo fuel with 5,4
g/cm 3 uranium concentration (34,5 vol.%).
In-pile test of two "combined" FAs is scheduled to start in IVV-2M reactor (The Branch of
the Research and Design Institute of Power Engineering) from the middle of 2001.
As stated above, the possibility of crap reprocessing is of particular concern for fabrication of
fuel elements with high density fuel composition.
jnn

With that end in view, simultaneously with fabrication of U-9%Mo fuel elements the practice
for reprocessing of scrap produced during FE fabrication is mastered at AO NZHK.
2.4 Reprocessing ofFEs based on U-Mo fuel

As practices to be used for scrap reprocessing the following ones are considered:
• U-9%Mo powder dissolution;
• scrap "conversion" to U-9%Mo powder for re-use in the manufacturing process.
The completed works on scrap reprocessing revealed both high degree of U-9%Mo powder
dissolution and possibility of U-9%Mo removal from uranium containing recycled materials.
"Conversion" method allows to return the U-9%Mo powder to the production process, this
results in practically waste-free production process of FEs based on U-9%Mo fuel.
CONCLUSION
Finally, we would like to emphasize that the Novosibirsk Chemical Concentrates Plant in
cooperation with the Russian research institutes carries out planned work on conversion of
research reactors built according to Russian (Soviet) projects to low-enriched (up to 20%)
nuclear fuel.
Up to the present AO NZHK has already mastered the production process for research reactor
FE and FA based on UO2+AI fuel composition with up to 3,0 g/cm3 uranium concentration
and U-9%Mo+Al fuel composition with up to 5,4 g/cm uranium concentration.
In-pile tests of several FAs based on UO?+A1 fuel composition
concentration are near competition.

with 3,0 g/cmJ uranium

AO NZHK plans for the nearest future are as follows:
•completion of feasibility study of proper operation of UO2+AI fuel composition with 3,0
g/cm3 uranium concentration and licensing of FA based on the above-mentioned fuel
composition;
•carrying out of in-pile tests of the "combined" FAs with FEs based on U-9%Mo fuel with
5,4 g/cmJ uranium concentration;
• fabrication of full-size IRT-3M FA based on 19,7% U235 enriched U-9%Mo fuel with 5,4
g/cm3 uranium concentration to carry out service-life evaluation in-pile tests.
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7 Higher magnification view of
U-9%Mo powder (x740)

•#• i»« a ' «**,

/g.2 Higher magnification view of U-9%Mo powder
surface (x2900)

v«%^- •

F/g. 3 Rib area cross sections of IVV-2M FEs based on U-9%Mo fuel
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Research reactors fuel management (RRFM 2001)
Aachen, Germany, April 1-4, 2001

ABSTRACT
The design of tubular fuel elements (FEs) for research reactor fuel assemblies (FAs) is considered.
Commercial extrusion and annular-type technologies for tubular FE fabrication are described.
"Extrusion" technology is based on fabrication of tubular billet of fuel core by means of powder
metallurgy followed by hot extrusion of fuel core tubular billet and tubular cladding billet. The
process is completed with FE assembly operation.
"Annular" technology is based on fuel core fabrication using powder metallurgy followed by
chemical treatment of fuel core surface and fuel core insertion into the cladding.
The list of FE and FA control operations to check their conformance to the required quality level is
given.
The most common FA designs (WWR-M2, WWR-M5, IRT-2M, IRT-3M, MR, MIR, WWR-TS,
IVV-2M, IVV-10, TWR-S, IR-100) for research reactors built according to the Russian projects are
described.
Quality Assurance System acting at "Novosibirsk Chemical Concentrates Plant" is presented.

"Novosibirsk Chemical Concentrates Plant" (NZHK) is a manufacturer of nuclear fuel (fuel
elements and fuel assemblies) for power, commercial and research reactors.
Since 1973 NZHK has supplied more than 25 000 Fuel Assemblies (FAs) of 56 modifications
for thirty pool and channel research reactors built up under the Russian projects.
Tubular and rod-type Fuel Elements (FEs) are used in FAs produced at our enterprise. The most
widely used FA design is as follows: FA consists of tubular FEs (inserted in one another) in a coaxial
position.
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Tubular FE is a seamless three-layer tube. This is the main distinctive feature of our FEs in
comparison with plate-type FEs supplied by foreign companies. The middle layer consists of uranium
containing fuel composition, the external layers - Al-alloy claddings. FEs produced at "Novosibirsk
Chemical Concentrates Plant" are characterized by different cross-section profiles. Varying both the
profiles and the uranium mass in FE one can produce FAs according to the requirements specified by
the Customer.
Tubular FEs are manufactured using the following two primary production processes:
- "extrusion" technology,
- "annular" technology.
The "extrusion" technology comprises the following primary operations:
- mixing of components of uranium-containing fuel core;
- cold compacting of metal-ceramic cylindrical tube;
- degassing and sintering of metal-ceramic cylindrical tube;
- hot calibration of metal-ceramic cylindrical tube;
- turning of metal-ceramic cylindrical tube;
- assembly of metal-ceramic cylindrical tube with aluminium cylinder and plug;
- hot co-extrusion;
- formation of different FE cross-section profiles.
The "annular" technology comprises the following primary operations:
- mixing of components of uranium-containing fuel core;
- cold compacting of metal-ceramic cylindrical tube;
- egassing and sintering of metal-ceramic cylindrical tube;
- hot calibration of metal-ceramic cylindrical tube;
- turning of metal-ceramic cylindrical tube;
- extrusion of metal-ceramic cylindrical tube;
- metal-ceramic cylindrical tube cutting to fuel cores;
- chemical treatment of fuel cores;
- assembly of the fuel core with aluminium cladding billet;
- cold calibration of the assembly;
- FE pressurization by welding;
- FE high-temperature gas reduction.
The FE quality is evaluated in accordance with the following main parameters:
- visual appearance;
- structure of cladding material;
- length and continuity of the fuel layer;
- uniformity of the fuel layer composition;
- cladding layer thickness;
- cladding-to-fuel layer adjoining (adhesion);

134

- uranium mass;
- geometric dimensions;
- FE surface contamination by the uranium.
In-process control of FE technological parameters is performed.

The results of the main

technological control results are archived in a file.
Numerous FA modifications have been developed at our enterprise to meet the requirements of a
great number of reactors having specific features.
The table containing technical data on FAs for research reactor cores is given in Fig.l.
Some FAs have modifications with different number of FEs in FAs, e.g. FA of MR-type. This
makes it possible to supply FAs with the internal hollow cavity in which the control and protection
system (CPS) elements and different experimental devices are placed.
There are also the FA designs (e.g. FA of FRT-2M type) in which the required internal hollow
cavity can be created by the Customer in the reactor by means of withdrawal of internal FEs from FA .
There are complex FA designs consisting of several FAs combined together, e.g. three-sectional
FAs of WWR-M2 and WWR-M5 types. The mentioned FA designs provide for prompt performance of
in-reactor nuclear fuel reloading.
FAs are assembled from well-tested FEs and end pieces. The finished FA undergoes acceptance
inspection aimed at control of the following parameters :
- visual appearance;
- geometrical dimensions;
- FE spacing;
- free insertion into measuring gauge (simulator of FA in-reactor positioning);
- internal cavity size and shape (if any).
As it is seen from the table (Fig.l), FAs supplied by "Novosibirsk Chemical Concentrates Plant"
have 90% and 36% U-235 enriched fuel composition. Uranium weight concentration in the FAs fuel
core is up to 2.5 g/cm3 (volume concentration - up to 29.5%). The FAs quality is proved by their
successful long-term operation in both Russian and foreign reactors.
Due to the existing trend of research reactors conversion to low-enriched nuclear fuel our
enterprise develops nuclear fuel with up to 20% U-235 enrichment in cooperation with the following
Russian Institutions: State Unitary Institution "Research and Design Institute of Power Engineering"
(GUP NIKIET), Russian Federation State Scientific Center "Bochvar Ail-Russian Research Institute of
Inorganic Materials" (GNTS RF VNIINM), Russian Scientific Center

"Kurchatov

Institute"

(RNTS

KI) and State Scientific Center " Physics and Power Engineering Institute" (GNTS RF FEI).
The existing at "Novosibirsk Chemical Concentrates Plant" FE and FA production cycle
beginning from uranium hexafluoride conversion and uranium wastes reprocessing allows to supply the
Customers both FAs and uranium feedstock for FA production.
The FE technologies mastered and used at our enterprise provide for manufacture of targets for
isotopes and radiation-alloyed silicon production.
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Simultaneously with improving the FAs design and production process the NCCP pays special
attention to their quality. The quality assurance system being in effect at the "Novosibirsk Chemical
Concentrates Plant" is certified and conforms to the requirements of International Standards ISO 90009004.

FUEL ASSEMBLIES FOR RESEARCH
REACTORS
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SAFETY OF FUEL USING
O. KONDRATSKYY, P. PONOMARENKO, O. VASILIEV
Ministry of Fuel and Energy
Sevastopol Institute of Nuclear Energy and Industry
Kurchatov Street, 99033 Sevastopol - Ukraine

ABSTRACT
The research reactor complex IR-100 comprises the 200 KW power nuclear reactor and
critical assembly. The reactor fuel rods operate since 1967. The tightness of fuel rod
casings now has been determined by using of the coolant radiochemical analysis.
Prognosis of the casings tightness change has been carried out as well. The minimum and
maximum periods of the fuel rods operation in the future has been determined by the
graphic method.
In the critical assembly fuel rods the long-lived radioactive fission products are
accumulated with time. There is the risk of irradiation of IR-100 personnel and students.
The prognosis of the long-lived radioactive isotopes accumulating and increase of
emanation has been carried out by graphic-analytical method.
Keywords: casing, fuel rods, fission products, gamma-ray dose rate, radioactive, tightness

1. Determining of fuel rods casings tightness
The reactor fuel rods have aluminum casings with wall thickness of 1 mm and external diameter of
10 mms. Nuclear fuel UO2 enriched with U-235 up to 10% is used in the fuel rods. There is a
necessity to forecast fuel casings state, as they operate for a long time. In this way we can prevent the
escape of fission products in the coolant and guarantee radiation safety of personnel. One should take
into consideration that casings tightness must be maintained both during reactor operation and storing
before reprocessing. The following problems have been resolved:
- main criterion of a casings tightness has been selected
- the present state of casings tightness has been determined
- the prognosis of a casings tightness behavior has been carried out
- the fuel rods operation time has been determined.
A peculiarity of a situation is that the reactor IR-100 in various periods of time has been possessed by
the various ministries, including the Ministry of Defense. Therefore, part of the information about the
reactor operation has not been saved. It brings definite inaccuracy in the results of our activity. As we
know, the concentration of radioactive fission products (and their total activity) in the coolant depends
on the level of casings tightness. The constant concentration of radioactive isotopes takes place when
fuel rod casings are hermetic. It depends upon reactor power and operation of the ion-exchange filter.
In most cases the loss of tightness is proceeded slowly and does not result in sharp increasing coolant
radioactivity. Conducted radiochemical analysis proves that point.
On the basis of research reactors operation analysis the main criterion of casings tightness has been
selected: iodines sum radioactivity value (An), iodine 1-131 radioactivity value (AI_BI) and cesium
Cs-138 radioactivity value (Acs-i3g). The iodines sum comprises 1-131, 1-133, 1-135. This criterion is
used for prognosis of casings tightness state as well. Isotopes 1-131,1-133, 1-135, Cs-138 are called a
reference-point isotopes. Information about radioactivity value of reference-point isotopes is
available for 16 years of reactor operation. Besides, on the basis of the available information and
analysis of standard documents about of research reactor operation three states of fuel rods have been
established, such as:
- normal state - the iodines sum radioactivity value is not more than 5 10"7 to Ci/1
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- permissible state - the iodines sum radioactivity value is from 5 10"7 to 5 10"6 Ci/1
- non-permissible state - the iodines sum radioactivity value is more than 5 • 10"6 Ci/1.
Variation graph of the iodines sum radioactivity value from 1968 to 1995 has been represented on
fig. 1. The so-called method of "smoothing out" has been used for decrease of errors influence during
the radioactivity value is measurement: (A£1 +An + • • • + ASI ) / 7.
a (Ci/I)
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Fig. 1. Variation of iodine radioactivity.
From fig. 1 it is seen, that time of fuel rods operation can be divided into 5 periods, such as:
Period 1 (1968-1981) - stabilization of iodine isotopes content.
Period 11 (1981-1990) - iodine isotopes content on the average is at one level.
Period 111(1990-1995) - iodine isotopes content rises slowly.
Period IV (1995-2000) - reactor did not operate.
Period V - prognosis period.
On the basis of fig. 1 we can see that the reactor fuel rods are in normal state now. Also we can make
approximated conclusions, that:
- iodine isotopes content will rise slowly at next years, that speaks about fuel rod casing
tightness loss starting process
- in the period from 2005 to 2011 fuel rods will be supposed to transit to permissible state
(more careful inspection of fuel rod casings will be needed)
- supposedly after 2014 the core will transit to non-permissible state, therefore, necessity of the
core reloading may arise.
On the basis of operating experience of research reactors it is known that ratio Acs-138 / A j . n i
decreases few times when the core transits to non-permissible state. Graph of the ratio variation ACsiW Ai.i3i is represented in fig. 2. From fig. 2 it is seen that ratio Acs-138 / Aj_ 131 decreases slowly.
It reinforces conclusions about the fuel rod casings tightness loss starting process.
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2. Accumulation of long-lived radioactive elements in fuel rods of the critical assembly
Critical assembly comprises the core, systems of control and protection. The fuel rods with
aluminum casing of length 500 mms, external diameter of 10 mms and wall thickness of
1 mm
are used in the core. The pure water is used as moderator. On the critical assembly the students fulfil
laboratory tests and study the phenomena and processes in subcritical state of the core. The operating
instructions permit usage of critical assembly with multiplication factor of not more than 0,98. After
each laboratory test the fuel rods are discharged from the core and are transferred in the vault. All
operations of charge and discharge of fuel rods are carried out by the students and reactor personnel
manually. There is definite flux of neutrons in the critical assembly core even in subcritical state. It
means that in the core there is a process of U-235 nuclei splitting, and accumulation of long-lived
radioactive elements takes place. Therefore, now there is a necessity of radiation increase prognosis.
It gives us the possibility to insure radiation safety of the students and personnel.
There is original information, such as:
- the series of laboratory tests is carried out once in one half-year on the critical assembly
- each series consists of five laboratory tests
- one laboratory test lasts 2,5 hours
- the neutron flux density in the core is 9,1 103 neutrons/cm2 s.
The prognosis has been carried out in the following way:
1. The radioactivity of each radioactive element generated at splitting of uranium-235 has
been determined.
2. The total activity of radioactive elements in one fuel rod has been determined.
3. The gamma-rays dose rate from one fuel rod at distance of 1 sm. has been calculated.
In a fig. 1 the profile of variation of the gamma-rays dose rate (P) during of the laboratory tests series
is represented. From the profile it is seen that during each laboratory test the gamma-rays dose rate has
increased up to 279 mR/h, but in a day it reaches equal to 75 mR/h. At the end of a laboratory tests
series the gamma-rays dose rate increase to 420 mR/h. Therefore, during the laboratory test the
students and personnel should use protection means: time duration and spacing interval.
In a day after of the laboratory tests series the fuel rods are displaced in the vault. In the vault the
gamma-rays dose rate decreases to 1 mR/h in half a year. Thus, the operation with fuel rods is safe in
this period. After that laboratory tests series is repeated. In each laboratory test the gamma-rays dose
rate increases again up to 279 mR/h. After second series of laboratory tests the gamma-rays dose rate
becomes equal to 422 mR/h. After that the fuel rods are displaced in the vault. On fig. 2 the gammarays dose rate variation dependence within one year is represented. From fig. 1 and fig. 2 it is seen
that there are four important values of the gamma-rays dose rate: before start and at the end of each
laboratory test in series, before start and at the end of series of laboratory tests.
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The peak values of gamma-rays dose
rate are observed at the end of each
laboratory tests series. The strongest
protection of personnel and students at
this time is required. Operations with
fuel rods at that time are dangerous as
well.
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Fig. 1. Variation of the gamma-rays dose rate in the first
serial of laboratory works.
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Fig. 2. Variation of gamma-rays dose rate within one year
On fig. 3 the profile of gamma-rays dose rate variation of after each series of laboratory tests
from 1975 to 1996 is represented.
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Fig. 3. Variation of dose rate after each serial from 1975 to 1995
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From fig. 3 it is seen that the dose rate increases on the average by 420 mR/h after each laboratory
tests series.
In fig. 4 the profile of variation of gamma-rays dose rate at the end of each period of fuel rods storing
is represented, i.e. it is the variation of gamma-rays dose rate before start of laboratory tests series.
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Fig. 4. Variation of dose rate at the end of fuel rods storing period.
From fig's 3 and 4 it is possible to make the following conclusions:
- the sharp accumulation of radioactive fission products of uranium-235 takes place during
fulfilment of laboratory test
- the long-lived period of fuel rods storing results in considerable decrease of gamma-rays
dose rate and does not impede fulfilment of the next laboratory tests series.
In fig. 4 the measured value of dose rate is shown (•). Part 1 indicates, that radioactive by-products
build-up take place. Part 2 of the graf indicates that critical assembly did not operate. Part 3
corresponds to radioactive by-products build-up prediction.
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THE CHANGE OF THE STRESS CONDITION FOR THE CLADDING
OF THE RESEARCH REACTOR FUEL ELEMENT
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ABSTRACT
The kinetics of the stressed-strained state in the claddings of research reactor annular fuel
elements with dispersive fuels containing either particles of U-Mo alloy or those of UO2
has been subjected to comparative computational investigation. It has been shown that the
substitution of U-Mo particles for those of UO? had an insignificant influence on the stressstrain state in the claddings. The replacement of annular fuel elements in the research
reactor fuel assemblies (RR FAs) by fuel rods causes the increase of claddings' strain and
requires the additional substantiation of fuel rod performance by experiments.
The problem of the research reactor (RR) fuel element strength/performance design consists
eventually in checking the admissibility of the stresses and strains that arise in the elements. The
kinetics of stress/strain change in any fuel element is determined mainly by the fuel composition
swelling and by its temperature field. Investigations are being carried out at present on the feasibility
of employing a low-enriched, high density dispersive fuel composition on the base of the (U-9 mass
%Mo) alloy in annular RR fuel elements instead of the extant dispersive composition containing
uranium dioxide with a higher enrichment [I].
It is well known [2] that under the action of neutrons various imperfections (vacancies, interstitial and
foreign elements' atoms, and so on) appear in the crystal lattice of a fissile material, which causes a
change in the dimensions of fuel. These processes can advance both without any volume change (e.g.
the irradiation growth) and with an increase of volume (the swelling of a fissile material). The
swelling under the low-temperature conditions of the RR operation is caused by the increase of the
total volume of fission products relative to the volume separated (the so-called "cold" swelling). The
'•cold"1 swelling of a fissile composition due to accumulation of solid FPs therein, as well as to
"frozen" gases not having yet gone away into opened and closed pores, can be presented as [3]:

Ssol =Y(V S ,,+IV D , -? s )0 - e ) - 1
where y is the burn up of a fissile material in 1 cm' of a fuel by the given t, g/cnr: VS,,| is the additional
volume of solid products formed in 1 cm' of fuel as a result of fission in 1 g ""°U therein; Vo, — the
volume, of the i-tin gas that has formed as a result of fission of 1 g " ' \ J , at T= 0 K; >., - the fraction of
the i-th gas retained in the fissile composition by the instant of time t; e - the initial porosity of fuel.
The data on volumes of gaseous and solid fission products having formed per 1 g 2 o U in the course of
fission are presented in Table 1.
Table I
Volume , crrrVg ~"°U
VOl
V S l ,i

i

~t

Kr
0.0045

"-

"

Xe
0.0296
-

y.

