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SINQ AS A VERSATILE ALTERNATIVE NEUTRON SOURCE

GUENTER S. BAUER
Paul Scherrer Institut CH-5232 Villigen-PSI, Switzerland

Abstract

The Swiss spallation neutron source SINQ had first beam on target on Dec. 16, 1996 and
reached its full current of 0.85 mA on the following day in a demonstration "run. After a
commissioning phase during the first half of 1997, in which the parameters of the source
were studied, full current operation was resumed in the second half of the year with no
technical problems. The first half of 1998 was characterized by an extensive accelerator
shut down in which the splitter region that supplies beam to PSI's medical facility was
completely rebuilt and which advantage was taken of by SINQ to open up two previously
blocked beam ports for new instruments and to carry out the first target exchange. The
user program started in July 1998 and by the end of the year 12 experimental facilities
were operational with five more under construction.

1. Introduction

SINQ at the Paul Scherrer Institut in Switzerland is the latest member in the family of operating spallation
neutron sources. Being an add-on to an existing accelerator, a 590 MeV cyclotron, there was no choice on
the time structure. Therefore SINQ is a continuous neutron source and hence plays in the competitive league
of research reactors. Like a modern research reactor, it has a large D2O tank where the beam tubes originate
(Fig. 1) and is designed to permit access to the outside of the target biological shielding on all sides. This is
accomplished by injecting the beam into the target from underneath; another feature which makes SINQ
unique among its (unfortunately few) fellow spallation neutron sources.

Over the course of the years the beam current of the PSI ring cyclotron has been upgraded from its original
design value of 100 jxA to 1.5 mA, which makes this the world's highest time average proton current. Since
the prime purpose of the accelerator used to be pion and muon generation, there are two targets in the beam
upstream of SINQ, of which in particular the last one, "Target E", has a strong effect on the phase space
distribution in the beam. After scraping the halo generated by this target and reshaping and focusing the
beam for further low loss transport, only 0.85 mA at 570 MeV are currently left to drive SINQ. Nevertheless,
this is a serious power level to deal with. In anticipation of future improvements the SINQ target and its heat
removal system have been designed to handle 1 MW of beam power. The main parameters of SINQ are
listed in Table 1.

During the design studies it was concluded that, in order to remove from a solid target up to 600 kW of
power (the 60% fraction of 1 MW of beam power deposited in the target) and to avoid excessive stress which
would shorten the life time unduly, a rod structure of the target and a hemispherical beam entry window were
the best solution. Since its first day, SINQ has been operating on a target made up from 450 Zircaloy-2 rods
of 10.8 mm diameter, arranged in a closely packed array with a pitch of 1.2 and cooled in a cross flow
configuration. Since the neutronic performance of this target is not optimum, a development program is
going on that aims at achieving a gain factor of at least two from using a higher yield target material. Several
reports dealing with this work can be found in the proceedings of the 1998 meeting of the International
Collaboration on Advanced Neutron Sources (ICANS XIV, see below).



Table 1: Main parameters of SIN Q

Accelerator

Eight sector isochronous cyclotron,
590 MeV, 51 MHz

Injector: 4 sector cyclotron, 72 MeV

Proton beam current 1.5 mA

Beam after pion target (6 cm graphite): 570 MeV

Beam on Target

0.85 mA, 570 MeV currently available for SINQ

2-dimensional truncated Gaussian distribution
CTX = 2.12 cm, ay = 3.58 cm

Maximum current density 17 p,A/cm2,
if all beam passes through pion target E

Target Station

Vertical beam injection from underneath
with collimator below the target

Mark 1 Target: Zircaloy rods, D2O cooled

Goal: Liquid heavy metal; expected gain >2.4

2 m diameter heavy water moderator and reflector;
beam tubes tangential to target

4 twin beam tubes (3 thermal, 1 cold)

25 litre liquid deuterium cold moderator

7 cold neutron guides, supermirror coated

Facilities for isotope production and
neutron activation analysis

2. SINQ - The Worst of Both Worlds or a Breakthrough?

While the bulk of the neutrons released in the spallation reaction stems from nuclear evaporation just like in
a fission reactor and therefore have a very similar spectral distribution, there is also a small fraction of more
energetic neutrons released during the early phase of the reaction, called cascade neutrons, whose energy can
reach up all the way to that of the incident protons and which are emitted mainly in forward direction. These
neutrons are almost impossible to moderate and rather difficult to shield. Hence, "the worst of both worlds",
was the comment made when the then SIN (Swiss Institute of Nuclear Research) announced the intention to
build a continuous spallation neutron source - meaning that this facility would suffer from the disadvantages
but not benefit from the potential advantage of a spallation neutron source over reactors, namely the pulse
structure, which made the smaller spallation sources that had existed up to that point so effective.

While the pulse structure is clearly missing, there are other advantages of spallation neutron sources that
SINQ shares: the absence of criticality, the ease of shutdown in an emergency, the lower y-ray production
per neutron (and hence better conditions for cold moderators close to the primary source), the lower
afterheat, etc. These features make it well worth-while to think about continuous neutron sources in the
future which work on a beam power level pulsed sources will simply not be able to handle because of their
very pulsed nature. In this sense, SINQ is a breakthrough: It is proof that continuous spallation neutron
sources can be built and operated and can be competitive with research reactors. Of course, during the whole
construction phase the question was in the air: "will we be able to control the fast neutron background?"
Now, after a year of experience at full beam power we know: we were! The overall radiation level in the
SINQ target and neutron guide hall is as low as, or lower than, on any reactor and our cold neutron beams are
literally free of high energy neutron contamination. It is true, that special care was taken to accomplish this
in designing the system and in assembling the shielding, but the success shows: it can be done. Also high
energy neutron contamination in the beams did not turn out as a problem. In all likelihood three design
features of SINQ contributed to this:

a) The plane is which all beam tubes are located is perpendicular to the proton beam; in this way the more
forewardly emitted high energy neutrons are not seen.

b) Within a distance of 1 m around the target no materials (such as steel or heavy metals) are located that
would strongly interact with high energy neutrons and lead to large angle scattering.



c) The axes of the beam tubes and neutron guides are displaced by 25 resp. 40 cm from the proton beam
axis. Thus grazing incidence of high energy neutrons directly from the target into the beam tubes is much
less likely than in pulsed spallation sources where this distance is of the order of 10 cm or less. All taken
together, we are happy to state that SINQ is much less severely hit by the worst of the spallation source
world than one might have feared before trying.
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Figure 1: Vertical section through the SINQ target block (left) and cutaway drawing of the target (right).

SINQ is a breakthrough also in this respect; and it is also a breakthrough in that almost its whole neutron guide
system is built from supermirrors. It was clear from the very beginning that the emphasis of SINQ would be on
cold neutrons. This was not only because a cold source could be placed more optimally in the reflector of a
continuous neutron source than in that of a reactor; this is also because long wavelength neutrons have shown a
steady growth in importance in the field of neutron scattering and continue to do so.

Besides their scientific merits cold neutrons also have the advantage that they are easy to transport over long
distances in neutron guides. Development of efficient neutron guides was, therefore, an important part in the SINQ
project and it was done successfully: all glass plates for the neutron guides of SINQ were coated with supermirrors
in PSI's own facility following a recipe developed here. They were then individually examined for quality and were
sorted such that poorer plates would not jeopardize the performance of those guides where the large beam
divergence provided by supermirrors was useful. In sorting the glass plates the future use of the guides were carried
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in mind. For example, the SANS instrument with its narrow collimation does not need high angles of total
reflection on the guides. (Since the extra neutrons would only be a nuisance when they generate y-rays upon
absorption, the SANS guide is actually the exception to the supermirror rule at SINQ). Also other high resolution
instruments with primary collimation cannot use the full divergence of an m=2 guide and the less perfect plates
were used for those. It should be noted, however, that, since the angular divergence is proportional to wavelength,
an important advantage of supermirror coating is the shift to shorter wavelengths of the cutoff wavelength of a
guide with a given curvature and width. Fig. 2 shows a spectrum measured at one of the SINQ guides. Relative to
predictions made during the construction phase (curve C), this guide has about 50% more intensity in the long
wavelength region and shows a spectral shift of about 0.5 A to longer wavelengths at the short wavelength side.
These two properties are attributed to uncertainties in predicting the performance of the cold moderator, which, in
the case of SINQ, is a large liquid D2 volume [1]. In the region below 6 A the rugged appearance results from
Bragg edges of the materials in the beam (Zircaloy-2 and Aluminum). Despite this "depression" one would expect
to be able to fit the curve with a Maxwellian distribution, making allowance for the total transmission also shown in
the figure. This turned out not to be possible; in fact a sum of three Maxwellians was required to obtain a
reasonably good fit (curve 3M); the best fit found for two Maxwellians is represented by the curve labeled 2M. A
detailed discussion of the spectral and intensity measurements carried out during the commissioning phase of SINQ
may be found in ref. [2]. A direct comparison, also made in that paper, showed that even where the supermirrors
don't help, namely in the SANS instrument, SINQ performs equally well as a recently upgraded 10 MW reactor.

0.0E+00
2 4 6 8 10 12 14 16 18

Wavelength (Angslr.)

Figure 2: Cold neutron spectrum
measured at the SINQ guide
IRNR14 and calculated
transmission function of that
guide. Also shown are
spectra fitted with 2 and 3
Maxwellians (2M and 3M
respectively and the spectrum
calculated before SINQ was
built (Cal).

An overview of the neutron currents measured at the various monochromator or sample positions of different
instruments and other locations is shown in Fig. 3. Except where a narrow collimation or wavelength band or
multiple gaps in the guide reduce the intensity, values between 2.5 to 3.2 x 10 cm' smA" are found for the guides
and around 108 for the beam tubes. These data are for 1 mA; presently only 850 uA are available (see below). The
contamination with neutrons above 20 MeV measured with the 12C (n2n) reaction was less than 10"4 in the thermal
beams and not detectable at the neutron guides.
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Figure 3: Measured neutron currents at various positions of the SINQ guide system and thermal neutron beams

3. The way to where we stand

SINQ holds a record not only for being, by a large margin, the world's most powerful spallation neutron source;
also the speed at which it went from first beam on target to full power is unbeaten: on Dec. 6, 1996 the beam line
between target E and SINQ was first tuned with protons at a current level of 20 |uA. (This is also when the first
neutrons generated were used to measure the ToF-spectrum shown in Fig. 2). Little more than 24 hours later the
source had reached its full power and had exhausted the contingent of 2 mAh set by the licensing authorities as the
charge limit for this first demonstration run.

Clearly, it was never intended to take off at full power from that moment on, because several weak points in the
shielding that had been left until the amount of shielding necessary could be determined by measurement, needed to
be fixed and other parameter studies had to be made to fully understand the system. Therefore, a three months
commissioning phase at varying current levels had been planned to take place after the end of the annual
accelerator shutdown in the first half of 1997. During that time also the first generation instruments were completed
and commissioned at low intensity.

Following this, full power operation was to be scheduled according to demand. As can be seen from Fig. 4a, this
demand rose continuously during the second half of 1997, but problems with a beam splitter upstream in the proton
beam line became more and more serious and the delivered beam fell increasingly behind the scheduled one,
ending up at a total of 500 mAh in 1997. In order to cure the problem with the beam splitter, which supplies
protons to the medical facility for treatment of human cancer patients, an extensive shut down was scheduled for
the full first half of 1998. The splitter region was completely rebuilt and an new concept for the splitter was used.
After restart at the beginning of July 1998, these problems had been solved and routine operation of SINQ started
Apart from changing the target, the shutdown period was also taken advantage of to implement the overall control
system which allows the SINQ target station to operate without the control room being manned. This was a
necessary condition for being able to run on a 24 hours basis 6 days per week. During the months of July and
August 1998 the control room was kept manned as a matter of precaution, limiting the umber of shifts that could be
run. Beginning in September unmanned operation started. In Fig. 4b the availability of SINQ and of the accelerator
system is shown for the second half of 1998. Only during the months of October and November did the SINQ
target station contribute to the time lost because of problems with the cryogenic plant of the cold source. The total
current delivered during the period shown is 2 Ah.
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Figure 4: Availability of SINQ (a) during the second half of 1997 with a total of 500 mAh delivered on target (b)

during the second half of 1998 with a total of 2000 mAh delivered on target

Although there was still some uncertainty attached to the SINQ schedule in the second half of 1998, a call for
proposals was launched in February 1998 for those instruments that would be operational when the source restarted
or would be completed during the rest of the year. Proposals for short term experiments as well as long term
research programs were solicited. The result shown in Table 2 is very rewarding on the one hand, but very obliging
on the other. For SINQ to become a competitive player in the league of continuous neutron sources in Europe, we
must achieve high availability and further improve the performance of the source. At the same time, more
instruments will come on line.

Table 2: Result of the first call for proposals for the instruments on SINQ that were operational in 1997.

Instrument

AMOR (Reflectometer)
DMC (Cold n diffract.)
DriiChaL Cold n TAS)
FOCUS (cold n ToF)
HRPT (high res. Powder)
SANS (small angle scatt.)
TASP (pol. n TAS)
TOPSI (Test beam)
TRiCS (4 circle diffr.)

Short term proposals
Total days
available

not sched.
15
31
0
0

21
22
-
0

Total days
requested

71
56
38
15
55
121

-

Long term proposals
Total days
available

83
167
49
100
147
149

100

Total days
requested

137
228
126
141
375
295
10
98

Apart from the neutron scattering instruments listed in Table 2, for which proposals have been solicited, SINQ
currently hosts several other neutron facilities which became available for users in 1998 or will be completed in
early 1999:
- a thermal neutron transmission radiography facility

- a cold neutron capture radiography facility

- an isotope production station

- a facility for neutron activation analysis

- a facility for prompt gamma emission studies

- a facility for fission product studies, using a thin uranium foil in the thermal flux

- a neutron reflectometer.

- a polarized neutron decay instrument (particle physics)

- an engineering strain scanner

Further instruments under construction or in the planning stage are
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- a high resolution back scattering crystal analyzer time-of -flight spectrometer

- a phase space transformer for high resolution thermal neutron time-of flight

This large investment into the source utilization adds even more to the pressure to improve the performance of the
source itself.

4. The Way to More Neutrons

For SINQ, the number of useful neutrons generated per unit time depends on four main factors:

- the average availability of the accelerator (currently > 85%)

- the availability of the SINQ facility during accelerator operation

- the fraction of the accelerator up time during which SINQ can receive beam (in competition with other modes of
beam usage)

- the fraction of beam lost in the target E

- the neutronic performance of the SINQ target

As for the availability (mAh delivered / mAh scheduled) of the accelerator, the current value of more than 85%
includes, of course, periods where some problem anywhere along the beam line impedes operation. Transporting a
1.5 mA beam with low losses along most of the beam line is not trivial. Even the target "E", which is a 6 cm long
rotating and radiation cooled graphite ring and never used to cause problems, now must be replaced once or twice a
year because it deforms due to radiation damage. So, while some improvement may be possible, one will always
have to be prepared to accept a certain amount of time lost. Even on good days, i.e. without major beam
interruptions the users will be faced with and will have to adjust to a large number of short trips. An example of
such a day is shown in Fig. 5. Although the beam delivered was 97% of what could be expected, many short
interruptions occurred, often lasting less than 1 minute (lines not going all the way down to zero in Fig. 5, where
the sampling time is 1 minute).
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Figure 5: Example of the recorded proton
current over a period of 24 hours
with high accelerator availability
but a large number of short trips.
The total charge delivered during
the period shown was 19.3 mAh; the
integrated performance was 97.1 %.

As far as other uses of the accelerator are concerned, there were two types of "single use" at low current in the past:
(1) If human patients were being treated at the proton cancer therapy station and the splitter did not work reliably, it
became necessary to run the whole facility at low current with direct injection to the medical facility. This will,
hopefully, be solved with the new splitter. (2) Some particle and nuclear physics experiments used polarized
protons which could only be supplied at low intensity from a special injector. This program will also come to an
end soon, as the number of users not served while it is running has become too large.

Concerning the fraction of beam lost at target E, the possibility of shortening that target from 6 to 4 cm has been
studied [3]. While some of the pion and muon experiments would not suffer from that move, others would lose 1/3
of their present flux. For SINQ it would, by the same token, mean a 50% gain, but would also require different
tuning of the beam transport line, which can probably be done. Currently it is planned to do a test run with a
shortened target E (4 rather than 6 cm) in 1999. Another development might even make this move a must: The
accelerator group is looking into using copper cavities instead of the present aluminum cavities,- which might allow
to operate the accelerator at 2 mA. If this materializes, Target E must be shortened to keep the power deposition



and activation from the lost beam in its environment at the present level. In this case the total gain for SINQ would
be almost 70%, raising the power deposited in the target to over 800 kW (this is why the design power is 1 MW).

Finally, as far as the target itself is concerned, theoretical studies [4] showed that, in the optimum case, a factor of
2.7 in neutron yield could be gained if it was possible to realize a liquid lead-bismuth target of optimum thickness
and with a low absorption container. Realistically a factor around 2.4 can be expected with a steel container. By
improving the solid rod target through the use of clad lead rods - which is the more near term solution - the
anticipated gain is about 1.6. Work towards this step is reported refs. [5] [6]and[7]. A summary plot is shown in
Fig. 7. As a first step, we will move from the present target made up of Zircaloy rods to one of lead rods in steel
cladding, which is expected to improve the neutron flux by a factor of 1.5. Extensive development work is being
carried out towards a liquid metal target (PbBi), which will yield another factor of 1.6 in neutron flux and, at the
same time, reduce the radioactivity in the water cooling loops significantly by keeping most of the water out of the
beam interaction zone.
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Figure 6: Calculated radial flux distribution in the SINQ moderator tank for different target options [4]

5. Conclusions

Since Dec. 1996 when SINQ first became alive, it could be shown that the concept of a continuous spallation
neutron source is not necessarily a stupid one. Its breadth of use ranging from isotope production and activation
analysis via radiography all the way to high resolution neutron spectroscopy makes it competitive with existing
research reactors and, in a different sense, also with pulsed spallation neutron sources. From the onset on the
system performed well at full power and constituted a breakthrough in several respects. Especially the successful
use of supermirror neutron guides, although not tied to any specific source type has opened up the possibility of
designing for "all guide sources" in the future also in the regime of thermal neutrons. Even, if these guides are
designed without curvature, they would help to further reduce the high energy neutron contamination at the
monochromator position significantly below the level of 10"4 relative to the thermal flux which is currently
measured at SINQ. This would eliminate practically completely the worst of the spallation source world and would
allow to take full advantage of the best of the continuous source world, namely that the neutron flux per unit proton
current is high and that the distance over which neutrons can be usefully transported by guides is not limited by
frame overlap considerations. In view of the limitations on pulse power that can, at present, be handled with
confidence and in view of the need for non-diffractive uses of neutrons which rely on high time average flux, the
successful operation of SINQ may well mark a real breakthrough, and its further development may show a route to
the future. SINQ is thus the first example of a truly versatile neutron source not relying on fissile fuel with all its. It
is intended to develop a liquid metal target to be used with the advantage of reduced radioactivity in the cooling
loops and a gain in neutron flux which is about a factor of 2.5 over the present target [4]. This development will
also be of interest in the light of present efforts to assess the technical feasibility of Accelerator Driven Systems in
nuclear waste management [8],[9].
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ABSTRACT
Neutrons produced by research reactors are being used in nuclear medicine and other medical
applications in several ways. The High Flux Reactor (HFR) based in Petten (The Netherlands),
owned by the European Commission, has been working increasingly in this field of health care
for the European citizen. On the basis of this experience, a survey has been carried out on the
main possibilities of neutrons used in nuclear medicine. The most important and most well
known is the production of radioisotopes for diagnosis and therapy. Ten million patients
receive nuclear medicine in Europe each year, with more than 8 million made with the
products issued from research reactors. The survey of the market and the techniques
(cyclotron, PET) shows that this market will continue to increase in the future. The direct use
of reactors in medicine is actually made by the Boron Neutron capture Therapy (BNCT) for
the treatment of glioblastoma, which kills about 15.000 people in Europe each year. For this
promising technique, HFR is the most advanced for experimental possibilities and treatment
studies. Medical research is also made in other promising fields: the use beam tubes for
characterizing of prostheses and bio-medical materials, alpha-immuno therapy products, new
types of radioisotopes, new types of illness to be treated by BNCT, etc.

> Introduction

The High Flux Reactor (HFR) is located in Petten (The Netherlands). The European Commission is the
owner and license holder. The reactor is operated by NRG (Nuclear Research Group) under contract to
the Commission. During the last few years, the reactor has increasingly been used in the medical field.
This paper gives us an overview of the medical applications and the place of HFR in a market essentially

-devoted to radioisotope production, direct treatment by neutrons (BNCT) and other general medical
research.
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> Production of radio-isotopes for medical applications

Status of radioisotopes used in the medical field
Nuclear medicine (with radioisotopes) makes today about 10 million procedures per year in the European
Community.

Diagnostics : 90%
Therapy : 10%

The partition by radioisotope use is as follows:

Diagnostics:
Technetium: 70% ]

r Reactor production
Others: 5% J

Tl and others 16%+9% : Cyclotron production

Therapy:
Internal and external therapy: only reactor production.

Hence, 75% of the isotopes used for diagnostics are produced in reactors, whilst 100% of radioisotopes
for therapy come from reactors.

Industrial status
In Europe, four industrial companies dominate the market:
Amersham - Nycomed, CIS-BIO, Mallinckrodt, Nordion (+ Dupont).
Other producers are working more in research or on smaller specialized markets.

Market evolution
The market is growing. It is estimated that over 20M nuclear medicine procedures are carried out every
year of which =50% are in European countries. The financial implications of this market segment and the
role of isotopes can be described by the following table; which gives some figures for the US market:
Total US 'nuclear medicine' healthcare market $8 to 12B
Total US radio-pharmaceutical market S817M
Total US radioisotope market $ 150M
Forecasting the size of these markets is often not accurate and depends on many factors which include
governmental health care budget spending, also the 'discovery' rate of new agents as well as the
availability of the appropriate radioisotopes. Some new markets are in high expansion (for example about
10% / year for internal radiotherapy), with the other part of the market increasing by about 2 to 3% / year.

Status of HFR in radioisotope market
The relation between reactor production and number of procedures is not straightforward, especially for
diagnostic activities where relation between activity produced and number of diagnoses is not directly
available, but a rough estimation shows that at least 25% of European diagnoses are made with products
issued from HFR.

On the other hand, part of HFR 99Mo production is used outside Europe, especially in the USA (more than
1.000.000 diagnostics).
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We have to add to this production, for diagnosis, all the production of the radioisotopes used for therapy
(strontium, iridium, samarium, etc.)

These figures identify the HFR as by far the most significant medical isotope facility in Europe. The
specific features of the HFR which support its highly competitive position are
• Very high annual availability (more than 270 operating days a year),
• High thermal flux availability,
• Reliable and predictable operating calendar,
• Flexibility by a large number of accessible irradiation facilities,
• Full-scope quality control-quality assurance systems,
• Proven transport logistics and time management using two international airports.

Collaboration with other reactors
For the main product (technetium / 60% of all nuclear medicine procedures), several things are important
to understand. The transportation of the irradiated targets to the process unit can only be made by trucks
with heavy containers. Hence, the reactor must not be too far away from the process unit.
The half-life is relatively short. 99Tc (half-life 6 hours) is produced as a result of the decay of "Mo
obtained as a fission product of uranium after irradiation. The relatively short half-life (67 hours) shows
that a prompt work between reactor irradiation, manufacturing of cows and hospital use is necessary. On
the other hand, it shows also that continuous production must be necessary to maintain medical activity.
To satisfy this requirement, a collaboration has been formed between the reactors HFR, BRII, Osiris and
two producers (IRE, Mallinckrodt) to maintain a continuous European production.

Competition with other techniques
Accelerators
25% of diagnostic treatment is assured by products from cyclotron production. This part of market is
not actually increasing and is limited essentially to 201Tl, 47Ca and 123I. It should be very clear that the
products made by cyclotrons are not the same as by reactors and that they are more complementary than
competitors.

PET
Positron Emission Tomography is a very promising, diagnostic technique, using products with short half
lives such as 18F and UC created by accelerators on-site.
The provision for Europe is about 100 PET machines over the next 5-10 years. However, this technique is
more competitive in the field of non-nuclear medical imaging techniques.

Non Nuclear methods
Non-nuclear medical imaging techniques, including tomographic methods, have seen considerable
improvements during recent years, without impacting on the simultaneous expansion of nuclear medicine.

Conclusion
In the short term (5-10 years) the impact on the market of RI reactor producers is not threatened by new
emerging techniques or by cyclotron utilization.

World Market
• To support reactor production, there are four main world radioisotope producers (Nordion,

Mallinckrodt, Amersham, CIS-BIO, plus a lot of local producers, often only with limited commercial
distribution possibilities. Nordion with about 70% of the world production and with the two Maple
reactors under project, attempt to have a world monopoly. The European organization
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MallinckrocMRE and HFR/BR2/Osiris, are producing the remaining part of the world market. This
European position has to be maintained for several reasons:

- Loss of industries behind this production
- In case of problems: (e.g. strike in Chalk River in 1998, safety difficulties on a Maple reactor
etc.) tremendous difficulties will occur for health care in Europe due to the monopolistic position
ofNordion.
- In case of monopoly, the cost of produce cannot be maintained. A huge cost would be
paid by health companies in Europe to continue to assure 10.000.000 annual treatments (first
estimation is 20-30 millions US$ per year).

• The need of specialized reactors for radioisotope production, in the world, is very clear as exemplified
by the Maple project for Nordion in Canada, Australian project, USA project with FFTF etc. This
work can be assured in Europe by existing reactors.

Conclusion
• Radio-isotope production in reactors remains a growing market for the coming years
• The pivotal point for European organization, behind the radiopharmaceutical industry, is the HFR

reactor in association with BRU and Osiris
• Millions of patients are treated each year in Europe.

> Cancer treatment by neutrons (BNCT)

Principle of BNCT
The principle is to inject a boron-containing drug which goes selectively into the tumor cells. When
exposed to a flux of thermal neutrons directed to the tumor area, the thermal neutrons are captured by the
boron, which then disintegrate instantaneously producing highly energetic particles within a very short
range in tissue (10 microns).
Therefore, it is possible to kill selectively the tumour cells.

Potential of BNCT research
Glioblastoma, the illness in the current trial, kills about 15000 people each year in Europe. Other cancer-
diseases kill millions, and there is the possibility being performed at Petten that BNCT could be used for
non-cancerous diseases such as diabetes and for other cancers, e.g. other types of brain tumours,
melanoma and liver cancer. It is a very promising therapeutic approach by the theoretical expectations
need to be fulfilled by clinical trials. If this research in BNCT becomes successful, new reactors will be
necessary in Europe.

HFR status
When the HFR vessel was replaced in 1984, the layout of the twin HB11/HB12 beam tubes made it
possible to design a BNCT facility. The design of the facility, including neutron filters, beam shutter,
clinical room, patients' access, etc., was realized in 1990. Clinical trials have been carried out since
October 1997. At present, 10 patients with glioblastoma have been treated in the HFR.

Other reactors
In this field of research, there is presently collaboration with other reactors.
In Japan, two reactors are in modification to perform BNCT on patients (JRR-4, and Kyoto University, in
1998/99), in USA two reactors are already operating (BMRR Brookhaven and MIT reactor) and in
-Europe, a Triga reactor in Finland has been modified to become a dedicated reactor for BNCT (first
patient in 1999).
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There is evidently a real movement in the world on the subject with a strong collaboration.
Dr. Sauerwein responsible for the trial in the HFR programme is the president-elect of the International
Society for Neutron Capture Therapy, thus highlighting Petten's scientific collaborative way.

European dimension
• The European collaboration on BNCT in Biomedl was founded in 1987. The group consists of over

40 research centers in 14 countries. It set itself two priority tasks:
- To initiate clinical trials of glioma at the earliest date at the HFR Petten (which are ongoing now).
- To create conditions that other tumours can be treated at the HFR and at other European sites.

The European dimension of this work can be measured against the following facts:
• The HFR is the only European reactor with a fully operational BNCT facility
• The BNCT Group (see above) is trans-European (6 hospitals from 5 countries)
• Technology and know how are available to other EU member countries who want to build up their

own BNCT facilities
• BNCT is supported by, and coordinated with, the relevant Commission's health care programme.

Conclusion
• BNCT is a very promising technique that could be used in a lot of fields with the progress of selective

chemical drugs, but needs to be fulfilled by clinical trials.
• First 10 patients treated in 1997/98 have given great hope to the world's scientific, and medical

community
• The place of HFR is recognized as the first in Europe (and perhaps in the world).

> Other research

Research on new radioisotopes
A lot of companies are performing research on the production of new radioisotopes.
To satisfy new requests, HFR carries out all the necessary analysis work to permit the irradiation and
furnish these new promising products.

Research on bio-medical materials
Neutron diffraction provides a method of measuring residual stress non-destructively stress non-
destructively, deep within materials. Characterization, including internal stress measurements, of
inorganic bio-compatible material interfaces and human implants will be tried with this method.

Alpha-immunotherapy
The application of alpha emitters like 213Bi, 223Ra and 225Ac has been investigated over the last five years,
in particular by R&D carried out at JRC (Institute for Transuranium Elements) Karlsruhe. Potentially
these products could deliver very high doses in a very small range for the treatment of distributed cancers
(metastases, leukemia). HFR would have the necessary facilities for neutron production and pre- and post-
irradiation handling of such sources.

> Conclusion

Ten million patients are treated (diagnostic and therapy) each year in Europe by nuclear medicine and
80% with products obtained in research reactors. This number has been increasing year by year, and is not
in real competition with other techniques (cyclotron etc.). BNCT is a very promising technique and HFR
is the European leader in this field. Other techniques can be used in the reactors for research (the use of
beam tubes for bio-material, new radioisotopes, alpha immunotherapy etc.)
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ABSTRACT

The construction of the new research reactor FRM II is close to completion. The start of
nuclear operation is planned for the year 2001. After a short description of the concept
and figures of merit of the facility the scientific instrumentation and user installations
for basic and applied research, worked out largely by the German user community and
being under construction will be summarized. Besides the introduction of several new
techniques considerable progress in the performance of standard neutron techniques is
envisaged.

1. Introduction

The FRM II is a new beam tube research reactor being built by the Technische Universitat Miinchen
to replace the research reactor FRM at Garching after more than 40 years of operation.

Intense neutron beams are a useful tool for materials research in its general meaning. They are
complementary to other radiation tools like X-rays, Synchroton radiation and light, for some
applications they are irreplaceable. The utilization of a high flux neutron source covers many fields in
basic and applied research in physics, chemistry, materials research, molecular biology and medicine.

Construction of the FRM II as a multidisciplinary future national neutron source and basis for inter-
national cooperation was strongly recommended by the German Wissenschaftsrat in 1989.
Consequently many research groups of universities and research centers are actively participating in
the scientific instrumentation of the facility.

2. Concept and present status of FRM II

The goal to reach a maximum thermal neutron flux of the order of 1015 n/cm2sec with relative low
power of 20 MW has been achieved by using a very compact reactor core cooled by light water
surrounded by a large heavy water tank taking advantage of the experience collected during the last 3
decades in designing high flux research reactors.

The fission neutrons leak out of the undermoderated core in the heavy water moderator where they
built up a high flux level of a thermal neutron spectrum in a large usable volume. The flux to power
ratio will be higher than at all existing research reactors offering advantages for the installation of
special inpile devices like spectrum shifters and also with respect to reactor safety.

Due to the first construction permit given in 1996 the reactor building is completed by now. The
second partial license covering the completion of the facility - including the nuclear installations - was
issued in October 1997. Installations and construction of special inpile devices are underway. The
,,cold start" of the complete facility is planned for the end of the year 2000 and ,,nuclear start up" is
expected for the beginning of 2001 [ 1 ].

Parallel to the reactor construction planning, design and construction of the scientific instrumentation
takes place. The German user community was actively involved in the selection of the first generation
of the scientific instrumentation, influencing also the optimization of beam ports etc..
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Fig. I: illustrates the experimental floor and the neutron guide hall.

3. Scientific projects in basic research
3.1. Condensed matter research

A large fraction of the beam capacity will be devoted to advanced neutron scattering techniques for
the investigation of the structure and dynamics of condensed matter. Ten instruments decided for this
purpose and allready under construction are listed in table 1.

Table 1: Neutron scattering instruments under construction

Cold Neutrons
1. Nuclear Resonance Spinecho Spectrometer
2. Advanced Backscattering Spectrometer
3. Three-Axis Spectrometer (with Polarization Analysis)
4. High resolution Time-of-Flight-Spectrometer
5. Small Angle Scattering Instrument
6. Reflectometer for soft matter

Thermal Neutrons
7. Three-Axis Spectrometer (with Polarisation Analysis)
8. Single Crystal Diffractometer
9. Powder Diffractometer

Hot Neutrons
10. Single Crystal Diffractometer

16

(Gahler, Munchen)
(Richter, Jiilich)
(Lowenhaupt, Dresden)
(Petry, Munchen)
(Ewen, Mainz)
(Kampmann, Geesthacht)

(Eckold, Gottingen)
(Frey, Munchen)
(FueB, Darmstadt)

(Heeger, Aachen)



With some of these optimized instruments intensity gains of up to an order of magnitude compared to
existing instruments are expected.

Main fields of research envisaged are e.g. polymer research, biological macromolecules and magnetic
materials. Here methodical progress in energy resolution and intensity of polarized neutrons have to
be emphasized. There is also a new type of on-line positron source for solid state and surface physics
under construction which will surpass the so far available intensity by several orders of magnitude.

3.2. Nuclear and particle phvsics

The preparation of two larger projects for nuclear and particle physics has been started.

3.2.1. Fission fragment accelerator

Based on preparatory work at the ILL a special throughole has been implemented in the reactor block
for the generation of ions beams - fission fragment beams of high intensity, which have been not
available up to now [2].

Neutron tomography

Particle physics with
cold neutrons

Solid state phsics
/ radio pharmaca production

Nuctear spectroscopy

radioactive target

Fig. 2: Layout of the fission fragment accelerator within the reactor building and the eastern
experimental hall.

With this accellerated neutron rich fission nuklid beam it is intended to synthesize neutron rich and
superheavy nuclei and contribute to the understanding of the r-process of nuclei synthesis in
astrophysics. This beam line seems to be of interest also for the production of supportfree special
radioisotopes for nuclear medicine. The organization of an international collaboration for this project
has been started.

3.2.2. Source of ultracold neutrons

Due to our experience in building the UCN source at the ILL a new concept for the generation of an
order of magnitude higher intensity has been designed and will be constructed. With this new source
precission experiments on weak interaction and symmetry breaking issues are planned.
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Fig. 3: Scheme of the new UCN source

4. Applied research and applications
4.1. Characterization of materials and non-desructive testing

The instrumentation and techniques for basic neutron scattering research are of growing interest for
structural chemistry and engineering applications to characterise new materials. Besides neutron small
angle scattering on technical materials high resolution neutron diffraction offers one of the few
possibilities to scan •non-destructively stress and strainprofiles inside the bulk of engineering
components. For this application a special high resolution materials-diffractometer is under
construction and will form the basis for a center of non-destructive analysis of engineering
components.

4.2. Radiography and tomography with neutrons

Because of the large penetration depth of neutrons they have been used since a long time
complementary to X-rays for radiographing engineering components. With the event of high resolution
2-dimensional position sensitive detectors we extended this technique for tomographic applications.
That is the reconstruction of a 3-dimensional image of the inner of an otherwise opaque workpiece [3].

The present setup at the FRM suffers from intensity. At the new reactor with two orders of magnitude
higher intensity routine applications can be predicted. Two tomography facilities one for thermal and
one for fast neutrons will be installed.
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Fig. 4: Scheme of the tomography-setup

5. Irradiation facilities

At the FRM II 5 modern irradiation facilities taking advantage of the available high flux are under
construction. Some of them will be available for neutron activation analysis one of the most sensitive
techniques of multielement analysis of purified materials and for environmental studies.

Isotope production will concentrate on the production of nuklids for radiopharmaca needed in nuclear
medicine for diagnosis and therapy. A special irradiation facility for homogenoeous transmutation
doping of silicon will be installed.

For the therapy of near surface tumors a special irradiation facility with an strongly filtered epi-
thermal neutron beam based on experience with a pilot-facility at the FRM is under construction [4].

The effective use of these variety of multidisciplinary facilities requests the setup of qualified service
teams in addition to the reactor operation staff. For the expected large number of applications in basic
research a suitable selection procedure is under discussion.
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ABSTRACT

By their contribution to a better knowledge of the behaviour of fuel and materials under
irradiation the Material Research Reactors have allowed a hifher safety level of the power
plants. More and more the research programmes request fine well instrumented analytical
irradiations with on line follow up of the phenomena. To answer these requests high
technology level is needed. The paper gives a first answer to the following question "what
could be the needs in the 10 years coming ?", as well for materials as for fuel research
programmes.

1. Introduction

Since almost half a century, research reactors allow experiments leading to better knowledge
of the long term behaviour of irradiated fuel and materials. This knowledge is necessary to get
longer life of power plants, easier operation, improved technical and economical fuel
performances and a better waste management.

Furthermore, industrial applications of neutrons will need to go on the effort for medical
applications, diagnostic or therapy, and for industrial applications, activation analysis and
neutron radiography.

Fundamental research in physics, biology, metallurgy, polymers comportment,
supraconductivity... is also an important work field.

OSIRIS and ORPHEE, research reactors in CEA-SACLAY, like other reactors through the
world, carry on irradiations in all these domains continuously improving their possibilities.

After the important work perform through the world in the numerous existing research
reactors, the question is "What could be the needs in the 10 years coming ?".

Even if an answer to this question is equivalent to a prediction for the future, we will try to
give a first answer.

2. European research reactors

The research reactors allow high flux levels to study the behaviour of fuel and of structural
components and to validate the power plants concept.

Almost all research reactors in Europe were built in the years 60th and can be classified in
relation with their capability to satisfy the different research objectives.

. reactors allowing technological irradiations for the qualification of fuel and for the study of
, the structures under irradiation in power plants. Let's cite, in this category, OSIRIS in France,

HFR in Netherlands, BR2 in Belgium, R2 in Sweden, HBWR in Norway, LVR-15 in Czech
Republic. The RJH envisaged in France within the next decade enters also in this category.
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As we will mainly consider this category of research reactors, the annexed table summarizes
the main characteristics of the european research reactors with the typical irradiation test
sections used in or around the reactor core.

reactors dedicated to neutron flux production and equipped with neutron beams like
ORPHEE and RHF in France. FRM1, in operation, and FRM2, under construction, in
Germany, lead also to this category.

critical mock-ups conceived to validate neutron calculations and to confirm core
configurations. These reactors are characterized by a low power level. The following EOLE,
MINERVE, MASURCA, ISIS french reactors are in this category as well as the VENUS
reactor in Belgium.

reactors devoted to safety studies by simulation of incidental situations, including fusion and
radioactive materials ejection, like CABRI, SCARABEE and PHEBUS in France.

A few reactors used for teaching and operators formation : SILOETTE and ULYSSE in
France.

3. Future fuel irradiation needs

For what concern the fuel, the main needs deal with the augmentation of the power plants fuel
performances for economical reasons and safety level increase. In the short term, allowed burn
up till 60 GWj/t are researched and MOX fuel will probably be used on the same level as UO2
fuel. To reach these objectives, the behaviour of both fuel must be proved till extreme
conditions including incidental and accidental ones. Higher burn ups, american US/DOE speak
higher than 100 GWj/t, are expected by fuel manufacturers.

It seems than that resarch reactors will be used in the future to cover the main following
topics :

- study of fuel behaviour at very high burn up levels, i.e. higher than 50 GWj/t and after
unloading of power plants, the standard burn up levels being presently reached in the power
plants themselves. This study suppose hot cells and well proved technics for the
refabrication of fuel elements receivable by the test sections,

. study of the fuel behaviour in transient conditions. The "power ramps programme" is a
typical example of such a study and it will mainly be extended to MOX fuel and high burn up
fuel,

• incidental and accidental events, like LQss of primary Coolant Accident and Reactivity
Insertion Accident, have to be taken into account. Such severe conditions will be
accompanied by extended safety studies showing the feasibility of such programmes,

• behaviour of absorbants like Gadolinium or Erbium is again of some interest even if less
than foreseen,

• study of new fuel types for present and future power plants as well as for research reactors,

• in the frame of waste treatment, the burn-up of actinides have also to be proved.

To answer all these needs, all research reactors will need new test sections, well instrumented
and well qualified, to allow analytical irradiation programmes. The transducers developped
and located in the test sections will allow the on line follow up of the main parameters :
cladding pressure, components temperatures, cladding and fuel swelling and elongation. The
analysis will be completed by intermediate and final Non Destructive Examinations, mainly
neutron radiographies and spectrometry gamma, and by Destructive Analysis in well adapted
hot cells, for example for the fission products analysis. Let us note that the on line follow up
of the fission gases could be requested as an important parameter.

All measured parameters will lead to a as fine as possible models and calculation codes for
phenomena simulation, the simulation taking more and more place with a view to reduce the
time delay necessary to validate new concepts.
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4. Future materials irradiation needs

On the other side, exploitant wish to know extensive behaviour of the materials, reactor
vessel - mainly for safety reasons - and of all internal componants, with a view to the
prolongation of the reactor life.

One can estimate that knowledge exist today to prove the good behaviour of materials till
40 years. The demonstration till more needs further experiments.

Vessel steel irradiations request particular irradiation conditions and numerous types of
samples must be irradiated with respect to severe thermal conditions : Charpy samples,
traction samples, compact tensile samples...

Internal structure materials need further experiments due to the fact they are mechanically
sollicated under high flux levels. More particularly damage of the materials under flux, for
example under stress fissuration asociated with irradiation influence, must be studied in more
details till ranges between 50 and 100 dpa.

It seems than that resarch reactors will be used in the future to cover the main following
topics :

• study of actual vessel materials for power plants life extension behind the forty years, i.e. for
high integrated doses levels. To take into account all characteristics a lot of samples must be
irradiated in veil representative thermal conditions.

For example,

- large samples, like Compact Tensile samples of 150 mm, must also be irradiated till
fluence of 102 n/cm2,

- thermal affected zones study must be achieved under irradiation.

If extrapolation of the results to actual components is proved, a technics could be develop-
ped for irradiation of small samples only, i.e. mini Charpy samples, small punch test
samples...

If new materials are proposed, complete irradiation programmes could also be necessary.

• achievement of the under way irradiation programmes for material reactor components
which are the most neutronically sollicated materials.

These programmes will give information on the influence of the water chemistry on the
fissuration and corrosion processes.

The development of new programmes is bounded to the will for new materials like materials
with low Nickel content.

• study of fuel clad materials must be pursued till perhaps almost 200 dpa consequently to the
very high burn up levels searched for the future.

The characteristics influencing the fuel - cladding interaction and the corrosion must be
identified with priority. New materials must be searched for.

• fusion needs again research and development. Nevertheless, research reactors may only
satisfy the domain where the fluxes are comparable and not the needs for the highest energy
level of the fusion reactors.

A typical irradiation irradiation need for fusion concerns the ceramical components.

• Waste storage will also request neutron and gamma irradiation of stones, glasses and
concretes.

Research on materials seems to be achieved. Nevertheless it has to be noted that international
needs again exist as well for existing reactors as for planned ones.

Dispersion of known results makes difficult amelioration of the absorption cross sections data,
of the models and, consequently, of the calculation methods.
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Here also the new irradiation programms will request better knowledge of the irradiation
conditions, i.e. more instrumentation for on line follow up. These needs concern the control of
the neutronic fluence, the gamma heating and, perhaps the more important, the temperature.

5. Other future irradiation needs

Research reactors will continue to be used to cover the following topics.

• Production of doped silicium for the industry as the doping quality obtained is better than
with other technics, like the chemical one. Nevertheless if customers ask for heavy water
irradiations some reactors could be eliminated.

• Production of radioelements for medical and industrial purposes. To insure the production
continuity several reactors are needed. New irradiation facilities could be conceived for
larger capability irradiations.

. Neutron radiography technics developed for nuclear programmes are extended to industrial
applications. New development of the tomography technics, i.e. a 3-D visualization of
materials pieces, is a non destructive test of great interest for industry. This application
request sufficiently intense neutron beams.

• In pile facilities analyses of materials by activation technics are also demanded for research
activities.

• Participation to the development of new medical treatment technics, like the Boron Neutron
Capture Therapy, is also a serious field of activity. In this field, ISIS is used for study of the
needed neutron fluxes while the first patients irradiations in Europe were conducted in HFR.

• Contribution to the studies of a hybrid reactor, nowadays under reflexion, could also induce
new irradiation programmes.

• Contribution to the studies of new FBR and HTR reactors could increase and induce new
programmes.

6. Conclusions

The demand for new irradiation programmes is presently decreasing in the field of burn up
accumulation only, due to two main causes :

• the quantity of informations obtained since the beginning of the civil nuclear energy
production is sufficient to prove the good behaviour and the high safety level of the existing
power plants,

. the development of models and calculation codes already allow good simulation and
prediction of the behaviour as well for fuel as for structure materials.

In the future, analytical irradiations, conducted with test sections well equipped with
instrumentation allowing a fine regulation and on line follow up of the main influencing
parameters, will be requested as well for fuel as for materials irradiation programmes.

New research reactor concepts will furthermore take into account the higher neutron fluxes
needed by fast breeder, fusion and hybrid reactors programmes.

Furthermore, almost all new programmes will take place in an international context allowing,
firstly, the obtention of more information within shorter times and with reduced costs and,
secondly, the participation to nuclear development in new countries.
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IRRADIATION
PROGRAMME

Fuel in PWR conditions

Fuel in RNR conditions

Fuel Power Ramps

Materials

Under water corrosion

Industrial
Neutron Radiography

Radioelements

Silicium doping

Therapy by boron neutron
capture

IRRADIATION
DEVICES

Pressurized water Loops
and Capsules

Capsules
Experimental fuel

Pressurized water loops
Pressurized water capsules

Capsules
(NaK filled)

Capsules
(Water filled)

Neutron beams

p.m.

p.m.

Collimator
Neutron flux

RESEARCH
REACTOR

OSIRIS - BR2
OSIRIS - HFR

PHENIX

OSIRIS - R2
BR2

OSIRIS - HFR - BR2

OSIRIS - HBWR

ORPHEE

ALL excepted R2 - HBWR

BR2 - ORPHEE - OSIRIS

Contribution at ISIS
Treatment of patients

at HFR

FUTURE
NEEDS

More instrumentation
- Incidental/Accidental
conditions simulation

Fine analytical
irradiation capabilities

More instrumentation

More instrumentation
on line stressed

3D visualization

p.m.

p.m.

p.m.

Table : Summary of main irradiation programmes needs and associated reactors
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Summary

The two types of fuel most frequently used by the main research reactors are metallic:
highly enriched uranium (>90%) and silicide low enriched uranium (<20%) at 4,8 g/cm3.

However, a need exists for research on new reactor fuel. This would permit some plants
to convert without losses in flux or in cycle length and would allow new reactor projects
to achieve higher possibilities especially in fluxes. In these cases research is made either
on silicide with higher density, or on other types of fuel (UMo, etc.).

In all cases when new fuel is proposed, there is a need, for safety reasons, to test it,
especially regarding the mechanical evolution due to burn-up (swelling, etc.). Initially,
such tests are often made with separate plates, but lately, using entire elements.
Destructive examinations are often necessary.

For this type of test, the High Flux Reactor, located in Petten (The Netherlands) has
many specific advantages :

a large core, providing a variety of interesting positions with high fluence rate
a downward coolant flow simplifies the engineering of the device
there exists 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 to tailor-made experimental devices
a well equipped hot-cell laboratory on site to perform all necessary
measurements (swelling, y-scanning, profilometry) and all destructive
examinations.

In conclusion, the HFR reactor readily permits experimental research on specific
fuels used for research reactors with all the necessary facilities on the Petten site.
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Introduction

The HFR located at Petten (Netherlands) belongs to the Institute for Advanced Materials
of the Joint Research Centre (JRC) of the European Commission. The day-to-day
operation and maintenance of the plant are carried out 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 1962, and following complete refurbishment in
recent years, 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.

The reactor provides a variety of irradiation facilities and possibilities : in the reactor core,
in the reflector region, and in the poolside. Horizontal beam tubes are available for
research, and medical applications with neutrons. Gamma irradiation facilities are also
available. Excellently equipped hot-cell laboratories, on the Petten site, can virtually
provide all envisaged post-irradiation examinations.

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 co-operation 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.

HFR is also in the core of the Medical Valley association. This association between IAM,
NRG, Mallinckrodt and hospitals leads to a medical structure unique in the world, and
more than 50% of the reactor is already used for medical applications : radio-isotope
production, Boron Neutron Capture Therapy, etc.

The present HFR operating schedule consists of 11 cycles of 28 days (24.7 days of full
power operation and 3.3 days for core reloading procedures) and 2 maintenance stops
of about 4 weeks resulting in at least 280 days of full power operation per year. The
yearly operational plan for the HFR is issued in October and is followed as closely as
possible to offer the users a predictable timetable for reliable experimental and isotope
production planning.

Why MTR fuel testing?

Tests are requested for MTR fuel for several reasons :
Existing MTR fuel. Even for existing and well-known MTR fuel some needs can
exist for specific use (high burn-up,....) or for testing new specifications of
fabrications (clad thickness )
New reactor projects. For new reactors (FRM II, Horowitz,...) specific new fuels
are designed to reach higher performance for these reactors. These new fuels
have to be tested.
New fuel development. To extend the RERTR programme, new fuels are under
development (UMo for example) and need also to be qualified.
New producers. A new producer needs a qualification of his products.
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What are the results to provide during a test?

• Swelling
The main qualification for a new fuel is the verification of fuel swelling with burn-up.
This verification can be made at the end of the test, or at the end of each monthly
cycle.
In fact, and if the final result expected is "not swelling", a final measurement of plate
thickness is sufficient.
This measurement can be made under water (more difficult to manage, but possible
to do shortly after irradiation) or in a hot-cell (more time for a decreasing residual
power is still necessary).

• Cladding failure
The operation with this fuel can demonstrate that cladding failure or not, occurred
during the cycles.

• Destructive test
For final qualification, only a destructive test in the hot-cells can give a final status of
the fuel after irradiation.

• Burn-up value
The final burn-up is often given by (y-scanning measurements in the hot-cells.
A more precise status of the final burn-up can also be given by chemical means,
but it is a very expensive method.

• Conclusion
After the test, the customer, will know the following points for the fuel, for a given
burn-up
- cladding failure status
- swelling status
- final status of the fuel after destructive examinations (micro-structure of the meat,

chemical bum-up measurements).

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.
Therefore, 19 experiment positions exist with various flux possibilities.

The following table gives, for example, the flux (average value) in two different places
(inrrr2s-1)

Position
H2
C5

Fast Flux (E>1MeV)
0,43.1018

2.06.018

Total flux(E>0,1MEV
0,91.1018

3.89.1018
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• Thermohvdraulic limits
Operation is restricted to under 90 kW/plate. In case of difficulties, 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 larger flux is available.

• Number of operating days
With more than 280 operating days/year, the necessary burn-up can be reached
more quickly in HFR than in most other reactors.

• Device
Two possibilities exist for the test: the plates are made under the final form of HFR
fuel assemblies (horizontal cross section 81 x 77 mm, height 924 mm) and tested as
normal;
or plates of other dimensions are taken and irradiated in tailor-made holders.
The downward coolant flow simplifies the engineering of these holders which serve
only as a mechanical support of the plates.

• Measurements
All necessary measurements can be performed within easy access in the hot-cells

swelling measurements by mechanical apparatus in the hot-cells
- -/-scanning

all destructive examinations (micrographics ).

• Calculation and engineering
All the possibilities of neutronics thermalhydraulic calculations and engineering
designs and manufacture are available on-site. You will find in figure 1 an example of
a neutronic analysis (WIMS) on test fuel plates. The fig. 1 shows the full neutronic
model applied for a power-level study on a tailor-made facility containing three
different core-positions (G3, G5 and G7).

