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SERVICES DES PILES DE SACLAY 

OSIRIS 

1. INTRODUCTION 

One of the various activities carried out in France concerned with the design, 
fabrication and development of nuclear fuels was the development by the CEA of a 
plate type fuel (Caramel fuel). A Caramel fuel element is in the form of a plate 
consisting of two tight covering zircaloy sheets in which the U0 ? platelets are 
confined themselves within the network of a ïircaloy grid. The plane geometry pro
vides an effective means of overcoming the drawback of poor uranium oxide conduc
tivity, and makes it possible to combine high specific power with low fuel tempe
rature. 

The different materials used in the Caramel type fuel assemblies i.e. UO. and 
Zyt are very well known after their extensive use in LWR's. Their physical proper
ties, in pile behaviour, manufacturing features etc... are well mastered, and will 
therefore not be dealt with in this presentation. 

The chief advantages of this fuel are the following : 

(1) It is a very low enriched fuel. It can be used in research reactors demanding 
high volumetric powers and neutron fluxes, with a required enrichment signi-

235 ficantly lower than 20 Z U. 

The difference between the densities of UO. matrix and U-Al, 10.3 and 1.6 g/co 
respectively, leads to a higher uranium charge, making it possible to reduce 
the enrichment to between 3 and 10 1. 

(2) A second advantage of the Caramel fuel stems from its operating safety. Owing 
to its dispersion, any loss of tightness only puts a small amount of fissile 
materiel in contact with the coolant, thus limiting any contamination of the 
primary circuit. 

Another safety factor is the operating temperature, which is considerably 
lowtr than the temperature at which fission gases are liberated. 

./. 
CENTRE D'ETUDES NUCLEAIRES DE SACLAY 

COMMISSARIAT A L'ENERGIE ATOMIQUE 
DIVISION de METALLURGIE et d'ETUDES 

des COMBUSTIBLES NUCLEAIRES 
DEPARTEMENT DE TECHNOLOGIE 



2. 

The earliest research conducted at the GEA was directed towards applications 
in power, heat and naval propulsion reactors, and used thick (4 mm) Caracals 
owing to the low volumetric powers required. 

The thin Caramels investigated since 1977 as part of the non-proliferation 
programme (INFCE) found their application in research reactors for which 
volumetric power levels are very high (mean value about 1/00 W/cm , maximum 
value 4300 W/cm ). 

Thanks to the use of the low-enriched uranium Caramel fuel, the Commissariat 
2 l'Energie Atomique proceeded to convert the core of the high-performance 
research reactor Osiris, at Saclay. The new Caramel fuel core has operated 
sucessfully since December 1979. 

The Caramel type fuel takes advantage of the experience gained in LWR operation 
which alleviates most uncertainties and additionnai R and D effort,contrary 
to the use of less-known fuels like U-Al, D_0o-Al or U,Si-Al. 

3 o 3 

The following table summarizes the main characteristics of the reactors under-
operation or in project (Thermos project) using Caramel type plate fuel 
elements. 

.Reactor Power 
(MV) 

Caramel 
thickness 
(mo) 

Temperature 
of clad 

Coolant 
pressure 
(bar) 

Mean 
specific 
power 
(W/cn>3) 

Maximum j 
. specific | 
. power j 
(W/cm3) J 

• Pool 
, reactor 
j(Osiris) 

70 1,45 140 3 1 640 ! 4 300 J 

. heat 

.generator 

.(Thermos), 
100 2,25 160 11 275 ! i 070 ; 

j ISIS 
0,7 1,45 j 

] 

95 j 1,5 16 ! * 3 ! 

. / . 
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2. PESCRIPTIOK 

The Caramel type Osiris fuel element is in the fora of • plate 700 mm long, 
80 mm vide and 2,25 mm thick. Figure 1 shows the different components of a Caramel 
plate of the Osiris reactor. The sintered U0_ fuel is in the form of a square* 
section parallelepiped measuring 17,1 x 17,1 mm and 1,45 mm thick. It is placed in 
a regular array within a square-pitched grid and confined between two zircaloy 
sheets. This assembly, fitted with zircaloy edge and end pieces, undergoes a series 
of welding operations designed to guarantee the perfect tightness of each U0- pla
telet to the exterior and to its neighbours. 

Simultaneously, good contact is achieved between the oxide and Che cladding. The 
fuel assemblies consist of several plates (14 or 17) in parallel position, held 
rigidly by slotted side-plates. They are equipped with a foot for water supply and 
a handling head. 

The Caramel fuel is distinguished from the standard fuel pin by : 
. its plane geometry, 
. the absence of free volume, 
• go°d oxide/clad contact: (no clearance) 

The special features of the Caramel fuel impose specific operating conditions. 
Owing to the absence of voids (except for the open porosity of the fuel), the 
temperature of incipient fission gas evolution must never be exceeded. To achieve 
this condition, it is essential to guarantee excellent oxide/clad contact for the 
fuel element from the very beginning and to maintain this throughout its service 
life. 

