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FOREWORD 

The present BR2 Reactor Review Meeting is devoted to the 

presentation of the main results of the joint Belgo-German utilization 

of the BRZ reactor obtained from the year 1974. The meeting is jointly 

organized by the Kernforschungszentrum Karlsruhe, the Kernforschungsanlage 

Jülich and the belgian nuclear research Center (CEN/SCK). 

This report contains all the papers presented at the Review 

fleeting, dealing with R S D work on the liquid metal cooled fast breeder 

reactor, the gas cooled reactors, the water cooled reactor. Other types of 

experiments which can be conducted on a high flux test reactor are also 

covered, together with the most particular irradiation techniques that 

are requested. The perspectives of the future use of the BR2 reactor are 

also included. 
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The possibilities of application of expérimental 

KfK results from BR 2 on SNR designs 

G. Karsten, K. Elbe!, W. Dienst, 

L. Schäfer 

Kemforschungszëntrum Karlsruhe 

Introduction 

Since the BR 2 reactor has been used for the material development of the 
SNR 300 reactor,those main areas have more and more emerged,which have supplied 
relevant results to the technological application for the SNR 300 reactor. 

Starting in 1968 was like sailing with an unknown boat and crew Into an unknown 
sea. Looking back one can say that the mutual confidence of the crew and the 
traveller has made a successful journey. One should imagine that, while going, 
«any Inventions of equipment had to.be made and many targets had to be defined. 
A n d it is my special wish to thank all the people who have spent many years of 
their lifetime on that with enthusiasm, especially the engineering group SEX 
and the GfK working group. They really have done pioneers work. 

Relevant results for SNR 300 

Let us have a look on the subjects of investigation in the SNR 300, Fig. la and lb. 
The main concentration was spent on the core materials and measuring devices. 
Here we have gained relevant experience In fuel mechanical and chemical behaviour, 
both for oxide and carbide. Furthermore the data on high temperature behaviour 
of cladding have contributed remarkably to SNR specifications. Finally hundreds of 
thermocouples have been tested. 

A second category, which will be described in the next paper of this meeting, 
are experiments, which are oriented towards coolant and power disturbances. I would 
like to call this category Special Operational Testing. This category seems to 
be still in its early phase compared to the non-answered questions still in this 
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area. Furthermore, which Is more an outlook to the future reactors,sow more 
developnent work could be done on concrete and Isolating materials. For those who 
are Interested, the tables I. II and III of this paper give more data. 

By full intention this paper Is not dealing with all of the special experimental 
results, but prefers to show the main technologically applicable areas. So It 1s 
worthwile to mention that the scope of work Included bundle testing, where for 
example the Mol 7B experiment gave valuable Information on failed fuel pin 
operation, and Instrumented capsule work such as Hoi 3D, which supplied physical 
data for fuel pin behaviour codes,' for Mol BC, fission gas release, s. Fig. 2. 

Very much care should be taken of the results concerning the fuel clad mechanical 
Interaction. In brief, the results are as follow: 

1. The oxide fuel creep velocity Increases rapidly above 800 °C, Fig. 3. Fuel 
burnup beyond.85 enhances this capability. Olametral changes jf fuel pins 
mainly are contributed to power cycling. Carbide fuel creeps less by a factor 
of about 10. Therefore carbide pins very well may cause pin deformation at 
steady state operation. 

2. The oxide fuel smear density can be chosen as high as 85S th.D., If the 
cladding strain has to be limited to about 0,41, which is a value of 0,10 for 
7S burnup in Fig. 4. . 

An Evaluation of the Cladding and Fuel Situation under BR 2 aspects 

If I turn over to the cladding now, again I should point out that the first 
5 years of the passed decade were a training period to learn experimenting and to 
catch the problems. The second 5 years taught us, that the relevance of our work 
for the SNR 300 was limited to high temperature mechanical data. 

The high temperature mechanical behaviour of the cladding material 1s 
characterized by non-nuclear metallurgy. The nuclear effect is mainly limited to 
He formation by the BIO- or Fe, Ni (n,a) reaction. And the way to minimize its 
weakening effect on grain boundaries, is to precipitate strong- obstacles, 
the so called precipitates. These are mainly M2-(C,B)6 and TiC islands, Fig. 5. 
The parallel intention is to use these obstacles as well in order to increase the 

irradiated materials resistance to pressure during its long operation at high 
temperatures above 600 °C and to minimize the effect of nuclear He-embrittlement. 
The art of this effort is not to overdo, but in addition to keep tha structure 
soft and flexible, the expert says ductile. And this is how he does it: He uses 
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stimulants 1n order to create tht optimal status of th« material. Here It 1s 
tht s k W and exptHmci of tin txptHmtnttr to handle tht stimulants well In 
foni of mechanical tntrgy input:cold work. Temperature treatment which determines 
tht character of tht nttwork of precipitates«properly dateraines tht growth and 
siz» of pracipitates.and llttlt chemical Ingtdrltnts, such as B, C and II, deter
mine tht ratio and quantit1as of tht types of precipitates. So, 1n total this 
1s a thrtt parawttr play in ordtr to optimize tht materials ntchanlcal property 
at high temperature bttwttn tht two extrawas Intergrnnular and transgranular 
fracture (Fig. 6 and 7}. This Is. 1f ont remembers, a research» where nuclear 
effects art of secondary order, but not negligible. Tht research at tht BR 2 
In tht past has resulted In tht relevant high temperature data for tht cladding 
specification for tht SNR 300. This was possible because the He-formation 1n the 
claodlng for SNR Is about 10 times faster than 1n a fast reactor. The future 
research will be devoted to optimization of the described properties. Its 
Justification will depend on tht fact. If tht nuclear qualification of tht cladding 
can bt demonstrated in other reactors with a fast flux above 10 n/cm . This 
demonstration will take about 5 to 10 years from now for the SNR 300 follow on 
cores and later SNR reactors. The reason 1s simple. The main nuclear Influence 
is the displacement of atoms and the complete disturbance of the material in the 

23 2 
atomic scale dimension. The input of some 10 neutrons/cm in the 100 keV and 
MeV range displaces the atoms more than 100 times. This is a dramatic torture to 
tht material, and this 1s superimposed to what was described for the high tempe
rature case, before. One rasy believe, that the clear situation in the material 
which was described before, is absolutely disturbed by the continuous destruction 
of the materials state of order by neutrons on the one hand and the vainless effort 
of the material to regenerate by the healing effect of temperature. This battle 
definitely ends up with a blow up by void swelling, Fig. 8, embrittlement by 
dislocations and in consequence rapid disintegrative flow and early fracture. 
Tht Fig. g Is a threatening demonstration of the just described desaster. The 
dislocation loops, representing the damaged status of missing atoms, shown here 
in a well ordered formation in Nickel have a multiple shape in the cladding steels. 
From what was said, it may be understandable that the research has not yet been 
in the position to understand the manifold damage processes up to now. Only 
indicative answers and methods can be given, which material can sustain this 
destruction for the target time of about two years. All what can be said today 1s 
that the material can make it for one year. It will take very much more fundamental 
research, but finally the proof on a statistical an technologically relevant basis 
only can be given by the SNR 300 or similar reactors in about 5 - 1 0 years from now, 
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because all of the running snail test reactors would need 2 to 3 times longer, 
and they are not capable to test components In technological dimensions over 
such a long period. All this is valid for SNR materials and SNR designs. 

This situation has an Influence on the timing of such safety or off-normal expe
rimental testing, where the deformation velocity of the cladding plays a charac
teristic role, Fig. 10. To-day it would be premature to perform such experiments 
in the BR 2, even with pins, which have been preirradiated in a fast flux without 
accompanying outpile material programnes. The reason is threefold: 

1. No systematic studies have been done yet on SNR cladding on their behaviour 
under off-normal conditions. So future fuel pin experiments need such an input 
for better relevance of their results. Such experimental programmes were initiated. 

2. The internal chemical attack of preirradiated pins creates an undefined 
cladding status in the sense of fracture mechanics. 

3. As said before, due to the complexity of irradiation damage phenomena, only 
such pins are relevant under point 2 which have undergone realistic damages. 

22 23 2 
This requires doses from reactors from 5x10 up to 1,5x10 n/cm . 

In conclusion, systematic cladding research still is missing, and pins with a 
minimum of inner corrosion from prototype fast reactors have to be supplied in 
order to do most relevant testing of the category specified above. 

So, for further tests in the BR 2, the targets are to test new and.better fuel 
and to study optimized cladding materials for high temperature behaviour, if the 
fast flux results are indicating promising alloys. In the meantime, outpile 
transient testing with preirradiated specimens may help to define an inpile off-
normal testing matrix with prototypie fuel pins. 

Further Development of Structural Materials 

The structural materials, which are everything except subassembly materials, mainly 
are the group of 1.4948 and ferritlc steels and the ceramics, concrete and 
Isolating materials. The steels are tested in the HFR at Petten. The concrete 
and Isolating materials are planned for a BR 2 materials testing series. The 
concrete is one of the most complex materials known. In a similar way as with 
metal its mechanical properties are decreased by neutron damage in the dose range 
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of 1 0 " - 1 0 " n/cm , this »tans practically fro» the beginning of their operation. 
The reasons are not yet understood in detail but the steadily changing concen
tration of Mechanically and physically fixed water changes the structure of the 
concrete continuously. In addition water Is unstable under neutron Influence, so 
the Ingredients of radlolysis are affecting the concrete In many ways. One of 
the« e.g. 1s the swelling of concrete due to Iron oxidation by radlolytic oxygen. 
Another subject of studies Is the water release mechanism during quick temperature 
changes. There are many more parameters still to be tested, which seem to promise 
a larger research area for the future. 

Suwary 

The first 5 years of the experimenting period were a learning phase. The second 
S years have lead to the description of fuel pin behaviour under the aspect of 
chemical and mechanical fuel clad interaction for SNR 300 operating conditions. 
Furthermore the specification of the cladding for the SNR 300 was possible for 
the SNR 300 1n terms of high temperature mechanical behaviour. 

For the future the following procedure 1s proposed: 

A careful systematic analysis is necessary in order to find, which are the urgent 
research topics for which the BR 2 as a test facility should be used. The following 
areas seem to be Important: 

1. Optimization of cladding for high temperature performance on promising alloys, 

after they have been screened out by fast flux testing. 

2. Off-normal and safety tests with well defined fuel and fuel pins, selected 
from prototype reactor tests, with the assistance by an out of pile transient 
cladding test program. 