HFR fuel testing experience :

• Within the framework of the US sponsored RERTR programme, a total of 6 LEU
elements have already been test irradiated in the High Flux Reactor (HFR) during the
period 1981 to 1991. These elements containing U30s, U3Si2-AI and U3Si15-AI were
fabricated by NUKEM (Germany), CERCA (France) and B&W (USA) respectively.
The results of the in-core behaviour and the findings of PIE were reported at different
RERTR meetings [1].
The tests were conducted in-core with full size elements and with the number of
plates reduced from 23 to 20 for each element.
The tests were conducted up to a burn-up of 50% to 75%, without mechanical
problems (swelling or fuel deformation).

• More recently full size tests of LEU elements produced by UKAEA, (Dounreay, U.K.)
were conducted in-core [2], [3]. The two LEU elements completed 12 HFR cycles
(307 full power days) to a burn-up of 55%.
Coolant gap checks and visual inspections were performed after each cycle
throughout the irradiation period, verifing good in-pile behaviour of the fuel elements.
At present the agreed PIE is being performed at ECN's hot-cell laboratories.
The objective of these tests is the qualification of the UKAEA silicide production
process.
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Conclusion

For qualification of research reactor fuel, the HFR has possibilities to test 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-celi laboratory on site to perform all necessary measurements

(swelling, (y-scanning, etc.) and all destructive examinations.
Several fuel tests for the future are presently under preparation.
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Fig. 1 : Model used for the core calculation for an MTR fuel test with a
tailor-made device for three plates
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ABSTRACT

The present paper represents short description of the research reactor IRT-2000 Sofia,
started in 1961 and operated 28 years. Some items are considered, connected to the
improvements made in the contemporary safety requirements and the unrealizes project for
modernization to 5 MW. Proposals are considered for reconstruction of reactor site to a
"reactor of low power" for education purposes and as a basis for the country nuclear
technology development.

1. Introduction
The IRT-Sofia nuclear research reactor was designed and built between 1959 to 1961.

First criticality was reached in September 1961 and it was put into normal operation at 1 MW
in November 1961. There were two increasings of its power to 1,5 MW in 1965 and 2 MW in
1970. In the 28 years of operation the reactor has been started 4189 times to run 24 624 hours
at different power levels.

The IRT-Sofia nuclear research reactor is situated East of Sofia, 8 km from the city
centre. By that time there were no dwelling houses in a radius of 3 km around reactor building.
However, at present dwelling houses have been built at a distance of 350 - 500 m of the
reactor building.

2. Description of research reactor IRT-2000 Sofia
The IRT-Sofia is a pool-type research reactor with light water used as a moderator, a

coolant and a top shield. The reactor core has the shape of a parallelogram with dimensions
527x429x500 mm. It is fixed to the bottom of the reactor pool containing about 60 m3 distilled
water. The lattice is a square with a pitch of 1.6 cm for the fuel rods and 7.15 cm for the fuel
assemblies. The initial criticality is achieved with a load of 3.37 kg U. Up to 48 aluminium
cladded fuel assemblies can be inserted in the core grid.

Two types of cylindrical fuel elements of low 235U enrichment - 10% (EK-10) and 36%
(C-36) and three types of fuel assemblies were used during the 28 years of operation.

IRT-Sofia has been operated 34 fuel assemblies core, each containing 14 or 15 or 16 fuel
elements, 13 graphite blocks as reflector and one specially designed in-core experimental
assembly, used for irradiation of samples at maximum thermal neutron fluxes about 3.2*1013

cmV.
The reactor shut-down system consist of 7 in-core control rods: 2 safety rods and 4 shim

rods, both made of Al-cladded boron carbide, and 1 automatic regulating rod made of stainless
steel.
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The reactor cooling is achieved by two-loop cooling system. The immediate core cooling
involves three pumps and a special water pump (ejector), which drive 180 m3 of water per
hour. This water is continuously purified by purification system that consists of 2 mechanical
and 4 ion-exchanging filters and passes through the two heat exchangers of the secondary
cooling loop.

At a reactor power level of 2 MW the maximum temperature on the surface of the fuel
element does not exceed 90°C while the temperature of reactor pool water reaches 42°C.

The irradiation of samples and production of isotopes is carried out using 12 vertical
experimental channels, 11 located in core periphery, one in the core centre. There is one
special in-core assembly and two pneumatic transfer tubes. Neutron beam experiments are
performed on the 11 horizontal beam ports: 9 radial 100 mm in diameter, one tangential 150
mm in diameter and one radial 150 in diameter, which crosses the thermal column. The
shortest beam port is 2.3 m long. All beam ports are equipped with beam shutters driven either
manually or remotely by electrical motors.

The principle areas of reactor usage ranged from fundamental and applied research to
technological and commercial applications. The reactor has been used for research in the field
of nuclear physics, biology, solid state physics, radiation tests of materials, neutron
radiography, production of isotopes and others. Moreover, the research reactor was an
important place for university and postgraduate education and training.

3. Project for modernization of IRT-2000 and present status
During the period 1982-1986 the operating organisation jointed with Kurchatov Institute

of Atomic Energy from Moscow and Energoproject from Bulgaria were prepared the project
for modernisation of the reactor and upgrading its power to 5 MW and more. For this purpose
28 new fuel assemblies of type IRT-2M (36% enrich. 235U) was purchased and delivered. They
contain tubular co-axial fuel elements (4 or 3 tubes) with shape of square cross section, wall
thickness 2 mm and Al cladding with 0.5 mm thick. The modernization project included a new
lining of stainless steel, covering the existing one, replacement of some aged reactor systems
and use of beryllium as moderator.

Unfortunately, after the Chernobyl nuclear accident the Bulgarian Regulatory Body
undertook a re-examination of the rules and regulations so that many remarks and additional
requirements had to be responded. On 13 July 1989 the reactor was shut-down by the
Regulatory Body. The main reason was to meet the new safety requirements.

At the request of the Bulgarian authorities an INSARR mission of IAEA experts visited
the reactor site in August 1990 and in January submitted to the authorities an independent and
comprehensive evaluation of the nuclear safety and radiation protection of the existing reactor.
The main conclusion of the experts was that the IRT-Sofia research reactor could be operated
safely due to its general characteristics of design, low power, good operating experience and
procedures.

Some recommendations were given about the installation of an automatic system which
will give a necessary threshold for the reactor scram due to seismic events; incorporating of
iodine filters in the ventilation system that will subject additional cleaning of the air in cases of
abnormal events (release of fission products) and including the additional scram signals in the
protection system. These recommendations was completed partially. In 1992 the project for
changes in the present active ventilation system has been submitted to the authorities and

. iodine filters was bought but not installed.
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In 1992 very sensitive seismic study was carried out at the reactor building. The reaction
of the structures at different levels has been investigated by measuring the vibration spectra
generated by means of the reactor's heavy load bridge-crane. All this information has been
used to evaluate the threshold for reactor scram due to seismic events. The threshold was
specified as 0.035 g. These studies led to a proper choice of an appropriate seismic system and
3 seismic detectors were installed at different places at the reactor. In 1993 was completed the
3th edition of the Safety analysis report.

During the 28 years of operation in the reactor core were loaded 73 fuel assemblies
with 1140 fuel elements. Since 1989 73 spent fuel assemblies are stored on racks in a separate
storage pool of about 12 m3 deionized distilled water, connected with the reactor pool by an
inclined channel for refuelling operations. The total activity of fuel assemblies is about 2700 Ci
and mainly is due to of activity of Cs137, Sr90 and Kr85. The maximum heat decay of most
loaded fuel assembly is 2.46 W. A special device is used for periodic gamma-spectrometry
scanning of the fuel. Also, visual inspections for possible corrosion spots on the fuel surface
are carried out using the first hot cell of the radiochemistry laboratory.

It is expected to sign a contract, necessary for the transportation of 57 spent fuel
assemblies EK-10 and 16 assemblies C-36 to the producer country - Russia, the transportation
of the liquid radioactive wastes and the necessary studies of the IRT-2000 building.

4. Proposals for future development
A detailed analysis was completed in 1998 under request by the Government of the

necessity, workability and possible variants for a reconstruction, extended shutdown or
decommissioning of the IRT-2000, Sofia. The concluding proposal was finally to stop the
operation of the experimental reactor IRT-2000 at power and to examine the opportunities for
further utilisation of the reactor site, the available IRT-2M fresh nuclear fuel, the devices and
equipment of IRT-2000, also by their reconstruction and modernisation for educational,
applied and scientific purposes as a reactor at nominal power 200 kW and maximal power up
to 500 kW. The operational parameters and low radiation impact only in the reactor main hall
make this powerful source of neutrons, which is suitable for both scientific and applied studies,
safe and ecologically admissible at the existing IRT-2000 reactor site.

To this will help the assessment of the reactor made by a consortium of the English firm
AEA Technology pic (UK) and the Spanish INITEC SA (Spain), which will perform during
this year an independent accurate analysis of the state and further utilisation of the equipment
under the PHARE project (PH4. 11/95) "Study on pool type research reactors in countries
assisted by the PHARE programme".

In case that the results show impossible further utilization of IRT-2000 site the
decommissioning will be too complicated problem because of the lack of National depository
for solid radioactive wastes, which is to be put into operation during the next 10-15 years.

Additionally to that our proposal is that in mid-term perspective one should start the
prospects for the necessity and expediency of building up a new research reactor at a proper
site. This should not be associated with the building up of a nuclear reactor of type "reactor at
low power", which is supposed to preserve the intellectual potential, extremely valuable for the
country power production and the national prosperity in the course of the next 10-15 years.

Nuclear reactor of type "reactor at low power" will be the only nuclear facility in the
country. It is going to be used experimental basis for education of nuclear specialists here and
in the region. The Sofia University faculties of physics and chemistry and our Technical
Universities need the experimental nuclear reactor as long as the Bulgarian specialists on
nuclear energy and nuclear technology, nuclear physics, radiochemistry and radiation chemistry
are mainly educated there.
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Some more important abilities of nuclear reactor of type "reactor at low power" are
related to the following areas:

- Education and qualification of personnel: this basis would make the education in our
universities valuable and competitive to the European and international criteria.

- Application in medicine: Horizontal neutron flux could be taken out from the core to
equip a clinic for neutron therapy mainly of brain tumors. Production of radioactive isotopes
and nuclides - 182Ta, 192Ir, 86Rb, 131I for medical usage, imported at the moment in not sufficient
quantities because of lack of assets. Production of 99mTc using irradiated outside the country
target of molybdenum, which is going to diminish by a half the expenditure for import of
technetium generators, extremely necessary for early diagnosis of oncological disease.

- Production of short life-time isotopes and application in industry and agriculture (e.g.
radioactive bromine for hydrological studies, reservoir leaks etc.)

- Neutron activation analysis; Multielemental analysis of 30 elements in a sample with
accuracy up to 1*10"9 g/g with ability to make 20000 analyses early. Irradiation and analysis of
geological and other samples, prospects for petrol included. Samples from the environment will
be analyzed, application in criminology, industry, medicine, observance of EC ecological rules.

- Biological studies of radiation impact, also investigation of low dose exposure
consequences

- Application of nuclear-physics methods for analysis of processes, materials and
examination of radiation impact on environmental objects.

- Study of dozimetry and radiometry methods and appliances, connected with reactor
utilization for the metrological requirements of the country nuclear power production.

5. Conclusions
We insist that the prospects for building up of a nuclear rector of type "reactor at low

power", applying the wide international experience in utilising such a units and drawing offers
from well known international firms. The unit profitableness and financial items will be
analysed in the course of the investigation as it is done in such a projects.
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ABSTRACT

The Monte Carlo feasibility study of development of epithermal neutron beam for BNCT
clinical trials on Jozef Stefan Institute (JSI) TRIGA reactor is presented. The investigation
of the possible use of fission converter for the purpose of enhancement of neutron beam, as
well as the set-up of TRIGA reactor core is performed. The optimization of the irradiation
facility components is carried out and the configuration with the most favorable
cost/performance ratio is proposed. The simulation results prove, that a BNCT irradiation
facility with performances, comparable to existing beams throughout the world, could be
installed in the thermalizing column of the TRIGA reactor, quite suitable for the clinical
treatments of human patients.

1. Introduction

With the prospective of selective concentration and build-up of 10B isotope in a tumor tissue,
Boron Neutron Capture Therapy (BNCT) proves to be the state-of-the-art approach for treatment of
malignant brain glioblastomas (GBM). It also offers a substantial therapeutic advantage over
conventional radiotherapy, when pancreatic cancer and bone sarcomas are treated.

In Slovenia at least twenty new patients fall ill for GBM every year. Most of them die within two
years. Therefore, the development of irradiation facility for clinical use is almost indispensable
alternative to the epithermal neutron beam for "in-vitro" experiments on tumor cells or laboratory
animals, already installed in the radial channel of the JSI TRIGA reactor [1].

This contribution presents the results of feasibility study of development of epithermal neutron
beam for clinical BNCT trials in thermalizing column of TRIGA reactor, using the general purpose
Monte Carlo code MCNP4B [2]. The study was merely focused on the:

1. set-up of the TRIGA reactor core,
2. investigation of potential use of fission converter, as the amplifier of the neutron flux, and

determination of the burn-up of the fissile material as well as the
3. optimization of the BNCT facility components and recommendation of the configuration with

the most favorable cost/performance ratio.

2. Monte Carlo model of irradiation facility

With a unique "dry cell"1, the JSI TRIGA reactor has an important advantage: a space (Fig. 1) with
approx. ground plan dimensions of 3x3 m2 and available radiation protection, could be appropriate for
the patient irradiation room, decreasing substantially the costs for the development of the clinical
BNCT facility.

To affirm a fast and efficient convergence of a fission source spatial distribution, the core (Fig. 2)
was modeled as cylindrical as possible. It has 57 fresh fuel elements (12% enriched) concentrated in F
ring in order to enhance the neutron flux in thermalizing column. The ketr of the core was
1.0034±0.0007.

'"Dry cell" is a place, primarily devoted for a pool-type storage of a TRIGA reactor spent fuel elements,
currently refurbished for experimental purposes.
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Fig. 1 The 3D Monte Carlo model of the TRIGA
Mark II research reactor
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Fig. 2 Radial cross-section of the TRIGA
reactor core model

3. Suitability study of a fission converter as a neutron flux amplifier

With the small-power TRIGA reactors the recommended therapeutic limit level (>109 n/cm2s) of
epithermal (0.4 eV<E<10 keV) neutron flux Oepi is not easy to obtain. It has been proven in [3], that
utilizing the fission converter, the satisfactory high epithermal neutron flux with treatment times less
than 60 mm can be obtained. In this study the fission plate, already existing at US, with 1468 g of 20%
enriched U was encountered. It was estimated that even in the case of using the fission converter for
the purpose of BNCT treatments for 10 years the burnup would be less than 3%.

Two main calculations (with and without fission plate) were performed. It is evident from the
results in Table 1, that fission plate enhances epithermal neutron flux Oep, for a factor of 2.4 and
specific fast neutrons dose rate for approx. 18%. On the other hand the specific gamma dose rate

(DT/Oep0 i n irradiation point is decreased for factor 2.3. since the major contribution of gamma rays
comes from reactor.

Table 1 Efficiency of fission plate as a neutron flux amplifier for BNCT irradiations
Neutron

source
TRIGA (250 kW) +f.p. (2.0 kW)

TRIGA (250 kW)

Oepi

[108n/cm2s]
1.7
0.6

D nfast/^epi

[10 13 Gycm2/nepi]
2.6
2.2

[10- I3Gycm2/nepi]
2 . 3 •

5.2

J epi'

0.62
0.58

Configuration: 20 cm Al (2.7 g/cm3), 30 cm A1F3 (4.0 g/cmj), 0.05 cm Cd, 15 cm Pb, Pb collimator, 5.5 cm
Li2CO3-poly of neutron shielding

4. Parametric studies of components for BNCT facility

4.1 Reflector materials

It was estimated in [3], that the epithermal neutron flux can even be doubled, if the appropriate
materials surrounding the filters are applied. Materials like Ni, Pb, Bi, C and PbF2 were compared in
case of my study. The optimum Oepi curves with the optimum reflector thickness can be observed,
except for the PbF2 as it was estimated as an excellent alternative to A12O3 and A1F3, recommended as
independent filter and reflector. From the Oepi (see Fig. 3) and D nfast/̂ cpi point of view, Ni
outperforms other materials. Its major drawback is relatively high cross-section for (n.y) reactions
comparing to other materials.
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4.2 Gamma shielding

Fig. 4 Specific gamma dose rate for
different thickness of gamma shield

Attenuation of <J>epj and efficiency of gamma rays absorption (Z)r/Oepi) was calculated for Bi, Pb,
PbF2 and Pb+0.05 wt% 6Li. Bi and PbF2 prove similar properties from the attenuation of <J>epi, as well
as absorption of gamma rays point of view. Mainly from technical reasons, Bi was selected as the
material for gamma shield. The thickness was estimated to be 10 cm, as this is the value where
specific gamma dose rate per epithermal neutron (Dy/<&epi) decreases below the recommended
therapeutic limit of 3-10"11 cGycm2/nepj (Fig. 4).

4.3 Epithermal neutron filters

Following materials2 were considered in calculations: A12O3 (with density of 2.3 and 3.9 g/cm3),
A1F3 (with density of 2.8 g/cm3), FLUENTAL™ (69% A1F3, 30% Al, 1% Li), PbF2 and Teflon™(CF2).
16O and 19F in stated materials serve as elastic scatterers of neutrons in epithermal region, with
additional capability of 19F to scatter inelastically neutrons with energies above 100 keV (see Fig. 5.12

in [4]). The moderation efficiency (enhancement of <E>epi with decrease of D nfast) was probed with the
MC transport of neutrons through the 50-cm thick slab of material (see Table 2).

Table 2 Moderation properties of selected epithermal neutron filter materials (slab thickness 50 cm)
Material /

density (g/cm3)
A12O3 (2.3)
A12O3 (3.9)
A1F3 (2.8)

FLUENTAL™ (3.0)
PbF2 (8.2)

Teflon® - CF2 (2.2)
Therapeut. lim. values

^ t e r m

(107n/cm2s)
0.8
0.9
0.8
0.0
0.7
1.2
-

<J>epi

(109n/cm2s)
1.9
1.3
2.0
0.8
2.0
1.5
1.0

^nfas/Oepi
(xlO"13 Gy cm2)

17
4.7
3.5
1.8
2.5
5.2
5.0

Specific cost3

(103 DEM/109 neci)
1

17
0.5
210
37
17
-

a - based on the extensive survey on commercial materials presented in [4]

FLUENTAL™ and lead fluoride (PbF2) outperform other materials, when the level of epithermal
neutron flux and specific fast neutron dose rate are considered. FLUENTAL™ also provides very good
spectrum shifting (Fig. 5) to the epithermal energies range (0.4 eV<E<10 keV) with excellent thermal
neutron cutoff.

2 Based on a pilot study of moderating properties of 16 materials, with an emphasis on flourides, presented in
[5].
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5. Proposed configuration of BNCT irradiation facility

The proposed configuration have the following characteristics (see Fig. 6):

- epithermal filter - 50 cm of FLUENTAL™,
- thermal neutron absorber - 0.05 cm of Cd,
- reflector - 10 cm of PbF2,
- collimator - PbF2 cone,
- gamma shield - 10 cm of Bi,
- neutron shield - 6 cm of Li2CO3-poly3,
- neutron source - 250 kW TRIGA reactor and 2 kW fission plate.
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Fig. 6 MCNP model of the proposed BNCT facility

With the proposed configuration epithermal neutron flux of 3.7-108 n/cm2s (±3%) can be achieved.
V 1 3The purity of neutron beam, D .W^epi is 2.6-10"13 Gy cm2 (±10 %) and £)7/Oepi is 1.7-10"1J Gy enr

(±6 %), is comparable to the most of proposed or existing BNCT facilities. A very good spectrum

3Material based on the model of 300 kW slab TRIGA reactor presented in [6].
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shifting towards the epithermal energies is observed (see Fig. 7): thermal flux <E>term (EO.4 eV)
presents 1.5%, epithermal (£>epi (0.4 eV<E<10 keV) even 95% and fast flux $fast (E>10 keV) 3.5% of

integral neutron flux (0 eV<E<20 MeV). The collimation of neutron beam is satisfactory: /epi/^epi is
approx. 0.6.

10'8 10 ' Iff* 10"5 10"4 W 3 10'2 10' 10° 10'

Energy [MeV]

Fig. 7 Neutron flux per unit lethargy for proposed configuration

6. Conclusions

The results of Monte Carlo calculations prove the thermalizing column of the TRIGA reactor as a
quite appropriate for the installation of efficient irradiation facility for a clinical BNCT treatments.
The refurbishment of the thermalizing column for the purposes of BNCT clinical treatments requires
some significant improvements on the reactor itself and accompanying equipment:
- the upgrade of TRIGA reactor from current 250 kW to 750 kW would almost be mandatory. In

this case the recommended therapy limit of <Pepi (109 n/cm2s) can be exceeded for 10%, keeping
the treatment times around 50 min. If the reactor retains the existing power level, the treatment
times should be substantially longer (up to 2.5 h).

- the application of the fission converter for the purposes of BNCT irradiation in TC/DC, would
require the installation of air based cooling system, with capacity of 500 m3/h.
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ABSTRACT

The RERTR program started in 1978 and had its last annual international meeting in Sao
Paulo, Brazil in October 1998. The target of this program is to eliminate the risk of
proliferation and misuse of the HEU by converting research reactors from using HEU to
LEU.

36 research reactors are in the process of conversion (8) or fully converted (28) on the
basis oft the existing U3Si2 (4.8 gU/cc) fuel. Higher density fuels up to 8 - 9 gU/cc on a U-
Mo basis are being developed to also achieve the conversion of high performance research
reactors.

The U.S. spent nuclear fuel return program is under good progress. Efforts are being made
to establish similar RERTR and spent fuel return programs in Russia. Concerns about
missing global or regional back-end solutions mainly for countries without a nuclear
program were raised.

1. Introduction

Since 1953, under the ,Atoms for Peace' policy of president Eisenhower the U.S. has been delivering
HEU (High Enriched Uranium) for civil research and development into the Western hemisphere and
has been taking back the spent fuel for reprocessing respectively storage and disposal.

In order to eliminate the risk of proliferation and misuse of the HEU, which is weapons grade material,
the RERTR program (Reduced Enrichment for Research and Test Reactors) was started by the U.S. in
1978 under the Jimmy Carter administration. This program follows the goal to convert all research
reactors from using HEU, of basically U.S. origin, to LEU (Low Enriched Uranium < 20% U-235) in
order to eliminate the HEU from international commerce. New technologies have been developed to do
this without significant penalties in experiment performance (neutron flux density), economic or safety
aspects of the reactors.

The yearly open international RERTR meeting has been following up the progress of the program and is
a valuable platform for an exchange of information on all different aspects, e.g. front and back-end of
the fuel cycle, transportation, isotope production.

The 21st RERTR meeting was held in Sao Paulo, Brazil from October 18 to 23 and hosted by IPEN,
the national institute for nuclear and energy research in Brazil. IPEN is operating the IEA—Rl research
reactor at the university of Sao Paulo which was fully converted to LEU in 1997.

An important milestone of the RERTR program was already reached in the mid of the 1980's by
qualifying a uranium-silicide fuel composition (U3 Si2) with a density of 4.8 gU/cc. With that fuel the
technological basis was set to convert more than 95% of the research reactors concerned. In order to
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convert also the remaining so-called unique purpose reactors a new program was started at the U.S.
Department of Energy (DOE) in its Argonne National Laboratory in 1996 in order to develop a higher
density fuel up to 9 gU/cc.

DOE announced in 1996 that a total of approximately 19.61 of heavy metal (HEU + LEU) is spread out
worldwide and correspond to about 22,700 MTR and TRIGA fuel assemblies and target material for
the isotope production. This material can be returned to the U.S. under a prolonged spent fuel return
policy in a given time window for use in the reactor from 1996 to 2006, provided the spent fuel is sent
back by May 2009. MTR fuel is stored in DOE's Savannah River Site (SRS) in wet storage and
TRIGA fuel in the INEEL (Idaho National Engineering and Environmental Laboratory) in dry storage. -

When the program proved to be a success also Russia and China were approached by DOE to establish
similar programs in their areas of interest at the beginning of the 1990's.

2. RERTR '98: General Remarks

Sao Paulo is a fascinating and adventurous location like many of us could experience very closely. The
conference hotel was right in the center of the city in the middle of more than 20 million people and a
mass of skyscrapers. About 50% of the gross national product of Brazil is being produced in the area of
Sao Paulo.

The meeting was very well organized and prepared by IPEN. 171 registered participants plus spouses
coming from 26 countries and 4 agencies were very friendly managed by the host. 50 participants came
from Brazil, 39 from the USA, 13 from Russia, 12 from Argentina, 10 from Germany, 7 from France, 5
from Japan, 4 from South Korea and < 4 from other countries worldwide. Following agencies were
represented: IAEA, European Commission, EURATOM Supply Agency, ABACC (Safeguards Agency
for Brazil and Argentina).

During 5 days, in 9 sessions were 73 papers presented. A breakdown is given below:

Session
1 National Programs
2 Fuel Development
3 HEU and LEU Fuel Cycle
4 Fuel Testing and Evaluation
5 Core Conversion
6 Spent Fuel Transportation and Storage
7 Methods
8 Core Conversion
9 Production of Mo"

Papers
8
14
3
5
13
8
5
8
9

New research reactors are worldwide under design or construction in: Australia, Brazil, China,
France, Germany, Russia and Thailand. They all will be fueled with LEU except the FRM-II reactor in
Germany which is designed to use HEU.

3. LEU Conversion Progress

During the past year, conversion was completed at the IEA-R1 (Brazil) and JRR-4 (Japan) reactor and
conversion was begun at the HOR (Netherlands) reactor.
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The total list includes 36 converted reactors, i.e. paperwork has started or is done, the license for
operation has been applied for or is issued and the conversion is under progress or the core is fully
converted to LEU. A large majority of 28 reactors (including 10 U.S. reactors) are fully converted, 5
non-U.S. reactors are partially converted and 3 non-U.S. reactors ordered a LEU core or have it
fabricated already. It should be mentioned that some of the fully converted reactors are already shut
down and being decommissioned.

4. Fuel Development

The development of high-uranium-density fuels began to bear significant results within the past year.
The first two batches of microplates using 10 different U/Mo and U/Nb/Zr alloys were irradiated in the
ATR (Advanced Test Reactor, Idaho) up to 70% burnup. The UioMo fuel with approximately 4.8
gU/cc behaved very well under irradiation and seems to be a preferred candidate to achieve the goal of 8
- 9 gU/cc. The microplates were undergoing post-irradition examination at that time.

About a significant progress in the development of a process to produce fission Mo" from LEU targets
was reported. A third series of LEU metal-foil targets was irradiated. After separation from their
enclosures, the metal LEU foils contained in the targets were successfully processed to extract from
them the Mo" formed during irradiation. The chemical processes to be used in combination with LEU
metal-foils were refined.

The LEU design for the Munich FRM-II reactor was again subject of a paper presented by ANL. New
technical issues and the transient behavior of the LEU core design under hypothetical accident
conditions were considered.

The French fuel fabricator CERCA follows a two-fold line in developing high-density fuels. A recent
progress was made with the U3 Si2 fuel loaded with 6 gU/cc. Its irradiation program was successfully
completed and the post-irradiation examination is still under progress. The U-Mo fuel development line
demonstrated already in 1997 that thermally stable plates loaded with up to 8.3 gU/cc were achievable.

5. Fuel Cycle

The front-end of the fuel cycle, i.e. the supply of fresh uranium for the fuel element and target
production was no subject of concern. One paper reported about the efforts of an ASTM Subcommittee
to agree on a new standard for uranium metal for the research reactor fuel fabrication.

About the back-end of the fuel cycle was broadly reported. The U.S. Foreign Research Reactor Spent
Nuclear Fuel (FRR SNF) Acceptance Program is being considered as great success. Four shipments to
the SRS containing 858 SNF assemblies and one shipment to INEEL containing 299 SNF assemblies
were shipped within the past year. Altogether the U.S. has accepted 2,231 SNF assemblies in 8
shipments from 15 countries under the new program, imported mainly through the East but one also
through the West coast.

In 15% of the available time window only 11% of the expected SNF had been shipped to SRS. This
could lead to a bottle neck at the end. This was pointed out to reactor operators combined with the
request to make adequate arrangements in time. DOE, on their side, released a revised Record of

- Decision (ROD) which allows now 16 instead of only 8 casks per ship for speeding up the return of
SNF. Upcoming discussions about an initiative for extending the time window of this SNF return
program was rejected by DOE representatives. They considered such discussions as counter-productive,
at least at this point of time.
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The fees which have to be paid by customers from so-called 'high-income economy' countries
(according to an UN definition) has not been increased since the beginning in May 1996. The fees are
USD 4,500 for aluminide and TRIGA fuels and USD 3,750 for silicide fuels per kg of total metal
delivered.

No legal challenges of the SNF return policy in the U.S. or other troubles with the shipments have
recently occurred. Companies have invested in shipment flasks for SNF from research reactors in order
to replace outdated ones and to extend the capacity.

COGEMA again offered its reprocessing capability for uranium-aluminide spent fuels with uranium -
plutonium separation, blending down the U-235 enrichment to 1% and the obligation for waste return.
The compacted and vitrified waste is being returned in standardized and qualified containers. The small
plutonium amounts can be taken over by COGEMA. This is a long term back-end solution which
outlasts the current U.S. return program. Uranium silicide fuels can not be reprocessed.

COGEMA co-operates with CERCA in developing new fuel compositions which can replace the LEU
silicide fuels by 2005 and which can be reprocessed in a more economic way. The international
community was kindly invited to participate in the research program.

6. Other RERTR Programs

In May 1996 a co-operation agreement was signed between the U.S. and Russia to establish a Russian
RERTR program. On the U.S. side the ANL (Argonne National Laboratory) and on the Russian side
several major nuclear research institutes are involved. The conversion of Russian built research reactors
is based on LEU UO2-AI (2.5 gU/cc) and not U3 Si2-Al as is the case in the U.S. RERTR program.

During the past year irradiation of UO2 test elements has been continued and the technical feasibility for
converting Russian built reactors in Russia, Hungary, Poland and Uzbekistan has been assessed. To the
contrary, a program of converting three powerful Russian reactors from using natural uranium to
HEU (90% U-235) was introduced. These reactors at Tomsk and Krasnoyarsk - former closed cities -
were built in the 1960's to produce plutonium, heat and electricity. For eliminating significant
plutonium production and have the reactors still available for the urgently needed heat and power
production the program aims to operate these reactors with UO2 dispersion fuel.

The efforts to also establish a Chinese RERTR program or at least a closer co-operation were not
successful yet, mainly for political reasons. But talks are still continued on a scientific level.

7. Round Table Conclusion

The international co-operation and the progress of the RERTR programs were highly appreciated. In
particular the U.S. Foreign Research Reactor Spent Nuclear Fuel (SNF) return program was considered
as a great success and very helpful for reducing the risk of proliferation by eliminating HEU from
international commerce.

Concerns about a missing global or regional back-end solution were raised, especially by the IAEA.
-Countries without nuclear power programs would be left alone when the U.S. spent fuel take back
program will be terminated by the year 2006. A unified request was sent to Russia to set up a similar
program to that in U.S. but for the Russian origin research reactor fuel.

42



Serious concerns were raised mainly by the Nuclear Control Institute about the program to convert the
three former Russian plutonium production reactors to the use of HEU. It was also pointed out that the
general conversion progress of the U.S. reactors is going slow and that there was even no significant
progress being reported within the past year.

8. Summary and Conclusion

The RERTR '98 in Sao Paulo was one of the best attended meetings ever. The RERTR program in
general was considered being a continued success. Now 36 research reactors are in the process of
conversion or are fully converted.

The development of high-uranium-density fuels began to bear significant results. The UioMo fuel
composition seems to be a preferred candidate to achieve the goal of 8 - 9 gU/cc.

The back-end of the fuel cycle is satisfactorily covered by the well managed U.S. spent fuel return
program until 2006 and COGEMA's unlimited reprocessing alternative for those who can take back the
generated waste. Concerns about a missing global or regional back-end solutions mainly for countries
without a nuclear program were raised.

The success of the program is based on a very constructive international co-operation. A similar
conversion program was started in Russia to convert the Russian built reactor. Efforts have also been
made to establish a RERTR program with China.

The RERTR program will definitely be continued. Just the time and location of the RERTR '99 meeting
could not be announced because it was not settled at the end of the meeting in Brazil.
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ABSTRACT

Preliminary results from the postirradiation examinations of microplates irradiated in the
RERTR-1 and -2 experiments in the ATR have shown several binary and ternary U-Mo
alloys to be promising candidates for use in aluminum-based dispersion fuels with uranium
densities up to 8 to 9 g/cm3. Ternary alloys of uranium, niobium, and zirconium performed
poorly, however, both in terms of fuel/matrix reaction and fission-gas-bubble behavior, and
have been dropped from further study. Since irradiation temperatures achieved in the
present experiments (approximately 70°C) are considerably lower than might be
experienced in a high-performance reactor, a new experiment is being planned with
beginning-of-cycle temperatures greater than 200°C in 8-g U/cm3 fuel.

1. Introduction

Two years ago, at RRFM'97, we reported the resumption of very-high-density fuel development by
the U.S. Reduced Enrichment for Research and Test Reactors program at Argonne National
Laboratory (ANL) [1]. Our goal is to achieve a uranium density in dispersion fuel meat of 8 to
9 g U/cm3, which requires both a very dense fuel dispersant (>15 g U/cm ) and a very high volume
loading of the dispersant (>50 vol.%). The only uranium compounds having such densities are the
U6X compounds, such as U6Fe and U6Mn, which have been shown to perform poorly under
irradiation [2]. However, alloys of uranium and some transition elements that maintain uranium in
the metastable y (cubic) phase have shown good irradiation performance in bulk form to intermediate
burnup under fast reactor conditions. Sufficiently small amounts of one such alloying agent,
molybdenum, had been shown to stabilize y-U and yield at the same time a high uranium density [3].
Even smaller ternary additions of other elements to the right of molybdenum in the periodic table also
had been found to provide a powerful stabilizing effect [4].

Our effort has focused on determining which, if any, of these alloys can be fabricated into aluminum-
based dispersion fuel and will perform acceptably under irradiation. The two key issues to be
addressed are the reaction of the fuel alloy with the aluminum matrix and the irradiation behavior of
the dispersion. The former issue is important because excessive reaction will consume the matrix
aluminum and, perhaps, a significant amount of the aluminum-alloy cladding. The latter issue relates
principally to the behavior of the fission gas in the fuel. If the mobility of the fission gas is small
enough, it will be contained in small bubbles that do not interlink, as, for example, in U3Si2, shown in
Fig. 1 (a). Such a fuel will exhibit a steady but stable increase in volume during irradiation. On the
other hand, if the fission gas is very mobile, some bubbles grow preferentially, becoming large and

. interlinking with adjacent bubbles, as illustrated for U3Si in Fig. l(b). If the volume loading of such
fuel particles is high enough that a significant number of particles are touching, as will be the case for
the high densities to which we aspire, the fission gas bubbles can interlink across many particles and
lead to unstable, rapid (breakaway) swelling.
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(a) U3Si2 (b) U3Si

Fig. 1. Examples of stable (a) and unstable (b) fission-gas-bubble morphologies.

Small dispersion fuel plates containing U-lOMo, U-8M0, U-6M0, U-4Mo, U-6Mo-lPt, U-6M0-
0.6Ru, U-10Mo-0.05Sn, U-9Nb-4Zr, U-6Nb-4Zr, U-5Nb-3Zr, U2Mo, and U3Si2 were irradiated in the
Advanced Test Reactor (ATR) to screen their behavior. (The number preceding the alloying element
signifies its content in weight percent.) The U3Si2 samples provided normalization to previous
results; the U2Mo samples were irradiated since y-U decomposes into ot-U plus U2Mo. In addition to
machined or ground powders of all alloys, powders of U-lOMo and U3Si2 produced by centrifugal
atomization were provided by the Korea Atomic Energy Research Institute (KAERI). In this paper
we summarize the results of these experiments obtained to date (early February 1999) and briefly
describe a follow-on experiment.

2. Experiment Description

We have called the fuel plates fabricated for these experiments "microplates" owing to their small
size. Their external dimensions are 76 mm x 22 mm x 1.3 mm. The fuel zone is elliptical in shape
with major and minor axes of approximately 51 mm and 9.5 mm, respectively; the fuel zone thickness
is nominally 0.5 mm. In spite of their small size, we have shown by mechanical analysis that the fuel
zone of a microplate is essentially unrestrained in the thickness direction and, consequently, behaves
in the same manner as a larger plate. Since the goal of these experiments was to determine as quickly
as possible basic information of fuel/matrix interaction and fuel particle swelling, we chose to
fabricate plates at about one-half of the goal density in order to ease fabrication problems. The plates
were produced by standard powder metallurgy and hot roll-bonding techniques. Although we
planned a 25-vol% loading, actual loadings (determined by X-ray density measurements) fell between
26 and 41 vol.%, with an average of approximately 30 vol.%. The enrichment ranged between 19.1
and 19.8%, and a microplate typically contained about 0.11 g of 235U.

The irradiation vehicles, designated RERTR-1 and RERTR-2, each consisted of a flow-through
"basket" holding eight vertically stacked flow-through capsules. Each capsule held four microplates
in a miniature fuel element configuration. The irradiation vehicles occupied small I-hole positions
(1-22 and 1-23) in the control drum region of the ATR. Based on calculations, the neutron flux,
microplate power, surface heat flux, and fuel centerline temperature were approximately
1.3 x 1018 n m'2 s'1, 500 kW, 5.5 x 105 W m'2, and 70°C, respectively, at the axial position of highest
neutron flux at the start of the irradiation. Vehicle RERTR-1 was irradiated for 94 effective full-
power days (EFPD) during the period August 23, 1997, through November 30, 1997, and RERTR-2
was irradiated for 232 EFPD during the period August 23, 1997 through July 6, 1998, achieving
(calculated) 235U burnups between 39 and 45% and between 65 and 71%, respectively.
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3. Experiment Results

Considerable information about the extent of the fuel/matrix reaction was derived during fabrication.
One of the fabrication steps is a one-hour blister anneal at 485°C. Plate thickness measurements
taken before and after the anneal revealed significant thickness increases in all of the U-Nb-Zr plates
and in the U-4Mo plates, indicating reaction to form less-dense compounds. As the alloying addition
and, hence, the gamma stability decreased, the reaction became more pronounced. The binary U-Mo
alloys with at least 6 wt.% Mo and the ternary U-Mo alloys showed little or no thickness increase.
More recently, X-ray diffraction was used to study the phase composition of fuel particles removed
from fabricated fuel plates. Except for the U-lOMo atomized powder, all of the powders examined
contained a significant amount of a-U, which must have come from partial decomposition of the y-U
phase during fabrication. This will be addressed further when the results of the metallography are
discussed.

After irradiation and cooling, the capsules were removed from the baskets and shipped to the Alpha-
Gamma Hot Cell Facility (AGHCF) at ANL's site in Illinois. Examinations have included visual
inspection, thickness measurements, gamma scanning, and metallography. All examinations but the
metallography have been completed. Visual inspection revealed significant corrosion of the cladding
surface, especially over the fuel zone. Cladding breaches, subsequently shown to be due to pitting
corrosion, were identified in five microplates. This is a common problem in the ATR environment
and is not related to fuel performance. Thickness measurements on the RERTR-1 plates showed, in
general, decreased thickness over the fuel zone, consistent with erosion or spallation of a corrosion
product. The plates from RERTR-2, on the other hand, increased modestly in thickness over the fuel
zone, consistent with swelling observed during metallographic examination. Samples from several
microplates have been submitted for burnup analysis. We also plan to perform a standard
postirradiation blister anneal test on selected microplates.

The most-important information has come from optical metallography of ground and polished
sections and, especially, from scanning electron microscopy (SEM) of fracture surfaces of fuel
particles. Since we are in the midst of our examinations, however, the following must be considered
as a preliminary assessment.

Optical metallography revealed that the U-lOMo, U-8M0, U-6M0, U-6Mo-lPt, and U-6Mo-0.6Ru
alloys behaved very well. The fuel particles are surrounded by thin layers of reaction product, and
fission gas bubbles are small and relatively uniformly distributed, as shown for U-6M0 at
approximately 70% burnup in Fig. 2(a). In contrast, U-5Nb-3Zr at approximately 40% burnup
exhibited extensive reaction with the matrix (little matrix remains) and cladding (significant

100 urn '100 urn

(a) U-6M0 at -70% burnup (b) U-5Nb-3Zr at -40% burnup

Fig. 2. Optical micrographs illustrating the good irradiation behavior of U-Mo alloys
and the poor irradiation behavior of U-Nb-Zr alloys.
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penetration) as well as an unstable fission-gas-bubble behavior (interlinkage has begun), as shown in
Fig. 2(b). The large voids seen in Fig. 2(b) are sintered remnants of voids formed during the
fuel/matrix reaction. The amount of reaction alone precludes use of this fuel at the high volume
loading needed to achieve our density goal in an aluminum-matrix dispersion. In addition, the
unstable fission-gas-bubble behavior in the unreacted fuel would preclude its use even if fuel/matrix
reaction were not a problem. Therefore, we are abandoning further study of U-Nb-Zr alloys.

Scanning electron micrographs of fracture surfaces of several of the 70%-burnup fuel samples are
shown in Figs. 3 and 4. The appearance of each of the four fuels shown in Fig. 3 is quite similar. The
fuel has a granular appearance, suggesting grain refinement. The fission gas bubbles appear to be
forming at the boundaries of the small grains. There is no obvious evidence of a two-phase
microstructure in any of the irradiated samples. Therefore the decomposition of the y-U phase which
occurred during fabrication was probably reversed early during irradiation. Such an effect has been
reported in the literature as owing to fission-spike mixing at high fission rates. There is no evidence
of interlinking of the relatively uniformly distributed fission gas bubbles. Though not evident in the
micrographs shown here, we have seen small areas in many of the fuel particles that have a different
appearance. We think that this might be due to compositional inhomogeneities; however, we have
not yet been able to perform electron-beam microchemical analysis owing to the high gamma field of
the samples.

Fig. 4 compares the behavior of an atomized powder to that of ground powder. The thin interaction
layer is evident in the lower-magnification views of both fuels. The higher magnification views are
similar to each other and to those shown in Fig. 3. Grain refinement has occurred in all of the alloys,
resulting in an average grain size of <0.5 |im. However, the presence of significant areas of the
atomized fuel with no visible bubbles indicate that grain refinement started earlier (at lower burnup)
in the ground powder than in the atomized powder. We believe this to be the result of a high degree
of deformation (that is, initial dislocation density) in the former introduced during grinding.

4. Next Experiment

While we are very encouraged by the results from the binary and ternary U-Mo alloys in the RERTR-
1 and -2 experiments, a number of issues still must be addressed, including the effects of higher
loading, higher fuel temperature, higher burnup, and scale-up to full-sized fuel plates. Based on our
understanding of dispersion fuels in general and the observed fission-gas-bubble behavior in the
U-Mo alloys, we feel confident that loading, burnup, and scale-up will present no problems from an
irradiation point of view. Therefore, we have decided to concentrate on the effects of higher
temperature in our next experiment. This is particularly important since a reactor requiring the
highest uranium density most likely will operate at high power density and, hence, high fuel
temperature.

The simplest method to perform a high-temperature irradiation and to produce data that are the
simplest to analyze is to use a high-temperature irradiation loop. Unfortunately, that is also the most
expensive method. However, preliminary design calculations indicate that fuel centerline
temperatures as high as 250°C can be achieved in small plates irradiated in one of the outboard
A-holes of the ATR. Much-higher fluxes are available in the A-holes than in the I-holes used for the
RERTR-1 and -2 experiments, but the A-hole diameter is only 40% that of the I-hole. Consequently,
the fuel plates must be even smaller than our microplates. The current concept envisions a plate
having dimensions approximately 41 mm x 10 mm x 1.3 mm with an elliptical-shaped fuel zone
having dimensions 22 mm x 4.8 mm x 0.5 mm. Even though the fuel zone is only half as wide,
mechanical analysis again has shown that the dimensions are large enough to provide plate-like
behavior. Two columns of four plates each would be contained in a single capsule and as many as six
capsules could be stacked vertically. The uranium density in the plates will be 8.0 g U/cm3,
nominally. In order to obtain the desired temperatures, enrichment greater than 20% is planned for
many of the fuel plates. In addition to allowing the desired temperatures to be reached, the higher
enrichment will allow, in a single ATR cycle, fission densities equivalent to LEU fission densities
achieved at up to 70% burnup. Many of the U-Mo alloys tested in RERTR-1 and -2 will be tested;
both ground and atomized powders will be used. We plan to insert this test, designated RERTR-3, in
the ATR during the summer of 1999.
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Fig. 3. Scanning electron micrographs of typical portions of fuel particles from various
U-Mo alloys at approximately 70% burnup illustrating similar behavior.

We are also discussing the irradiation of full-sized plates with the fuel fabricators BWX
Technologies, Inc., and CERCA and with the CEA in France, SCK/CEN in Belgium, and JRC in the
Netherlands. At this time, however, no plans have been formulated.

5. Conclusions

Preliminary results from the postirradiation examinations of microplates irradiated in the RERTR-1
and —2 experiments in the ATR have shown several binary and ternary U-Mo alloys to be promising
candidates for use in aluminum-based dispersion fuels with uranium densities up to 8 to 9 g/cm .
Ternary alloys of uranium, niobium, and zirconium performed poorly, however, both in terms of
fuel/matrix reaction and fission-gas-bubble behavior. Therefore, these alloys have been dropped from
further study. The fuel temperatures achieved in the RERTR-1 and -2 experiments, although
prototypic of temperatures which might be expected in reactors requiring 4 to 5 g U/cm3, are
significantly lower than might be experienced in high-performance reactors. Therefore, a new
experiment is being planned for irradiation beginning during the summer of 1999 with beginning-of-
cycle temperatures greater than 200°C in 8-g U/cm3 fuel.
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Fig. 4. Scanning electron micrographs of portions of fuel particles comparing the
behavior of atomized and ground U-Mo alloy particles at -70% burnup.
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ABSTRACT

The estimation of neutron-physical, heat and hydraulic parameters of the IR-8 research re-
actor with low enriched uranium (LEU) fuel was performed. Two fuel assembly (FA) de-
signs were reviewed: IRT-4M with the tubular type fuel elements and IRT-MR with the rod
type fuel elements. UO2-A1 dispersion 19,75% enrichment fuel is used in both cases. The
results of the calculations were compared with main parameters of the reactor, using the
current IRT-3M FA with 90% high enriched uranium (HEU) fuel. The results of these
comparisons showed that during the LEU conversion of the reactor the cycle length, excess
reactivity and peak power of the IRT-MR type FA are higher than for the IRT-3M type FA
and IRT-4M type FA.

Introduction

The IRT-M type FA with tubular fuel elements are used in many research pool-type reactors (IR-8,
LWR-15, IWW-7, WWR-SM). There are a several modifications of this type FA (IRT-2M, IRT-3M)
which differ by number of fuel elements, fuel element sizes and fuel enrichment. It is supposed to use
IRT-4M FA with tubular fuel elements on the basis of the present UO2-A1 fuel for LEU conversion of
the research reactors. The thin-walled design of the tubular fuel elements has a fabricating limit of a
fuel loading equal to ~36%vol. The alternative FA design (IRT-MR) with the rod fuel elements is
studied in this paper. The design of the rod fuel element allows to unify the tubular fuel element vari-
ety, to simplify a fabricating process and to increase fuel loading up to ~50%VO[. The results of design
development and experimental-industrial fabricating process of rod type fuel elements with LEU were
submitted in the papers [1,2].

The study of feasibility of the IRT-4M type and IRT-MR type FA usage is performed for the IR-8 re-
actor located in the Russian Research Center "Kurchatov Institute".

Core and fuel assembly descriptions

The IR-8 reactor core consists of 16 FA, arranged in a square 4x4 arrangement with spacing 71,5 mm.
The core surrounded by a beryllium reflector has 12 beam tubes and more than 30 vertical experi-
mental channels. The core height is 580 mm. The IRT-3M type 8-tube and 6-tube FA with UO2-A1
HEU fuel are used in the reactor. The calculations have been performed for the main operative loading
of the core, consisting only of 6-tube FA. These FA have the central channel either for control rod or
for sample irradiation. The IRT-4M 6-tube FA design (Fig.la) differs from the current IRT-3M FA
only by the fuel element thickness. The IRT-MR type FA design (Fig.lb) has the same shape and the
overall shroud dimensions as the elementary core cell. The sizes and design of the end details are pre-
served. Only the outer shape and dimensions of channel for control rod are changed slightly. The basic
geometrical parameters of three fuel assembly designs with the central channel are given in Table 1.
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" IRT-3M

IRT-4M

a). IRT-4M (IRT-3M). v , b). IRT-MR
Figure 1. Cross Sections of Fuel Assemblies and Fuel Elements

Table 1. Fuel Assembly Geometrical Parameters
Parameter

Number of Fuel Elements in FA
Area of Water Passage, o r /
Heat Transfer Surface, m^
Hydraulic Diameter, mm
Fuel Meat Volume, cmJ

Volume Fraction of Coolant
Specific Surface of Heat Transfer, I/cm

Fuel Assembly Type
IRT-3M

6
26,9
1,37
4,1
274

0,548
4,62

IRT-4M
6

24,5
1,37
3,7
479

0,468
4,62

IRT-MR
164
25,6
1,48
3,5
488

0,528
5,0

Neutron-physical parameters
Neutron-physical calculations were based on a procedure proved by the numerous experiments. Ex-
cess reactivity and the thermal neutron fluxes were calculated using the two-group two-dimensional
IRT-NOW code [3]. The neutron cross sections were computed using URAN-AM code [4].
Neutron-physical calculations have been performed for the idealized physical model of the core at the
following assumptions and conditions:
• the core and reflector components are homogeneous;
• the Pb shield and experimental channels aren't taken into account;
• the reflector thickness is assumed to be ~ 30 cm;
• all control rods are removed out of the core, there are the aluminum displaceres instead of them;
• only fresh core is studied;
• the equilibrium cycle lengths are taken from calculated data given in [5].

The U235 loading in the LEU FA is determined to provide the same cycle length as for the HEU ITR-
3M type FA [5]. U235 content is equal to 360 g per IRT-MR type FA. Taking into account the fabri-
cating limit for the tubular fuel element maximum U235 content is equal to 309 g per IRT-4M 6-tube
FA. Summary of the calculated results for two versions of the core (16 IRT-4M 6-tube FA or 16 IRT-
MR rod type FA) is given in Table 2 and in Fig.2. The neutron-physical parameters for the current
IRT-3M type HEU FA [5] also are given in Table 2. The relative values of FA power and the energy
liberation non-uniformity coefficient in their cross section at the beginning of the cycle are shown in
Fig. 2.

A

B

C

D

1
1.58
6.39
1.47
6.29
1.47
6.29
1.58
6.39

2
1.47
6.29
1.04
6.03
1.04
6.03
1.47
6.29

3
1.47
6.29
1.04
6.03
1.04
6.03
1.47
6.29

4
1.58
6.39
1.47
6.29
1.47
6.29
1.58
6.39

a). IRT-4 M FA

A

B

C

D

1
1.64
6.36
1.57
6.29
1.57
6.29
1.64
6.36

2
1.57
6.29
1.04
6.06
1.04
6.06
1.57
6.29

3
1.57
6.29
1.04
6.06
.1.04
6.06
1.57
6.29

4
1.64
6.36
1.57
6.29
1.57
6.29
1.64
6.36

b). IRT-MR FA
Figure.2. the energy liberation non-uniformity coefficient in FA cross section

the FA power in relative units, %
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Table 2. Main Neutron-Physical Parameters of the Core

Parameter
Fuel Enrichment, %
U235 Loading in FA, g
U Density in Meat, g/cm"1

Volume Fraction UO2, %
Excess Reactivity Ak/k, %
Peak Thermal Flux in active core, (n/cm2-s)
Peak Thermal Flux in reflector, (n/cm2-s)
Average U235 Discharge Burnup, %
Cycle Length, day

Fuel Assembly Type
IRT-3M

90
265
1,07
12

21,6
l,53-10+14

2,46-10+14

62,9
34

IRT-4M
19,75
309
3,27
35,7
22,1

l,45-10+14

2,4-10+14

61,6
32

IRT-MR
19,75
360
3,74
40,8
22,5

l,3-10+14

2,3-K)+14

63,0
36

Hydraulic parameters of Fuel Assembly
The main feature of pool-type reactors operation is a low coolant pressure in the FA and a small pres-
sure fall in the core. It causes the limitation of hydraulic FA resistance. The accuracy of this parameter
estimation determines the FA heat calculation accuracy. In the case of the IR-8 reactor for the input
coolant pressure Pin=l,9 atm, the maximum pressure fall (APaz) is equal to 0,25 atm.