3. FABRICATION AND QUALITY CONTROL 

3.1 Fabrication 

The Caramel fuel is fabricated in workshops belonging to the CEA or its 
subsidaries. Some components such as the zircaloy sheets, castings and 
machined parts are supplied by industry. The fabrication sequence is 
shown in Figure 2. 

Fabrication is subdivided into the following phases ; 

./. 



r .1 
3 . 1 . 1 Fabricat ion of oxide p l a t e l e t s (Caramels) 

These p l a t e l e t s are fabricated by s in ter ing DO. powder obtained by 

the wet method. The process employs the double normal c y c l e . The 

material i s s in tered under hydrogen at a temperature near 1600°C. ' 

The dens i ty of the s intered Caramel i s equel to 94 Z o f the theore

t i c a l d e n s i t y . 

I t should be noted that the fabricat ion of Caramel f u e l s b e n e f i t s 

from the experience gained in th i s area with PUR f u e l s . 

Deposit of a n t i - d i f f u s i o n barrier 

Each Caramel i s covered by a layer of chromium deposited by cathodic 

s p u t t e r i n g . This chromium performs the role of a b a r r i e r , by preven

t ing the d i f f u s i o n of oxygen into the z irca loy , that i s l i a b l e to occu 

during the d i f f u s i o n welding operation, a l s o c a l l e d "marmitage" 

(marmite « HP cooking pan) and described below. 

3 . 1 . 2 P la te f ab r i ca t ion 

The component parts of a plate are the following ( f igure 1) : 

. oxide p l a t e l e t s , 

. z i r ca loy grid obtained by welding z ircaloy w ire s , 

. n icke l foot that p lays a role with respect t o neutrons, 

. z i r ca loy s ide p i e c e s , 

. z i rca loy end p i e c e s , 

. z i r ca loy sheet cladding. 

The Caramels are placed within the grid c a v i t i e s . The assembly 

inc luding the grid with i t s Caramel load, the s ide p ieces and end 

p i e c e s i s placed between two zircaloy sheets and welded t i g h t . The 

p l a t e c losure operations are performed in the fo l lowing order. 

After r e s i s t a n c e spot welding of the d i f ferent part s , the s i d e s are 

welded by a r e s i s t a n c e start; welding uni t . 

The end p i ece s are then welded by e lectron bombardment welding that 

a l s o p laces the p l a t e under vacuum. 
i 
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The closed plate is transferred to a diffusion welding enclosure and 
undergoes high temperature (greater than 900*C) and high pressure 
(= 1000 bar) treatment for four hours, also called "marmitage". This 
treatment guarantees the welding of all zircaloy components and 
especially between the grids and sheets, by ensuring the separation 
of each DO. platelet and good oxide/clad contact. 

This marmitage treatment is followed by a control treatment under 
vacuum at 700°C. 

The rough plates are then machined to the required dimensions. After 
undergoing the controls described in the next section, they are 
mounted on side plates. Electron bombardment welding is then used to 
join the Caramel plates and the side plates. 

3.2 Quality control 

All the materials and components are required to meet specifications. 

Owing to its geometric characteristics and its operating conditions, the 
Caramel fuel must meet especially severe requirements, corresponding to 
specific control procedures. 

These controls are carried out at all fabrication levels and include : 
. metrology of components and of the assembly (e.g. metrology of channels) 
. enrichment of each fuel platelet, 
. quality of the veld between metal components, 
. quality of oxide/clad contact. 

These controls take place during fabrication as follows : 

3.2.1 Controls in the fabrication of basic components 

U0j platelet : metrology (length, width, thickness, density, visual 
appearence, chromium deposit inspection). 

./. 
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Tolerable surface defects have been defined on the basis of correla
tions between defect dimensions and the residual clad thickness 
after diffusion velding. 

Zircaloy parts : metrology (surface condition after abrasion) 

Controls applied to the finished plate 

. Visual appearance 

. Metrology 

. Checking of the absence of occluded gases, by heat treatment at 
700eC under vacuum, with free-standing plates 

. Quality control of welds by micrography and corrosion test 

. Enrichment test 

The enrichmert test of Caramel plates consists in the determination 
235 of the charge of U per unit area by neutronometry. This check 

offers several advantages : 

. overall checking of various Caramel fabrication tolerances : 
. enrichment, 
. uranium content of DO. 
. density of UO. sinter 
. Caramel thickness 

. possibility of systematic checking of all platelets making up a 
fuel plate 

. speed of control in comparison with traditional methods, 

. exact measurement of accounting for fabrication ranges, 
235 

. control of a characteristic (charge of U per unit area) of 
direct use for the calculation of reactor performance, 

. quality control of oxide/clad contact. 