3. Concrete and isolating materials testing. 

4. Testing of new fuel types for future SNR application. 

r.s. 
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FIG 5 HELIUM PRECIPITATION IN STEEL CLADDING MATERIAL, 
WHITE SPOTS, AND CARBIDE PRECIPITATION AT THE 
GRAIN BOUNDARY, LIGHT ISLANDS 

FIG 6 INTERGRANULAR FRACTURE DUE TO HIGH 
TEMPERATURE EMBRITTLEMENT 
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FIG 7 TRANSGRANULAR FRACTURE, 
TYPICAL FOR DUCTILE MATERIAL 
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TABELLE I: HCLL- UND STRUKTURMATERIAL IM SNR-KERN (Mk Ia) 

W e r k s t o f f 

i . 4970 , KV/A 

1.4970, KV 

t .4981 , KV 

INCONEL 718 
STELLIT 6 

1.6770 

1.4948 

Komponente 

Brennstab- und Brutstabnülle 

Absorberstabhülle 

BE-Kasten; Abstandshaltari BE-Struktur-
stangen; Führungsrohr Absorber 

BE-Pflaster; Varschla iBte i le 

Kernhalterungsring 

G i t t e r p l a t t e ; BE-FuBj Reflektor 

TABELLE II: CHEMISCHE ZUSAMMENSETZUNG (NOMINELL) VON 
SNR-WEEKSTOFFEN (Gew.-%) 

Element 

1.4970 

1.4581 

IHCONEL 718 

STELLIT 6 

1.4948 

1.6770 

Cr 

IS 

16 

13 

29 

18 

2*/4 

Ni 

15 

16 

Rest 

3* 

11 

0 ,5 

HO 

1.2 

1,3 

3 

1.5* 

O.S* 

1 

S i 

0 ,4 

0 ,4 

1,5« 

0 ,7 

0 ,3 

Nb 

-
0,8 

5 

-
-

1 

Ti 

0 , 4 

-
0 ,9 

-
-
-

C 

0,10 

0,06 

0,08 

1 

0,06 

0 ,1* 

Sonst ige 

Rest Fa. 0,006 B 

Rest Fe 

0,6 AI 

5 W, 3 Fe*, Rest 

Rest Fe 

Ta/Nb a 10 C 

Co 

TABELLE III: METALLURGISCHER ZUSTAND DES BRENNSTABHULLROHRES 
UND KASTENMATERIALS 

1.4970 

1.49S1 

Läsungsglöhen 1080 - 1120 °C, 5 - 1 0 min 
+ 12 - 20 % kaltverformt (QuerSchnittsreduktion) 
+ 800 'C/Z Std. 

LSsungsglühen 1050 - 1100 °C 
+ 12 - 20 % kaltverformt 

AUS KFK 2416 
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In-pil* investigation of local cooling disturbances in LMFBR's (MOL 7C) 

H. Kramer , G. Vanmassenhove 

Kernf orschungszentruiD Karlsruhe GmbH 

Studiancentrun voor Kernenergie/ 
Centre d'Etude de 7.'Energie Nucléaire, 
CEN/SCK, Mol 

1. General aspects 

In the safety analysis of LMFBR'a, local cooling disturbances in single fuel 

elements are considered as a possible mechanism to initiate severe core acci

dents /~1_7. Local disturbances may occur as consequence of cladding 

failures and/or changes in the pin bundle geometry. In general, it is supposed 

that single cladding failures can not be ruled out during reactor operation. 

For example they may originate from randomly distributed manufacturing defects 

and/or operational stresses. Bundle geometry changes arise from bowing of fuel 

pins caused by radial temperatur differences, from burn up induced swelling of 

the cladding, possible deposition of fuel and other particles in the primary 

coolant, and maybe failure of spacers. For the assessment of the damage po

tential of these types of local disturbances,analysis of failure propagation 

possibility to the whole fuel element is of speciel importance (pin to pin 

failure propagation); furthermore, the propagation to neighbouring elements 

(subassembly to subassembly failure propagation). 

In 1974 the Fast Breeder Reactor Project in Karlsruhe decided to perform 

a common program M0L-7C in connection with the C.E.N./S.C.K., Mol to demon

strate that according to the recent state of knowledge, fast failure 

propagation from pin Co pin as consequence of local disturbances does not 

occur and to investigate failure detection methods able to shut down the 

reactor prior to the occurence of a subassembly to subassembly propagation . 

II.1. 
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2. Current investigations 

Whereas only a few experimental studies apply to the formation of local 

blockage« (for example Z~2_7), the thermohydraulic behaviour of local 

blockages, especially with small axial extent, is the objective of extensive 

out-of-pile experimental and theoretical studies in the Kernforschungszentrum 

Karlsruhe GmbH (for example jZ, 4, 57), in the Energy Research Center Petten 

16, y , in the CEA-research Center at Grenoble £~8_7, in the Oak Ridgts 

National Laboratory, USA [9, Io7 and in different laboratories in Great Britain 

and Japan. These studies with electrically heated pins serve mainly for a 

better understanding of the flow and temperature distributions behind flat 

and non porous local blockages as well as the boiling phenomena occuring in 

the worst case. Due to the experimental technology normally applied, out-of-

pile investigations beyond the occurence of local dry-out in the boiling 

regit»; are not possible. Therefore, studies of the fuel pin bundle behaviour 

beyond the occurence of local dry-out are only feasible in-pile. These experiments 

alio« the simulation of the interaction between single pins and the 

hydrodynamic behaviour of the bundle up to pin destruction. Although there 

are a lot of in-pile experiments performed or planned for a fuel pin bundle 

geometry (the experimental programs in the TREAT-facility ^11, 12/, the Sodium 

Loop Safety Facility program series SLSF ^13/, the SCARABEE program) only a 

few of them concentrate on attestions with regard to the analysis of 

local cooling disturbances, M0L-7C being the only one already performed with 

a 37 pin bundle. 

3. The Mol 7C-Program 

The current Mol 7C-program comprises three experiments with a 36-rod bundle 

of fresh U02~fuel. 

3.1 Objectives of the program 

By insertion of a local blockage with a certain axial extent, coolant boiling 

within the partially blocked region shall be enforced and failure of some fuel 

rods shall be initiated. Before starting the transient phase of the tests the 

fuel bundle shall be irradiated in the reactor for several days in order to 

achieve fuel restructuring. The main objectives of the "Mol 7C" program are: 

- Information about the influence of a local cooling disturbance on the be

haviour of fuel pins and cooling conditions within the fuel assembly, i.e. 

answering the question of the possibility of a pin to pin failure propaga

tion and the extension of the local disturbance to the total cross section 

II.2. 
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of Che aeseobiy by thermo-hydrodynamic effects. 

- Improvement of methods for Che early detection of local diaturbancas and 

damage«. 

- And aa an additional option: 

Information about the behaviour of a fuel pin bundle during an integral 

cooling diaturbance with tranaition to partial pin melting. 

In detail the ezperiaental reiulta «hall contribute to a better understanding 

of the following questions: 

- Temperature distribution within and behind the local blockage; 

- Boiling phenomena and extent of local boiling; 

- Release of filling gas and influence upon the cooling after clad failure; 

- Behaviour of molten cladding am? fuel, for example the formation of 

secondary blockages by freezing or deposition of molten material and fuel 

particles; 

- Occurence of pressure pulses as a consequence of thermal interactions be

tween molten material (steel, fuel) and coolant (FCI); 

- Conversion factor of aa eventual FCI; 

- Fragmentation of fuel; 

- State and time behaviour of a partially damaged fuel element; 

- Demonstration of the ability of methode for an early failure detection. 

3.2 Description of the test facility 

The experiment are performed in a special sodium loop in the BB2-reactor•at 

Mol. The facility is designed for testing of large fuel pin bundles under 

conditions similar to those in a sodium colled fast breeder reactor. The. test 

facility comprises three major parts: 

- the in-pile section with a primary sodium circuit, 

- the out-of-pile equipment with a secondary helium and a tertiary water 

circuit, 

- the instrumentation system with the process and test instrumentation in

cluding the data acquisition devices. 

The in-pile section with a length of 8.2 m and a diameter between 122 mm and 

about 300 mm is inserted in the central channel of the BR 2-reactor and is 
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£ii»d at th« reactor top nozzle. Th« in-pil« section can ba handled a« on* 

unit. During irradiation, th« in-pil« taction is connected to the out-of-pile 

equipment by means of a removable connection tube and by flexible hoses for 

pressure control and instrumentation «ires. The test section is surrounded by 

a cadmium screen for providing an cpithermal neutron flux in a thermal reactor 

environment. The in-pile section contains the complete primary sodium circuit 

enclosed in a pressure Cube which is part of the secondary helium system. The 

main components of the primary sodium system are: 

- Two electromagnetic sodium pumps of the annular induction type. 

- The sodium/helium heat exchanger designed as a concentric tube-shell unit. 

- The sodium expansion tank which is placed between the heat exchanger and 

the test section. 

• pin with high temperature 

T/C 

o pin with pressure sur

veillance 

a T/C within the blockage 

Fig. I : Cross section of the test bundle with local blockage 

The test section contains the fuel pin bundle which consists of a 37-rod for

mation with 30 fuel rods, a central dummy rod and 6 corner dummies (Fig. I). 

The total length of the pins is 300 am, with a fissile length of 400 mm. The 

U-,--enrichment is 90 Z for the inner row, 80 Z for the middle and 65 Z for the 

outer row. This distribution yields a uniform radial rod power about 400 W/cm 

maximum. By fabrication, the fuel rods are filled with helium. The rods, with 

an outside diameter of 6 mm are spaced by grids with a pitch of 7,9 mm, as 

the SNR Mk la fuel element. The fuel bundle contains a local blockage located 

in the region of maximum power. This local blockage comprises the six inner 

pins and half the 12 pins of the second row. The axial extension is 40 ma. 
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Th«! blockage confite* of a cage filled with steel ipberei with a diameter of 

0,5 am. la order to avoid an impairment of fuel rods within the blockage 

during preirradiation, the blockage is additionally cooled via the central 

duuny tube. The transient phase is initiated by interrupting this enforced 

cooling by means of a pneumatically operated valve. 

The sodium circulation in the loop is as follows (see Fig. 2): Starting from 

the pump outlet, the sodium flows downwards in several pipes along the pumps 

and the heat exchanger. The downward flow is continued in the outer annulus 

of two concentric pipes. After flowing downwards in the outer annulus of the 

teat section and making a 180° turn, the flow is upward over the fuel bundle 

and in the annular by-pass. These two sodium streams join again below the 

expansion tank. Before entering the expansion tank the coolant of the fuel 

bundle passes a filter, which will retain larger particles of fuel, transpor

ted by the sodium in case of a pin failure. The sodium flow continues upwards 

through the expansion tank, through the sodium-helium heat exchanger and the 

flowmeter to the suction side of the pumps. A gas gap is provided between the 

cold and hot sodium stream in the test section, to provide for a flat tempera

ture distribution in the fuel pin bundle. The integral thermal-hydraulic 

conditions of the fuel bundle can be modified by means of another valve at the 

entrance of the fuel section. 

The out-of-pile equipment mainly consists of: 

- The secondary helium circuit for the heat removal from the in-pile section 

and the cooling of the sodium pumps. 

- The tertiary water circuit as the final heat sink. 

- The auxiliary circuits, especially the sodium covergas and fission product 

removal system, the helium supply to the gas gap of the test section, the 

helium supply system for operation of the two valves at the bundle inlet. 

The in-pile sodium loop "Hol 7C" is equipped with two kinds of instrumenta

tion system: 

- Process control and protection system (essentially steady state operation), 

- instrumentation and data acquisition for the transient phase of the 

experiment. 