The hydraulic parameters of the IRT-3M and IRT-4M type FA were taken from calculated and ex-
perimental data, given in [6,7].

To define the hydraulic resistance of the IRT-MR rod type FA the experimental studies of simulated
fuel assembly were made. Simulated fuel assembly consists of 25 finned square rods with dc=4,85
mm. The rod bundle is placed into a square tube with spacing 4,92 mm. The spacer grid is located in
the upper part of tube and the support grid in lower one. The hydraulic tests were made for the water
flow change from 1 to 9,5 m3/hour. The results of the measurements are presented in Fig.3.

The analyses and comparisons of the calculated and experimental data showed that the friction drag
coefficient in this assembly design can be calculated as following: %=0,47-Re'0'25 with maximum dif-
ference ±5% (see Fig.3). The results of calculations of total pressure fall versus coolant flow are given
in Fig.4 for IRT-MR rod type FA design. As it can be seen from this figure for the total hydraulic re-
sistance of the core 0,25 arm, the coolant flow in IRT-MR FA is equal to 21,5 m3/hour.

The hydraulic parameters of three FA types are presented in Table 3.
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Fig.3. Pressure fall vs water flow for
the simulated fuel assembly

Fig.4. Pressure fall vs coolant flow for
the IRT-MR rod type FA

Table 3. Hydraulic Parameters of FA
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Type
FA

IRT-3M
IRT-4M
IRT-MR

Total resistance flow
coefficient

7,32
8,13
9,23

Average coolant flow
velocity, m/s

2,6
2,48
2,33

Coolant flow,
m3/hour

25
21,9
21,5 •



Heat engineering parameters of Fuel Assembly

To estimate the maximum power ability of reactor the multiple heat calculations of the most heated
FA, located in the cell A-l (Fig.2) were performed. The absence of surface boiling is used as a limit
factor. The key parameter is the fuel element cladding temperature, the maximum value of which
should not be higher than the saturation temperature or the set allowable value (tci

max ^ ts).

The heat calculation procedure for annular channel [9] were used for the IRT-4M FA with tubular fuel
elements. The heat flux partition and temperatures were computed analytically.

The heat parameters of the IRT-MR rod type FA were computed using KANAL code"[10]. The twd"-
dimensional temperature fields in the fuel element cross section were calculated using CBA02C [11]
code.

The heat calculations were performed at the following assumptions and conditions:
• for the start state of the fuel elements without taking into account of fuel burnup;
• for the nominal values of basic parameters;
• for average heat transfer characteristics in the FA cross section;
• the allowable cladding temperature is assumed to be 110°C;
• the input coolant pressure and temperature are taken from [8] (Pjn=l,9 arm, tin=45°C);
• the energy distribution at the height of the core is determined as Kz(z)=cos[:t/(H+2b)-(z-0.5-H)]

with Kz
max=l,23 [8];

• • the reactor power is changed from 5 to 10 M W.

The results of the calculations are given in Fig.5. Using a condition tci
max = ts makes it possible to de-

termine the maximum power of the reactor. Summary of the heat calculation results is presented in
Table 4. In this table the main heat parameters [8] of the current HEUIRT-3M type FA are given.

Table 4. Heat Engineering Parameters of FA
Parameter

Maximum Allowable Reactor Power, MW
Maximum FA Power Ability, kW
Specific Power, kW/1
Maximum Fuel Rating, kW/gu^D

Maximum Heat Flux, MW/m2

Maximum Fuel Meat Temperature, °C
Maximum Fuel Cladding Temperature, °C
Average Cladding Temperature, °C

Fuel Assembly Type
IRT-3M

8*
606

168,4
2.29
695
112
110
110

IRT-4M
9,8
626

206,3
2,025
888
114
110
110

IRT-MR
10,4
662
219
1,84
902**
122
110
103**

*) the nominal power of the reactor; **) the average value at a fuel element perimeter.

In addition the estimation of the fin efficiency in the heat transfer was studied. The heat calculations of
the rod type fuel element with fins and without fins (Fig.6) showed that the fins result in:
• the reduction of the fuel element temperatures about ~14°C at the maximum power;
• the increasing of the maximum power of the reactor from 8,5 MW to 10,4 MW;
• the increasing of the non-uniformity of the heat flux and the cladding temperature at a fuel ele-

ment perimeter; maximum of the heat flux is located in the square side middle (Fig.7) with
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Conclusions

Figure.6. The maximum fuel
element cladding temperature vs
power in the cross sections at the
core height ha.c =290 mm for two
rod fuel element design.

Figure.7. The heat flux distribution
on a fuel element in the cross sec-"
tions at the core height hax. =290
mm for NFAmax=662 kW.

The comparisons of the main parameters of IR-8 reactor with the three FA types - HEUIRT-3M, LEU
IRT-4M and LEU IRT-MR showed that for the IRT-MR FA with the rod type fuel elements the excess
reactivity, the equilibrium cycle length and peak power of the core are increased, but the thermal neu-
tron fluxes and average flow velocity in the core are reduced.

This conclusion may be used for all reactors, utilizing the IRT-M type FA.
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ABSTRACT

The CEA, in collaboration with the CERCA, decided at the beginning of the 1990s
to set up a programme for qualification of a high-density fuel based on a U3S12 alloy
19.75% enriched with 235U. The objective aimed for is to achieve a 235U density
increase of 30%. This programme was brought up in discussion at the RRFM97
meeting and also in the course of RERTR meetings.
This presentation sets out the channels explored and the results obtained for the
qualification of experimental fuel plates irradiated.

1. Introduction
This presentation gives the results obtained in the course of the CCEUR EPAIS, DENSITE 1,
DENSITE 2, SILEX and SILEPE experiments.
The object of these experiments is to study the behaviour under irradiation of U3Si2 alloy-based
experimental fuel plates and elements 19.75% enriched with 235U.
The purpose of these experiments is to increase the 235U uranium density in order to improve the neutron
performances of a core composed of low-enriched alloy-based fuel elements, while at the same time
improving fuel cycle management.

Two methods were followed to improve the neutron performances:

fuel density increase
(for a nominal core thickness

th=0.510 mm)
core thickness increase

(for a nominal fuel density
d=4.8 g Ut0/cm3)

d = 5.8 g Utot/cm3

d= 6.0 g Utot/cm3

th = 0.590 mm

DENSITE 1 experiment
SILEX experiment
DENSITE 2 experiment

CCEUR EPAIS experiment
SILEPE experiment

The experimental fuel plates were irradiated in the IRIS device at the periphery of the SILOE reactor
core. They followed about ten cycles on completion of which they had reached a burn-up of about 50%
of235U.

The experimental fuel elements were irradiated in the O S I R I S reactor core. Two elements reached
burn-ups close to 70% of 235U, two others are in the course of irradiation.
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These values were obtained respecting the power limiting criterion (safety criterion) applied to
experimental fuel plates and elements.

For safety reasons (cooling of the plates having to be guaranteed), the swelling of the fuel plates is
limited to 0.250 mm, a limit value above which cooling by water flowing in the channel between the
plates could be disturbed. This value was not reached.

2. Irradiation characteristics and results

2.1. irradiation plates in SILOE

2.1.1. Characteristics of the experimental charge

The test campaigns took place between June 1994 and June 1997 at the periphery of the SILOE reactor:
0 over 8 cycles for the CCEUR EPAIS experiment
0 over 8 cycles for the DENSITE 1 experiment
0 over 10 cycles for the DENSITE 2 experiment

Alloy enrich*

CCEUR EPAIS ex
U3Si2

U3Si2

U3Si2

19.75 %
19.75 %
19.75 %

density
(IWcm3)

periment
4.8
4.8
4.8

DENSITE 1 experiment
U3Si2 19.75 % 5.8

DENSITE 2 experiment
U3Si2 19.75 % 6.0

fuel
thickness

0.59
0.59
0.51

0.51

0.51

23SU charge
(g)

20.78+0.5
20.78+0.5
17.96+0.5

21.71±0.5

22.46+0.5

number of
plates

1
2
1

4

4

burn-up
(%)

51
51
51

55

51

voluntary
surface
defects

0
2
0

0

0

Voluntary surface defects were made on 2 of the 3 fuel plates of the CCEUR EPAIS experiment to
achieve a minimum cladding thickness of 0.080 mm, a value corresponding to superposition of a surface
defect of 0.120 mm with an extra thickness of the fuel core of 0.020 mm for a core of 0.59 mm
thickness.

2.1.2. Irradiation and measuring devices at SILOE

The fuel plates are inserted in a dissymetric irradiation device provided with two holes enabling a flux
measurement SPND to be fitted, housed in an aluminium cylinder.
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For greater
clarity, the

SPNDs have been
represented

in the centre of
the cylinder

fig 1. Irradiation device

The primary system coolant water flows from top to bottom along the plates and cylinders.

At the end of each cycle (about 500 hours), the plates are removed from the device after a few hours
radioactive decay of the fission products.
They are then placed one by one on a specific measuring bench immersed in the SILOE working pool.

This bench, represented schematically below, comprises 2 sensor probes arranged in opposition with
differential measurement (electromagnetic coils). Movement of the sensors along the plate is achieved
by means of stepper motors (longitudinal and transverse). Measurement of the thickness of the plate is
thus performed according to 5 plotting lines spaced 14 mm apart, with an advancement pitch of 2.5 mm.

fig 2 : plate thickness measuring device
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2.1.3. Results

SAZK 10 density experiment: final thicknesses

height (mm) 10

O

g 1320-1330

m 1310-1320

m 1300-1310

1^1290-1300

111280-1290

M1270-1280

M1260-1270

M1250-1260

^ 1240-1250

m 1230-1240

plot ref.

Fig 3 : 3D mapping of the thickness of a DENSITE 2 experiment plate at the end of irradiation

SAZK 10 density experiment: thickness of the plate
middle plot (n° 3)

trace 3 finale

trace 3 cycle8

trace 3 cycle7

trace 3 cyc!e6

trace 3 cycle5

trace 3 cycle4

CERCA average

100 200 300

height (mm)

400 500 600

fig 4 : plate thickness changes in the course of the cycles on the middle plot

These tests showed that no clad failure occurred on any of the tested plates and that swelling of the
plates never exceeded the value of 0.250 mm, for burn-ups of about 50% of 235U.

2.2. Fuel elements irradiation in OSIRIS
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2.2.1. Caracteristics of experimental charge

The irradiation campaigns have been carried out since January 1997 in the OSIRIS reactor core:
0 over 11 cycles for the 1st element of the SILEX experiment (the 2nd is in the course of irradiation)
0 over 11 cycles for the 1st element of the SILEP experiment (the 2nd is in the course of irradiation)

Alloy enrich* density
(IWcm3)

SILEX experiment

U3Si2 19.75 % 5.8

SILEP experiment

U3Si2 19.75 % 4.8

fuel
thickness

0.51

0.59

235U
charge(g)

554

530

number of
plates

1
1

1
1

burn-up
(%)

74
in course

70
in course

voluntary
surface

.. defects

0
0

0
0

2.2.2. OSIRIS irradiation device

The SILEX and SILEP fuel elements are identical to the standard OSIRIS reactor fuel elements.

1,1.-

fe

\

fig 5 : SILEX and SILEP experimental fuel element

2.2.3 Results

These tests showed that no clad failure occurred on the SILEX and SILEP elements for burn-ups of up
toabout70%of235U.

3. Conclusions

Irradiations in reactors for tested plates and fuel elements ever showed clad failure or excessive
swelling.

These experiments revealed an interesting phenomenon : the different behaviour of the fuel under
irradiation between the high-density plates and the nominal-density plates.

59



The higher-density plates present a high densification at the beginning of irradiation. This subsequently
provides a greater margin for swelling. For a burn-up of about 50%, the fuel thickness only reaches the
value of the initial nominal thickness.

The post-irradiation examinations which will be carried out in the LAMA hot cells at the CEA Grenoble
will enable the morphology of the irradiated U3Si2 alloy to be compared with that of the new alloy. It
would be advisable to check whether it does not present higher void fractions in the case of a higher
uranium density.
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ABSTRACT

The development of a new generation of LEU, high in density and with reprocessing
capacities MTR fuel is a key issue to provide reactor operators with a smooth operation
which is necessary for a long term development of Nuclear Energy.
In the RRFM'98 meeting, a joint contribution of CEA, CERCA and COGEMA presented
a technical classification of the potential candidates uranium alloys. In this paper this
MTR working group presents the development program of a new high density fuel.
This program is composed of three main steps : Basic Data analysis and collection, Plate
Tests (Irradiation and Post Irradiation Examinations) and Lead Test Assemblies
(Irradiation and Post Irradiation Examinations).
The goal to be reached is to make this new fuel available before the end of the present US
return policy.

1. INTRODUCTION

The development of Low Enrichment Uranium (LEU) fuels has been set up by the Reduced Enrichment for
Research and Test Reactors (RERTR) Program involving at an international level, operators, manufacturers
and research laboratories [1]. Currently the highest density fuel qualified for research reactors is LEU suicide
fuel U3SÍ2 at a density of 4.8 g/cm3. It is obvious that this suicide type fuel is limited to 6.0 g/cm3 [2] and the
highest density is still under irradiation for qualification ; it must be noted that this density level is not high
enough to satisfactorily convert certain HEU reactors.

By the end of 1996, a « MTR New Fuels » working group was set up in France, involving the three parties
CEA, CERCA, COGEMA with the objective to define a relevant R&D program for the development of high
density LEU MTR fuels. Various incentives (LEU conversion, back-end solutions,..) lead us to look at higher
fuel densities such as 8.0 or 9.0 g/cm3 ; Uranium-Molybdenum and Uranium-Niobium Zirconium alloys were
considered last year [3]. This group has issued a feasibility report mid of 1998. Considering the whole fuel
cycle, the three main components have been evaluated : CERCA has tested the manufacture feasibility, CEA
has performed neutronics calculations and studied core performances and COGEMA the reprocessing
feasibility.

After a brief recall of the potential candidates considered, the purpose of this paper is to present the preliminary
results obtained for this evaluation and to give an overview of the programme of development committed in the
next coming years.
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2. PRELIMINARY STUDIES OF POTENTIAL CANDIDATES

2.1. Preliminary potential candidates

The high density LEU dispersion foels proposed for development are mainly based on uranium compounds and
uranium possibly with small amounts of other metals. Among the definite compounds very few seem interesting
to be retained, in particular U<sX and U3Si compounds have been discarded due to their poor irradiation
behaviour (subjected to breakaway swelling at low burn ups [1]), U2X compound types are not well defined on a
metallurgical point of view. So only uranium nitride UN seems attractive in this family.

For the uranium alloys it is well known that the metastable y phase is required due to its good irradiation
behaviour. On this basis U-Ti is rejected because a large amount of Ti is needed to obtain the y phase, and only
two types of alloys are being investigated U-Mo and U-Nb-Zr alloy systems [4]. More precisely on the one hand
U-Mo alloys ranging from 6% up to 10% Mo content are considered with an option of a third additional
element such as Pt or Ru which increases the y phase stability. On the other hand U-4Nb-2Zr and U-3Zr-9Nb
are also considered [5].

2.2. Fuel manufacturing ability

Based on its manufacturing experience CERCA performed an investigation work mainly for the manufacture of
y phase alloys. After development of the casting and heat treatments, investigations on hot treated ingots
showed the feasibility of such y phase alloys. It is necessary to respect a fuel volume loading in the meat not
greater than 55% in the process. The manufacturer was also able to master the manufacturing of fuel plates
thanks to the use of the proprietary advanced processes used for U3Si2 at 6.0 g/cm3 which have been adapted.
The thermal stability of y phase alloys was also tested on samples at 400 °C. U-Zr-Nb alloys seemed to be more
difficult to fabricate than U-Mo alloys.
It has been demonstrated that the fuel manufacturing of high loaded plates with y alloys is feasible, and that
densities up to 9 g/cm3 can be achieved.

2.3. Fuel plates inspection

Ultrasonic inspection is usually carried out on fuel plates in order to detect lack of bonding not detected by
blister test. A comparative method is used with a standard defect in the meat area of the plate. The increase of
density allowed by U-Mo produces a decrease in the US signal due to transitory effects between aluminium
edges and the meat; these effects make impossible an efficient inspection in the edge of meat area [5].

2.4. Fuel neutronics performances and irradiation behaviour

From a neutronic point of view, U-Mo and U-Zr-Nb are the best candidates for development and it is desirable
to limit the concentrations of Mo and Nb to minimise cycle length losses from neutron absorption [3], [6].
Uranium nitride UN is not that interesting because nitrogen penalises at the end of cycle (due to the
thermalization of the flux) and capture reaction on 14N produces I4C. On the top of that, the density is not so
significantly higher than U3Si2.

Little is known about the irradiation behaviour of the proposed alloys dispersed in aluminium but the recent
results obtained from microplates irradiated at 435 and 70 at%-U235 at low temperature (tests RERTR-1 and
RERTR-2 in Advanced test reactor ATR at INEL [7]) showed clearly that U-Mo based alloys behave globally
better than U-Zr-Nb alloys (where extensive reaction layers and signs of breakaway swelling have been
observed).

Concerning the UN behaviour under irradiation, the results obtained from a series of test for FR applications
showed a larger swelling rate than the UO2 oxide one (1.0 %/at% compared to 0.6 a%/at%) in a temperature

' range (400 °C up to 1200 °C).
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2.5. Reprocessing ability

For the evaluation of reprocessing ability of the potential candidates, COGEMA has performed an R&D
program at the COGEMA/SEPA research laboratory based on U3Si2, U-Mo and U-Zr-Nb alloys in bulk pieces
and powder [8]. The nitride UN was not included in this program as its dissolution in nitric acid is already
proven (much higher dissolution kinetics than the oxide one).
Different reprocessing aspects have been checked : mainly dissolution, but also extraction and vitrification
aspects have been evaluated.
The reprocessing ability led us to classify at the first rank U-Mo and UN fuels (similar to aluminades fuels),
then U-Zr-Nb at the second rank and finally silicide U3Si2 fuels [6].

2.6. Selection of the reference candidates for the program

Regarding the whole fuel cycle (fabrication, neutronic performances, irradiation and reprocessing), taking into
account the current knowledge, a compromise must be found between the neutronic performances and the
fabrication/reprocessing ability. The final selection for the development of high density dispersed fuels for
MTRs is the following : the reference is based on two candidates U-lOMo and U-8M0, a back up solution could
be a U-6M0-X (X = Pt or Ru) [7].

3. DESCRIPTION OF THE QUALIFICATION PROGRAM

3.1. Overview of the program

A qualification program based on the candidates selected in the feasibility study has been planned under
commitment of the French parties since beginning of 1999. An overview of the content of this program is
presented hereafter. The objective of this program is clearly to demonstrate the fuel performance comparable to
that of the current LEU silicide fuel used.

The selected U-Mo candidate alloys will be developed on the basis of full-sized plates fabrication, irradiation
tests in reactors including post-irradiation examinations and reprocessing tests on irradiated plates (figure 1). A
safety evaluation report will conclude the program.

3.2. R&D steps

3.2.1. Fuel manufacturing

A first step was taken in 1998 for the fabrication ability; to date, CERCA is optimising the fabrication process
for full-sized plates. A special procedure of casting and treatment has already been developed in order to get a
homogeneous y phase alloy. For the first tests the ingots were crushed and ground in order to get the powder
but the mechanical behaviour of such alloys is completely different from U3Si2 and other methods of powder
production are under investigation (cryogenic milling, hydride processing). High loaded plates were fabricated
with a good uranium homogeneity controlled by X-ray inspection.
The manufacturing of full-sized plates for the first irradiation are under progress at CERCA and they are
supposed to be ready for mid 99.

3.2.2. Irradiation program

Two series of irradiation experiments are foreseen to test the performances of high loaded plates. The first
phase consists in irradiating a few full-sized plates in a special device which takes the place of a driver
assembly in OSIRIS and/or HFR reactor(s). For example the IRIS device in the OSIRIS reactor allows the
irradiation of 4 plates and an on-line measurement of the plate thickness is possible during shut down between
two cycles. These experimental plates will be irradiated to approximately 60% burn up.
The second phase will focus on irradiation of complete lead test assemblies at least in two different
experimental reactors (OSIRIS and HFR). Again the burn-up objective will be close to 80 %.
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Fabrication of the device is under progress to-day. Neutronic and thermohydraulic calculations in the device are
also under consideration.

So the logic is the following : in the first phase irradiation tests will include at least two candidates (U-lOMo
and U-8M0 alloys) and perhaps a third one (U-6M0X). On the PEE results basis, a choice of only one uranium
alloy (the final candidate) will be made and lead test assemblies will be tested in the second phase in various
reactors (at least two reactors).

3.2.3. PEE

These experiments will be examined in Hot Cells (at CEA Cadarache) when the plates are available. The
examinations to be performed will include non-destructive examinations such as visual inspection, dimensional
characterisation, gamma spectrometry and also destructive examinations such as metallography, swelling
measurements, electron microprobe analysis, burn up determination, FG release. For some controls, a technical
method has to be studied, it is the case for example of the Fission Gas measurements in these cold fuels.

3.2.4. Reprocessing tests

In order to complete the reprocessing feasibility, firstly reprocessing tests are to be carried out on as-fabricated
high loaded plates (with depleted uranium), and secondly when the first irradiation is completed, tests could be
performed on irradiated plates if necessary.

4. MAIN FEATURES OF THE R&D PROGRAM

4.1. Planning

A planning has been forecasted with the objective to demonstrate the performances of a new high density fuel
around 2005 (which fits the date of the end of non return US policy). This planning given in figure 1 is very
tight with practically no margins. In particular, the second phase is a major challenge for a fuel qualification
before 2006.

4.2. Cost evaluation

A first estimation of the global cost of such a program is based on very rough cost evaluation of different steps :
fabrication, irradiation, PIE and reprocessing. It is expected this cost will be supported mostly by French
partners but also by the international community for certain punctual action by reactors.

4.3. International collaboration

Taking into account the fact this program is first and foremost technically directly connected with the US-
RERTR advanced fuel development, it is highly desirable that the results of this program launched by French
partners should be discussed at an international level with other parties (R&D laboratories, reactor operators,
European Community,...).

5. CONCLUSION

A comprehensive program has just been committed by the French MTR working Group with the objective to
develop a new generation of LEU high density fuel with reprocessing capabilities, it will provide a solution for
MTR operators for a long term development of Nuclear Energy. The qualification will be performed on lead
test assemblies in different reactors after a selection of the good candidate (objective of the first phase).
As there are strong links with current US-RERTR development program, a firm collaboration is desirable at
European level and at an international.
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ABSTRACT

The paper discusses the techniques and results of reactor tests and post-reactor
investigations of the SM reactor fuel elements and fuel elements developed in the
process of designing the specialized PRIMA test reactor [1] with the SM reactor
fuel elements used as a prototype and which are referred to as the SMP fuel
elements. The behavior of fuel elements under normal operating conditions and
under deviation from normal operating conditions was studied to verify the
calculation techniques, to check the calculation results during preparation of the
SM reactor safety substantiation report and to estimate the possibility of using
such fuel elements in other projects. During tests of fuel rods under deviation
from normal operating conditions their advantages were shown over fuel
elements, the components of which were produced using the Al-based alloys.

1. Introduction

In the course of developing the SMP type fuel element we tried to provide its reliable
operation under steady-state conditions at high heat rates, under power manouevering
conditions and under power ramp conditions with moderated amplitude. The necessity of
finishing such a fuel element was dictated by the fact that the fuel elements of plate type
with Al alloy cladding widely used in research and test reactors were characterized by low
permissible temperature (< 400°C). It complicated the task of using a 3-circuit scheme of
cooling and providing the sufficient safety margin for fuel components temperature. The
possibility of operation of a new fuel element under the enumerated conditions had to be
confirmed experimentally. At the same time it was necessary to verify the calculation
techniques used to estimate the consequences of emergency situations.

The program of works included thermal-hydraulic calculations of operating conditions for
the SMP fuel rods in experimental assemblies, their pre-test examination, reactor tests of
assemblies under normal operating and steady-state conditions and "special" reactor tests of
the SM reactor fuel elements under deviation from normal operating conditions. A complex
of stand tests of the SM and SMP "fresh" and "burnt-out" fuel rods in hot cells under over-
heating conditions completed the program.

The paper generalizes the main results of the program works and analyzes the advantages
and disadvantages of experimental fuel elements.
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2. Brief description of fuel element and experimental FAs.

1:2.5

Fig.l. Fuel element and fuel assembly of
the SM reactor.

The SM reactor fuel element [2] adopted as a prototype during development of the SMP fuel
elements showed a good performance m the
process of long operation. For the last 15
years the frequency of failures of the SM
reactor fuel assemblies did not exceed 2xlO6

h"1 [3]. In these assemblies use is made of rod
fuel elements with fuel in the form of U
dioxide in the matrix of sintered copper and
beryllium bronze powders and with the
stainless steel cladding (Fig.l).

The SMP experimental fuel elements differed
from the SM reactor fuel elements by the
active part length (lm instead of 0.35 m) and
by increased 20% content of U. dioxide in the
matrix. Fuel rods of both types were used for
reactor tests.

Experimental FA for service-life tests of SMP
fuel elements were a bundle of rods placed in
the units of the triangular lattice with a pitch
of 5.23 mm in the round steel wrapper with
the inner diameter of 32.9 mm and the wall,
0.4 mm thick (Fig.2).

They contained 31 fuel elements each
analogous to those presented in Fig.2, and 6
rod burnt-out absorbers or displacers each
with the section as an ellipse. The burnt-out
absorber rods were tubes of stainless steel
filled with boron carbide based on natural
isotopic composition boron. The displacers
were produced of zirconium alloy.

3. Test techniques and results

3.1. Tests of fuel elements at changing
heat rates

The special device with a pneumatic drive was
placed in the SM reactor low-temperature loop
facility channel. It provided formation of power
pulse at the expense of fast movement of the rod
sample with fissionable material via the

Fig.2. Layout of experimental FA for service-
life tests.

- fuel element

- burning-out absorber or displacer



"window" with high density of neutron flux between two neutron absorbing screens of cylindrical
shape. The reactor "fresh" fuel rods and fuel rods irradiated up to burnup of 24 and 30% were used
as samples. The movement mechanism allowed conversion of the sample from one screen to
another for the period from 0.2 to 2 s. Pressure in the loop channel made up 5 MPa, water
temperature at the inlet to the experimental section 50°C, and.water rate up to 12 m/s. The energy
release distribution non-uniformity factor in "burnt-out" fuel elements by the end of their operation
according to the gamma-scanning data made up 1.2 and 1.22, for the average burnup 30 and 24%,
respectively.

100 cycles of power ramp-decrease with amplitude of 35, maximum heat load 13-18 MW/m%
depending on burnup were performed for each fuel element. The pulse half-width changed in the
range of 0.25-0.4 s, and duration of the forward front - from 0.04 to 0.06 s. In the process of tests
no failures of fuel elements related to loss of sealing of the cladding were detected. Post-reactor
investigations showed that there are no peelings of the cladding from the fuel column or any other
undesirable consequences. Only slight increase of the diameter of "burnt-out" fuel elements was
noted from 5.15 to 5.24 mm.

3.2. Tests of fuel elements under heat transfer crisis conditions

The purpose of the tests was to determine the parameters of heat exchange crisis on the surface of
the SM reactor fuel elements to verify the used calculation technique. The tests were conducted in
the channel of the reactor low-temperature loop facility, where the same parameter of the coolant
like those in the previous series of tests were maintained. The fuel element equipped with a
thermocouple with the stainless steel wrapper, 0.3 mm in diameter, placed in the fuel column, was
used. Its material has high heat conductivity. Technology of fuel element manufacture provided the
reliable thermocouple cladding-column contact, so that the time constants of fuel element and
thermocouple made up the values of one order. Power of the fuel element was determined by
calorimetric method using the pre-certified instruments.

The crisis status was achieved at the expense of increasing the reactor power by steps - 3 MW
each, up to 60 MW. The moment of crisis beginning was registered by the power non-proportional
increase of the column temperature at the end of time section of developed boiling of the coolant
on the rod surface. The thermocouple signal initiated action of the reactor emergency protection
system upon achieving the temperature threshold value of 700°C in 0.14 s after start of its intensive
growth.

The tests demonstrated that upon achieving the critical heat rate the fuel element temperature
increased with the rate that excluded the possibility of stopping the process somehow without
destruction of the fuel element. The critical heat rate made up 14.3 MW/m2, which in the range of
11% complied with the calculation results carried out at the stage of experiment planning. Failure
of the thermocouple occurred at 1170 °C (melting point of fuel matrix -1080°C).

3.3.' Service-life tests of fuel assemblies with SMP fuel elements

During experiment preparation apart from the task of confirming the SMP fuel element service-life
the objective was pursued to prepare the "burnt-out" fuel elements samples with the active part, 1
m long, for further stand tests under over-heating conditions. The service-life tests were used for
two fuel assemblies with loading of U-235, 17.1 g/fuel element. One of them contained 6 rods of
burning-out absorbers in the periphery, and the other had zirconium alloy displacers instead of
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absorbers (Fig.2). Tests were performed in fuel channels of the MIR reactor placing the
experimental assemblies instead of regular ones.

The test conditions provided for maintaining the average power of each assembly on the level of
580-600 kW and periodical bringing to the 1000 kW level. The pressure at the fuel channel inlet
was maintained equal to 1.2 MPa, water temperature about 60°C, and the rate about 10 m/s.

In the first assembly the average burnup of U-235 achieved 48.6%, in the second one - 30.8%. The
burnup of B-10 in burning-out absorbers made up 98%. No signs of fuel elements cladding seal
failure in the process of tests were found. Defects during FA dismantling and wrappers and fuel
elements examination were not detected.

3.4. Stand tests of irradiated fuel elements under over-heating conditions

For calculated estimations of consequences of possible emergency situations it is important to
determine the temperature threshold, beyond which the fuel element becomes unsuitable for
operation. Tests were conducted placing the fuel element in the argon medium, heating it at the rate
of 0.3-0.5°C/s up to the specified temperature, followed by exposure it up to 1 h and next cooling
together with the furnace. During tests the cladding integrity was controlled in terms of radioactive
gases release, and after cooling the fuel elements were investigated in hot cells. The SM fuel
elements with different burnup were subject to tests after operation under design conditions and
exposure for cooldown, as well as the SMP fuel elements from experimental assemblies irradiated
in the MIR reactor. The results were as follows:

heating of non-irradiated fuel elements up to 1000°C with exposure for several minutes does
not cause loss of sealing;

heating of fuel elements up to 400°C followed by exposure up to 1 h does not cause loss of
sealing even at the average burnup of 60%;
at burnup of 30% heating up to 680°C with exposure up to lh does not cause cladding seal
failure or fuel element shape change;

at burnup of 20% heating up to 700°C with exposure for 1 h does not cause seal failure, but
some changes of fuel element shape make it unsuitable for operation;

- at burnups (30-35%) and heating over 700°C and at burnups over 10% and heating at 800°C
fuel elements lose sealing.

It was also cleared up that the cause of fuel-cladding separation and its further seal failure at over-
heating is that the fuel matrix loses the capability of gaseous products retaining and the properties
of the cladding material are changed by the effect of reactor radiation.

4. Conclusion

1. At burnup of 30% and maximum temperature of the fuel column for the normal operating
conditions of 310°C the permissible temperature value, at which the SMP fuel element retains
serviceability, makes up 680cC, which is considerably more than for fuel elements, in which
manufacture the Al-based materials are used.

2. No data that could give cause to avoid using the SM and SMP fuel elements in the reactor
operating under changing power conditions were detected.
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3. The used calculation techniques of the heat transfer crisis parameters on the fuel element
surface of the considered type provide the results close to experimental ones.
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ABSTRACT

After giving a brief reminder of the procedure applied in France for granting licences to
modify research reactors, we outline, in this paper, the main safety aspects associated with
using new fuel in these reactors. Finally, by way of an example, we focus on the procedure
followed for converting the cores of the OSIRIS (70 MW) and ISIS (700 kW) reactors to

fuel and the conclusions of the corresponding safety assessments.

Introduction

Research reactors are more subject to modifications than nuclear power plants. In the past, various
modifications were made to certain pool-type research reactors operated in France. For example, their
power ratings were increased and the types of fuel and the core configurations were changed.
Before new fuel can be used in a research reactor, the installation may have to be modified and
adapted to the characteristics of the fuel. Certain upgrades may be made at the same time so that the
installation complies with new safety rules. The technical requirements sent by the safety authority
(Nuclear Installations Safety Directorate - DSIN) to the operators of research reactors stipulate that
the installations have to comply with their safety reports and they describe the licensing procedures
applicable to modification of the installations and to the experiments.
Generally speaking, the content of the safety report has to be modified whenever a new type of fuel is
to be used in the reactor core and because of this, the operator applies to the DSIN for a licence on the
basis of a detailed safety analysis.

Licensing process

Each modification with consequences for safety has to be approved by the safety authority. In the case
of major modifications, the DSIN considers whether a new licensing procedure and a new decree
should be asked for or not. Prior to this, the operator has to send the DSIN a licence application along
with the corresponding documents describing the planned modifications, the commissioning test
programmes and the safety analysis. These documents are then examined by the Institute for Nuclear
Safety and Protection (IPSN), for the benefit of the safety authority. The assessment work involves
extensive discussions with the applicant particularly as regards the safety arrangements. It terminates
with an IPSN document equivalent to an expert opinion, followed by the DSIN decision.
This procedure was applied when the OSIRIS and ISIS cores were being converted from high
enriched uranium to low enriched Caramel fuel (in 1980 and 1979) and from this fuel to silicide fuel
(in 1995 -1996 and 1998).

When a large number of modifications have to be made to an installation or when new safety
problems arise, the DSIN usually asks that the corresponding reports be examined by the "permanent
group" of experts in charge of nuclear reactors. In this case, the IPSN makes the analyses and drafts a
report containing proposed recommendations which are presented and discussed at the permanent
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group meeting, attended by the applicant. After this meeting, the president sends the group's
conclusions and recommendations to the DSIN, which then takes its decision.

Main safety issues relating to the use of new fuel in the core

Before the core is converted to a new fuel, the behaviour of the fuel has to be verified by means of
qualification tests covering the conditions for use. Conversion usually leads to changes in the
neutronic and thermal-hydraulic parameters of the core, hi certain cases, modifications may also have
to be made to the core support structure, the primary system, the threshold settings of the reactor
protection system, and the fresh and spent fuel handling devices and storage conditions. All these
modifications should be dealt with in detailed safety studies.

The safety documents submitted by the applicant should contain mainly:

- the characteristics of the new fuel and specifications for its manufacture, the quality assurance
system and details of fuel qualification,

- the neutronic and thermal-hydraulic calculations relating to the core in normal and transient
conditions,

- detailed analysis of the effect of the proposed modifications, in particular on neutronic and
thermal-hydraulic parameters of the core as well as the radiological consequences of the accidents
identified in the safety analysis report,

- the test programme, including pre-operational tests and initial criticality, low-power and power
build-up tests which are needed to check the neutronic and thermal-hydraulic calculations and to
assure that adequate safety margins are maintained. The use of fuel elements instrumented with
thermocouples allows an experimental validation of these calculations.

In particular, the safety studies and the test programme should demonstrate that the neutronic and
thermal-hydraulic safety criteria corresponding to the new fuel and those given in the safety analysis
report are complied with adequate margins. They should also show that the radiological consequences
of the design basis accident do not call into question the conclusions of the analyses presented in the
safety report.

Conversion of OSIRIS and ISIS reactor cores to silicide fuel

The cores of the OSIRIS and ISIS reactor cores were converted from Caramel to silicide fuel with the
aim of standardisation by using a qualified fuel used in many research reactors. In the case of the
OSIRIS reactor, the operation was carried out in six stages so that the remaining stock of Caramel fuel
elements could gradually be used up; only one stage was required for the ISIS reactor. In neither case
did the power rating have to be modified.

OSIRIS conversion was completed after the installation of five transitional mixed core configurations
comprising Caramel and silicide fuel elements. The fuel elements comprised parallel fuel plates. Their
characteristics are compared in Table 1.
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235U enrichment
Number of plates per fuel element
Plate cladding
Plate dimensions (mm)

overall length
fissile length
overall width
fissile width
total thickness
fissile thickness
channel thickness between two plates

Weight of 235U per plate (g)

Silicide fuel (U3Si2Al)
19.75%

22
Al

662
630
77

68.4
1.27
0.51
2.46
20.83

Caramel fuel (UO2)
7.5%

17
Zy

675
630.9
80.85
72.9
2.22
1.45-
2.63
38.25

Table 1 - Characteristics of Caramel and silicide fuel elements

Brief description of the two reactors

The OSIRIS reactor was built at Saclay between 1964 and 1966 and is a pool-type reactor cooled and
moderated by light water. The core is placed at the centre of the pool in a 120 cm high, 4 cm thick,
62 cm x 70 cm zircaloy structure. This structure contains an aluminium alloy assembly comprising
56 compartments containing the fuel elements, the control rods, the reflector and the experimental
devices. The current core configuration comprises 38 fuel elements and six control rods.
The six control rods are identical and comprise a fuel part and an absorbent hafnium part. The drive
mechanisms are located under the pool.
The water from the primary cooling system circulates in the core in an upward direction at a rate of
5450 m3/h. The primary coolant pumps (there are three in service and one back-up) discharge the
water to a common collector from which it is sent to the four heat exchangers. The pipe through
which water enters the core is fitted with two natural convection flappers. Should the pressure in the
primary system drop below the threshold which triggers reactor scram, the flappers open
automatically due to the effect of a counterweight and the water in the pool cools the core by natural
convection without changing the direction of circulation. This type of cooling is used for power levels
of up to 1.4 MW. The water in the secondary system is cooled in a cooling tower.

The pool-type ISIS reactor is a neutronic mock-up of the OSIRIS reactor. The core is cooled by
natural convection for power levels up to 250 kW. Beyond this value, the core is cooled by forced
convection via the primary system (at a flow rate of 50 m3/h).

Exchanges between the operator and the safety authority

In 1990, the operator of the OSIRIS reactor informed the DSIN of its decision to replace the Caramel
fuel by a silicide fuel identical to that qualified in the USA and outlined the approach it intended to
adopt to carry out the core conversion. It should be remembered that the approach is centred on the
gradual use of silicide elements in the Caramel core until an entire U3Si2Al core is obtained.
Following the IPSN's analysis, the safety authority informed the operator that it agreed with this
approach and asked it to send the following in connection with its application for the licence to
change fuel:

— results of the neutronic and thermal-hydraulic studies relating to the various core configurations
and the analysis concerning the validation of the calculations,

— the study of the rapid reactivity injection accident,
— a report on the behaviour of the new fuel under the effects of irradiation,
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- details on how the spent fuel was to be dealt with,
- justification that the installation was compatible with the new fuel.

The operator's replies to these requests were sent to the DSIN in 1992 and 1993 along with the results
of the measurements made on five silicide elements in the ISIS reactor to validate the neutronic
calculations. DSIN approval was required and obtained before these measurements were made in the
Caramel core. The replies above were supplemented by additional information on the qualification of
the thermal-hydraulic calculations sent to the PSN in June 1994. In July 1994, the operator received
DSIN approval for the OSIRIS core conversion.
The operation to convert the ISIS core to silicide fuel benefited from the experience gained witrr
OSIRIS as regards preparation and assessment of the safety studies. The safety studies were sent to
the DSIN in February and July 1998 and the licence was granted by the DSIN in November of that
year.

Conclusions of the safety assessments

The safety studies submitted by the operator showed that there was no problem in complying with the
safety criteria adopted for OSIRIS and ISIS when it came to converting their cores to the new fuel.
Nonetheless, in view of the uncertainty surrounding the various parameters used in the thermal-
hydraulic calculations, the operator was asked to supplement the validation of these calculations for
OSIRIS using existing experimental data, particularly the results of measurements made on the UAI
core in 1969 using a fuel element instrumented with thermocouples. To meet this request, the
operator, in agreement with the IPSN's suggestion, used a fuel element instrumented with five
thermocouples to measure cladding temperature during normal operation and during a transient
involving shutdown of the primary pumps followed by natural-convection cooling. The results of the
measurements will be used to supplement validation of the thermal-hydraulic calculations. This is
currently underway.

The safety authority also asked the operator to:

- reduce the value of the scram threshold setting corresponding to the power of the reactor (1.4 MW
instead of 1.7 MW for low power operation) for transitional mixed cores in order to meet the non-
boiling water criterion,

- propose, because of the decrease in core head loss, lower values for the alarm and scram thresholds
corresponding to this load loss,

- update the calculation of the radiological consequences of the design basis accident (reactivity
accident leading to core meltdown under water), making allowance for the non-filtrated release of
fission products through leaks due to the overpressure in the containment.

The operator's replies to these requests from the safety authority posed no particular problem.

As regards the ISIS reactor, the operator was asked to supplement the commissioning test programme
with measurements of the maximum cladding temperature, using an instrumented fuel element; this
was aimed at confirming the thermal-hydraulic calculations for conservative operating conditions.

The effect of OSIRIS and ISIS core conversion

When the fuel in the OSIRIS core was changed, the control rod counterweight had to be modified to
compensate for the difference in weight between a silicide fuel element and a Caramel fuel element
(which is around 10 kg heavier), and to ensure that the rod drop time would be less than 500 ms as it
was for the Caramel control rods.
The alarm and scram thresholds corresponding to the pressure differential between the core inlet and
outlet were adjusted to make allowance for the hydraulic characteristics of the new fuel.
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Moreover the gamma heating in the U3Si2Al core is approximately 50% higher than in the Caramel
core and around 30% higher round the periphery of the core. The effect of this gamma heating must
be taken into account in the safety studies on irradiated experimental devices in the reactor.
When the ISIS core was converted, the structure connected to the control rods had to be modified to
ensure that the control rod drop time stayed the same as for the Caramel core.

General conclusion

Converting the core of a research reactor to a new fuel may lead to complications as regards the safety
documents if it is carried out in several stages, since the various core configurations have to be
examined.
Demonstrating the conservative nature of the calculation codes used or validating the results of
thermal-hydraulic calculations by means of experiments are important issues which have to be
examined in detail in the safety documents.
The conversion of the OSIRIS and ISIS cores to silicide fuel is an improvement over Caramel fuel. No
fuel cladding rupture has occurred since the two reactors were converted and have been operating
with the silicide fuel.
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ABSTRACT
Several years ago the shipment of spent fuel of the High Flux Reactor (HFR) at Petten has
come to a standstill resulting in an ever growing stock of fuel elements that are labelled
"fully burnt up". Examination of those elements showed that a reasonably number of them
have a relatively high 235U mass left. A reactor physics analysis showed that the use of such
elements in the peripheral core zone allows the loading of four instead of five fresh fuel
elements in many cycle cores.
For the assessment of safety and performance parameters of HFR cores a new calculational
tool is being developed. It is based on AEA Technology's Reactor physics code suite
Winfrith Improved Multigroup Scheme (WIMS). NRG produced pre- and post-processing
facilities to feed input data into WIMS's 2D transport code CACTUS and to extract relevant
parameters from the output. The processing facilities can be used for many different types
of application.

1. Introduction

The High Flux Reactor at Petten is a versatile Materials Testing Reactor, owned by the European
Commission and operated by the Nuclear Research and Consultancy Group (NRG), a Dutch company
(www.nrg-nl.com). It is located in "Medical Valley", surrounded by well equipped facilities that are
needed for (non-) destructive materials research, neutron and gamma metrology, waste disposal and
radioisotope production. The reactor core consists of 33 fuel elements, 6 control rods, 25 reflector
elements and 17 experiment positions, see figure 1.

o
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-o- -o-
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O

Figure 1. Horizontal cross section of the HFR core at centreline core.

At the west side of the core the reflector elements lack to let neutrons migrate into the Pool Side
Facility unhampered. The control rods consist of a cadmium containing upper part and a uranium
containing lower part. On start-up the control rods are moved upwards, simultaneously moving
absorber material out of the core and introducing fissile material into it.
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2. Fuel Management

Up until a few years ago the HFR core was loaded with 5 fresh fuel elements and 1 fresh control rod
every cycle. In an attempt to reduce fuel element consumption several alternative loading schemes
using 4 fresh fuel elements were evaluated, but none turned out to fulfil the following requirements:

• neutron fluence rates as close as possible to the values obtained so far;
• core excess reactivity enough to allow 25.7 full power days and to have reasonable time for restart

after a scram (high xenon-poisoning);
• thermal conditions acceptable for safety and operation;
• parameters in accordance with the regulations HFR cores have to comply with.

The main problem was the lack of excess reactivity at end-of-cycle (EOC). To increase this parameter
the peripheral fuel elements that would be loaded according to the calculated loading scheme were
replaced by selected fuel elements actually in stock. These elements once were labelled "fully burnt
up", but still contained higher quantities of 235U compared to the calculated mass in the peripheral fuel
elements.
The characteristics of the "boosted" 4 fresh fuel elements core are as follows:

• The neutron fluence rates in the experimental positions in the core show minor reductions in the
fast groups (1 through 3) and -generally speaking- an increase in the thermal group (see figure 2).

• The EOC excess reactivity is approximately 1500 pcm in the new core, whereas it was 3000 pcm
in the existing one. This means that there are more stringent limitations on:
- the loading of extremely absorbing experiments;
- the cycle length;
- the time after reactor scram to overcome xenon poisoning.

• Maintaining the thermal safety margins results in a reduction of the maximum allowable primary
coolant inlet temperature from 58.5 °C to 53 °C, because of the increase of the thermal load of
fuel elements in the centre of the core.

• The maximum burnup of fuel elements and control rods is about 66%. An earlier study showed
this does not give rise to problem with respect to swelling.

1

n

3

4

fa

6

7

8

9

A B

: .f

' Ti
. .* s .

C

li
II

D

M

nn

O£

mn
Hi

2 J

JiiiLi M I1 1 *1
Ij 4 48 ^

1

E

-6.2S
-4^0

089

oes
0.00
0.44
1 68

WM

O20
3.T7

10 46

^ ^

HH
3.42
3.D9

25Q

^ ^Iff
# P
0.00
1^8
0.00
268

F G

] SI 1

jjjjjiF^ ^ ^ r P I -3 63

i -0 96 fitii i i i i

H

*~

-9^0
-7.04

•
- i 7 7
-6£8
-4 42

3S7

i
-3.B5
-2.17
-1.75

•P
PB
Q.00

-1.9Z

1

2

3

4

5

6

7

8

g

-

| j Beryllium
H Fuel element
j H Control rod
1 I Experiment

,—w-^y MO«

<!&

Group 1 proportional nueoc« rate
Group 2 proportional fluonca rata
Group 3 proportonel fluenca ratt
Group 4 proportional fluenca rata

Group 1:
Group 2;
Group 3:
Groups:

14.92 MeV -1.3S3 MBV
1JJ53MeV-67.4 kr»V
S7.4 hev -0.683 eV
3.E83 ev - 0 . eV

Figure 2: relative change in neutron fluence rates at experimental positions.
Core 21051 is loaded with 5 fresh fuel elements, core 22010 with 4.

The stock of fuel elements needed to load the peripheral positions of the new core is big enough to
load some 55 cores. In the past four years the four-fresh-fuel elements core was loaded 23 times.
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3. Calculational Tool Development

General
In case of a materials testing reactor the calculational route that is used for cycle-to-cycle calculations
has to be flexible with respect to the modelling of the geometry. The reason for this is the variety of
designs of the experiments that are loaded into the core. It is still common practise to use a cell code
to homogenise details in an experiment into a smeared lattice cell for the core calculation. But
nowadays the computer gets fast enough, and memory gets large enough to increase the level of detail
in core calculations.
The set of codes used at Petten is based on AEA Technology's Reactor physics code-suite Winfrith-
Improved Multigroup Scheme (WTMS) [2]. The code used for routine calculations is the 2D transport
code CACTUS. The 3D Monte Carlo code MONK is used for verification of the modelling of 3D
processes in CACTUS, such as the control rod movement during the cycle and axial neutron leakage.
NRG produced pre- and post-processing facilities to feed input data into the code suite and to extract
relevant parameters from the output.

CactusEdit
The first tool developed was CactusEdit [3]. Like a Computer Aided Design program CactusEdit
allows the user to build geometries using a Graphical User Interface. An example of such geometry is
given in figure 3.

Figure 3: CACTUS geometry of an experiment

CactusEdit loads an input file for CACTUS and it will show the geometry described in it. After the
editing process the work can be saved, resulting in a valid input file for CACTUS, now containing the
modified geometry.



GeoCompose and MatCompose

The next modules made
were GeoCompose and
MatCompose. These
modules construct the
whole core model using
templates of the empty-
reactor-model and of
experiments. The templates
themselves are made using
CactusEdit and consist of
two parts: the geometry and
the materials part.
The composition of the
geometry is driven by the
"CoreSpecification" file, in
which is listed what
element has to be loaded on
what position. The figures
4 and 5 show the process of
composing the whole core
model.

Building HFR CACTUS Geometry from Templates
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Figure 4: Example of a partially filled HFR core model

Compared to GeoCompose
the module MatCompose
performs a similar task, but
here an input stream is
generated for WDVIS
modules that calculate
material properties. Besides
keeping track of the right
material numbers in the
right places MatCompose
can read standard materials
from a library and construct
mixtures of standard
materials.
After the completion of the
WIMS calculation an
interface exists that
contains the nuclear
properties of all materials
that are used in the whole
core model.

HFR CACTUS Geometry, Templates included
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Figure 5: Example of a filled HFR core model 81



CacMesh
Once the reactor geometry is composed and the materials-interface is made CacMesh is invoked to
generate the meshing needed for the correct spatial discretization in CACTUS. Several meshing
criteria are at the user's choice, but probably the most elegant is the mesh size being a fraction of the
transport mean free path. CacMesh will determine the necessary number of meshes in X- and Y-
direction for every element in the model and modify the input stream for CACTUS.
The chart in figure 6 shows the relation between the modules.

HFR Core
Specification

FuelElements
History

Templates

template:

Geometry

Materials

CACTUS
input

material
mapping

CACTUS input
with meshes

CACTUSU-

WIMSE
input

WIMSE
interface

Figure 6: Flowchart of the Generation of WIMS-input for HFR core calculations

Calculational Results
First whole core calculations show good agreement with earlier obtained calculational results and
measurements. At this moment the set of codes that will form the calculational tool for HFR
calculations is being validated for use in safety analyses.
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ABSTRACT

On March 16, 1998 the first two LEU (low enriched uranium) fuel elements were introdu-
ced in the HOR reactor of the Interfaculty Reactor Institute (IRI). At the moment the core
consists of 5 LEU and 19 HEU (highly enriched uranium) fuel elements. It is anticipated
that after about 13 core reload operations the HOR will be fully converted from HEU to
LEU to a so called LEU compact core consisting of about 21 LEU fuel assemblies and as
many beryllium reflector elements. The HOR HEU/LEU core conversion program, pro-
gress of the step-by-step transition phase including comparisons of calculations and measu-
rements as well as the impact on the utilization of the reactor are discussed.

1. Introduction

The HOR (Hoger Onderwijsreactor) is a pool-type reseach reactor situated at the Interfaculty Reactor
Institute of the Delft University of Technology and has been operated since 1963. It is the one and
only university type research facility of its type in the Netherlands. Its main purpose is to serve as a
scientific facility for materials research using neutrons and other types of radiation, physical aspects of
nuclear reactors as well as research in radiation physics, radiochemistry and environmental research.
The maximum licensed power is 3 MWth. For most of the time, the reactor is operated at a steady
state power of 2 MWth in continuous shifts of 100 hours a week, 40 weeks a year. It contains MTR-
type (Material Test Reactor) fuel elements consisting of 19 plates (HEU and LEU).