The quality of oxide/clad contact appears to be an important 
parameter in the design of the Caramel fuel. A thermal analysis 
method by infrared thermovision was developed for this purpose. 
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Actually i t i s not used, because the test peifcroed at 800 *C unrfer va cue 
serves to test the plates in conditions that are more severe thin those 
of operation in a pool reactor. This test has proved highly sat isfactory 
until now. 

3.2.3 Control of finished assembly 

. Overall metrology of assembly (passage through a gauge) 

. Metrology of all channels 

. Check of surface pollution 

Control procedures and final acceptance are carried out by an orga
nization chit is independent of the fuel manufacturer. In addition, 
a quality assurance systec is implemented, covering design, fabri
cation and tests. 

A preirradiation characterization report is vritten for each fuel 
assembly. All the data related to the assembly are included in this report : 

Data about assembly components : origin, fabrication procedure, 
mechanical characteristics, measurements, weight, chemical analyses. 

Measurement results for each plate. 

Remarks after visual examination for each plate. 

Results of enrichment control performed on each UO. platelet 

Measurement results of all water subchannels (arecording is made of 
each platelet row) 

A few examples of data recorded for each fuel assembly and contained in 
the characterisation report are annexed at the end of this paper. 

Fabrication experience 

Considerable fabrication experience has been gained, because aside from 
fabrications for experimental irradiations, a large nucber of assemblies 
has been fabricated, 3s sunr.ari zed below. 
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j Reactor 
Number 

I Of 
assemblies 

J Number 
of 
plates 

Number 
of UO 
platelets 

UO, weight J 

(kg) j 

; PAT 16 576 10) 952 1 497 ; 
! CAP ' 4 ! 44 ! 13 728 ! 9 630 ! 
; OSIRIS 200 3 400 462 400 2 019 j 

J TOTAL J 220 4 020 478 080 13 146 j 

CAP - Prototype Advanced Boiler. PUR type reactor of a power of 100 KWth, 
located at Cadarache. 

PAT - Land Based Prototype. PVR type reactor used as a prototype for naval 
propulsion, located at Cadarache. 

At present, the fabrication shops have a total capacity of 200 Osiris - type 
assemblies per year. 

4. QUALIFICATION OF CARAMEL FUEL 

An extensive programme involving experiments and qualification of the 
Caramel fuel has been undertaken and implemented in a broad range of spe
cific powers and burnups. It was intended to determine initially the 
technological limits, and then the safe and reliable operating ranges for 
this type of fuel. This programme includes both parameter tests in irra
diation test loops on specimens including a limited number of Caramels, 
and also irradiations of experimental assemblies carried out in tbe 
Osiris reactor and in the CAP and PAT prototype reactors. 

./. 
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The nest important features of the programme are then exposed toge ther 

with the main r e s u l t s obtained. 

4 .1 T I P prograsaae 

An exploratory prograzse was conducted during the 1965 to 1970 

period with the EL 3 reactor at Sac lay in order t o def ine the 

technological l i m i t s of t h i s f u e l . 

Seventeen t e s t samples (containing 5 and 9 caramels) were i r r a 

diated a t var iab le burr.ups and s p e c i f i c powers. 

The s p e c i f i c power range explored ranged froze 1000 to 3000 V/ca . 

The cladding temperature was between 280 and 340*C. 

The re su l t s of thete t e s t showed that : 

- i t i s p o s s i b l e t o reach a burnup of 30000 MW'D/T with s p e c i f i c 
3 

powers as high as 3000 W/cm without any deter iorat ion of the 
fue l . Above 30000 MWD/T, i f th i s s p e c i f i c power i s r e t a i n e d , 

there i s a r i sk that the p l a t e l e t s w i l l s w e l l and r e l e a s e g a s . 

This phenomenon does not neces sar i l y lead t o cladding f a i l u r e . 

- i f , on the other hand, the s p e c i f i c power i s reduced at t h i s 

stage of the i r r a d i a t i o n , a burnup as high ** 50000 MWp/T can 

be achieved without s i g n i f i c a n t l y modifying the s tructure of 

the DO. p l a t e l e t s . 

4 .2 SHOE programme (1976) 

In th is programme, two irradiat ions were performed without any 

external pressure in the pool reactor Siloe" at Grenoble. Two 

•mail assembl ies , each containing a few samples, were i r r a d i a t e d . 

The fol lowing i rrad ia t ion conditions were employed : 

Spec i f ic power 1 ° 6 0 w ' ' « » 3 «nd 1500 W/cm3 

Irradiat ion period 245 days ! 202 days 

Burnup 18300 MWD/T ! 25100 MWD/T 

Temperature 100'C ! 100"C 

. / . 
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Btsults obtained : Very gooi ic-pile performance vas obtais- i 

with the assemblies. Their appearance after irradiation was 
very satisfactory. 