The process control and protection instrumentation observes the general 

behaviour of the loop during steady state operation. The main purpose of the 

process instrumentation is to know and/or control the parameters of Che loop, 

especially by means of temperatures, pressures and flows of the different 

circuits. These parameters are also used to initiate safety actions, either 

on the loop, or on the reactor. The data aquisition stores the parameters, 

U.S. 
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^ T g 3 3 l o t i ) BUNDLS OUTLET 

ElOMoiOffl CENTRAL S 

.(TEM M 3») LOCAL BLOCKAGE 

FUEL PIN CENTER 

Fig- 2: Schematic representation of the in-pile loop with instrumentation 
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which »re measured in the specific transient test. For the recording of the 

transient phenomena the following instrumentation devices are provided 

(see fig. 2): 

- 17 thermocouples (Ni/CrNi and ff'Re) at different positions of the test 

section, 

- 3 thermocouples (W/Re) in the neater of fuel pins, 

- 6 pressure transducers at bundle inlet and outlet and in £he expansion tank, 

- 5 pressure transducers for clad failure detection, 

- 4 accoustic noise detectors at the bundle outlet and expansion tank, 

- 2'flowmeters for the bundle flow rate and one permanent magnetic flowmeter 

for the total sodium flow rate, 

- molten fuel detection by 3 bi-axial cables, 

- position indicators of the valve at the inlet of test section and the valve 

shutting off the coolant to the local blockage, 

- delayed neutron measurement at the top of the loop in the reactor pool. 

The test signal recording is done by four magnetic tape units. Moreover, two 

high speed strip chart recorders are used for uata logging. The most important 

signals are recorded redundantly on several units in parallel. In this «ay, 

the main parameters are recorded even if one or two recorders fail. Three 

12-channel do*- printers are used in addition to monitor the test instrumen -

tation during the pre-irradiâtion pericc. To synchronize all recording 

instruments during the test run, real time marks are generated by a quartz 

oscillator recorded on the voice channel of each unie. 

To be able to controll all conceivable failures during the test sequence, 

redundant,inherent and instrumented safety devices are provided; especially 

the multi-concentrical pressure tubes and the signals authorized to initiate 

reactor shutdown, i.e. sodium temperature in the bypass, sodium flow, and the 

melt through detector below the bundle (all in a 2 out of 3 arrangement). The 

inherent safety of the loops is based on its capability to withstand high 

pressures and temperatures. The design capability of the loop are different 

for the in-core section and Che remainder of the loop. The in-core section 

may be subjected to local dynamic pressures, while the remainder experiences 

only attenuated pressures. The in-core section must accommodate local pressures 

and temperatures possibly extremly high following pin melt-down. The large 

gas volume in the sodium expansion tank at short distance from the bundle 

outlet, attenuates the eventual pressure pulses. The structural lay-out of 

the in-pils section is designed following the rules of section III and VIII 

of the ASME boiler and pressure vessel code for the steady state design 
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conditions, Tht transient pressure loadings from eventual intaractiona in cba 

caat zona ara avaluatad by cal culation» with existing eodaa for thia phenomena. 

Thaac «valuation« indicate that the pressure pulses can be safely handled in 

the envelope of the design pressures. 

In the test zone, the fuel bundle is separated from the wall of the primary 

containment by three tubes, two made of stainless steel, the third one made 

of niobium. A small gas layer separates the niobium tube, close to the fuel 

bundle, from the next stainless steel tube. The test section is especially 

designed to retain the molten fuel. The first barrier, preventing melt-

through iê a niobium tube of 2 mm thickness. The outer surface of this tube 

is covered with a Zr02 layer. Further, the flow divider, one of the above 

stainless steel tubes is covered with a tungsten sheet. At the bottom of the 

test section,, there is a tungsten cup for the collection of molten fuel, 

drained from the central part of the test bundle. Around the primary contain

ment of the sodium system, there is a second containment. Between the two 

containments, there is an inert gas barrier, allowing supervision of the 

integrity of the two containments. The second containment should remain 

intact under all possible conditions, even unlikely and unforeseen events. 

3.3 Performance of the experiments 

The first and second experiment, both with a blockage of steel spheres 

were performed in Hay 1977 and March 1978, respectively. The third experi

ment with a blockage of highly enriched UO.-spheres is foreseen to be per

formed begin of 1979. 

Each fuel assembly was preirradiated for about 12 days, corresponding to a 
21 2 

maximum burn up of 2,5 MWd/kg and to a fluence of roughly 1.10 a/cm . In 

both experiments the starting conditions for the transient test phase were 

nearly the same with the exception of the filling gas pressure in the fuel 

pins (see table 1). 

The transient phase was initiated by interrupting the additional cooling of 

the local blockage region. In both experiments the sequence of events 

developed in a similar way. For example some characteristic results of the 

first experiments arc given in table 2, where the time basis is the start of 

temperature increase in the blockage. 
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Dim. 

°C 
°C 
kg/s 

m/s 

bar 

W/cm 

Mtfd/kg 

bar 

Mol 7C/1 

380 

730 

0,9 

1,1 

2 
400 

2,5 

60 and 53 

Mol 7C/2 

380 

740 

0,9 

1,1 

2 

410 

2,5 

12 and 10 

Table I : Starting conditions for the transient test pba*« 

Temperature bundle inlet 

bundle outlet 

Na-Flow 

Velocity within the bundle 

Covergas pressure 

max. linear rod power 

max. burn up 

gas pressure in the pins 

Table 2 t Measured data of significant events (Mol 72/1) 

10.8 s Saturation temperature reached in the blockage (TE 37). 

12.6 s Onset of dryout in the blockage indicated by TE 37. 

12.6 * First pin failure detected by flow meter FE 22 

(sodium displacement by the filling gas of the pin). 

13-18 s Oszillation of the bundle outlet temperatures. 

14.1 s Start of increase of DND signals. 

15.0 s Temperatures in the blockages reach steel-melting 

point (TE 35, TE 36, TE 37); indication of relocation of molten 

steel by rapid temperature increase (TE 39). 

17.0 s Onset of rapid temperature vacation in the fuel pins (TE 102) 

indicates loss of fuel integrity. 

16,7-26 • Pronounced temperature oscillation in the blockages caused by 

material displacement processes. 

30 s Stabilisation of the bundle flow rate at 90 X of its initial 

value and simultaneous increase of the bundle outlet temperature 

as a consequence of the formation of secondary blockages. 

30 s Further operation at full reactor power for 48 Min 

without further significant events except another pin failure 

at 24 Min 44 s (FE 35). The slow pressure decrease in the pin and 

the missing reaction of the flow meters upon gas bubbles suggests 

the assumption of a small leak. 

43 min Shut down of the reactor. 
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Typical signals for on* temperature within eh* blockage and for one 

température and the (odium flow at the bundle outlet are given in figure 3 

a« an original part of a magnetic tape recording. It it evident that an 

increaae in the coolant temperature at the bundle outlet corresponds to a 

decrease of the bundle flow, caused by the formation of secondary blockages 

within the pin bundle. 

The post test examination of the first in-pile section by neutron radiography 

at Mol and by Betatron measurements at Karlsruhe showed considerable material 

relocations within the fuel bundle. This results are confirmed by the post 

mortem analysis of the bundle recently under way in the hot cells at Karlsruhe. 

0 10 20 30 «0 50 60 t [s] 

Kg. 3: Characteristic signals for temperatures and flow (Mol 7C/1) 

3.4 Conclusions and further proceeding 

The Mol 7C program aimed at the investigation of consequences of local cooling 

disturbances in fuel pis bundles up to pin destruction. 

Having performed the first two experiments of the experimental series, it has 

been proven, that the objections of the program could be iaet satisfactorily. 

On the basis of a preliminary data analysis and posttest investigation work 

for the first experiment, the following statements can be made: 
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- After initiation of the local cooling disturbance, local sodium boiling 

occured, several fuel pins failed and relocation of molten clad material 

took place. 

- Local sodium boiling was detected via noise - and temperature - signals 

during Che whole time of reactor power of about 48 minutes after initiating 

the locel disturbance. 

- There was no fast pin to pin failure propagation to the whole cross section 

of the fuel bundle observed. 

- Cooling of the bundle itself was guaranteed during the whole time of reactor 

operation. 

- As predicted.these results confirmed - at least for a pin bundle with fresh 

fuel and an inactive local blockage - that a fast pin to pin failure propa

gation did not occur and integral cooling of the bundle was not endangered. 

These conclusions were verified by results of the second experiment. The 

sequence of events were quite similar to the one of the first experiment, but 

with a considerable milder failure development. 

The hot cell examination of the second test section will start in the autumn 

1978, The third experiment is foreseen to be performed in beginning of 1979. 

This meens, that the MOL 7C program covering fresh fuel experiments will be 

terminated in 1980. Actually a feasibility study for a H0L-7C follow on program 

is underway to explore possibilities for further use of the BR-2 reactor as an 

in-pile safety test facility. This investigation concentrates on an experimen

tal program to clarify the influence of burn-up on consequences of local 

cooling disturbances and to simulate pump flow coast down accidents. Optio

nally the feasibility of experiments with regard to post accident heat removal 

problems are discussed. 

rr.u. 



- 12 -

D. Smidt and K. Schleisiek: 

Fait Breeder Safety against Propagation of Local Failures-

Nuclear Engineering and Design 40 (1977) 393-402 

G.F. Schultheis: 

analyse der Bildung lokaler KlihlungsstSrungen in 

schnellen natriumgekühlten Brutreaktoren. 

KFK-Bericht 2331, Sept. 1976 

K. Schleisiek: 

Natriumexperimente zur Untersuchung lokaler KUhlungs-

stSrungen in brennelementähnlichen Testanordnungen. 

KFK 1914, Februar 1974 

F. Huber, H. Peppier: 

Form and Development of Boiling Behind a 49 Z Central 

Blockage in a 169 Fin Bundle. 

Meeting of the Liquid Metal Boiling Working Group, 

Petten, June 1-3 (1977) 

F. Huber, D. Roberts: 

An evaluation of the boiling oscillations observed in the 

49 Z central KNS local blockage experiment. 

Meeting of the Liquid Metal Boiling Working Group, 

Petten, June 1-3 (1977) 

J.E. de Vries, B. Dorr: 

A local boiling experiment with simulated IlffBR-

subassembly. 

Meeting of the Liquid Metal Boiling Working Group, Petten, 

June 1-3 (1977) 

J. E. de Vries, B. Dorr: 

Some aspects of local boiling behind a 70 J central 

blockage within a simulated LMFBR-subassembly. 

Meeting of the Liquid Metal Boiling Working Group, Petten, 

June 1-3 (1977) 

11.12. 



- 13 -

Ci J B. Menant: 

Nudeation boiling and dry out behind a sodium tight local 

blockage in a 19 pin bundle with helical wire spactra. 

Meeting of the Liquid Metal Boiling Working Group, 

Petten, June 1-3 (1977) 

£~9_7 M. H. Fontana et.al.: 

Thenno-Hydraulic Effect* of Partial Blockages in 

Simulated LMFBR Fuel Assemblies with Application to 

the CBBR. ORNL - TM - 4779 (1975). 

[\QJ J. T. Ban and H. H. Fontana: 

Blockages in LMFBR Fuel Assemblies. 