0 0331
0 132

When evaluating the '"cold" swelling of uranium dioxide, its characteristic feature related to
additional irradiation-induced sintering is to be taken into consideration. The experimentally found
dependence of the free swelling upon the burnup of uranium dioxide fuel is presented in Fig. 1 [6]. As
can be seen in this figure, the swelling of uranium dioxide up to the burnup o f - 0.12 g~ J 'U/cnr of
fuel is counterbalanced by the reduction of its volume at the expense of additional irradiation-induced
sintering.
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Fig. 2. The design diagram of an
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of thin coaxial cylindrical layers.

Fig. 1. The dependence of the volume change
upon the burnup for uranium dioxide fuel.

The computational diagram shown in Fig. 2 implies the presentation of an annular fuel element in the
form of a number of thin coaxial cylindrical layers [4]. Within the limits of any layer the temperature,
swelling, creep and other physico-mechanical properties of cladding material and fuel are considered
to be uniform, and the functions of radius and the rates of radial stress and displacement are supposed
to be linear:
where k= l,...,n; r k < r < r k . , ; ak, bk, ck, dk are constants.
The characteristic equation for the fuel element's k-th layer:
S V / 3 , (x,r,9)
s,, = c n d r +c rree d 9
where c,, are the plasto-elastic coefficients within the framework of the theory of plastic flow with
linear hardening.
The coefficients of creep strain rate look within the framework of the flow theory as
c

=•

2a,

where af is the stress intensity, and ^ cr - the creep rate intensity; s v =3at s o , + Ss0, - rate of the
isotropic volume change of a material; a - the linear expansion coefficient of the material.
The geometrical relationships of deformation (for the k-th layer) have the form as follows:
dr
r
dr
The equilibrium equation for an element of the k-th layer's volume is:
dr

Ja xk (r)rdr + go = 0;

go = pHrn2+l/2 - p B • rf /2

k=l

(pex is the pressure of coolant from the outer side, and p,,, - that from the inner side).
The boundary conditions and the layers' continuity condition in the fuel element are:

U

r(n

+

l)

=ura(rn)

All these equations form a closed set relative to the rates of fuel element stress-strain state (SSS)
parameters' change.
The computations of stress/strain kinetics in the annular fuel element have been carried out using the
values of parameters presented in the Table 2. The creep rates of cladding and fuel were described in
the form as follows: sCR ~ A o a n where Ao is the creep module, and n - t h e exponent of a power.
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Table 2
The parameters of the annular fuel element accepted for computations
Value
Parameter
Fuel element diameter, mm: external
internal
Thickness of cladding, mm
Cladding material
Matrix material
Thickness of the dispersive fuel layer
Volume fraction of fuel
particles in the fuel layer, %
Enrichment in

23D

For the U - 9 % Mo
fuel composition
45
41
0.6
Aluminum-based alloy
Aluminum
0.8

For the UO 2
fuel composition
45
41
0.6
Aluminum-based allov
Aluminum
0.8

40
19.8
50
12000

28
50
50
12000

150/100
1800
0.45

150/100
1800
0.45

8-1014

8-1014

U, %

Burnup by "'U, %
Duration of operation, h
Maximum fuel cladding
temperature,°C
Maximum heat flow, kW/m"
Pressure of coolant, MPa
Intensity of neutron irradiation,
n/cm2-s
( E > 0 . 1 MeV)

The computation has been carried out for two values of the creep modulus, A0=6-10"L' and
Ao= 1.5-10" . The value of the n coefficient is 2.6. The influence of the irradiation dose on the yield
stress of the cladding and fuel has been considered in accordance with Fig.3 [5]. The results of
computing the SSS for the annular fuel element's external cladding are presented in Figs. 4 and 5.
The analysis of these results shows:
1. the level of stress in the cladding of the annular fuel
element is determined by the swelling rate of the fuel
composition, the creep of the cladding material, the
nature of cladding material hardening (the increase of the
yield strength) in the course of irradiation;
2. with the swelling rates of high density U-Mo fuel
particles and dioxide particles in the dispersive fuel
composition being the same (which is determined by the
equality of the 2 ' 5 U amount in the both kinds of the
dispersive fuel), the levels of maximum stress in the
claddings of fuel elements with different
fuel
compositions are practically in mutual coincidence;
3
the influence of the additional irradiational sintering
of uranium dioxide has told upon the final value of the
cladding strain. In the fuel elements with uranium
dioxide

particles

SQiax ~ 0 . 8 % ,

particles of the U-Mo alloy E[
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and
1.0%.

in those

with

25

•5.%

Fluence, 10

n/cm'

Fig. 3. The effects of radiation on the
mechanical properties of aluminum.
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Fig. 4. The kinetics of the SSS in the
external cladding of the annual fuel
element with the U-Mo dispersive fuel.
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Fig. 5. The kinetics of the SSS in the external
cladding of the annual fuel element whose
dispersive fuel contains particles of UO2.

An alternative design that provides the replacement of annular fuel elements in RR FAs by fuel rods
has been analysed. The computation of the kinetics of the SSS in the cladding of a fuel rod with the
dispersive fuel composition containing particles of the U-Mo alloy has been carried out. The fuel rod
diameter is « 5.8 mm, the thickness of its cladding, 5, is 0.4 mm; the rest data correspond to those in
the Table 2. The results of the computation are
presented in Fig. 6. As can be seen from the
MPa
comparison of Figs 4 and 6, the maximum stress level
0,03
300
in the fuel rod cladding, cre=122 MPa, is somewhat
higher than in the cladding of the annular fuel pin
0,025
(ae=80 MPa) for elevated values of the cladding
0,02
material creep rate (A0=1.5-10""). The maximum level
0015
of stresses for the low level of the cladding material
0,01
creep is practically the same: a e ~ 190 MPa. However,
the maximum strain of the fuel rod cladding is
0,005
considerably more (semax~2.7 %) than that of the
annular fuel element's cladding (eemax«1.0 %). The
large strain of the fuel rod cladding can tell upon the
integrity of the protective oxide layers, and hence upon
Fig. 6. The kinetics of the SSS in the
the corrosive stability of the cladding material.
cladding of a fuel rod with U-Mo
The presentation of evidence in support of fuel rod
dispersive
fuel.
performance will require some additional experiments.
Conclusions
1. A comparative computational evaluation of the SSS kinetics for the external cladding of an
annular fuel element with dispersive fuel compositions containing particles of U-Mo fuel or those of
UO2 has been carried out.
2.

The results of the computation have shown that the substitution of U-Mo particles for those of
UO2 had an insignificant influence on the SSS in the annular fuel element cladding and must
not have its influence on the fuel element's performance.

3. The replacement of annular fuel elements in RR FAs by fuel rods causes, as the computations
have shown, a higher strain level in the fuel rod claddings. The prove of the fuel rod performance will
require additional experimental investigations.
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ABSTRACT
Gamma heating is an important issue in research reactor operation and fuel safety. Heat
deposition in irradiation targets and temperature distribution in irradiation facility should be
determined so as to obtain the optimal irradiation conditions. This paper presents a recently
developed gamma heating calculation methodology and its application on the research
reactors. Based on the TRIPOLI-4 Monte Carlo code under the continuous-energy option,
this new calculation methodology was validated against calorimetric measurements realized
within a large ex-core irradiation facility of the 70 MWth OSIRIS materials testing reactor
(MTR). The contributions from prompt fission neutrons, prompt fission y-rays, capture yrays and inelastic y-rays to heat deposition were evaluated by a coupled (n,y) transport
calculation. The fission product decay y-rays were also considered but the activation y-rays
were neglected in this study.

1. Introduction
After the shutdown of SILOE reactor in 1997, OSIRIS is the only operational MTR in France. To
continue operating this research reactor, which achieved its first criticality on Sep. 1966, the
refurbishment programs concerning reactor fuel rack, reactor tank and other equipments, were realized
during past years [1]. To optimize the irradiation program, the modern radiation transport code
TRIPOLI-4 [2] was recently introduced to calculate the plate-by-plate full core model and to improve
the design and the performance of the irradiation facility in the OSIRIS reactor.
On design of irradiation targets and irradiation facility, one of the goals is to determine if the neutron
flux is high enough for irradiation program and another goal is to evaluate the gamma heating in order
to obtain an optimal temperature distribution in targets. The auxiliary heating system could be
introduced according to the need of the experiments and the safety-related cooling system must be
considered when the gamma heating is too high in the irradiation facility.
To evaluate the gamma heating in the in-core or ex-core irradiation targets of the 70 MWth OSIRIS
reactor, a calculation scheme has been used since several years. This calculation scheme computes
capture y-rays production using the neutron flux evaluated by the diffusion code DAIXY [3]. To
calculate the gamma heating and the gamma attenuation in materials, the point-kernel code
MERCURE-5 [4] is applied. Usually this calculation scheme is satisfactory for in-core irradiation
program and acceptable for ex-core small target.
When a large target is settled in an ex-core irradiation position where the perturbed neutron flux could
not be easily determined by the diffusion code or when the irradiation facility is complex and the y-ray
multi-layer buildup factors are difficult to evaluate, the above cited calculation scheme could lead to a
larger uncertainty in gamma heating estimation. That is why the new gamma heating calculation
methodology based on the TRIPOLI-4 Monte Carlo code was established in this study. With a specific
continuous-energy library and an exact description of reactor core, reactor tank and irradiation facility,
the coupled (n,y) TRIPOLI-4 calculation should be better to estimate gamma heating.
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This paper presents first the experimental calorimetric measurements in a large ex-core irradiation
facility settled in the OSIRIS reactor and secondly, the associated heat deposition calculations based
on the TRIPOLI-4 code. Comparisons of results and discussions will then be shown.

2. Research reactor OSIRIS and ex-core calorimetric measurement
The OSIRIS research reactor is a light water pool type reactor. The reactor core is made up of 38
MTR-type fuel elements in 7 x 8 matrix (Fig.l). Aluminium-clad fuel plates are arranged in edge
plates to form fuel elements. Fuel elements are arranged into aluminium rack to form the reactor core.
Several positions in the fuel rack are not occupied by fuel elements but by 6 control elements, 7
beryllium reflectors, and 5 experimental elements containing capsules.
The reactor core is designed with a Zircaloy tank containing 86 cooling channels and cords. The fuel
meat in the fuel elements and control elements is composed of UiSi? in aluminium matrix. The length
of the fuel meat is 63 cm. The 20% enriched uranium is used in the fresh fuel for present operation.
The material testing experiments can be realized within the capsules of in-core experimental elements
or within the peripheral ex-core facilities. The irradiation facility considered in this study was located
in the northwest ex-core corner close to the reactor tank (Fig. 2). Shielding plates were fixed on the hot
sides of the irradiation facility to reduce the gamma heating from the reactor core. The cooling
channels are designed in hot faces for pumped coolant water flows. A cylinder space of 16.5 cm
diameter prepared in the central part of irradiation facility is reserved for receiving the irradiation
targets.
To carry out the calorimetric experiment, the irradiation target is removed from the central space of
the irradiation facility while the calorimeter is inserted. The experiment was realized in the centre of
the central space filled with water. Under the operating power between 60.47 and 61 MWth, the
experiments were executed during 5 hours. The differential calorimeter, manufactured and calibrated
by different teams of CEA-Saclay, is composed of four cylindrical aluminium cells (diameter 0.9 and
height 5.2 cm, see Fig. 2). Two of the cells are filled with graphite, and the thermocouples are installed
under the cylinder cells. The temperature difference between the graphite cell and the empty cell
provides a measure of the nuclear heat deposition in the graphite.
The additional shielding plate, SS304 (thickness 1.1 cm), was inserted into the large cooling water
channel of the irradiation facility to study the shield effect of y-rays from the reactor core. Several
axial positions were measured to test the axial distribution of gamma heating in the irradiation facility.

3. TRIPOLI-4 Monte Carlo code and research reactor heat deposition calculation
The TRIPOLI-4 Monte Carlo transport code, developed at CEA-Saclay, has been extensively used in
the reactor core physics, criticality safety and radiation shielding calculations. Its lattice geometry is
very helpful to define the repeated reactor core structure [5]. With continuous-energy library, the selfshielding calculations of radiative capture reaction are not necessary. The biasing techniques and the
parallel calculation capability [6] of TRIPOLI-4 are indispensable to reduce the waiting time in
coupled (n,y) calculations.
With the powerful geometry package, the OSIRIS reactor core was exactly described with the
TRIPOLI-4 code so as to take into account the water layers between fuel plates, the cooling channels
in the fuel rack and the annular channels of the reactor tank. (Fig. 2). The configuration of the ex-core
irradiation facility and the measurement device were also described in detail using the combinative
and the analytical geometry options of the TRIPOLI-4 code. Since the measurements were realized on
the middle level of fuel meat to obtain the maximum axial gamma heating, only reactor tank and pool
water were considered in TRIPOLI-4 model for the upper and the lower parts of the reactor core.
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Fig. 1 OSIRIS reactor core, reactor tank and
beryllium reflector configurations.
(Drawing from the TRIPOLI-4 input)

Fig. 2 Irradiation facility and calorimetric apparatus
settled in ex-core water pool.
(Drawing from the TRIPOLI-4 input)

The full core power map in the TRIPOLI-4 transport calculations was prepared by the diffusion code
DAIXY using the loading data of the operation cycle F164. The gradient of the neutron source emitted
from the fuel meat in the northwest corner was considered in detail in related fuel elements. Taking
into account the perturbation, from the pool water and the irradiation facility, on the local power
distribution is important for the present study because of the experiment positions.
Due to variation of operating power during experiments, the neutron source intensity in the TRIPOLI4 calculations was determined by assuming a fixed power of 65 MWth, 200 MeV and 2.432 neutrons
per fission. The DARWIN burnup code [7] was used to generate the gamma source of fission product
decay y-rays and a burnup of 90,000 MWd/t was applied to obtain the intensity and the energy spectra.
Biasing techniques were performed in TRIPOLI-4 coupled (n,y) calculations to speed up the
simulation of neutrons and y-rays transport. It was necessary but delicate to carry out the biasing
parameters for these two particles in the coupling calculation. A compromise should be taken so as to
avoid over biasing neutron transport and to obtain converged results for y-rays. The automatic multigroup INIPOND biasing scheme was helpful for the reactor core and pool zones, and the local biasing
using the 'window' option was needful for the zone containing irradiation facility and calorimeter.
Considering the various temperatures of the reactor core, reactor tank and cooling waters, a specific
continuous-energy library was prepared in order to obtain the correct capture y-rays from coupled (n,y)
simulation. Since the temperature distribution in the irradiation facility was not available, an estimated
one has been chosen. To simplify the compositions data in TRIPOLI-4 simulation, the fresh fuel was
taken all over the reactor core, the nickel absorber in fuel plates was neglected and the hafnium control
plates in control elements were removed.
In the four small cylinder cells of the calorimeter, neutron and gamma fluxes were calculated by the
TRIPOLI-4 code. Using the kerma factor of graphite, the conversion to heat deposition was done [8].
Parallel calculations of TRIPOLI-4 were run with a cluster of workstations. For a typical coupled (n,y)
calculation, 12 SUN ultra-1 workstations during 14 hours were necessary to produce acceptable
converged results in the small volumes of the cylinder cells.
For heat deposition evaluation, different TRIPOLI-4 calculations were realized to obtain the following
contributions: prompt fission y-rays, secondary y-rays (capture y-rays and inelastic y-rays), fission
product decay y-rays and prompt fission neutrons. The heat deposition from activation y-rays and
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associated beta particles are not treated in the present study but further investigations concerning these
contributions from the major reactor structure materials and impurities are currently in progress.

4. Validation results and discussions
The heat deposition results of this study are presented in Table 1. Both measured and calculated values
are normalized to 65 MWth. Two axial irradiation positions were presented: the first one is in the
middle level (PM) of the fuel meat and the other one 10 cm lower. Both are located in the central
water zone of the irradiation facility (Fig. 2). Dimensions of the shield SS304 are: 16.4 x 1.1 x 80 cm.
Two types of results from TRIPOLI-4 calculations are given in Table 1: the upper one shows the
maximum value obtained from the four small cylinders of calorimeter and the lower one the average
of the four.
Actually the calculation results are about 15% smaller than the calorimetric measurements. The
standard deviation of the TRIPOLI-4 Monte Carlo calculations is around 3% and the uncertainty of the
measurement results is about 7%. The additional shielding inserted in the large water channel of the
irradiation facility allows to reduce about 12% of gamma heating and the axial variations are similar
between the calculated results and the measured values.
Table 1 Comparisons of heat deposition (W/g graphite) between calorimetric experiment and
TRIPOLI-4 calculation (OSIRIS normalized power: 65 MWth)
Position

Additional

Experiment

Calculation

Ratio

shielding

(calorimeter)

(TRIPOLI-4)

Cal./Exp.

PM

water

0.508

PM

SS304

0.460

SS304

0.426

0.444
0.423
0.393
0.371
0.370
0.358

0.87
0.83
0.85
0.81
0.87
0.84

PM-lOcm

Table 2 presents different contributions of heat deposition calculated by the TRIPOLI-4 code. Prompt
fission neutrons contribute less than 5% of the total. Because the y-rays energy spectra of fission
products are relatively soft comparing with those of capture y-rays and prompt fission y-rays, the last
two types of y-rays contribute for about 75-80% of the total heat deposition. This is why the additional
shielding is more effective to attenuate y-rays from fission products. In fact, from the isolated
evaluation of prompt fission y-rays contribution and the calculated y-rays spectra in calorimeter, the
capture y-rays contribute for about 50-60% of the total result and they are emitted not only from the
reactor core but also from the pool water (Ey: 2.2 MeV from hydrogen) and the irradiation facility (Ey
7.6 and 9.3 MeV from iron).
Table 2 Calculation determinated heat deposition from different y-rays and fast neutrons
(OSIRIS normalized power: 65 MWth)
Position

Add. Shielding

y-rays

capture +
fission
prompt fission products

PM
PM
PM-10

150

Water
SS304
SS304

0.342
0.311
0.293

0.081
0.061
0.056

Neutrons

Total

prompt
fission

(W/g

0.021
0.021
0.021

0.444
0.393
0.370

graphile )

To improve the future TRIPOLI-4 calculations, a power map considering all the perturbations from incore and ex-core experiments will be helpful. The full core power map with a smaller mesh size and
the fissile composition with burnup consideration in TRIPOLI-4 input could be useful to make better
calculations. Finally, it is also interesting to investigate the activation y-rays from reactor structure
materials and to study the uncertainty of the calorimetric measurements.
5. Conclusions
This paper presents a recently developed gamma heating calculation methodology and its validation
results for research reactor applications. Based on the TRIPOLI-4 Monte Carlo code, under the
continuous-energy option and the plate-by-plate full core model, the coupled (n,y) calculations were
applied on the OSIRIS reactor to evaluate the nuclear heat deposition within a large ex-core irradiation
facility.
Compared with the calorimetric measurements, the calculation results based on TRIPOLI-4 code are
satisfactory. Results of this new calculation methodology could be eventually improved by
considering the optimal power map preparation and the contribution from activation y-rays, and
computer CPU time by optimizing the biasing parameters in both neutrons and y-rays transport [9].
The TRIPOLI-4 Monte Carlo code has been applied on several operational research reactors
(ORPHEE, RHF, EOLE and CABRI) and new reactors design (RJH project [1] and ANSTO-RRRP
bid) for reactor physics and radiation shielding calculations. The present gamma heating calculation
methodology will be applied on RJH project to obtain the in-core and ex-core nuclear heat deposition
map. Other applications of this calculation methodology include the new neutron sources design and
the performance evaluation for cold and hot neutrons generations.
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ABSTRACT
The IRR-1 spent fuel is to be relocated in a storage pool. The present paper describes the
actual facility and summarizes the Monte Carlo criticality safety calculations.
The fuel elements are to be placed inside cadmium boxes to reduce their reactivity. The
fuel element is 7.6 cm by 8.0 cm in the horizontal plane. The cadmium box is effectively
9.7 cm by 9.7 cm, providing significant water between the cadmium and the fuel element.
The present calculations show that the spent fuel storage pool is criticality safe even for
fresh fuel elements.