4.3 Irradiation programme in the Osiris reactor 
As before, experimental test samples each containing few 
Caraeels, vere irradiated. The irradiations were carried 
out in the NaX loop at 300*C with an external pressure of 
140 bars. Two series of irradiations were realized : 

1973 - 1974 on 3 and 4 sa thick caraaels 

1975 - 1978 only on 4 su thick caraeels in order to define 
technological operating, limits. 

Specimens of the first series exhibited burnups exceeding 
4000C KWD/T for the 3 sa thick caramels and 37500 WWD/T for 
the 4 sa thick caraaels. The examinations carried out demons-
trated that no gas had been released in the co=p arisen ts and 
that the separators had performed very well. 

The results obtained are related to : 

. thermal conductivity of uraniua oxide as a function of burnup, 

. determination of the maximum normal service temperature, 

. maximum temperature of separators, 

. operating limits for the thicknesses of 3 and 4 sa. 

Figure 3 shows an example of an operating limit for a 4 mm 
thick Caramel, up to a burnop of 50000 MWD/T . Since the 
maxiouir operating temperature of the fuel is known, it is 
possible to transpose these results to other Careoel geooetries. 
Hence in the "equivalent " case of the Osiris reactor, mavieua 

3 
specific powers are greater than 5000 W/cm , whereas the maxi
mum operating specific powers of Osiris are about 4000 W/cs up 
to a burnup of 20000 MW'D/T . They then decline to 2500 W/cs a: 
the may.iiB--= Kurnup cf 30000 MWD/T . 



12. 

Other t e s t i r r a d i a t i o n s , were performed in loops i n the O s i r i s 

reactor : these include two irradiat ions of the Irène programme 

carried out in a pressurized water loop reproducing real coo l ing 

conditions ; in one of these i rradiat ions used for safety s t u d i e s , 

a leak detect ion s igna l was generated ; the depos i t ing of corro

sion products under low flow rate condi t ions was studied i n the 

other i r r a d i a t i o n . 

Power cyc l ing s tudies were performed on 4 mm thick caramels i n 

samples having reached a burnup of 30000 MWD/T in the O s i r i s 

reactor before i t was shut down in July 1978. These cyc les were 

carried out under the following condit ions : 

3 
uppermost part 1250 W/cm 

3 
lowest part 375 W/cm 

-3 -1 
withdrawal and descent velocity : 400 W.cm mn 
number of cycles 3634 

Finally, the start-up of the new core of Osiris was preceeded by 
the qualification of three precursor assemblies in the previous 
core ; these teste widely covered the range of operating conditions 
encountered with Osiris. 

5. CASINE EXPERIMENT CARAMEL FUEL CLADDING FAILURE F0LL0WUP 

To appraise the operational safety of such a fuel regarding risks of firsion 
product or fissile material release into the reactor primary system, a cladding 
failure followup test has been carried out under conditions corresponding to 
OSIRIS operation and using a test loop independent of the EL 3 reactor. 

This cell, located in the D-0 tank of EL 3, forms a heavy-water cooling sys
tem separate from the reactor cooling system. The possible pollution of heavy 
water is thus limited to that system. 

3 
A cladding burst detection device using delayed neutrons with He counters is 

installed in the system. This device is similar to that used in OSIRIS. 
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TEST CONDITIONS 

The fuel element, manufactured by the same process as standard elements, 
comprised 32 U0 2 platelets enriched to 7 I. 

2 The cladding defect is an 'v 1mm circular hole. The fuel rating during ir-
radiation was raised to 3050W/cm", cooling being ensured by heavy water cir
culating at 10 m/s. These conditions are very like those encountered in OSIRIS. 

The fuel element was installed in an alumini im sleeve channeling water on 
both sides of the fuel plate to cool it. 

The power released in the fuel was measured by establishing a heat balance. 
The cooling water temperatures were recorded by three thermocouples at the 
inlet and three triple thermocouples at the outlet to limit uncertainties 
arising from uniform temperatures in a cross section. The flow rate was measu
red by a calibrated turbine inserted in the system. 

Cladding failure was detected by two parallel systems ; one uses a BF 3 
counter normally operated on the EL 3 independent ell installation ; the other 
of higher performance and used on OSIRIS, is fitted with an Tie counter. 

TEST RESULTS 

The evolution of the signal showing the amount of delayed neutrons during 
irradiation is given in fig. 4. It should be noted that 3 pseudo-plateaus of 
activity are present at increasing levels. Their duration is of about 5 h for 
the first, 30 h for the second, and 3 h for the third. During the first two 
pseudo-plateaus, fission product wafts have given rise to activity peaks whose 
amplitude is near the average signal. 

Between these pseudo-plateaus, the evolution of the signal is faster and 
faster, followirg an exponential law. The time to double the signal value, 30 h 
duiing the first phase of *ast evolution, goes down to 3 h during the second 
phase. 

./. 
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After the third pseudo-plateau, severe activity variations due to fission 
product wafts are recorded, the average signal first increasing very rapidly, 
then stabilizing for about 1 h, 40 min. 