In the beginning of 1980 a preliminary statement on the intention to convert to LEU was issued, sub-
ject to the availability of suitable fuel material and acceptable solutions to anticipated problems. A
formal statement to convert to LEU was issued in 1986. Results of safety analysis and review of the
HOR with HEU, LEU and mixed fuel operation were reported in 1989, followed by an update of this
work in 1993 after an upgrading program for the coolant loops to increase the coolant flow, which was
necessary to keep full reactor performance during the transition phase. Moreover an experimental pro-
gram to assess the thermal-hydraulic performance of the HOR for validating the updated safety review
was established. At the end of 1995 an application was submitted for license modification for the
planned conversion. In January 1997, the new licence became valid allowing the delivery of LEU ele-
ments to IRI as well as the subsequent conversion [1]. The real conversion process started on March
16, 1998. At the moment preparations are on its way for the next reload operation in order to realize
mixed core no. 4.

2. Conversion program

Design and safety analysis of the HOR for HEU, LEU and mixed fuel operation were performed in the
late eighties. A specific conversion strategy was analysed, starting the process with the so called HEU
compact core consisting of about 21 fuel assemblies and as many beryllium reflector elements. However,
due to several factors, the actual starting core was less compact and the real conversion trajectory will
differ significantly from the postulated one. To guide the HOR as smoothly as possible through the con-

83



version process a dedicated conversion program was established. The program includes guidelines for
core design and follow up measurements for validation and evaluation of core calculations with IRI's code
system [2,3]- The objective of this program is a conversion process where calculations are performed in
such a way that the new mixed core designs are realised, fulfilling all the safety and operational con-
straints without necessary adjustments during the real reshuffling operation program. Figure 1 gives an
overview of the program items as they are linked together. The main items of the program are the calcula-
tions and measurements in connection with the periodical required replacement and reshuffling of fuel
assemblies to restore excess reactivity at the end of core operating cycles. Both calculations and measure-
ments cover detailed reactor physical and thermal-hydraulic characteristics. Distinction is being made
between apriori and aposteriori calculations. Apriori calculations are performed in advance of the reshuf-
fling program to give confidence that all safety and operational constraints for a new core will be met,
whereas aposteriori calculations are performed after core assembly, matching the measurement circum-
stances to establish the differences between measured and calculated parameters. These differences are
used in preparing the next core reshuffling program by optimizing the apriori calculations. Results of for-
mer reshuffling operations and their discussion in section 4 may illustrate this.

INFORMATION

• REPORTING
APOSTERIORI

CONVERSION
STUDY
REPORT

CALCULA-
TIONS

\7

MEASURE-
MENTS

EVALUA-
TION

LICENCE/
REGULATION

UTILIZATION
REQUIRE-
MENTS

APRIORI

STRATEGY

DESIGN LOOP

DESIGN CORES

OPERATION LOOP

WORKING CORES

Fig. 1. Overview of the HOR core conversion program items

3. Progress

Up to now, 3 of the 13 core reload operations of the conversion trajectory have already been perfor-
med. In total 5 LEU fuel assemblies were already introduced into the core while at the same time the
size of the core was reduced from 30 to 24 fuel assemblies. Figure 2 shows the starting point full HEU
core, the third mixed core and the postulated compact LEU working core marking the end of the tran-
sition phase. Table 1 shows some of the characteristics of these cores, including the first two mixed
cores. As stated earlier a transition phase from a compact HEU starting point core, of about 21 fuel as-
semblies, to a complete compact LEU working core was developed and calculated exemplarily. It was
concluded that the performance of such a transition phase from HEU to LEU is possible without operatio-
nal restrictions [4]. However, the actual HEU starting point core was less compact and the real conversion



trajectory differs significantly from the postulated one. In order to get as near as possible to the analyzed
transition phase with mixed compact cores, the core size was reduced from 30 to 24 fuel assemblies
during the first 3 reload operations of the transition phase. A further reduction to about 21 assemblies
is suspended for the moment due to possible operational constraints and influence on reactor utilizati-
on although the shut-down reactivity constraint (see section 4) is more easily met with the compact
core configuration.
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Fig. 2. HOR core configurations with burnup distributions.

Table 1. Comparison of characteristic core parameters

Fuel assemblies
Control assemblies
HEU assemblies
LEU assemblies
Beryllium reflector elements
Excess reactivity [%]
Reactivity worth of control rod
system [%]
Shut-down reactivity [%]
Xenon reactivity [%]
Cycle length [MWd]
Cycle length [fpd at 2 MW]
Coolant velocity D4 [cm/s]
Thermal flux D4 [-]****

HEU star-
ting point
core
26
4
30
-
10
4.46
-11.15

-0.11
-2.42
115
58
67.5**
1.00

Mixed core
1

22
4
24
2
14
4.56
-11.28

-0.40
-2.45
86
43
78.0
1.04

Mixed core
2

20
4
23
3
14
4.40
-10.85

-0.26
-2.43
102
51
78.0
1.09

Mixed core
3

20
4
19
5
16
4.11
-10.88

-0.49
-2.44
90
45
85.6
1.22

Compact
LEU wor-
king core*
16
4
-
20
21
5.1
-14.8

-0.2
-2.34
178
89
98.1***
-

*Data taken from [4].
** Measured for a simulated standard core of 32 fuel assemblies [3]
***Measured for a simulated compact core of 21 fuel assemblies [3]
****Thermal flux density at grid position D4 for HEU starting point core taken as 1.00.

During all 3 core reload operations all safety and operational constraints were met in good agreement
with the results of the a priori calculations. Measurements and calculations on safety constraints are
treated in detail in section 4. Regarding reactor operations only some smaller problems arised during
the preparations for - and the carrying out of - these reload operations. In order to check the thermal
hydraulic constraints the use of gold as foil material for activation reasons had to be abandoned in the
favor of copper to provide direct results. Further the change of the core configuration towards a more



compact core surrounded by beryllium reflector elements will decrease the signal strength of the 4
safety channels significantly; the detectors themselves are situated at the outer edge of the core. As the
conversion process will continue the maximum indication will continue to decrease. Calculations are
being performed in order to know if desired indication levels can be maintained without modifications
when the size of the core is reduced further to about 21 fuel assemblies.

4. Results and discussion

During the transition phase all working cores should fuflll the safety specifications and license condi-
tions. The two major boundary conditions are fulfillment of the shut-down criterion of subcriticality
and the limitation of the highest value of the maximum radial hot channel factor. Both boundary con-
ditions are discussed.

The shut-down reactivity condition states that the shut-down system must maintain subcriticality even if
the two most effective control rods (of the total of four) are fully withdrawn. Table 1 shows the results for
both measurements and aposteriori calculations with respect to the shut-down reactivity. The differences
in the last column of table 1 are used to adapt the apriori calculated shutdown criterion in preparing a new
core design. E.g. for mixed core 4, the apriori calculated shut-down reactivity of this design core must be
equal or less then -0.09 %, 'ensuring' that the measured shut-down reactivity of the working core equals or
is less then -0.10 % in practice.

Table 1. Shut-down reactivity values at BOC, cold, stuck rod (2 control rods).
Core number

HEU core no. 97-01
HEU core no. 97-02
Starting point HEU core no. 97-03
Mixed core 1 (core no. 98-01)
Mixed core 2 (core no. 98-02)
Mixed core 3 (core no. 98-03)

Measured
[%]
-0.51
-0.49
-0.10
-0.40
-0.26
-0.49

Aposteriori
Calculated [%]
-0.06
-0.12
-0.04
-0.27
+0.03
-0.12

Difference
[%]
-0.45
-0.37
-0.06
-0.13
-0.29
-0.37

For shut-down reactivity calculations as well as for other full core calculations the diffusion theory code
BOLD VENTURE [5] is used in a 2-D representation of the core. As concluded from results of earlier
benchmark calculations [2] BOLD VENTUEE tends to underestimate the effective multiplication factor
(kefr) for well mixed cores of HEU and LEU assemblies. By keeping track of the differences, the realiza-
tion of new mixed core designs not fulfilling the shut-down reactivity safety constraint can be avoided in
practice.

Limitation of the maximum radial hot channel factor in practise is ensured by determining the thermal-
hydraulic safety margin with respect to the occurence of flow instabilities. This safety margin is defined as
the ratio of the actual minimum bubble detachment parameter to the upper bound of the minimum accept-
able bubble detachment parameter and should always exceed 1. For the HOR, the bubble detachment
parameter is defined as:

_ fc (*) - [r(z=o)

Where z axial coordinate in flow direction
Ts saturation temperature
T coolant temperature
AT coolant temperature rise
V coolant velocity
q" heat flux
Fi correction factor for the hot channel coolant temperature rise
F2 correction factor for the hot channel coolant velocity



F3 correction factor for the heat flux

Table 2 shows the calculated and measured values for the thermal-hydraulic safety margin. The difference
between both values is significant. In each case, the safety margin for the HOR is determined by the
Steady state HOR Thermal hydraulics (SHORT) code [6]. SHORT uses different types of input data. One
type of data specifies the normalized core power density distribution, which can be generated by detailed
external neutron physics calculations or other methods e.g. measurements. Other types of data describe
the (detailed) core configuration, specify operating conditions of the core or describe the modelling of the
core for thermal-hydraulic calculations. In review it was concluded that the difference in safety margin
could be explained by methodical differences in the calculated and measured core power density distribu-
tion. The latter are shown in the 4th and 5th column of table 2 for the hot channel. For calculating the core
power distribution as well as the peaking factor of the hot channel the Monte Carlo code KENO Va [7] is
used with a detailed representation of all individual fuel plates of the fuel elements in 15 assymetrical
axial burnup zones and all relevant reactor components as well as experimental facilities. Result of a
KENO Va core power density distribution calculation is the heat production in all individual fuel plates of
the core. For the determination of the measured power distribution the code system CONHOR is used.
CONHOR combines calculational and experimental information of the flux distribution in order to deter-
mine the core power density distribution taking into account a transverse flux distribution over the width
of each individual fuel plate leading to higher peaking factors. The 'measured' power distribution is thus
more conservative. One may ask if this method is unneccesary restrictive. In [8] it is shown by experiment
that taking into account a transverse flux distribution over the fuel plates in general leads to conservative
results. However, one cannot completely neglect these flux distributions over the width of the fuel plate.
This applies especially for HEU/LEU mixed cores were excessive (transverse) flux distributions are en-
countered. Finally the last column of table 2 shows that for the mixed cores 1 and 3 the big difference
between calculated and measured safety margin can not be explained fully by a simple correction for the
difference between both peaking factors. Because the hot channel of these two mixed cores is situated in
the periphery of the core and since there is no shroud around the core, complicated cooling conditions
may be a factor in the difference between calculated and measured safety margin. Hopefully calculations
and measurements of future mixed cores will give more information for correction of the apriori thermal-
hydraulic calculations used in preparing reshuffling operations.

Table 2. Calculated and measured values for the safety margin and the peaking factor for the hot channel.
Core

Mixed core 1
Mixed core 2
Mixed core 3

Calculated
safety margin (a)

2.02
2.03
1.93

'Measured'*
safety margin (b)

1.69
1.87
1.38

Calculated
Peakingfactor
(c)
2.40
2.78
2.07

'Measured'*
peakingfactor
(d)
2.64
2.99
2.54

(afb)'(cfd)

1.09
1.01
1.14

* Measured is braced because the code system CONHOR is used for the determination of the peak-
ing factor (and therefore also for the determination of the safety margin)

5. Influence on research utilization

The design of the LEU fuel assembly and the postulated LEU working core was performed during the
conversion studies in the eighties. The outcome was the LEU compact core with a central irradiation
facility (CIF) surrounded by beryllium metal reflector elements with the exception of a small part of
the core edge for optimum neutron physical adaption of some of the beam tubes in the core (see Figure
2). At that time the CIF did not exist but was considered as a design option for the future. Due to some
unforeseen changes in the reactor utilization since the adoption of the design LEU compact core as the
optimum LEU working core, some users will experience a significant decrease in neutron flux if this
design LEU compact core is assembled in practise.

In the early nineties a large sample irradiation facility was constructed in the thermal column after
years of disuse of this column. The facility is currently operated with a thermal flux of about 5-1012

m'V1. By compacting the core and increasing the beryllium reflector in accordance with-the anticipa-
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ted conversion trajectory, this thermal flux will drop by a factor of 2 if no modifications are being
made. At the moment a study is on its way to define solutions for this problem.

Since the operational start of the HOR (1963) use has been made of dry Irradiation Facilities (IF)
which were placed in the water reflector at the core edge for maximum neutron fluxes. However due
to thermal-hydraulic constraints when operating HEU/LEU mixed cores the IF's are forced to move to
grid positions behind the beryllium reflector elements which will give rise to a drop in the thermal flux
of a factor 3 and in the fast flux of even a factor 8. For this reason two types of Beryllium Irradiation
Facilities (BIF) are recently being developed. Both types are placed in specific plug-type beryllium
metal reflector elements. One type of BIF is developed for use as CIF too.

6. Summary

In order to guide the HOR as smoothly as possible through the conversion process, a dedicated con-
version program was established. The program mainly consists of calculations, measurements and
comparisons of both in connection with core reload operations. Differences in calculations and measu-
rements are used in preparing the next core reload operation by optimizing calculations in advance
(apriori) of a reshuffling program. Up to now, 3 of the 13 core reload operations of the step-by-step
conversion trajectory have been performed using the established program. In these 3 core reload ope-
rations all safety and operational constraints were met. The reactivity type of aposteriori calculations
and measurements were in good agreement with each other. For the thermal-hydraulic part there were
significant differences. Using the differences in calculations and measurements in the preparation of
each step of the transition phase is considered very valuable, if not necessary for in-core fuel manage-
ment during the HOR conversion process.
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ABSTRACT

A survey is given on 37 years of TRIGA fuel experience at the 250 kW TRIGA Mark II
reactor Vienna. Approximately 3000 fuel-years of experience have accumulated at this
facility with only minor problems. Totally only 8 fuel elements had to be removed
permanently from the core. Various inspection methods which have been developed
throughout the years are described in this paper.

1. Introduction

The TRIGA reactor Vienna achieved its first criticality on 7.3.1962 and operated since that time
without major interruption for its students education and training program at its designed power level of
250 kW, transient operation up to 250 MW is also possible. The reactor became first critical with 57
standard Aluminium clad fuel elements with 20% enrichment. Since 1962 totally 16 fuel elements had
been added to the core to compensate for the fuel burnup. As the fuel types were changed several times
during the past 37 years by General Atomics, also 20% enriched stainless steel clad elements have been
added as well as 9 stainless steel clad fuel elements with 70% enrichment. Therefore the present core is
mixture of 3 different types of fuel elements. It is important to note that within the past 37 years only 8
fuel elements had to be removed permanently from the core due to mechanical or chemical damage.
These fuel elements are stored in a dry storage inside the reactor building. Some years ago a fuel
inspection device was constructed which allows both the axial gamma-scanning of the active fuel for its
burnup as well as an optical inspection of the fuel surface by an endoscope. This inspection device is a
very valuable tool to determine both the nuclear status of an individual fuel element (burnup) as well as
its mechanical status (corrosion, swelling). Both informations are important criteria in case of final
shipment of the fuel elements.

2. Fuel survey

While the first criticality was achieved with 57 fuel elements, five more elements were added during the
start-up procedure to reach the then nominal power of 100 kW. Two more fuel were stored in the fresh
fuel storage. Therefore at the facility totally 64 standard Al-clad fuel elements were available
in 1962.

After the addition of the two spare elements the nominal power was raised to 250 kW on 27.7.1964.
The further fuel history can be seen from table 1. Until 1965 only Al-clad, 20% enriched fuel was used.
In 1966 the first SST-clad 20% enriched fuel elements were purchased from General Atomics and
installed in the core. In October 1972 nine SST clad 70% enriched FLIP (Fuel Element Lifetime

- Improvement Program) fule elements were ordered and consecutively installed . Since 1972 totally 15
more SST-clad, 20% enriched fuel elements were added, therefore the total number of fuel elments at
the facility is 96. A breakdown into the various fuel types and location at the facility is shown in
table 2.



Table 1: Fuel history

Date

05.12.61
07.07.62
19.02.65
02.08.66
21.10.68
19.10.72
02.12.80
09.08.82
15.02.83
21.08.87
19.10.88
01.02.90

Number of
fuel elements

+66
-2 (retour)
+2
+3
+3
+9
+1
+3
+2
+3
+3
+3

Type

Al, 20%
Al, 20%
Al, 20%
SST, 20%
SST, 20%
SST, 70%
SST, 20%
SST, 20%
SST, 20%
SST, 20%
SST, 20%
SST, 20%

Remarks

2 instrumented fuel elements

1 instrumented fuel element 5284 TCE

1 instrumented fuel element 8257 TCE

2 instr. fuel elements 8730, 8731 TCE

96

Table 2:

Location of fuel element

79 in-core
8 in fresh fuel storage
8 in spent fuel storage
1 dismantled and cut into 3 pieces

Al

57
-
8
1

Cladding
SST

22
8

-
-

Remarks

2 instrumented
2 instrumented
1 instrumented

fuel
fuel
fuel

elements
elements
element

66 30

The permanently removed fuel elements (8 units) have been either mechanically damaged during fuel
handling, some of them exceeded the licensed maximum fuel elongation (2,54 mm for SST fuel and 6,3
mm for Al fuel) or bowing (max 1,59 mm) and 2 of them were identified for fission product leakage. As
a university training reactor the fuel is manipulated frequently for educational purposes. During this fuel
handling the fuel is usually inspected visually and the movement of the element into its core position is
controlled.

It has to be mentioned that the TRIGA reactor Vienna is also licensed for transient operation and since
initial criticality totally 1277 pulses have been fired. The overall thermal energy production per
31.12.1998 was 9657 MWh which is equal to a total U-235 consumption of about 322 g, using the
relation of 1,25 g U-235 per 1 MWd.

One fuel element which was removed in 1964 from the core was dismantled and cut into 3 pieces. As
the fuel has decayed more than 30 years the only remaining activity is from Cs-137. The individual fuel
cylinders are used as calibration sources especially for safeguards instrumentation.
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3. Fuel inspection methods

3.1 Control of elongation and bowing:

Once a year every fuel element is measured in an underwater tool for elongation and bowing (Fig.l).
The reference value is the length at delivery. Each fuel element is measured threetimes after a stepwise
rotation of 120°, the accuracy of the length measurement is 0,01 mm. Bowing is controlled by a Go/No-
go gauge during rotation. Table 3 gives a survey of the experience in fuel elongation control.

1 Core
2 Fuel Element
3 Extension Rod
4 Micrometer Gauge
5 Support Structure

Fig.l: Underwater precision tool for fuel elongation
and bowing measurement

Table 3: Survey on fuel elongation during 37 years

Change in length

0 - 1 mm
1-2 mm
2 - 3 m m
3 -4mm
4 - 5 mm
5-6 mm
above 6.5 mm

Number of
fuel elements

29
19
14
7
3
2
1
75
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3.2 Optical inspection:

A special lead container has been developed (Fig.2) which accepts one spent fuel element in its axis.
Using a tangential hole an endoscope with double view deflection allows direct visual inspection of the
fuel surface The same endoscope can also be used directly in the reactor tank. It can be inserted into an
empty fuel position to view the surrounding fuel elements while placed in their core position. Irus
modular endoscope can be extended up to a length of about 10 meters, it has an integrated light source
and allows forward, sideward or backward viewing.

FUEL TRANSFER
CASK

LEAD BRICKS

PREAMPLIFIER

HP Gt-OETECTOR

MULTICHANNEL
ANALYZER

CONTROL UNIT
FOR FUEL
LIFTING DEVICE

Fig.2: Lead container for axial fuel gamma scanning
and for optical fuel inspection
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3.3 Fuel element scanning:

The same equipment shown in Fig. 1 also allows an axial gamma scanning of the fuel using one radial
collimator hole. With an axial piston the fuel element can be moved vertically in front of the collimator
hole, thus giving a total gammascan of the fuel element (Fig.3). With the Cs-137 fuel calibration source
mentioned above, the burn-up can be easily determined from this
measurement [1,2].

•5
a.

TOP OF FUEL BOTTOM OF FUEL

Aiial distribution of CJ-137 in TRIG A
fuel element DO. 34S7 E.
• Original U-235 content: 36.54 g
- Installed in the core between 31.10.I96S

loW. 1977
- Burn-up: 2.68 g U-235 or 7J%

o

—Oi —

Fig.3: Axial Cs-137 distribution of a spent TRIGA
fuel element
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ABSTRACT

In this paper the description of new fuel assembly of WWR-M5 type with outer
hexahedral fuel element equipping by spacing fins (so-called WWR.-M7 type assembly)
is presented. The choice of fin dimensions and results of reactor testing of pilot
batch of the new fuel assemblies in quantity of 40% from full core loading are
described. During the reactor testing 12 fuel assemblies were examined on leaktightness
in the water in pile loop. New assemblies have demonstrated the good capacity for work
up to 40% fuel burnup and were recommended for serial production as the regular fuel
assemblies for WWR-M research reactor.

1. Introduction

The radiation safety of reactor to a great extent depends on the leaktightness of fuel
elements i.e on their ability to keep the generation fission fragments. Leaktightness of
fuel elements, in the first place provides itself with the observance of normal modes of
their operating. The main part in it belongs to provision of nominal gaps between the
fuel elements as well as between fuel assemblies and another facilities of active core
such as reflector, experimental channels, irradiation capsules, channels of safety rods.
The gaps between fuel elements and fuel assemblies in WWR-M5 type fuel assemblies
now using in the WWR-M research reactor, [1] are equal only 1,5 mm, and the gaps
between fuel assemblies and another facilities are equal to 0,75+2,5 mm depending on
the type of facility. Gaps and temperature measurements in the active core of WWR-M
reactor had shown that the preservation of gaps between fuel assemblies and another
facilities are not guaranteed. It is connected as well with the conditions of these
facilities which state into operation about 40 years as witii the thermal flexure of outer
hexahedral fuel elements operating in the conditions of uneven heat generation. The
full absence of gaps between fuel elements and facilities can be compensated by
decreasing of reactor power nearly on 25%. Equipping of the outer hexahedral fuel
elements of WWR-M fuel assemblies by longitudinal spacing fins was proposed for
solving of this problem.

2. Choice of the finning type and preliminary tests

On the WWR-M reactor the partial refuelling is used. It considerably decreases the
expenditure on reactor operation due to achievement of more large fuel bumup. So in
process of reactor operating the repeated rearrangements of fuel assemblies are carried
out on the whole active core. Therefore it is required the equipping by fins of all fuel
assemblies not only those disposed on the active core border and near the experimental
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facilities. When the traditional way of finning a heat removal from a fuel element
cladding in area of fins contact is worse (Fig.l, A). Therefore the way of finning with
touching of neighbouring fuel elements fins over their butt-up surfaces was chosen
(Fig.l, B).

It was taken a decision to form the longitudinal spacing fins on the every side of
outer hexahedral fuel element of WWR-M5 type fuel assembly, which was called then
as fuel assembly of WWR-M7 (Fig.2) type. By thermal calculations it were selected
the dimensions of fins (0,5 mm height and 1,5 mm width) which are practically
eliminated the local overheat of fins in contact area. Besides that this construction of
fins decreases the probability of cladding damage during the refuelling. Little height of
fins decreases the technological difficulties of fins forming from cladding material.
Fuel assembly with such type of fins falles within clearance limits of active core cell.

A

rO,25

Fig.l. Traditional (A)
and chosen in WWR-M7
(B) types of finning

Fig.2. Cross section of WWR-M7 fuel
assembly.
1 - cladding, 2 - fuel layer

Preliminary tests on assembling of finning fuel elements were carried out on the
mock-up of active core with 37 models of finning fuel elements. During pilot
refuelling it was not any events of fins noncoincidence, scoring and seizure. During the
elaboration of finning fuel element manufacture technology it was taken into account
all factors which can decrease the reliability of new elements. Considerable volume of
factory tests including the destructive testings corroborated the fact that forming of fin
with selected dimensions have not led to changing of fuel layer thickness and its
arrangement and cladding ironing in the fin locality.

3. In pile tests

For in pile tests it were manufactured 60 fuel assemblies made 40% from full core
loading. New fuel assemblies were loaded compactly in separate part of active core by
small portion (1-6 fuels assemblies) during the regular refuelling. New fuel assemblies
had worked in the neighbourhood with beryllium reflector, lead shields, experimental
channels, irradiation capsules, channels of safety rods, water cavity. The utility of new
fuel assemblies comes to 979 MW.days. Maximum burnup was equaled to 41% when
the average burnup of all new assemblies 32%. The power density was 450 kW per
litre when the cladding temperature 100°C. During the test time many of new
assemblies were replaced up to five times. It was no any comments connecting with
their refuelling. During the reactor testing 12 fuel assemblies were examined on
leaktightness in the water in pile loop. In this loop the fuel element heat release was
approximately 50 percent to its average heat release in the core. The criterion used as
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the operational parameter of fuel elements extent of leaktightness (p) was defined as
the ratio of the number of fission fragments leaking out into the coolant to the number

V
of fission fragments generated in the fuel . For stable equilibrium conditions /? = — ,

where
V- is the leakage out rate of nuclide from the fuel element into coolant,
q - is the rate of nuclide generation in the fuel.

According to the accepted practice for WWR-M reactor, measurements were
conducted using the following five radionuclides: Kr-85m, Kr-87, Kr-88, Xe-135 and
Xe-138. Extent of leaktightness, p, was determined by measuring of equilibrium
concentration of this radionuclides in coolant and in air under the coolant surface of
loop as well as by reading of fuel failure detection system on delayed neutrons. [2].
The dependence of leaktightness parameter p from fuel burnup is shown on Fig.3.
Leaktigtness of fuel assemblies with
finned fuel elements practically not
differed from the leaktightness of
fuel assemblies of previous
developments and was nearly 100
times less than the average annual
maximum permissible value.Nearly
in a year after in pile tests it was
made a thorough survey of fuel
elements outer surfaces. It was
not found any deformation or
scoring of fins.

WWR-M7 WWR-M5

O 10 20 3O
%, burnup

40

Fig.3. Dependence of
leaktightness parameter
P from fuel burnup, %.

4. Conclusion

New assemblies demonstrated the good capacity for work up to 40% bumup
and were recommended for serial production as the regular fuel assemblies for WWR-
M research reactor.
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ABSTRACT

Ever tightening budgets make it increasingly important to be more efficient in the generation
and use of neutrons at research reactor facilities. At the Atomic Energy Corporation of South
Africa (AEC) the OSCAR-3 system (Overall System for the CAlculation of Reactors) is used
in direct support of the safe and economic operation of the SAFARI-1 reactor. This paper
briefly describes the theoretical support provided for SAFARI-1 with OSCAR-3 and gives
some examples.

1. Introduction

Many research reactor facilities today experience ever increasing pressure on their budgets. This has led
in many instances to a drive to increase the commercial utilization of reactors. In addition to this, the
need to operate reactors more economically while maintaining high safety standards has been
accentuated.

At the AEC, the OSCAR-3 core calculational system is used in direct support of the SAFARI-1 reactor,
endeavouring to minimise fuel costs while in turn maximising product quantity and quality. Before a new
facility is installed or the core configuration changed, the short-term effect on safety and performance
of existing facilities is determined. In addition to this, the longer term implications, specifically with
respect to fuel usage is also determined.

In this paper, the theoretical support provided to SAFARI-1 is discussed and three examples of the
application of OSCAR-3 are given. The first two illustrate actual changes to the core and the analyses
thereof while the third is an example of a theoretical study. Details of the OSCAR-3 system can be found
in an accompanying paper [1].

2. Theoretical Support

The theoretical support provided for SAFARI-1 with OSCAR-3 falls into three main categories; namely,
operational, utilization and licensing support.

Theoretical support of operation includes primarily reload analyses. This involves the determination of
the start-up and equilibrium control bank positions, temperature and power peaking, flux maps, shutdown
margins, cycle lengths and so on. True core follow calculations for SAFARI-1, taking into account the
reloads, power, temperature, utilization and control bank history, have been performed with OSCAR-3
since January 1995. From this year, this also includes a database function keeping track of individual
fuel elements and their isotopic composition for safeguard purposes.

Theoretical support for the utilization of the reactor includes the determination of absolute neutron fluxes
and spectra within the samples in irradiation positions for each core at its specific conditions. The
neutronic design of irradiation rigs to maximise the product quantity and quality is performed routinely.
In addition to this, the effect of the irradiation facilities (with the rigs and samples present) on the rest
of the core is also calculated to ensure compliance with the operating limits and conditions (OLC). When
specific irradiation targets are to be met, the irradiation times are determined, taking the planned
operating conditions into account.
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The effects of any proposed modification to the core which falls outside the scope of the current plant
licence is first analysed with the use of the OSCAR-3 system. The results of these calculations are then
used as a basis and submitted to the statutory licensing body for a licence change request. Various
parameters calculated by OSCAR-3 are used as input to the RELAP code to perform the transient studies.

The system also allows for the calculation of equilibrium cores. An equilibrium core for a specific core
configuration is obtained by reloading and burning the core repeatedly until equilibrium is reached (viz
the reload pattern and cycle length converges resulting in the BOC 235U mass distribution being constant).
Equilibrium core calculations are performed for different core configurations to determine the effect
thereof on the fuel economy.

3. The SAFARI-1 Reactor

The SAFARI-1 reactor is a 20MW tank-in-pool type materials testing reactor owned and operated by the
AEC at its Pelindaba site near Pretoria, South Africa. An 8 x 9 grid houses 28 fuel elements, 5 control
rods, 1 regulating rod, in-core irradiation facilities and reflector elements (see Figure 1 below). The core
is fuelled with MTR type fuel elements with 19 plates. The reactor vessel is cylindrical in shape except
for one flattened side which is also the wall of the rectangular core box adjacent to the pool side facility.
This large excore pool side facility allows irradiations to be performed in relatively high neutron fluxes
since it is directly adjacent to the fuel elements. The reactor is also equipped with a number of beam
tubes which are used for the neutron radiography, neutron scattering and prompt gamma neutron
activation facilities, while hydraulic and pneumatic rabbit facilities provide for the irradiation of various
material samples.

1 2 3 4 5 6 7 8 9 1
Fuel Element

Control Element

la-core Irradiation Facility

Solid Beryllium

Hollow Beryllium

Solid Aluminium

• Lead Reflector

Pgjij)] Hydraulic Rabbit

I Aluminium Core Box

Pool Side Facility

Fig 1. 2-D Sketch of SAFARI-1 core.

4. Change of reflector element

In this first example an analysis of the effects of replacing the hollow beryllium reflector element (filled
with beryllium plugs) in core position A6 with a so-called helium window element has been made. The
lower half of the window element is constructed of solid beryllium while the upper half consists of a
sealed aluminium box filled with helium.

Firstly, the immediate effect of the modified core configuration relative to the current core configuration
was determined. The fuel element loading remained the same. The effect on core reactivity due to the
change was calculated to be -0.46%Ak/k (-0.62$). Should the helium cavity rupture and flood the
reactivity change would be 0.20%Ak/k (0.27$). The effect of the helium window element on the flux
map is shown in Table 1 below.



Table 1. Percentage change in calculated thermal flux map.
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The table shows a relatively large decrease in fluxes in the vicinity of the window element. The resulting
reduction in the fission rate on the south side of the core negated the expected increase in the flux at the
beam tube facility due to the window element. The fluxes on the north side of the core (in the poolside)
increased in the order of 5%. The worths of the control rods in core positions C5 and C7 decreased by
8% and 22% respectively but the total control rod worth was virtually unchanged. These changes did not
violate the OLC of the reactor.

It was decided to make this core configuration change as an experiment and measure the resulting flux
map for the new configuration and compare it to the previous experimentally determined flux map.
Table 2 below shows the percentage differences in row B due to the core configuration change
determined both by experiment and calculation while Table 3 gives the control bank position at various
times during the experiment. The comparison between experiment and calculation is very satisfactory
and well within the experimental uncertainty.

Table 2. Percentage change due to core configuration change.

Calculated (%)

Experiment (%)

Absolute Difference

B3

-3.3

3.7

7.0

B4

-5.1

-7.3

2.2

B5

-11.0

-19.3

8.3

B6

-17.3

-20.2

2.9

B7

-12.4

-15.9

3.4

Table 3. Control bank positions.

Day

Sunday

Friday
Friday

Saturday

Time

O8HO0

07H15
16H00

20H00

Description

End of previous cycle
Reload & maintenance

New core startup at 10MW
Shutdown

New core startup for cycle

Core

Standard

Modified

Standard

Length cadmium in core

Calculated

7.0

17.5
11.0

8.5

Actual

8.1

17.2
12.1

8.0

Secondly, the longer term impact on fuel economy was also determined. Equilibrium core studies were
performed for both core configurations to determine the effect on fuel utilization. These calculations
showed that 5% more fuel elements would be required per annum if the window reflector element was
to be left in core position A6. These increased fuel costs could not be justified by the benefits of the
helium window element.
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5. Installation of new in-core irradiation facility
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Due to the increased demand on in-core irradiation positions which are loadable while the core is at
power, it was decided to determine the effect of installing a new facility in core position B8. In the
original core configuration, position B8 had a solid beryllium element while B9 had a hollow aluminium
reflector element. The effect of installing an aluminium thimble in core position B8 and moving the
solid beryllium element from B8 to B9 was calculated. The core configuration change resulted in a
reactivity decrease of 0.31 % Ak/k (0.42$). The effect on the thermal flux map is given in Table 4.

Table 4. Percentage change in calculated thermal flux map.
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The neutron flux in B8, while significantly lower than in the other incore irradiation positions, is still
adequate for most purposes. The energy spectrum of the neutron flux was found to be similar to those
in the other positions. The worth of the control rod in core position C7 decreased by 25% but the total
control rod worth remained almost the same. None of the core operating conditions (power peaking,
etc.) were found to be adversely affected.

Equilibrium core studies were also performed for the original core configuration and the modified core
configuration with the thimble installed. These calculations showed that 2.5% more fuel elements
would be required per annum. These additional fuel costs could be justified by the utilization of the
new facility.

6. Study of different fuel types

In this example an analysis of some of the effects of different fuels is shown. Three fuels have been
calculated; namely: HEU200 90 % enriched U-Al alloy with 200 grams 235U loaded per fuel element,

HEU300 90 % enriched U-Al alloy with 300 grams 235U loaded per fuel element,
LEU340 19.75% enriched U3Si2 with 340 grams S5U loaded per fuel element.

The fuel element design and core configuration remained the same. Equilibrium core calculations were
performed to determine the flux profiles, annual fuel element consumption, control rod worths,
reactivity coefficients and power peaking factors.

Table 5 below gives the percentage differences in the thermal fluxes for the different fuels relative to
the HEU200 case while Table 6 shows the annual fuel element consumption, control rod worths,
reactivity coefficients and power peaking factors.

As expected, the calculations showed a significant decrease in the thermal flux in the fuel elements for
the HEU300 and LEU340 relative to HEU200 fuel. The thermal fluxes in the incore irradiation
positions decreased by an average of 10% and 15% for HEU300 and LEU340 fuel respectively while
the fluxes in the ex-core facilities increased slightly.
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Table 5. Percentage change in calculated thermal flux map.
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Table 6. Comparative data for different fuel types.

HEU200
HEU300
LEU340

No. elements
used annually

70
33
29

Total rod worth
(%Ak/k)

25.6
21.7
20.8

Mod reactivity coef
(%Ak/k/Deg C)

-0.021
-0.019
-0.018

Relative power
peaking factor

2.18
2.35
2.41

The average spectrum in the incore irradiation facilities hardened by 5% and 10% for the HEU300 and
LEU340 fuel respectively. Although a significant decrease in the control rod worths for HEU300 and
LEU340 fuel is evident, they are still within the OLC of the reactor. The relative power peaking factor
increased for the HEU300 and LEU340 fuels but remained below the maximum allowable value.

Based on these and further results from OSCAR-3 it is possible to perform an economic feasibility study
on the use of these different fuel types.

7. Concluding remarks

The OSCAR-3 system is used routinely in support of the safe and efficient operation and utilization of
SAFARI-1. Any change to the core, whether it be a change to a reflector element or existing
irradiation facility, installation of a new facility, change in fuel reload strategy or fuel type, etc. is first
analysed with the OSCAR-3 system. The results are then used to determine the feasibility of the
proposed modification both from the technical and economical points of view. The accurate
determination of fluxes within irradiation positions for specific cores under specific conditions is also
possible and is done routinely at SAFARI-1 as input to the utilization projects. Longer term strategic
planning of core management strategies can be affected with OSCAR-3, with much greater flexibility
in reload design to meet specific objectives. The ongoing use and further development of OSCAR-3
for SAFARI-1 will ensure that the reactor is operated as safely and efficiently as possible.

8. References

[1] F. Reitsma and W.R. Joubert, "A Calculational System to Aid Economical use of MTRs",
Trans. Intl. Conf. Research Reactor Fuel Management (RRFM'99), Bruges, Belgium, March
29-31, 1999.

101



CH01$0021

OPERATION EXPERIENCE WITH BR2 LEAKING FUEL ELEMENTS

B. PONSARD and P. GUBEL
BR2 Division

SCK'CEN, Boeretang 200, 2400 Mol-Belgium

and

L. SANNEN
Department of Reactor Materials Research

SCK'CEN, Boeretang 200, 2400 Mol - Belgium

ABSTRACT

The BR2 Belgian MTR reactor was put in operation in January 1963. The reactor was
fuelled at the beginning with HEU Uranium-Aluminium alloy. Change to cermet material,
obtained by blending HEU UAlx powder with Aluminium powder occurred at the
beginning of the 1970's. Operation experience with this new kind of fuel learned to cope
with a low percentage of failed fuels. Fuel failures develop during operation of the reactor,
releasing fission products into the primary coolant. Safe levels of fission products in the
primary coolant were defined by the Health Physics and Safety Department of the
SCK'CEN, above which a shutdown of the reactor is required. During the past decade,
however, the number of observed defects increased significantly without any apparent
reason. Serious operational difficulties were even experienced during the first months of
operation after the recent 21 months refurbishment period (July 1995 to April 1997). The
purpose of this paper is to present this operating experience with failed fuels, the efforts
and observations made to identify the root causes of the defects and finally the strategy
developed to secure a safe and reliable operation of the reactor.

1. Introduction

The BR2 reactor is a high-flux Materials Testing Reactor
which first became operational in 1963 and has since
been refurbished in 1995-1997. It uses 93% 235U enriched
uranium as fuel and is moderated by light water and
beryllium. The core is composed of beryllium hexagons
with central irradiation channels of 200, 84, 50 or 33 mm
diameter. The cooling water is pressurized at 12 bar and
has a temperature of 40-45°C. The pressure vessel is
located in a pool (figure 1) filled with demineralized
water. A standard irradiation cycle consists of 3 weeks
operation at an operating power between 50 and 70
MWth, depending on the core configuration which is
easily adapted to the experimental load. The present
operating regime consists of 5 irradiation cycles per year.
The BR2 reactor is operated in the framework of many
international programmes concerning the development of
structural materials and nuclear fuels for various types of

' nuclear fission reactors and for fusion reactors. The
extensive refurbishment programme performed in the
period 1995-1997 after more than 30 years utilisation
provided a life extension of more than 15 years.

102

Figl . BR2 reactor.



2. Standard BR2 fuel element

Uranium-aluminium alloy - cladded with Al - was first utilised to manufacture the BR2 fuel elements
consisting of an assembly of 6 x 3 concentric curved plates (figure 2). Change to cermet fuel material
- obtained by blending UAlx and Al powders - sandwiched between AG3 alloy cladding, occurred at
the beginning of the 1970's. The main characteristics of the standard cermet fuel elements are [1]:

- total mass of 235U: 400 g;
- enrichment in 235U in the range 89 - 93%;
- thickness of the fuel meat: 0.51 mm;
- density of 0.060 g 235U/cm2 or 1.27 g Ut0t/cm3;
- burnable poisons: 3.8 g Bnat (B4C) and

1.4gSmna,(Sm203);
- thickness of the plates: 1.27 mm;
- water gap between the fuel plates: 3 mm;
- fuel length: 762 mm;
- burnup at elimination ( U): 52 %;
- maximum fission density: 1.6 1021 fission/cm3.

- number of fresh fuel element/1000 MWd: 6.2. F i g 2. standard BR2 fuel element.

3. Operation experience with failed fuel elements

Failure of the cladding of a fuel element is an event occurring from time to time during the operation
of the reactor. Possible causes are corrosion, mechanical damage or local overheating. As a
consequence, fission products are released in the closed primary circuit of the reactor. If the
contamination of the primary water does not exceed the limits [2] defined by the Health Physics and
Safety Department of the SCK«CEN, the operator can decide to maintain the reactor in operation to
finish a scientific experiment or a commercial production (radioisotopes, silicon doping, ...). The
basis to decide further operation with defect fuel elements are the 88Kr on-line monitoring (maximum
500 cps on the two monitors) and the off-line results of the analysis of the routine samples of primary
water taken three time a week (maximum concentration of 400 Bq/ml of I in the primary water if
no leak is detected at the primary heat exchangers). After the shutdown of the reactor, the fuel
elements are loaded into clean closed tubes to undergo a wet-sipping in order to identify the potential
leaking fuel elements. Samples of water are taken before (reference) and 48 hours after the loading of
the fuel elements in the tubes. Fuel elements are declared "PF" (leaking) if the activity (* Xe, I,
134Cs, 137Cs) of the water sample is higher than 1850 Bq/ml.

Figure 3 shows the number of BR2 leaking fuel elements per year extrapolated to a same production
of 10 000 MWd in the beryllium matrix of the reactor. This number seems to be related to the
operating regime of the reactor and especially to the period of time - hereafter called "transit time" -
between the first loading of the fuel element in the reactor and its definive unloading. Other
parameters as the irradiation conditions, the water chemistry, the fabrication process, ... were also
analysed, but no clear conclusion was found.

From 1980 - after the replacement of the first beryllium matrix - till the end of 1986, the operating
regime of the reactor was based on a operation of about 210 days per year at a mean power of 67
MW. A typical cycle was characterised by three weeks operation followed by one week shutdown.
The number of leaking fuel elements during this period was very low as shown in figure 3. The
average "transit time" of the fuel elements was about 150 days.

From 1987 till mid-1990, the operating regime was reduced to about 180 operating days per year at a
mean power of 65 MW. A typical cycle was characterised by two weeks operation followed by two
weeks shutdown. The number of leaking fuel elements increased already somewhat during this period
as shown in figure 3. The average "transit time" of the fuel elements was about 600 days:
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From mid-1990 till mid-1995, the operating regime was again reduced to about 160 operating days
per year at a mean power of 56 MW. The length of the operating (14 to 25 days) and shutdown (7 to
57 days) periods was very variable according to the experimental programmes (Callisto loop, power
ramps on fuel pins, ...) to be performed. The number of leaking fuel elements increased significantly
during this period (figure 3) and caused the interruption of several operating cycles. The average
"transit time" of the fuel elements was about 800 days. During this period, an important strategic
stock of about 35 fuel elements characterised by the maximum of reactivity (mean 235U burnup of
15%, reached after one irradiation cycle of 3 weeks) was constituted in order to be able to restart the
reactor after an unforeseen long shutdown period, i.e. to compensate a 3He poisoning of the beryllium
matrix (-0.22 $ per day shutdown in 1995) up to 10 $.

Serious operational difficulties were even experienced during the two first cycles of 1997 after the 21
months refurbishment period of the reactor (April 1995 - July 1997): 10 fuel elements were declared
"PF" on a total amount of 66 fuel elements irradiated, i.e. 15%.

Figure 4 shows the distribution of the BR2 leaking fuel elements in function of their mean U
burnup. The risk of leakage increases after three irradiation cycles of 3 weeks each, i.e. from a mean
burnup of about 35 to 40%, the maximum risk being reached at the elimination mean burnup between
50 and 55%. However, during the last years of operation, a very sensible diminution of the mean
burnup for "PF" (leaking) fuel elements was observed.
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4. Results of the post irradiation examination of two leaking fuel elements

Two leaking fuel elements, one characterised by an intermediate burnup of 23% and the other by a
high burnup of 51% of 235U, have been submitted to detailed post-irradiation examination at the hot
laboratories of the SCK>CEN (LHMA = Laboratories for High- and Medium-level Activities) in order
to identify the defects and their root causes. The two elements were dismantled mechanically in order
to separate the individual fuel plates.

Thorough visual examination of the 6 x 3 fuel plates of
each element revealed the failure is confined to one small
hole ( 0 < 1 mm) on one fuel plate (figure 5). It is located
at the inner concave side of an external tube plate for the
intermediate burnup element and at the outer convex side
of an inner tube plate for the high burnup element. The
defect is not located at the hot spot but near the mid-plane
of the reactor at some distance of the side-plate. The

- cladding penetrating defect is enveloped by an oval zone,
grey colored, aligned with the coolant flow and expanding
into a fading trace as typical for point defects with wash
outofthefuel[3].
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Neutronographic examination evidenced the lack of fuel at the defect position within an area well
beyond the defect size (several mm). Apart from these defects, no other unusual feature has been
observed on any position on any fuel plate.

Samples, both of the defects themselves (figure 6) and at locations adjacent (i.e. at the mid-plane
level) as well as separated (i.e. at lower flux levels) from the defect, have been cut and prepared
metallographically.

Fig. 6: Metallographic sample at the defect in the fuel plate of the intermediate burnup fuel element.

In parallel, samples of an unirradiated fuel plate and an archive AG3 plate - both of the same
fabrication lot - have been prepared. Following, optical microscopic and EPMA (Electron Probe
Micro Analysis) observations have been made:

• the thickness of the fuel plate remains constant all along the sample, also at the defect position -
i.e. no deformations are observed;

• part of the fuel material, located concentric around the cladding hole, has disappeared by
dissolution on interaction with the coolant once entered through the defect;

• the cladding thickness is kept almost unmodified at all fuel containing parts of all samples;
• in the defect containing samples, in the zone without fuel, the thickness of the AG3 cladding

decreases in a continuous manner from the fuel zone towards the defect and this holds for both the
intact and defect side (figure 6); moreover the morphology of the internal cladding wall at this
level resembles a cladding being attacked uniformly, i.e. linearly in time and space (thus
preserving the initial surface aspect) and without any preferential sites of attack (e.g. no
intergranular attack or other phenomena related to embrittlement);

• the thickness of the fuel meat, were still present, is still within the fabrication specifications - i.e.
no irradiation induced volumetric or dimensional changes causing structural instability in the fuel
plates did occur;

• the fuel-cladding interface shows the bonding between fuel core and cladding is still good; no any
sign of decohesion (e.g. no gas accumulation giving rise to breakaway swelling with occurrence of
blistering), nor any other particularity (e.g. no unacceptable cladding wall reduction through
penetration of fuel meat particles) is observed;

• the cladding-coolant interface is characterised by a uniform continuous oxide layer of 10-20 um
(even at the defect location) and doesn't show any particular aspect at any location in any of the
samples which could point at whatever defect initiation;

• extended microstructural examinations of the grain structure and secondary-phase particles in the
AG3 cladding allows to exclude metallurgical effects and intergranular attack as the possible
corrosion mechanism;

• galvanic or deposition corrosion is assessed by EPMA examinations and despite a clear Sn
contamination of one sample (most probably resulting from the hot-cell preparation), subsequent
more elaborate investigations did not confirm this mechanism as responsible for the localised
corrosion phenomenon.
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In conclusion, it can be stated that the extended post-irradiation examinations don't reveal any
phenomenon being susceptible to generate the observed cladding wall penetrating defects. The
localisation of the defects, together with the disappearance of any trace of the origin of them as due to
the wash out of the defect edges by the basic fuel solution (basically from the presence of metallic
fission products such as Cs, Ba and Sr), prevents the experimental detection of the root cause.

5. Strategy developed to secure a safe and reliable operation of the reactor

Several actions were defined in order to reduce the occurrence of leaking fuel elements and to
continue the use of fuel elements already irradiated in the previous beryllium matrix:

• review of the fuel, cladding and water specifications according to the literature study on the
corrosion of aluminium by water;

• following the literature, AG3-cladding is suitable if the temperature of the water layer at the hot
spot remains below 165 C; this value is evaluated at maximum 150 C during routine operation of
the reactor (maximum 470 W/cm2);

• optimization of the water chemistry in the storage pool and in the primary circuit of the reactor;
• visual inspection of the racks (Inox/Cd/Inox tubes) dedicated to the intermediate storage of the

fuel elements; some corrosion was observed on the outer surface of the tubes, which led to their
replacement; a better cooling of the fuel elements was also provided during their storage;

• systematic video-inspection of each fuel element before loading to and from the reactor;
• reduction of the "transit time" of the fuel elements;
• severe selection of the fuel elements for the definition of the core loading taking into account their

235

detailed irradiation history (irradiation periods, irradiation channels, evolution of the mean U
burnup, power delivered, heat flux, reactorpower,...), the results of the last wet-sipping, the results
of the inspections, the "transit time", the manufacture batches,...

• pre-irradiation of fuel elements - already irradiated before the refurbishment - during one cycle in
peripheral channels in order to limit the heat flux to about 200 W/cm2; in case of no fission
products release, their irradiation goes on during the next cycles in routine irradiation conditions,
i.e. at a heat flux below 470 W/cm2.

6. Conclusion

The extended post-irradiation examinations performed on two BR2 fuel elements in the hot
laboratories of the SCK'CEN didn't reveal any phenomenon being susceptible to generate the
observed cladding wall penetrating defects. However, the probability of failure seems to be related to
the operating regime of the reactor. It increases with the burnup and the "transit time" between the
first loading of the fuel element in the reactor and its definitive unloading. The strategy elaborated in
1997 - based on a severe selection of the fuel elements for the definition of a new core loading - will
be strictly followed in the next future to secure a safe and reliable operation of the reactor. So,
although 8 fuel elements were declared "PF" (leaking) - all of them were already irradiated before the
refurbishment - in 1998, the five operating cycles could be achieved as foreseen without any forced
interruption.
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ABSTRACT

The RECH-1 MTR reactor has been converted from HEU to MEU (45% enrichment) and the decision -
to a LEU (20% enrichment) conversion was taken some years ago. This LEU conversion decision
involved a local fuel development and fabrication based on U3Si2-Al dispersion fuel, and a
fabrication qualification stage that resulted in four fuel elements fully complying with established
fabrication standards for this type of fuel. This report-presents relevant points of these four leaders
fuel elements fabrication, in particular a fuel plate core homogeneity control development. A
summary of the intended in core follow-up studies for the leaders fuel elements is also presented here.

1. Introduction

Sincel995 a 50 LEU fuel elements fabrication program for the RECH-1 research reactor has been in
progress at the Chilean Nuclear Energy Commission, CCHEN. The final goal is the MEU to LEU
conversion of this reactor in the year 2001. During the years 1995 up to 1997, the fuel fabrication
facility implementation was completed, low enriched metallic uranium and structural materials were
acquired, the fuel element design study was finished, and the fuel element fabrication specifications
were produced, tested in operational runs, and finally approved [1],[2]. During this period of time the
nuclear safety assessment and almost all the licensing of the proposed fabrication process were
achieved.

In 1998, and after finishing the licensing process, the LEU U3Si2-Al fuel fabrication started with a
qualification stage that extended to the required fuel plates for the assembly of 2 fuel elements. This
meant a minimum of 32 fuel plates, 28 fuel plates had 3.4 gU/cm3 density, and 4 had 1.7 gU/cm3

density. Two fuel elements were fabricated immediately after this qualification stage. These 4
elements were currently called the "leaders" fuel elements, because besides being the first batch of
LEU fuel elements ever produced in the country, they were going to be early introduced in the reactor
core. They were delivered to the RECH-1 reactor in November 1998, and two fuel elements were
introduced in the reactor on December 29, 1998. This early in core irradiation is done in order
anticipate the behavior and performance of the standard fuel elements.

This report presents relevant points of these four leaders fuel elements fabrication, in particular a fuel
plate core homogeneity control development. A summary of the intended in core follow-up studies for
the leaders fuel elements is also presented here.

2. Fuel fabrication

The RECH-1 fuel element has a nominal mass of 214,8 g of U-235, and consists of 16 fuel plates, two
side plates, one filter box, and one nozzle (end adapter). The fuel plates have different core densities
depending on their relative position in the fuel box: the 2 external plates has a nominal core density of
1.7 Ug/cm3, and the 14 internal fuel plates has a nominal core density of 3.4 Ug/cm3. These 16 fuel
plates are attached to the side plates by mechanical means (roll swaging); the filter box and nozzle
(end adapter) are attached to the fuel box section by welding. A general view of the fuel element is
presented in Fig. 1.
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Fig. 1 Sketch of the RECH-1 Fuel Element.