1. Introduction
The spent fuel of the Israel Research Reactor 1 (IRR-1) consists of two types of MTR fuel elements: standard
fuel elements with 23 fuel plates of 93 % enriched uranium and control elements with 17 fuel plates (to allow
for insertion of Cd-In-Ag control blades). The spent fuel is to be relocated in the newly constructed Spent Fuel
Storage Pool. The fuel elements in the pool are to be placed inside cadmium boxes to reduce their reactivity.
The elements will be surrounded by cadmium and will form a compact array that must be kept sub-critical (keff
< 0.9) under all possible conditions.
Both Monte Carlo and diffusion codes were employed in the analysis of the spent fuel storage pool. In this
report we present our final Monte Carlo results.
Figure 1 is an engineering drawing of the standard fuel assembly. Note that the dimensions are in mm
other figures in this paper are dimensioned in cm.
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(Dimensions in mm)

Figure 1: IRR-1 standard fuel assembly
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2. Description of the spent fuel storage pool
The spent fuel storage rack is located in a large pool. It is composed of square aluminum boxes 9.7 cm wide on
each side. The height of the boxes is 90 cm. There is an Al-Cd-Al "sandwich" on the box sides, at the level of
the fuel region (60 cm long). The cadmium thickness is 0.03 cm. The basis of the storage rack is a metal
construction 16 cm high.
The Cd box arrangement is of the checkerboard type, so that the cadmium thickness per assembly is 0.015 cm
on an interior plane. There are 165 fuel storage positions with an overall U-shape, as shown in Figure 2. The
dark "rectangles" represent Cd boxes with a fuel assembly inside. The light "rectangles" represent a fuel
assembly surrounded by water only. The white "rectangles" represent water. For the purpose of the calculation
we included 10 cm of water in each direction. Figures 2 to 4 were generated with the MCNP-4B plotting
option.
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Figure 2: Storage pool map

Figure 3 is a horizontal cut of a fuel storage box filled with a fuel assembly. The gray color represents
aluminum; the fuel "meat" and cadmium lining are shown as black lines. Water appears as "dirty white".
Figure 4 shows a vertical cut of a filled fuel storage box through the fuel assembly central plate. The assembly
aluminum structure above and below the fuel plates (see Figure 1) was neglected in these calculations.
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(Dimensions in cm)

Figure 3: Horizontal cut of Cd storage box with fuel assembly

3. Code installation benchmark
The MCNP-4B code [ 1 ] was installed on a PC running under Linux. In order to check this non-standard
MCNP installation further, we performed a criticality benchmark calculation, as shown in Table 1. We chose
benchmark LEU-COMP-THERM-001 from Dean [2], It is a light water moderated and reflected UO2 rod
lattice with a square pitch of 2.032 cm and Al cladding. The enrichment is 2.35 wt % 235U. The measurements
were carried out at the Pacific Northwest Laboratories (PNL). The PNL calculations were done using MCNP
version 4XD and continuous energy ENDF/B-V cross sections. Of the eight cases included in the benchmark,
we ran Case 1 (one fuel cluster). We used exactly the same input as in [2]. When the same cross section sets
were used, the difference is not significant: -1 ± 2 mk. If we use the ENDF/B-V1 cross section library, the
difference is -6 ± 2 mk [-2 ± 2 mk if we compare results for the same library]. In Table 1 we include our
previous results obtained on a Sun workstation [3]. Statistical errors are calculated as square roots of the sum of
the variances. In all cases, 165000 histories were calculated.

154

-

4

-

0

2

2

4

(Dimensions in cm. Different scales for abscissa and ordinate.)

Figure 4: Vertical cut of Cd storage box through fuel assembly central plate

Table 1: Benchmark LEU-COMP-THERM-001, Case 1
Reference

Code

ENDF/B-

k«,

Dean (1998) [2]

MCNP-4XD

V

0.9983 ± 0.0016

0

Caner (2000) [3]

MCNP-4B

V

0.9973 ±0.0017

-0.0010 ±0.0023

This work

MCNP-4B

V

0.9990 ±0.0015

+0.0007 ± 0.0022

Caner (2000) [3]

MCNP-4B

VI

0.9939 ±0.0014

-0.0044 ±0.0021

This work

MCNP-4B

VI

0.9919 ±0.0017

-0.0064 ± 0.0023
[-0.0020 ±0.0022]*

[Difference in ENDF/B-VI results]

4. Calculations
Preliminary calculations [4] of the fuel storage pool were done using the multigroup transport cell code WIMSD/4 [5] and the two dimensional finite difference code EXTERMINATOR-2 [6] - for scoping purposes; and the
Monte Carlo code MCNP-4B - for benchmarking purposes. These calculations agree for small absorbers. For
strong absorbers (such as cadmium) the effect of insufficient flux depression in the diffusion calculation is
observed, as expected.

The results are shown on Table 2. After a geometrical model of the fuel assembly was completed, we calculated
an infinite core array of standard fuel assemblies. This 3-D k<.ff calculation agrees well with the 1-D WTMS-D/4
kx, calculation [7], taking into account that the 3-D calculation includes axial leakage. This calculation was
done for checking purposes only.
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The second set of calculations involved the actual storage facility configuration. We defined an array of 24 by
12 positions (measuring 9.7 cm by 9.7 cm each) which were filled by one of three "universes" (in MCNP
parlance):
•

A fuel assembly filled with water and surrounded on four sides by an Al-Cd-Al box.

•

A fuel assembly filled with water.

•

Water

The aluminum in the top and bottom of the assemblies was neglected in the criticality safety calculation. Its
effect is to decrease the criticality coefficient slightly, due to higher leakage.
For each case, short (15000 neutrons) and long (400000 neutrons) calculations were done. The standard
deviations were checked to be inversely proportional to the square root of the number of histories.

Table 2: Criticality calculations
Type of calculation

krff (MCNP-4B)

k*, (WIMS-D/4)

Assembly in infinite core

1.595 ±0.001

1.669

Storage pool, no cadmium boxes

1.303 ±0.001

Storage pool with cadmium boxes

0.752 ± 0.001

5. Conclusion
The present work is part of the MCNP-4B criticality safety' evaluation for the constructed fuel storage pool
facility.
As the cadmium plate boxes are fixed in the base structure, there is no possibility of accidental removal of the
cadmium. The present calculations, as well as previous ones, show that the spent fuel storage pool is criticality
safe even for fresh fuel elements.
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ABSTRACT
The GKSS research center Geesthacht GmbH operates the MTR-type swimming
pool research reactor FRG-1 (5 MW) for more than 40 years. The FRG-1 has been
converted in February 1991 from HEU (93 %) to LEU (20 %) in one step and at
that time the core size was reduced from 49 to 26 fuel elements. Consequently the
thermal neutron flux in beam tube positions could be increased by more than a
factor of two / 1 , 2.1. It is the strong intention of GKSS to continue the operation of
the FRG-1 research reactor for at least an additional 15 years with high availability
and utilization. The reactor has been operated during the last years for
approximately 250 full power days per year. To prepare the FRG-1 for an efficient
future use, the core size have been reduce in a second step from 26 fuel elements
to 12 fuel elements.

1. Introduction
The research reactor FRG-1 has been originally designed and constructed in 1957/1958 (criticality on
October 23, 1958) to serve general scientific research needs in different aspects of fundamental
research and some applied research like cracking phenomena of organic coolants and isotope
production. It is clear that during the lifetime (40 yr) of the research reactor the research areas have
been changed more than once. The outcome of such changes results on the one side in new
experimental facilities at the beam tubes and on the other side in design changes at the reactor. The
following design changes have been made: increase of fuel loading, increase of burn up, reduction of
enrichment, reduction of core size, new control rods, installation of a cold neutron source. At present
the FRG-1 is being used with high availability for beam tube experiments for fundamental and applied
research in biology, materials research, neutron radiography, neutron activation analyses etc.
Between 1996 and 1998 we have studied an additional core size reduction by more than a factor of
two to increase the thermal neutron flux at the beam tubes by approx. 70 % ( Table 1). For this
purpose the U-235 density have to be increased from 3.7 g U/cc to 4.8 g U/cc. So that finally the size
of the reactor is being reduced from 48 fuel elements to 12 fuel elements over the last 10 years /3, 4/.
The model for the future core with the beryllium reflector and the beam tubes is shown in figure 1.

Thermal power (MW)
Number of fuel elements
Number of control rods
Fuel
U-235 enrichment (%)
Fuel density (g U/cc)
U-235 content per standard fuel element (g)
Average heat flux (W/cm )
Coolant velocity (m/s)
Reflector
Front end of beam tubes

26 fuel element
5
26
5
U3Si2
19,75 _
3.7
323
12
1,6
H2O,Be

compact core
5
12
4
U3Si2
19,75
4.8
420
25
2,9
Be
optimized

Tab 1. Comparison of the 26 fuel element core and compact core

157

Be - Block Reflector
Cold Neutron Source

\

S

Be - Block
Reflector
with inbuild
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Reflector Element
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Control Element

o

Reflector Element
with
Irradiation Cavity

Fig 1. Model of the 3x4 core with beryllium reflector and beam tubes

2. Constructive modification
The constructive modification for the new core facilities (grid plate with shroud and the support for the
reactor core) was licensed in 1999, manufactured and have been changed in January 2000.
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Fig 2. Grid plate with shroud and support

3. Results from the new compact core
On March 8. 2000 we obtained the license and started immediately with the core site reduction from
26 to 12 fuel elements. A mixture of 3.7 and 4.8 g U/cc fuel elements has been used for the first three
3x4 cores to achieve a certain burn up. Two standard and one control fuel elements are being
replaced per cycle following a fixed schedule. Table 2 shows the cycle length for the compact cores
number 1 to 4.
Compact core
1. core
2. core
3. core
4. core

Date BOC
March 8.
May 12.
August 18.
October 5.

Date EOC
May 7.
July 15.
September 28.
November 30.

Full power days
27
56
52
53

Tab 2. Cycle length for the 1. - 4. Compact cores
The conversion yields to the expexted neutron gain of 100 % on the cold neutron source (SR 8) and
between 0 % and 80 % on the thermal neutron beam (Table 3). This doubling of the perturbed neutron
flux at the position of the cold neutron source (unpertubed 1.4*1014 n/s cm2) is an excellent guarantee
for top research in the future. The ens served 65% of all neutron scattering experiments at GKSS.
Beam tube

Neutron flux
Increasing

SR5
SR7
SR8
SR9

80%
70%

SR 13

100%
70%
0%

Tab 3. Increasing of the perturbed neutron flux at the beam tubes

4. Summary
The constructive modification for the new core facilities (grid plate with shroud and the support
for the reactor core) have been changed in January 2000. On March 8. 2000 we obtained the
license and started immediately with the core site reduction from 26 to 12 fuel elements. The
conversion yields to the expexted neutron gain of 100 % on the cold neutron source and 80 % on
the thermal neutron beam
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AND ULTRASONIC TESTING OF SPENT FUEL
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ABSTRACT
Stand for visual and ultrasonic testing of spent fuel, constructed under Strategic Governmental
Programme for management of spent fuel and radioactive waste, is presented in the paper.
Stand, named "STEND-1", build up in Institute of Atomic Energy in Swierk, is appointed for
underwater visual testing of spent fuel elements type MR6 and WWR by means of TV-CCD
camera and image processing system and for ultrasonic scanning of external surface of these
elements by means of videoscan immersion transducer and straight UHT connector.
"STEND-1" is built using flexible in use, high-tensile, anodised aluminium profiles. All the
profiles feature longitudinal grooves to accommodate connecting elements and for the
attachment of accessories at any position. They are also characterised by straight-through core
bores for use with standard fastening elements and to accommodate accessory components.
Stand, equipped with automatic control and processing system based on personal computer,
may be manually or automatically controlled.
Control system of movements of the camera in the vertical axis and rotational movement of
spent fuel element permits to fix chosen location of fuel element with accuracy better than
0.1 mm. High resolution of ultrasonic method allows to record damages of outer surface of
order 0.1 mm.
The results of visual testing of spent fuel are recorded on video tape and then may be stored on
the hard disc of the personal computer and presented in shape of photo or picture. Only
selected damage surfaces of spent fuel elements are tested by means of ultrasonic scanning.
All possibilities of the stand and results of visual testing of spent fuel type WWR are presented
in the paper.

1. Introduction
During the operation of two research reactors EWA and MARIA located in INSTITUTE OF
ATOMIC ENERGY in Swierk 6300 of fuel elements WWR and MR and Ek-10 type were burnt up.
The first part of these elements were moved to wet storage in 1968 and have been stored there till
now.
After such a long period of wet storage the decision to investigate the spent fuel elements, by means of
possible to use methods, have been taken, to estimate the safe time of wet storage and to decide
whether to change this environment into the dry storage.
The technical analysis and analysis of the costs of realization of this task have shown, that maximum
information about the condition of all population entire amount of fuel elements will be received by
visual testing, ultrasonic scanning of external surface of these elements, and also by investigating
checking tightness of each element using measurement of fission products release.
The construction of stand and instrumentation equipment, which have been using to visual testing and
ultrasonic scanning of spent fuel elements surface, is presented in the report.
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2. Description of "STEND-1"
Stand named "STEND-1" was built using flexible in use, precise, light, anodised aluminium
profiles characterized by large stiffness. All the profiles feature longitudinal grooves to
accommodate connecting elements and for the attachment of accessories at any position by
means of screws. They are also characterised by straight-through core bores for use with
standard fastening elements and to accommodate accessory components. These features make
possible easy regulation, and allow transfer of the stand to the other pool storage if necessary.
The stand fulfils following requirements:
- testing of spent fuel element up to the length of 1, 5 m under the water-level in pool storage in
regard to radiation dose admissible for operator,
- visual testing of spent fuel element is performed using coloured underwater TV - camera;
obtained pictures are recorded on SVHS video tape with maximum TV definition of picture that
permits to identify fuel element surface damages below 0.1 mm dimensions and to recognise the
kind of corrosion,
- ultrasonic scanning of spent fuel element surface makes possible identification of damages, with
accuracy bring near visual testing, and measurement of their depths,
- fuel element rotation around vertical axis and TV camera with ultrasonic (UT) probe vertical
movement displacement perpendicular to fuel element axis (Z axis direction) is realized by means
of
computer
controlled
Video camera
servomotor;
with
1/deg
and UT probe
vertical driver
accuracy for rotation movement
Fuel element
and 0,1 mm accuracy for Z axis
rotate driver
movement,
- supporting
structure
characterises
high
ability
of
Controll
mechanical vibration damping,
which allowed to scan surface
of fuel element without any
contact of UT probe with the
surface.
- linear velocity of TV
camera and the UT probe and
the rotation of fuel element is
fluent in the wide range of
regulation.
• Computer
I control

UTflaw detektor

Driving signal line
TV and ultrasonic signal line
Ultrasonic devise control line

I
D

Video recorder
and monitor

Rotation of testing fuel element
is provided by servomotor with
2.3 Nm torque and 1500 r.p.m
maximum motor speed by used
of two belt transmissions, from
one of which is mounted under
the
water
level.
Total
transmission ratio of system:
driving motor - holder of fuel
element, is 1:25.

Fig. 1 Schema of STEND 1
Measurement and recording of angle orientation position of fuel element holder is realized by rezolwer
installed on the shaft of motor. Its resolution carries out 3600 lines pulses per revolution per rotation
and permits to obtain 1/deg accuracy for rotation movement.
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TV camera with UT detector vertical movement is also realized by servomotor with 1.7 Nm torque
and 750 r.p.m maximum engine speed and by
rolling gear with 10 mm per rotation pitch.
Measurement and recording of angle
orientation position is realized by identical
rezolwer. It gives the real accuracy of TV
camera and UT probe position equal 0.1 mm.
Holder of fuel element consists of two parts.
The bottom one consists of an alignment
element shift manually in vertical direction.
The upper part is connected by the drive shaft
with belt transmission and servomotor. Rate
and force of closing of fuel element in handle
is regulated. Closing force of holder amounts
to30N.
The scheme of stand, illustrating location of
their main elements and their
mutual
connections, is presented below in Fig. 1. The
view of stand situated in wet storage is
presented in Fig.2.
Spent fuel elements under testing are
computer controlled with special software,
written in VISUAL BASIC.
Fig. 2 View of stend in wet storage
Software contains the following tasks: fuel element movement control, TV camera together with UT
probe movement and ultrasonic probe control:
acquisition and processing data on the form of scanned surface map, what determine
the basic idea of working stand and his abilities to be a precise device to remote testing of
spent fuel elements.
choice the
kind of testing
File TrassnNion SstSngi Tasting Into
(visual- static or dynamic, ultrasoniccircumferential or vertical).

Mg»nl
GOTO
STOP

1 Tooted

1 Uafk

aSa
Camera

J2

Band: 3 Frame. 2

Drive tyndmwited

The main programme cooperates with
programme of synthesis of speech
SYNTALK., which imparts all parameters
of investigations with voice (official
report), and also topical position of camera
and UT probe in relation to testing fuel
element in select earlier coordinates.
Report together with images of testing
surface are recorded on video tape. It
permits to identify the testing part of fuel
element surface during the analysis of
results is presented in Fig.4 and 5

Fig. 3 The main page preview of control program

3. Optical and image system
Visual testing can be carried out automatically or manually:
- in automatic mode:
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DYNAMIC testing- consists in review and recording of condition of all of fuel element surface with
the select speed of camera movement, in this instance element surface is divided only on bands,
STATICAL testing - consists in review and recording of surface with camera stop according to
programmed algorithm of investigations, in this instance element surface is divided on bands and
single frames, what permits on exact identification of observed damages.
- in manual mode of camera and fuel element movements:
testing makes possible observation of interesting area of fuel element surface in unrestricted time,
under different angles, and in different intensity of lighting. This mode permits on recording in
computer memory select site of surface to further ultrasonic testing and later returning to this place in
aim of supersonic scanning and measurement of corrosion pits depth.
Colour camera with screen resolution 800X600 pixel, interchangeable lens and shooting angles of
camera (angle of view) 35, 49 or 70 deg (in air) was used to visual testing of spent fuel. It permits on
identification of surface damages below 0,1 mm dimension. Camera is placed in hermetic casing. The
least distance from camera to testing surface of fuel element, permitting to perform visual testing
without visible disturbances of image from radiation field, carries out 250 mm.
Two xenon lamps with regulated power of light from 0 to 100 lux placed diagonal to surface, was used
to the best recognize of damages and surface quality.
Observed images are recorded on SVHS magnetic tape, and then numerical processing using LUCIA
program. Finally, there are estimated according to worked out in great detail criteria and recorded on
CD-ROM discs.
Below, in Fig. 4 and 5 results of visual testing of spent fuel elements type WWR and MR-6, are
presented.