The delayed-neutron detection device used is completely representative of 
that installed in the OSIRIS reactor, which has allowed the time to determine 
when a cladding failure detection threshold is reached. 

The results obtained show that this threshold is exceeded after the third 
pseudo-plateau and that irradiation still lasts for about 2 h in these condi
tions. Despite this fact, a very low level of activity of the radionuclides 
corresponding to fuel release was recorded. 

The examinations carried out on the fuel after irradiation have shown that .. 
the hole previously drilled and the underlying fuel have not been spoiled 
significantly. 

Moreover, the sequence of the experiment has proved the excellent behavior 
of the cladding failure detection system (CBD) installed on OSIRIS. 

In conclusion the CARINE experiment has shown the excellent behavior of Caramel 
fuel in the case of a cladding failure and the possibility of detecting a failure 
in Osiris before serious pollution occurs in the reactor systems. 

6. THE OSIRIS EXPERIENCE 

6.1 Adaptation of the plant 
The OSIRIS reactor has been chosen for this experience of a LEU fuel in a 
research reactor because of its very high performances. The fuel is thus 
used in severe conditions which are going well beyond the needs of research 
reactors on the whole. 

./. 
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These severe conditions and the absence of margins,except those necessary 
to the safety, with the U-Al HEU fuel.mainly explain the necessity of the 
transformations of the core primary cooling circuit. It must indeed be 
remembered that this reactor was first designed for an operation at a rate 
of 50 MW ; the level of 70 MW was reached in 1968 only, after a small adap
tation of the circulating pumps which were so driven to their limits. 

The primary cooling system consisting of four groups of heat exchangers and 
pumps in parallel, each pump was associated with a heat exchanger. Three of 
these pumpr were used simultaneously. 

For the new fuel, the decrease of the number of plates of each fuel eletaent 
(17 compared with 24 previously) had to be compensated by increasing the 
primary cooling flow rate to imprcve the removal conditions of the core 
power. 

Because of the impossibility to increase the flow rate in each one of the 
exchangers, an adaptation of the main piping allows the connecting of the 
four exchangers to the outlet of each one of the four pumps. A main pipe 
connects the discharge of the pumps to the inlet of the heat exchangers. 
The pumps have been changed and their power increased. In this new situa
tion the reactor is operated with three pumps and four heat exchangers. 

The very works linked to the change of the fuel ran from the end of 1978 
to August i979. It was made use of a longer shutdown of the reactor for 
important maintenance works on the coatings of the storage capacities and 
of the decay tanks. 

The other adaptations for the operation of the new oxide fuel were really 
lesser and limited to some strengthening of the structure of the dry storage 
tanks of the non irradiated fuels. 

The modification of the cladding rupture detection system was already a 
project with U-Al fuel. 

./. 



Changes in expérimentai conditions 

For the experimental irradiations, the important parameters are the 
thermal and fast neutron fluxes levels. The gamma flux causes the libe
ration of additional heat energy which can be detrimental for the cooling. 
A certain quality of the neutron spectrum is aimed at for certain inves
tigations of damage (better ratio of fast to thermal flux). We shall exa
mine the irradiation conditions with the oxide fuel and compare them with 
the previous situation (U-Al). 

The first calculations, then a série of measurements taken in ISIS and' at 
last, the experience of 18 month of OSIRIS operation provide us with an 
accurate idea of the changes in experimental conditions in OSIRIS. 

6.2.1 The fast neutron flux (E > 1 MeV) 

It was showed by the first calculations that the fast flux level 
vas not modified with the new fuel if the core size vas kept. This 
result has been verified from ISIS and OSIRIS. The loss in average 
fast flux level is indeed equal to the increase of the size of the 
core the number of fuel elements being passed from 39 to 44 because 
of the hydraulic and mechanical behavior of the reactor structures. 

6.2.2 The thermal neutron flux 

The very large absorption cross section of the nev fuel, due to its 
high Z 3 5 U loading is reflected at an equivalent total power, by a 
significant drop in thermal flux in the network (35 to 40 Z for these 
experiments). The spectrum quality is however better (gain of about 
40 Z in the fast / thermal flux ratio) for experiments on damage on 
structure materials. 

The drop in thermal flux in the network has no detrimental consequen 
ces on the experimental program, the network being exclusively used 
for its characteristics in fast fluxes. 

./. 
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The l o s s on the thermal flux in the periphery of the core i s , on an 

average, of 15 X. "ut here a l s o . i t has to be taken in to account the 

increase of the s i z e of the core and of the number of a v a i l a b l e 

experimental l oca t ion on the external g r i d s . 