The leaders fuel element fabrication program involved the fabrication of 76 fuel plates. The main
results have been previously presented [3], and a summary is presented here.

2.1 U3Si2 powder production

The U3Si2 powder had a specified particle size range between -150 to +45 nm. The fines allowed were
less than 25 % of -45 um. The U3Si2 powder production was carried out in a glove box line (3 glove
box units) with a controlled Nitrogen/ Oxygen atmosphere, with and Oxygen content of less than 5%.
The chemical analysis results showed a powder complying with the specifications.

2.2. U3Si2 — Al compacts fabrication.

The U3Si2 - Al compacts were produced in a glove box line (5 glove box units), with a controlled
atmosphere similar to one employed for U3Si2 powder production. A typical fabrication batch
consisted of 7 compacts. The compacts consolidation was accomplished in a floating die with a 200
Tons uniaxial hydraulic press. The compacting pressure was 353 MPa. The compacts were inspected
by weight, thickness and surface defects. There were no rejected compacts at this stage of the
fabrication.

2.3 Fuel Plates Fabrication.

The established rolling procedure was 86% total reduction and included 84% hot reduction followed
by 10 % maximum cold reduction. The blister test extent was 100 % of the plates in hot rolled
condition. A bending test and metallographic inspection was applied to test the integrity of the bond
obtained, after completion of the hot rolled stage. The test applied showed good bond integrity.

2.4 Plates and cores dimensional controls.

The fuel plates and cores dimensional controls were: length and width of the fuel core, fuel core
location, length of the homogeneous and heterogeneous core zones, fuel core homogeneity and out of
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core defects, and external dimensions of the fuel plate. The dimensional controls applied to all the
fabricated plates, and 3 X-ray plates - 2 for core location and 1 for core homogeneity- were obtained
from each fabricated fuel plate with a Balteau GFD 208 X ray generator.

Two internal an two external plates were submitted to destructive cladding thickness measurements by
cutting rectangular sections of 1.5 cm width x 3 cm length at the positions shown in Fig. 2. After
metallographic preparation, the sections were inspected with a Zeiss ICM 405 optical microscope. The
results showed an average cladding thickness of 0.46 mm and average core thickness of 0.61mm. The
deviations between the expected cladding thickness values and the actual measured values were within
+ 0.02 mm. No dog boning was found in the metallographic inspection of the corresponding sections.

Fig. 2. Sections for the cladding and core thickness measurements.

2.5 Fuel Elements Assembly. -

The fuel element assembly involved the mechanical assembly of the fuel box, and the final joining of
the nozzle and filter box to the fuel box by TIG welding. The fuel box was obtained by roll swaging
the fuel plates to the box side plates with a nominal 0.8 mm indentation depth. This indentation depth
gave an average value of 61 N/mm of swaged joint in pull tests. The gap measurement was done with
a special probe provided by NPIC of China. An average value of 3.18 mm was found in these four fuel
elements, and the lowest measured value was 2.92 mm.

The TIG welding attachment of the filter box and of the nozzle to the fuel box required anticipating
the inherent distortion introduced by this type of joining. A welding device that minimizes the
distortion has been implemented and tested. At the same time, a procedure that corrects the welding
distortion when needed has been established. These measures made possible to comply with the
alignment tolerances, and all the fuel elements have passed this final control

3. Homogeneity control development

The development of the fuel plates homogeneity control has been made employing two methods. One
has been densitometric analysis and the other has been image analysis.

3.1 Densitometric analysis.

In the homogeneity radiographic plate, surface density standards (a step wedge) covering from - 30%
to +30% of a nominal surface density were used to measure and control the fuel homogeneity in the
plates. The standards were prepared from an Al- 30wt% U alloy, as described in the literature[4]. The
specified nominal surface densities were 0.2054 Ug/cm2 and 0.1027 Ug/cm2 for internal and external
plates, respectively. The radiographic evaluation involved the densitometric measurement of 300
points per plate, and a typical result, in graph form, is shown in Fig. 3.

Besides and as a check of the densitometric measurements, disks with a 1 cm2 area, were punched in
internal and external plates at the 4 positions indicated in Fig. 4.

Chemical analysis for total uranium in these disks gave reference values of the surface density at the
punched positions. The densitometric results, when compared to the reference values obtained by
chemical analysis, showed a positive deviation of less than 4% and 1% for the homogeneous zone of
internal and external fuel plates. When the heterogeneous zones were considered the maximum
deviations increased to 10% and 5% for internal and external fuel plates. Of all the controlled plates,
only one was rejected by homogeneity reasons.
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Max. S.D.
Min. S.D.

Variacion de Densidad Superficial

Ubicacion en la placa

+30 = 0,2
+20 = 0,2465 gU/cm2
Nona = 0,2054 gU/cn*2

-20 = 0,1643 gU/cma
-30 = 0,1438 gU/cma

0,28

liter

Fig. 3. Surface density graph for an internal fuel plate

Fig. 4. Punching positions for the surface density measurement.

3.2 Image Analysis.

In this method the homogeneity radiographic plate was scanned, and the image so obtained was
analyzed in a PC with a dedicated software program for image analysis [5]. In this method the
program analyzes the pixel values of the radiographic plate scanned and a typical result is presented in
Fig. 5. The image analysis results can be presented as an image (Fig.5B) or as a graph (Fig. 5C).
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Fig. 5. Homogeneity Image Analysis. A: scanned image,
B: results in image form, C: results in graph form
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This method of "image analysis", once properly established and checked, has the advantages of a less
time consuming homogeneity evaluation, and that un-homogeneous zones can be easily spotted and
evaluated.

4. In-core follow-up.

The main objective of the in-core follow up is to know and register the behavior of the leaders fuel
elements under irradiation up to a 50 % burn-up in the RECH-1 reactor. On one hand, this follow up
will anticipate in at least 2 years the in pile behavior of the standard fuel elements and on the other
hand, from a neutron physics and core calculation stand point, will correlate burn up data from code
calculated values to actually measured values. Considering the lack of a PIE facility," the following
measures had been taken into account:

• Visual inspection of the fuel elements that will include video and photographic registers.
• Burn up determination: the code calculated burn up will be periodically correlated to

experimentally measured burn-up via gamma spectroscopy.
• Instrumentation of one fuel element with thermocouples in order to measure inlet an outlet water

temperature.
• Water chemistry monitoring in the reactor pool and a sipping test loop implementation, in order

to measure fuel or fission products release from these LEU fuel elements.

5. Conclusions.

• CCHEN's Fuel Fabrication Group has fabricated four LEU U3Si2 - Al fuel elements for the
RECH-1 reactor. These four leaders fuel elements have complied with internationally adopted
fabrication standards.

• The irradiation of these leaders fuel elements sets a starting point for the MEU to LEU fuel
conversion of RECH-1 reactor.
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ABSTRACT

To ship 1500 spent fuel elements over more than 30 years to different reprocessing
or storage sites a large amount of experiences has been got. The most important
partners for these activities have been US organizations. The development of the US
policy for the receipt of foreign spent fuel elements of US origin is being described
briefly. The experience being made and lessons learned with the on May 13, 1996,
renewed receipt program is being described in detail including US organizations,
shipment and formal steps.

1. Introduction

The GKSS research center is operating the 5 MW research reactor FRG-1 for more than 40
years within the last years with more than 240 full power days. For around 30 years the 15 MW
research reactor FRG-2 has been in operation and used for materials testing for power reactors.
Over the years for the two reactors around 1500 fuel elements have been used with enrichments
of 20 %, 90 %, 93 % and now again 20 %. The fuel has been always of US origin and the
spent fuel elements have been shipped to

l.US-AEC1 Savannah River USA
2. Eurochemic Mol Belgium
3. Cogema Marcoule France
4. US-ERDA2 Savannah River USA
5. US-DOE3 Idaho Falls USA
6. US-DOE Savannah River USA
7. UKAEA4 Dounreay United Kingdom
8. US-DOE Savannah River USA

In case 1 - 7 the fuel has been reprocessed and a U credit or the reprocessed U has been made
available to GKSS. In case 1 - 6 no waste has been returned. The present report describes the
final phase of step 6 and the experiences with step 8 being made so far.

2. Historical background

The receipt of spent research reactor fuel of US origin has been a reliable policy since the
1960tieth and regularly amended in 5 years intervals. The last of these periodically amendments
has been made in a Federal Register Note dated November 9, 1982, and expired December 31,
1987. At that time the DOE has been aware that the US-NEPA5 of 1969 demands, that at least

1 AEC = Atomic Energy Commission
2 ERDA = Energy Research and Development Agency
3 DOE = Department of Energy
4 AEA = Atomic Energy Authority
5 NEPA = National Environmental Policy Act **n



an EA = environmental assessment but probably an EIS6 is being necessary to allow the further
receipt of (foreign! and not domestic?) spent fuel. For this reason an amendment to the above
mentioned Fed. Reg. Note was published on December 30, 1987, to allow the receipt for a pe-
riod of only 1 year. Within this year the NEPA process should be completed including an EIS
with public hearings, comments etc. and at the end (December 31, 1988!) a new Fed. Reg. note
for the receipt was intended to be published for a 10 years period.

But the December 31,1998 approaches, reached and was gone but no EIS and no NEPA proc-
ess was in place. After increasing external pressure a very simple EIS was published, which has
been pushed down by public comments as it has been completely insufficient. Due to this situa-
tion all activities within the DOE for renewing the receipt program have been slowed down close
to zero.

Within the early 90tieth a group of operators, which have been excellently supported by the
IAEA7 and Euratom8 was formed and organized by Edlow International and Egan & Associ-
ates, which are located at Washington, DC. Due to the ongoing pressure of this group the US
administration (DOE, DOS9, ACDA10, NRC11, ANS12) became aware, that there is a hugh
problem, which will seriously influence all RERTR13 activities and therefore has negative im-
pacts on the world wide intention to reduce the proliferation risk. Therefore in 1993 an urgent
receipt program has been placed, which could be used by a few operators (not GKSS14). This
urgent receipt program was followed
- in April 1995 by a very complete draft EIS, followed by hearings and comments in 1995
- in February 1996 by the final EIS
- in May 13, 1996 by the ROD15.

The main decisions published in the ROD are the following:

Spent Triga- and MTR-type fuel elements with U of US origin can be returned to US under the
following conditions

- the reactor must be operated with LEU or

- the reactor must start a conversion process from HEU to LEU if it can be converted with the
available qualified U density (4.8 g U/cc as U3Si2)

- if the reactor cannot be converted with the present qualified U density the operator has to sign
an agreement, that the reactor will be converted when this density is being available

- the spent fuel must be out of the reactor before May 13,2006

- the spent fuel must be returned to the US before May 13, 2009

- operators from low income countries have to pay nothing for shipment and receipt

- operators from other countries have to pay for shipment, licenses and in addition for the re-
ceipt 4,500 US $/kg (U + Al) in the case of HEU and 3.750 US $/kg (U + Al) in the case of
LEU.

6 EIS = Environmental Impact Statement
7 IAEA = International Atomic Energy Agency
8 Euratom = Euratom Supply Agency, Brussels
9 DOS = Department of States
10 ACDA = Arms Control and Disarmamend Agency
11 NRC = Nuclear Reactor Commission
12 ANS = American Nuclear Society
13 RERTR = Reduced Enrichment for Research and Test Reactors
14 GKSS = GKSS-research center Geesthacht GmbH
15 ROD = Record of Decision
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- the spent fuel elements will be stored and than go to direct disposal. Therefore no U credit is
available and no waste will be returned.

Other decisions have been made within the ROD, which are of minor importance: e.g. port of
entry, using trains, max. number of casks per shipment, MTR fuel to be shipped to SRS16 and
TrigafueltoINEL17.

GKSS has shipped in 1996 and 1997 under the EIS and ROD very successfully 159 spent fuel
elements to SRS and is planning a next shipment in the year 2000. The present contract of
GKSS with US-DOE on the shipment of spent fuel is expiring at the same dates given in the
ROD. In the following a description of our experiences in shipment of these spent fuel elements
to SRS is being given.

3. Shipment of spent fuel to the US

The shipment of spent fuel needs a large number of different steps, which can be made some-
times in parallel or step by step one after the other. GKSS shipped in 3 shipments in 1996,
1997 in five GNS-11 casks a total number of 159 spent fuel elements to US-SRS.

In the following the main steps are being described.

3.1 DOE headquarters and DOE-SRS

- Contract negotiations started in May 1996 and contract signed early July 1996 and now ex-
tended to the acceptance dates fixed in the ROD

- Very detailed so called appendix A (appendix as part of the contracts) have to be filled in,
sent to SRS, carefully checked by SRS and have to be finally agreed for all spent fuel ele-
ments by SRS

- Fixing shipping dates and postponing them shortly for different reasons (political and techni-
cal)

- Import clearance within the US. This is necessary for getting an export license in Germany

- Inspection by SRS experts of spent fuel elements, cask loading and water activity (Cs137)
measurements to assure, that all fuel elements are intact. Special care must be taken for defect
fuel elements. This is presently under ongoing discussions.

- Just in time: DOE authorizes a few hours before the casks leaving the reactor site the ship-
ment. Only with this separately authorization (after contract signed, appendix A approved,
shipment date fixed) the operator is being allowed to ship. A last political action.

- Sending cooled pool water samples before shipment to SRS to perform micro-biological
analysis. No results given so far.

- Euratom seals identification numbers and all other shipment details (cask loading patterns,
contamination control records) have to be faxed in advance to SRS

- 24 h phone contact has to be assured

All discussions and inspections have been made in an open atmosphere where
both sides learned to understand each other and tried successfully to do its best
to have the shipments going. An excellent cooperation can be gratefully ac-
knowledged. It is a pleasure to see experienced people working together with

16 SRS = Savannah River Site
17 ESEL = Idaho National Engineering Laboratoy 115



success in such a technical and political very difficult area which is carefully
viewed by the public. My thanks are going to all colleagues and organizations
working within the US to have the shipments going like DOE headquarters,
DOE-SRS, SAIC18, Westinghouse.

3.2 Euratom

The contract has to be signed by the Euratom supply agency and the shipment has to be notified
in advance and the cask being sealed by the Euratom control agency.

There is a long experience and therefore no problems occurred.

3.3 Formal steps

- It is a demand from the Paris convention to have a document signed by the reactor owner and
their licensing authorities, that the reactor is licensed from which the fuel is intended to be
shipped (highly bureaucratic and not understandable)

- Nuclear liability coverage
In case of GKSS this coverage is taken over (cost free) by the federal government and the 4
states funding GKSS. Not an easy coordination effort.

- Export license
Approx. 4 weeks in advance it is necessary to apply for this license with specific details on
the fission material. This license demands notification at least 14 d prior to shipment.

- The licensing authority for the research reactor has to be notified at least 5 d prior to ship-
ment. The authority is inspecting the loading and contamination control records.

- Customs certificate is needed on the export license just prior to shipment.

In principle the formal steps are standard steps and should be performed on a
routinely basis without major surprises. But nevertheless the procedure for
getting the export license and especially the activities of the licensing authority
are good for some surprises, which may result in a series of activities and ad-
ditional new paper work. But within a fruitful atmosphere the problems could
be solved in time.

3.4 Transportation

As the maximum crane load is being limited to 16 tons at the FRG-1 facility the only acceptable
cask is the GNS-11 (GNS-16 in the future, too). For the shipment it is necessary to

- sign a contract with the cask owner

- sign a contract for shipment the cask for the whole route and all transportation systems like:
trucks in Europe, rail in France, special selected ships meeting IMCOi9rules, rail in the US)

- sign a contract for the way back

- handle over the operation manuals, inspection manuals, cask license, cask inspection rec-
ords, lifting equipment license, lifting equipment inspection records to the reactor operator

- assure the validity of cask license in all countries on the trip (at least Germany and US, but
may be include France and UK, too)

18 SAIC = Science Applications International Corporation
19IMCO = International Maritim Corporation
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- to have the actual transportation license in time. All German states on the fixed route must be
informed 72 hours in advance

- good transportation planning is necessary as the shipment to the US is expensive and casks
from different reactor sites located in different countries (a ROD amendment increases the
allowed number from original 8 casks now to 16 casks per ship) should be on the same ship
to reduce costs significantly. National specialties have to be taken into account e.g. in France
no overnight (10 pm to 6 pm) transport, no cask loading at Valognes at weekends etc.

As there is a good, big business the transport companies like NCS20, GNS21,
TNP22, Edlow International are giving good service on a convincing profes-
sional basis. But there have been and will be extremely significant difficulties
in getting cask validation, re-validation in all involved countries in time.
Sometimes this is not only close to a nightmare and the reasons for these diffi-
culties are not understandable. For future shipments of spent fuel from Ger-
many to the US a significant increase of the inspection activities performed by
the local licensing authority of the research reactor can be assumed. This is
resulting from the problems with contamination at loaded and unloaded casks
and trucks during power reactor spent fuel shipments where the limits have
been exceeded by decades. Even as there have been no comparable (in the case
of GKSS none) contamination found during research reactor spent fuel ship-
ment it is assumed, that the amount of the inspection and paper activities will
increase significantly (e.g. 100 % contamination control), too.

Summary

After having shipped over decades without any difficulties on a routinely basis spent fuel ele-
ments from the FRG-1 and FRG-2 research reactors to the US sites at SRS and INEL a com-
pletely stop occurred at January 1,1989 mainly for NEPA reasons. After renewing its policy on
the receipt of spent fuel from foreign research reactors the US is now accepting fuel of US ori-
gin up to May 13, 2009. New contracts signed in 1996 and shipments of 159 fuel elements in
1996 and 1997 have been made on a renewed routinely basis with good and highly appreciated
cooperation with all involved partners within the US and the transport companies. Increasing
difficulties are found in getting necessary licenses, cask validations and re-validations in time
and to be able to follow all new demands on contamination records. All informations presented
in addition at international conferences so far are clearly demonstrating, that the US departments
and agencies are staying on the way and making all necessary efforts to make this program a
very successful one. This is highly appreciated and it is the only chance to have the RERTR
program a successful program in reducing the proliferation risk significantly coming from the
operation of research reactors.

20 NCS = Nuclear Cargo & Services
21 GNS = GesellschaftfflrNuklear Service mbH
22 TNP = Transnucleaire Paris **-,
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Abstract

A shipment of 299 irradiated TRIGA® fuel elements was made from South Korea
to the United States in July 1998. The shipment was from two facilities in Korea
and was received at the Irradiated Fuel Storage Facility (IFSF) at the Idaho
National Engineering and Environmental Laboratory (INEEL). Fuel types shipped
included aluminum and stainless steel clad standard fuel elements, instrumented
and fuel follower control elements, as well as FLIP elements and failed fuel
elements. Modes of transport included truck, rail and ship.

Introduction

The shipment of irradiated TRIGA fuel elements from South Korea to the USA was performed
using three NAC-LWT shipping casks, specifically configured for TRIGA fuel. The TRIGA fuel
included LEU and HEU fuel, aluminum and stainless steel clad fuel, instrumented and fuel
follower control rods, as well as failed fuel. All of these fuel types can be shipped, mixed, in the
NAC-LWT cask.

Due to facility crane and space limitations new loading equipment was designed and fabricated.
This new equipment, in conjunction with existing NAC dry transfer equipment, was used to load
the casks. Failed fuel cans were also designed and fabricated to allow the failed fuel to be
transported. New tools were also fabricated to handle the failed fuel and failed fuel cans.

Once loaded, the casks were transported to the INEEL by truck, ship and train. The shipping
baskets were unloaded and are stored directly with the fuel at the IFSF at INEEL.

Fuel Information

299 TRIGA fuel elements were shipped from South Korea. The fuel was a mixture of aluminum
and stainless steel clad fuel of low and high enrichment. There were instrumented fuel elements
and fuel follower control elements (FFCRs). The fuel was located at two sites, the Hanaro site
and the Seoul #2 site. Table 1 gives a brief summary of the fuel element information.
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Table 1.
Quantity To Be Shipped
Total
67
2
103
2
4
110
7
4
299

Hanaro
6

84
1
3
18
1

113

Seoul
61
2
19
1
1
92
6
4
186

South Korean Shipment TRIGA Fuel Data
Fuel Information

Element Type
Standard Aluminum Clad
Instrumented Aluminum Clad
Standard Stainless Clad
Instrumented Stainless Clad
Fuel Follower Control
Standard Stainless Clad (FLIP)
Instrumented Stainless Clad (FLIP)
Fuel Follower Control (FLIP)
Total Fuel

Enrichment
20%
20%
20%
20%
20%
70%
70%
70%

U-235
39 g
39 g
39 g
39 g
32 g
136 g
135 g
H 2 g

Some of the fuel at both sites was failed or damaged. This included a large portion of the
stainless steel clad fuel at Hanaro. The fuel had previously been transported to Hanaro in a cask
that was apparently de-watered with unregulated gas. This damage was generally minor in nature
and did not breach the cladding. The exception was the FFCRs that have large void spaces in the
rods. These rods had rather severe 'crimps' and in several cases the cladding was torn. Several
fuel rods were contained in stainless steel cans (pipes) that were only opened prior to loading.
Damage to these rods included cracks, ruptures, and compete rod breaks.

The fuel at the Seoul #2 site was that used at both the Seoul #1 and Seoul #2 TRIGA reactors.
The fuel was generally in good condition. FFCRs and instrumented rods needed to have the
extensions removed. Some were cut and some were dismantled. Two fuel elements were
contained in stainless steel cans (pipes). These elements were broken and were placed in a sealed
can for transportation

Transport Equipment Description

General information on the NAC-LWT package is shown in Table 2. The NAC-LWT shipping
configuration for TRIGA fuel consists of five modular stainless steel baskets that stack axially
into the cask cavity. The baskets are of three different lengths to accommodate fuel follower
control elements up to 45 inches in length. The baskets have seven fuel element positions and are
nearly identical to the NAC-LWT MTR basket design, except for length.

Table 2. NAC-LWT Cask Description for TRIGA Fuel
Overall Length
Cavity Length
Overall Diameter
Cavity Diameter
Loaded Weight
Capacity
Maximum Enrichment
Heat Rejection
Maximum Fuel Length

5.08 m
4.60 m
1.12m
0.34 m
23,000 kg
120 or 140 Elements
93%
900 or 1050 watts
115 cm
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A sealed can and a screened can were designed to accommodate failed fuel. Some fuel was
canned for transportation purposes and some was canned for INEEL receipt and storage criteria.
The transport license requires canning only for fuel with severely degraded cladding, where the
geometry of the fuel cannot be maintained. INEEL criteria requires canning of fuel with cladding
defects that include localized rips, localized tears, cracks, bulges, or indentations. The NAC-
LWT certificate has no requirements for segregating TRIGA fuel of different types. However,
since the baskets are to be stored, INEEL desired segregation of HEU and LEU and aluminum
and stainless steel clad elements.

Cask Loading Equipment

The shipping facilities were not capable of wet loading the shipping cask directly, so dry and wet
transfer systems were used.

Dry Transfer System

The existing NAC Dry Transfer System (DTS) was used in conjunction with newly designed
equipment to support the loading operations. NAC finished fabrication of a second system in
December 1997 and plans to build a third this year. The system consists of an 8-ton transfer cask,
a cask adapter and adapter ring, a carriage assembly, a pool loading assembly, and associated
basket grapples and handling tools.

No substantial modifications to the DTS were needed to accommodate loading of TRIGA fuel. A
new grapple design was fabricated to allow the longest TRIGA basket to be handled within the
DTS transfer cask. Essentially, the MTR grapple was used with the shielding removed and the
grapple strength increased to accommodate up to 850 pounds.

ITS Transfer Shield Assembly

The TRIGA FRR site crane capacities servicing the reactor at Seoul #2 was limited to less than
five tons. NAC designed and fabricated a top loading Intermediate Transfer System (ITS)
transfer shield assembly consisting of an inner and an outer shield. The inner shield has a
maximum loaded weight of two tons, provides for draining of the fuel, and has a lid. The outer
shield has a maximum weight of five tons (when combined with the inner shield), and provides
additional shielding for personnel during operations.

During operations at facilities with reactor service cranes having a capacity between 2 tons and 5
tons, such as Seoul #2, the outer shield is loaded on the existing DTS transfer carriage and placed
as close as is practical to the pool. The inner two-ton shield is placed in the pool and loaded with
a fuel basket. The lid is placed on the inner shield, and the inner shield is lifted from the pool and
allowed to drain. The inner shield is then moved and placed in the outer shield. In facilities with
reactor service cranes in excess of 5 tons, the inner and outer shields can be lifted and used
together in the pool, therefore providing additional shielding during the movement from the pool
to the DTS transfer carriage. Following the movement of the fuel to the transfer carriage, the
carriage is moved to the cask loading location for mating up with the DTS transfer cask.
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An ITS adapter and adapter ring, similar in design to the DTS adapters are used to mate the ITS
to the DTS cask. The fuel basket is then transferred into the DTS cask. The shipping cask is then
loaded using the DTS. A transfer carriage adapter allowed the nested transfer shield to be
transported on the existing DTS transfer carriage. This adapter has a drip pan to catch any
additional water draining from the nested transfer cask.

Additional Equipment Description

Fuel Cutting Equipment

An underwater saw and underwater shear were developed. The underwater saw was designed to
cut fuel follower control rods, instrumented fuel rods, and, of greatest concern, the stainless steel
pipes that served as South Korea's failed fuel cans. The saw was of stainless steel construction
with an electrical motor that remained above the surface of the pool and was controlled from
poolside. The shear was hydraulically operated and was able to cut extensions on instrumented
fuel elements and fuel follower control rods. In addition, underwater wrenches were designed
and used to unseal the Korean failed fuel cans.

Fuel Handling Tools

Tools for handling intact, cut, and degraded fuel elements and to assist in loading the fuel cans
and fuel baskets were also developed. These included a cut fuel handling tool, a debris handling
tool, and a station to assist in loading cans.

Cropping fuel removes the handling extension present on fuel follower control rods and
instrumented fuel elements. Thus a tool was required to grapple either the top or side of the fuel
elements. This tool is based on a proven air actuated clamshell grapple deign that NAC has
extensive experience using in North Korea on similar size rods. The grapple is articulated to
allow fuel to be picked up from the horizontal position and placed in the vertical position for
loading. The handling tool also served as the method for retrieving dropped fuel rods.

A stainless steel loading table was fabricated to allow fuel elements and pieces to be examined
on the pool bottom. A "dust pan" style retrieval tool was used to pick fuel fragments and debris
off of the loading table.

To allow four elements to be loaded in the screened failed fuel can, the can needed to be tilted
slightly. A station to hold the failed fuel cans was fabricated for this purpose. The station also
was used to stage a single TRIGA fuel element. Tools were designed handle empty and loaded
failed fuel cans and to place the lids on the cans. These were simple extension pool tools. A tool
was built to remove can lids at the sites. A fixture was used to assist loading the multiple
assemblies into each of the six fuel slots in the baskets. This cruciform shaped fixture (in cross
section) was used to provide a lead in for ease of fuel loading and be removed and reused for
each fuel slot.
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Facility and Loading Description

Hanaro Site

South Korea's newest research reactor is located at the Hanaro site. The fuel shipped, unrelated
to the new reactor, was TRIGA fuel from the Seoul #1 and Seoul #2 sites. The fuel was located
in a transfer canal for the Hanaro reactor. The Hanaro facility is new and access to the facility is
relatively unrestricted. Access to the reactor building was through a roll up door in the rear of the
building. The area in the rear of the building is open and provided an adequate staging area for
the casks and equipment. Inside the roll up door is a small entry bay (approximately 13m x 6m)
that has an overhead hatch (approximately 4.5m x 7m) that provides access to the upper
operations area where the pool is located. The facility has a 30-ton crane and the cask was lifted
directly from the trailer into the reactor building.

The fuel was stored in a canal (lm width, 8m length, and 7m depth) next to the storage pool and
operations pool for the Hanaro reactor. The operations pool was isolated from the canal and
storage pool during the fuel handling operations. Loading was accomplished by using the Dry
Transfer System (DTS) with the cask on the operations floor. All operations used the Hanaro
overhead crane.

A fuel basket was wet loaded with up to 24 fuel elements and transferred through a shielded
funnel directly into the eight-ton NAC DTS transfer cask. The transfer cask was then mated with
the shipping cask and the fuel basket loaded into the shipping cask. The first cask was loaded
with a single loaded fuel basket containing HEU and four empty baskets. The cask was shipped
to Seoul to be loaded with additional HEU. The second cask was loaded with five loaded fuel
baskets and sent to Seoul to be staged with the remaining casks.

Seoul Site

Access to the Seoul #2 reactor building is limited by a narrow, partially paved access road from
the parking lot to the building equipment door. In addition, the facility crane capacity was less
than five tons and the shipping cask or DTS cask could not be handled inside the facility. The
casks were set up outside of the building and a portable crane was used to handle the casks and
DTS.

The specially designed ITS transfer shield was used to accomplish the loading. Each basket was
wet loaded into the transfer shield. The transfer shield was the mated to the dry transfer cask
using an outside portable crane and the basket transferred to the dry transfer cask. The cask was
then loaded in a similar manner as at the Hanaro site.

Shipment

After loading, all three casks were staged at the Seoul #2 site for transport to the port of Inchon.
The casks and loading equipment were loaded on exclusive use charter vessel, the Blue Bird, and
transported to the United States. The voyage lasted approximately 20 days with the vessel
steaming at flank speed nearly the entire time. The vessel arrived at the 12 mile marker outside
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of San Francisco around 09:00 on July 21. The vessel and containers were inspected and
proceeded toward the Concord NWS around noon. The vessel was under coast guard escort
during the journey from the 12-mile marker to the NWS.

The vessel arrived at the pier and after another inspection, unloading commenced. The three
casks, in ISO containers were transferred to railcars on a dedicated train. The containers were
inspected by the NRC, DOE and state agencies for compliance with regulations. The train had
two cabooses to accommodate up to 8 persons that traveled with the train. The train departed for
INEEL. The ship was transferred to another pier outside of the NWS and the cask loading
equipment was unloaded and returned to NAC by truck.

The train arrived at INEEL without mishap, with much news coverage, and without a lot of
concern by citizens. The containers were loaded to trucks and moved to the IFSF for unloading.
Unloading was accomplished remotely in the IFSF fuel-handling cave. Fuel transportation
baskets were unloaded from the casks and stored directly at the facility. After unloading the
empty casks were returned to NAC by truck.
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ABSTRACT

About five thousand spent fuel elements from RA reactor have been stored for over 30 years
in sealed aluminum barrels in the spent fuel storage pool. This way of storage does not
provide complete information about the state of spent fuel elements or the medium inside
the barrels, like pressure or radioactivity. The technology has recently been developed and
the equipment has been manufactured to inspect the state of the spent fuel and to reduce
eventual internal pressure inside the aluminum barrels. Based on the results of this
inspection, a procedure will be proposed for transferring spent fuel to a more reliable
storage facility.

1. Introduction

The 6.5 MW heavy-water moderated and cooled research reactor RA was designed and constructed
by specialists from former USSR. It was in operation from 1959 to 1984, when it was shut down for
reconstruction [1]. Due to both technical and political reasons the reconstruction of the reactor has not
been completed.

In the course of reactor operation about 7000 fuel elements were used: until 1976 fuel elements with
uranium metal having initial enrichment of 2% 235U, and afterwards fuel elements with uranium
dioxide in aluminum matrix having initial enrichment of 80% 235U. Both fuel types have the same
geometry and dimensions and approximately the same initial content of 235U. Fuel elements is 11 cm
high, fuel is in tubular form with 1 mm thick inner and outer aluminum cladding.

Currently, the RA reactor spent fuel is stored in three different ways:

- In the original stainless steel channel-type spent fuel containers, filled with demineralized water and
submerged in ordinary water in four mutually connected basins which form the RA reactor
temporary spent fuel storage pool;

- Densely repacked in sealed aluminum barrels, also filled with demineralized water and submerged in
ordinary water in the storage pool; repackaging of the spent fuel was introduced already during the
1960's in order to increase the storage capacity;

- In fuel channels of the drained reactor core.

The state of the fuel stored in the channel-type stainless steel containers could be relatively easily
inspected [2]. Water samples have been taken from about 10% of the total number of these containers.
Increased radioactivity of these samples indicates that at least one fuel element is leaking in most of
the channel-type containers. Similar situation can be expected in aluminum barrels. Besides, due to
corrosion, the barrels could fail as a result of increased internal pressure and radioactive substances
could be released to the pool water and eventually to the neighboring environment.
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In order to reduce a potential danger, a joint Russian - Yugoslavian project was initiated [3]. The
immediate goal of the project is to perform underwater drilling of aluminum barrels and inspect the
state of the repacked spent fuel elements by analyzing water and gas samples taken from these barrels.
Based on the results of this inspection, a procedure will be proposed for transferring spent fuel to a
more reliable storage facility.

Preparatory actions, as removal of sludge from the bottom of the RA reactor spent fuel storage pool
and decreasing the turbidity of the pool water, have been successfully performed by Yugoslavian side
[4]. Major requirements during implementation of the present project are safety and reliability. All
operations are to be remotely controlled in order to avoid unnecessary and even unpermitted
irradiation of personal involved.

2. Problems Related to Fuel Elements Storage in Aluminum Barrels

Configuration of an aluminum barrel is presented in Fig. 1. The barrel has a cylindrical shell welded
to the bottom. Inside this shell there are thirty tubes, having holes which make possible to level up the
water inside the barrel. Each tube can receive up to six fuel elements. The upper lid is sealed with a
rubber gasket and bolted to the central rod, which is also welded to the bottom plate of the barrel. All
barrel components are made of aluminum alloys, except the stainless steel bolt.

Before being sealed, a barrel is filled with approximately 11 liters of demineralized water in such way
that an air gap, about 3 cm high, is left between the water level and the upper lid. There are 30 barrels
containing altogether about 5.000 uranium metal spent fuel elements. They are located in the annex to
basin 4, Fig. 2, arranged in two layers, one on the top of other.

Upper layer of the barrels Protective

Sign in a form of an arrow
Special

^grapple

Channel-type spent
fuel containers

Fig 1. Aluminum barrel.
a) b)

Fig 2. Basin 4 of the spent fuel storage pool.
a - Current arrangement of the barrels in the annex to basin 4.
b - Arrangement of the barrels after replacement.

During more than thirty years of storage, as a result of corrosion of a relatively large surface of
aluminum in contact with water inside a barrel, and eventual gaseous fission products release from the
leaking fuel, pressure inside the barrels might have increased. Calculated value of internal pressure
under which a barrel fails is about 10 bar. In case of barrel failure under this pressure, about 20 liters
of gaseous matter (mainly hydrogen) would be released to the working room where the storage pool is
located, while the water from the failed barrel would mix with the pool water.
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Water samples taken from some channel-type stainless steel containers had rather high radioactivity
[2]. In the container where a fuel element which failed already during reactor operation was stored,
water radioactivity was 1.86 Ci/1. In three other channel-type spent fuel containers radioactivity of
water samples was between 1.54xlO"2 Ci/1 and 0.75xlO~4 Ci/1. Radioactivity of water in aluminum
barrels could be several times higher, since volume of water per a fuel element in a barrel is
approximately 20 times less than in the channel-type container. Most probable maximum radioactivity
of water in the barrels is 2x10"' Ci/1.

All what was said above indicates the necessity to inspect promtly the state of spent fuel inside the
aluminum containers and to elaborate a procedure to remove this fuel from the temporary storage
pool. Having in mind that corrosion inside the aluminum barrels, as well as corrosion of the barrels,
will proceed with time, higher reliability of the spent fuel storage can only be achieved by placing this
fuel into a dry storage facility. To implement this task the following activities should be
accomplished:

- Releasing the possible overpressure in aluminum barrels in order to increase safety of spent fuel
storage under the current conditions;

- Determination of water and spent fuel characteristics inside the barrels;
- Opening of the barrels and removal of spent fuel elements;
- Separation of the leak tight fuel elements from the failed ones;
- Placing of leak tight spent fuel into containers for dry storage;
- Creation of the additional ecological barrier for the failed spent fuel elements by placing them into

special cans for dry storage.

RDIPE jointly with other Russian organizations has developed technology [5] and equipment to fulfill
the activities described in first two items. The equipment has recently been manufactured partially in
Russia and partially in Yugoslavia.

3, Venting of Aluminum Barrels and Determination of Spent Fuel Characteristics inside
the Barrels

For releasing the possible overpressure from aluminum barrels, and for determining characteristics of
the spent fuel inside these barrels, the following devices have been designed and manufactured:

- Special grapple;
- 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 is tested at special stand in
the RA reactor hall. The aim of testing is to confirm the technical characteristics of the equipment (the
grapple weight-lifting capacity, the protective container leak-tightness, etc.), to check the remote
control and to train the personnel to perform the planned operations.

The technology of barrels treatment incorporates the following stages:

- Temporary removal of channel-type spent fuel containers from basin 4 to transport channel and
• replacement of all barrels from the annex to the bottom of the basin 4 (elevation - 6.5 m) Fig. 2.

Before the barrels are replaced, the upper metal structures had to be cut off along entire rout of the
grapple movement. When the barrels were first placed into the storage pool, they were held by the
central bolt. Now this way of handling can not be used because of the possible deterioration of bolt -
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central rod connection due to corrosion. To move the barrels a special grapple, Fig. 3, which ensures
that a barrel can not be dropped or opened during the operation, was designed and manufactured.

- Installation of the support frame over the annex to basin 4, Fig.4. Protective container base is
fastened to the support frame. The immersion depth of the protective container base is selected so
that the required protection layer of water is ensured, which reduces the dose rate for the personnel
involved to an acceptable level. Measurements of gamma-activity at the upper level of the barrels
gave the following results: at the barrels top surface ~ 200 R/h, between two neighboring barrels >
1000R/h.

- Replacement of a barrel to the protective container base.

- Installation of the protective container cover, with built in drilling device, over the barrel and sealing
of the protective container.

- Drainage of water from the protective container into the storage pool by pressurized inert gas.
Drainage is required in order to prevent mixing of water from the barrel with water from the pool.

- Drilling of 15 mm aperture in the barrel's lid. Drilling device is operated by a pneumatic drive.
Location of the aperture to be drilled is selected so to ensure that sampling device can be placed
between the tubes inside the barrel. A sign, in form of an arrow, painted on the side surface of each
barrel before they were loaded with spent fuel, can be used for determining the drilling location. If
this sign is unavailable or unclear, ultrasonic inspection should be used to identify the drilling
location.

- Measuring the pressure inside the protective container, gas sampling and its analysis. After the gas
from the barrels enters the internal space of the protective container, the pressure should not exceed
1.5 bar.

- Releasing the gas from the protective container and blowing down of the protective container by
inert gas.

- Taking samples of water from the barrel at three different levels by using the capillary method.
Figure 4 shows position of valves on the control panel for all technological operations.

Ventilation system

Drilling device

Steps of technology

[.Draining of water from
protective container

2.DrilIing of the barrel

cover and pressure measuring

3.Gas sampling

4.Gas release into ventilation
system

S.Blowing of the container
cavity by gas

Valves position

OPEN

2,5,7

1

2,1

2,3

2,3,6

CLOSED

1,3,4,6

2,3,4,5,6,7

1,3,5,6,7

1,4,5,6,7

1,4,5,7

Fig 3. Special grapple. Fig 4. Technological system for barrels
drilling, ventilation and sampling.
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- After venting of the barrel is completed and gas and water samples are taken, aperture in the barrel's
lid is sealed by a rubber plug or a glued stopper, the protective container is opened by a reverse
procedure and the barrel is transferred to the bottom of the basin 4 for further short term storage.

- The same procedure is repeated for the next barrel.

If radioactivity of the water from the barrel is found to be the same as in the storage pool, it means
that it contains no failed fuel elements. Such barrel can be opened by unscrewing the upper bolt or, if
the bolt is corroded and can not be unscrewed, holes can be drilled in the barrel's lid-around the bolt
in order to lift the lid. The spent fuel elements can than be transferred to dry storage. If water in a
barrel is radioactive, the only conclusion is that it contains at least one failed fuel element. In this case
the leak tight sampling system should be used to substitute the water inside the barrel before the barrel
is opened. The fuel elements should then be visually inspected and tested on leak-tightness at the
appropriate vacuum facility or using a sipping test. Leak-tight spent fuel elements can be directly
transferred to the dry storage, while the failed spent fuel elements should first be put in additional
protective cans.

4. Conclusions

The present way of storing the research reactor RA spent fuel in sealed aluminum barrels situated in
the temporary storage pool at the reactor building does not satisfy the safety requirements.

In order to get detailed information about the state of the stored spent fuel, a technology has been
developed and special equipment has been designed and produced for venting the aluminum barrels
and taking gas and water samples from the barrels.

Conclusions about further treatment of the RA reactor spent fuel will be made depending on the
results of the accomplished work.
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ABSTRACT

The back-end management of fissile materials at SCK'CEN mainly concerns the HEU
spent fuel of the BR2 (MTR) and the LEU and MOX spent fuel of the BR3, the first
PWR installed in Western Europe and in decommissioning since 1987. It also concerns
the experimental fuels tested in the SCK'CEN facilities. Furthermore as a result of its
R&D programs in reprocessing and characterisation of spent fuel, considerable amounts
of fissile materials in all kinds of forms and characteristics are stored in the different
laboratories. For these, six main types of fissile materials are identified: highly
enriched uranium, experimental spent fuel from the fast breeder programmes, MOX
fuel, low enriched fuel, natural uranium and lab fissile materials. For the BR2 and BR3
spent fuel, various options, i.e. reprocessing, dry storage in casks and dry storage in
canisters were evaluated against criteria, e.g. available techniques, safety, waste
production, overall costs and policies. As a result of these studies, it was decided to opt
in the case of the HEU from the BR2 reactor for the reprocessing without recovery of
uranium while for the LEU and MOX fuel from the BR3 reactor, the dry storage in
containers was chosen. For the others, the studies are still in progress.

1. Introduction

The SCK'CEN spent fuels result from the exploitation of the research reactors i.e. BR1, a graphite
moderated reactor using natural uranium as fuel, the BR2, a material testing reactor using highly
enriched uranium as fuel, the Venus zero power reactor using low enriched uranium or MOX fuel
and the BR3, the first PWR installed in Western Europe and in decommissioning since 1987. In
these facilities, experimental fuels were also tested.

Furthermore as a result of its R&D programs in reprocessing and characterisation of spent fuel,
considerable amounts of fissile materials in all kinds of forms and characteristics are stored in the
different laboratories.

Studies were launched to have a broad evaluation of all possible scenarios for the back-end of the
spent fuel from the BR2 and the BR3 reactors, i.e. reprocessing, dry storage in casks, dry storage
in canisters. The problem has to be solved for the BR2 reactor because the storage capacity of the
pool was almost reached and for the BR3 reactor because the plant is since 1989 in
decommissioning. The various options were evaluated against criteria, e.g. available techniques,
safety, waste production and overall costs.
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2. Back-end options

In general, the different options for the back-end of the spent fuel are the reprocessing or the
intermediate storage awaiting final disposal. The various options were evaluated against criteria,
e.g. available techniques, safety, waste production and overall costs (including the costs for the
decommissioning of the interim storage equipment and infrastructures). The results of the
evaluations can be summarised as follows.

The reprocessing of spent fuel is the process that minimises best the waste volumes if a solution
exists for the use of the recovered uranium and plutonium. Some characteristics of the spent fuel,
i.e. the low solubility of the plutonium, can make the reprocessing difficult and economically not
attractive compared to other options.

For the intermediate storage, several options are possible:

• dry or wet storage in canisters;
• dry or wet storage in casks.

As there is no pool at Belgoprocess, only the dry storage options were studied.

The dry storage in thin canisters can be considered as favourable when the canisters can be
directly disposed off in a geological disposal. If this is not the case the spent fuel has to be
repacked and conditioned at the end of the interim storage to meet the disposal requirements.
Some safety aspects of the interim storage and the disposal must be carefully considered as for
example: the long term stability of the cladding (aluminium) during the interim storage, the risk
of criticality, ...

The dry storage in casks has almost the same advantages and disadvantages as the dry storage in
thin canisters. In the case of the reference disposal condition in Belgium, geological disposal in
clay formation, the amount of metal has to be minimised which excludes the disposal of the large
casks. Thus, the spent fuel at the end of the interim storage has to be repacked and conditioned to
meet the requirements for a safe disposal.

Based on these criteria, the option further studied was the reprocessing for the BR2-HEU spent
fuel and the dry storage for the MOX and LEU spent fuel coming mainly from the BR3 plant.

3. HEU spent fuel management

The management of HEU spent fuel concerns up to now almost 1400 fuel elements.

In 1994, an urgent relief of 240 elements was decided due to saturation of the on-site storage
capacity. They were reprocessed at the UKAEA-Dounreay facility. This opportunity was taken to
demonstrate the feasibility of fuel cycle closure. Up to now the reprocessing has led to the
successful fabrication of 26 fuel elements at 72 % U5. Their use in the BR2 reactor [1] is
submitted to some restrictions. Indeed, they must be used together with standard fuel elements
(89-93 % U5). The reprocessing also leads to a production of waste, i.e. 500 1 cemented waste for
3 to 4 fuel elements. In the near future the procedures required to permit the return of the
cemented waste to Belgium will be launched.

In 1996, different options were the intermediate storage, the return to USA, the reprocessing at
the UKAEA-Dounreay and the reprocessing at COGEMA (La Hague). The analysis of the
different back-end options of the BR2-HEU spent fuels (89-93 % U5) was already presented [2].
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At the end of 1996, it was decided to opt for a long term commitment with COGEMA:
reprocessing and dilution of the recovered uranium. Two transports with a total of 66 fuel
elements were successfully carried out at the end of 1998. We intend to transport to COGEMA
(La Hague) in 1999 around 350 fuel elements using the IU04 container (Pegase) for the two first
transports and then the new TN-MTR designed by TRANSNUCLEAIRE.

4. LEU and MOX spent fuel management

During its whole life, the BR3 reactor was used as test reactor for new fuel types and assemblies.
So fuel pins containing burnable poison (Gd-contents), LEU fuel with enrichment up-to 8,26 %
U5 and MOX fuel with enrichment up to 10,3 % PUfISS, were tested. At the fabrication time of the
MOX fuel, no other technique than the mechanical one for the mixing of U and Pu was available
which results in a poor solubility of Pu. They are almost 200 fuel assemblies present in the plant
representing about 5000 fuel pins (max. length 1235 mm; max. diameter 10,75 mm). Some pins
have participated in R&D experiments in the BR2. Part of them have undergone destructive
analyses (i.e. puncture test, cutting or decladding). All the remaining segments together represent
an equivalent amount of 500 pins.

The possibility to reprocess the spent fuel was first studied. It became evident that this solution
has to be disregarded due to the difficulty to reuse the recovered uranium and plutonium in the
industrial production of fresh fuel and due to the low solubility of the Pu which imposed to an
additional dissolution step and the use of a pilot reprocessing facility. The options of dry storage
were then studied on basis of the results of an open call for tender. The options were:

• the dry storage in seven casks with one in reserve (2,5 m height; 1,4 m diameter; 25 ton) in a
dedicated building;

• the dry storage in one big cask (4,2 m height; 2,4 m diameter; 85 ton) in a dedicated building;
• the dry storage in three canisters (2,3 m height; 1,8 m diameter) inside a concrete bunker.

The evaluation of the bids was carried out by a task force with delegates from SCK-CEN, the
holder of the spent fuel, NIRAS/ONDRAF, the manager of the Technical Liability Fund and
Belgoprocess, the licensee of the dry storage and the industrial filial of NIRAS/ONDRAF.
Finally the first solution was adopted.

The transport and storage cask contains a basket that can be loaded with up to 30 spent fuel
assemblies. The cask consists mainly of a thick-walled cylindrical cask body made of ductile cast
iron and closed by two independent lids each bolted to the cask body and each sealed with a metal
seal. The cask is shown in Fig. 1.

For the non intact pins, SCK'CEN has developed a bottle containing 15 loading tubes for the pin
segments (see Fig. 2).

The loading of the containers and the transport to Belgoprocess are scheduled in the year 2000.
After interim storage, the assemblies can be retrieved, repacked and conditioned into welded
canisters and disposed of in a geological formation.
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5 R&D fuels from fast reactor programs

In the framework of R&D programs on fast breeder reactors, fuel pins were tested in the BR2
facility. The enrichment varies in U5 between 25 and 93 % and Pumet is up to 30 %. The
plutonium has also a low solubility. The option of the reprocessing of the spent fuel is still being
studied. As the programs were developed in collaboration with other research centres which have
also similar spent fuel, it is advisable to launch a concerted action to solve the problem.

6 Other spent fuel and fissile material management

A considerable amount of fissile materials in all kinds of forms and characteristics are safely
stored in the different laboratories as a result of its R&D programs in reprocessing and
characterisation of spent fuel. They represent almost 2 tons (1,6 tons natural and depleted
uranium and various amounts of enriched uranium, plutonium and thorium). The studies to define
the back-end solution will be launched in the near future but the priority is given at the back-end
of spent fuel.

The BR1 reactor still uses its first core (almost 27 tons of Unat). Its shutdown is not foreseen
before 2020.

7 Conclusions

Studies were launched to evaluate all possible scenarios for the back-end of the spent fuel, i.e.
reprocessing, dry storage in containers and dry storage in canisters against criteria, e.g. available
techniques, safety, waste production and overall costs.

In the case of the HEU from the BR2 reactor, it was decided to opt for the reprocessing without
recovery of uranium. Its realisation is now going on. For the LEU and MOX fuel from the BR3
reactor, the dry storage in containers was chosen.

For the others, the studies are still in progress. Concerted actions with other research centres
having the same kind of spent fuel seem to be suitable to optimise the solution.
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1. Introduction

Training reactors have been operated at German universities and various research institutions for
training purposes. These reactors are mostly Siemens training reactors of the SUR 100 type.

After decommissioning of the reactors, the fuel has to be disposed of or treated for reuse. Due to the
low output of these reactors, fuel quantities to be managed are relatively small.

The options available for the management of this fuel are discussed hereinafter.

2. Reactor description

The Siemens training reactor SUR 100 ("Siemens-Unterrichts-Reaktor 100") is a thermal reactor with
a solid, homogenous core enclosed by a graphite reflector and designed for a continuous output of
100 mW (in exceptional cases up to 1 W). The reactor's fuel elements are cylinder-shaped fuel-
moderator plates with a diameter of approx. 240 mm and varying in thickness between approx. 5 mm
and approx. 47 mm. U3O8 is used as fuel (enriched to 20%), embedded into high-pressure polyethyl-
ene used as moderator. The U3O8-polyethylene dispersion is a compacted homogenous powder mix-
ture with approx. 0.06 g U-235/cm3. A typical SUR contains about 10 fuel plates with a total uranium
mass of approx. 3.5 kg (approx. 700 g U-235) and a total weight of approx. 15 kg (U3O8 +PE).

The AKR training reactor (Ausbildungskernreaktor) of the Technical University of Dresden is a ho-
mogenous solid-moderated zero power reactor similar to the SUR-100 type. The maximum output of
the reactor is 2 W. The fuel elements of the AKR are similar to those of the SUR, however the
uranium is present as UO2.

The ZLFR training reactor (Zittauer Lehr- und Forschungsreaktor) of the University of Zittau/Gorlitz
is a light water-moderated, unpressurized zero power reactor of the tank type, designed for an output
of 10 W. The core is roughly cylinder-shaped, with a diameter of 350 mm, a height of 600 mm and it
consists of 94 fuel elements of the WWR-M type. The fuel matrix of the fuel element tubes consists of
a 36%-enriched U-235, rolled UO2-A1 dispersion.
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3. Disposal needs

The current disposal needs for all 14 German training reactors is summed up below for the 12 SUR
and the two other reactor types. In all the following quantities have to be handled:

Number of fuel elements

U-235 [kg]

Utotal [kg]

SUR

122

8.464

42.582

AKR/ZLFR

136

4.757

15.533

Total

258

13.221

58~115

4. Fuel element burnup

Owing to the low maximum output of the reactors — particularly in the case of the SUR-type reactors -
the burnup of the fuel element is very low. Normally, these reactors were operated less than 50 hours
per year on average, and a considerable percentage of this time was spent in start-up and shutdown
operations for training purposes.

In order to assess the nuclide inventory of the fuel elements and to demonstrate that the fuel in terms
of quality can be considered unirradiated fuel, a burnup calculation by means of the SCALE software
system was performed for the SUR of the Technical University of Darmstadt which exhibits the
highest burnup (energy produced approx. 3 kWh) of all the SUR reactors in question, as a calculation
covering all SUR-type reactors.