The Hinter Annual Meeting of the American Society of 

Mechanical Engineers, Atlanta, Nov. 27- Dec. 2, 1977 

Symposium on the Thermal and Hydraulic Aspects of Nuclear 

Reactor Safety, Vol. 2, p. 51 - 121. 

I'll J A. B. Rothman et. al. 

Results of Recent TOP and LOF Experiments in TREAT. 

Proceedings of the International Meeting on Fast Reactor 

Safety and Related Physics, Chicago, Oct. 5-8, 1976, 

p. 1625 - 1646 

^~I2_7 B. W. Spencer: 

Summary and Evaluation of R-Series Loas-of-Flow Safety 

Tests in TREAT. 

Proceedings of the International Meeting on Fast Reactor 

Safety and Related Physics, Chicago, Oct. 5-8, 1976, 

, p. 1647 - 1657 

fl3_7 G.L. Bordner et.al.: 

Post-Test Evaluation of the SLSF Loss-of-Flaw Safety 

Experiment P 2. 

Trans. ANS 27, San Francisco 1977, p. 506 - 507 

11.13. 



GSB FUEL ELEMENT IRRADIATION IN BR2 

W. Krug, H. Euringer, H. Stechemesser (KFA), 

G. Vanmassenhove (CEN/SCK), 

W. Jung (KWU). 

Kernforschungsanlage Jülich GmbH (KFA}, 

Centre d'Etude de l'Energie Nucléaire (CEN/SCK), 

Kernkraftwerk Onion AG (KWU). 

The He-Loop-Mol in the BR2 is a test facility designed and con

structed for the irradiation and investigation of GCFR-Test-Fuel-

Bundles under realistic operation conditions. The main aim of the 

running irradiation programme is to prove the feasibility and the 

applicability of the GCFR-fuel element concept with pressure 

equalized fuel rods. 

It's the first time that the performance of GCFR-fuel rod bundles 

and especially of the pressure equalization system can be studied 

under dynamic and realistic ojsration conditions and hopefully 

over a long range up to high burn ups. 

This programme is a common effort between KFA Jülich, KWü-Erlangen 

an<° CEN-Mol with the participation of KfK-Karlsruhe and GAC-San 

Diego. 

The test fuel elements (Fig. 2) are hexagonal 12-rod bundles with 

a total length of 1460 mm. They show all essential design charac

teristics of a GCFR fuel element, which are for instance: 

- artificial roughness of the cladding surface for the improve

ment of heat transfer, 

- charcoal traps inside the individual rods and one common trap 

outside, 

- axial blanket zones, 
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- pressure equalized fuel rods, which are connected to the vent 

connection via the manifold and the element trap. 

The test facility, the "He-Loop-Mol", is designed in that way, 

taht all characteristic operation conditions can be realized. 

The table (Fig. 1) shows a comparison between the situation in 

the He-Loop-Mol and a GCFR-Power-Pant. It can be recognized 

that differences, wich are remarkable, are only existing in the 

size and geometry of the fuel elements, wich naturally depends 

on the limited space in a test reactor, and in the operation 

pressure, wich is lower in the He-Loop-Mol. But this causes no 

disadvantage, because the He-Loop-Mol is operating with a full 

operable and complete equipped pressure equalization system. 

Therefore the operation pressure doesn't play a major role 

concerning the irradiation behaviour of the test fuel element. 

Fast fluence effects cannot be observed because of the consi

derable lower fast flux. 

The pressure equalization system is divided in the fuel element 

internal part, consisting of the rods, manifold, and element 

trap, and the external part as part of the facility, which is 

containing the fission gas separator system. The vent connection 

is the detachable connection between these two parts of the 

pressure equalization system. The fission gases released from 

the fuel are diffusing along the gap between fuel and cladding 

and through the element trap to the vent connection. This 

timely process causes, that under static conditions only 

longliving isotopes are leaving the fuel element. The vent 

connection is formed as a conical metal seal, which isolates 

the exit hole of the fuel element against its ambiency. An 

artificial leakage allows a defined bypass flow to the main 

cooling stream to pass the vent connection, which transports 

the vented f.tssion gases to the separator system. Another 

essential function of the pressure equalization system is to 

remove the system pressure from the claddings. 

The pressure inside the fuel rods is the same than at the vent 

connection, which is smaller by the pressure drop of its defined 

leakage than the fuel element outlet pressure. This causes, that 

the pressure inside the rods is in minimum always smaller by this 
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Ap them the outer pressure. In case of a cladding leakage Helium 
will flow Into this rod and prevents the free fission gases from 
leaking out into the main loop. 

The Inpile Section, a double-walled pressure vessel, which is in
stalled in a 200 mm channel (H4) of the BR2 (Fig. 3 ) , contains 
the test fuel element within the region of the core zone. It is 
surrounded by a driver fuel element, which contains a Cd-screen, 
so that the test fuel element is exposed only to a fast to epi
thermal neutron flux. By that means the radial temperature dis
tribution and therefore also the release mechanism is roughly 
the same than in a GCFR-fuel element. Since the test fuel ele
ments contain the original length of the upper blanket, which is 
deciding for the release behaviour of the fuel elements, it is 
expected, that the results of chese experiments are directly 
transferable to original GCFR-fuel elements. 

The Helium, cooling the fuel element and removing the fission 
power, flows downwards through the fuel element. The mass flow is 
adjusted and controlled by the operation mode of the Main loop 
(Fig. 4) so, that the specified rod surface temperatures are 
reached. Pressure, gas temperature and mass flow are controlled 
constant. In case of a scram, which causes a very sharp power 
reduction, the rod surface temperatures also decreases very 
sharply. To avoid a temperature shock of the claddings, in a 
power plant the mass flow will be reduced by a fast corresponding 
reduction of the rotational speed of the electrical driven and 
gas beared blowers of the main loop, here a bypass to the blowers 
is opened, so that the mass flow is subdivided in two paths, one 
smaller through the fuel element and the second through the 
blower bypass. Hereby the flow rate through the fuel element is 
reduced well defined and the sharp temperature decrease is mode
rated. /^ 

The fission gas separator sys,tem ( SPAGS ) , which is an important 
part of the pressure equalization system, is directly connected 
to the vent connectionrin the Inpile-Section. The carrier gas for 
the fission gases being vented out of the fuel element, is passing 
first the plate-out-system. It contains a water-cooled plate-out-
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pipe and a filter to remove volatile and solid fission products 

eventually vented out of the fuel element. The fission gases are 

removed by LN,-cooled charcoal filters. Two of them are arranged 

in parallel as operation filters, while one of them is in opera

tion and the second serves as a spare filter. A third one is ar

ranged in series as a safety trap, which is in operation con

tinuously. 

The Y-spectra of the vented fission gases can be recorded by a 

Ge-Li-detector and the various isotops can be determined quali

tatively and quantitatively. 

Chemical active impurities are removed by the Purification system. 

To have the same chemical environment for the test fuel elements 

in the test facility than for fuel elements in a power plant, 

the cooling gas can be enriched with moisture and Hydrogen by 

the Injection system. It is expected that in a power plant, 

caused by leaks in the steam generators, always a certain level 

of moisture in the cooling gas is existing. To compensate this 

Oxygen potential in order to avoid cladding and fuel corrosion. 

Hydrogen is inserted. 

For the long term irradiation of HELM 3 in the He-Loop-Mol a 

moisture level of 30 vpm and a ratio of H2/H,0 of 3, corresponding 

to a Hydrogen level of 90 vpm, was fixed. This artificial impuri

ty level can be measured and controlled by the Analysis system. 

The running test programme in the He-Loop-Mol includes the irra

diation of three test fuel elements, which are called HELM 1, 

HELM 2 and HELM 3. The first irradiation with HELM 1, a dummy 

test element, has been started in June 1977 and run over three 

reactor cycles. 

The second irradiation with HELM 2, an UO, fuelled test element, 

has been started in November 1977 and has been in operation for 

two reactor cycles until beginning of February. A third cycle 

followed with the fuel element in the lifted position for de

caying. 

The main irradiation with HELM 3, containing O/Pu mixed Oxide 
fuel, has been started at the 20th of April 1978 and shall be 
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continued up to a burn up of about 50.000 MWd/t. 

The main result of the HELM 1 irradiation was the determination 

of the Y-power of the test fuel element, its timely development 

and the dependence of the position of the control rods. These 

results are necessary for the calculation of the linear rod 

power and the rod surface temperatures for HELM 2 and 3. 

The irradiation of HELM 2 was a prerunner for HELM 3. It should 

bring first results about the performance of the test fuel ele

ment and the pressure equalization system and it should prove, 

that the element power and all operation conditions can be 

reached as required. This also was the first opportunity to 

operate the test facility with full power, full temperature and 

full activity. Also first experiences could be gathered with the 

handling of the very high amount of activity vented out of the 

fuel element and trapped out in SPAGS. All these experiences, 

positive and negative, were necessary to be sure, that the 

operation of HELM 3 can be performed well prepared and hopefully 

successful. 

Beside a lot of valuable operation experiences, beside the proof, 

that all required operation conditions can be realized satis

factorily and beside first informations about the performance of 

the test fuel element and the pressure equalization system two 

fundamental cognitions could be achieved from the irradiation of 

HELM 2: 

1. It could be finally and originally proved, that the high 

specific power densities of fast breeders can be removed and 

controlled safely with Helium as cooling medium. 

2. The satisfactory functioning and performance of the pressure 

equalization system could be proved. 

The vent fraction of Xe-133 into the Separator system was 

2-3 %, as expected. The vent fraction into the Main loop 

reached about 7.5 • 10 , a value comparable with the release 

fraction of a virgin HTR-core. A release of volatile fission 

products, especially Jodine, could not be measured. 
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The irradiation experiments in.the He-Loop-Mol are the first 

and will be for a long time the onliest experiments for the 

investigation of GCFR-fuel elements. 

Therefore these first irradiations are considered as the key 

experiments for the GCFR. The before mentioned fundamental 

cognitions are essential for the further development work for 

the GCFR. They will be proved and repeated by the irradiation 

of HELM 3. More detailed results, especially concerning the 

long term behaviour of the fuel element, are expected from 

HELM 3. 
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ROD SURFACE 
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BLANKET LENGTH 
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FUEL 
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mm 

mm 
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mm 
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bar 
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SEAL 

VENT CONNECTION SEAL 

FLOW THROUGH AT VENT 
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COMPARISON OF DATA FOR 
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A GCFR-
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12 
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7.4 
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76 
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FLOWING HELIUM WITH DEFINED CONTENT 

OF H20, H2 
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60 

680 
45 
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86 

639 
33 
100 

PISTON RINGS 

METAL TO METAL CONE 

0 - 2 0.15 

•UEL ELEMENTS FOR THE HE-LOOP-MOL 

DEMONSTRATION PLANT 
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Z8B I (Scheme of fuelelement-pressure-equalization-system.) [He-Loop-Moul.,,,, ' 
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QUALIFICATION OF HÎR FUEL 
BY RIG DEVELOPMENT AND IRRADIATION 

TESTING AT BR2 - «OL 

G. POTT 1>, H. JÜNEMANN 1', 

Ä.W. MEHNER 2), F. MOONS 3) 

1) KFA Jülich, 2) H0BE6 Hanau, 3) CEN/SCK Hol 

1. Introduction 

Since our last presentation about particle development for 

high temperature gas cooled reactors 5 years ago at Mol the 

situation of HTR has changed quite a bit. Several types of 

fuel elements as fuel pins hexagonal blocks or fuelled spheres 

where selected and discarded. 