6 . 2 . 3 Gamma heating 

Gamma heating decreases in the network and t h i s i s an advantage 

for some experiments. In the network i r r a d i a t i o n l o c a t i o n s 

U-Al core : 10 to 15 Watt/g 

oxide core : 4 to 8 Watt/g 

State of the experience on OSIRIS 

6 .3 .1 The reactor operation 

The Os ir i s reactor was loaded with the new oxide LEU fue l i n October 

1979. A s tar t -up t e s t cycle took place i n January/February 1980. 

From that time to July 1981, in addit ion of the s tar t -up c y c l e , 12 

c y c l e s of roughly A weeks for each one took p l a c e . The t o t a l energy 

de l ivered by the reactor during th i s period i s 21600 MWD a t 70 MW. 

235 The fol lowing table g i v e s for each c y c l e , the . 0 loading in the 

beginning of the cyc le the energy de l ivered by the reactor the number 

of EFPD of the c y c l e , the average burn-up ef the unloaded fue l e l e 

ments. It has to be pointed out that , for the f i r s t c y c l e , the 

average enrichment was only 6 % with fuel elements at 4,75 Z, 5,62Z 

and 7 Z. The reloadings are done now with 7 Z enriched f u e l . At the 

end of 1982, th i s enrichment w i l l be ra i sed to 7,5 Z 

. / . 
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Cycle 235 
! U loading at the Energy delivered Number of Average burn- ! 
| beginning of cycle MWD EFPD up of the j 

unloaded fuel ! 
eleoentsMWD/T i 

E0 20 733 1 542 22 4 970 ! 

El 20 938 1 546 22,1 9 460 ! 

E2 21 586 ! 1 813 25,9 16 460 ! 

E3 21 397 1 864 26,6 ! 18 670 ! 

E4 21 164 1 670 23,9 20 090 ! 

h 21 555 ! 
j 

1 622 23,2 22 230 ! 

h 21 817 ! 
j 

1 650 23,6 
! 

24 370 ! 

E 7 j 21 875 ! 1 666 ! 23,8 ! 23 850 ! E 7 j ! ! ! 
F. ! 21 482 1 732 ! 

f 
24,7 

f 
24 300 ! 

F 2 i 21 027 ! 
! 

1 774 ! 
; 

25,3 24 860 ! 

! 
F 3 ; 21 408 j 

! 
1 938 f 

! 
27,7 

! 
24 960 ! 

j 
! h ! 20 908 ! 

! 
1 860 ; 

! 
26,6 • 

! 
28 360 ! 

! 
! 

F 5 j 20 480 ! 
! 

994 ! 
! 

13,7 t 
! 

27 455 ! 

! ! ; ; 
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Each fuel element remains in the core for 5 or 6 cycle".. At the 

end of each cycle i t is proceeded to a p a r t i a l refuel l ing and to 

a shuffling of the retraining fuels . 

Working conditions of the fuel and s t a t i s t i c s 

The working conditions of the luel are very hard. Pa r t i cu la r ly , the 

average and maximum specif ic powers in the oxide are well beyond 

those met in PWR reactors or of those for almost a l l the research 

reactors through out the world. 

3 
- average specific power in oxide : 1700 W/cm of U0 ? 

3 
- maximum specific power in oxide : 4300 W/cm of U0 ? 

To oake sure of the satisfactory behaviour of the fuel in the reactor, 
a programme of systematic non-destructive testing was undertaken. 
This involved testing the water channels, performed by a system of 
strain gauges, and a comparison with measurements taken after fabri
cation. It covered all the assemblies unloaded after the first six 
operating cycles, and half of the assemblies unloaded after the 
subsequent six cycles, making 90 assemblies in all. 

This programme, currently under way, will be supplemented by destruc
tive testing of one of the most irradiated assemblies, which has 
reached a bumup of 30000 MWD/T . 

The overall oeasurements thus taken serve to provide a global estimate 
that is statistically representative of the changes in the characte
ristics and of the behaviour of the Osiris Caramel element under ir
radiation. 

At the »tart-up with the oxide fuel, the licensing conditions allo
wed 20000 MWD/T average burn-up for a fuel element. This limit was 
raised to 25000 KWn/T in November 1980 and up to 30000 MWD/T. in 
February 1981. These improvements were founded upon the good behavior 
of the fuel confirmed by the systematic non-destructive testings on 
unloaded irradiated elements. For the moment this average burn-up 
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(3OC0O MWD/T ) i s not reached on the whole o f the elements. I t 

needs to ra i se the enrichement to 7,5 Z. 

Presently 63 elements have got an average burn-up above 20 000 MWD/T 

among, them, 26 have passed beyond 25000 MWD/T and 8 have reached an 

average burn-up between 28000 and 30000 MWD/T.. I t has to be pointed 

out that at an average burn-up of 30000 MWD/T corresponds t o a maxi

mum burn-up of 40000 to 43000 MWD/T for the most irradiated p l a t e l e t 

7. THE CASE OF OTHER RESEARCH REACTORS 

The performance of the fuel in Os ir i s are high enough to cover a l l the p o s s i 

b i l i t i e s of research reac tors . 