Fig. 4 Image of fuel element WWR

Fig. 5 Image of fuel element

4. Ultrasonic scanning system
Surface of spent fuel element, chosen during visual testing, can be the subject of ultrasonic
scanning.
For ultrasonic scanning of fuel element surface which is choosed during visual investigation, use
ultrasonic flaw detector equipped with the focusing probe. It operates with frequency ranges 10 and
15 MHz and it is joined with the control computer by means of connector RS 232. Ultrasonic probe is
fixed to the jib (along with the tv camera) and it is removable of distance 15 mm from the fuel
element surface. Ultrasonic probe concentrates ultrasonic waves in focus in distance of about 15 mm
to provide optimum value of maximum vertical and horizontal resolution. Transmission rate of data
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measurements to a control computer is 60/sec. This permits to use quick movement of cap of
ultrasonic probe in relation to surface of the investigated fuel element. High frequency rate of
ultrasonic flaw detector and high preciseness time of measuring permits to attain vertical resolution of
about 0.15 mm practically.
Structure and software "STEND1" permits to scan the fuel elements surface with round (MR6) and
hexagonal (WWR) shape.
In case of fuel element MR6 the scanning is executed by oscillate movement with relation to its axis
in earlier programmed angle. After full cycle the ut probe is being executed automatically on
programmed snap (e.g. 0.5 mm).
In case of fuel element WWR the scanning of a flat surface is being executed by support
displacement along axis X (e.g. 0.2 mm) and automatic displacement of ut probe by programmed snap
responding to the length of scanned fields (e.g. 50 mm). Initiation of this movement induces
automatic inclusion of ut flaw detector. In this manner the scanned field is being cover points. Each
of those points is represented by appropriate are numerical value which correspond the depth of
decreasing of cladding material (pitting corrosion) on the surface of fuel element investigated.
Density of these points depends on programmed speed of the ut probe in relation to scanned surface
and distances of paths. A file of one measurements data scanning occupies a space of 1 Mb on hard
disc.
Digital recording of scanning is converted into a map or graph and official record.

5. References
[1] B. Jarzembski, Control program STEND 1, OBRUSN - Torun 1999
[2] S. Mackiewicz, Control program UTV, NDTEST - Warsaw 1999
[3] E.Borek-Kruszewska, S. Chwaszczewski, W. Czajkowski, Tentative visual testing of spent fuel
element WWR-SMtype Raport IEA B nr 39/99, 1999.

164

CH01000276

Status and future of WWR-M Research Reactor in Kiev
Dmitriy A. Bazavov, Victor I. Gavrilyuk, Vladimir I. Kirischuk, Vyacheslav
V. Kochetkov, Mikhail V. Lysenko, Vladimir N. Makarovskiy, Alexander M.
Scherbachenko, Valeriy N. Shevel, Vasiliy I. Slisenko
Scientific Center "Institute for Nuclear Research"
03680, Prospect Nauki, 47, Kiev-28, Ukraine

ABSTRACT
Kiev WWR-M Research Reactor, operated at maximum power of 10 MW, was put into
operation in 1960 and during its 40-years history has been used to perform numerous studies
in different areas of science and technology. Due to a number of technical problems the
Research Reactor, the only one in Ukraine, was shut down in 1993 and then put into
operation in 1999 again. Now there is an intention to reconstruct Kiev Research Reactor. The
upgraded Research Reactor would allow to solve such problems as the safe operation of
Ukrainian NPPs, radioisotope production and, naturally, fundamental and applied research.
The main problem for the successful operation of Kiev Research Reactor is the management
and storage of spent fuel at the site, since after core unloading the spent fuel storage appears
to be practically completed. So it is absolutely necessary to ship the most part of the spent
fuel for reprocessing and as soon as possible. Besides, there is a need to build up the new
spent fuel storage, because the tank of available storage requires careful inspection for
corrosion.

1.

Introduction.

Kiev WWR-I Research Reactor, nominal thermal power of which is 10 IW,
was put into operation in 1960 and during its 40-years history was used as a
source of thermal neutrons to perform a great variety of researches in many
areas of science and engineering such as:
• nuclear physics;
• radiation and solid state physics;
• materials science;
• various applied researches, as the production of radioisotopes for medicine and industry,
neutron-activation analysis, neutron doping of silicon etc.
The basic characteristics of WWR-I Research Reactor
Nominal thermal power
Moderator and coolant
Reflector of neutrons
Fuel enrichment
Fuel type
Number of fuel assemblies
Maximal neutron flux
Maximum coolant temperature

10 IW.
Water (distillate).
Be.
36%.
WWR-I2.
170-210.
1.2 1014 neutrons/rim 2 -sec.
50° N.
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The maximal coolant pressure

-

2.0 kg/nm 2 .

The Control and Protection System (CPS) characteristics
Control rods, total
Including:
• emergency protection
• compensating
• automatic control ones

-

9.

-

3;
5;
1.

Ion chambers, total
Including:
• power measurement and protection
• period measurement and protection
• automatic control
• power measurement and recording ones

-

9.

-

3;
2;
1;
3.

After physical start-up of the reactor, practically all its systems and equipment were
upgraded or replaced, some new systems were developed to increase the operation safety and
improve physical characteristics of the reactor, including:
• CPS;
• emergency core cooling system;
• power supply;
• radiation control system;
• fresh fuel storage;
• spent fuel storage;
• filtered vent system;
• fire control system;
• physical protection system.
Some of these works were performed during planned repair and maintenance, but basically
- during rather long reactor shutdowns in 1988^-1989 and 1993-^1998. In 1988 we were forced to
replace heat exchangers and partly primary pipes due to poor-quality joint welds. The main
reason for the reactor shutdown in 1993 was inconsistency of its systems and equipment to the
new requirements, accepted by the Regulatory Body of Ukraine according to the IAEA
recommendations and international practice. Another important factor of the reactor shutdown
appeared to be the absence of financial support enough for the reactor safe operation. The reactor
was started-up again in 1998.
1.

Basic activity carried out at our Research Reactor.

1988-1989
A. Coolant system.
Along with the mentioned above replacement of heat exchanges and primary pipes, during
this reactor shutdown the new emergency core cooling system, not provided by design, was
developed and installed. In the case of coolant loss, water from an area spray system will remove
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the residual heat from fuel assemblies. As a source of water, the distillate from reserve tanks is
used. The special system provides the return of water through the area spray system to the reactor
core (water flow is u p to 30 i 3 /h, p r e s s u r e - 2 kg/ni 2 ). In emergencies, if for any reasons
other sources of water are not available, there is an opportunity to supply water from the water
tower as well.
B. Reactor vent system.
In 1989 the new reactor vent system, also not provided by design, was developed. At
normal operation the air from reactor vessel goes to the stack through gasholder and claydite filter
(neither the gasholder, nor the claydite filter were provided by design). In emergency, when the
fission gas appears in the reactor vessel or hall, the air passes additional filtration in scrubber. In
this event the special high-pressure fan is turned on and the air passes through, first, an acid
solution (pH 9+10), secondly, the area spray system and at last the gasholder and claydite filter.
According to our estimates, the fission gas absorption for such the system should be up to 95%.
1993-1998
A. CPS.
The positive overshoot of reactivity during scram rod removal was reduced and now it does
not exceed 0.07 (3eff / s e n . For this purpose the scram rod drives were modernized. The sensor
of upper position of emergency protection rods was developed, just as the blocking of control rod
removal in the case of breakage of at least one of the rods. Two additional channels of power
measurement, in the range of 10"5 % - 100 % of nominal power, were developed and installed as
well. As a result of annual special testes the service life of CPS was prolonged till March 31,
2002.
B. Power supply.
The emergency battery (1 lOA, 600Ah) a n d two CPS batteries (48A, 125Ah)
were replaced. Besides, two diesel engines - power stations of 100 kW each were put into
operation as the reserve emergency power supplies.
C. Physical protection system and fresh fuel storage.
Modern physical protection system of the reactor and fresh fuel storage were designed and
constructed in accordance to requirements of Regulatory Bodies of Ukraine, IAEA
recommendations and international practice. All the work was done at financial support of the US
DOE and active assistance of the experts of Advantor (USA).
D. Spent fuel storage.
The system of remote measurement of water temperature and the system of water filtration,
which were not provided by the design of reactor, have been mounted in the spent fuel storage.
1. Main problems, which we did not manage to solve yet.
A. Spent fuel.
During its operation the Research Reactor accumulated and continues to accumulate large
number of irradiated and spent assemblies. In order to increase the capacity of spent fuel storage,
it was reconstructed as the double-deck one. Unfortunately, after the USSR collapse there were
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essential problems to ship the spent fuel for reprocessing in Russia. As a result, last time when
the spent fuel was shipped from our reactor was in 1988.
There is rather bad situation at Kiev Research Reactor, since after core unloading the spent
fuel storage appears to be practically completed. In the nearest time it is absolutely necessary to
ship the most part of spent fuel for the reprocessing, but now it is impossible due to the absence
of funds. Besides, in any case there is an urgent need to build up the new spent fuel storage,
because the tank of available storage requires careful inspection for corrosion. Thus, if
nevertheless the most part of spent fuel will be shipped for reprocessing, the new storage could be
of smaller capacity.
B. CPS.
The equipment of CPS and technological parameter control of reactor are obsolete, control
and power cables have not any fire-prevention isolation and are installed with infringements of
existing rules. There is no reserve control panel of reactor and that is the infringement of
requirements and rules as well.
C. Primary system.
It is also necessary to replace the pumps and part of the primary pipes, which were not
replaced during the reactor shutdown in 1988-1989.
D. Reactor decommissioning plan.
At present there is only a concept of decommissioning plan for Kiev Research Reactor.
E. Conversion to low enriched fuel.
Additional problem arises in connection with the Nuclear Weapon Non-Proliferation
Agreement and planned conversion to the low enriched (<20%) fuel. This question is considered
by our reactor experts, Regulatory Bodies of Ukraine and at participation and assistance of the
experts of the US DOE. Anyway, it could be solved only at the positive reaction of Russia as the
fuel supplier.
1.

Prospect of the further operation of Kiev Research Reactor.

As a result of measures on the reactor modernization, Regulatory Bodies of Ukraine issued
the license for the reactor operation valid till the end of 2000. Only in December 2000 KievResearch Reactor was operated at the nominal power more than 300 hours.
Now we have a choice: either decommissioning of the reactor or further reactor
modernization to meet the requirements for its safe operation. Unfortunately, funds provided for
the reactor modernization are not enough. At the same time. Research Reactor is absolutely
necessary for Ukraine at least for solving such the problems as:
• Safe operation of the Ukrainian Nuclear Power Plants (NPP).
First of all Ukraine needs to develop and keep at the high level the infrastructure of scientific
and technical support for Ukrainian NPPs. There are a lot of problems that can not be solved
without scientific research and testing at Research Reactor. The reactor is also playing an
important role in education and training of specialists for Ukrainian NPPs, for instant Kiev
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•

•

1.

Technical University and Kiev State University used to exploit permanently the reactor for the
practical training of students.
Production of radioisotopes for medicine and industry.
The use of radioisotopes in medicine for the diagnostics instead of the traditional x-ray
diagnostics is extremely important for Ukraine taking into account extra irradiation of
Ukrainian citizens due to the Chernobyl accident. The technology of 99mTc production at Kiev
Research Reactor was developed and licensed in 1998. Now, in order to obtain the license for
use of 99mTc in medicine, this technology should pass clinical tests and get the approval of
Ukrainian Pharmacology Committee. Reactor technologies of other radioisotope production
such as I3I I, 125I, I23I, I27Xe, 32P, 51Cr are developing now as well.
Another example of the radioisotope production at WWR-M Research Reactor is the
renewing of l92Ir sources used in gamma-defectoscopy.
Fundamental and applied research.
For many years at WWR-M reactor a great variety of researches were carried out, results of
which are used for nuclear databases. These results are very important for the successful
development of nuclear industry.
Conclusions.

Having highly qualified staff and keeping all the reactor systems in proper state we have
operated the WWR-M Research Reactor for more than 40 years without any serious accidents.
Such type reactors are also operated in a number of other countries and showed themselves as
very safe. Besides, some of them are operated much longer time than our reactor and, as a result,
their equipment acquired higher neutron fluence. All these facts, just as the results of tests for the
reactor vessel metal and other reactor systems, allow us to make a conclusion that our reactor can
be operated for some time. In the case of complete modernization and replacement of old
equipment in accordance to the modern requirements, we have a feeling that the reactor could be
safely operated till 2010-2012.
In order to solve the problem of spent fuel, we hope for a help and assistance of the IAEA,
other international organizations and a number of states (USA, Russia, etc.).
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ABSTRACT
A nondestructive assay method for determination the amount of fissile materials content along
the vertical axis of irradiated fuel is presented. The method, called neutron multiplication
method, can be realized as passive measurement technique and the active one.
The Monte Carlo code has been used for the neutron transport simulation and optimization of
the measuring equipment geometry. On the basis of these results, a preliminary experimental
stand for MARIA reactor fuel investigation has been designed and the measurements have been
performed for the fresh fuel and the fuel mock-up.
Based upon both numerical and experimental simulations, an ultimate measuring stand has been
designed and the measurements for MARIA spent fuel assemblies as well as for the fresh fuel
and mock-up of the fuel have been carried out.
The results showed that the active neutron technique does not provide sufficient resolution of
the distribution of the amount of fissile materials. But rather can be applied for measurement of
the absolute value. The passive one can be used to restore the distribution of the burn-up and
the amount of fissile materials along the axial length of the spent fuel assembly.

1. Introduction
Neutron multiplication method can be applied in two versions: passive neutron technique and active
neutron technique. Passive neutron technique is based on the measurement of the inherent neutron source
while, the active one requires an external neutron source which induce fission in the fissile isotopes: 235U,
"wPu, and 24lPu within the fuel assembly. Neutrons emitted from external neutron source are directed on
certain slice of the fuel assembly inducing fission in it. Fission rate is proportional to the content of the
fissile materials within the exposed fuel slice. Neutron detector positioned at the opposite side to the
neutron source detects these emitted fission neutrons.
The total signal of the detector is due to: the fission neutrons, the inherent neutron source as well as the
neutrons coming directly from the neutron source without being captured in the fuel. The last component
of the detector signal is not specific for the fissile materials. This value should be subtracted from the total
signal to obtain the net signal proportional to the amount of fissile materials within the investigated spent
fuel.
2. Description of the Method
The method can be realized by means of two techniques, the passive neutron technique and the active one.
The first one is based on the measurement of the inherent neutron emission rate. In case of MARIA fuel,
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the dominant sources of inherent neutrons emission are the spontaneous fission source and the fission
neutrons induced by the spontaneous fission neutrons through the fissile materials remained in the spent
fuel. The second technique is based on the measurement of neutrons emitted from spent fuel as a result of
fission within the fissile materials. The fission is induced by external neutron source. The number of
emitted neutrons is proportional to the amount of fissile materials present in the spent fuel.
In the active neutron technique, neutrons
water
escaping from the source (Pu-Be) have rather
high energies and before directing to the fuel
should undergo moderation. This is realized by
positioning the neutron source in the center of
moderating container having a cylindrical shape
and filled with water playing a role of
moderating medium. The moderating container
is lined by cadmium sheet of 1 mm thickness,
which cut all thermal neutrons reaching the
neutron
container boundary. The purpose of absorbing
detector
the thermal neutrons outgoing from the
moderating container is to reduce the
background and to minimize the multiplication
for the rest of the spent fuel. To make the
Fig. 1. Schematic diagram of the measuring
measurement of the fissile materials content
equipment
along the spent fuel assembly possible,
a collimator of rectangular shape has been inserted
to the moderating container. Distance between the neutron source and inlet window of the collimator has
to be chosen to achieve the maximum outward thermal neutron current in the collimator.
Neutrons escape the collimator through the outlet window and intersect the fuel assembly induce fission
through the fissile nuclei. Fast neutrons emitted from fission undergo thermalization in water and then
detection by the fission chamber. The fission chamber is not adjacent to the fuel surface. Certain distance
from the fuel surface guarantees proper thermalization of fission neutrons in the water.
The principle of the method is shown in Figure 1. The measuring installation is submerged under water to
provide shielding against intensive gamma radiation emitted from the spent fuel.

3. Optimization of the measuring equipment
The Monte Carlo code has been used for the neutron transport simulation and optimization of the
measuring equipment geometry: neutron source, moderating container, collimator, and the neutron
detector. The result of calculations showed that the moderating container of 30 cm length and 32 cm
diameter and a collimator of 26 cm length, 6.8 cm width, and 2 cm height are the optimal configurations.
With respect to the fission chamber position, a distance of 4 cm between the outer surface of the fuel and
the fission chamber has been found to be the optimum one.
On the basis of these results, the preliminary experimental stand for MARIA reactor fuel investigation has
been designed and the measurements have been performed for the fresh fuel and the fuel mock-up.
Although some discrepancies were found between Monte Carlo and experimental results, the main
conclusions concerning the optimal geometry of measuring facility have been confirmed.
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4. Neutron multiplication method
4.1 Active Neutron Technique
The total signal (counting rate) measured by the fission chamber comes mainly from three sources: the
signal due to induced fission neutrons CR f , signal from neutrons coming directly from neutron source
without being captured in the fuel CR d , and signal due to inherent neutron emission CRin .
CRtot=CRf+CRd+CRin
The CRm signal can be obtained by performing the measurement for the spent fuel assembly without
neutron source. The CRd signal can be determined by measuring for the mock-up of the fuel and
introducing a correction factor r to take into account the difference in neutron transmission between the
fuel material and the mock-up material (Al instead of UA1X):
The relation between the detector signal and the amount of fissile materials is assumed to be linear. This
linearity has been verified numerically.
To measure the amount of fissile materials within the spent fuel assembly, at least two calibration points
are required. These two points are the signal from the fresh fuel and from the mock-up of the fuel,
corresponding to the nominal content and zero content of fissile materials respectively.
Assume CR°tot is the neutron signal measured from the fresh fuel assembly, which contains the nominal
value of U-235,m25 while CRtot is the neutron signal measured from the spent fuel due to the remained
amount of fissile materials which are mainly U-235. The amount of fissile materials of any spent fuel,
m25 can then be calculated using the following relation:

m25 =

tot ~ C R bg — r •

where CRbg 's are measured without neutron source.
4.2 Passive Neutron Technique
The idea behind this technique is to establish a functional relationship between the fuel burn-up and the
experimentally measured inherent neutron source.
The signal of the inherent neutron source is proportional to the amount of actinide isotopes having a
significant spontaneous neutron emission, and on the neutron emission rate of each isotope. The emitted
neutrons undergo multiplication within the fissile materials remained in the spent fuel.
The ORIGEN code has been used to calculate the spontaneous neutron source (fission rate) as a function
of burn-up for certain cooling time values. The spontaneous fission rate R s has been found to be
correlated with the burn-up above 60 MWd/fuel assembly by a power functional relationship:
Rs = a - ( B u ) r
Thus, the burn-up can be expressed as:
Bu = K-(CR i n ) 1 / T
where K can be recognized as a calibration constant.
The bum-up and the amounts of fissile materials distribution along the axial length of the spent fuel can be
evaluated using the detector count rate given the values of y and K.
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5. Measurement Results
5.1 Active Neutron Technique
The count rate as a function of the axial length for the fresh fuel assembly, mock-up of the fuel and the net
signal for the spent fuel assembly # 15, i.e. the difference between the count rate with and without neutron
source, is shown in Figures 2.
The real measuring data does not
fuel
reflect the actual distribution of the
• fresh
spenr fuel assembly # IS
fissile materials along the axis of the
mock-up of the fuel
A
spent fuel assembly. The active
method turned out to have a poor
I l - „
.1
axial distribution. This is due to
broadening of real distribution
i
resulting either from geometry of
i
!
measurements or strong scattering of
neutrons.
The method can rather be used to
360
measure the absolute value of the
amount of fissile materials. The
measurements have been performed
for the fresh fuel, mock-up of the
fuel and for the spent fuel assembly
# 15 at three positions far enough to
340
avoid broadening interference. The
200
800
1000
400
600
Axial length, mm
amount of U-235 in the spent fuel
Fig. 2. The neutron count rate as a function of the axis of
Assembly # 15 has been found to be
the fresh fuel, mock-up and spent fuel assembly # 15
208 ± 0.22 g (equivalent to a burnup of 108 MWd). Comparing this
value with that of the reactor operation data (204 g), one can conclude that the measurement results of the
active neutron technique agree with the reactor operation results with a difference of about 2%.
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5.2 Passive Neutron Technique
The inherent neutrons count rate has been measured along the axial length of four spent fuel assemblies.
To calculate the burn-up from the measured inherent neutrons count rate, to the burn-up - count rate
relationship discussed in section 4.2 has been used. The absolute value of bum-up calculated from the
active measurement technique for the spent fuel assembly # 15 has been used as a calibration point to
calculate the calibration constant K . The burn-up distribution along the axial length of the spent fuel
assemblies have been calculated using the calibration constant and the measuring inherent neutrons count
rate. The distribution of the burn-up of the spent fuel assembly # 15 is shown in Figure 3. Also the
distribution of the fissile materials contents of this spent fuel assembly is shown in Figure 4.
The passive neutron technique showed an excellent axial resolution and good agreement with the reactor
operation data. Also, it makes the measurements much easier and simpler than the measurements by the
active neutron technique.
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Fig. 4. Fissile materials distribution along the
axis of the spent fuel assembly # 15.