In spite of this the development of coated fuel particles as 

an essential part of all different fuel elements went along 

smoothly. However the main interest changed from fuel specific 

development to a rather material specific route. 

In Fig.1 different types of coated particles for the reference 

fuel cycle are listed up. It is still the Thorium Uranium fuel 

cycle with high enriched uranium (HEU). «J-ti» respect to the discussion 

on proliferation in the frame of INFCE we started work on coated particle de

velopment for a back up fuel cycle with medium enriched Uranium and Thorium 

(MEU). Ho work is devoted to the development of a low en

riched uranium fuel cycle. In the frame of these particles de

velopment programmes the irradiation experiments at Mol played 

an important role. Due to high neutron flux and neutron spec

trum irradiation tests could be accelerated. Irradiation rigs 

and out-of-pile assemblies became the more sophisticated the more 

definite the questions for the performance where. Therefore 

the paper presents the irradiation testing of fuel and develop

ment of the needed devices for these experiments. The main 

points are: 

- Background and ideas of the particle experiments conducted 

in BR2 
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- Irradiation devices, sweep circuits and the performing of 
those experiments 

- Results from post irradiation examination which should show 

clearly, that it was worthwhile to try so hard to make 

well improved irra> ation rigs available 

- The need of BR2 also for future experiments. 

2. Philosophy of finished, running and planned experiments 

at BR2 Mol (Fig.2) 

2.1 Fissile particles testing (BR2-P14/16/18/19) 

The difference between fissile particles and mixed oxide partic

les is the higher amount of fissioned heavy metal atoms during 

irradiation of 'fissile particles.' They reach a burn-qpof about 75 % fima 

compared to 15 % fima for the mixed oxide particles. Therefore 

the development of fissile particles askes for knowledge of the 

chemical interaction between kernel and coating »optimisation of kernel 

ana coating composition,optimization of kernel material and par

ticle geometry. The overall goal of this development was to show 

that fissile particles with an oxid kernel in matrix used for 

the fuelled spheres of a pebble bed reactor fulfil the require

ments of a HTR-power station. 

2.2 Examination of tress model for BISO-Particles (BR2-P11/12) 

The irradiation experiments BR2-P11 and P12 are devoted to the 

investigation of two geometric particle parameters 

- Buffer thickness 

- Outer HDl-thickness 

which where assumed to influence mainly the stresses calculated 

with the Scott-Prados-Model. The above mentioned experiments . 

should confirm that 

- Lifetime of BISO particles increases with increasing thick

ness of the buffer layer 

- Within normal HTR conditions of burn-up and fluence of fast 

neutrons lifetime depends not very strong on thickness of 

outer HDl-layer. 
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For these experiments 3 variétés with different Buffer thickness 

and 3 variétés with different OLTX-thickness were inserted. 

The kernel consisted of low enriched UO, with 600 ym diameter. 

The irradiation should be finished when the release of gaseous 

fission products was higher than 1 %. 

2.3 Safety related irradiations (BR2-P17) 

In the experiment BR2-P17 BISO breed-particles were irradiated 

to check their performance after large temperature steps. 

The particles are first irradiated at less than 1000 °C for 

200 days then the temperature rise to about 1400 °C and the 

particles were irradiated for 100 days at this temperature 

to see whether the high temperature behaviour changes due to 

the previous irradiation conditions. Finally temperature was 

reduced to 900 °C for one cycle (20 days) to see whether a 

drastic decrease of temperature can decrese the failure rate 

even at high fluences. 

2.4 Experiments tc determine the number of failed particles un

der PNP conditions (BR2-P21/22, BR2-P23-25) 

The development of advanced HTGRs with direct cycle and higher 

gas exit temperature requires a reduced fission product re

lease from the fuel element. The main sources for fission pro

duct are particle failure during production, coating conta

mination and particle failure in service. 

The determination of failure rates and amounts for particles 

which could be used for process heat reactors under service 

conditions will be done by irradiation experiments in BR2 Mol. 

To irradiate the particles as close as possible to the original 

environment special sample dimensions ais being developped. 

For all particles theoretical calculations have been done to 

compare predicted and observed failures. 
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3. Irradiation devices and irradiation experience 

The programme for the above mentioned experiments determined 

the lay oat of the irradiation devices, especially the inpile 

sections and the out-of-pile equipment. The following con

ditions had to be verified 

- irradiation temperature in a range of 900 - 1400 °C 

- high burn-up (fissile up to 75 %, mixed oxide up to 

15 % for N - 5) 
22 —2 

- fast neutron dose up to 10 cm (E>0,1 MeV) 

- measuring of fission gas release up to R/B values 

of 10~2 for Kr88 

- posibility of fuel failure detection 

- irradiation of different fuel bodies as coupons and small 

compacts with different design (Fig.3). 

Three different types of irradiation devices had been develop

ped and operated. The required conditions for all were realized 

in the same manner. 

- The temperature is controlled by changing the heat transfer 

between the specimen carrier and the outer thimble by vary

ing the mixture of a continuous Helium Neon gas flow, using 

the different heat conductivity of the two gas components. 

- An inert carrier gas (Helium or Neon) transports the re

leased fission gas from the test specimens to an out-of-

pile Y"spectrometry analysing station. 

The schematic arrangement of an irradiation sample in a capsule 

is shown in Fig.4. 

The MOPS-B Type (Mol ^article Swept) contains two capsules loa

ded with test samples. The temperature levels are adjusted by 

a common.regulating gas stream (He, Ne). Both capsules are 

also swept separately by a gas mixture and instrumented with 

thermocouples. 
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MOPS C and HOPS E type devices are similar/ but the main dif

ference is the larger diameter of the E-Rig^ The coated 

fuel particles are contained in a spherical graphite matrix 

of 20 mm 0 and protected by an outer cylindrical fuel free 

graphite zone (Fig.3). These irradiation samples are enclosed 

by a stainless steel capsule. A second stainless steel envelop

ping tube surrounds in general these arrangement and is cooled 

at the outside surface by the primary reactor water. 

The annular gas gap between the envelopping tube and the fuel 

capsules serves as heat flux barrier and as entry duct for 

the sweeping gas which is used simultaneously for temperature 

regulation of the fuel specimens by varying the ratio of the 

Helium/Neon gas mixture. The sweeping gas passes through the 

fuel capsules and carries fission gases liberated from the 

fuel particles to the outside sampling and analysing 

system. 

High temperature thermocouples are mounted to the graphite 

matrix for measuring and regulating the fuel temperature. 

The device is usually equipped with an axial translation 

mechanism for following the shift of neutron flux peak during 

a reactor operating cycle. 

k special computer programme elaborated for these experiments 

allows to estimate fuel temperature, burn-up, fast neutron 

fluence and fission product birth rate. 

The devices are irradiated in the central hole of BR2 fuel 

elements. During their irradiation campaign they can be trans

ferred into different positions of the reactor core for simula

ting an irradiation history representative for HTR fuel. 

Several control units are available at BR2 which allow simul

taneous irradiation of 5-7 devices (Fig.5). 
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These out-of-pile installations are mainly characterized by: 

- temperature monitoring system 

- sweep-gas composition analysing system 

- sweep-gas flow measurement 

- fission gas collecting system 

- fission gas measurement device. 

For demonstrating the fuel behaviour the following fission gas isotopes 

were detected and printed out: Kr87, Kr85m, Kr88, Xe133, 

Xe135. 

During the last 5 years 9 experiments had been carried out 

and 3 additional are under preparation or irradiation. 

Tab.1 shows the most interesting data of those experiments 

finished up till now. The satisfying irradiation behaviour of 

the devices could be explained by the experience made in the 

years 1970 - 1973. An example ist the fact that for the B type 

rigs the number of capsules was reduced from 3 individual swept 

capsules to two (Fig.6). By changing the sweep gas- and thermo

couple wall entraicethe temperature at the capsule lids could 

be reduced and the capsules were gas-tight till the end of 

the experiment. 

The experience showed that for "closed" capsules as additional 

inserted in HOPS C type experiments, results are difficult to 

explain and some times the samples failed because of impurities 

in those capsules. 

Fission gas release could be measured all over the time and 

3-5 measurements each week gave a good knowledge on the fuel 

behaviour. A typical example is shown in Fig.7. During the 

first 200 days the fuel was irradiated at 900 °C. The detected 

fission tjas release was relative low ( T- 2 . 10~ R/B for Kr85m) . By 

changing the temperature up to 1400 °C an increase of fission 

gas by a factor of 15 due to activation energy was observed. 

Than SO days later the coated particles started to fall and 
_3 

the R/B values raised to 10 . 
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Temperature measurement» with Nl/CrNi thermocouples up to 12C0°C shewed no 

problemsr but measuring high-temperatures with W/WRe thermo

couples were sometimes problematic. It was observed that some 

thermocouples were in operation up to the end of the experi

ment, on the other hand some thermocouples failed during the 

first irradiation periods mainly by corrosion attack. The 

corrosion attack on the thermocouples could diminished by pro

tection tubes (Fig.8) and by improuving the gas quality sur

rounding the thermocouple. Neutron induced drift of the EMF 

of W/WRe thermocouples was measured in one experiment and was 

taken into account during the operation of all experiments. 

Neutron fluence could only measured by Co and Ni monitors in 

low temperature positions, which means top and bottem of the 

sample column. Knowing the flux-profile in the BR2-Core and 

the measured data at the top and bottem of the test section, 

the burn-up and the fast neutron fluence could be calculated. 

The burn-up data could be confirmed by analysis during post 

irradiation examination at KFA (mass-spectrometry aid gamma-

spectrometry of Cs). 

4. Results of completed irradiation experiments 

In nine irradiation experiments, three of them in B-Type-Rigs 

six of them in C-Type-Rigs, a total amount of 23 different 

batches of coated particles were investigated over the last 

five years. 

All irradiated samples were subjected to a postirradiation exami

nation programme. The main points of such a programme are listed 

below: 

Dismantling of the capsule: 

- Examination of metallic parts 

- Examination of graphite parts 

- Measuring of monitor wires for fast and thermal fluence 
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Investigation of compact and coupons 

- X-ray microradiography 

- Ceramographic sections 

- Preparation of loose particles 

Investigation of loose particles 

- Burn-up measurements 

- Change of dimensions 

- Internal gas pressure 

- Microprobe analysis 

- Calculation of defective particles 

- Failure mechanism. 

Besides these routine examination also some more sophisticated 

methods had been applied e.g. 

- Annealing experiments followed by fl-autoradiography 

- mass-spectrometric determination of burn-up 

- determination of coating permeability. 

Some important results may give an idea of particle behaviour 

in principle under irradiation conditions. 