As the calculations showed, the major share of the fuel element activity results from natural decay.

The calculated fuel activities are so low that the uranium fulfills the requirements of the definitions for
"unirradiated uranium" as per IAEO regulations.

No specific burnup calculations were performed for the AKR and ZLFR because of the different dis-
posal policy as compared to the SUR-type reactors.

5. Direct disposal of fuel

The pursuance of the direct disposal option at the present moment where no final repository is yet
available implies preceding interim storage of the training reactor fuel. For the time being, the duration
of the necessary interim storage period cannot be forecasted.

Assuming that all issues standing in the way of storage in this repository, the licensing procedure for
which is under way, the theoretically earliest final disposal would be possible in the Konrad
repository. From a merely technical point of view — leaving out of consideration any other influencing
factors - this would be possible in four years from now (i.e. in 2004). In this case, interim storage for a
period of at least three years would be necessary.

Disposal in a final repository at the Gorleben site can not be expected to be possible within the next
ten years. An interim storage period of at least 10 years would thus ensue for this disposal option.

An analysis of the interim storage possibilities in Germany showed available and feasible storage ca-
pacities in the Ahaus fuel element interim storage facility, in the Jiilich AVR cask storage facility and
in the Rossendorf VKTA facility.
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Interim storage preceding final disposal is possible only in licensed transport and storage casks, so that
reloading of the SUR fuel from transport casks, which can be handled at the storage places, into trans-
port and storage casks will be necessary.

At present, such possibility to reload the fuel plates into a transport and storage cask exists e.g. in the
waste handling hot cell facility of the Betriebsabteilung Dekontamination of FZJ, provided that suit-
able adjustments are made to the reloading equipment; basically, reloading might also be done in
another nuclear facility.

Storage possibilities at the possible sites are characterized below.

5.1 Interim storage

Interim storage in the Ahaus fuel element interim storage facility:

Interim storage of the SUR fuel plates in the Ahaus interim storage facility is possible in transport and
storage casks of the CASTOR THTR/AVR or CASTOR MTR 2 types. Corresponding storage
capacity is available.

Using the mentioned transport and storage casks for storage in Ahaus would offer the advantage that
corresponding licenses / permits (transport and nuclear law) are already available which need to be
amended only with regard to the radioactive inventory.

For interim storage of SUR fuel plates it is expedient that the transport and storage casks be charged
with the SUR fuel plates in a nuclear facility equipped with handling systems for these cask types.
This requires individual transports of the SUR plates from the storage place of the SUR plates to the
facility where reloading into transport and storage casks is done.

Interim storage of the 122 fuel plates would require two casks of the CASTOR MTR 2 type or one
cask of the CASTOR THTR/AVR type.

Interim storage in the AVR cask storage facility:

Interim storage of the SUR fuel plates in CASTOR THTR/AVR casks in the existing AVR cask
storage facility is possible owing to the availability of storage capacity unused to date.

Such extension of the scope of use of the AVR cask storage facility would require an amendment to
the existing license under § 6 AtG.

Carrying out fuel reloading in the waste handling hot cell facility of the Julich Betriebsabteilung
Dekontamination requires an amendment to or extension of the existing handling license under §9
AtG.

Storage in the VKTA Rossendorf:

For the fuel elements of the Dresden AKR and the Zittau ZLFR there is a disposal path in place, which
provides for use of the VKTA Rossendorf facilities where the AKR and ZLFR fuel elements are
envisioned to be kept available until shipment to a reprocessing plant. Disposal of these fuel elements
through reprocessing is sought.

Storage of all SUR fuel plates until reprocessing is not considered by the operator and will not be fur-
ther discussed within the scope of this investigation.
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5.2 Final disposal

Final disposal in the planned Konrad repository

A review of the results of the calculations done for the reference plant (SUR of TU Darmstadt) against
the activity limits of the storage conditions for the Konrad repository shows that - except for the
activity limits and the mass limit for fissile materials resulting from the criticality analyses - the other
activity limits for a complete SUR core are met for any of the permitted casks types.

According to the storage conditions for the Konrad underground repository, the maximum masses of
fissile material storable in one waste package depends on the selected type of waste container. The
numbers of packages required for storage of the entire SUR fuel resulting from the mass and activity
limits for selected container types is given in the table below:

Concrete cask Type I

Cast steel cask Type I

Container Type I

Cask volume
(gross)

[m3]

1.2

0.7

3.9

Mass limit for fis-
sile material
per package

[g]

69

50

170

Approximate
number of

packages re-
quired

123

170

50

Total storage volume
[m3]

150

119

195

The stated numbers of packages and storage volumes can be reduced by "mixed storage". That is to
say that packages are loaded with more fuel if they are stored mixed with packages of lower activity
inventory in one stacking row in the storage facility.

All in all, it can be said that final disposal of the fuel in the Konrad repository is afflicted with an un-
reasonably great storage volume, considering the relatively small volume of the fuel elements. The
comparably most cost-efficient storage is possible if concrete casks type 1 are used in "mixed storage"
mode.

As a further storage requisite, the basic storage condition of limiting the fissile material mass concen-
tration to max. 50 g per 0.1 m3 of waste form has to be complied with. Following conditioning of the
fuel elements (dismantling of the fuel elements with subsequent immobilization) it is possible to meet
this limit.

For storage the SUR has to be classified as radioactive waste. Furthermore, safeguards requirements
have to be considered.

Final disposal in the planned Gorleben repository

The Gorleben salt dome has been studied since the end of the seventies for its suitability as a reposi-
tory for all types of radioactive wastes, particularly for heat-emitting high-active wastes and irradiated
fuel elements. At present, the first of the five exploration sections projected in the north-eastern part of
the salt dome is being developed and subjected to geoscience studies.

Based on the exploration results, e.g. site-specific safety analyses are done to furnish proof of aptitude.
The results of these analyses yet to be done (by 2005) will subsequently be translated into storage
conditions and requirements. Consequently there are not yet any requirements and packaging regula-
tions in place which will have to be met by radioactive wastes to be stored in the planned Gorleben
repository.
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6. Reuse of fissile material

As an alternative to final disposal of the low-irradiated fuel-moderator plates, the separation of the
U3O8 from the polyethylene matrix of the plates and recycling of the extracted U3O8 in plants of the
nuclear fuel cycles has to be considered.

The feasibility of separation of the U3O8 particles from the polyethylene matrix has to be demonstrated
in preliminary studies before this disposal option is pursued. These studies, however, have not yet
been completed.

Recycling of the recovered U3Og is done in compliance with the acceptance conditions in nuclear fuel
cycle facilities.

7. Direct disposal vs. reutilization

A comparison of possible disposal variants shows that at present the technical (except for interim
storage) and licensing prerequisites are given for neither of the possible disposal options.

The separation of the fissile material from the polyethylene matrix seems to be feasible, but feasibility
is yet to be demonstrated.

The implementation of final disposal in the Konrad repository can not be expected to occur before
2004. Estimates as to the timeline of final disposal in the plannedGorleben repository and of reproc-
essing (for the preliminary studies being not yet completed) are hardly possible at present.

A comparison of cost estimates for the different disposal options shows that the "mixed storage"
variant in the Konrad repository is the most cost-efficient variant of the direct disposal option. Due to
the lack of final disposal cost data, a cost estimate for storage in the Gorleben repository is not possi-
ble for the time being; however, it can be expected that due to the substantially smaller number of
waste packages required (e.g. possibility of storage in CASTOR THTR/AVR casks without reloading
into the final repository) cost will be significantly lower than those estimated for storage in the
Konrad repository.

Based on the data available to date, the cost anticipated for the reprocessing option is higher than for
the most cost-efficient final disposal variant. However, since the preliminary studies have not yet been
done and/or completed, a new cost estimate and estimates as to the required implementation periods
should be made upon demonstration of the feasibility of the separation of fissile material from the PE
matrix, based on the validated data.

Based on the mentioned aspects it is recommendable to wait for the results of the preliminary studies
on the separation of the SUR fuel from the PE matrix and the cost calculation based on them before a
decision on the disposal option to be pursued is made, particularly since the results of the preliminary
studies will be available even before the end of 1999. It is also hoped that by that date more informa-
tion will be available about the future of the German repository projects.
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ABSTRACT

The RECH-1 research reactor is a pool type reactor with a nominal power of 5 MW and
is operated by the Chilean Nuclear Energy Commission at La Reina Nuclear Center. The
emphasis of the utilization of the reactor is placed on physics beam experiments, in-core
experiments, neutron irradiation, radioisotopes production and activation analysis.

A total of 58 HEU MTR type fuel elements were fabricated by the United Kingdom
Atomic Energy Authority at Dounreay, Scotland, using uranium enriched in the United
States. Within the framework of the Research Reactor Spent Nuclear Fuel Acceptance
Program of the United States the spent fuel is being transferred to Savannah River Site
in South Carolina. On September 22, 1996 a shipping cask loaded at La Reina Nuclear
Center with 28 spent fuel elements arrived to Savannah River Site. The remaining 30
fuel elements that are decaying in the reactor pool could be delivered during the second
semester of 2001.

1. Introduction

The RECH-1 research reactor is a pool type reactor with a nominal thermal power of 5
MW. The reactor operated by the Chilean Nuclear Energy Commission (CCHEN) at La
Reina Nuclear Center uses light water as moderator and coolant and beryllium as reflector.
The maximum thermal neutron flux is about 6.8xl013 n/cm2ps.

The reactor reached its first criticality in 1974 using HEU (80% of 235U) fuel elements. The
fuel element consists of sixteen flat fuel plates, where each plate is composed of enriched
uranium aluminum alloy sandwiched between high purity aluminum. The outer plates load
half of the uranium contents in the inner plates.

At present, the core is configured with 34 MTR type fuel elements: 32 are MEU (45% of
235U) and 2 LEU fuel elements. The LEU elements containing U3Si2-Al were fabricated by
the Chilean Fuel Fabrication Plant. The six-neutron absorbing control blades are made of
cadmium and are driven by the control mechanism located on the top of the reactor block.

A total of 58 HEU fuel elements were fabricated by the United Kingdom Atomic Energy
Authority (UKAEA) at Dounreay, Scotland, using uranium enriched in the United States.
The emphasis of the utilization of the reactor is placed on physics beam experiments, in
core experiments, neutron irradiation, radioisotopes production and activation analysis. The
instruments and facilities placed in front of the five beam ports are: Neutron Radiography
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Facility, Neutron Diffuse Scattering Instrument, Powder Diffractometer, Neutron Depth
Profiling Instrument and Prompt Gamma Facility.

Due to the reduced fresh fuel inventory, the Fuel Fabrication Plant is fabricating LEU
silicide fuel elements with a uranium density of 3.4 g/cm3 for the RECH-1 reactor. It is
planned to convert the reactor to the use of LEU fuel at the end of the year 2000.

2. First Shipment of Spent Fuel Elements

The first shipment of spent nuclear fuel from Chile to Savannah River Site, South Carolina,
began in August 1996; however, some months earlier the CCHEN was informed about the
U. S. Department of Energy's Record of Decision (ROD) on a Nuclear Weapons
Nonproliferation Policy Concerning Foreign Research Reactor Spent Nuclear Fuel. In the
ROD, the Department of Energy (DOE) announces its intention to accept and manage
foreign research reactor spent nuclear fuel containing uranium enriched in the United
States. Countries listed in the Environmental Impact Statement (EIS) as developing ones
will have the cost of fuel shipment and management subsidized by the United States.
Arrangements will be made through the DOE Office of Spent Fuel Management.

On June 27, 1996 the CCHEN initiated officially its participation in the first shipment of
spent nuclear fuel to the United States from South America. From this date on, intense
activities related to negotiation of contractual matters, safeguards, preparation of the
technical information of the spent nuclear fuel, reactor preparation for loading operations,
arrangements with custom and public relations were initiated.

At the end of July 1996, the U. S. Department of Energy and CCHEN signed a contract in
order to transfer 28 MTR type fuel elements from La Reina Nuclear Center to the Savannah
River Site. The NAC-LWT shipping cask was used to transport the fuel elements. The
spent fuel elements were loaded into the shipping cask using a dry transfer system.

On August 27,1996 the shipping cask loaded with 28 spent nuclear fuel was transported by
truck to the port of San Antonio, where it was loaded onto a ship for transport to the
Caribbean port of Cartagena, Colombia. At Cartagena it was loaded onto the ship a second
NAC-LWT shipping cask with 21 fuel elements from the INEA (Instituto de Ciencias
Nucleares y Energias Alternativas).

On September 22, 1996 the ship arrived at Charleston Naval Weapons Station in South
Carolina. From there, the casks were shipped by rail reaching Savannah River Site the
evening of September 22.

3. Storage of the HEU Spent Fuel Elements

The last four HEU fuel elements were removed from the core on September 01, 1998.
Thus, the remaining 30 HEU fuel elements are at present decaying in fuel storage racks
fastened to the pool wall. The design of the racks is such that a critical array cannot be
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achieved, providing adequate underwater shielding and sufficient natural convection
cooling to remove the fuel decay heat.

In order to minimize the effect of the environment over the fuel elements and with the
purpose to keep them in the best conditions, the water quality of the reactor pool is
permanently controlled. To preserve the water quality, it was approved a specific procedure
for maintaining and controlling the water of the reactor. In general, this procedure
establishes that the reactor cooling water shall be demineralized and its eonductivitity
maintained within the range 0.2 to 1.5 jiCX'cm"1. The pH value shall be remained within the
range 5.5 to 6.5. The quantities of iron, copper and chloride in the water shall not exceed
the following:

Iron 0.01 ppm
Copper 0.01 ppm
Chloride 0.20 ppm

Occasional temporary departures from the conductivity and the iron and chloride (but not
copper) quantities may take place. These departures do not exceed the following:

Conductivity 2.0
Iron content 2.0 ppm
Chloride content 1.0 ppm

In this context, "occasional" means not more than once in any period of one year and
"temporary" means a period not exceeding seven days.

The conductivity is continuously monitored and recorded. The water is analyzed for pH
value and for iron, copper and chloride content no less than twice per week and the result of
the analysis is recorded. All records are retained for a period not less than three years.

4. Tentative Schedule for the Next Shipment

The remaining 30 spent fuel elements fabricated using high enriched uranium, provided by
the United States are decaying in the storage racks of the RECH-1 reactor. For this set of
elements, the cooling time goes from six years to a few months. The thermal decay heat
load and the photon dose rate required for the selection of the shipping cask were
determined utilizing the fuel element irradiation history and cooling time. The calculation
was performed utilizing the simplified and conservative techniques given in Reference [1].

According to Reference [1], the decay time to achieve a dose rate of 100 rem/h at 1 meter
in air (self-protecting dose rate level of radiation) is about three years. On August 31, 2001
all spent fuel elements that are decaying in the reactor pool will reach at least a three years
cooling time. Table 1 shows the decay heat and the dose rate for every spent fuel element.
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The values presented in Table 1 make possible to choose between various casks currently
available for shipping foreign research reactor spent fuel [2]; however, due to technical
reasons it is not possible to place the cask inside the reactor building. Thus, it is necessary
to use a dry transfer system to transfer the fuel elements from the reactor pool to the
shipping cask located outside the reactor building.

Another restriction to be considered to select the shipping cask is the impossibility in the
reactor pool to cut the fuel element off for the purpose of trimming the end boxes and/or the
grid plate fitting from the spent fuel elements. There is no other facility at the Nuclear
Center where the operation of trimming the end boxes of the irradiated fuel elements could
be performed.

5. Conclusions

The first shipment of HEU spent fuel elements from La Reina Nuclear Center to Savannah
River Site was successfully completed. The next shipment appears to be easier from the
Chilean point of view due to the experience gained during the first one. In accordance with
the results obtained a second shipment could be programmed beginning from the second
semester of 2001.
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Table 1. Fuel Irradiation History - Fuel Element Specific Data

1

2

3

4

5
6

7

8

9

10

11

12

13

14
15

16

17
18

19
20

21

22
23
24
25

26
27

28

29

30

Pre-lrradiation

Unique ID.
Number

D544

D609

D590

D603

D580
D581

D562
D563

D571

D568

D575
D574

D542

D553
D586

D592

D593

D587

D605
D564

D585

D611

D612

D591
D604

D608

D607

D610

D535

D573

Total Weight
Fuel Asse.

grams

4782

4786

4792

4761

4798
4782

4788
4781

4759

4764

4805
4787

4785

4771

4784
4800

4778

4772

4764

4766

4767

4773

4753
4787
4748

4789

4754
4740

4805

4770

U

grams

206.85

202.23

204.21

202.24

208.78
208.03

202.64
202.55

203.78

202.55

203.09

203.76

206.50

204.71

204.66
203.01

203.08

203.83

202.14

203.83

203.75

203.18

203.00
202.16
202.21

202.18

202.46
202.16

205.94

204.13

U-235

grams

165.48

161.78

163.37

161.79
167.02
166.42

162.11
162.04

163.02

162.04

162.47

163.01

165.20
163.77

163.73

162.41
162.47

163.06

161.71

163.06

163.00

162.54

162.40
161.73
161.77

161.74

161.97

161.73

164.75

163.30

Post-Irradiation

u

grams

137.73

134.76

136.98

135.83
141.33
140.98
136.67

137.27

137.82

136.87

137.79

138.23

138.48

136.71
136.74

135.26

135.28

136.95

135.55
136.93

137.23

136.86

135.21
134.69
134.72

134.70
135.32

134.95
135.96
135.42

U-235

grams

82.98

81.26

83.12

82.53
86.57
86.46

83.43
84.18

84.35

83.71

84.59

84.85

84.24

82.84

82.87

81.64

81.64

83.46

82.34
83.89

83.83

83.48

81.60
81.32
81.33

81.31

81.95

81.63

81.48

81.52

U-236

grams

13.08

13.05

12.89

12.86

12.65
12.62

12.74
12.62

12.67

12.70

12.59

12.60

13.97

13.95
13.95

13.93

13.94

13.72

13.68
13.49

13.65

13.63

13.93
13.87
13.87

13.87

13.80

13.81

14.36

14.10

Np-237

grams

0.13

0.12

0.12

0.12

0.12
0.11

0.12
0.11

0.12

0.12

0.11
0.11

0.12

0.12
0.12

0.13
0.13

0.12

0.12
0.12

0.12

0.12

0.13
0.13
0.13

0.13

0.12

0.12

0.13

0.13

Pu

grams

0.74

0.74

0.73

0.73
0.72
0.72

0.73

0.72

0.73

0.73

0.72

0.72

0.73

0.74
0.73

0.75

0.75
0.73

0.73
0.72
0.72

0.72

0.75

0.75
0.75

0.75

0.73
0.74

0.75
0.75

Pu-239

grams

0.58

0.58

0.58

0.58
0.57
0.57

0.57

0.57
0.57

0.57

0.57

0.57

0.58

0.58

0.58

0.58

0.58

0.58

0.58
0.57

0.57

0.57

0.58
0.58
0.58

0.58

0.58

0.58

0.58
0.58

Pu-241

grams

0.04

0.04

0.03

0.03
0.03
0.03

0.03

0.03
0.03

0.03

0.03

0.03

0.03

0.03

0.03
0.04

0.04

0.03

0.03
0.03

0.03

0.03

0.04
0.04
0.04

0.04

0.03

0.03

0.04

0.04

Time in
Reactor

days

2955

2955

2955

2955

4556
4556

4556

4556

4424

4424

4424

4424

7607

7607

7607

4332

4332

7607

4663

7601

7601

4663

4418
4418
4418

4418

4418
4418

6351

6351

Cooling
Time

days

1095

1095

1095

1095

1465
1465

1465

1465

1597

1597

1597

1597

1983

1983

1983

1983
1983

1983

1983
1983

1983

1983

2228
2228
2228

2228

2228

2228

3236

3236

Power
Level

MWd
66.00

64.42

64.20

63.41

64.36
63.97

62.94
62.29

62.93

62.67

62.30

62.53

64.77

64.74
64.69

64.62

64.66

63.68

63.50
63.33

63.34

63.24

64.64
64.33
64.35

64.34

64.02

64.08
65.18

65.43

Bumup

%
49.856

49.773

49.121

48.990

48.166
48.049

48.535

48.048

48.256

48.342

47.934

47.950

49.009

49.415
49.387

49.732

49.748
48.814

49.084

48.551
48.572

48.638

49.753
49.722
49.725

49.726
49.406

49.528

50.544
50.082

Dose Rate
at1[m] in

air
rem/h

98.3

95.9

94.8

93.5
74.3
73.8

72.8

71.9

70.0

69.7

69.2

68.8

65.7

65.7

65.7
65.7

65.7

64.6

64.4

64.2
64.2

64.1

63.2
62.9
62.9

62.9

62.6

62.6

54.7
53.8

Decay Heat
as of:

08/31/2001
Watts

8.69

8.48

8.45

8.35
5.54
5.51

5.42

5.37
5.20

5.17

5.14

5.16

3.45

3.45

3.45

4.63

4.63

3.40

4.39

3.38
3.38

4.37

4.25
4.19
4.19

4.19

4.27

4.17

2.73
2.74
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Introduction

The Reduced Enrichment for Research and Test Reactors (RERTR) program, initiated by the United
States and now widely supported by the international community has been developed to minimise the
risks of proliferation. This program gave impetus to the replacement of the so-called HEU (High-
Enriched Uranium) fuels, by LEU (Low-Enriched Uranium) fuels. One has to note that HEU fuels of
US origin were originally enriched to 90 % or 93 %, while the enrichment was limited to 36% for a
significant fraction of Russian HEU Fuels. This change also requires the adaptation of reactors
initially operated with HEU fuels.

A total of about 63,000 HEU and LEU spent fuel assemblies has been inventoried by the AIEA [1], as
well as about 33,000 assemblies which are located in reactor cores. Pursuant to the US ,,take-back"
agreements as well as the political decisions taken in May 1996, fuel assemblies of US origin,
discharged until 2006, are due to be shipped back to the United States. In that context, the US
Department Of Energy expects to receive a maximum of about 20 metric tons of spent fuel from
foreign research reactors. The return of Research and Testing Reactor (RTR) fuel assemblies to the
country of origin has not been performed yet. Some operators have to face problems related to storage
capacity saturation or material corrosion. In any case, in 2006, research reactor operators will have to
find their own solution regarding the management of their spent fuel.

The reprocessing strategy for RTR fuels seems to be the most advisable option of spent fuel
management in terms of reduction of both the volume and the toxicity of the waste to be finally
disposed of. Residues arising from the spent fuel treatment through reprocessing at La Hague are
manufactured so as to be directly suitable for the final disposal without any further conditioning. They
can also be easily, economically and locally stored awaiting final disposal site availability. As
described in this paper, COGEMA has convincingly demonstrated the feasibility of RTR fuel
reprocessing on an industrial scale. COGEMA offers comprehensive and durable services all along the
operational life of the research reactors from RTR spent fuel conditioning, transportation and
reprocessing to the conditioning and shipment of ultimate residues. Moreover, COGEMA is
committed, with other partners including CEA and CERCA, in a Research and Development program
meant to propose a new generation of RTR fuels further enhancing performance and ensuring spent
fuel reprocessability.
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REPROCESSING ; THE LONG-TERM SOLUTION FOR RTR SPENT FUEL
MANAGEMENT

The only long term options for RTR spent fuel management include extended interim storage, direct
disposal and reprocessing.

Long term interim storage of spent fuel does not constitute, at present, a reliable solution. Indeed,
some Research Reactor operators have been confronted with corrosion and material degradation
problems in existing facilities. Extended storage for RTR fuels would obviously require important
R&D programs as well as new storage facilities designed for the long term. Above all, this option
does not constitute a definitive solution.

The direct disposal option also faces several unsolved difficulties. First, one has to ensure that the
enriched uranium content will not lead to criticality hazard through long term processes such as
selective leaching. Moreover, RTR spent fuel is generally regarded as unstable (high corrosion rates,
hydrogen build-up) in the conditions of a geological repository. It requires then a watertight and
durable conditioning (on a geological timescale) for which no satisfactory solution has been found
yet. As highlighted in the following paragraph, this option is clearly unfavourable in terms of
potential radiotoxicity when compared to the reprocessing option. Finally, since no repository for
high level waste is currently available, the direct disposal option of RTR spent fuel remains a
"virtual" solution for the time being, with technical and economical risks and uncertainties.

The reprocessing option is a reality. A 30-years experience at La Hague, demonstrates indeed the
industrial mastering of commercial reprocessing.
The Reprocessing/Conditioning/Recycling (RCR) strategy has an important impact regarding the
reduction of the radiotoxicity of ultimate waste to be disposed of. As shown in the table hereafter,
plutonium appears to be the main contributor to radiotoxicity.

Period (years)

Major contributor to

Radiotoxicity

0 to 100

Fission Products &
Pu

100 to 100,000

Pu

100,000 to 1,000,000

Pu then U

The very high efficiency achieved at La Hague allows 99,9% of recyclable materials (plutonium and
uranium) to be recovered from spent fuels thus minimising long term radiotoxicity. The confinement
of the remaining activity into a stable glass matrix and a plain stainless steel canister guarantees a
safe conditioning for long term storage and final disposal. It is important to underline that such
residues have been developed and are manufactured so that they are directly suitable for direct
disposal without further additional conditioning.

As planned at La Hague, the mix of RTR HEU with uranium coming from commercial power
reactors in the reprocessing (see chapter "RTR fuel reprocessing") will ensure an isotopic dilution
thus with an U-235 enrichment less than or equal to 2%. Such a low enriched uranium meets then the
non proliferation commitments previously mentioned.

Another important asset of this option is the impressive volume reduction of ultimate waste.
Compared to the direct disposal option, the RTR spent fuel management policy as implemented at La
Hague should lead to a reduction factor up to about 50.
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VOLUMES OF RESIDUES GENERATED
BY MTR'S REPROCESSING

AluminBe spent luel
reprocessed

Dlred dteposal

COCEMA

Avoiding the safety risks associated with the direct disposal option, and reducing the volume and
radiotoxicity of the ultimate waste, reprocessing of RTR fuels appears as the optimal option to
provide a safe and durable solution.

RTR FUEL SPECIFICITY

HEU fuels are typically of UA1X chemical form. This alloy is particularly suitable for reprocessing.
As regards LEU fuels, the reduction of U-235 enrichment has been accompanied by a modification
of the compound which generally consists in U3Si2.

Due to a wide range of research reactor types, the RTR fuel elements are of various forms (flat or
curved plates, tubes, rods, ..)• Their length ranges from about 0.8 m to 2.5 m.

RTR fuels can be irradiated to very high burnups (more than 10 times higher than in the case typical
commercial power reactors spent fuels). However, such elements weigh from 1 to more than 200 kg
of which only about 0,2 kg to 10 kg is enriched uranium. Thus, RTR spent fuel activity and heat
release are 20 to 50 times lower than these of typical commercial power reactors UO2 spent fuels.
Moreover the plutonium content of RTR spent fuels is very low and far below that of UO2 spent
fuels. It is also the case for their neutron emission.

The diversity characterising RTR spent fuels in terms of shape, weight, composition requires a high
capability of adaptation of back-end service suppliers. COGEMA meets this criterion.
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THE COGEMA GROUP: A LEADER FOR RTR SPENT FUEL MANAGEMENT

The COGEMA group has gained a sound experience in RTR spent fuel management from spent fuel
transportation and reprocessing to the conditioning and shipment of the related ultimate waste.

RTR fuel transportation from Research Reactors

Through its subsidiary TRANSNUCLEAIRE, COGEMA offers optimised services covering the
complete transport chain, (cask design and manufacture, transport preparation and follow-through,
maintenance...).

The current fleet of RTR spent fuel casks is ageing. Then, TRANSNUCLEAIRE has developed a
new generation of casks : the TN-MTR.

Due to the diversity of the worldwide Research Reactor facilities, such a packaging has been
especially designed to be handled easily. Its operation does not require sophisticated equipment. The
TN-MTR accommodates different types of baskets of high capacity (up to 68 RTR assemblies)
allowing a large variety of HEU (up to 93,5 % in U-235) and LEU fuels to be carried safely. The
operating license procedure of the TN-MTR cask is under way of finalisation. Its granting is
expected in France within the first quarter of 1999.

RTR spent fuel transportation is now routinely made. In 1998, 16 shipments of IU04 type casks were
performed by TRANSNUCLEAIRE :

• 10 from the CEA Cadarache Research Center to La Hague plants,
• 4 from the Laue Langevin Institute High Flux Reactor located at Grenoble,
• 2 from the Belgian BR2 reactor.

Shipment of RTR spent fuel from
the Belgian BR2 research reactor

Unloading RTR spent fuel (from the RHF-ILL
research reactor) at La Hague 147



RTR fuel Reprocessing

About 13,000 kg of aluminide spent fuel stemming from 21 research reactors and 5,900 kg of heavy
metal of other types of RTR fuels were successfully reprocessed at COGEMA-UP1 plant located at
Marcoule. UP1 has been shut down for commercial reasons in 1997 after forty years of satisfactory
operation. The know-how gained through this experience has been transposed in the framework of
La Hague Plant activities.

Since its commissioning in 1966, a wide variety of spent fuels (more than 13,300 tHM) have been
reprocessed at La Hague Plant clearly illustrating its high level of flexibility. La Hague plant
evolution has always been characterised by the implementation of state-of-the-art equipment. New
units are less than 10 years old. Such an evolving tool will be operational for several decades into the
next century.

Because of the large variety of RTR fuel types and geometry, and because of their specific
composition, minor spent fuel dismantling operations can be performed when necessary. Because of
the high ability of aluminium to dissolve in nitric acid, shearing of aluminide RTR fuels can
however be avoided. Insofar as the RTR fuel quantities to be reprocessed should be very low (a few
tons per year) when compared to the current nominal capacity at La Hague (1600 tHM/y of
commercial power reactors UO2 spent fuels), it is planned to mix the RTR fuel dissolution liquor
stemming from the relevant dissolution unit with the main flux resulting from the dissolution of UO2
spent fuels. The process parameters and operating conditions will be tuned to meet the design
specifications of the different units.
After dilution, the current chemical operations, notably the U/Pu/Fission products separation, will be
then performed within the normal main flux. The fission products concentrates will finally be
vitrified into a glass matrix. In accordance with COGEMA's waste management optimisation policy,
technological by-products and structural pieces will be compacted thus significantly reducing their
volume.

COGEMA's industrial experience in terms of RTR fuel reprocessing is essentially based on
aluminide or UO2 fuels. For silicide LEU spent fuel, R&D results have shown that such a fuel can
not be easily reprocessed notably because of the formation of siliceous colloids in the dissolution
liquors. Silicide fuel reprocessing on an industrial scale would require major adaptations of the
existing equipment thus affecting significantly the cost effectiveness of the option. Nevertheless,
feed-back experience has shown that in-reactor performances of silicide LEU fuels were not
sufficient to cover all RTR needs. As detailed below, COGEMA is committed in the development of
a new generation of RTR LEU fuel characterised by high in-reactor performances and the ability to
be reprocessed.

Conditioning and transportation of RTR fuel ultimate residues

For the ultimate residues to be disposed of, COGEMA has recently unveiled a new package. This
canister, referred to as the « Universal Canister » (UC), has a standardised size and shape. The UC
enables to accommodate every type of waste for geological disposal, from vitrified fission products
to compacted metallic parts and technological waste. Although external dimensions remain the same
on every UC (430 mm diameter and 1 335 mm height) the materials used and internal fittings may
vary according to the type of residues contained. The package's overall compact dimensions as well
as its limited weight should improve the handling by standardising the handling means.
Transportation will also be made easier as well as final disposal which will have to accommodate

. only one type of conditioning.

By the year 2000, the Universal Canister strategy will be fully implemented; the UC will then be
used at a commercial scale, thus allowing a reduction of transportation, storage and disposal costs.
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The sending back of ultimate residues resulting from the reprocessing of commercial power plant
spent fuel is now a reality. 5 overseas transports of vitrified residues have been safely conducted by
sea, road and rail. Similar transports will be performed in the years to come on a regular basis.

The GORLEBEN interim storage in Germany has already received T/S (Transport and Storage) type
casks containing vitrified residues, in particular the TS28 cask developed by TRANSNUCLEAIRE.
TRANSNUCLEAIRE is also designing for the same purposes the TN81 cask. Both types of casks
containing up to 28 UC, can simply be stored in the long term, in a "standard shelter", thus
drastically simplifying the design of the relevant storage facilities.

NEED FOR A NEW FUEL

As previously mentioned, HEU aluminide fuels will be replaced by LEU fuels generally made of
uranium silicide compounds. However, this first generation of LEU fuels is generally considered as
insufficient in term of in-core performance. Besides that, LEU silicide spent fuels can not be
industrially reprocessed. COGEMA is then committed with other partners in R&D programs
launched to develop a new generation of fuel [3]. Such a fuel should:

• be enriched to less than 20%, in accordance with the non-proliferation commitments,
• provide higher performances than current silicide LEU fuels,
• be easily reprocessable in existing industrial reprocessing plants thus addressing the best issue to

long term management concerns.

The goal is clearly to get an "on time" qualification of such a fuel, especially by 2006, when the US
"take-back" program will end. Such a goal requires the largest support from the RTR community.

CONCLUSIONS

RTR Operators need efficient and cost-effective services for the management of their spent fuel and
this, for the full lifetime of their facility. Thanks to the integration of transport, reprocessing and
conditioning services, COGEMA provides a cogent solution, with the utmost respect for safety and
preservation of the environment, for the short, medium and long terms. As demonstrated in this
paper, this option offers the only durable and dependable solution for the RTR spent fuel
management, leading to a conditioning for the final residues directly suitable for final disposal. The
main advantage of such an option is obviously the significant reduction in terms of volume and
radiotoxicity of the ultimate waste when compared to direct disposal of spent fuels. The efficiency of
such a solution has been proven, some RTR operators having already trusted COGEMA for the
management of their aluminide fuel. With its commitment in R&D activities for the development of
a high performance and reprocessable LEU fuels, COGEMA will be able to propose a solution for all
types of fuels, HEU and LEU.
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ANNOTATION

8 research and experimental reactors have been created at the Institute
industrial site. The majority of them has been or is being decommissioned now.
During many decades the reactor of the First-in-the-world NPP - AM and the fast
neutron reactor BR-5 (BR-10) are the main research reactor base of the Institute. They
are in operation during 45 and 40 years correspondingly. At present the preparation
work for their decommissioning is carried out. One of the problems of that process is
the fuel waste management which amount is about 13 tons. The possibility of its
reprocessing is under consideration.

Introduction

The majority of the SSC RF IPPE reactor facilities was created in the fiftieth,
sixtieth. Totally eight experimental and research reactor facilities were created at the
Institute industrial site. Their initial purpose was carrying out the combine research
supporting the energy reactor designs for NPPs and special facilities. The character of
operation modes of some of them, their status, the character of the research carried out
at them have been changing with the lapse of time. Brief information on these
facilities is presented in the Table 1.

The proposed research program at BR-2, TES-3, 27/VT, 27/VM and IK
"TOPAZ" reactor facilities has been fulfilled and - as the Table 1 demonstrates - two
of them, BR-2 and TES-3, have been decommissioned, and the rest ones are in the
different phases of the decommissioning process.

AM and BR-10 (BR-5) reactor facilities became the main research base of the
Institute for many decades where many scientific programs and industrial experiments
are carried out up to now. They are greatly contributed by the initial design decisions
providing different experimental device construction at these facilities: horizontal and
vertical material research channels, horizontal beams of fast, intermediate and thermal
neutrons, thermal neutrons, thermal columns, loop circuits [1], [3].
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Brief information on the SSC RF IPPE reactor facilities

Table 1

Nos.

1.

2.

3.

4.

5.

6.

7.

8.

Conditional
facility name

AM

BR-2

27 VM

27 VT

BR-10(BR-
5)

TES-3

IK "TOPAZ"

BARS-6

Year of
commis-
sioning

1954

1956

1956

1959

1959

1961

1968

1996

Status

Experimental
research facility
Research facility

Experimental facility
for demonstrations

Experimental facility
for demonstrations
Research facility

Experimental facility
for demonstrations

Experimental facility
for demonstrations

Research reactor

Dedication

First-in-the-world
NPP

Reproduction research

Nuclear submarine
prototype

Nuclear submarine
prototype

Fast reactor combine
research

NPP of small power
prototype

On-board space power
facility prototype

Combine research of
the pulse reactor laser

pumping system

Power,
coolant

30 MW (t),
5 MW (p), water

150kW(t),
mercury

70 MW (t),
water

70 MW (t),
lead-bismuth

8 MW (t),
(5MW(t)),

sodium,
sodium-potassium

8,8 MW (t),
l,5MW(p),

water

200 kW (t),
10kW(p),

sodium-potassium

Present state

In 1997 the permission for the
operation continuation was obtained
The reactor facility was dismantled
in 1957
The facility is being
decommissioned now
The facility is being
decommissioned now
In 1999 the permission for the
operation continuation was obtained

In 1965 the facility operation is
terminated and it was practically
decommissioned.
A green lawn is now on that place
The facility operation is stopped: it
is released from the radioactive
waste
The work on the power start-up
program are finishing now



Operation phases

AM reactor is in operation during almost 45 years. It was many times
improved during that time and subjected to the commission checks in 1987, 1990-
1991 and in 1996-1997 in order to confirm the operability of its equipment and
especially the safety systems.

Beginning with 1956, i.e. two years after the NPP commissioning, the reactor
mode was subjected to the research program carrying out [2], Since that time 18
experimental loops have been installed one after another in the reactor where the tests
of the fuel rods, materials, electricity generating fuel assemblies were carried out as
well as the research of the water coolant boiling and overheating modes and the
natural circulation mode. Recently Mo-99 and other isotopes production has been
developed. It is proposed to terminate the reactor operation in 2004 - in the year of
the fiftieth anniversary since its commissioning.

BR-5 reactor is in operation during 40 years. In 1973 it was re-constructed
with substitution of a part of devices, cable lines, equipment; the secondary circuit
coolant - sodium-potassium - was replaced by sodium; additional "sodium-air" heat
exchangers were mounted in each loop of the secondary circuit; the reactor power was
increased up to 8 MW. The reactor began to be called as BR-10.

In 1980-1981 the second re-construction of BR-10 reactor was carried out; at
that time the reactor vessel was replaced by the new one.

Recently the following researches have been carried out at BR-10 (BR-5)
reactor:
- the technological research in the sodium and sodium-potassium circuits, definition

of operability, resource, the structure improvement of fittings, pumps, oxide cold
traps and cesium traps, measurement instruments, samplers;

- mass tests of oxide (to cores of PuCb) , carbide (one core of UC) and nitride (two
cores of UN) fuel;

- material study including the inside reactor research of the prolonged strength and
ductility of steels at the temperatures of 650-800°C;
the behavior research of the fuel rods with natural and artificial cladding defects,
research of the radioactive element transfer in the circuit, the fuel element
tightness control system research.
Lately the great program on the radioactive isotopes and track membranes

production has been realized in the reactor; the medical complex for oncological
patient treatment is in operation.

It is proposed to terminate the facility operation in 2002.

The facility preparation to decommissioning

During the time before AM and BR-10 facilities operation termination it is
necessary to develop the projects of these facilities decommissioning. It is proposed
that there will be a Museum of atomic power engineering on the base of AM facility.
By present the conceptions of both facilities decommissioning have been developed,
calculation and experimental research on accumulated activity inventory is carried
out, the technological processes of radioactive waste conditioning of the sodium and
sodium-potassium coolants, contaminated graphite are developed, the technologies of
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the cold filter-traps of the primary and secondary circuits and cesium traps transfer
into the safe state in the BR-10 are developed.

The other difficult problem is the problem of the fuel waste management. The fuel
element of tubular type has been developed for AM reactor at the SSC RF IPPE. It
consists of two coaxial pipes, the annular gap between them is filled with the grist of
uranium-molybdenum alloy. After that the gap is filled with the melted magnesium
which plays the part of heat conducting matrix. The cooling water flows inside the
pipe of the least diameter 0 9 x 0,4 mm under 10 mPa pressure. The outer pipe - the
fuel rod cladding of 0 14 x 0,2 mm diameter - has no cooling. The fuel element
length is 1700 mm. The cladding material is austenitic steel of 18-8 type. The fuel
assembly includes 4 fuel elements located inside the graphite cylindrical elements.
The initial uranium enrichment was 5%. Later the uranium of the other enrichment
(6,5-7)% was used.

In 1987 a new fuel element was developed by the Research Institute of Inorganic
Materials. Its structure is as the previous one had. And the grist of uranium-
molybdenum is replaced by uranium dioxide of 10% enrichment in U-235. An
average uranium burning out is (25000-30000) MW x day/t in both fuel element
versions.

First the fuel assemblies (channels) were fabricated at Moscow Experimental
Plant of Chemical Mechanical Engineering and then at Electromechanical
Engineering Plant in Electrostal. There were several cases of "wet" (the fuel rod inner
pipe break) and "dry" (the outer cladding tightness break) accidents during their
operation.

Originally the AM reactor waste fuel is stored in the storage pool of the NPP
building. The pool is filled with water, the sealed pipes-cases are located inside where
the waste fuel assemblies are brought. When many years of the storage have passed
the waste fuel assemblies are subjected to dismantling in a hot cell of the NPP which
is specially intended for that purpose. The fuel elements extracted from the assemblies
are gathered by several pieces into the thin-walled cases and sent for storage to the
central dry storage facility of the Institute. At present there are 10600 kg of uranium
in uranium-molybdenum fuel composition and 211 kg of uranium in oxide uranium
fuel composition in all in the central storage facility. Besides, 1325 kg of uranium is
stored in the pool of the NPP building.

During the First-in-the-world NPP development and construction and the first
years of its operation the research on uranium-molybdenum fuel reprocessing was
carried out in the SSC RF IPPE radiochemical laboratory. It was shown that the
uranium-molybdenum alloy can be dissolved in "aqua regia". Then the research was
stopped.

The fuel element of rod type has been developed at the Research Institute of
Inorganic Materials for BR-5 reactor: the pellets of plutonium dioxide are loaded into
the cladding made of stainless steel of (18-8) type and afterwards - of (16-15) type of
0 5 x 0,4 mm diameter. The fuel assembly was arranged of 19 fuel rods. Two cores
with that fuel were fabricated for BR-5 (BR-10) reactor. Besides, one core was
fabricated on the base of uranium carbide of 90% enrichment in U-235 isotope and
two cores were fabricated on the base of uranium nitride of 90% enrichment, too. The
fuel rods of that cores had the larger cladding diameter - 0 8,35 x 0,4 mm. The
number of the fuel elements in one assembly was 7. Several characteristics of that
cores are presented in the Table 2.
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Table 2

Fuel element
^ ^ characteristics

Fuel type ^ ~ " \
PuO2;
cores #1 and #3
UC; core #2
UN;
cores #4 and #5

Cladding
dimensions,
diameter/
thickness,

mm
5x0,4

8,35x0,4
8,35x0,4

Core
height,

mm

280/320

380
400

Core fuel
total

weight,
kg

75/70

130
140/140

The maximal
reached fuel
burning out,

% t.a.

6,7/14,1

7,1
9/8,6*

Number
of

non tight
fuel

elements
37/13

38

* Burning out reached by February 01, 1999.

The BR-5 (BR-10) reactor waste fuel after washing from sodium residues is
stored originally in the reactor building dry storage and then sent to the central storage
facility of the Institute. The most probable reprocessing method of the BR-5 (BR-10)
reactor fuel of all types is piro-electrochemical method developed at the experimental
facility at the Research Institute for Atomic Reactors. At present that possibility is
under investigation.

* *

Am and BR-10 reactor facility operation comes to their termination. It is
difficult to overestimate their role in obtaining the initial experience, carrying out the
research of combine influence of thermal mechanical stresses, neutron fluxes and
gamma irradiation, coolant corrosion impact on the materials, in personnel training.
The role of the research reactors in future is not closed despite the great experience
obtained.
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ABSTRACT

There are three research reactors in Czech Republic, LVR-15 at NRI Rez and VR-1 at
Technical University Prague in operation and SKODA reactor in decommissioning. All
reactors use the same IRT-2M (3M) type fuel manufactured in Russia. At present 36 %
enrichment is used.

Corrosion experience with used fuel at three all reactors is described. The fuel was
exposed by water environment in reactor during operation and following in pool during
storage. Investigation of fuel surface revealed pitting corrosion on surface which did not
enable next utilization of fuel in operation.

Description of corrosion pits and possible influence of water chemistry and mechanical
treatment are discussed. Relation between water pool conductivity and corrosion damage is
probable mechanism of pitting corrosion. This phenomena is also influenced by
mechanical removal of corrosion protective layer by mechanical treatment.

1. Introduction

Comprehensive experience with research reactor fuel management was gained during past 40 years of
three reactors operation. Experience with fuel assemblies long term storage at different conditions
enables us to outline some conclusions for future spent fuel management. At present we have
cumulative information about 295 fuel assemblies of IRT-2M. This paper summarise data about spent
or irradiated fuel storage in wet conditions.

2. Reactor descriptions

The LVR-15 reactor is light water moderated and cooled tank nuclear reactor with forced cooling. The
maximum reactor power is 10 MW. The reactor core is composed of IRT-2M type fuel assemblies
made in Russia with the enrichment of 36 % 235U. The reactor core grid has a pitch of 71,5 mm and 80
cells. In the basic operation configuration, 28-34 cells contain fuel elements, 2-4 of the fuel cells are
dedicated to channels for experimental probes and 3-6 cells in the reflector and core periphery are
dedicated vertical irradiation channels.

The reactor core is situated in the reactor vessel (outer diameter 2300 mm, total height of the vessel
6235 mm), which is made of stainless steel, the internal parts of the reactor are made of an aluminium
alloy. The reactor has a forced circulation of the coolant. The generated heat is transported via three
cooling circuits to Vltava river.

The primary circuit contains 5 main circulation pumps and 2 emergency pumps which provide the
circulation of the coolant through the reactor core and 2 heat exchanges. The emergency pumps are
connected with an emergency battery source and a diesel generator which secure there operation when
the electrical network in reactor site fails. The coolant flows through the core downwards, with

155



maximum coolant temperature at the reactor output of 51 °C. The nominal flow is 2100 m3/hour. The
coolant is light demineralized water.
Reactor LVR-15 is located in , Nuclear Research Institute and started into operation in 1957.

The training reactor VR-1 is a small experimental nuclear facility, which was started up 1990 at the
Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague. Its main
orientation is on education and training of students and experts. Nominal power of VR-1 reactor is
1 kW with IRT-3M fuel 36 % enrichment.

SKODA reactor SR-0 was a small zero power reactor used for training and testing. Reactor had
nominal power 1 kW and was operated in 1975-1989 year. At 1996 it was decided to start
decommissioning.

3. Fuel

In the reactor LVR-15 IRT-2M type fuel assemblies are used in two modifications-4 tubes assembly
and 3 tubes assembly. The 3 tubes assembly is installed with control rod in the centre of the fuel
assembly. The fuel is made in Russia. Until the year 1995 the fuel with enrichment of 80 % was used.
From that year the use of the fuel with enrichment of 36 % has been started. Conversion of the reactor
core to 36 % was finished in 1998.

Tab. 1 The main characteristics of both types of the fuel IRT-2M
235U enrichment
total length
section square-head
section square
mass total of the assembly

mass of 235U

tube wall thickness
cladding material
cladding thickness
fuel material
fuel plate thickness
active length

- 4 tubes
- 3 tubes
- 4 tubes
- 3 tubes

80%
882 mm
71,5x71,5 mm
67 x 67 mm
3,27 kg
2,64 kg
171 g
147 g
2 mm
Al
2 x 0,8 mm
U-Al
0,4 mm
580 mm

36%
882 mm
71,5x71,5 mm
67 x 67 mm
3,2 kg
2,6 kg
230 g
198 g
2 mm
Al
2 x min. 0,4 mm
UO2-A1
0,64 mm
580 mm

4. Spent fuel storage

Summarized results with spent fuel corrosion is in Table 2.

The spent fuel from LVR-15 reactor assemblies are stored in two pools on site of the reactor. In 1999 a
new interim spent fuel storage facility was commissioned and put into operation. All spent fuel will be
transported to the new storage facility in due course. For the transport the special container Skoda
lxIRT-M is used. In table 2 there is fuel assemblies used in reactor and following stored in the pools on
reactor site.

Fuel from SR-0 was used from 1975 to 1989. Mean value of reactor output was 1-10 W. After 1989
the fuel assemblies were stored in dry condition. Conductivity of water in reactor did not exceed
5 fxS/cm.
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At VR-1 reactor all fuel assemblies were stored in reactor core. Because the small heat up there was
forced circulation.

Table 2. Summary of spent fuel storage

Reactor
Fuel type
Storage time (years)

Storage conditions

Water conductivity (uS/cm)

Fuel assembly involved
Fuel assembly inestigated
Fuel assembly defected
(piiting corrosion)
Fuel assembly defected
(fission products release)

SR-0
IRT-2M 80 %

13 wet
8dry

in reactor
no circulation

<5

24
24
19

used 5 in reactor
2 defected

VR-1
IRT-2M 36 %

7

in reactor
no circulation

<2

24
24
8

LVR-15
IRT-2M 80 %

6-20

in reactor 6 years
in pool the rest

reactor < 2
pool< 10

247
105
5

In Table 2 there is summarized fuel assemblies that were investigated to corrosion damage. The reason
for the investigation was the following: there was intention to use at LVR-15 the fuel assemblies from
SR-0 and from VR-1. Another 5 fuel assemblies not burned up and stored in reactor storage pool were
also investigated for future use. It is shown that in all cases storage in pools resulted in corrosion
pitting. There is relation between water chemistry e.g. conductivity and number of defected fuel
assemblies by pitting. In all cases the fuel surface was covered by aluminium oxide principally the
trihydrate A12O3. 3H20. This film unless damaged, suppress further oxidation. However some scratching
and mechanical distortions can be excepted as fuel elements are handled, which result in pit initiation.
There was interesting the high number of pits found in both small reactors (SR-0, VR-1) even the
chemistry control was quite good. This fact is probably due to stagnated water in reactor vessel i.e. no
circulation, which resulted in no possibility to control the water chemistry at the vicinity of the fuel
surface. These facts result in accumulation of sludge and impurities on the surface enhancing corrosion
attack.

One example of the corrosion pit it shown on Fig 1. This experience reflects effort to improve water
quality in all pools. Summary of water chemistry parameters measured and controlled now is at the
Table 3.

5. Conclusion

There is strong correlation between water quality and a corrosion attach of fuel assemblies by pitting.
The corrosion attach is enhanced when is no circulation near fuel cladding surface. Experience with
long term storage of IRT-M fuel in different environmental conditions will be used in future spent fuel
management strategy.
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Table 3. Water chemistry conditions in pool of LVR-15

Date

5.1.98

13.3.98

7.4.98

12.5.98

3.6.98

20.7.98

6.8.98

3.9.98

2.10.98

3.11.98

3.12.98

Fe total

vsn
>500

>200

700

Fe3+

Mg/1

2,6

22

10,4

8,8

70

27

0,79

1,22

Cu

HS/1

1,3

26

13

0,8

1,59

3,6

0,7

0,69

reactor

Al

Hg/1

2950

3940

3500

3280

2560

3290

3830

3500

cr
pg/i
45,5

180

60

920

197

159

128

400

106

248

pH

M8/1
6

5,5

5,5

6,2

6,7

6

6,3

6,2

6,1
6

5,9

Conductivity
jxS/cm
0,67

1,2

1,7

1,52

1,7
1,7
2,7

2,01

2,62

1,75

2,76

Fig l .
Corrosion pit on IRT-2M fuel assembly surface
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ABSTRACT

There will be a quantity of highly radioactive spent nuclear foel (snf) from German research reactors
amounting to about 9.11 by the end of the next decade, which has to be disposed of. About 4.11 of this quantity
are intended to be returned to the USA. The remaining approximately 5 t can be loaded into approximately 30
CASTOR-2 casks and will be stored in a central German dry interim store for about 30 to 50 years (first step of
the domestic disposal concept). Of course, snf arising from the operation of research reactors beyond 2010 has
to be disposed of in the same way (3 MTR-2 casks every two years for BER-II and FRM-II). It is expected that
snf from the zero-power facilities probably will be recycled for reusing the uranium. Due to the amendment of
the German Atomic Energy Act intended by the new Federal German Government, the interim dry storage of
snf from power reactors in central storage facilities like Ahaus or Gorleben will be stopped and the power
reactors have to store snf at their own sites. Although the amendment only concerns nuclear power reactors, it
could not be excluded that snf from research reactors, too, cannot be stored at Ahaus or Gorleben at present.