6. Conclusions
The experimental stand for measuring the amount of fissile materials has been optimized numerically and
experimentally. The stand has been designed and the measurements have been carried out.
The active measurement method turned out to have a poor axial resolution and rather can be used for
measuring the absolute value (average) of the amount of fissile materials. The active method required
numerical calculations to verify the linearity between the detector signal and the amount of fissile
materials. The verification has been done by Monte Carlo simulation
The passive method proved to have an excellent axial resolution, thus it can be used to verify the burn-up
and the amount of fissile materials in the spent fuel. The passive method makes the measurements simpler
and faster.
The passive method requires at least one calibration point for absolute burn-up determination. This must
be realized by the reference method. Also calculations should be used to complement the passive neutron
measurements. These calculations relate the burn-up with the inherent neutron emission. ORIGEN code
has been used for these calculations. The sensitivity of the neutron emission rate to various parameters
such as cooling time and reactor power was studied pointing to a very good stability in the relationship
between burn-up and spontaneous neutron emission rate on the fuel power at the same time showing
significant dependence on the cooling time.
To get good statistical results, the measurements have been repeated 60 times for every position of 1
minute measuring time. The standard deviations were about 7%
Both techniques gave a good agreement compared with the reactor operation data. The active neutron
technique gives a difference of about 2% while the passive one gives about 4%.
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ABSTRACT
The Rossendorf Research Reactor (RFR) had been in operation from 1957 to 1991
and in mid 1991 it was decided to finally shut down the reactor. The Nuclear
Engineering and Analytics Rossendorf Inc. (VKTA) was charged to develop a concept
for decommissioning of the RFR. The VKTA concept is based on the use of CASTOR
MTR 2 -flasks. It is intended to send all loaded to a central interim storage facility.
Key of the concept is the special commissioned buffer storage at the VKTA site, in
which the loaded CASTOR flasks are parked, until a transfer to the interim storage
facility is possible. The paper describes the construction of this buffer storage as well
the transfer of the loaded CASTOR flasks.

1.

Introduction

The Rossendorf Research Reactor (RFR) is a heterogeneous, light water moderated and
light water cooled tank reactor of the Soviet WWR-SM type. The RFR had been in
operation from 1957 to 1991. During its lifetime it was technically reconstructed several
times increasing the thermal power from 2 MW to 10 MW. Aluminium-clad fuel elements of
Soviet construction were used. The major parameters and the range of taks of the RFR had
airedy been presented at RRFM 99.
It was decided in mid 1991 to finally shut down the reactor. Nuclear Engineering and
Analytics Inc. (VKTA e. V.) was charged to develop a concept for decommissioning and to
implement that concept. The decommissioning of the RFR is the most important measure at
Rossendorf.
2.

The Concept

VKTA is the first reactor station that implements parts of the German way for the disposal of
irradiated fuel elements from research reactors. They imlpy the utilization of the fuel
element interim storage Ahaus (BZA) as well as the development, approval and use of a
new transport and storage flask of the CASTOR MTR 2 type. We have airedy presented on
international level the mobil unloading machine for the dry transshipment of irradiated fuel
elements from the wet storage into the CASTOR flasks as well as the under water device
for the inspection of the fuel elements outsite surfaces which have been specially
developed and used at Rossendorf [1] [2]. The mobil unloading machine has also been used
successfully at another German reactor station.
18 CASTOR flasks were needed for the disposal of the 951 irradiated fuel elements.
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3.

The Buffer Storage Facility (TBH)

Of special importance in the VKTA concept was the construction and commissioning of a
special buffer storage facility (TBH) in which the flasks are placed in readiness for transport.
The buffer storage (TBH) is a multifunctional facility. Its task is to store empty flasks, make
ready for transport loaded flasks and to
store the mobil unloading machine.
Separate licensing procedure had been
required for the erection as well as for
the oparation of the TBH. The building
is of monolithic reinforced concrete and
is fully thermal insulated. The TBH has
no ventilation and no heating.
Dehumidiffier ensure tha the dew point
is not undershot so that no corrosion
can occur on the flasks.
There are four working areas, the
entrance and exit area for transport, the
service area, the storage area and the
control station. With the technical
facilities of the mobil unloading machine
in the service area can be exchanged
the seals of the secondary as well as
the primary lids of the flasks, if
necessary.

crane

flasks

LLL

Fig. 2: Buffer Storage Facility (TBH)
Side view; height: 15 m
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control
station'

Fig. 1 Buffer Storage Facility (TBH)
Plan view ; length: 24 m; width: 15 m

The storage area allows to deposit in
maximum 24 flasks in threefold
stacking. Technical overview of the
construction of the TBH building show
figure 1 and 2. The pressure monitoring
system for the flasks is one of the
important technical facility of the TBH.
This system allows the continous
monitoring of the pressure between
primary and secondary lids of all flasks.
In March 2001 the monitoring system
was put into operation for two
CASTOR-flasks loaded first.

4.

Status

The first CASTOR MTR 2 flasks were stored in the TBH in 1999. End of 2000 all loaded
flasks were placed into the buffer storage facility.

Fig 3 :Front view of the TBH

Fig 4: Loaded CASTOR MTR 2 in the TBH

Figure 3 shows the buffer storage hall in the total view and figure 4 shows the storage area
with 18 loaded CASTOR MTR 2.

5.

Aspectes of the Radiation Protection

The aspects of the radiation protection considered through:
incorporation surveillance program
recording of the daily induvidual dose by gamma and neutron radiation
measurements of the gamma local dose rate by stationary and portable measuring
instruments
measurement of the activity concentration in the room air
use of thermoluminiscencedosimeter
local dose rate and surface contamination measurements of CASTOR MTR 2 after the
loading.
At all actions the limit values for contamination and local dose rate were safely undershot.
At the surface or in 1m distance the local dose rate values for gamma radiation was1,6
uSv/h or 0,5 uSv/h and for neutron radiation 2.1 uSv/h or < 1mSv/h.
The max. values for the surface contamination were 0.005 Bq/cm2 for a-emitters and
0.009 Bq/cm2 for (3-emitters.
For the loading and the transport of 18 CASTOR MTR 2-flasks was determined a collective
dose of 1.8E-6 man Sv.
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6.

Conclusions

Summerizing one can state:
The dry transshipment of the irradiated fuel elements from the wet storage into the
CASTOR MTR 2 flasks and the transport of the flasks to the TBH did not cause any
problems. At all operation the statutory limits for contamination and the local dose rate were
safely undershot. The radiological data measured during the transfer are presented.
The mobil unloading machine can also be used at other reactor station of the same or
similar design, if required. VKTA has the relevant know-how and the technical equipment.
The buffer storage TBH fulfills all major technical requirements of a interim storage and may
be considered as example of an on-site interim storage.

7.

References

[1]

W. Boessert, W. Hieronymus, B. Schneider, Intl. Conf. Research Fuel Management
(RRFM'99), Brugges, Belgium, March 28-30, 1999, p.192

[2]

W. BoeSert, T. Grahnert, R. Lehmann, H.-P. Winkler, Annual Meeting on Nuclear
Technology 2000, Bonn, Germany, Mai 23-25, 2000, p.243

178

SAFETY ASPECTS OF RECEIPT AND STORAGE OF SPENT
NUCLEAR FUEL AT THE SAVANNAH RIVER SITE
ALAN S. BUSBY and TRENT C. ANDES
Westinghouse Savannah River Co.
Building 707-C
Aiken, South Carolina, 29808 USA

CH01000279

ABSTRACT
The Savannah River Site receives and stores aluminum-based spent nuclear fuel from
research reactors world-wide in support of the U.S. Department of Energy's take back
policy for U.S. origin enriched uranium. For over 35 years the Savannah River Site has
supported this policy in a safe and deliberate manner. Facilities dedicated to this mission
include the Receiving Basin for Offsite Fuels and L-Basin. Current inventories are about
6,500 aluminum-based research reactor assemblies and about 700 stainless-steel or
zirconium clad prototype power reactor assemblies. The purpose of this paper is to
briefly describe the processes that the Savannah River Site employs to safely receive,
handle, and store spent nuclear fuel.

1. Introduction
The Savannah River Site (SRS), located near Aiken, S.C., is operated for the U.S. Department of
Energy (USDOE) by Westinghouse Savannah River Company (WSRC). SRS has been receiving
spent nuclear fuel (SNF), primarily aluminum-based, from a wide variety of domestic and foreign
research reactors since 1964. From 1964 until 1997, the Receiving Basin for Offsite Fuels (RBOF)
was the predominant SRS facility for receipt and storage. In 1997, the L-Basin was brought into
operation to receive RBOF overflow. In 1998, decisions were made to have L-Basin replace RBOF
as the primary receipt and storage facility with RBOF deinventoried to L-Basin by 2007. This
decision corresponds to the projected disposition of the aluminum-based fuels through a "meltdilute" process that will most likely be located in close proximity to the L-Basin facility.
2. Facility Descriptions
RBOF is a steel frame structure that encloses water-filled basins for cask unloading, and SNF
repackaging and storage. The building includes the basin areas, a control room, and an attached
facility for water filtration and deionization. The basin area consists of two storage basins, three
working basins (for cropping, bundling, inspection, and interim storage), a cask loading/unloading
basin, and a cask decontamination pit.
L-Basin is a subsection of the deactivated 105-L Reactor Complex. L-Basin is a reinforced concrete
structure that houses water-filled basins with functions similar to RBOF. The basin water volume in
L-Basin is about 7 times that of RBOF and L-Basins potential storage capacity is about 3 times
greater. Other major differences include separated buildings for cask decontamination and water
filtration and deionization.

3. Processes
The operational processes of RBOF and L-Basin are quite similar and the discussion in this section
will treat each facility without distinction. SNF assemblies are typically received in the form of
material test reactor (MTR) fuels about 90 cm in length and a cross-section of 7.6 cm x 8.3 cm. The
assemblies are packaged in aluminum bundles (up to five) which are then stored in vertical racks
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with fixed spaced storage positions. Other fissile materials in various forms (i.e., tubes, rods,
solutions) are typically received in cans which are placed inside of a bundle for storage.
The process activities for the basin facilities are generally divided into four categories. Cask
Loading / Unloading places the loaded cask into the basin and removes the SNF (or the reverse
process in the case of cask loading). SNF Movement transports fuel assemblies between basins. SNF
Packaging are operations to crop, as required, fuel assemblies and place them into bundles. SNF
Storage involves tasks of selecting the approved storage positions and loading the bundles into the
racks. These processes are of particular concern to nuclear criticality safety.
3.1 Cask Loading / Unloading
Heavily shielded casks transport SNF assemblies to and from the basin facilities. Overhead cranes
transfer the casks between the cask handling basins and the rail or truck cars. Nuclear Safety Data
Sheet (NSDS) limits are applied to each fuel type being handled. Procedures are customized based
upon the fuel specific NSDS limits and in the case of cask operations, deal primarily with a safe
number of assemblies allowed to be handled as a group. Operations, Engineering, and Criticality
organizations review and approve the procedures.
On arrival at SRS, the cask 's bill of lading is compared to the Appendix A to ensure the designated
fuel was received. All further moves of the cask and fuel are then performed per specific operating
procedures. The cask is brought into the facility where temperature, contamination, and radiation
measurements are taken and evaluated. The cask is then filled with water and sampled to ensure
there has not been a gross failure during shipment. If the cask meets the activity criteria it is placed
in the cask transfer pit (out of limit results may require a greater level of care to prevent
contamination of worker and facilities). Once in the basin, the cask lid is removed and the contents
inspected. If at any time during the unloading process a deviation from the loading arrangement is
discovered, work is stopped and the deviation is evaluated before processing may resume.
Fuel assemblies are removed from the cask and/or basket one at a time. Each assembly is placed in
an unloading bucket, identified, and then placed in a transfer bucket. An empty isolation bucket is
located between the unloading and transfer buckets to ensure that a critically safe spacing is
maintained. The transfer bucket contains an insert to prevent loading more than the safe number.
Once the transfer bucket is filled, it is removed from the unloading area for packaging before any
more fuel is unloaded from the cask.
3.2 SNF Movement
SNF assemblies are transported within the basins using hand tools, hoists, transfer buckets,
monorails, etc. The fuel is passed through systems of canals connecting the various basins either as
an individual unit or as a group of units. Nuclear criticality safety during transportation is controlled
by mass and spacing. Operations procedures restrict the number of units transported to the safe
number or less and verify that the transport path is clear of other fuels prior to movement.
3.3 SNF Packaging
SNF packaging occurs in working basins that contain machinery for cropping (cutting) or bundling.
Cropping of inert end fittings is performed on fuel assemblies in order to maximize basin storage
capacity. Underwater saws are used to remove the fittings. The process involves placing the fuel
assembly on the table in which the saw is attached, positioning the assembly against a stop (sized for
a precise cut length), and clamping the assembly in place while the cut is made. The scrap end fitting
is placed in a scrap bucket. A second cut may be made on the opposing end of the assembly if
necessary.
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For cropping, the engineering group issues a technical report setting cut lengths, visual cues for saw
operators, and specification of saw stop settings. Attached to the report is a "red lined" assembly
drawing with the revised length. The report is then incorporated into a cropping procedure to ensure
the safety of the cropping activity. The safety concerns associated with inadvertent cutting of fuel
meat are radiological (fission product release) and criticality (unanalyzed configuration). A fuel
assembly is removed from the transfer bucket and placed in a measuring tray to confirm the stated
Appendix A assembly length. The saw stop settings are also verified with a gauge. After cropping,
the removed end fitting is then inspected to ensure no fuel plates were cut. Basin water is also
periodically sampled during cropping to check for any increase in activity.
Bundling occurs at what is called the tilt table. An empty bundle and lid are assigned identification
numbers and placed on the tilt table. Using underwater tools, fuel elements are placed one at a time
in the bundle. As an assembly is loaded into the bundle, the table is tilted vertically to allow the
assembly to descend to the bundle bottom. The table is then raised to the horizontal position and the
process repeated. Once loaded, the bundle is verticalized and the lid attached (by crimping tabs).
The bundle has been qualified for loads up to 70 kilograms and accidental drops of about 4 meters.
Criticality assumption for the bundle is that it holds its contents in the event of a drop during the
storage process, the highest elevation in which the bundle is carried.
3.4 SNF Storage
Bundled fuel assemblies are stored in a vertical orientation in parallel lanes of modular racks. Each
rack consists of 30 tube sections in a 3 x 10 array with a minimum center to center separation of 19
centimeters. The primary function of the tube sections is to maintain spacing requirements.
Fuel assemblies of the High Flux Isotope Reactor (HFIR) type are stored in specifically designed
racks. These racks are modular and can store up to 2 cores. The core assemblies (an inner and an
outer) are stored separately on posts that are positioned at a fixed, safe distance.
Procedures require verification of the proposed fuel storage locations before and after storage of a
fuel bundle or core.