The ceramographic sections in Fig.9 show a fissile particle with 
21 2 

an U02-kernel after 71 % fima and a fluence of 9 . 10 n/cm 

(E>0,1 MeV) at 12S0 °C. All high dense layers remained intact. 

Only the kernel shows some amoeba effect. On the right side with 

higher magnification a very seldom case of SiC-attack can be 

seen. This may cause sometimes a higher release of solid fission 

products. 

The outstanding behaviour of an Ö02+10 % ÜC2 kernel with TRISO 

coating is shown in Fig.10. No amoeba effect is observed at 

53 %, 69 %, 71 % fima (from the left to the right). The cracks 

in the inner high dense layer are caused by too high stresses 

due to bad coating conditions. 
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Th* evaluation of kernel swelling from the above mentioned kernel 

types is given in Fig.11. One see again the better behaviour 

of the 00 2 + 10% uc2 compared to the pure UO^-kernel. 

In the experiments for examination the Scott-Prados Model all 

particles showed some amoeba effect but seemed to be intact 

from visual inspection in contrary to the high fission gas 

release observed in pile. A closer examination revealed, that 

most of the high dense layers had become permeable. For this 

reason it was not longer possible to evaluate these experiments 

in terms of theoretical models. However basic research on per

meability started. The main result was, that suitable coating 

conditions may avoid neutron induced permeability. 

The behaviour of BISO-Particles subjected to large temperature 

steps showed, that matrix and particles are affected. But dis

integrated rods showed only 4 pieces of broken coatings. 

Further investigations are needed. 

The first two experiments to determine failure rates of 

partieels arrived in the Hot Cells at KFA Jülich. Dismantling 

showed that from 8 inserted rods only 3 survived without 

external cracks. Examination of the irradiated paricles has 

started. 

5. Outlook 

The near term targets for the further development of coated 

particles for large HTR's are given below: 

Near term targets for the particle development are: 

- Selection of one reference particle system from three 

variétés : 

40O um-(Th,U)02-Mixed oxide kernel with HTI-BIS0 coating 

SOO um-(Th,U)02-Mixed oxide kernel with LTI-TRISO coating 

200 um-ac2/500 urn Th0 2 feed/breed kernel with LTI-TRISO coating 
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- Development and qualification of improved standard qualities 

(low heavy metal contamination, narrow distribution of ma

terial parameters, less failed particles before irradiation). 

- Completion, of data sets.by reference tests and irradiation 

with temperature transients. Evidence of reproducibility 

in production scale 

- Development of a back up particles system with medium enriched 

Uranium. 

The final decision for a reference particle system has to be 

made in the first part of 1980. 

Experimental base of this decision are mainly the new irradia

tion experiments BR2-P23, 24, 25. These experiments hopefully 

will be finished before the large shutdown period of BR2 in 

summer 1979. 

However the other points in our nearterm planning needs as ex

perimental base irradiation experiments from the same or even 

better quality carried out up till now. 
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"Technical Aspects for PWR Safety-Experiments with Single Rods 
and Rod Bundles in BR2, Mol" 

M.Gärtner 1 \ H.Fiege Z \ W.Hebel 3 \ S.Krawczynski ^ 

1) KWU Erlangen 

2) KfK Karlsruhe 
3) CEN/SCK Mol 
4) KFA Jülich 

1 General 

The continuing research on the safety of PWR nuclear power 
plants during a postulated loss of coolant accident (LOCA) 
has developed an interest to extend the existing knowledge 
of fuel rod and fuel rod bundle behaviour in a LOCA and to 
verify computer models. In the Federal Republic of Germany, 
the behaviour of fuel rod elements under LOCA conditions is 
primarily investigated by basic simulation experiments to 
determine the behaviour of Zircaloy cladding. These include 
tests to determine the out-of-pile behaviour of single fuel 
rods and fuel rod bundles as well as in-pile experiments 
using unirradiated and irradiated single fuel rods simulating 
the low pressure phase of a LOCA. In-pile experiments with 
fuel rod bundles over the whole LOCA range have been inter
nationally suggested to demonstrate that there is no serious 
interaction among fuel rods and no damage propagation, that 
is, the fuel rods in a bundle behave statistically independent 
of each other during ballooning and bursting. 

The present experimental status of reactor safety research 
and the large analytical conservatisms in the analysis of 
reactor emergency cooling would not require any further in-
pile tjcperiments. Nevertheless, acting together, Kernfor
schungsanlage (KFA) Jülich, Kernforschungszentrum Karlsruhe 
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(KfK) und Kraftwerk Union (KWU) with C.E.N. Mol have deter
mined the feasibility of performing LOCA experiments in BR2, 
Hoi. In these experiments the behaviour of single fuel rods in 
the environment of a rod bundle, and whole rod bundles under 
controlled conditions shall be tested. 

These experiments will correspond to the operational behaviour 
of fuel rods and fuel rod bundles in a defined test matrix. 
Because of its neutron physical conditions, the BR2 reactor 
core can provide an uniform fission power density over the 
croas section and over an extended axial height in the middle 
section of relatively large fuel rod bundles. 

Inserting unirradiated fuel rods as well as fuel rods with 
different preirradiation burnups shall guarantee, that the 
correct burnup conditions of the fuel rods are metallurgically 
and chemically taken into account. 

2 Irradiation Test Concent 

The goals of the tests are to determine the effects of burnup 
and rod power on the LOCA behaviour of fuel rods and further 
to demonstrate the non-propagation of local defects in fuel rod 
bundles. 

In order to perform these experiments, an appropriate irra
diation equipment shall be built to irradiate fuel rod bundles 
containing a 7x7-4 fuel rod array (45 rods) and expose them to 
LOCA conditions. Preirradiation of fuel rods, which have an 
active length of approx. 760 mm (core height of BR2), shall be 
performed in a power reactor to burnups of up to 20 GWd/t(U). 

After having conditioned the fuel rods and fuel rod bundles at 
linear powers of up to 400 W/cm in BR2, the loss of coolant 
accident shall be simulated by dumping the coolant water from 
the test section and shutting down the reactor (Fig. 1). Steam 
shall be injected into the test section about 15 s after the 
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start of blow-down, i.e. at the time of the temperature mini
mum of the cladding. The temperature of the fuel rods shall be 
controlled by the steam mass flow. With controlled dumping of 
the coolant water out of the test section and steam cooling 
until the section is flooded again, a pressure and temperature 
history, which is considered typical for a LOCA (2F), shall be 
simulated. The decay heat liberated by the fuel rods should be 
sufficient to produce LOCA-typical fuel rod temperatures 
without any further heating of the rods by reactor neutrons. 

The experiment shall be completed by rapidly flooding the test 
section after a time of about 120 s. The flooding process shall 
also be initiated by a safety device, if the desired test 
conditions cannot be maintained. For example, the experiments 
would be shut-down by immediately flooding the test section in 
case of an undesired increase of the fuel rod cladding tempera
ture or in case of a premature bur3t of "leader" rods in the 
bundle experiments (Fig. 6 and 7 ) . 

These preventive measures shall guarantee the safe operation 
of the irradiation equipment, and should avoid irregular 
experimental results because of equipment malfunctioning. 

3 Coolant Circuit 

The coolant circuit (Fig. 2) of the irradiation equipment shall 
adjust and control the thermodynamic conditions of the test 
section during the simulated LOCA including the coolant blow-
down and refilling phase. However, it is beyond the scope of 
the experiment, to investigate the intrinsic thermohydraulics 
of a LOCA. Rather, the coolant circuit allows the reproduction 
of preselected accident conditions as given by the general 
safety analyses. 

During the normal preconditioning irradiation of the rods and 
rod bundles, which is not influenced by the simulated accident, 
the coolant conditions in the test section will be represen
tative of a pressurized water reactor, that is, coolant 
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pressure of 155 bar, coolant inlet and outlet temperatures of 
300 °C and 325 °C respectively and a flow rate (minimum value) 
of 7 kg/s. 

For the simulated accident, the coolant shall be removed from 
the test section through the inlet and outlet pressure pipes. 
The fuel rod temperature, thereafter, shall be controlled by 
the cooling steam flow. Special emphasis shall be put on the 
attainment of the first temperature maximum (Fig. 1), before 
the cladding temperature passes through a minimum (T^BOO °C) 
and again reaches a second maximum value during the pure steam 
cooling phase. The coolant inlet and outlet temperatures as 
well as the pressure and the flow rate of the coolant and the 
steam quality shall be measured in the test section. 

During the simulation of the accident, the coolant will be 
drained into a dump tank, in which the total activity liberated 
by the fuel rods shall be determined. 

4 Fuel Rod Bundles -
Design and Construction 

The test section containing the fuel rod bundle (Fig. 3) shall 
be inserted in the central irradiation channel (0 203 sim) of 
BR2. By a suitable design of a surrounding neutron screen, 
containing boroncarbide, a relatively hard neutron spectrum 
can be created. The neutron flux distribution can thus be 
adjusted in the test section so that no significant radial 
power gradient occurs across the fuel rod bundle even with 
fuel rods of uniform enrichment (Fig. U). Also, the axial power 
gradient shall be flattened over a height of approx. 30C mm in 
the section of maximum rod power, in order to produce represen
tative test conditions for the bundle experiments. The compact 
array of BR2 driver fuel elements around the test section will 
provide peak rod powers of about 400 W/cm with unirradiated 
fuel of commercial enrichment (3,2 % U235 in uranium) as well 
as with preirradiated, partially burnt fuel (e.g. up to 
20 GWd/t(U)). 
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Tb« fuel rods will be held in two spacer grids 5*5 mm apart. 
The grids will be arranged symmetrically above and below the 
axifcl power maximum of the bundle. An additional guide for the 
ends of the rods shall prevent the fuel rods inserted in the 
short bundle from anomalous bending caused by the reduced fuel 
rod length as compared to power reactor fuel rods. 

5 Instrumentation of the Fuel Rods 

Out-of-pile ballooning and burst tests as well as theoretical 
estimates have shown, that the ballooning and bursting beha
viour of Zr-4 cladding tubes are very strongly dependent on 
temperature and stress. This is especially evident in the LOCA 
relevant temperature range, where a strain maximum occurs from 
750 °C to 850 °C and a strain minimum occurs from 850 °C to 
950 °C. 

Therefore, it is necessary to equip the unirradiated and the 
preirradiated fuel rods with thermocouples and pressure trans
ducers as well as with external elongation transducers (Fig.3, 
5 and 6). The thermocouples shall be placed,as far as possible, 
on tht internal surface of the cladding tubes. If this extended 
instrumentation is technically not feasible, it still has to 
be clarified, whether the external elongation transducers for 
measuring the length changes of the rods as an indication of 
their ballooning behaviour are sufficient rod instrumentation. 