1. General overview

Six research reactors with a power > 100 kW are currently being operated in the Federal Republic of Germany
(see Table 1). The German research reactors are mainly used for neutron scattering and for basic research in
the field of solid state physics and also for the production of isotopes and for neutron activation analysis in
medicine and biology. Since it will be vital to continue current investigations in the future, the farther operation
of the German research reactors is therefore indispensable. Safe and regular disposal of the irradiated fuel
elements arising now and in the future is therefore of primary importance for the continuation of reactor
operation. [1], [2] In addition, nine zero-power facilities the majority of which is of the SUR-100 type (Siemens
Unterrichts-Reaktoren, power 100 mW) and which serve training purposes are still in operation. They need a
safe disposal of the irradiated fuel at the end of their lifetimes.

Name

BER-II
FRG-1
FRJ-2
FRM-I

HDWI
TR-MZ

7 ZP Fac.
2 ZP Fac

Operator

HMI Berlin
GKSS Geesthacht

FZ Julich
TU MQnchen

dkfe HeWelberq
J. G. Uni Mainz

Ac/B/H/Ki/S/UI/Vs
TU-Dres/HWTS-Zi

Type

MTR
MTR

MTR (DIDO)
MTR

TRIGA
TRIGA

SUR-100
AKR/ZLFR

Power MW

5/10
5

10/15/23
1/2.5/4

0.250
0.100

0.1 W
2/1 W

Operation
since

1973/91
1958

1962/68/71
1957/66/68

1966/97
1965

1963-73
1978/79

until

>2010
2006

end of 2005
2001

endof1999j
2010

2000/02
>2010/05?!

Disposal of Spent Nuclear Fuel SNF)
up to now past option

yes
yes
yes
yes

no
no

no
no

•• COGEMA Fr.
EUROCHEMIC Beta.
UKAEAGB-Scotland.

US-ERDA/DOE

../..

../..

../..

../..

currJfut. option

US-DOE/Germa ny
US-DOE
US-DOE
US-DOE

US-DOE
Germany

Germany
Germany

I TR-H | MH Hannover | TRIGA 0.250 1973 US-DOE

RFR
RRR
RAKE

VKTA Rossendorf
VKTA Rossendorf
VKTA Rossendorf

WWRS
Argonaut
LW-Tank

10
10 (1) kW

10W

1957
1962
1969

WMmm
wmsm

no
no
no

../..

../..

../..

Germany
Germany
Germany

|5ZPFac. | HB/DA/HH/KA/M | SUR-100 | 0.1-1.0 W | 1962^67" ../.. Germany

IFRM-II | TUMunchen I MTR 20 12001 (expec) I > 2010 Germany

in this [able only facilities in operation ora/mady shut down have been included that still need to dispose of their spent nuclear fuel.

Table 1: German research reactors, operational and snf (disposal) data
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Furthermore, there are several research reactor facilities already shut down like the ones at the VKTA
Rossendorf near Dresden and the TRIGA at Hanover as well as five zero-power reactors of the SUR-100 type.
For the new powerful beam reactor (20 MW) which is under construction at the site of the Munich Technical
University at Garching and which is expected to become operational in 2001 [3] the safe and regular disposal of
the snf is of the same importance as for the MTR facilities. Tab. 1 gives an overview of operational and snf
(disposal) data for the German research reactors. In this table, only facilities in operation or already shut down
have been included which still need to dispose of their snf.

2. Back-end options in the past

Until the early seventies the reprocessing of spent irradiated fuel elements had been chosen as the back-end
option for the German MTR research reactors. The reprocessing was carried out at European facilities
(COGEMA, France, EUROCHEMIC, Mol, Belgium and UKAEA, Dounreay, Great Britain-Scotland). After
that, at the start of the seventies, the snf from the MTR facilities was returned to America and reprocessed there
in ERDA, later in DOE (Department of Energy) facilities. The radioactive waste arising during reprocessing
always remained in the "reprocessing country".
When the reprocessing of fuel from foreign research reactors was discontinued in the USA on 31.12.1988 the
five MTR research reactors (in those days the 1 MW FMRB swimming pool reactor at Braunschweig was still
in operation) used reprocessing at the UKAEA Dounreay facility in Scotland as a short-term option. 464
irradiated fuel elements were sent to Dounreay in 1992 and 1993, which were reprocessed in one campaign in
1994. The radioactive residues arising during reprocessing at Dounreay have to be taken back in a suitably
conditioned form (500-1 drums with cemented waste).
When in May 1996 the "Record of Decision on a Nuclear Weapons Nonproliferation Policy Concerning
Foreign Research Reactor Snf' was published, in which the US Department of Energy announced its decision
to accept and manage foreign research reactor snf containing uranium enriched in the United States, FRG-1/-2
Geesthacht and FMRB Braunschweig were among the first research reactor operators in Europe to use the
"new" back-end option (transport end of August 1996). For the FMRB shut down at the end of 1995, all snf
elements present at the site were included in this transport so that the first important step of the
decommissioning process (no snf at the site) was achieved and the extent of safety and above all physical
protection measures could be reduced significantly thereafter.

3. Current and future back-end options

3.1 Facilities in operation
The four MTR research reactors (BER II, FRG-1, FRJ-2, FRM-I) are prepared to send their snf back to the
USA by the end of the US acceptance period for foreign research reactor snf in May 2006 or May 2009. The
quantities of snf which are currently stored at each site and which will arise during operation from now until
2010 can be seen from Table 2. Today, there is a quantity of about 600 kg at the four sites. Since during this

Year

1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010

Name
FA Type

U-235
Enrich.

FA/Year
Weight tola I/FA kg
Spent FA at site
Weight tot at site kg

BER-II
MTR
93/20

%

28/14
5.6/6.7

2 (HEU)
11.2

FRG-1
MTR
20
%

9
6.6

9<HEU)/21 (LEU)
191.7

FRJ-2
MTR
80/20

%

55/44
2.8/4.3
133/5
391.1

FRM-I
MTR

90-93/45
%

5
5.4/5.8

2
10.8

FRM-II
MTR
93
%

5
44.0

0
0

total weiqht of spent fuel at site and consumption of fuel elements (total weiqht kq) per year 1999-2010
spent fuel at site kq

Sum

11.2
156.8
93.6
93.6
93,6
93,6
93.8
93.8
93.8
93.8
93.8
93.8
93,8

1199.8

191.7
59,4
59.4
59.4
59.4
59.4
59,4
59.4
198.0

8055

391.1
70,0
154.0
154.0
154,0
189,8
191.2
189.2
129,0

1622,3

10.8
29,0
29,0
29,0
174,0

271.8

0
0
0

88,0
176.0
220
220
220
220
220
220
220
220

2024,0

Sum
604.8
315,2
336,2
424,2
657,2
563.0
564.4
582.4
640.8
313,8
313,8
313.8
313,8
5923,4

US-DOE
604,8
315,2
336,2
336,2
4815
343

344,4
342,4
353.8

0
0
0
0

3457,2

Germany
0
0
0
88
176
220
220
220

287,0
313,8
313.8
313.8
313,8
2466,2

Table 2: SNF disposal of the German MTR research reactors until 2010
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year's transport campaign in Feb./March Berlin, Julich and Munich sent back 89 spent fuel assemblies (fa ) to
Savannah River, the number of spent fa remaining at the sites has become so small that except for the FRJ-2
(DIDO) there is no need at all to dispose of irradiated fa before 2000 or later. Snf arising at the 20 MW FRM-II
currently under construction is included in Table 2. Since this fuel is not of US origin and, furthermore, the
FRM-II will be operated far beyond 2006, the snf has to be disposed of under a domestic spent fuel
management programme (see 4.) [1,], [2], [4]. FRG-1, FRJ-2 and FRM-I most probably will be shut down by
May 2006. Together with the snf to be discharged from the BER-II after May 2006 it is expected that roughly
3.5 t will be shipped to the USA.
From Fig. 1 it can be seen that with the beginning of the operation of FRM-II about 40 % of the total snf has to
be disposed of under the German fuel management programme (dark). After 2006 about 310 kg will arise from
the operation of BER-II and FRM-II.

700
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300
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0 — •
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Figure 1: SNF disposal quantities of German research reactors and allocation to USA/Germany

Two TRIGA reactors are still in operation (Heidelberg and Mainz, see Table 1). The Heidelberg facility will be
shut down by the end of 1999. It accommodates 142 fuel assemblies (LEU, about 450 kg total weight (tw)). 126
fa will be shipped to the USA in 2000 according to a contract which is currently being prepared. The remainder
(16 fa) will be placed at the disposal of three TRIGA reactors still in operation, among them Mainz and
Vienna.
The TRIGA Mainz is intended to be operated until 2010. For its 90 fa (85 at the site, 5 from Heidelberg, LEU,
about 275 kg tw) the German snf option will be pursued.
There are nine critical assemblies or zero-power facilities (see Table I) in operation. Shutdown is planned
between 2000 and 2010 or even beyond that. 112 fa (LEU, about 125 kg tw) and 96 fa (36 % U-235, about 95
kg tw) have to be managed after permanent shutdown.
A comparative study of two main options for the disposal of the fuel (less than 10 kg U-235) was initiated in
August 1998. The options under study by the German STEAG company are

direct final disposal at projected German repositories (Gorleben
or KONRAD) and

reuse of fissile material taking suitable recycling options into

account.
The results of the study achieved so far are presented at this meeting [5].

3.2 Shut-down facilities
Table 3 gives an overview of already shut-down research reactors in Germany. Different back-end options had
been chosen to dispose of snf for those facilities shut down in the 1980s. Snf (LEU, about 2 % U-235) from the
FR-2 had been reprocessed in the former German WAK reprocessing prototype plant at Karlsruhe. Snf and also
fresh fuel from the FRF and FRN TRIGA reactors was transferred to other TRIGA facilities (in the case of FRN
e.g. to Heidelberg, Ljubljana and Vienna). Snf from the FRJ-1 was sent abroad for reprocessing (Dounreay).
Snf from FRMB and FRG-2 was returned to Savannah River in August 1996 (see 2. and [6]).
Snf from the TRIGA at the Medical University of Hanover (LEU, 76 fa, about 229 kg tw) will be shipped in one
cask of the GNS-16 type to the IDAHO National Engineering and Environmental Lab (INEEL) most probably
in July 1999 according to a contract recently concluded with the US DOE. Details of the loading procedures
were reported at last year's RRFM in Bruges [7].
The most significant quantity of snf (about 2.3 t) has to be disposed of for the RFR at Rossendorf (VKTA). The
RFR fuel is of Soviet Union origin and all snf has so far been stored at the site (37 % U-235, 951 fa and 2292
kg tw). Rossendorf is the first operator using the German spent fuel management concept. The transport licence
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for the CASTOR MTR-2 cask with VKTA & was obtained in November 1998 so that in February 1999 the first
cask (17 are necessary in total) was loaded at Rossendorf [8]. Since the licence for storage in the central interim

Name

TRIGA-H
FRMB
FRG-2
RFR

FRJ-1
FRF
FRN
FR-2

5 ZP Fac
RRR

RAKE

Location

Hannover
Braunschweig

Geesthacht
Rossendorf

Julich
Frankfurt

Neuherberg
Karlsruhe

1B,DA,HH,KA.H
Rossendorf
Rossendorf

Type

TRIGA
MTRjool
MTRpool

WWR-tank
MTRjxjol
TRIGA
TRIGA

tank
SUR-100
Argonaut
LWtank

Power

250 kW
1 MW
15 MW
10 MW
10 MW
1 MW
1 MW

44 MW
100 mW
10(1) kW

10W

Shut-down

1996
1995
1992
1991
1985
1983
1982
1981

1990-1995
1991
1991

SNF disposal

no
yes
yes
no
yes
yes
yes
yes
no
no
no

FA/EnrWTWkg

76/LEU/229
J.
./.

951/37/2292
J.
.1.
.1.
./.

51/LEU/71
24925/37/1827

873/37/148

Table 3: Shut-down research reactors in Germany

storage facility at Ahaus (BZA) is still pending, the loaded MTR-2 casks have to be transferred from the RFR to
a special building (Transport Preparation Hall) at the Rossendorf site. Snf from the two zero-power facilities at
Rossendorf (RRR and RAKE, 37 % U-235, about 2 t) is currently stored at the site. Recycling and reuse of the
uranium is under consideration.

How to finally manage snf from the five SUR facilities already shut down (see Table 1/3) (LEU 51 fa about 71
kg tw) is being studied by STEAG (see 3.1 and [5]).

4. Disposal concept for spent research reactor fuel in Germany

The German concept for the disposal of spent research reactor fuel must be applied to all research reactors that
will be operated beyond May 2006 and also to those reactors which have nuclear fuel that is not of US origin
First of all, a concept has been developed based on the disposal concept for irradiated fuel elements from
nuclear power stations. This concept envisages as a first step the long-term (25-50 years) dry interim storage of
fuel elements m special containers in a central German interim store [1], [2], [4]. Thereafter, by appropiate
condifconing, the fuel elements have to be prepared for direct final disposal. The current activities for a German
research reactor disposal programme within the framework of an R+D project are supported by the Federal
Ministry of Economics (BMWi), (previously by the Federal Ministry of Education, Science, Research and
lecnnology (BMBF)). Experienced German industrial companies like GNB/GNS-Essen and Noell-KRC
Wurzburg, are working on the technical realization as well as on the necessary preparation and execution of the
licensing procedures using the CASTOR MTR-2 cask which is suitable for transport as well as for long-term
interim storage.
Some essential technical details of the CASTOR MTR-2 cask are given in Table 4.

External diameter (without shock absorbers)
Overall hight (without shock absorbers)
Diameter of inner compartment
Payload
- box type MTR fa
- tubular MTR fa
TRIGA fa

-RFR fa
-FRM-H fuel element
Cask weight loaded (without shock absorbers)

1430 mm
1679 mm
920 mm

33/28
28
78
56
5

16.000 kg

Table 4: CASTOR MTR-2 characteristics

The dimensions and the weight of the loaded CASTOR MTR-2 cask are such that it can be handled in the
storage pools of most reactors in Germany. For those facilities where underwater loading of the MTR-2 cask is
technically not feasible Noell-KRC, Wurzburg, has developed a mobile loading system (MLS) that will be used
at Rossendorf and Hanover. Furthermore, the GNS company had developed and realized a so-called loading
support unit, LSU, which was used for the first time to load the GNS-16 cask at the FRM-I in February 1999
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That spent MTR fuel elements can be safely stored in a dry cask was confirmed by a dry storage experiment
using spent fuel elements from the DIDO research reactor at Mich [9]. The gaseous activities released into the
cask atmosphere were found to be extremely small compared to the maximum concentrations allowed
according to the German radiation protection regulations. Therefore, the casks can be safely opened when after
the termination of the dry interim storage the fuel must be conditioned for final disposal.
For the final disposal of MTR snf the possible repository under consideration is a salt mine. Investigations are
being carried out to determine what will happen to the MTR fuel elements under the attack of brine solutions.
Such an event is to be expected after more than 500 years when the final disposal casks of the POLLUX type
are assumed to fail. The results achieved so far show that the Al cladding has nearly no barrier function.
Current and future investigations will concentrate on the mobilization or irrirnobilization behaviour of the
radionuclides released from the fuel. [10].

5. Conclusion and outlook

It is expected that, except for the zero-power facilities whose snf most probably will be recycled for reusing the
uranium, there will be a quantity of highly radioactive snf of about 9.11 (5.91 from MTR facilities, 2.3 t from
Rossendorf and 0.91 from TRIGA facilities) to be disposed of by the end of the next decade. About 4.11 of this
quantity are intended to be returned to the USA. The remaining approximately 5 t can be loaded into about 30
CASTOR-2 casks and will be stored in a German dry interim store. Of course, snf arising from the operation of
research reactors beyond 2010 has to be disposed of in the same way (3 MTR-2 casks every two years from
BER-II and FRM-II). Due to the amendment of the German Atomic Energy Act intended by the new Federal
Government, the interim dry storage of snf from power reactors in central storage facilities like Ahaus or
Gorleben will be stopped and the power reactors have to store snf at their own sites. Although the amendment
only concerns nuclear power reactors, it could not be excluded that snf from research reactors, too, cannot be
stored at Ahaus or Gorleben at present so that a solution like the one chosen for the interim storage of the
Rossendorf snf in a so-called transport preparation hall has to be taken into account for the time being. Since
this will not become effective before the late 2010s, an adequate recommendation for all operators affected
(BER-II, FRM-II, TRIGA Mainz) mainly with respect to future policies in Germany might be: "Wait and
see!"
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The present paper describes the last MTR transport operations performed by TN in exotic countries, as
well as within Europe.

Each transport is specific and must be very carefully prepared, because all MTR fuels are generally
very specific to each Research reactor.
Their characteristics (i.e. type, dimensions, irradiation...) have to be precisely identified because, for
instance, they are not always well-known due to their period of storage.

We will mainly talk about the International Shipments.

1. TRANSPORT FROM URUGUAY

The Centro de Investigaciones Nucleares (CIN) at the University de la Republica had been operating the
RU1 Reactor, located in MONTEVIDEO, for the years between 1978 and 1986.

On the site of the reactor, there were only 19 fuel elements remaining, with low level of radiation. The
purpose of the operation was to transport these 19 elements from the reactor to SAVANNAH RIVER
Site in the USA.

All the transport organization has been completed within only two months including the procedures to
obtain the transport licenses in the different countries for these specific fuel elements.

1.1. Main characteristics of the fuel elements

The fuel elements are composed of plates of enriched uranium (less than 20%) and aluminium. The
main dimensions are: 70 mm x 70 mm x 600 mm.

These elements had a very low level of radiation (about 130 m Rem/h on contact) which allows to be
manually handled.

The fuels elements were stored in five containers located in a storage building separated from the
reactor.

1.2. The IUO4 cask

The IUO4 cask was designed by COGEMA mainly for the transport of spent fuels used in Research
Reactors. It is composed of a body with a basket inside, a closure system and a shock absorber.
The body is made of an internal steel shell surrounded by lead for gamma shielding and compound for
thermal protection against fire. Externally, fins are welded on a steel shell and allow the evacuation of
the heat power of the radioactive material.
Inside the cavity of the cask, different baskets may be used in order to optimize the quantity of
transported material and to take into account the real characteristics of this material. For the fuels
issued from the CIN laboratory, an aluminium basket was placed in France before shipping the cask to
URUGUAY.
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The closure system is composed of a lid and a ring flange. The lid is made of steel with lead inside for
additional gamma shielding. The ring flange, made of steel, is bolted on the body in order to fix the lid,
to compress an elastomer gasket located in the lid and to obtain the right level of leaktightness. Two
orifices allow to control the cavity with water during loading and unloading operation.

The shock absorber is bolted on the body and protects the cask during accidental conditions (drops and
fire tests).

The main characteristics of the IUO4 cask are:
Overall height
Height without shock absorber
Overall diameter
External diameter without shock absorber
Diameter of the cavity
Height of the cavity
Total weight (transport configuration)

2,239 mm
1,760 mm
1,875 mm
1,510 mm

800 mm
1,040 mm

22,300 Kg

A sketch of the IUO4 cask is enclosed.

The internal equipment used in URUGUAY was an AA-50 basket with 36 lodgments.

The French IUO4 packaging license with this basket and the Uruguayan fuel elements was extended on
the 29th of May 1998 and validated in URUGUAY in the 29th of June 1998 and on the 17th of July
1998 in the USA.

1.3. Loading operations

The IUO4 cask was prepared in France and shipped by sea in a 20 feet ISO container.

At the Reactor site, it was not possible to load the cask inside the storage building due to limited
dimensions of the entrance of the building. Therefore, it was decided to load the cask outside.

Before loading the fuel elements in the cask, each fuel had been equipped with a clamping system in
order to be in accordance with the transport license. Then, the elements were directly loaded in the cask
in dry condition.

The conformance of the fuels was checked by an IAEA inspector.

The complete preparation and loading operation has been performed by two TRANSNUCLEAIRE
technicians within one week at the beginning of September 1998.

After all the controls required before shipping (leaktightness, dose rate, contamination rate...), the
transport was performed first by road from the reactor until MONTEVIDEO harbour where the cask
had been transferred on a ship to CHARLESTON harbour and then to SAVANNAH RIVER Site by
rail. The cask arrived on the 6th of October 1998.

2. TRANSPORT FROM VENEZUELA

The Institute Venezolano de Investigaciones Cientifics (IVIC) had been operating the RV1 Reactor,
located in CARACAS, for the years between 1958 and 1991.
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Among the spent fuels which were used in the reactor, there were 56 irradiated fuel elements still
remaining. The purpose of the operation was to transport 54 elements from the reactor to SAVANNAH
RIVER Site in the USA. Two failed elements are still stored at the RV1 Reactor Building.

Due to the necessity to use specific equipments for the loading operation, all the organization for the
transport has been completed within 6 months (design and manufacturing of equipments, transport
licenses...).

2.1. Main characteristics of the fuel elements

The fuel elements were composed of plates of aluminium and enriched uranium (less than 20%). The
main dimensions are 77 mm x 77 mm x 1000 mm and the average burn-up is 20%.

They were stored in storage racks located in a transfer canal placed close to the reactor inside the
building.

2.2. IUO4 casks

Two IUO4 casks were used for this transport. They were similar to the one used in URUGUAY and
described in the paragraph 1.2.
The internal equipments were different. Two baskets were used:
- the AA-267 with 40 lodgments,
- the TN 9083 with 36 lodgments.

For the Venezuelan fuel elements, the IUO4 packaging equipped with these two baskets was licensed in
France on the 29th of May 1998 and validated in VENEZUELA on the 23rd of July 1998 and on the
17th of July 1998 in the USA.

The cask loading equipment is used to load the fuel elements in the cask and to protect the operators
against the radiation. It is composed mainly of a thick stainless steel shell, surrounded by lead, placed
and bolted over the top of the cask. On the bottom part, there is an elastomer gasket to prevent from
water leak. Then, the cavity and the cask loading equipment are filled with water. The cask is placed in
a configuration, for loading, similar to a loading configuration in a large pool. Inside this equipment, a
transfer device allows to support the fuel element.

Then, the loading operation can start and the shielded bell is handled in the cask loading equipment, full
of water, over the transfer device. The door of the shielded bell is opened and the fuel element is placed
on the transfer element. After taking out the shielded bell, the fuel element is manually handled from the
transfer device into the compartment of the IUO4 cask.

These equipments were successfully tested and operated for the loading of the two IUO4 casks used in
VENEZUELA. They are belonging to TRANSNUCLEAIRE and can be operated each time it appears
to be necessary, and especially with the new TN-MTR cask (see paragraph 3).

2.3. Loading operations

Based on the procedure explained in the previous paragraph, 28 fuel elements have been loaded in the
first IUO4 cask which was introduced directly with its 20 feet ISO container equipped with a removable
roof inside the reactor building.

A general view of the inside of the Reactor is enclosed.

Then, the second IUO4 cask was loaded with the 26 remaining fuel elements.
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The loading operations needed two weeks between the 14th and the 25th of September 1998. Four
TRANSNUCLEAIRE technicians participated to this operation.

After all the controls required before shipping, the casks were transported to CARACAS harbour where
they joined the ship already containing the IUO4 from URUGUAY.

3. TRANSPORT FROM TAIWAN

From the site of the Institute of Nuclear Energy Research (INER) at Taipei, 35 fuel elements have been
shipped, in one IU-04 packaging, using the basket TN 9083.

From the site of Nuclear TSING HUA University (NTHU) also at Taipei, 35 other fuel elements have
been shipped in one IU-04 packaging, using the basket AA-267.

The 70 fuel elements were of same dimensions as in Venezuela, i.e.
77 mm x 77 mm x 1000 mm, enriched at 93% U23s, and with a burn-up rate between 20 to 25%.

The 2 IU-04 casks were prepared in France and shipped to Taiwan in 2 containers ISO 20 feet.

At the reactors site, the same transfer system as in Venezuela was used by the Technicians of
TRANSNUCLEAIRE, during their technical assistance.

4. EUROPEAN SHIPMENTS TO LA HAGUE

During the year 1999, numerous shipments to La Hague plant will be continued on behalf of
COGEMAZ as part of its reprocessing contracts:

• From Cadarache, France:
- ILL/RHF elements will be transported in IU-04, using the A-l 17 basket, and/or in TN7/2

• From Grenoble, France:
- ILL/RHF elements will be transported in TN-MTR packagings.

• From CEN Mol, Belgium:
- BR2 elements will be transported in TN-MTR packagings with 68 elements per basket MTR-68

and/or in IU-04.

Further transport campaigns will be undertaken in 1999 according to the relevant reprocessing
arrangements.

5. TRANSFER SYSTEM

Due to a limited capacity of the crane over the transfer canal in URUGUAY and limited dimensions of
this canal, it was not possible to load the fuel elements directly in the IUO4 cask.

Therefore, TRANSNUCLEAIRE designed and manufactured a specific transfer system in order to
handle the fuel elements from the storage rack and to load them into the IUO4 cask. This transfer
system is composed of two main equipments:

a shielded bell
a cask loading equipment.
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The shielded bell is used to handle each fuel element. It is composed of an external shielding protection,
made of steel and lead, and of a handle device to catch the top of the fuel element. Each fuel element
was transferred under water from the storage rack placed in the transfer canal until a well (5 meters
deep) where the fuel element was placed on a support. The shielded bell is handled in the water over the
support and placed on it. Then, the handle device is operated manually, catches the fuel element and lifts
it inside the shielded bell. The bottom of the latter is closed and then the fuel element can be safely
transferred to the loading area.

This system has also been used for several other shipments, in CARACAS, in TAIWAN,
STRASBOURG.

6. STATUS ON THE TN-MTR PACKAGING

6.1. The TN-MTR design

The TN-MTR packaging has been designed by TRANSNUCLEAIRE for the transport of the MTR
fuels in compliance with the AIEA regulation and especially as a B(U)F packaging. It will take into
account the new AIEA 1996 specification for the packagings (ST-1) and the ICPR specification
especially for the dose rate.

The main characteristics of the TN-MTR packaging are:

Overall height
Overall diameter
Height without shock absorber
Diameter of the cavity
Height of the cavity
Current total weight in transport (loaded)
Total weight without shock absorber (full of water)

For heavy fuels, the total weight in transport can be 23,400 Kg.

2,080 mm
2,080 mm
1,610 mm

960 mm
1,080 mm

22,000 Kg
21,000 Kg.

The TN-MTR is mainly composed of a body with a thick shell of lead as a gamma shielding and with
resin for thermal protection and as a neutron shielding.
Externally, the cask is covered by fins in order to allow the heat transfer of the radioactive material
during the transport. Two trunnions, bolted on the body, allow to handle easily the cask in vertical
position (without tilting) inside the facilities. The cavity is made of stainless steel.

The closure system is composed of a lid with gamma (lead) shielding. Two orifices are placed in the lid
for the control of the cavity during the loading and unloading operation (water filling and draining, air
injection and vacuum, control the atmosphere of the cavity). The leaktightness is obtained with
elastomer gaskets which can be separately controlled.

TRANSNUCLEAIRE is presently working on a new design of the closure system in order to limit the
total weight of the cask to 20 tons (instead of 22 tons).

There are different designs of baskets which can be used according to the characteristics of the fuel
elements (geometrical dimensions, enrichment, burn-up, cooling time...):

MTR-68 with 68 compartments
MTR-52 with 52 compartments
MTR-44 with 44 compartments
MTR-4 with 4 compartments
MTR-RHF with 3 compartments;
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They are mainly made of aluminium with boron in order to optimize the capacity the sub-criticality and
the heat transfer. The maximum allowable heat power is 8 kW.

The design procedure of the TN-MTR packaging allow to add easily, if necessary, baskets type for
specific fuel elements.

The shock absorber, mainly made of wood covered by stainless steel plates, protects the cask during the
accidental conditions (drop tests and fire tests).

The TN-MTR packaging is transported in vertical position and can be placed in an ISO 20 feet
container. The cask is compatible with most of the existing facilities and need only few special auxiliary
equipments (handling beam, orifice tool...) for the loading operations. These equipments can be
transported with the cask in the ISO container.

6.2. Licensing procedure

The regulatory drop tests have been performed in spring 1997 and the cask license review by the French
Authorities is in its final stage for the TN-MTR packaging equipped with a MTR-68 basket. We expect
the French transport license to be granted within the first quarter of 1999.

The design with the MTR-52 and MTR-RHF, which has also been applied, is also under review.

As soon as the French license will be issued, TRANSNUCLEAIRE will apply for many countries all
over the world and especially in Europe and in USA in order to operate further shipments in 1999.

6.3. A new fleet of TN-MTR casks available in 1999

A new fleet of casks of the most up to date design will start operation in 1999 to progressively replace
the IU-04 and provide a better service to the research and test reactors.

Three casks are presently under manufacturing in France; one has already been delivered recently. The
two others will follow soon.

Simultaneously, five baskets are under manufacturing: MTR-RHF, two MTR-68 and two MTR-52;
They will be also ready very soon.

This new fleet is partly owned by TRANSNUCLEAIRE and by COGEMA.

CONCLUSION

All these operations performed by TRANSNUCLEAIRE, some of them being still in progress, show
that the TRANSNUCLEAIRE Group can offer the whole range of transport services to all the Research
Reactors, and bring partnership in providing casks, ancillary equipment, loading systems, licensing,
developments of new concepts, in any international conditions for the future shipments of the coming
years.
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ASSESSMENT OF THE LINEAR POWER LEVEL IN FUEL RODS
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Fuel Research Department, Reactor Experiments Department
SCK'CEN, Boeretang 200, 2400-Mol, Belgium

ABSTRACT

The pressurized light-water-cooled testing facility CALLISTO was designed to test the
behaviour of advanced fuel rods (UO2 or MOX, possibly with burnable poisons) under
conditions representative of actual LWRs up to high burn-up rates. The accurate
determination of the fission powers in each of the nine rods, and hence of the burn-up values,
is carried out according to a rather elaborate procedure.

1. Introduction

CALLISTO is a water-cooled test facility, in
operation at BR2 since 1992, which consists of
three rigs, irradiated simultaneously in three
channels of the reactor, e.g. channels K49,
D180 and K311 (Fig. 1). Per rig, nine
(possibly pre-irradiated) MOX or UO2 fuel
rods (some of which could contain burnable
poisons) are irradiated up to very high burn-up
values in conditions similar to those
encountered in PWRs.
The purpose of the irradiations is to provide
fuel-material physics experts with well-
characterized high-burn-up fuel rods e.g. for
power transients or safety tests, in appropriate
rigs [1]. The accurate determination of the
fission powers in each of the nine rods (of one
rig), and hence of the burn-up values, is
carried out following a rather elaborate
procedure, which will be explained in the next
sections, after a brief description of the
CALLISTO facility. The paper will end with
the presentation of some typical results.

CALLISTO

FUEL ELEMENT CONTROL ROD REFLECTOR

Fig. 1 Horizontal cross-section at reactor mid-
plane of a typical BR2 loading, with three
channels containing CALLISTO rigs.

2. Brief description of the CALLISTO irradiation facility

The CALLISTO irradiation facility is shown schematically in Fig. 2. As can be seen, a helium gas
gap separates the water-cooled nine-fuel-rod bundle enclosed in the in-pile section (IPS) inner
pressure tube from the outer part of the rig. For the application of the thermal balance method
described in section 3, this helium gas gap constitutes the outer boundary of the system.
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Fig. 2 Horizontal and vertical cross-sections of the CALLISTO irradiation facility

3. Methodology applied for the accurate determination of the linear powers in each of
the nine fuel rods of a CALLISTO rig

The determination procedure of the rod-by-rod linear powers (and hence of the burn-up values) in a
CALLISTO rig is schematized in the flow chart shown in Fig. 3. For each BR2 operation cycle, the
total power in the rig (fission power in the fuel rods plus gamma heating rate in the fuel rods and in
the structural materials around the bundle) is derived from a thermal balance, applied to the inner
components of the device (i.e. to the volume limited by the helium gap in the IPS). The gamma
heating rates in the fuel rod bundle and in the structural materials of the device are determined
separately, starting from measurements performed during calibration campaigns with a dummy
stainless steel rod loading in the IPS. To these measured gamma heating rate values, corrections are
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applied in order to match the conditions of the actual BR2 operation cycle with those of the
calibration campaigns. The correction factors are obtained with the aid of indications provided by a
monitor placed during each BR2 operation cycle in a (neutron and gamma) equivalent reactor channel
in the vicinity of the CALLISTO loop.

measured AT in rig

measured water coolant flow in rig

measured heat losses through He gap

thermal
balance of the
water coolant

total power in
iPS of rig

calculated relative gamma power
distribution over structural materials,

fuel rods and dummy rods

measured gamma power in structural
materials and dummy rods with respect

to gamma heating monitor in BR2

gamma heating in monitor in BR2

gamma power
in structural

materials plus
dummy rods

calculated optimum reactor
loading for the current cycle and

corresponding flux chart

burn-up deduced
from analysis of

previous CALLISTO
cycles

mean actinide
concentration
in each fuel rod

calculated relative
radial fission

density
distribution in the
fuel rod bundle

total fission
power in fuel
rod bundle

actual control rod height

calculated axial fission power distribution as a
function of burn-up and control rod height

(gamma + fission)
linear power

rod by rod

in max. flux plane

Fig. 3 Flow chart of the procedure for the accurate determination of the linear powers in the nine fuel
rods of a CALLISTO rig

The radial distributions of the fission powers and of the gamma heating rates over the nine fuel rods
are calculated for each cycle. These distributions are combined with the absolute average fission
power and gamma heating values derived from the thermal balance in order to obtain rod-by-rod
power distributions (fission and gamma). In addition, axial profiles are introduced, taking into
account the axial position of the BR2 control rods. Moreover, all these deductions account for the
burn-up of each of the nine fuel rods.
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The final result indicated in Fig. 3, viz. the "(gamma + fission) linear power rod by rod in the max.
flux plane", should be, as close as possible, in agreement with the specifications given by the
experimenters. In fact, while increasing the total power of the BR2 reactor at the start-up of the cycle,
this power is adapted in such a way as to meet these specifications.

4. Measurements carried out on the fuel rods

Between the various BR2 cycles, the fuel rod bundles are regularly unloaded from the reactor and
gamma-spectrometry measurements are then carried out on the fuel rods (measurement of the activity
of the long-lived fission product Cs for the burn-up determination, and of the activity of the short-
lived fission products ] La, l31I and sZr for the linear power determination). At the end of the
irradiation, i.e. when the rods have reached the burn-up desired, destructive measurements on selected
samples can be performed (Nd method). More details concerning these non-destructive and
destructive methods are given elsewhere [2]. Comparisons of the measured (with various techniques)
and calculated results will be presented in section 6.

5. Neutron and gamma calculations

The "calculated relative radial fission density distribution in the fuel rod bundle" indicated in Fig. 3 is
at present (i.e. since 1997) obtained by performing two-dimensional (X,Y) transport-theory
calculations with the DORT SN code [3] and the SCK-CEN 40-group library [4]. The BR2 half-core
configuration, modelled as shown in Fig. 4 (except for CALLISTO), is used for these DORT
calculations (the configuration is rotated over 60° with respect to Fig. 1). The core loading adopted
for the BR2 operation and considered in DORT is determined by the BR2 reactor analysis team, based
on calculations with the SCK>CEN code TRPT3 [5], leading to the "calculated optimum reactor
loading for the current cycle and corresponding flux chart" (see Fig. 3). For the gamma calculations,
the same code DORT is used, with an adequate gamma source derived from neutron calculations
performed for the same configuration.

Till 1997, the calculated relative radial fission density distribution in the fuel rod bundle was provided
by Belgonucleaire with a calculation scheme based mainly on the WIMS code system: see e.g. [6,7].

Fig. 4 (X,Y)-geometry model of BR2 for the DORT calculations with CALLISTO in channel K49
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6. Selected results and discussion

The measured and calculated radial distributions of the fission density throughout the nine fuel rods in
the CALLISTO rig (in channel K49) for BR2 cycle 1997/2 are collected in Fig. 5. The distributions
are normalized to a bundle-averaged value of 1.00. The three fuel rods with lower enrichment (A, B,
C) are situated nearest to the centre of the reactor. One observes that the measured and the calculated
distributions differ maximum by 5 %.

I
1.05
1.01

(6.9%)
F

1.14
1.15

(6.9%)
C

1.00
0.96

(3.9%)

H
0.88
0.86

(6.9%)
E

0.93
0.95

(6.9%)
B

0.89
0.87

(3.9%)

G
1.03
1.06

(6.9%)
D

1.12
1.18

(6.9%)
A

0.97
0.97

(3.9%)

Fig. 5 Radial distribution of the fission density across a fuel rod bundle irradiated in
CALLISTO: measured (bold) and calculated (regular) results. The initial enrichments are
indicated in italics. First line: rod position in the rig (A through I)

In Fig. 6, the peak burn-up values in the various fuel rods irradiated in CALLISTO are indicated, as
determined by the three experimental methods considered in the present paper: the radiochemistry
method, the gamma-spectrometry method and the thermal balance method. One observes that the
results differ maximum by about 16%.
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Fig. 6 Peak burn-up determination of the fuel rods in CALLISTO: comparison of the results obtained
by various methods
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7. Conclusions

The on-line monitoring and control of fuel rod irradiation conditions inside the CALLISTO facility in
the Mol BR2 materials testing reactor relies on a good control of the fuel rod power. The safety and
efficient operation of the loop requires:

- an optimal fuel rod distribution inside the loop;
- the adaptation of the BR2 loading;
- the determination of the maximum allowable linear power;
- the adjustement of the BR2 power to the maximun rod power;
- the on-line check that the power of each of the rods lies inside the specified margins.

To comply with these requirements, SCK«CEN, in collaboration with Belgonucleaire, has designed
an at hoc methodology that combines thermal balance measurements and neutron-gamma transport
calculations, both supported by calibrations, in order to accurately determine on-line the linear power
of the fuel rods inside the loop. Independent techniques such as gamma-spectrometry and
radiochemistry have validated the procedure: the maximum observed deviation does not exceed 16%.

Since the linear power of each specific rod is accurately known in real time, CALLISTO may be
considered as a high-performance tool for investigating the behaviour of advanced fuel up to high
burn-up values under representative PWR operation conditions.
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ABSTRACT

By carefully planed 'in-core fuel management', special cores at the RB critical assembly
are designed for investigation of fields of thermal and fast neutrons. There modifications
are achieved without any significant modifications of fuel, core or safety systems of the
reactor. In this paper, brief description of some 'unusual' RB cores is given and results of
some experiments are compared, for the first time, to the latest calculations carried out by
the MCNP4B2 code using modern neutron ENDF60 and gamma MCPLIB libraries. The
purpose of this overview is to show how various nuclear characteristics could be achieved
in a small reactor, allowing important studies in fields of neutrons of various energies, and
so contribute to extended life of an old designed experimental thermal reactor.

1. Introduction

The RB reactor operates since April 1958 as a heavy water critical assembly [1]. Three uranium fuel
types are at disposal: natural metal uranium rods (since 1958), 2% enriched metal uranium fuel slugs
(since 1962) and fuel slugs with 80% enriched uranium dioxide dispersed in an aluminum matrix
(since 1976). Because of low operation power (10 mW -10 kW) there are no irradiated fuel and the
'in-core fuel management' is performed manually. Flexible core design allows different thermal

square lattice examinations with pitches (a): 7, 8, 9, 12, 13 cm, as well as n-ai/2, with n= l ,2 , . . .
Natural uranium rods have 2.5 cm diameter and 2100 cm height covered by 1 mm Al cladding. Both
types of the enriched uranium slugs have the same dimension: total diameter 3.7 cm, total height
11.3 cm; annual fuel layer has ID/OD 3.1/3.5 cm and height 10.0 cm. Every slug comprises the same
mass of ^ U nuclide: 7.7 g. Aluminum cladding is 1 mm thick.

Up to end of 1998, about 600 different reactor cores are examined, from simply 'clean' thermal cores
(only one fuel type) to mixed ones with all three fuel types placed in regular (or irregular) lattices [2].
By carefully and simple 'in-core fuel management', without any significant modifications of fuel, core
or safety systems, some special cores are designed for investigation of fields of thermal and fast
neutrons. These cores include: neutron flux flattering and flux peaking systems, cores for special
dosimetry intercomparison experiments, external and internal fast neutron converters, coupled fast-
thermal system and small and large in-core fast neutron irradiation facilities [3].

2 . Special RB reactor cores

Basic characteristics of some representative 'unusual' RB reactor cores are given in Table I, while
their horizontal cross sections are shown at Figure 1. The 'Name' in the first column of the Table I
indicates the basic purpose of the particular core. The third column in Table I gives brief information
on the maximum available experimental space and points out at dominant neutron spectrum. The forth
and fifth columns in the Table I give the approximate values of measured/estimated neutron flux and
neutron and gamma absorption dose rates in the centre of the experimental space for the reactor
power of 1 W.



Table I. Characteristics of some 'unusual' RB reactor cores

Name of the RB
Core [Reference]

FFC = Flat Flux Core [3]
(VC = vertical channel)
(HC = horizontal channel)

PFC = Peak Flux Core [3]

ENC = RB External
Neutron Converter [4]

ENGS = External Neutron
& Gamma Source [5]

MFC = Modified RB
Fuel Channel [4]

INC-1 = Internal Neutron
Converter, ver.l [4]

INC-2 = Internal Neutron
Converter, ver.2 [4]

INC-3 = Internal Neutron
Converter, ver.3 [7]

HERBE = Coupled Fast-
Thermal System [6]

RB core no./year
Location

RB core no. 43/'8O

RB core no. 45/'80

north platform
RB core no. 39/'78

RB core no. 5/'73

RB core no. 58/'82

RB core no. 59/'83

RB core no. 60/'84

RB core no. 86/'98

RB core no. 78/'91

Experimental space &
/Dominant neutron spectrum

HC: D = 17 mm, H <: 2 m
VC: D <: 11 cm, H < 1.8 m
/ thermal

D = 30 cm, H < 1.5 m
/ thermal

North platform: 1 m x 1 m x 1.5 m
/ near fission

in Reactor hall: 3 m x 1 m x 0.3 m
/ thermal + increased fast

D = 2.3 cm, H = 1.2 m
/ softened fission + 1/E"

D = 20 cm, H = 1.25 m
/ softened fission + 1/E"

D = 30 cm, H = 1.26 m
/ softened fission + 1/E"

D = 30 cm, H = 1.50 m
/ softened fission + 1/Ea

D = 3.8 cm, H = 95 cm
/ intermediate + fast

~ $„ [n/cm2/s] @ 1 W
thermal fast

(< 0.465 eV0> 0.1 MeV^

1 107

2 107

0

0

2.6 10*

2.3 105

2.3 105

9.4 101

8.6 102

1 10*

5 10s

2 105

1 105

2.7 10*

1.4 10*

1.5 10*

2.8 10*

3.6 10*

I>EQV [mSv/h] @ 1 W
neutron gamma

40

60

8

4

410

290

290

460

390

1

0

35

70

70

20

21

Note: Approximate maximum values of thermal and fast neutron flux are given. Uncertainties of the flux measurement are as follows:
< ± 5 % (thermal) and < + 10 % (fast). The uncertainties of the dose rates measurements are <, ± 20 %



3. Calculations and Measurements

These 'unusual' KB cores had set large number of challenges for determination of appropriate
characteristics by computation using accessible computer programs and nuclear data libraries. Foreign
well-known computer codes and libraries were verified and new, in-house, computer codes and
libraries were developed [4].

Some results of the experiments (e.g., criticality, spectra measurements, neutron space distributions,
etc.) are compared, for the first time, to the latest calculations carried out by a reference Monte Carlo
program - the MCNP (ver. 4B2) code used with last available neutron (ENDF60) and gamma
(MPCLIB) libraries. Criticality is determined by simple approach to the critical heavy water level
monitoring neutron multiplication by BF3 counters. Neutron spectra measurements are carried out
using appropriate activation, resonant and threshold foils, proportional counters (filled by 3He or
CH4), scintillation counters with NE213, semiconductor sandwich detector filled with 3He and Bonner
spheres. Dosimetry measurements are carried out using gamma and neutron sensitive portable or
stationary ionization chambers, portable gamma and neutron rem-meters, foils and TLDs.

As an illustration, a few results of measurements and calculation of the neutron spectra and space
distribution by the various computer codes are shown at Figure 2.

4. Conclusion

This overview shows how it is possible, with minimum fuel and core modifications, achieve various
physical characteristics in a reactor core, allowing important studies in fields of neutrons of different
energies, and so contribute to extended life of an old thermal experimental reactor.
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Figure 1. Horizontal cross section of some 'unusual' RB cores
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ABSTRACT

The availability of a fast and accurate core neutronic calculational system is a valuable asset
in the operation and utilization of research reactors. Its primary value lies in optimum reload
design, fuel management, safety and utilization studies. In this paper the OSCAR-3
calculational system of the Atomic Energy Corporation of South Africa (AEC) is discussed
in detail. The different components and important features are explained with a short summary
of some comparisons with experiments.

1. Introduction

When the SAFARI-1 research reactor had to start generating income from irradiation services, reload
designs based on traditional or fixed strategies were no longer satisfactory. A new mode of operation was
required that enables reload schedules and patterns to comply with the demand for irradiation services.
Flexible schedules are also needed to cope with emergency demands of reactor products or an unexpected
scram that requires a partial reload in order to overcome poisoning out. One way to manage this dynamic
environment is with the use of a fast and accurate core calculational system.

It is important to note that the use of a quality assured core calculational system also has other advantages
for the reactor operator, even if only fixed reload patterns are allowed by licencing or operational
constraints. This may include comprehensive fuel management which includes book-keeping of all
element positions and reload history. Furthermore a history dependent isotopic inventory (for the most
important fissionable isotopes and fission products) is available that could be used for safeguard reports
or to adjust detailed, but generic, inventory calculations. Other possibilities include the calculation of
more realistic limits (in contrast to the traditional and ultra conservative values) or the study of the effects
of in-core irradiations (different sample loadings) and changes in the reflector regions on assembly
burnup and core flux profiles.

2. Nodal methods and MTR analysis

The use of theoretical and calculational support have always played a role in the operation and safety of
research reactors. For this purpose two-dimensional transport or three-dimensional fine mesh finite-
difference diffusion calculations are generally used. However, we believe that in order for a code system
to aid the economical use of MTRs, it requires some special characteristics. Most importantly, the code
system must have full 3-D capabilities, should be accurate and most importantly, have short turnaround
times.

The very fast nodal diffusion methods, which are so successful in power reactor analysis, were long
regarded as unsuitable for MTR calculations, especially in two energy groups as is still the worldwide
norm. The reason is the small, heterogeneous MTR core, and resulting high leakages, which could
invalidate diffusion theory. Furthermore, the mostly non-commercial nature of research reactors provide
little incentive to develop the models and methods to deal with the unique features of these reactors. In
cases where nodal methods were used for research reactors [1 ], creative use had to be made of essentially
power reactor codes. In a previous paper [2] the suitability of multi-group nodal methods as incorporated
in OSCAR-3 was investigated, while in an accompanying paper [3], it is demonstrated that such a
dedicated code system can successfully be used to support research reactor operation and utilization.
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3. The OSCAR-3 core calculational system

OSCAR-3 is an acronym for an "Overall System
for the CAlculation of Reactors". The system
consists of four sub-systems (see Figure 1), each
with a distinct functionality. The most important
features of the sub-systems are highlighted but for
a more detailed description of all the codes and
some background information, the reader is
referred to Reference [4]. In the description of
CORANAattentionwillalsobegiventoadvanced H L T h e 0 S C A R _ 3 s u b-S y s tems.
features especially suited to MTRs with some
calculational examples.

OSCAR-3 is developed in a modular way that makes it easier to develop and maintain. Version control
and file headers provide protection to data and prevent improper access to files, therefore enhancing the
quality assurance. The system is kept general and flexible and all system dependent functions are
restricted to a single library to ensure the portability and therefore long term use of the code. All codes
in OSCAR-3 communicate via a set of well-defined interface files.

3.1 CROGEN

The calculational process starts with the generation of assembly and reflector cross sections. This is
achieved in the CROGEN sub-system. The fuel assembly depletion calculations are performed by
HEADE, a two-dimensional transport code based on a lower-order interface current metod [5]. HEADE
incorporates all the models to calculate multi-group homogenized assembly cross sections as a function
of exposure, fuel temperature, moderator density and temperature. In addition, flux and power form
functions, discontinuity factors and re-homogenization moments (see description later) are also calculated
to be used in the reactor calculation.

In the reflector regions, few group homogenized reflector cross section data are obtained from the
EQUIVA code. From a high order transport solution of an one-dimensional model of the reflector,
EQUIVA calculates few-group homogenized reflector cross sections. It applies advanced reflector
homogenization methods [6] in an attempt to conserve all transport and anisotropic behaviour of the
reflector in the core diffusion calculation. Another important function of CROGEN is the generation of
homogenized cross sections and form functions for geometrically complex irradiation rigs. This is done
with STYX, a two-dimensional collision probability code [7]. Currently it is also used to determine the
control assemblies' homogenized cross sections.

3.2 CROLIN

CROLIN provides the link between CROGEN and CORANA. Itmay also serve as the linkbetween other
assembly codes and OSCAR-3. CROLIN performs a least-squares quadratic polynomial fit [8] through
the cross section data for a given fuel assembly or reflector channel type. The exposure range is sub-
divided into sub-ranges to enhance the accuracy of the fit. Since only the calculated polynomial
coefficients are stored on the interface file, considerable space is saved. The materials required for a core
analysis can then be combined into a run-time library. The program module used to reconstruct the cross
sections and other data, as a function of assembly and core conditions (fuel temperature, exposure,
coolant temperature and density etc.) also forms part of CROLIN.
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3.3 CORANA

The reactor reload and burnup studies are performed in CORANA. The core neutronic calculations are
performed by MGRAC, a nodal diffusion code while the core reload is performed by SHUFFLE.
Geometrically the core is modelled in a Cartesian array of rectangular channels while it is axially divided
into user defined layers. The reflector regions can either be modelled with albedo boundary conditions
or modelled explicitly with homogenized parameters from EQUIVA.

Various edit options are available in MGRAC including assembly averaged powers, energy dependent
fluxes and isotopic masses (U, Pu, Xe, etc). More detailed results, such as plate powers, peaking factors
or production rates (in an irradiation rig) are calculated from the coarse mesh results and a flux
reconstruction technique.

One of the most important features of MGRAC, that distinguishes it from most other nodal codes, is the
multi-group analytic nodal method [9]. Most other nodal codes are programmed only for two energy
groups and can not easily be extended to an arbitrary number of energy groups. Since MTRs are small,
the modelling of core leakage is important. To take the different leakage spectra into account, SAFARI-1
calculations are performed in six energy groups. In the table below the importance of the multi-group
capability is illustrated with a comparison between equilibrium core BOC results for SAFARI-1
performed in two, four and six groups.

Table 1. The effect of multi-group nodal diffusion calculations.

Calculation performed:

k-eff

Maximum power error

RMS relative power error

Reference
6 groups

1.03133

-

-

4 groups

+863 pcm

3.2 %

1.4%

2 groups

+1896 pcm

3.9%

2.0 %

The most significant difference is in the core reactivity with a difference of 1896 pcm between the 6- and
2-group results (pcm = Ak-eff x 105). When a critical bank search (one of the criticality searches
available in MGRAC) was used to compute the critical bank, a difference in the bank position of 4 cm
was found. Significant differences in the calculated relative power values are also seen.

The core depletion calculations in MGRAC are simulated by the quasi-static approach. The flux solution
of a static diffusion calculation at a preselected burnup step is used for the solution of the time dependent
isotopic depletion calculations. The microscopic depletion equations are solved analytically with the flux
spectrum and the flux or power level being kept constant for the duration of the burnup step. In
OSCAR-3 a "redepletion" model is incorporated to account for the discrepancies between the depletion
calculations performed in the nodal and assembly codes. When nodes are homogenized, and especially
if explicit burnup chains are not fully represented in the homogenized materials, nodal depletion
calculations will not reproduce the reference, heterogeneous results. In OSCAR-3 a correction is
calculated by repeating the depletion calculation using the homogenized cross sections and specified
burnup chains, but using the flux levels and burnup time steps of the assembly calculation. The
difference in number densities are tabulated at each burnup step and used to correct the macroscopic cross
sections, and also when isotope masses are edited.