4.0 Safety Controls
Basin operations are controlled or managed in a way that protects the offsite public, site workers, and
the environment from radiological and chemical dangers. Safety controls are documented in the
authorization basis for the basin facilities, i.e., the Safety Analysis Report (SAR) and the Technical
Safety Requirements (TSR). The SAR establishes safety management, the safety envelope, and
analysis. The TSR provides operating limits and surveillance requirements, the administrative
controls, and the design features that have significant effect on safe operation. Lower tier safety
documents that detail features of design or administrative controls include double contingency
analysis (criticality) and process hazards analysis.
4.1 Pre-Receipt Preparations
Site Inspections
Inspections of SNF at the reactor or shipping facility allows characterization of the fuel assemblies
which is utilized for cask containment analysis (corrosion assessment) and Appendix A development.
Appendix A Reviews
The Appendix A is prepared by the reactor or shipping facility and reviewed by SRS personnel for
accuracy and completeness. Fuel assembly drawings are the primary reference in used to complete
physical description and U-235 mass sheets or fabricator reports document fissile loading.
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Information sources such as the IAEA Research Reactor Books, U.S. supplier records, or fuel
fabricators may be utilized by WSRC for independent confirmation of data.
Table G of the Appendix A contains information regarding irradiation history. Although no burn-up
credit is taken for criticality evaluations, isotopic inventory and other irradiation characteristics are
needed in order to perform radionuclide release calculations or satisfy Material Control and
Accountability (MC&A) requirements. Table G irradiation data is reviewed utilizing Argonne
National Laboratory technical reports on MTR type fuel performance.
Authorization Basis Preparations
Criticality evaluations are summarized in a Nuclear Criticality Safety Evaluation (NCSE) and
provided to operations in the form of a Nuclear Safety Data Sheet (NSDS). Depending upon the fuel
design and storage location, criticality evaluations can be explicit or homogenized. Several bounding
fuels have been established for several safe numbers and a comparison of the incoming fuel is made
against the bounding fuels to determine its ranking.
An engineering evaluation is then performed to ensure the fuel is bounded by the storage facility's
authorization basis limiting source term. This evaluation compares the SNF against a fictitious
Reference Fuel Assembly (RFA), which is a compilation assembly built upon the bounding attributes
of any known fuel that is expected to be stored in the SRS basins. If the fuel is bounded by the RFA
and meets requirements for heat load and cooling time, it is then approved for receipt and storage.
Upon completion of the facility evaluation, an authorization to receive and store procedure is
completed. This procedure documents the acceptability of the fuel and performs a compliance check
with the cask license. Discrepancies that are identified are provided to the DOE. Additional items
required to complete the authorization procedure include letters from the shipper concerning
corrosion, structural integrity, and the results of the SIP test. The Appendix B of the contractual
agreement provides the SIP acceptance limits for each cask currently used in the program. The SIP
test determines the activity release rates, which are based upon radionuclide removal capabilities of
the basin deionization system.
4.2 Programs
Nuclear Safety
Nuclear Safety is of primary importance for SNF receipt, handling, and storage. The previous
discussions show that Nuclear Safety is integrated throughout the basin processes. It is interlinked
with other programs to ensure safety of the workers.
A Double Contingency Analysis (DCA) is an integral part of the Nuclear Safety Program. The intent
of a DCA is to show that when implemented, sufficient engineered controls are in place and
sufficient administrative controls are provided in procedures to prevent a situation (or configuration)
in which criticality is possible as a result of a single process upset. Initiating events that could result
in a criticality have been identified for both basin facilities and two or more defenses have been
established for each initiating event.
Procedures and Training
Procedures are developed to ensure routine, off-normal, and emergency activities are conducted in a
safe manner. Operations, maintenance, administrative procedures guide the applicable activities
described in the facility's TSR. Procedures are prepared, reviewed, and approved in accordance with
quality assurance and administrative procedures. Operating procedures define the criticality safety
envelope when performing fuel handling/process operations. The procedures define the steps to
complete various operations (i.e. Cask unloading) and prior to use, are customized with detailed
information (i.e., safe numbers, storage location) for the specific operation. This customization is
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reviewed and approved by Operations, Engineering, and Criticality Safety personnel. The
procedures contain detailed steps (Nuclear Safety Controls are highlighted) which have peer
verifications on "important to safety" steps.
The SRS training program involves initial, continuing, and re-training carried out in formal
classroom instructions and on-the-job. Fuel Handling Supervisors are certified through written and
oral examinations, operational evaluations, and physical condition. Fuel Handling Operators are
qualified based upon written examinations, operational evaluations, and physical condition.
Qualified Fuel Handling Operators under the direct supervision of a certified Fuel Handling
Supervisor perform all fuel handling activities.
Chemistry Controls
Water chemistry maintenance for the basins ensures a safe, long-term storage environment for the
SNF. The purpose of the program is to maintain fuel integrity. Basin water quality is monitored
through sampling, trending, and coupon immersion. The basin water quality is maintained by filters
and deionizer systems, which utilize anion, cation and sometimes zeolite resins for chemistry control.
The program provides operating limits for pH, conductivity, temperature, radionuclides, chlorides,
and metals. Microbiological analysis is conducted on an as-needed basis.
Hoisting and Rigging
This program ensures that hoisting and rigging equipment is sufficiently maintained, inspected, and
tested to lower the frequency of failure below that of human failure rates. This is most critically
involved with cask handling.
Radiological Protection
The Radiological Protection Program protects on-site workers from excessive radiation exposure. In
the basin areas, radiation monitors with both audio and visual alarm systems are employed. The
monitors alarm in the presence of high gamma fields which would be an indication of reduced or
unshielded SNF.
4.3 Equipment Design
Natural phenomena for seismic hazards has impacted the design of racks and bundles. The
qualification of both the RBOF and L-Basin structures are to PC-3 NPH effects. Due to their
importance to criticality control through geometry and spacing, basin racks and bundles are likewise
designed to withstand PC-3 events. The fuel storage racks serve as a passive engineering control to
provide a subcritical configuration for storage by providing a fixed spacing at all times.
Underwater tools, used for remote handling of the SNF, are typically required to have positive
engagement features, which would preclude the dropping of an assembly. This also is a criticality
protection with respect to creating an unanalyzed configuration. From a radiological standpoint, tool
shafts are tube construction with weep holes to allow water ingress and provide shielding (prevent
shine) to the operator.

5.0 Conclusion
Controls are in place at the Savannah River Site's basin facilities that address the potential safetyrelated problems that could occur with the receipt and storage of spent nuclear fuel. Nuclear
criticality safety is the primary concern with basin operations and thus safety controls are
implemented for its prevention. A review of the operational processes and the concerns therein
indicate that the most important aspects of safe operations are accurate fuel documentation through
the Appendix A process and procedure compliance.
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Introduction
In Czech Republic 3 research and testing nuclear reactors are operated at present time, with
the biggest one being the Nuclear Research Institute (NRI) reactor LVR -15, operated with
maximum power 10 MW. This reactor serves as a radiation source for material testing,
producing of ionising radiation sources, theoretical studies, and in the last time, for boron
neutron capture therapy. Another NRI reactor LR-0 is reactor of zero power used mainly for
the studies of WWER 1000 spent fuel criticality. For training of students the reactor called
VRABEC (VR-1), operated also with very low power, serves since 1990 at the Faculty of
Nuclear Engineering, of Czech Technical University. The similar testing type reactor (SR-0),
already decommissioned, was also used since 1974 to 1989 in Skoda, Nuclear Machinery,
Plzen. This contribution summarises the present state of the spent fuel (SF) management of
these nuclear reactors. As the SF management is different for very low or zero power reactors
and power reactors, the SF management from very low or zero power reactors will be only
briefly discussed first, and then the main attention will be devoted to SF management of NRI
experimental reactor LVR-15.
The management of spent fuel from zero or low power research reactors
The irradiated nuclear fuel from reactors with zero or very low power (LR-0, VR-1, or SR-0)
is not usually classified as radioactive wastes. Only a very small quantity of radionuclides is
produced and the dose rate at the surface of spent fuel assemblies is less than 0.1 mSv/h. The
reactor LR-0, operated with large reconstruction in 1982 since 1972, contain 65 VVER 1000
model fuel assemblies with enrichment in the range 1,6 to 4,4 %. The total amount of Uranium
is 10 469,7 kg. The reactor VR-1 utilises now 18 assemblies of the fuel IRT-3M with
enrichment 36 %. The reactor of Skoda Plzen before decommissioning used first EK-10 fuel
and then IRT-2M fuel with enrichment 80 %.
The irradiated fuel assemblies after reactors decommissioning (the expected time of LR-0
decommissioning is 2010 and VR-1 in 2020 or later), or changing the type of fuel for whatever
reason, can be transferred to some of nuclear fuel producers or to another research reactor
operators, as was the case with assemblies from the SR-0 reactor, from which the EK-10
assemblies were transferred to Hungary (Technical University) and IRT-2M transferred to NRI
LVR-15 reactor in Rez. But, if there is no one interested in taking over the irradiated fuel
assemblies, then they will have to be disposed of in an appropriate way. The problem is that
spent fuel assemblies from research reactors, and especially those with high enrichment, have
to be safeguarded after they are taken out of reactor to prevent the use of its fissile material for
nuclear weapons construction. They cannot be easily disposed of as low or intermediate level
waste to near surface radioactive waste repositories.
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Spent fuel management from LVR-15 reactor
Spent fuel characteristics
All fuel elements used in reactor LVR-15 from the start of the reactor operation in 1957 till
now are stored in storage facilities in area of the Nuclear Research Institute Rez (NRI). During
the reactor operation three types of the fuel were used. In years 1957-1974 was used the type
EK-10, with enrichment 10%. An assembly consisted of 16 rods in aluminium casing.
In 1974, a new fuel element type IRT-2M was introduced with enrichment 80%. This
consisted of four or three of square rings of uranium/aluminium alloy fuel metal covered on
both sides with aluminium. This fuel was used till December 1998.
Conversion of the reactor to fuel with enrichment 36% started in 1995. From this year fuel
elements type IRT-2M with enrichment 36% were added into the reactor core. Since January
1999 only the fuel with enrichment 36% has been used. The fuel material in the fuel elements
IRT-2M 36% changed to UO2-AI dispersion.
The spent fuel has been stored in following facilities:
An at-reactor pond (AR pond) is located in the reactor hall and serves as an interim spent fuel
storage as well for handling fuel from reactor core during the reactor outage or under off-load
refuelling. The capacity of the AR pond is 60 places for fuel elements, 30 of which are held
empty for emergency fuel movements from the reactor core.
Two reactor annex ponds with the total capacity of 80 and 125 assemblies are located on
reactor sites near reactor hall. These ponds were not designed to store fuel and the ponds do
not fulfil the actually requirements for the spent fuel storage (the simple wall of the ponds, no
space for emergency unloading). The spent assemblies are now stored in high-level waste
storage facility in the area of NRI Rez. The stored assemblies must comply, according to the
decision of State Office for Nuclear Safety (SUJB), to the characteristics of EK-10 and IRT2M that are given in the Table 1 and 2.
Table 1: The basic characteristics of EK-10
Enrichment
Total length
Cross section
Total mass
Uranium mass
No. of elements in assembly
Thickness of cladding
Fuel core material
Cladding material
Maximum heat output
Maximum burnup

fuel
10%
550 mm
71.5x71.5 mm

4,5 kg
1,28 kg
16
2 mm
(U-Mg)O2
Al
0.8 W
24 MWd/kgU
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Table 2: The basic characteristics of IRT-2M
IRT-2M (80%)
882
Total length (mm)
67x67
Cross-section (mm)
3.27
Total mass (kg)-4 pipes
2.64
-3 pipes
0.214
Uranium mass (kg)-4 pipes
0.184
-3 pipes
2
Pipe thickness (mm)
Cladding thickness (mm)
2x0.8
Al alloy
Cladding material
U-Al
Fuel core material
0.4
Fuel core thickness (mm)
580
Average fuel section length (mm)
380
Maximum burnup (MWd/kgU)
20
Maximum heat output/1 assembly (W)

IRT-2M(36%)
882
67x67
3.2
2.6
0.230
0.198
2
min 2 x 0.4
Al alloy
UO2-A1
0.64
600
178
20

Fuel element locations in the storage facilities in February 2001 are in the following table 3.
Table 3: Spent fuel element location in February 2001
Location

Type of fuel assemblies

Number of assemblies

Reactor core IRT-2M, 36%

28

AR pond - IRT-2M, 80%

2

- IRT-2M, 36%

27

Reactor annex ponds - IRT-2M, 80%

22

HLW dry box in drums - EK-10

190

HLW pond - EK-10

16

HLW pond - IRT-2M, 80%

228

Transport of the spent fuel to the HLW facility
The movement of the IRT-2M irradiated fuel from reactor annex ponds to the HLW facility
started in October 1995. The goal has been to decrease the possibility of radionuclide
discharge into the environment and to improve the water conditions for the spent fuel storage.
The HLW facility is situated on a plateau with the large altitude difference over the reactor
LVR-15, it is necessary to use the a transport route first outside of the NRI area by the public
communication through the Rez village and then back into the NRI area to the HLW storage
facility. Therefore a fuel flask, a lorry and conditions of the transport have to meet all IAEA
transport requirements.
The quantity transported fuel elements per year is influenced by the capacity of the transport
flask, only one irradiated fuel element is carried at a time. During years 1995 - 2000 244
transports were carried out, (1995 - 16, 1996-22, 1997- 33, 1998- 50, 1999-92, 2000-31)
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Equipment and procedures of the transport
For the transport of the spent fuel from reactor LVR-15 site to the HLW facility the cask
K-lxIRTM has been used. This cask was designed and built by SKODA Plzen for the transport
of one irradiated fuel element type IRT-2M (Fig. 1).
The small capacity of the cask, only one fuel element, has historical reason and it is now an
imperfection of the cask. Ten years ago, when the preparation for spent fuel transport to the
HLW facility started, the transport of the cask via an internal route by using the existing
inclined slope elevator was considered. The maximum loading limit of the elevator influenced
the design of the transport cask. In the following years the internal route via elevator was
changed to external route via Rez village, but the container was already completed.
The transport container K-lxIRTM consists of three main parts, cask body, two shock
absorbers, and handling and transport frame.
The cask body is made of steel no. 13123 and stainless steel inside the cask is placed a fuel
basket. Two lids cover the inside space; each has tree sealing (1 metal, 2x rubber).
At the upper part of the cask is, during the loading of the fuel, fixed the electrical winch
connected with the basket. The weight of the cask body is 4110 kg; outer diameter is 660 mm,
length 1660 mm.
The shock absorbers create deformation zone and provide the mechanical protection of the
cask body. They are fixed to cask body before the transport.
The handling and transport frame is used to support the cask, which enables it to be rotated to
the vertical for the insertion the fuel in its fuel basket and fitting of shock absorbers. The cask
is transported with the frame. The weight of the transport complete is 8620 kg.
The cask satisfy the requirements of the IAEA Safety Series No.6, International Regulations
for the Transport of Radioactive Material (1985 edition, as amendment 1990). The cask was
licensed first in 1994. Before licensing it was subjected to an extensive, full-scale test program.
The license procedure was repeated in 1998 after according to the Atomic law no. 18/1997
and to the Decree of SUJB No.42/1997. By the SUJB decision No.317/98 obtained the cask
license sign CZ/003/B (M) F-85. In this decision the following conditions of the cask use were
determined
- The irradiated fuel element shall be more then 2 years removed from reactor, and the burn up
of fuel shall be less then 380 MWd/kgU of fuel with enrichment 80% and less then
178 MWd/kgU of fuel with enrichment 36%.
- After loading of the fuel element to cask, the helium test shall be provided,
- The dose rate limit is 2 mSv/h at the surface of the cask and 0,1 mSv/h at the distance 1 m
from the surface of the cask
- The maximum allowed surface contamination of the cask is 4 Bq/cm^ for gamma and beta
radionuclides, and 0,4 Bq/cm^ for alpha radionuclides
According to Operational Limits and Conditions of the HLW facility the following limits for
the spent fuel transport are determined:
- The generated heat in fuel element is less then 20 W.
- The sipping test with irradiated fuel assemblies has been performed in order to evaluate the
tightness of the fuel clad,
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During the sipping test the fuel element is placed in the pond inside a closed aluminium
container. The container is filled by clean water and after three hours a sample from the
container water is collected and the gamma-ray spectrometry analysis is carried out. When the
activity of 1 3 7 Cs is lower then 300 Bq/1 the transport of fuel assembly to the HLW facility is
possible. The generated heat of each fuel assembly is calculated.

Fig. 1. Transport cask K-lxIRTM
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The High Level Waste Storage Facility
The HLW storage facility is constructed as a hall. The lower part of the hall is made of
reinforced concrete monolith to the height of 5.65 m and the upper part is made of
prefabricated panels. Outer dimensions are 36.95 x 16.26 x 9.91m. The lower part is divided
into 12 square boxes (6x6m). 8 of them will serve for dry storage and 2 for the wet storage of
spent fuel assemblies in water pools of diameter 4.6 m and height 5 m; the storage is permitted
only in one of the pools under the shielding layer of water, the second pool must be empty in
case of the need to store leaking assemblies. In the pool it is allowed to store 284 of 1RT-2M
assemblies and 16 of EK-10 assemblies. They are stored in one layer in vertical position in pipe
receivers with the grid spacing of 200 mm. The storage of leaking assemblies is allowed only in
a special hermetically tight tube in an individual grid of 200 mm spacing.
In one of the boxes of the HLW facility storage capacity (box No. 5) it is allowed the
dry storage of EK-10 assemblies in concrete containers after one assembly in each; they are
arranged in three layers after 72 assemblies. The containers are cylindrical with diameter 565
mm and length 890 mm; maximum weight is 600 kg.

Spent fuel disposal options
When designing and constructing research reactors in NRI, it was assumed that spent fuel will
be returned to the producer for reprocessing without any intergovernmental agreement. Only in
1999 it was achieved an agreement between the government of Czech Republic and the
Russian Federation that the Russian Federation will accept the spent fuel for reprocessing with
returning vitrified high level waste to Czech Republic. This service should be, of course, on
commercial base. There still exist, however, a variety of other alternatives; no decision has
been made so far. Below are some alternatives of LVR-15 spent fuel disposal now considered:
1) The spent fuel assemblies transport to the Russian Federation, their reprocessing with
returning of vitrified waste and their storage or disposal to deep geological repository (DGR) the negotiations of NRI and Russian Co.Texnabexport about the transport, reprocessing of
spent fuel, vitrification of high level waste and a temporary storage in Majak facility already
started.
2) The storage of spent fuel to the time of DGR operation in the dry state in the suitable
containers (till about 2050), i.e. the transfer of SF assemblies from water pools, repackaging,
and then their disposal in DGR.
3) The transport and reprocessing of spent fuel to some of European facilities with returning
HLW facility waste.
The activity of all spent fuel assemblies from research reactor LVR-15 corresponds,
approximately, only to 15 assemblies from WWER 440 reactor or 3 assemblies from WWER
1000 reactor. Nevertheless, the high enrichment or research spent fuel assemblies and low
corrosion resistance of Al cladding makes this problem a very important issue.
Financial coverage
Financing of expenses for research reactor spent fuel management is covered partly by the
State under the so-called old ecological (radiation) burden item in agreement with Atomic Law
issued in 1987. The State will provide a subsidy to eliminate this burden originated prior to
privatisation of NRI. The necessary expenses must be specified on the basis of feasibility study.
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ABSTRACT
An additional ecological barrier is proposed in order to ensure reliable and safe storage of
failed spent fuel assemblies (SFAs) discharged from the research reactors. The barrier
should be made by filling the internal space of the spent fuel can with a special compound
acting as the matrix for radioactive materials. The conserving agent "ATOMIC", which is
the modified conserving agent "F" applied for the similar purpose for a long time, can be
used as the matrix material. The techniques for sealing SFAs with the conserving agent and
their subsequent removal from solidified agent have been developed and tested.

1. Introduction
Spent nuclear fuel handling comprises a sequence of technological operations. The process starts with
spent fuel assemblies discharge from a reactor and ends with their reprocessing with extraction of
fissile materials for reuse as nuclear fuel or disposal of the spent fuel at the repository for high
radioactive waste built in the appropriate geological structure. High cost of reprocessing and the
present leak of the facilities for disposal of spent fuel predetermined the selection of long-term storage
as an alternative to reprocessing and disposal of in near future. At the majority of operating or
decommissioned research reactors, spent fuel assemblies have been stored at storage facilities over a
long period of time (about 30 years). There are two options for spent fuel storage, namely: dry or wet
storage. Dry storage is more reliable and at present many research centers are undertaking efforts to
transfer the spent fuel from wet to dry storage facilities. Some SFAs contain leaking fuel elements that
may result in fission products release into the environment. In both options of dry or wet storage,
failed FAs should be provided with an additional safety barrier. An additional leaktight metal can is
typically used to meet the above requirement (See Fig. 1).
Inert gas

a)
b)
Fig. 1 Cans for spent fuel assemblies storage:
a)- leaktight can; b)- can filled with conserving agent.
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This can should be dried and filled with an inert gas, e.g. helium, which has high heat conductivity and
is capable to reduce fuel cladding corrosion rate.
However, it should be mentioned that the use of the additional cans could not fully exclude the risk of
radionuclide release into the environment in certain cases. These situations can be caused by
corrosion-induced and mechanical damages. To improve reliability and safety of failed SFAs storage,
it is suggested to fill the inner space of the spent fuel cans with a special compound, (See Fig.l). After
solidification this compound would serve as an additional ecological barrier of the radiation safety.
The barrier would prevent the radionuclide release into the environment even if the can is damaged.
The barrier is proposed to be made of the modified conserving agent "F" having been successfully
used for the similar purposes for many years.