6 Tentative Test Parameters and Irradiation Program 

m the suggested experiments in BR2, Hoi, which include both 
single fuel rod and fuel rod bundle tests, fuel rods of different 
burnups (Fig. 7) shall be inserted and operated at different rod 
powers during conditioning. A characteristic influence of burnup 
on the LOCA behaviour of fuel rods is expected, especially at 
the beginning of the third operational cycle of fuel elements 
in a power reactor with burnups of approx. 25 GWd/t(U). 
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The fuel rod power during conditioning, before starting the 
simulated LOCA, shall be adjusted in the single rod experiments 
so that the temperature of the cladding achieves maximum values 
of 750 °C, 800 °C, 900 °C during the second temperature maximum 
(target temperatures in Fig. 1). In the bundle experiments, a 
maximum temperature of 750 °C will be reached. However, some 
of the so-called "leader" fuel rods will reach slightly higher 
temperatures because of a slightly higher rod power. 

The coolant pressure and temperature conditions in the test 
section shall be identical for all LOCA experiments except for 
two single rod experiments. In these two experiments, the steam 
injection shall be reduced and the flooding of the fuel rod 
bundles shall be delayed, in order to achieve cladding tube 
temperatures of 800 °C and 900 °C during the second temperature 
maximum. In both experiments the fuel rods will be conditioned 
at the same relatively low rod power. 

The prepressurization of the fuel rods is also very important 
for the rod behaviour in a LOCA. Therefore, in addition to fuel 
rods with standard prepressurization (32.5 bar), fuel rods with 
reduced prepressure (17.5 bar and 12.5 bar) will also be 
included in the single rod experiments (Fig. 7). 

After the preliminary experiments for checking the operation 
of the irradiation equipment are completed, the first phase of 
the program shall be single rod tests followed by a second 
phase of bundle tests. The first two phases of the program: 
include 13 experiments besides the preliminary tests. The ex
periments shall produce results concerning the ballooning and 
burst behaviour of single fuel rods as well as demonstrate, 
that ballooning of a single fuel rod does not propagate in the 
rod bundle. 

The third program phase can only be specified in detail on the 
basis of the results of the first and second phases. In the 
third phase it shall be demonstrated, that the ballooning and 
bursting processes of similar fuel rods, which only differ by 
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statistical fabrication variations, occur statistically inde
pendent even in the case, where the time of bursting may show 
a small scatter. 

In each bundle only fuel rods of the same burnup shall be 
tested besides the instrumented fuel rods without preirradiation 
burnup, which are needed for controlling the experiments. In 
the single fuel rod experiments only seven fuel rods are able 
to swell (Fig. 5\ because unpressurized bundle rods, corner 
rods and peripheral rods are arranged around each single test 
rod. 

m the bundle experiments of the second phase all fuel rods can 
swell except for the fuel rods inserted for measuring purposes, 
the peripheral fuel rods and the corner rods. In these bundles 
two fuel rods will be designed as "leader1* rods having either 
higher prepressure or higher rod power than the remaining fuel 
rods (Fig. 6). These fuel rods shall be the first rods in the 
bundle to balloon and burst. 

7 Present Status 

The decision to perform these PVR safety experiments has not 
yet been made. A preliminary assessment has been prepared to 
resolve fundamental questions and to define the requirements of 
the test section. However, if the decision is made in the near 
future to perform these safety experiments, the earliest 
starting date will not be before 1981. 
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STUDY OF THE DENSIFICAIION OF UOj -PuOj FUEL 

BÏ THE IRRADIATIONS Fl 7 AND P20 

M. Lippens, H. Gaube & B. Bairiot 

BELGONUCLEAIRE S.A. 

,1. INTRODUCTION. 

A fuel densification occurs frequently at start of irradiation. It 
has for affect to increase the fuel - clad gap and to create axial gaps bet
ween pellets. These effects may induce excessive fuel temperatures, clad 
collapse and hot spots on neighbouring rods. 

It is thus necessary to quantify the in-pile densification and disco
ver its microstructural mechanisms with as final goal, the guarantee of safe 
reactor operation and the fabrication of fuel, stable under irradiation. 

Extensive studies [1] on the densification of U02 fuel have emphasizeJ 
the role of the pores distribution in the densification mechanism : a fuel, 
which has an important void volume coming from pores in the submicron range 
has been generally observed to be unstable under irradiation. This has led 
to fuel fabrications, in which the total void volume is due mainly to pores 
of large size. The second fundamental parameter is the UO2 initial grain 
size, which, in case of grain sizes below 5 Jim, can increase significantly 
the in-pile densification. These studies have also focused the attention on 
the correlations existing between the out-of-pile isothermal resintering 
tests and the irradiation induced densification : the density changes obtain
ed out-of-pile on a variety of fuel types at selected time - temperature con
ditions are approximately in a one-to-one correlation with the in-reactor 
density changes. 

The in-reactor densification is controlled by the fission rate, the 
temperature and tho burn-up : for a given burn-up, the densification increa
ses with the fission rate and the temperature. Marlowe proposed a densific
ation model [2] which was not dependent on the fission rate and temperature 
at constant burn-up. Recently, Lindman [3] introduced the temperature and 
fission rate dependence in a modified Marlowe's model, assuming different 
diffusion-controlled mechanisms operating in the out-or-reactor and in-reac-
tor tests. 
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The U02 - P11O2 fuel ha« also bun observed to density in che early »ta
get of irradiation. Th* datcription of tha mieroatructural ehangas during 
thii in-pil« sintering il complicatad by tha presence of plutonium wbich 
frequently axiica is agglomerates is tha UO2 matrix. The«« Pu-rich zone» 
have for effect to giva locally high fi»«ion rata« asd high températures. 
Tha pore migration description has to take into account the«« thermal »pi
ke« , a* wall as tha uranium - plutonium interdiffusion and the plutonium ho-
aogencization. In the case of coprecipitated fuel where the plutonium is 
in homogeneous solid solution in the UO2 matrix, the pores migration is af
fected by the plutonium presence which modifies the diffusion coefficients• 

Despite these facts, the preliminary results [4] of studies performed 
on a variety of mixed oxide fuel types show that : 

(1) the in-reactor densification of mixed oxide fuel is correlated to the 
density changes occurring is out-of-reactor isothermal resinterisg 
tests ; 

(2) the Pu-rich zones have no apparent effect on the densification ; 

(3) the fission rata and temperature effects on densificatian are similar 
to those observed on ÜO2 fuel. 

These preliminary results, however, do not relate the in-reactor den
sification with the microstructural characteristics. 

In order to extent the U02 - Fu02 irradiation induced densification 
data sat necessary for the evaluation of tha fuel performance, BELGONUCLE-
AIRE asd the C E N / S C K have decided in the framework of plutonium recycl
ing in L WR'» to carry out a research programme to characterize the densific
ation behaviour of plutonium fuel fabricated by the manufacturing plant of 
BELGONUCLEAIRE. This program includes the irradiation in BR2 of mixed 
oxide fuel rods typical of BWR's (PI7 programme) asd PWR's (P20 program
me), the fuel behaviour during irradiation being followed by fuel rods neu-
tronographies after successive BR2 irradiation cycles. 

The complete programme includes the determination before and after ir
radiation of the fuel microstructure, of the density and pores size and vo
lume distributioss. 

Up to now, 17 of the 23 irradiations foreseen have been terminated or 
are underway. The preliminary results of the fuel column length changes 
measurements obtained with the neutronographies are described here. 

2. FUEL DESCRIPTION. 

The fuel pellets of the PI7 programme are similar to those supplied by 
BELGONUCLEAIRE for the GARIGLIANO B WR. Hundred and twelve pellets were ta
ken from three preproduction batches with density of 94 Z TD. Fifty-six 
pellets were taken out of one other preproduction batch with a density of 
91 Z TD. 

The main characteristics of these fuels are summarized in Table I, the 
notations H and L referring to the pellets of high and low density respec
tively. The pellets have two chamfers and no dish. The mean uranium en
richment for the fuel» of type»Band L i» 0.605 Z U23S. The plutonium en
richments arc 3.41 Z asd 3.34 " Pu,.... for the fuels of types H and L, res
pectively, cotai 
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Th« pellets of the P20 programma ar« representative of PWR's fuala, 
but with a low plutonium content 10.86 S Putotal in * U02 matrix with 0.22 
Z 0235). Th« pellets hava two dishes and a geometrical density of 91 Z TD. 
Their othar main characteristics ara givan in Tabla II. 

Th« fual pallet« of the two programmes have been manufactured follow
ing the sane route : blending of U02 ana Pu02 powder, palletizing, sinter
ing and pellet« grinding. 

3. FUEL BOD DESCRIPTION. 

Eight fuel roda loaded with high density fuel and four fuel roda load
ed with low denaity fual will be irradiated in the frase of the PI 7 program
me. On* fuel rod contain« 14 UO2-PUO2 pellet« and 2 UO2 end pellets (Fig. 
I). The mixed oxide fuel column length i« 184 am. Helium at the atmosphe
ric pressure i« u«ed aa filling gaa. 

Each of the eleven fuel rods of the P20 programme ia loaded with 10 
UO2-PUO2 pellets, the top and bottom of the fuel column being terminated 
by an AI2O3 insulation diac. The fuel rod contains three dysprosium discs, 
two of them being placed against the upper and lower end plugs, the third 
one above the upper insulation disc. The fuel column length ia 102 mm. He
lium at the ataoapheric pressure is used as filling gas. 

4. IRRADIATION DEVICE. 

The fuel rods are irradiated in a BR2 channel located in the reflector. 
The irradiation basket consists in an AG5 thimble (OD : 29.3 ma, ID : 20.0 
mo) which receive« one or two fuel rods maintained in place by centering 
pieces transversally and by spring and »topring axially. The fuel rods 
cooling is insured directly by the BR2 primary water. The baskets are sur
rounded by stainless steel obturators, in order to reduce the neutron flux 
level to the required level. Two stainless steel obturators are used for 
the irradiations of the PI 7 program». One stainless steel obturator is 
used for the irradiations of the P20 programme. Three Co wires attached at 
the thimble outer surface serve as flux monitors ; their gamma activity is 
measured at the end of the irradiation. 

Nine irradiation baskets have been manufactured for the PI7 program» 
me : one is used for the neutron flux calibration, four contain two fuel 
rods and four are loaded with one fuel rod only. For the P20 programme, 
four irradiation baskets contain two fuel rods and three, one fuel rod only. 
The fuel rods loading in the different baskets, as well as the axial loc
ation of the mixed oxide fuel columns, are shown at Fig. 2. 

S. IRRADIATION PROGRAMME. 

The in-raactor densification occurs at the beginning of irradiation, 
the maximum apparent fuel shortening being generally observed before 5,000 
MKd/tM. The mean burn-up increase by BR2 cycle being about 700 MWd/tM for 
the fuel rods irradiated in the PI7 and P20 programmes, it has been plan
ned to perform different irradiations of variable durations ranging from 
one to eighteen BR2 cycles. The intermediate fuel examinations are carried 
out after short irradiation periods ranging from one to four cycles. The 
planning of the two programmes is given in Table III. 
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This program» «carted at mid-1974 and should last until mid-1979. 
The destructive examinations will go on until the end of 1980, the first 
ones being presently underway. 