On the other hand, the adaptation of Osir is i s not representat ive of the ma

j o r i t y of the e x i s t i n g r e a c t o r s , the power of which i s o f the order of the MW or 

a few MW. In those c a s e s , the change of the fuel might be done without any impor

tant modif icat ion and with a shorter shut-down time than for O s i r i s . An exemple 

for a low power reactor i s given by ISIS, the neutronic mock-up of OSIRIS, the 

power of which i s l imi ted to 700 KW. The change of the fuel bas been r e a l i z e d 

without any modif icat ion of the core s tructures of the coo l ing c i r c u i t or of 

the contro l . The work has been l imited to a strengthening of the s tructures of 

the storage racks , A s for the shut-down time, i t was l i m i t e d t o the time n e c e s 

sary t o the unloading of the o ld f u e l , to the reloading with the new fue l and to 

the measurements of the core parameters for a safe operation (rods e f f i c i e n c y , 

power mapping, neutron f l u x ) . OSIRIS and ISIS are c l e a r l y s i t u a t e d a t the two 

ends of the s c a l e . Between the two, a l l the s i t u a t i o n s are p o s s i b l e and each 

case i s a part i cu lar one. 
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Fig. 3 - Operating l imits of U mm thick Caramel fuel . 
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Fig. 4 - CARINE - delayed-neutron counting evolution during the irradiation. 
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HCTROLOGIC DCS CANAUX 

mn i nsrc t won i ' nsTi 4 
HAX HIN NOT HAX HIN NOT MAX HIM NOT HAX HIM NOT HOT-CANAL CCART '/. 

CANAL 1 (.78 2.96 2.47 2.61 1.45 2.73 CM 2.*S «.77 2.86 2.49 1.74 2.73 0.07 2.4 
CAKAL 2 2.76 2. «1 2. 6* 2.74 2.50 2.42 2.70 2.4* 2.42 2.75 2.53 2.64 2.63 -0.03 -1.0 
CANAL 3 Î.7'. 2.5» 2.63 2.74 2.58 2.66 2.80 2.54 2.67 2.65 2.65 2.72 2.67 0.01 0.1 
ÇAMAL « 2.75 2.57 2.45 2.6* 2.49 2.58 2.63 2.40 2.53 2.56 2.36 2.46 2.55 -0.11 -4.0 
CAUAL 5 2.70 2.55 2.63 2.7* 2.59 2.69 2.02 2,61 2.72 2.81 2.60 2.70 2.68 0.02 0.0 
CANAL * 2.71 2.61 2.68 2.77 2.54 2.6* 2.71 2.53 2.64 2.76 2.57 2.66 2.66 -0.00 -0.1 
CANAL 7 2.7% 2.48 2.60 2.72 2.49 2.60 2.74 2.50 2.63 2.76 2.49 2.61 2.61 -0.05 -2.0 
CANAL 8 2.73 2.41 2.59 2.7* 2.50 2.63 2.74 2.50 2.62 2.71 2.49 2.60 2.61 -0.03 -2.0 
CANAL 9 2.68 2.57 2.66 2.85 2.57 2.49 2.90 2.60 2.74 2.06 2.61 2.74 2.71 . 0,05 1.7 
CAKAL 10 2.7* 2.54 2.67 2.7* 2.5* 2.** 2.7* 2.31 2.64 2.69 2.33 2.61 2.64 -0.02 -0.7 
CANAL 11 2.77 2.«S 2.59 2.85 2.51 2.64 2.02 2.40 2.64 2.03 2.62 2.70 2.64 -0.02 -0.0 
CANAL 12 2.86 2.65 2.75 2.03 2.63 2.72 2.82 2,60 2.70 2.77 2.53 2.64 2.70 0.04 1.5 
CANAL 13 2.87 2.57 2.69 2,83 2.51 2.68 2.84 2.51 2.66 2.06 2.58 2.71 2.68 0,02 0.0 
CANAL 14 2.79 2.5* 2.49 2.82 2.55 2.67 2.78 2.55 2.66 2.82 2.54 2.66 2.67 0.01 0.3 
CtNAL 15 2.77 2.62 2.70 2.84 2,61 2.71 2.85 2.SO 2.69 2.76 2.51 2.63 2.68 0.02 0.8 
CANAL 16 2.84 2.59 2.70 2.81 2.55 2.71 2.83 2.55 2.72 2.83 2.62 2.72 2.71 0.03 1.9 

l-Or 6SK1 2.6* 
tCA*T TTtt 0.87» 