2. Characteristics of the conserving agent "F"
The conserving agent "F" is a sealing compound based on the most radiation- and chemically-resistant
binder, filling material and additives selected so as to provide wide-range variation of its technological
and engineering characteristics such as heat conductivity, shrinkage, viscosity, viability, mechanical
strength, the value of neutron capture, etc. The conserving agent solidifies at normal temperature and
has high wetting capability.
Main engineering and technological characteristics of the conserving agent "F" are given in Table 1.
Table 1
Values
Characteristic description
Engineering:
- density (without filler), g/cm3
1,25
- radiation resistance, Mrad
l,5xlO4
- mechanical strength, MPa,
35-70
- temperature resistance, C, more
120
- gas release, cm /g rad
(4-5)xlO"10
- heat conductivity, wt/m °C
0,35
Technological:
- exotermic maximum temperature, C, no more
70
- viscosity for VZ-4 (without filler), s
25
- viability, h
1,5-4,5
The conserving agent "F" can be used to dispose of solid radioactive and chemical wastes [1] and has
significant advantages over such traditional materials as bitumen and concrete.
For example, concrete can be used for disposal of only low-activity waste because of high
radionuclide leaching rate, whereas the conserving agent permits to dispose of medium-activity waste,
since its leaching rate is three orders of magnitude less than concrete.
As compared to bitumen, the conserving agent is resistant to the temperature drop, has much lower
shrinkage, needs no additional heating when being used.
The application of the conserving agent for radionuclides immobilization (by means of impregnation)
in irradiated graphite for the purpose of its disposal will allow to avoid the radionuclide release during
storage or disposal [2].
The main advantages of the conserving agent "F" include its high resistance to radiation (up to l,5xl0 4
Mrad), water and acid impacts, mechanical strength, simplicity of the application process and good
adhesion to metal and concrete surfaces. The use of the conserving agent allows to apply high-quality
sealing to gaps of different shapes (approximately 1.0 mm wide), (See Fig.2).
The conserving agent "ATOMIC", which is the modified conserving agent "F", proposed as a material
for the additional ecological barrier to seal failed SFAs ensures that fission products will not release
into the environment even under the accidents involving the additional spent fuel can damage.
The possibility to use the conserving agent "ATOMIC" as the additional safety barrier to seal different
types of SFAs from nuclear plants and research reactors is under consideration and its testing under
irradiation dose more than l,5x!0 4 Mrad is underway.
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Fig.2. Cross sections of fuel assemblies of different shapes
filled by conserving agent
The absorbed dose in conserving agent versus storage time when it is used to store MR and RBMKtype fuel assemblies are given in Table 2.
Table 2
Storage time, year
20
40
30
50
Absorbed dose in
conserving agent,
rad

FA type MR

2,7x109

3,6x10"

4,4x109

4,9xlO9

FA type RBMK

8,7x10y

l,2x!0 lu

1,4x10'"

l,6xlOlu

3. Sealing of failed SFAs by means of conserving agent "ATOMIC"
Prior to sealing of SFAs it is required to measure or calculate such parameters as gamma flux on spent
fuel elements surface and fuel cladding temperature.
These parameters are needed for correction, if necessary, of the conserving agent composition and
prediction of the allowable service life of its reliable operation. SFAs could be sealed by conserving
agent only after preliminary cooling.
The technology of SFAs sealing incorporates the following stages (See Fig. 3):
- weighing the components of the conserving agent and their loading into a mixer;
- loading of one or several SFAs into the can;
- mixing the components of the conserving agent in the water-cooled mixer. The mixer
volume shall be selected so as to get the volume of the components sufficient for filling one can;
- filling of the can; this operation can be performed either under pressure or by gravity;
- solidification of the conserving agent during 24 hours, checkup of in-process shrinkage and
closing the sealing plug. It should be noted that the sealing plug may not be used depending on the
way and anticipated time of storage of the container with SFAs.
Before conduction of the operations relating to sealing the SFAs, the entire sequence of the process
operations shall be verified using the mockups. As soon as the mockups are filled, they should be cut
off to check that all inner cavities are completely filled with the conserving agent.
Sealing of the SFA mockups consisting of tubular and rod fuel elements has been performed. Fuel
elements swelling and other situations that may cause reduction of the flow area were simulated in the
mockups.
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Fig.3. Technological system for sealing of spent fuel assemblies
The results of the mockups cutting have revealed that the conserving agent filled up the entire
unoccupied (inner) space of the SFAs despite of the different shape of the fuel elements and end parts
(See Fig.4,5).

Fig.4. Cross sections of spent fuel assembly mockups filled by conserving
agent "ATOMIC"

Fig. 5. Cross section of spent fuel assembly (type REMK) mockup
filled by conserving agent "ATOMIC"
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According to the visual examination, the conserving agent adheres to all metal surfaces without any
pores and cracks. The use of the conserving agent simplifies the technology of SFAs sealing. The
conserving agent can be used for filling failed SFAs without their preliminary drying and drying of the
additional container. Besides, there is no need to fill the inner space of the container with the inert gas.
Heat conductivity of the conserving agent can be corrected by means of the extra additives which do
not impact on other process and operational properties.

4. Options for removing SFAs from solidified conserving agent
SFAs can be stored for a long time in the matrix (solid blocks) made of the conserving agent
"ATOMIC". In case SFAs should be removed from the conserving agent for reprocessing, two
techniques can be applied:
- heating of the can with SFAs to 400 °C; as a result, the entire amount of the conserving agent
is transformed to ashes and SFAs can be easily removed;
- prior to dissolution (PUREX process) SFAs should be chopped into small pieces together
with the can and the conserving agent matrix.
From our point of view, the second technology seems to be more advantageous, since all related
operations can be performed using the standard equipment and the radioactivity release into the
environment can be minimized.

5. Conclusions
The use of the conserving agent "ATOMIC" for making the additional ecological barrier will ensure
safe and reliable storage of failed SFAs and, at the same time, may simplify the technology of failed
SFAs handling, since it will abandon the need for drying and filling the inner space of the can with the
inert gas.
In the course of long-term storage, the use of the conserving agent "ATOMIC" ensures that fission
products will not release into the environment even under the accidents with the additional cans being
damaged.
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INTRODUCTION
The Jason low power Argonaut type, water and graphite moderated reactor was located in
King William Building, which is a Grade 1 listed building within the Royal Naval
College, Greenwich, London. The College itself is a Scheduled Ancient Monument with
World Heritage Site status and is situated about a mile from the Greenwich Dome. A
view of the College is shown below.

The decision to decommission Jason to International Atomic Energy Agency Stage 3
status (unrestricted site use) was taken in 1996 [1]. All physical decommissioning work
was completed by October 1999, site radiological clearance was obtained in November
1999, the site license was withdrawn and the site was handed over for future unrestricted
use on 9 December 1999. The Jason decommissioning project was safely completed to
time, cost and quality by the Millennium [2] without any adverse effects on World
Heritage aspects of the site. This Paper provides details about the Jason fuel removal
phase and an outline of the other phases of the project.
DECOMMISSIONING OVERVIEW
Following the decision to decommission, separate civilian contractors were selected to
carry out the project management, reactor defuel and reactor dismantling activities.
AEAT were selected as overall Project Manager with a remit covering the total project to
IAEA Stage 3 status. Another division of AEAT was selected to project manage and
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implement the fuel removal aspects. NNC were selected to project manage and
implement reactor dismantling, waste removal, site radiological clear up and to act as the
overall prime contractor. The outline programme consisted of Post Operational Clear
Out (POCO) (the first stage of any reactor decommissioning project), fuel removal,
reactor dismantling, waste removal, site survey and final site radiological clearance. The
Jason decommissioning safety case consisted of a single Preliminary Safety Report
covering POCO, initial fuel removal and reactor dismantling activities, together with two
separate, but complimentary sets of reports covering the detailed fuel removal and reactor
dismantling processes. The fuel removal safety case consisted of a series of Design
Reports, a Pre-Decommissioning
Safety Report, Commissioning
Schedule,
Commissioning Report and a Pre-Operational Safety Report. The reactor dismantling
safety case followed the same format, with the final safety report being a single Post
Decommissioning Report covering all decommissioning activities.
REACTOR FUEL CONSIDERATIONS
The fuel was 80% enriched uranium, arranged in the form of flat aluminium/uranium
alloy plates clad in aluminium. Each fuel module consisted of 16 fuel plates held
together with spacers to form a box array 76mm square by 0.838m long, with water
channels between each fuel plate. The operational load was 11 fuel modules, with a
further 33 loose fuel plates held in store and available as spares, giving a total holding of
Uranium of 2690.27g. The total integrated power at final shutdown was 24.7MWh.
Prior to POCO, all 11 operational fuel modules had been removed from the Jason reactor
using standard procedures and stored in the adjacent dry storage fuel pits set in the
reactor hall floor. During POCO, the 33 loose fuel plates were made up into a further 3
fuel modules and were also stored in the fuel pits, giving a total of 14 fuel modules.
The main object of the fuel removal phase was to transfer these fuel modules from the
fuel pits into a UKAEA owned Unifetch fuel transfer flask situated within the reactor hall
and to subsequently transport it by road to BNFL, Sellafield . Dry storage of the fuel
modules had been considered in the Pre Decommissioning Safety Report (PDSR). The
fuel pits consisted of two rows of four holes set in a slab of concrete in the corner of the
reactor hall, with barites aggregate infill between each row. Each pit contained two steel
module containers set in steel liner, making 16 storage positions in all. Each container
was fitted with a 610 mm long concrete plug covered by a fully watertight metal plate
and gasket assembly, with three interlocking and lockable steel plates fitted over the total
surface area of the fuel pits. The previously approved operational fuel criticality safety
assessment was revisited and invalidated in the PDSR to cover the planned dry storage of
all 14 fuel modules prior to defuel.
At the start of the project the original aim was to despatch the fuel for reprocessing at
UKAEA Dounreay, however all reprocessing work at Dounreay was suspended in
February 1998. Further option studies included consideration of reprocessing in France
and long term storage at Sellafield, with the later being the selected option, utilising the
Unifetch flask. This was a Type B(M) package, as defined by IAEA Safety Series 6 and
the Radioactive Material (Road Transport) (Great Britain) Regulations 1996, that had
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recently been used for the road transport of irradiated fuel from the Winfrith NESTOR
reactor and Manchester and Liverpool Universities Research Reactor. Although designed
for loading under water, it had been used successfully for dry loading of low power
research reactor fuel. A flask Design Safety Report was prepared and approved by the
Department of the Environment, Transport and Regions (DETR) for transportation on the
public highways.
DEFUEL
Due to the historic nature of the building, basement and surroundings and the requirement
to minimise damage, all fuel flask support and removal equipment had to be specially
manufactured to fit in with existing building configurations, works tested and then
subsequently commissioned on site. Extensive enabling and preparatory work had to
undertaken to install and commission a steel flask bridge and gantry arrangement to
facilitate movement of the Unifetch into the reactor hall. These arrangements are shown
below

The fuel removal phase commenced in the summer of 1998, with the Unifetch flask being
brought onto site on a dedicated trailer and placed on the bridge using a large mobile
crane and then transferred into the reactor hall using a trolley winching system, as shown
below.
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The basic defuelling process involved lifting a single fuel module from its fuel pit into
the Jason fuel transfer flask by manual grapple, transferring the flask to the Unifetch by
crane and then lowering it into its dedicated fuel basket within the Unifetch flask. The
Jason flask was interfaced to the Unifetch by means of the two gamma gates and a
specially manufactured adapter shield plate that could be rotated and aligned with the
individual fuel baskets. Each basket was lead shield plug capped and the adapter plate
was rotated ready for the next module. These arrangements are shown below.

Once all 14 fuel modules had been loaded and capped, the adapter plate was removed and
the flask lid was replaced using the gantry hoist. The Unifetch flask was then leak tested
and monitored on accessible surfaces before being traversed outside the reactor hall on
the flask bridge. The flask was then lifted on the large mobile crane and monitored on its
under surface before being loaded onto the back of an approved road transporter. The
Unifetch flask was despatched from site under police escort on 16 September and arrived
safely at BNFL Sellafield on 17 August 1998.
The Jason fuel remained in dry storage in the Unifetch flask at BNFL until 20 November
1998, when all modules were transferred into individual storage locations within a
dedicated storage rack fitted with sleeves to accommodate the fuel with a suitable
clearance for future handling. All fuel modules were inspected on transfer with no
evidence of corrosion or damage to the cladding and the loaded storage rack was then
transferred into one of the on-site storage ponds. The fuel has subsequently been
inspected with no observable change in its condition. There is no reason to suspect any
risk exists to fuel cladding integrity, as it is in the same controlled water environment as
it was during the last 30 years of operation at Greenwich, although the option exists to
over bottle the fuel should that become necessary in due course.
All fuel removal equipment was dismantled and removed from site by 23 September
1998. Radiological surveys of the reactor hall and fuel removal areas were completed
and the reactor dismantling stage then commenced. All on site physical work was
completed by October 1999, including restoration of the historic buildings.
The total accumulated collective dose during decommissioning was 1.688 mSv, with
POCO accounting for 0.447 mSV, defuel 0.212 mSv and dismantling 1.029 mSv. The
maximum individual dose associated with fuel removal was 0.016 mSv, which was less
than 2% of the respective defuel planning Basic Safety Objective (BSO) of 1 mSv. The
maximum individual dose associated with reactor dismantling was 0.295 mSv, which was
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~ 15% of the dismantling BSO and ~ 1% of the Basic Safety Limit. The controls,
procedures and methods employed in planning and implementing the various
decommissioning activities resulted in doses well below the BSO and demonstrated that
Jason decommissioning fully complied with the principles of ALARP.
Nuclear safety considerations were paramount during the Jason decommissioning project.
The project was formally completed by 9 December 1999, to time, cost and quality
without any adverse effects on World Heritage aspects of the buildings and the site.
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ABSTRACT
This paper presents the structural changes of the control rods (CR-s) which will be done in order
to manufacture new ones and therefore to replace the original rods and to increase the present
safety features of TRIGA 14MW reactor in Pitesti.
Few years ago two CR-s became inoperable due to the combined effect of welding corrosion,
water penetration into the absorbent section of the CR and finally the swelling caused from the
high internal pressure of the radiolyse-generated gases (gases which accelerated welding
corrosion, water penetration, etc).
Although safe reactor operation is not yet affected a decision to re-design a new CR was taken,
entirely suitable to the general reactor design. The new CR will use boron carbide (same
absorbent as in the original one ) , this boron carbide will be packed in a different way.A set of 16
Incoloy pins filled with a column of boron carbide pellets ,leak-tight welded ,will be
manufactured. These 16 pins will be mounted in a square array with 5 pins on each side of the
square.( corner pins being the same for two sides).
Neutronic analysis on the preliminary design was done using specific computer codes (WIMS.
DFA, and MCNP). Reactivity worth of this new rod would be slight less (8%) than that of the
original one, but still with full compensation capacity.
Helium release analysis showed that gas pressure in the Incoloy tube after 15 years of normal
operation would not exceed 57 ATM.

1. Introduction
The problem of control rods replacement was seriously put in 1996 - 1997 due to the
progressive damages of the rods installed in the reactor since start-up and operated till now.
Hence, in a total of 9 CR-s (8 currently operated and one as spare part), three are out-of-work and
it seems that the rest of them will follow the same path in the close future.Note that the minimum
number of CR-s allowed for safe operation by the present core configuration load is 6(six).Also
note that the latest researches in the field show that boron carbide based control rods have not an
indefinite time of life .
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In our previous research causes that made CR-s inoperable were identified. Although the first
concept surely was the best for the neutronic needs of a 14 MW fresh core, we had to generate a
new design that would be able to meet the same safety requirements as the genuine ones, but
capable to avoid the major drawback of them . It is the swelling generated of accidental water
penetration inside the unique shell of the absorbent section, through the Aluminum bottom
weldings damaged of long exposure to radiation and corrosion .

2. Principles of design
The new design maintains unchanged all the components of the CR but the shape and the
enclosure of the boron carbide absorbent. Therefore:
• Same, boron carbide is the neutron absorbent. Instead of square rings of boron carbide having
theoretical density, the absorbent is 70% th.density in form of cylindrical pellets.
• Absorbent pellets are definitely cladded in SS tubes for all the estimated time of use
• The absorbent pins will be disposed in a square array, 5 on each side of a standard rod
location./see Fig. 1/.
• All hydraulic and thermal conditions are preserved.
• Most important, the absorbent structure has to accomplish the major demand of safe
operation - shutdown with the most reactive control rod fully withdrawn

3. Mechanical design
The absorbent section of the CR consists of a 16-pin bundle . Each pin is an Incoloy-800 tube
filled with a column of boron carbide pellets. The upper part of the tube is empty and has the role
of an expansion plenum for helium released from the carbide during reactor operation. The pellets
are kept in a stable position by a helicoidal spring placed din the plenum. Both ends of the tube
are sealed with end fittings leak-tight welded.
The main features of the absorbent pins are (see also Fig 2):
• Incoloy 800H tube, o.d. = 13.77mm, i.d. = 12.95mm
• Boron carbide pellet density 1.70g/cm3
• Boron carbide column height 584 mm (same as GA's absorbent height)
• Plenum height 178 mm
• Tube - pellet gap 0.1 to 0.4 mm
The 16 pins are fixed in three grids (upper, middle and bottom grid). These grids are joined
together by the outer and inner clads, which maintain the flow conditions unchanged with respect
to the original design.
The joints to the CR follower and to the extension tube are also unchanged. One may see that
boron carbide has no link to the environment or to any vacuum system. For this reason, the tube
and the weldings have to withstand the internal pressure generated by helium release for the
whole estimated time-of-life.
Boron carbide quantity contained in 16 pins is 2.032kg ( 3.950 kg are contained in an original
CR). Other design changes would induce different weight . In order to preserve the initial
apparent (in-pool) weight a float vessel in length of 0.850m has to replace the original helium
expansion vessel.
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4. Neutronic design
A. Reactivity
Computations were done for three geometric layouts of the boron carbide:
• Square rings as in original CR-s
• 16 pins array /fig. 1/ as proposed in the new design
• cylindncal rings as for the Thai TRIGA 10 MW reactor
Core configuration considered was the one operated in 1998 with 4 fresh fuel bundles.
A set of computer codes was used:
• WIMS - the well-known transport code
• DFA - tndimensional diffusion with bum-up loop code
• MC - tridimensional Monte Carlo transport code
Eight cases were considered:
i.
Original CR-s fully withdrawn, standard follower
ii.
Original CR-s,using WIMS and the procedure in the "Safety Report" for TRIGA 14 MW
Original CR-s,using Monte Carlo transport code
in
16 pins CR-s, boron carbide density 1.70g/cm3, using Monte Carlo transport code
IV,
16 pins CR-s, cylindrical follower as for the Thai TRIGA 10 MW reactor
V.
cylindrical CR-s as for the Thai TRIGA 10 MW reactor (easy to compute because no cell
vi
transformation is needed)
Original CR#3 inserted and CR-s BK fully withdrawn
VII.
Pin type CR#3 inserted and CR-s BK fully withdrawn
viii
When WIMS was used, PERSEUS option was chosen for collision probability, and computation
was done over 7 energy groups, as GA model.
All cases but (v.) considered standard square-shaped follower .
DFA code used spatial and energetic averaged cross-sections on the square of 8.1 x 8.1 cm. Core
bum-up considered was the one resulted from bum-up measurements done in 1997 /see Fig 3/
All computation consider a cold (20 deg. C) and unpoissoned core.
The results are summarized in the Table 1.
Table 1.
Case

Position

1
2
3
4
5
6
7

CR-s BK fully withdrawn
CR-s BK fully inserted
CR-s BK fully inserted
CR-s BK fully inserted
CR-s BK fully withdrawn
CR-s BK fullv inserted
Rod#3 inserted(original)
CR-s BK fully withdrawn
8
Rod#3 inserted(pin type)
CR-s BK fully withdrawn
CR-s BK-Control rods bank

keff

p(reactivity)