Sophisticated cross section feedback models are employed during the static calculations that take the
intra-node shape into account. Homogenized nodal cross sections are not constant throughout a node,
but can change due to variations in power, temperatures and densities. In MGRAC this variation is taken
into account for the calculation of coupling coefficients. The radial and axial intra-node shapes of the
exposure, fuel temperature and xenon concentration and the axial variation in water density are taken
into account. In SAFARI-1 calculations the effect of the exposure- and xenon intra-node shape alone
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could have an effect of up to 1.4% in assembly powers. Although this could be considered small, the
accumulative effect over the core history could be significant.

A further advancement in the cross section models is the rehomogenization performed in order to take
global flux shapes into account. Homogenized cross sections are calculated from assembly calculations
performed for a single assembly with reflective (zero net current) boundary conditions. However, this
is not the environment that the assembly experiences in the core. Some solutions that has been proposed,
is to iterate between nodal and assembly calculations, perform "mini-core" calculations or to parametrize
the nodal cross sections as function of boundary condition perturbations. A much simpler method is
employed in OSCAR-3, based on the method proposed by Smith [10]. In the assembly code, moments
of the cross sections are calculated in terms of the basis functions employed later in the nodal code.
These moments are used to correct the homogenized cross sections for deviations of the homogeneous
flux shape determined by MGRAC from the (flat) zero current shape assumed in the assembly
calculation. In MTRs the large leakages cause steep flux gradients and could therefore, in particular,
benefit from the rehomogenization. In a SAFARI-1 BOC calculation the effect of including
rehomogenization was up to 4% in relative assembly powers.

3.4 MAESTRO

The graphical user interface called MAESTRO simplifies the use of OSCAR-3 and will eventually be
the only interface between the user and code system. Currently MAESTRO is used to define the reactor
core and storage pools geometry. Furthermore a user friendly graphical input processor is utilized as a
front end to perform core analysis and reload design. Results such as assembly powers, energy dependent
fluxes and isotopic masses are displayed and can be compared with results from other cycles or
alternative reload designs. The graphical user interface enhances the quality assurance of calculations
in as far as error checks and default values are built into MAESTRO. It also includes a report generator
where predefined results can be edited and compared in a hard-copy report. The aim is to generate the
documentation required by licence and operating procedures.

With the use of MAESTRO, reload design is performed with a simple drag and drop operation.
Symmetry and assembly uniqueness checks ensure that only valid elements are loaded. To assist the user,
online help and manuals are available (in HTML format) that explain the use of MAESTRO and program
options. MAESTRO enhances the efficiency of the core reload analysis and help to manage the huge
volume of data generated in core follow calculations.

4. Experimental Comparisons

OSCAR-3 has been used since 1995 to follow SAFARI-1 operation. During that time numerous
comparisons have been made to controlled experiments. Below, a short summary of the difference
between OSCAR-3 predictions and in-core foil measurements is given. The different foils are identified
with the number of experiments given in brackets, hi an accompanying paper [3] the reader can find
results of specific experiments and theoretical core configuration studies.

Table 2. Theoretical predictions compared to in-core foil measurements.

In-core foils used

Average % difference

RMS % difference

Standard deviation from average

Co-59 (56)

-4.0 %

11.4%

10.7 %

Au-197 (4)

-3.3 %

6.4 %

5.5 %

Ni-58 (4)

20%

2 3 %

9.3 %

Fe-58 (4)

22%

22%

4.3 %
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5. Future development

The development of OSCAR-3 is continuing with improvements being made in several areas.
MAESTRO is constantly being made more user friendly with new user defined features being added. The
extension of the graphical user interface to include CROGEN (assembly definition and calculations) is
planned. Research has commenced to add the method of characteristics, including higher order
scattering, to CROGEN.

A major rewrite of OSCAR-3 is currently in progress that for each assembly will decouple the nodal
calculational axial mesh from a previously defined geometrical mesh in which physical quantities such
as number densities and burnup will be calculated. Conversions between the two mesh structures will
be done via a 1-D axial homogenization / de-homogenization method. This will allow the modelling of
the actual movement of control rod followers into and out of the core and the accurate determination of
the burnup profile in the follower. A further advantage is improved accuracy in the determination of local
fluxes in irradiation rigs.

For MGRAC a higher order nodal method is being investigated, which will first be used for flux
reconstruction and later, if practical, for core calculations. Other developments include a connection
between OSCAR-3 and MCNP that will enable ex-core transport calculations to be performed utilizing
the physical core conditions.
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ABSTRACT

A criticality experiment with partly burned TRIGA fuel is described. 20 wt %
enriched standard TRIGA fuel elements initially containing 12 wt % U are used.
Their average burn-up is 1.4 MWd. Fuel element burn-up is calculated in 2-D four
group diffusion approximation using TRIGLAV code. The burn-up of several fuel
elements is also measured by reactivity method. The excess reactivity of several
critical and subcritical core configurations is measured. Two core configurations
contain the same fuel elements in the same arrangement as were used in the fresh
TRIGA fuel criticality experiment performed in 1991. The results of experiment
may be applied for testing the computer codes used for fuel burn - up calculations.

1. Introduction

Reactor calculations are the most frequently used method for determining the fuel burn-up as they are
easy to apply and do not influence the reactor operation. There is a variety of user-oriented computer
code packages for research reactor burn-up calculations. Appropriate benchmark test cases have to be
developed together with the computer codes in order to test their validity and accuracy. The
experiment presented in this paper may be used for testing the computer codes for TRIGA reactor
burn-up and core management calculations. After reconstruction and modification of the TRIGA Mark
II reactor in Ljubljana in 1991, a set of criticality experiments was performed with fresh reactor fuel
elements in compact and uniform core configurations. The results were evaluated and may be used as
a benchmark for fresh fuel of TRIGA Mark II reactor [1]. Seven years later in 1998, the measurements
were repeated with the same, partly burned fuel elements in the same core configurations. Main
problem in these experiments was determination of subcritical multiplication factor in the range from
0.98 to 0.99. Negative reactivity insertion method was applied. The burn-up of the fuel elements used
in the criticality experiments was calculated in two dimensional, four-group diffusion approximation
using TRIGLAV computer package [2].

2. Criticality experiment

The experiment was performed on TRIGA Mark II reactor in Ljubljana. It is 250 kW light water pool
type reactor cooled by natural convection. Thick radial reflector made of graphite surrounds the
cylindrical core. Core lattice has not a periodical structure. The components are arranged in six
concentric rings A, B, C, D, E, and F having 1, 6, 12, 18, 24 and 30 locations respectively.
Fuel elements are cylindrical rods with stainless steel cladding. The fuel is a mixture of uranium and
ZrH, containing 12 wt % of 20 wt % enriched uranium. The axial graphite reflector is included in each
fuel element at the bottom and the top ends.
The reactor is controlled by four control rods. The safety, compensating and regulating rods (denoted
S, C, R respectively) are identical in composition and geometry. They are fueled-follower type. The
absorber part is made of boron carbide. The transient rod (denoted T) is slightly different in geometry
and it is air- follower type. Detailed description of the reactor and its components including fresh fuel
elements is described in [1].
A well defined, uniform and compact core with simple geometry is convenient for testing reactor
burn-up calculations. Two such cores labeled 133 and 134 were designed in 1991 for testing reactor
calculations with fresh fuel [1]. 40 fresh standard TRIGA fuel elements and 3 fueled followers with 12
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wt % uranium and 20 wt % enrichment were used in the core 133. The core 134 was similar to the
core 133, but it had five additional fresh fuel elements in E ring and the neutron source was located in
E-7 position. In 1998 experiment, both cores were reconstructed with the same fuel elements in the
same positions as in 1991 experiment (Fig.l):
• core 133.1 had almost identical core loading pattern as the core 133, only the neutron source

(denoted NS on the Fig.l) was used in E-7 instead of E-12 core position. The reactor was
subcritical and negative reactivity insertion method was used for k ^ measurement.

• core 134.1 had the same core configuration as core 134. This core configuration was
approximately critical. Its excess reactivity was measured directly using digital reactivity meter.
The core 134.1 was established from the core 133.1 in six steps. In the first step the core 133.1
was rearranged. Then the fuel elements were inserted inE13, E14, E15, E2 and E3 positions one
by one to establish the core 134.1. In first four configurations the system was-subcritical. The
negative reactivity of the system was measured by negative reactivity insertion method after each
step. When the fourth fuel element was added in the E-2 position, the core became supercritical.
Its excess reactivity was measured using reactivity meter.

Figure 1: Configuration of the core 133.1 (a) and the core 134.1 (b). Elements are denoted by their
position and identification number. The locations of the neutron detectors are also shown.

2.1 Subcritical multiplication factor determination by negative reactivity insertion
method

Multiplication factor of a subcritical core configuration was determined experimentally by observing
the neutron flux reduction after inserting a control rod of known negative reactivity into initially
unrodded subcritical core. The principles of the method are described briefly for better understanding
of experimental results.
Equilibrium flux O0 in the initial unrodded subcritical system is in point kinetics approximation
proportional to

O0cc-
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where ko is the neutron multiplication factor of the unrodded core to be determined. After inserting a
control rod A (A=R, C, S, T) of known negative reactivity ApA, the initial neutron flux O0 drops
asymptotically to neutron flux Of :

Of oc-

Kl K0

l

l-kf l-ApAk0-k0

(2)

(3)

where kf is the neutron multiplication factor of the core containing control rod A (A=R, C, S, T). In
the experiment, the flux is measured with two neutron detectors, fission chamber (denoted FC) and
BF3 detector (denoted BF3). BF3 neutron counter was located outside the reactor tank in the transient-
safety rod direction, symmetrically to the regulating and the compensating rod. The fission counter
was located near graphite reflector in the compensating-regulating rod direction, symmetrically to the

transient and the safety rod (see Fig. 1). Let ID 0 and /^ t denote the count rates measured by a given

detector D that are proportional to <J>0 and Of

IA

respectively. Then

of (i-*o)(i-VA)
and

where

kA -KD,O ~
_(x-l){ApA

2xApA

• i )

2xAp
J(x-l)2(ApA-l)2+4x(x-l)ApA

(4)

(5)

A=R, C, S, T and D=FC, BF3.

Eq. (5) shows that k£fi can be determined if the ratio x and reactivity worth of the inserted control rod

ApA are known. To determine reactivity of the inserted control rods, the rod-exchange [3] and the rod-
insertion methods [4] were used. The measurements of the control rod worth were performed on the
core 134.1. To eliminate the influence of the control rod position on the measured flux signal the
sequence of four independent measurements was performed for each core configuration. The negative
reactivity was inserted into the system using the regulating, safety, compensating and transient control
rods, respectively.

2.2 Corrections of the redistribution effects in the neutron detector signal

Redistribution effects in neutron flux and consequently in neutron detectors' signals due to insertion of
control rods are well known in small reactors [4]. In our experiments the effect manifested itself in
large differences in ko measured with different detectors at the same control rod insertion. As the effect
depends on relative location of the detector with respect to the control rod, different ko was measured
with the same detector if a control rod was inserted close to the detector or far away. As it was shown
in [4], the effect can be partly eliminated by analysing the responses of detectors at symmetric location
to the insertion of the control rods of the same worth in opposite locations in the core. Only the
measurements in which the redistribution effect could be eliminated were considered in final results.
They are presented in Fig.2 before and after correction. The final results are collected in Tab. I.

Table I: Results of criticality measurements and calculations for fresh and burned core configurations

Core
133
134

133.1
134.1

Average burn-up
0
0

1.46 MWd
1.37 MWd

k̂ ff (measured)
1.00277±0.00015
1.0202±0.00150
0.9842±0.00110
1.00460+0.00015

keff(TRIGLAV)
1.00280±0.0001
1.01919±0.0001
0.98675±0.0001
1.00282±0.0001
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Figure 2: The uncorrected (a) and the corrected (b) effective multiplication factor measured with
fission chamber (FC) and with BF3 detector with different control rods for different core
configurations.

3. Fuel element burn-up

Calculated fuel elements bum-up is an important part of the experiment data set. The reproducibly of
this experiment is strongly dependent on the bum-up data accuracy. The fuel elements in 1991 were
fresh. In the period between 1991 and 1998 they were used in operational cores of various loading
patterns. The bum-up distribution in the cores between 1991-1998 is calculated using TRIGLAV code.
The code is based on four-group diffusion equation for r - (p geometry. All fuel elements in the reactor

Table II: Initial uranium content and the calculated bum-up

Element
number
6753 TSa

6574
6945
6947
7251
6754 TSa

7248
7255
7212
7213
7214
7249
7282
7217
7257
7219
7220
7235
7256
7223
7247
7268
7228
7229

Uranium

fe)
272.94
279.00
278.74
278.98
281.18
273.17
281.18
281.16
277.68
277.97
277.44
281.06
277.39
279.51
280.78
278.74
278.45
280.47
280.11
277.97
279.59
279.24'
277.97
277.25

235U

fe)
54.31
56.00
55.47
55.52
55.96
54.36
55.96
55.95
55.26
55.31
55.21
55.93
55.20
55.62
55.87
55.47
55.42
55.81
55.75
55.32
55.63
55.57
55.31
55.17

Burn-up
(MWd)

0.952
0.486
0.570
0.535
0.675
2.317
0.956
2.272
2.239
2.338
2.348
2.299
2.317
0.680
2.348
2.282
2.277
0.553
1.868
1.875
1.998
1.985
1.846
1.884

Burn-up
(%)

2.19
1.12
1.31
1.23
1.56
5.31
2.20
5.21
5.13
5.36
5.38
5.27
5.31
1.57
5.38
5.23
5.22
1.27
4.28
4.30
4.58
4.55
4.24
4.32

Element
number
7266
7232
7233
7270
7236
7225
7265
7245
7218
7250
7259
7254
7252
7253
7258
7261
7246
7241
7221
7243
7234
7177 FFb

7178 FFC

7179 FFd

Uranium

fe)
276.50
278.45
278.45
276.38
278.45
277.32
277.20
277.04
277.20
281.42
275.13
277.03
278.98
278.98
274.88
275.37
274.77
274.89
276.31
276.43
274.48
232.92
235.62
238.45

235U

fe)
55.02
55.41
55.41
55.00
55.41
55.19
55.16
55.13
55.16
56.01
54.74
55.13
55.51
55.52
54.70
54.80
54.68
54.70
54.98
55.00
54.62
46.35
46.88
47.45

Burn-up
(MWd)

0.512
0.455
1.988
1.955
2.019
1.983
1.883
1.888
0.497
0.548
0.534
0.557
0.589
0.545
0.522
0.941
0.539
0.634
0.948
0.228
0.595
1.628
2.013
1.751

Burn-up
(%)

1.18
1.05
4.56
4.48
4.63
4.55
4.32
4.33
1.15
1.26
1.23
1.28
1.36
1.26
1.20
2.16
1.24
1.46
2.18
0.53
1.37
3.74 '
4.61
4.02

a Instrumented fuel element.
b Fueled follower of regulating control rod.
c Fueled follower of safety control rod.
d Fueled follower of compensating control rod.
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are treated in unit-cell approximation. The unit-cell averaged cross sections are calculated with WEMS
code. The calculated bum-up of the fuel elements used in the benchmark cores is presented in Table II.
Their average burn-up is 1.46 MWd (core 133.1) and 1.37 MWd (core 134.1). The accuracy of the
calculated bum-up depends mainly on the experimental power calibration accuracy and precision of
the operation records. Total relative calculation error is in the order ±0.1.
Fuel element bum-up of selected fuel elements was measured by the reactivity method [5]. The
reactivity method is based on the assumption that the reactivity worth of the fuel element is a known,
usually linear function of burn-up. The bum-up dependence of calculated keff was calculated using
TRIGLAV code. Nine standard, 12 wt % uranium, 20 wt % enriched TRIGA fuel elements included in
the core 134 were selected for the measurements. Measured bum-up of the fuel elements was obtained
by fitting the measured reactivity worths to the calculated curve (reactivity worth as function of bum-
up). Results are presented in comparison to the calculated values in Fig.3. Comparison of measured
and calculated burn-up values shows good agreement within ±1 % bum-up for almost all measured
elements.

6-

5 -

i

1

2 "

1 -

0

Calculated (TRIGLAV)
M i u r i i r ' I it m

7215 7243 7258 6945 7228 7247 7220 7219 7213
Fuel element number

Figure 3: Bum-up determined by calculations and by reactivity method.

4. Conclusion

A new criticality experiment was performed in TRIGA Mark II reactor in Ljubljana. The results of the
experiment together with bum-up determination are presented and discussed in this paper. All
measurements are provided with the detailed description of the experimental conditions. For this
reason, it is proposed to use the results of the measurements as a TRIGA bum-up benchmark test case
for different computer code validations. In future we also intend to measure the bum-up of selected
fuel elements by gamma-scanning method to additionally verify results and to improve their accuracy.
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ABSTRACT

At the Rossendorf site, spent fuel elements have been in storage since 1957, at last a total No.
of 951. Transfer of spent fuel elements into CASTOR MTR 2 casks is the first major step of
decommissioning of RFR. This paper will shortly describe the reactor, the fuel elements,
their present storage, the loading procedure into CASTOR MTR 2 casks and a short-time
storage at the Rossendorf site. At beginning of this year the loading of the casks begun.The
final aim is to transfer the loaded CASTOR MTR 2 casks to the Ahaus interim storage
facility.

1. Introduction

The Nuclear Engineering and Analytics Rossendorf Inc. (VKTA Rossendorf e. V.) was founded on 1st

of January, 1992. It was charged with the decommissioning of all nuclear facilities and with spent fuel
management. The spent fuel to be managed had been used in the Rossendorf Research Reactor (RFR)
which was operated from 1957 until 1991. All the 951 spent fuel elements of this reactor are stored in
a pool inside the reactor hall. These elements will be loaded into 17 transport and storage casks of the
CASTOR MTR 2 type for storage in an intermediate dry storage facility. Transfer of spent fuel elements
into the CASTOR casks is the first step in the
decommissioning of the RFR, so it is of high priority. At
the Rossendorf site a special facility called transport
preparation hall TBH was built, as a buffer storage before
shipping.

2. Description of Reactor and Fuel

The RFR - figure 1-, is a heterogeneous, light water
moderated and cooled tank reactor of the Soviet WWR-
SM type. The reactor was later modified for a power of
10 MW. The RFR operated from 1957 until 1967 using
EK-10 type fuel elements, and from 1967 until 1986
using WWR-M type elements. After the last
reconstruction of the reactor, WWR-M2 fuel elements
were used from the end of 1989 until the final shutdown
in mid-1991. Fig 1. Rossendorfer

Research Reactor RFR
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An EK-10 fuel element consists of 16 cylindrical fuel
rods. The rods are assembled to a fuel element with 2
mm aluminium cladding. The fuel matrix is UO2-Mg
containing 80 g uranium per rod. The initial
enrichment was 10%-U-235; the average burn-up was
15 Mwd/kg.

Fig 3. WWR-M/M2 fuel element
(underwater
picture)

Fig 2. EK-10 fuel element
(underwater picture)

The WWR-M fuel element consists of three concentric
tubes. Each tube has a sandwich structure with a 0.7 mm
thick UO2-Al-matrix squeezed between two layers of
aluminium. The fuel element containes 106 g uranium, the
initial enrichment was 36%-U-235. The average burn-up
is 139 Mwd/kg.

Presently, all spent fuel elements are stored in a wet
storage pool.

3. Dry Loading Procedure for the CASTOR MTR 2

The technical equipment used for the dry loading procedure of the CASTOR MTR 2 is the Mobile
Umladestation (Mobil Unloading Machine (MU)). The MU consists of a special cushion transport
system, unloading and transfer machine (BUS) and a transfer flask CASAR III.

The CASTOR with a
total weight of about
18 t will be transfered
into the reactor hall by
means of the air
cushion transport
system. The CASTOR
MTR 2 has a inner
"primary" and a
"secondary" lid, both
locked by screws. A
space between these
two lids is filled with
nitrogen gas to check
tightness.

Fig 4. CASAR III-
flask top of the
storage pool reactor hall

193



During the storage of the cask the gas pressure is remotely monitored. The innterals of the Rossendorf
CASTOR MTR 2 consists of an aluminium body (the so-called "basket") with seven loading channels,
one in central position and the other six are around this.
Each of these loading channels will be filled with one
loading unit. An empty loading unit is lowered into the
pool.
The loading procedure is as follows:
Using a bar with manually operated grip the selected fuel
element is first placed on an fuel inspection equipment.
This equipment will use an underwater video device for the
visual inspection of the fuel element surface and for
identification of the fuel element numbers. Then, the
element is inserted into its determined channel of the
loading unit. The filled loading unit is lifted into the
CASAR Ill-transfer flask positioned on top of the storage
pool (see fig 4). After a cleaning procedure the CASAR is
closed and lifted to the BUS (loading machine). The BUS
enables the transfer of loading units from CASAR to the
seven loading channels of the CASTOR-baskets. After the
loading procedure several final checks will be performed
and the CASTOR will be sealed. With the air cushion
transport system the filled CASTOR will be transfered out
of the reactor hall and is then ready for shipping into the
transport preparation hall TBH at Rossendorf site. TT

Fig 6. Mobil Unloading Machine
during the loading procedure

4. Description of the Transport Preparation Hall TBH

The TBH is a multi-purpose facility for the interim storage (transport preparation) of empty and / or
filled CASTOR, the reception and repair of VKTA-owned CASTOR and the storage and maintenance

of the Mobil Unloading Machine (MU) when not in use.
Handling the CASTOR inside the TBH is seen in fig 7.

Fig 7 Handling of CASTOR
inside the TBH

s. Safeguards

The following safeguards measures are used:
Lock and seal the single gate and most of the doorways with
VACOSS-seals. The unsealed doorways are supervised by video. The
full CASTOR casks are sealed with COBRA seals. The storage area
of the TBH is supervised by video. Video equipments is installed in
the RFR hall too.
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6 Status of Projects

Five licences are needed for the spent fuel management:

licence for the transport of the CASTOR MTR 2 from RFR to TBH (received December 1998)
- licence for the handling of the mobil unloading machine (received December 1998)
- licence for the handling of the loaded CASTOR MTR 2 inside the transport hall (received

December 1998)
licence for the storage of the CASTOR MTR 2 loaded with VKTA-spent fuel elements at the
intermediate storage facility Ahaus (vacant)

- licence for the CASTOR MTR 2 transport from Rossendorf to Ahaus (vacant)

At present, the test of all the technical equipment by handling of dummies has been finished succesfully.
The underwater inspection of the elements in correspondence with the technical storage condition of the
storage facility Ahaus has been finished succesfully too.

In January 1999 the Saxon licensing authority permitted the start of the transfer of the spent fuel
elements into the CASTOR MTR 2-casks. The loaded CASTOR-casks will be transfered into the TBH.
There they will remain, until the permit for the interim storage facility Ahaus is given.

7 Further Plans

The VKTA Rossendorf e. V. has started with the loading procedure of the CASTOR-casks in February.
Up to the end of this year 12 CASTOR-casks will be loaded and transfered into the TBH.
The aim is, to have all 951 spent fuel elements in CASTOR MTR 2 inside the TBH in April 2000.
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ABSTRACT

This paper describes the three types of fuel that have been considered for the
VIPER Pulsed Reactor. The candidates were "Adjusted" Uranium containing
250 - 500ppm Fe and 500 - 1200 ppm Al (p quench), U - 3 At % Mo cast and
stress relieved and U - 10 wt % Mo (i.e. U - 22 At % Mo) quenched to give
metastable y. It considers problem areas such as thermal cycling (growth and
distortion), strength of fuel at elevated temperature (pulse loading), irradiation
effects, overpulse accident effects and corrosion of fuel. The paper concludes
that the chief areas of potential failure under normal conditions and with
oversize pulses are thermal cycling growth and local plastic deformation. The
the U-3At.% Mo alloy was the final choice for the production fuel due to the
more favourable mechanical and nuclear properties of the three material
examined.

1. Introduction

The VIPER Pulse Reactor, which has been operating since May 1967, was the first fast
pulsed reactor in W Europe and the first with a variable core composition. The reactor was designed
and built at the Atomic Weapons Establishment, Aldermaston, England and was intended to provide
isolated pulses of intense neutron and gamma radiation for a wide range of radiation effects studies.

2.Reactor Operation

Having obtained a rapidly rising power by suddenly placing the reactor in a super-prompt-
critical condition, the next requirement is to terminate the rise by some guaranteed mechanism which
will operate in the time available, and bring the power level first to a peak value and then back to a
low level. With VIPER, this mechanism is inherent in the system physics, viz., a negative
temperature coefficient of reactivity. As the reactor power rises the fuel is heated (heat input equal to
time integral of reactor power), and the core reactivity falls with increasing temperature due to fuel
expansion (equivalent to reduction in density) and the nuclear Doppler broadening effect. It can be
shown that the reduction in reactivity during the pulse is such as to leave the system finally as far
below prompt critical as it was initially above. The reactor can then be shut down below delayed
critical by mechanical means.

3.Fuel Pin Description

The fuel pin consists of a cast uranium alloy rod machined to a 0.4 inch diameter and clad
with AISI type 347 stainless steel can of 0.015 inch wall thickness. The fuel is notched at the mid
point into which the can is swaged to hold the fuel clear of the end caps. The fuel elements, which are
filled with helium at about 1 atmosphere pressure, are sealed by welding and are held in the reactor by
three lattice plates which are so located as to oppose any tendency to inward bow.
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4.Types Of Fuel Considered

Three low alloy fuel types were initially considered for use in the VIPER reactor :-

i) "Adjusted" Uranium containing 250 - 500ppm Fe and 500 - 1200 ppm Al (p quench)
ii) U - 3 At % Mo cast and stress relieved
iii) U - 10 wt % Mo (i.e. U - 22 At % Mo) quenched to give metastable y

The use of 10% wt % alloy was determined not necessary or justifiable for the following reasons.

i) The use would demand a larger core and therefor a larger quantity of U235.
ii) Additionally there was doubt about the alloys ductility and stability of the y phase

under these conditions.

The following problems were considered:

• Thermal Cycling (Growth and Distortion)
• Strength of Fuel at Elevated Temperature (Pulse Loading)
• Irradiation Effects
• Overpulse accident effects
• Corrosion of Fuel

The maximum design pulse was taken as one that gives a 350°C, average across the core, in
the pulse and a 400°C maximum temperature at the core centre. Accidental pulses of 150% and 200%
design pulse are also considered.

5.Growth and Distortion of Fuel Due to Thermal Cycling.

This is basically due to the anisotropy of the uranium crystal and may be reduced by grain
refinement and random orientation of the structure. Published data and experience within AWE
indicate that the growth of Adjusted Uranium, when cycled 1000 times to 400°C should be <1.0% and
that the resistance to growth at higher temperatures will be better in the 3At% alloy.

Thermal cycling tests on specimens were performed between 60°C and some maximum
temperatures over a heated zone of about 1.75 inches. An arbitrary limit of 1% longitudinal change
per 100 cycles was met.

A limited number of tests indicated that for 1000 cycles:-

i) Adjusted Uranium with little end load -

(a) Contracts < 1 % at 500°C but swells at the centre by 0.002/0.005 inches,
mainly due to surface wrinkling.

(b) Contracts at a rate of about 1.5% per 1000 cycles at 600°C.
(c) Thermal cycling limit is probably about 500°C due to surface wrinkling.

ii) 3At % Mo alloy with little end load -

(a) Contracts <1 % at 500°C and swells by 0.001 inches without surface
wrinkling.

(b) Contracts < 1% at 600°C (swelling and wrinkling unknown).
(c) Thermal cycling limit is possibly 600°C or greater.
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A small compressive end load.

i) Adjusted Uranium with a small compressive end load:-

(a) Contraction of length <1 % at 500°C but swells at the centre by 0.002 - 0.003 inches
due to wrinkling.

(b) Contracts at about 1.5% per 1000 cycles at 600°C.

ii) 3At%Mo alloy with a small compressive end load

(a) Contracts <1 % at 500°C and swells on diameter by 0.001 inches without surface
wrinkling.

(b) Contracts <0.1% at 600°C (swelling and wrinkling unknown).

(c) Growth <0.1 % at 400°C, swelling <0.0002 inches, bow = 0.006 inches.

iii) 3At%Mo alloy with end loading of 800 lb/in2:-

(a) At 400°C <0.1 % growth after 500 cycles
(b) At 500°C ^ 0.1 % growth after a further 500 cycles.
(c) At 600°C ^ 1.55% growth after a further 350 cycles.
(d) At 400°C with a 1600 lb/in2 tensile stress, ^ 0.2 % growth after 1000 cycles, reduction

in diameter of 0.0002 inches, bow = 0.001 inches.
From this and other tests it appeared that the direction of applied stress influenced the

direction of growth.

Some bowing occurred during these tests which was thought to be a feature of the test
conditions. In the reactor the elements are, to some extent, held straight by the cladding and grids.

Single excursions to P phase temperature did not appreciably affect the growth rate.

The effect of thermal cycling on the area of the fuel in the notch. Relative movement of the
fuel and the can during a rapid pulse might lead to a permanent displacement which would be
cumulative with successive pulses. By careful design of the notch this rachetting process should be
eliminated. Relative displacement will be checked by regular radiographic examination.

The evidence so far is that either Adjusted Uranium or 3At% Mo would be suitable for
thermal cycling up to 400 - 500°C with a preference for the Mo alloy.

6.Strength of Fuel At Elevated Temperature (Pulse Loading)

The stress levels in the fuel rods was calculated for various values of neutron yield, shown in
Table 1, by estimating the temperature rise from the known heat capacity, obtaining the strain from
the thermal expansion characteristics of the fuel and determining the stress knowing the elastic
constants, bearing in mind that the stress is raised by a factor of 4 at the notch. It was assumed that
the heat capacity, thermal expansion and Modulus values for U-3At% Mo were similar to those of
uranium.
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Pulse x
10"

Fissions
1.5
2
3
4

5

6

8

300
400
550
660

680

770

990

Stress General at
Centre (Tons/in2)

0.2
0.5
1.5
3.5

7.0

12.0

90.0

Local Maximum
(Tons/in2)

0.8
2.0
6.0
14.0

28.0

48.0

360.0

Conclusions

O.K. for infinite cycles
O.K. for 1000 cycles
O.K. for single overheat
Local extentional yielding near
end of pulse
Local compression yielding
General extentional yielding in
central region only.
Local compression yielding
General extentional yielding of
all fuel.
Limit of linear inertial effect.
Near longitudinal resonance,
probable bursting of cladding
at centre due to high
compression of viscous
uranium

Table 1

Thus it was concluded that the local yielding will begin in uranium at between 3 and 4 x 10"
fissions per pulse. Based on purely elastic calculations the Ultimate Tensile Strength (U.T.S.) is
exceeded locally at 5 x 1017 fissions. The phase boundaries for the molybdenum alloy occur at
different temperatures, i.e. a+8/a+y 575°C, a+y/p+y 660°C and P+y/y 730°C, compared with oc/(3
660°C and p/y 770°C for uranium. Furthermore, work at Harwell by Butcher & Barwood (1) has
shown there to be a time lag for the a-»P transformation which depends on the extent of heating
above 660°C implying that the effects of oversize pulses giving temperatures up to 700° C could be
different from those predicted in Table 1. Principally the sharp rise in UST and yield stress at the a/p
boundary might be delayed.

7. Irradiation Effects

The effects of irradiation on the tensile properties was difficult to assess due to the
temperature cycling. Bement (2) has shown that exposure of 6.6 x 1017 nvt at temperatures below
35°C raised the yield stress of uranium metal by 90% and decreased the ductility by a factor of 60%.
Annealing at 400°C for 10 hours led to a complete recovery of the unirradiated properties. For a
normal maximum design pulse of 2 x 1017 fissions the fuel temperature will be =; 200°C when the
maximum neutron flux occurs. It rises to 400°C momentarily at the end of the pulse and falls to
300°C in a few seconds and to 250°C in approximately one minute. Thus irradiation damage may be
annealed out as it occurs. For an estimated fluence of 1018 n/cm2 at the core centre, the effect in the
pulsed reactor will be negligible.

8. Overpulse Accident Effects

The possible events which could lead to abnormally high pulse yields were considered and
the consequence of the effects shown in Table 1. Credible fault conditions could lead to a yield of 4 x
1017 neutrons. If this occurs in the pulse spike, local compressional yielding of the fuel in the vicinity
of the notch is likely; the fuel temperature may exceed 660°C. By postulating more serious fault
conditions the yield, limited by fuel vaporisation and expansion may reach 8 x 1017 fissions. As the
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fission yield increases beyond 4 x 1017 the permanent damage to the rod increases due to plastic
deformation and to fuel-can reaction (a liquid phase forms above 725°C).

Yielding of U-3At% Mo will occur at marginally larger pulses. Both materials are expected
to have adequate ductility at the temperatures at which stress maxima occurs, failure should be by
flow - not by low ductility fractures.

Experiments at Harwell have shown that short duration excursions tens of degrees above
660°C, can occur without a P transformation. At higher temperatures a transformation lag still occurs
but the lag decreases as temperature increases.

9. Corrosion of Fuel

Fuel-can Reaction.

It was shown that the rate of reaction between uranium and stainless steel is very slow below
520°C. This is therefore only a problem under high yield conditions. Even then the short pulse length
will minimise the effect and it is probable that the fuel-can interface temperature would have to
exceed 725°c before the problem became serious.

Corrosion of fuel by the reactor gas.

Corrosion of fuel by the reactor gas following the failure of a fuel can. Work carried out by
Antill and Peakall (3) showed that the rate of oxidation of a defective canned fuel rod in air at 400°C
was sufficiently slow to avoid progressive failure i.e. the oxidation process did not raise the fuel to
combustible temperatures.

10. Future Work

It is hoped to report, by the next RRFM, the results of a Post Irradiation Examination of two
VIPER fuel rods. They have undergone 1500 pulses, of various sizes, in the VIPER reactor core.

11. Conclusions

i) The main problems which are likely to lead to failure under normal conditions and
with oversize pulses up to 6 x 10" fissions/pulse are thermal cycling growth and local
plastic deformation.

ii) At very large pulses (>6 x 10" fissions) severe deformation and fuel-can reaction will
occur.

iii) Thermal cycling tests showed that 500°C is the upper limit of fuel temperature if the
total growth in 1000 cycles is to be kept below the arbitrary limit of 1%. The U-
3At.% Mo alloy gives less growth than the adjusted uranium.

iv) The U-3At% Mo alloy was the final choice for the fuel because it appeared to have
the best mechanical and nuclear properties of the 3 material examined.
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ABSTRACT

Russia disposes of considerable experience in utilisation of uranium-molybdenum alloys
containing in dispersion fuel composition no more than 6 g/cm3 uranium. The feasibility of
utilising the U - 9 mass.% Mo alloy with reduced enrichment uranium (< 20 %) in research
reactor dispersion fuel pins has been analysed in the IPPE. Specimens with the 40 vol.% (U-
9 mass. % Mo) + 60 vol.% Al fuel have been fabricated by hot pressing . Investigations of
thermal physical properties of this fuel as well as tests for compatibility of U-Mo alloy with
Al have been carried out in a wide temperature range. Corrosive tests of dispersion fuel
have been realised in water. A flow chart of reproducing wastes from fuel pin production has
been considered. The results of works carried out enable to hope on successful solution of the
problem of utilisation high-density U-Mo fuel in research reactors.

Introduction

In the end of the seventies R&D works have been begun in the USSR and USA on reducing the
enrichment of uranium being utilised in the fuel of research reactors (RR) to 20 % of 235 U. These
works were caused by public anxiety about the problem of nuclear weapons non- proliferation.

The point was that at that time in the USSR uranium-aluminium alloys with uranium enriched by 235 U
up to 80 % used as standard fuel.

The VNIINM (Moscow) had completed to 1986 the elaboration on fuel compositions with uranium
dioxide in aluminium matrix that went into quantity production in the Novosibirsk chemical plant.

The enrichment of fuel in the majority of research reactors was reduced then to 36 %. hi 1994 the
continuation of works on further reducing the enrichment of RR fuel to 20 % was recognised
indispensable.

It had been proposed in Russia to carry out the elaboration directed to increasing the uranium content
in aluminium matrix fuels up to 4 g/cm3 and, according to recommendation of the Argonne National
Laboratory, to adopting uranium disilicide fuel (U3Si2), relative to which considerable knowledge has
been accumulated, including that on the behaviour of fuel under irradiation. However, the standard
density of such a fuel is of 4.8 g/cm3, which does not allow to solve completely the problem of
reducing the enrichment of uranium in fuel for some individual RR to 20 %.

At the same time, Russia possesses a very considerable experience in applying uranium-molybdenum
alloys in dispersion fuel compositions containing no more than 6 g/cm3 uranium [1,2].
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In case of utilising a fuel of such kind the feasibility to improve physical and thermal performance
data of RR cores may be essentially enlarged, and what really matters, the problem of reducing the
fuel enrichment to 20 % can be solved in an unequivocal way.

1. The behaviour of U-Mo fuel under irradiation

In tubular dispersion fuel pins for the AM reactor (the world's first NPP, Obninsk, Russia) a
U+9w.% Mo alloy with 6% enrichment by235 U was used as a fuel particle material, and magnesium -
as a matrix. These fuel pins were being successfully operated during 30 years, having reached, in
some individual cases, the of burn-up to 40 kg/t
U.

The fuel pins were 1700 mm long and consisted
of two co-axially arranged tubes - the outer
one, 14 mm in diameter, with a wall 0.2 mm
thick, and the inner one, 9 mm in diameter,
with a wall 0.4 mm thick. The annular space
between the two tubes was filled with particles
of a fuel composition containing 40vol.% Mg +
60vol.% (U+9 w.% Mo). Post-reactor
investigations of irradiated fuel pins (see, e.g.,
[3]) enable to assess quantitatively the swelling
rate of U+9 w. % Mo fuel composition.
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Fig. 1. Relative increase of diameter along the length of two
vacuum-tight foels pins based on U + 9% Mo alloy.

Hot laboratory fuel pin examinations have shown outer
cladding diameter result of the value of in a tubular
fuel pin increased due to fuel swelling, while the inner
one remained practically unaffected. Fig.l shows the
variation of outer diameter's relative increase by length
for two fuel pins with U(enriched by 235U to 6 %) + 9
w.% Mo alloy, having completed the due operation
term and remaining vacuum-tight. These fuel pins
have operated during 539.7 effective days to a
maximum burn-up, Bmax, of 32.8 kg/t U. The
temperature of fuel while being irradiated was of 200
to 400°C. The analysis of fuel pin dimension shows
that the maximum swelling rate of the U+9 w. % Mo
alloy was

£maX « 3,54% at a 1 at. % of burn-up

The irradiated U+9% Mo fuel particle has a granular
structure with an average grain diameter being of 20 to
30 um (see Fig. 2). No indications on gas swelling have ^
been detected. J

2. The feasibility of utilising the uranium- fj
molybdenum alloy in RR fuel pins °

*-* 30 urn
Fig. 2. Structure of fuel particles

An analysis of feasibility to utilise the reduced
enrichment U+9w.% Mo alloy in RR dispersion fuel
pins has been carried out in the IPPE. According to it,
to get the required uranium concentration at a level
of 6-7 g/cm3 with enrichment by 235U of no more than
20%, a dispersion fuel with volume fractions of

% w. Mo

1 2 3 4 5 8 7 -B

Uranium concentration, g/cm"
Fig.3. The dependence of uranium concentration

on volume content of fuel in dispersion
compositions.
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components has been chosen as follows: U-9% Mo(40 vol.%) + Al(60vol.%) (see Fig.3 and Table

1).
Table 1

Uranium content in a dispersion fuel composition:
[U (enriched by 235U to « 20 %) + 9 w.% Mo] (40 vol.%) + Al (60 vol.%)

Fuel

U+9 w. % Mo

100% density

Overall content

of U, g/cm3

6.62

Content of 235U,
g/cm3

1.32

95% density

Overall content

of U, g/cm3

6.28

Content of 235U,

g/cm3

1.25

Fuel particles from U-Mo alloy were produced by the method of a rotating electrode. The essence of
this method is in atomising a consumable U-Mo alloy electrode being rotated with great speed, its
butt end being fused by a direct current electric arc whose arcing takes place between an immobile
non-consumable tungsten electrode and the rotating U-Mo alloy electrode. Under the influence of
the centrifugal force caused by rotation the forming melt flies away taking the form of spherical
drops solidifying while flying in an inert atmosphere. This method enables to produce spherical fuel
particles of 60 to 160 urn in diameter having the structure of y-phase.

Specimens for the purpose of investigations were made of the chosen dispersion fuel by the method
of hot pressing ( Tpr * 450-500°C). The density of hot-pressed specimens reached 96 % of its
theoretical value. The thermal conductivity, X, of the dispersion fuel in a 50-300° temperature range
was of 82.5 - 82.7 W/m-degree.

Tests for compatibility of U-Mo fuel with aluminium have been carried out in a wide temperature
range. This temperature range corresponds to fuel pin operational temperatures and to fuel
fabrication conditions.

These tests have been carried out in isothermal conditions. The test temperatures were of 200 to
600°C. The experimental data on interaction between U-Mo fuel and aluminium are presented in
Table 2.

Table 2

Experimental data on interaction between U - Mo fuel and aluminium
(the indicated values are those of interaction zone dimensions, \xm)

Test
temperature,

°C

200

300

400

500

600

Duration of testing, hours

1320 h

4-6

840 h

12-16

60 h

10-15

20 h

6-14

6.75 h

10-20

The phases
detected in the

interaction zone

UA12

UA12

UA12, UA13

UA12, UAU

UAI3, UA12- traces

No peculiarities were revealed in the character of U-Mo alloy interaction with aluminium. The
extrapolation of the results to a 100°C temperature gives the value of interaction layer growth rate
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of « 1.5 to 2 pri/year. The micro-hardness of U-Mo particles in the initial state was of 4000 to
5800 MPa. The micro-hardness of U-Mo alloy after isothermal tests is comparable to that in the
initial state. The microstructure of the dispersion fuel composition after high temperature testing is
presented in Fig.4.
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Fig. 4. Structure of uranium-molybdenum
alloy particles in aluminium matrix,

after 4 hours at 600°C
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Fig. 5. The effect of uranium alloying upon
the rate of corrosion in distilled
water

Alloying of uranium by y-phase stabilising molybdenum improves its corrosion stability in water in
comparison with pure uranium. This improvement of corrosion stability may be caused by the
appearance of a protective film under = 100°C temperature. The data on the corrosion rate of various
uranium alloys at temperatures of 260 - 360°C [4] are presented in Fig.5. It may be seen in the figure,
corrosion rates of all uranium alloys are rather high at these temperatures, but it is just the U+9 w. %
Mo alloy that is distinguished from all the rest alloys with the minimum rate of corrosion.

The dispersion fuel U+9w.% Mo (40vol.%) + Al (60vol.%) has been tested for corrosion stability in
water (Ttes, = 100°). Testing was being carried out during 50 hours. The results of these tests have
indicated negligible volume and weight variations in specimens. A metallographic and an X-ray
analyses carried out after testing have not revealed any noticeable modifications in the structure of
specimens as compared to its initial state.

A flow chart of fuel pin production wastes' reprocessing has been studied. The experience
accumulated in nuclear fuel regeneration shows that for dispersion fuel pins having aluminium
cladding and aluminium fuel matrix, the best method of aluminium removal is that of dissolving in an
alkali solution.

With the specimens made of the considered dispersion fuel experiments to study the kinetics of its
dissolving in a NaOH solution have been carried out. The experiments have shown that the best
results related to characteristics of this kinetics have been obtained with boiling the specimens in 10%
NaOH at 75 and 100°C. After 30 minutes of boiling at 100°C practically complete dissolution of
aluminium occurs, and with it not more than M0"3 of available uranium and molybdenum passes into
solution.

Conclusion

The feasibility of utilising the U + 9w.% Mo in dispersion fuel pins for research reactors has been
considered. The U + 9w.% Mo alloy has revealed a high radiation stability in the course of its
irradiation in the AM reactor. The specimens manufactured by hot pressing from the 40 vol.%
(U+9w.% Mo) + 60vol.% Al dispersion fuel have shown a satisfactory thermal conductivity
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(X =82.5 W/m-degree). The tests for compatibility of U-Mo alloy with aluminium carried out in a
wide temperature range have corroborated their good compatibility.

The corrosion tests of the dispersion fuel 40 vol.% (U + 9 mass.% Mo) + 60 vol.% Al specimens in
water at T = 100°C have shown only negligible volume and weight variations in the specimens.

A flow chart of fuel pin production wastes' reprocessing of the chosen fuel with NaOH solution has
been developed.

The work carried out in the IPPE enables to hope that the problem of incorporating the high density,
reduced enrichment uranium-molybdenum fuel into dispersion fuel pins of research reactors can be
solved successively.
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ABSTRACT

During LEU refueling steps the power peaking factors is continuously rising towards the upper safety
limits.

The next refueling step with three fresh LEU fuel clusters will overtake those safety limits.

That for it is necessary to find some methods in order to decrease power peaking factors.

This paper will present such a method based on removal of the central pin from each of fuel cluster in
order to rise the specific power on the inner pins and to save less burned-up pins. These pins will be used
to complete another two or three fuel clusters.

INTRODUCTION

The Romanian 14 MW TRIGA research and test reactor was commissioned in 1979 by General Atomics
U.S.A. [1],[2] It was specifically designed to test in-core fuel assemblies and loops. The core was
designed to produce high neutron flux in the several experimental locations with experiments in place.

The standard core configuration using 5x5 fuel bundles has a multipurpose nature, this being indicated by
the following features:

• six in-core experimental locations [3 large (17.5x17.5 cm2) and three small (8.75x8.75 cm2)]
• two horizontal beamports (tangential, radial)
• numerous irradiation facilities in berilium reflector blocks

Usually there are two or three in-core devices containing experiments with low enriched (2%-5%)
CANDU fuel type rods. Although the core configuration is not optimum for the production of leakage
fluxes, the reactor has a radial beamport with a neutron spectrometer attached.

One of the most important parameter for the core safety is Combined Pin Factor (CPF) which is derived
from the formula:

CPF=PPF*APF
Where:

PPF = Power Pin Factor and APF = Axial Pin Factor
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In 1992 Ramania starts the core conversion from HEU to LEU fuel type. At present time LEU fuel is
almost 30% from total fuel amount in the core. During the refueling steps using LEU fuel clusters CPF
tend to overtake the safety limits enstablished for the maximum allowed temperatures in the LEU fuel
pins. That is due of the large group of the fresh LEU fuel clusters placed to the center of the core.

Removing the central pin from each fuel cluster, more water will be available in the fuel cluster center,
that is increasing the thermal flux, thus the PPF for the inner pins is increasing too.

CALCULATION OF MICROSCOPIC X-SECTIONS

In the present the TRIGA reactor contain 35 fuel cluster (5x5) (Figure 1) . The actual core configuration is
showed in Figure 2. The cooling system of the reactor has four pumps and three heat exceangers, 7MW
each.

In order to calculate the X-sections which are necessary in the burnup loop, is used a modified version of
WIMS-D code which calculate the microscopic X-sections for 54 nuclides and one fission pseudoproduct
[3]. The list of those nuclides is shown in TABLE 1. Also in TABLE 2 are shown few characteristics of
Triga fuel

TABLE 1

U234
MO95
CD113
ND145
EU153
OXY
BIO

U235
TC99
IN115
PM147
EU154
AL

U236
RU101
1127
SMI 4 7
EU155
ZR

U238
RU103
XE131
PM148m
GD157
FE

PU239
RH103
CS133
PM148
FISP
CR

PU240
RH105
CS134
SMI 4 9
ER166
NI

PU241
PD105
XE135
SMI 50
ER167
MN

PU242
PD108
CS135
SMI 51
H (HZR)
SI

KR83
AGIO 9
ND143
SMI 52
H(H2O)
C
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TABLE 2
Triga fuel characteristics

FIGURE 1 Fuel Cluster

Core/Fuel Bundle
center distance
Fuel radius
Outer clad radius
Gap
Clad thickness
Total # fuel bundles
Total # in-core pins
Coolant flow rate
Total mesh area
Fuel area
Clad area
Water area

LEU 5x5
1.633 cm
0.647 cm
0.688 cm
2.22 E-03 cm
0.04 cm
29
725
4.73 E+2 1/s
2.666 cm2

1.317 cm2

0.172 cmz

1.176 cmz

QQQOD
QQOD
Q
oonn
oooo
OODa

a

The cell calculations are based on the average pin data. The initial LEU fuel pin loadings Wt% and atom
densities are illustrated in TABLE 3

TABLE 3

Element/Isotope

U
234
235
236
238

Er
166
167

LEU 5x5 (Wt%)

45.0
0.15
19.7
0.25
79.9

1.074
33.33
22.90

LEU 5x5 (atoms/cm-barn)

9.3723 E-03
1.4263 E-05
1.8652 E-03
2.3569 E-05
7.4693 E-03

2.6236 E-04
1.0665 E-04
7.2811 E-05
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FIGURE 2

Actual core configuration
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The transport calculations has been made using WIMS code on 23 broad groups and than collapsed on 7
broad groups which are used in tridimensional diffusion calculations. Infinite multiplication factor for the
(5x5) fuel bundle was found: K-inf.=1.3751 .

The cell calculations covered the burnup range between 0-20000 MWD equivalent core.

In the above mentioned range seven sets of microscopic X-sections have been obtained at 20 °C and
another seven sets at 230 °C, which are used for the core burnup calculations. Both for LEU and HEU fuel
type

CORE CALCULATIONS

For the above core configuration which contain 35 fuel cluster with or without central pins, some
comparative core calculations have to be made. In order to cover this task, some neutronic and
thermohydraulic calculations should be done. For the neutronic calculations we use a tridimensional
diffusion code (DFT) [4] with burnup loop. DFT was developed and tested at Institute For Nuclear
Research . The DFT code uses an identical burnup scheme like WIMS does, that because the burnup
pseudoproducts have to be compatible each-other for the cell and core calculations. Thermohydraulic
evaluation has been performed using PARET code (hydrodynamic, point cinetic, code provided by
A.N.L. U.S.A.). Maximum CPF allowed has been evaluated for few reactor power levels in two cases.
One for operational temperature allowed for HEU fuel which is 750C and the other for operational
temperature allowed for LEU fuel which is 450C. The rezults is shown in TABLE 4.

TABLE 4

Reactor Power (MW)
14
13
12
11
10

CPF(max) for T=750C
4.50
4.78
5.20
5.60
5.90

CPF(max) for T=450C
2.59
2.68
2.88
3.10
3.50

Usualy the reactor is operated at maximum 10MW which give enough thermal flux for experimental
devices and isotopes production.

For the actual core configuration using regular 5x5 fuel cluster (FIGURE 2) neutronic calculations give
CPF(max)=3.48 for a LEU pin, less than 3.50 which is max. allowed for 10 MW. Problems occur for the
first refueling step with three LEU fuel cluster when CPF(max) = 3.94 (The neutronic calculations has
been performed with experimental location filled with water and control rod bank fully withdrawn). We
consider that removing central pin from each fuel cluster will lead to a more uniform distribution of the
CPF across the core and that will contribute at decreasing of power peaking factors. A neutronic
calculations have been performed for the core refueled with three fuel clusters having the central pins
removed . In this case CPF(max)=3.505 is obtained For the second refueling step with four LEU clusters
CPF=3.52 is obtained.
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The FIGURE 3 contain the keff versus burnup evolution for:

Two refueling steps in normal 5x5 case
Three refueling steps for the case when the central pin is removed from each cluster present in the
core. The last step contain two fuel clusters formed with spare pins, Those pins which are removed
from the core (24 HEU and 18 LEU).

FIGURE 3

Keff versus Burnup

500 1000 1500 2000

Burnup (MWD)

2500 3000 3500

Triga has left only seven LEU fuel cluster so it has to be saved as long as possible that is for the third step
is very useful. The curve between E and G is supplementary energy (aprox. 900MWD) due to fuel saving.

CONCLUSION

This new concept based on removal of the central pin from each cluster rise the specific power on the
inner pins from the clusters and allows operating the reactor longer and safer using spare pins in the
aditional refueling step.
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