HCTwoLoexe ixremc 

Z X- X* «X- IX» Y- T« IT- IT» 
30. 41.8* 41.83 82.09 82.88 41.14 41.14 82.38 82.19 

110. 41.00 40.93 02.08 02.06 41.17 «1.1? 02.34 02.27 
199. 41.10 41.00 02.1* 82.19 41.05 41.10 82.3* 02.29 
270. 41.17 41.10 82.15 02.20 41.02 41.09 82.37 82.33 
ISO. «1.14 «1.10 02.16 62.20 41.01 «1.00 0!.«1 02.93 
430. 41.12 41.13 02.17 62.22 41.03 41.00 02.43 82.3* 
510. . «1.09 «1.11 02.17 02.23 «l.OS '.1.00 02.45 02.38 
590. 41.09 41.13 62.18 82.21 41.02 41.06 62.43 02.30 
670. 41.07 41.12 62.20 02.23 41.04 41.00 62.47 62.42 
730. 41.07 41.14 62.21 62.25 41.04 41,05 62.50 02.40 
630. 41.04 41.13 62.15 62.21 41.0* 41.0* 62.50 62.44 
910. 42.16 42.19 04.32 64.30 

TOLC'Ahte» SUN IX- , fX» 82.20 • / - .20 
IT- ,2T« 82.40 • / - .20 

04.40 - . 0 5 / - . 1 POUR Z»»10 . 

• PAÎ3AG2 3Vjn CALIBRE JITCS l OUI, 
» PASSES III? GfCAMT • SP3 : ^>W> 
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2 3 5 CARAfCL PLATES - CHARGE OF V PER OKIT AREA CONTROL 

PLATE TOWER : o s 2 W 5 s T 

BOKINAL CHARGE : 9C..S ?.: 

AVERAGE ICSURED CHARGE : *J.fc K»~ 
CORESPONDIKG DEVIATION : j . 4 j 

i/o: (L » 7.0C Z) 
7 3 : >170: 2 <« - C.5) 

j DEVIATION i A ; B ; c ; » | 
; •» - 2 ! 100 ! 200 ! 300 ! 400 ! 

! ) ! 0.4 ! 1.0 ! 1.4 ! 1.1 ! 
! 2 ! 1.9 ! 1.0 ! 0.6 ! 2.8 ! 
! 3 ! 1.9 ! - 0.1 • 1.9 ! 0.5 ! 
! 4 ! - 0.3 ! - 0.2 ! 1.0 ! 1.4 ! 
! 5 ! 1.9 ! 1.2 » 2.0 ! 1.3 ! 
! 6 ! 3.0 ! 0.7 » 0.6 ! 1.5 ! 
! 7 ! 1.6 ! 1.2 ! 1.6 ! 3.3 ! 
! 8 ! 1.1 ! 2.4 ! 1.6 r 1.2 * 
! 9 ! 2.7 I 2.2 ! 1.1 ! 1.5 ! 
! 10 ! 0.9 ! 2.0 ! - 0.0 ! 1.1 ! 
! 11 ! 2.4 ! 0.0 ! 0.6 ! -1.6 I 
! 12 ! 2.1 ! 1.4 I 2.2 1.2 ! 
! 13 ! 2.7 ' 0.9 ! 1.3 1 0.6 ! 
! 14 ! 2.1 0.7 ! 1.1 1.2 ! 
! 15 1 1.3 ! 1.3 ! ' 2.0 ! » - 0.2 ! 
! 16 1.3 » 1.6 ! 2.1 2.5 ! 
! 17 2.5 ! • 2.1 ! 2.3 ! 1.6 ! 
! 18 2.4 « 0.7 ! 2.6 ! 1.4 ! 
! 19 2.5 ! 1.1 ! 1.7 2.0 ! 
! 20 0.6 ! 1.) ! 0.8 0.5 ! 
! 2) ! 1.2 ! 0.7 ! 2.1 ! 1.5 ! 
! 22 ! 2.1 ! 1.2 ! 0.9 ! 2.1 ! 
! 23 ! 2.4 ! 1.5 ! 2.6 ! 1.8 ! 
! 24 ! 0.4 ! ).5 ! 1.1 ! 0.7 ! 
! 25 ! 2.? ! J.7 ! 0.4 ! 2.1 ! 
! 26 ! 1.5 ! 1.7 ! 1.3 ! 1.3 ! 
! 27 ! 2.9 ! 1.6 ! 0.9 ! 2.7 ! 
! 28 ! 2.4 ! 0.8 ! 0.7 ! 1.8 ! 
! 29 ! 1.0 ! 1.0 ! 1.1 ! 1.5 ! 
! 30 ! - 0.1 ! 0.9 ! 1.5 ! 1.6 ! 
! 31 ! 1.2 ! 2.6 ! - 0.2 ! 0.1 ! 
! 32 ! 1.3 ! 1.7 ! 1.2 ! 0.8 ! 
! 33 ! 2.) ! 1.3 ! 0.9 ! J.O ! 
! 34 • 2.5 ! - 0.1 ! 2.0 ! 2.4 ! 

DEVIATION MIN--0.3 MAX»3.3 Z NOMINAL CRAFCE 
235 2 

CHARGE 17CM HOMOGENOUS PLATE 