1.0560
0.9531
0.9226
0.9580
1.0572
0.9730
1.0147

8$
keff2 - keff = 14.73$
keff3- keff4 = 14.70$
keff2 - keff4 = 14.00$*****
8.17$
keff'-keff = 12.50$
Keffl-keff7=5.90$

1.0185

Keffl-keff8=5.35$

The 16 pins CR-BK is 8% " weaker " than the original one and the most important CR#3 10%
weaker than the original, but still the system satisfies safety criteria with the most reactive CR#3 .
B. Helium release. Internal pressure
To evaluate helium generation in B4C pins, MCNP computer code was used to compute average
neutron flux for two energy groups and total neutron flux at the middle plan of the core. Further
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the ratio of the product (Oa He ) was extracted, where a He is yield section for 4He generated by
MCNP at demand.
The results are summarized in Table 2.
Table 2.
_He
Group
OpinB4C
Oo He pm B 4 C
&
pin
(nv)
(b)
5.14xlO'5
1.13xlO"2
22o
1 (<1.12eV)
1.08x10"'
2.01x10""
1.86
2(> 1.12 eV)
I.08xI0"2
3.14x10"2
2.90
Total(O-lOMeV)
From the above table one can see that reaction rate (n,He) range over the entire energy
spectrum and they take place all over the pin volume but mainly near the rod surface (see
Table 3). Even if the cross sections in the thermal range are important(2000-3000b) the
thermal flux vanishes in the first millimeter shell due to strong self-shielding.
Over the epi- thermal range where cross- sections are still great (hundreds of barns) the reaction
rate is slight important due to the particular flux features of TRIGA (see Table 4) .
The estimated production rate after flux renormalization on 14 MW is:
R = 1.12xlOls atoms/sec/pin or aprox . 4.2 x 10"8 liters/sec/pin (NTP)
To the result above the following corrections may be done:
• The reactor is operated only 6000 hours/year at Pmax= 10 MW, which means 2500 MWd.
Hence it results a correction factor fi = 0.5 relative to continuos operation at 14MW
• The generated Helium is only partial released from the boron carbide structure. An Oak
Ridge estimation for pins with similar carbide density placed in a PWR takes into account a
release factor of 0.13. For a cooler, pool-type reactor, one may consider a factor f2 = 0.1,
howewer some newer estimation made by Westing House and General Atomics shows that
for the first period of full power operation the release rate can be great aprox.50%. The
reason for this large release rate during the early life of the control rod is that the B10 in the
surface of the rod n,He reactions, releasing helium at or very near the surface where much of
it escapes. Using the available data for cool C.R. an average realising factor over 15 years
operation is 0.05.
• The CR was considered being completely immersed. Actually at a significant power level,
only the bottom third of the pin is irradiated, yielding to a factor f3 = 0.5
• One may consider the replacement of the central CR-s with the peripheral ones, and a
correction factor £j = 0.66 may be estimated.
• Finally, to avoid the uncertainties, a safety factor f5 = 2 has to be considered.
Overall it results F = 0.033 (F = fix. ..xf5).

Consequently, the Helium quantity released is 0.043 liters/year or 0.74 liters/15years. Even fi = 1
would be one (not to impose an alternate upper limit to the reactor operation) He release is 1.3
liters/ 15years. In a void of 7" high, the pressure would not exceed 57 atm, much lower than the
permissible internal pressure for the Incoloy tube which is 135 Kg/cc.
6. Conclusions
•
•
•
•

Reactivity worth of the new designed CR system is 8% lower than that of the original system
but this does not affect safe operation of the reactor.
Boron carbide can be used at a lower density (1.70 instead of 2.48 g/cm3)
Boron carbide packing is technical more convenient and also safer.
Permanent sealing of the boron carbide inside the pin does not generate problems with
internal Helium pressure.
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end cap

helium
nlenum

Incoloy clad

boron carbide
pellets

Main features of the absorbent pins:
• Incoloy 800H tube, o.d. = 13.77mm,
i.d. = 12.95mm
• Boron carbide pellet density 1.70g/cm3
• Boron carbide column height 584 mm
• Boron carbide mass
• Natural B-10 abundance
• Plenum height 178 mm
• Tube - pellet gap 0.1 to 0.4 mm
• Helium max. pressure
• Max. temperature on clad
• Number of pins in a cell 16

Fig. 2
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FIGURE-3
14-MW TRIGA CORE CONFIGURATION
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ABSTRACT
The United States Department of Energy is implementing a stewardship approach to
management of uranium assets. This life-cycle approach to managing uranium addresses
current needs in the context of a long-term strategy. In June 1998, the United States
Department of Energy established the Uranium Management Group. The mission of the
UMG is to safely collect and store commercially viable uranium from various DOE
facilities at a central location. The Oak Ridge Operations Office, in Oak Ridge, Tennessee,
was given the task to establish a facility for the storage of these uranium materials.
Materials collected are non-waste uranium and packaged to allow transport and long-term
storage. Coordination of uranium management under the Uranium Management Group
offers significant opportunities for savings through improved planning and efficiency and
creates an environmentally sound approach for the storage and reuse of excess uranium.

1. Introduction
Since the beginning of the nuclear era, the management of nuclear materials has been a fundamental,
compelling, and enduring challenge for the United States Department of Energy (DOE) and its
predecessor organizations. Recently, to meet the emerging challenges of the 21 st century, which
include the management-to-closure of the facilities and the safe disposition of tons of nuclear materials
that exceed programmatic needs, DOE established the Uranium Management Group (UMG). The
mission of the UMG is to safely, effectively, and efficiently transfer usable, excess uranium to a
designated storage facility and store the uranium at these interim facilities with the ultimate objective
of material for reuse. In order to fulfill this mission the UMG acts as the central point of contact for the
consolidation, stabilization, and storage of surplus uranium. The Oak Ridge Operations Office, in Oak
Ridge, Tennessee, was given the task of establishing a facility for the storage of these uranium
materials. The materials collected are non-waste uranium that is packaged for interim storage and
subsequent transport to the buyer.
2. Origin of the Uranium Management Group
DOE's dominant involvement with nuclear materials has been in national security and uranium
enrichment for commercial reactor applications. However, with the end of the Cold War, the closure
and environmental restoration of several production and processing sites has necessitated the removal
of surplus uranium. At the end of the 1990s, it was recognized that the cost of environmental
restoration could be offset by cost avoidance (by integrating and consolidating the activities and
materials) and by selling or bartering the "surplus" uranium for use in nuclear fuel for commercial
utilities and/or research reactors (both foreign and domestic). The UMG was formed to provide this
coordinated, cost-effective, and efficient program for management of the nation's uranium material. In
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addition, surplus uranium returns from universities and laboratories are collected and placed into
storage.
3. Capabilities of the Uranium Management Group
The UMG provides a complete range of services relative to uranium packaging, handling, processing,
storage, and disposition. These services are available to sites possessing DOE uranium including
universities and, as appropriate, to commercial customers. The UMG utilizes existing commercial
capabilities, to the extent available, and works to foster new commercial development in the uranium
industry. The UMG staff is composed of a small core team, which has expertise in all aspects of
uranium management. The UMC core team, in turn, can supplement its personnel needs by accessing
the extensive expertise within the DOE Complex.
4. Uranium Storage Facility
The site of the first UMG storage facility is the Portsmouth Gaseous Diffusion Plant in Piketon, Ohio.
In keeping with the "save and reuse" philosophy of the UMG, the building, one of the first permanent
structures built at Portsmouth, was refurbished and converted into a storage facility for a fraction of the
cost of a new structure. Over the years, it has been used for a variety of activities. Most recently it was
used for storage and sorting of contaminated scrap materials. There is an 18.5-meter high bay area
inside the building with approximately 8200 m2 of available storage space. Across the north side of the
building is a covered open area with 1900 m" of storage area.
The Portsmouth facility was chosen because it already had the infrastructure desired for safe, efficient,
and cost-effective operation. Support systems were in place and operational (e.g., Cnticality Accident
Alarm System, Fire Protection Sprinklers, Emergency Preparedness Response Organization). DOE
owns the building; the UMG uses the western side of the structure. The eastern section, currently
leased to the United States Enrichment Corporation, is available for expansion as needed.
5. Types of Material Stored
The storage facility is designated for the storage of commercially viable solid uranium in several
physical forms and uranium enrichments ranging from depleted to low enriched uranium (< 20%). For
the past two years uranium in the form of compounds (e.g., UF4, UO3, U3Og) and metal from the
Fernald Environmental Management Project has been processed and placed into storage.
Approximately 4,000 metric tons of uranium will eventually be transferred.
The storage facility is capable of receiving uranium in forms suitable for transport and storage in the
container used for shipping. Shipping containers are stored in a manner that allows access for
inspections, any necessary sampling activities, and retrieval for transfer to others. The enriched
materials are maintained in an area separate from the normal and depleted uranium materials.
Containers are grouped by type and hazard.
In order to be accepted, shipping containers must meet the applicable requirements of Title 49 Code of
Federal Regulations Part 173, Transportation, which include passing a free drop test and a stacking
test. Once the containers have been placed in their storage location, little activity is required on a dayto-day basis to maintain the facility and material. These activities include minor building repairs,
cleanup, material inventory, maintenance, and sampling.
After a shipment arrives at the site, transfer documentation is reviewed and once approved, the
containers and/or overpacks are inspected for damage, defects, and leakage. Weight measurements
may be made for comparison to the shipper's weights. Information for each container is entered into
the site's Nuclear Material Inventory system, after which the container is placed in storage.
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The facility staff maintains the material condition of the uranium as received until an end-user has
been identified. This means that the duration of material storage is unknown. Consequently, prior to
acceptance for storage, the uranium material is evaluated for suitability for inclusion in the UMG
inventory. Some factors considered are its physical characteristics and probability for reuse, the
environmental and safety risks of storage, and the costs and technical maturity of the alternative
material flow paths.

6. Conclusion
The UMG facility stores commercially marketable solid uranium in several physical forms. The
facility is maintained radiologically clean. The uranium material in storage is not waste and has
commercial value. The UMG, by not accepting material, serves as a basis for material to be declared
waste and further disposed. Materials stored are in solid form, such as metals and compounds.
The UMG provides a single point of contact with a complete range of services relative to uranium
packaging, handling, processing, storage, and disposition. The UMG staff and facilities are available to
assist commercial users, as appropriate, to foster new commercial development in the uranium
industry.
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ABSTRACT
Over the past sixteen years ICENS has operated a SLOWPOKE 2 nuclear reactor
almost exclusively for the purpose of neutron activation analysis. During this period
we have adopted a strategy of minimum irradiation times while optimizing our output
in an effort to increase the lifetime of the reactor core and to maintaining fuel
integrity. An inter-comparison study with results obtained with a much larger reactor
at IPEN has validated this approach. The parameters routinely monitored at ICENS
are also discussed and the method used to predict the next shim adjustment.

INTRODUCTION
SLOWPOKE is an acronym for Safe Low Power C(K)ritical Experiment. The reactor was
designed by Atomic Energy of Canada Ltd. SLOWPOKE is simple to operate and provides a
relatively high and remarkably stable neutron flux over long periods of time.
The SLOWPOKE-2 reactor at the International Centre for Environmental and Nuclear Sciences
(ICENS) is the only nuclear research reactor in the Caribbean. It is mainly used for Neutron
Activation Analysis (NAA) [1], at this time the main sample types are soils, rocks, sediments, and
increasingly, plant and animal tissues. The reactor achieved criticality for the first time in March
1984. The reactor normally operates at a power of 20 kW for approximately 5 hours per day, 5
days per week. It has now operated for a total 5.63 x 104 -kilowatt hours out of a calculated
lifetime of 3.395 x 105 kWh or 16.5% of total lifetime. A detailed database has been kept of some
of the essential measurable reactor parameters. The data collected has not only been used to
ensure the safe use of the reactor but also to predict the schedule of preventative maintenance and
assist in the efficient use of reactor time and eventually aid during the decommissioning of the
reactor.
This paper outlines the performance and current status of the SLOWPOKE-2 in Jamaica.
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The ICENS SLOWPOKE-2 Reactor
Reactor Core
The detailed specifications of the reactor are available [2]. The reactor core is illustrated in Figure
235
1. It consists of an assembly of 296 fuel pins containing a total of 817 g of 93% enriched
U as
co-extruded alloy containing 28% by weight of U in Al. A 100 mm thick pure beryllium annulus
encases the fuel cage, which is a cylinder of size 23 cm by 25 cm. The annulus acts as a side
reflector for neutrons and a 50 mm thick beryllium disc forms the bottom reflector. The top
reflectors, known as shims, consist of semi circular plates of beryllium each only a few
millimeters thick. Since no adjustments to the core are allowed, burn-up is corrected for by the
increased neutron reflection provided by adding shims as required. The core assembly is
immersed in an aluminum tank containing very pure water (deionised weekly to a resistivity of 4
x 10 ohm cm) which is both moderator and heat transfer medium. The tank is suspended in a
pool 6.4 m deep containing water that is continuously deionised to a resistivity of 10 ohm cm.
This provides for both heat transfer from the core water and for biological shielding.
There are five small inner irradiation sites within the beryllium annulus and four large sites
outside of the beryllium. Additional irradiation sites are provided by the inpool irradiation
carousel, which is position on the surface of the reactor vessel adjacent to the core, figure 1.
Ion Chamber

Beryllium Shim
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Figure 1. Schematics of the Slowpoke 2 eactor core showing in-core and in-pool irradiation sites.
The design and operating conditions of SLOWPOKE eliminate the need for the conventional
complex instrumentation and electromechanical emergency shutdown systems. This high degree
of intrinsic safety is achieved by a large negative temperature coefficient and by severe
limitations on both the excess reactivity (maximum 0.40%) and the operating conditions. The
large negative temperature coefficient ensures that power excursions are self-limiting [2].
Irradiation of more than 10 mg of 235U or any other fissile material is prohibited, with this limit in
place it is unlikely that operator intervention could increase the reactivity to the point of prompt
criticality (0.788%). The power level is controlled by a single cadmium control rod via a feed
back to a neutron detector located within the beryllium annulus. The neutron flux is measured by
a Reuter-Stokes self-powered cadmium flux detector with a nominal sensitivity of 1 x 10"20 amps
per unit flux.
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Reactor core measurements

Core Stability
Under normal operating conditions the reactor
core reaches its equilibrium temperature in
approximately two hours as shown in Figure 2.
The characteristics of the SLOWPOKE are not
only stable over time, but are also very stable from
reactor to reactor. In a recent inter comparison
study [3] between ICENS, High Enriched
Uranium (HEU), Ecole Polytechnic Low Enriched
Uranium (LEU), and China Institute of Atomic
Energy Minature Neutron Source (MNS) reactror;
the relative thermal, epithermal and fast neutron
fluxes were measured in the inner and outer
irradiation sites of the reactors by the bare triple
Figure 2. Increase in Temperature with time,
monitor method. The standard error of the
Reactor at full power
thermal flux between the three cores was found
to be 4.16%.

One of the limits of this design, though also one of
its important safety features is the inability to run
for long periods of time as illustrated in figure 3.
Fuel temperature and moderator density have time
constants on the order of seconds; fission product
poisons, hours; and fuel burn-up, weeks or
months. Although the reactor has a negative
temperature coefficient the increased loss of
excess reactivity is due to the build up of poisons
in the core.
Figure 3, shows that the run time of the core
reactor is a function of the excess reactivity of the
shims. The maximum running time just
Figure 3.
after a shim adjustment is approximately
13.5 hours. At the present level of excess
reactivity the maximum run time is approximately
10.5 hours.
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Reactivity with time, reactor operating at full power
Data extrapolated from commissioning report [4]

Change in rod position for I hour irradiation at flux 10 12

Fuel burn up
The fuel burn up since the last shim is calculated
from the change in the period measurement.
Observing the control rod balance after a one-hour
irradiation at maximum flux over the past four
years also gives a measure of fuel burn up. The
actual calculation of the excess reactivity was
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Figure 4. Control Rod Balance

performed using the rod calibration data from the commissioning report [4]. The results are
shown in figure 4, and at 0.72 mk is in close agreement with the change in period measurement of
0.76 mk. (from 3.96 mk to 3.2 mk). The scatter shown in Figure 4 is most likely due to varying
amounts of Xe-133 present from recent use of the reactor.

Shim Adjustment

Low rf Raadiviy «*ti time

Of the maximum 10 cm of shim possible
only 2.84 cm have thus far been used,
the last addition was made on 16th of
January 1996 and increased the
reactivity from 2.3 mk to 3.96 mk. This
required an increase from 2.21 cm to
2.84 cm of beryllium.

Figure 5. Shim prediction extrapolated from
historical data

Reactor Core water Monitoring
Fuel integrity is vital to the continued operation of a reactor. A good indicator of the fuel integrity
is the activity of the reactor container water. Under the current licensing agreement if the
radiation monitor levels above the reactor vessel exceed 10 mR/h the reactor must be shut down.
In addition, at the end of the lifetime of the reactor the integrity of the fuel elements will play a
large role in determining exactly how the reactor is to be decommissioned. If the fuel is not intact
the only containment vessel approved for the SLOWPOKE core, may not be sufficient thus
adding greatly to the decommissioning cost.
Modeling the reactor dynamics related to
delayed neutrons and xenon requires the
inclusion of new state equations tracking
the production of delayed neutron
precursors, 131iodine and 131xenon.
Shown below in figure 6 are the varying
levels of four of the major reactor
poisons. The lowest levels indicated
represent weeks in which the reactor was
run only in maintenance mode,
approximately ten minutes at a flux of 1
x 10" n cm"2 s"! or 0.17
Figure 6. Major reactor poisons in reactor water
kWh. The highest level
after various times of operation
indicated was taken after
the reactor had been run
for 6 hours at maximum flux or 110 kWh. Each sample was taken approximately three days after
shutdown.
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Neutron Activation Analysis
Although the maximum neutron flux of 1012 n cm"2 s"1 is low in comparison to that produced by
larger reactors [5] the results produced are nevertheless comparable. In addition to the lower flux
is the limitation of irradiation time. With the minimum acceptable excess reactivity at 2.3 mk, the
reactor can run at full power for approximately 5 and a half-hours. However, an irradiation time
of four hours has been found adequate for the present programmes and for optimising fuel burnup [6]. An inter-comparison study was undertaken between ICENS using the SLOWPOKE 2 [7]
and Institute de Pesquisas Energeticas e Nucleares, IPEN-CNEN/SP, in Brazil, results shown in
For the short-lived elements ICENS generally out performed the larger reactor at IPEN. The
intermediate lived elements exhibit very similar detection limits [8]. As expected the long-lived
elements are best analyzed in the larger reactor, with longer irradiation times and higher flux,
induced activity is a function of half life [1].
Conclusion
At our current rate of fuel burn-up we can expect an additional twenty to twenty five years of
service from our present core, at which time an extended life beryllium annulus, which has
already been acquired, will be added to the bottom beryllium plate. The addition of this beryllium
will further extend the life of the core by an additional fifteen years, giving a total of fifty years of
service from one core.
The activity of the reactor water measured during maintenance has not shown signs of significant
deterioration, indicating that the fuel sheaths are still in relatively good condition and, at present
pose no threat to the continued operation of the facility.
The strategy of minimizing irradiation times to conserve reactor fuel has not significantly reduced
our analytical capability. When possible samples are irradiated in-pool, thus utilizing the "free"
neutrons. The addition of higher efficiency detectors could play a significant role; and might
improve detection limits.
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