6. IRBADIATION CONDITIONS. 

The observation of in-reactor densification requires a limitation of 
the maximum linear power in order to reduce the effects of fuel swelling and 
restructuration. This led us to the choice in the reflector zone of the 
BR2, of a 80 en channel with one or two neutron absorbers obturators. A, cam
paign of physics measurements has been carried out before the Fl 7 irradi
ation, in order to select the irradiation channel and in ordei to correlate 
the Co wires activity with the fuel rods burn-up. The campaign includes 
neutron flux measurements in the BR02 and the determination of relations bet
ween the non attenuated neutron flux in Che irradiation channel, the atte
nuated neutron flux in presence of two stainless steel obturators and the 
fission density in the ÜO2-PUO2 fuel, in presence of the two obturators. 
An estimate of the linear power is thus made after the thermal flux measu
rement carried out in Che selected channel, with the BR2 at low power. The 
irradiation basket Fl 7/1 containing three Co wires is irradiated with the 
two stainless steel obturators in the selected channel during one cycle with 
the BE2 at nominal power. The Co wires activity is finally related to the 
linear power of the U02 -Fu02 fuel. 

For each irradiation basket FI7/x, the Co wires activity is measured 
at the end of the irradiation and is compared with the reference activity 
of the F17/1 Co wires. The burn-up of F17/x is then deduced. 

Fig. 3 summarizes, qualitatively, the results of a typical gansa spec
trometry campaign, e.g. P17/2. The axial distribution of the Co wires ac
tivity shows, at its centre, the flux depression due to the fuel presence. 
This activity is related to the F17/1 Co activity and determines the burn-
up. The gross-gamma activity of she fuel rod indicates a nearly constant 
sxial linear power, except for the end pellets. 

The thermal neutron dose for some fuel rods determined from the Co wi
res, are given at Table 17. The doses correspond to the fuel column mid-
height. For every fuel rod, the mean dose on the fuel column is equal, 
within a few percents, to the dose at mid-height. From this table, one 
calculates the mean burn-up increase for one BR2 cycle on the basis of 20 
irradiation days at a nominal power of 60 MW. This calculation gives a 
burn-up increase per cycle of 738 MWd/tM for the rod P385 of PI7/2 and of 
810 MWd/tM and 801 MWd/tM for the upper and lower rods of Fl 7/3 respecti
vely. One observes in normalized BR2 irradiation conditions that the burn-
up in the case of single rod irradiations is 8 Z lower than the burn-up in 
the case of twin rods irradiations. This is attributed to the variation 
from cycle to cycle of the irradiation conditions in the chosen channel 
(H5/270). These normalized conditions (last column of Table IV) lead co 
another estimate of Che burn-up increase based on Che PI 7/4 Co wires mea
surements. One calculates for the upper and lower fuel rods, burn-up in
creases per cycle of 650 and 390 MWd/tM respectively, i.e. 20 and 26 % 
lower than the estimates deduced from Che upper and lower fuel rods of 
P17/2. 

In order to express the fuel column length changes versus Che burn-up 
after intermediate examinations, a mean burn-up increase of about 700 MWd/ 
tH is considered for a 20 day irradiacion it a nominal power of 80 MHth. 
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On this baai*, a maan linaar power of 400 W/cm if deduced. These estimates 
will ba verified latar when tha chemicel burn-up determinations will ba 
available. 

Tha dispersion of tha ralativa Co wires activitas (last column of la
bia IV) ia lowar for tha P20 irradiations» A good agraamant is found bet-
waan tha upp«r fual roda and batwaan tha lowar fual rods of tha P20/2 and 
F20/3. Tha Co wiras activity of tha central fual rod BBS of P20/I indic
ates a 10 Z incraasa of tha neutron dose compared with the neutron doses 
at mid-height of tha fual columns of P20/2 and P20/3. Tha value expected 
from tha BR2 axial flux distribution is 3 Z. 

No calibration of tha Co viras activities having been carried out before 
the P20 campaign, the correlation between the estimated neutron doses end 
tha fual rods burn-upi will be determined after irradiation by fual chemic
al analysis. For tha interpretation of tha fuel column length changes, a 
mean burn-up increase of 700 MBd/tM for 20 irradiation days at 80 MW is as
sumed. This leads to a mean linear power of 210 W/cm. 

7. FUEL RODS NEDTRON0GRAPHIES. 

The in-reactor behaviour of the mixed oxide fuel is analysed by means 
of fuel rods neutronographies carried out after successive BR2 irradiation 
cycles. The photometric study of the negatives allows the determination of 
the fuel pellets and columns apparent lengths. The values obtained do not 
represent the true fuel dimensions, because of numerous errors inherent to 
the method used. The neuronography installation introduces a variable ma
gnification of the object image, the variation being due to the irradiation 
basket location (distance and parallelism of object plane and image plane). 
A second difficulty comes from the neutron source collimation which intro
duces hazy images. A third possible effect is the fuel rod rotation which 
can modify the usage in case of planeity defects of the dysprosium discs or 
incomplete application of tha discs on the A1.0- discs (P20 fuel rods). 

The photometric analysis of the negatives contains also sources of er
rors : the darkness variations of the negatives necessitate the change of 
the measurement window, thus introducing variable gradients of the trans
mitted light at pellets interfaces and fuel column ends. A second type of 
error is a possible length variation of the negative by temperature or humi
dity effects. A third and important possible error is due to the defini
tion, on the record of the transmitted light, of the pellets interfaces and 
fuel column ends in the case of chamfered (F17 fuel) and dished (P20 fuel) 
pellets. 

To eliminate these possible errors and to obtain absoluta measurements 
or at least relative measurements between successive neutronographies, a 
comparison has been made between the pellet lengths measured by neurono
graphy before irradiation and the pellet lengths measured by metrology be
fore fuel rod loading. 

The neutronographies of ten fuel rods of the P20 irradiation loaded in 
six baskets, have been taken already before irradiation. This repre
sents 80 pellets for which the comparison has been made (the end pellets of 
each fuel column have not been taken into account). For the eight central 
pellets of each fuel rod, the difference (A) between the length measured by 
neueronography (the pellet length being defined by the distance between two 
successive pellets interfaces) and by metrology (the average of three heights 

VI.S. 



- 6 -

is taken for eech pallet, the height variation! for on« pallat baing of tba 
ordar of a faw microns) has basa calculated. The avaraga S of tbsse sight 
differences defines the correction of magnification on a fuel column of 
eight pellets, assuming that the errors introduced by the interfaces loca
tions are eliminated by the average effect. The deviation of each diffe
rence A from the mean ä corresponds then to the error introduced by the 
analysis of the negative. The Table V develops such a calculation for the 
fuel rod HB9, vhereas Table VI summarizes the results obtained for the ten 
fuel rods. The magnification is deduced for each fuel rod by normalization 
of the mean S to the mean pellet length (8 pellets) obtained by metrology. 
The avaraga magnification for the ten fuel rods is 1.010 Z with a standard 
deviation of 0.046 Z. This last value gives an indication of the variation 
of magnification which can exist between the neutronographies of different 
baskets in which the fuel rods are located et various positions represent
ative of the neutronographic conditions. 

The Tables V and VI indicate also the possible error introduced by the 
photometric analysis of the negatives. We observe however that the error 
on the pellet interfaces locations is snail, the standard deviation s vary
ing between 6 and 12 um whereas the mean absolute deviation varies between 
5 and 9 urn. Table V shows the difficulty to define the fuel column ends 
which are located with an accuracy of 100 urn only. This is not a real pro
blem in the casa of the P20 irradiations, because the fuel column lengths 
axe obtained by the dysprosium discs, the loeatien of which is determined 
with the same accuracy as for the pellet interfaces. 

Considering the two sources of errors, we observe that for the P20 
irradiations, the accuracy on the fuel pellet changes is given mainly by the 
variation of magnification, the photometric error being negligible. The 
good precision of the pellet interfaces locations is attributed to the dish
es of the pellets which define relatively «harp contrasts, despite the un-
sharp images created by the neutron source poor collimation and by the vo
lume effects of the fuel. 

The Fig. 4 shows the record of the transmitted light obtained from the 
neuronography of fuel rod HB4 (P20/4) after 9 BR2 irradiation cycles. The 
location of the pellets interfaces, fuel column ends and dysprosium discs 
(A,B,C) are determined in two steps. The negative is placed on a moving 
table and a first continuous tape record of the light transmitted through 
the negative is made ; a value of transmitted light characteristics, for exam
ple, of a pellet interface is thus chosen and a second displacement of the 
table is realized up to the position where the transmitted light is in 
coincidence with the chosen value. An optical reading of the table posi
tion determines the pellet interface position on the negative. The measu
rement is repeated several times at different transmission velues and the 
mean position is finally retained. This procedure is used for pellet in
terfaces, fuel column ends and dysprosium discs. 

The fuel length variations are Chen calculated by comparison with 
the measurements of the previous neutronographias. For the fuel rods of 
the F20 programme, the dysprosium discs are used far the determination of 
the fuel column length changes. The axial fuel elongetions are deduced 
after normalization of the length changes to the fuel column length measur
ed on the neutronography before irradiation. This normalization reduces 
the length changes by 1.010 Z (mean magnification correction). 
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In th* FI7 programme, the fuel pellets have tvo chamfers and no dish. 
A aacond diffaranca from tha F20 programma if the absence of dysprosium 
diici. Tha fual rod« of tha Fl 7 program« have alao graatar langthi, land
ing to fual columns for away from tha BR2 eora mid-plana whan neutronogra-
phed. Thia incraaaas tha arrora dua to tha non-parallali*m of tha objaet 
and imaga planai. 

For thaaa reasons, difficulciaa hava haan ancounterad for tha deter
mination of the pellet interfaces location! and magnification. The proce
dure chosen for the F20 irradiation! Co determine the magnification vari
ation! has bean uaed for the Fl 7 irradiation!, eight fuel rod! having been 
neutronographed already before irradiation. Fig. 5 shows part of a typical 
record of transmitted light (neutronography of fuel rod F39I (PI7/4) before 
irradiation). The pellet interfaces are shown by a sharp decrease of in
tensity (pellets 7-8 or 10-11) or by two small succasiive decreaiai (pel
let! 8-9 or 9-10). The second type of interface! configuration is attri
buted to a volume effect of the chamfers which produce two apparent absen
ces of material whan the neutronography ia analyaad along the fuel rod axis 
and if tha neutron flux ia not parallel to the interface section. This ef
fect, which is very small or absent for tha fuel rods occupying the central 
poaition in the basket, can produce more than 1 mm distance between the two 
successive intensity decreases for the end pellets of the upper and lower 
fuel rods. For fixed seutronographic conditions, this chamfer effect is 
variable and depends on respective axial locations of pellets, on chamfer 
volume changes between pellets and on contact geometry between pellets. 
The geometrical changes of pellets during irradiation affect also the cham
fer effect. 

Despite these facti, the mean magnification and its variation have 
been calculated for the PI 7 fuel rods (the end pellets of each fuel column 
being excluded of the calculation). The eight fuel rods give a mean ma
gnification of 1.04 Z with a standard deviation of 0.11 Z. The differen
ces between the pellet lengths obtained by metrology and neutronography 
have been obtained after applying the correction of magnification. These 
differences range between 0 and about 100 pa (the pellet interface loc
ation is defined aa the mean position of the double peak in case of cham
fer affect). 

The comparison of the fuel column end pellets lengths obtained by me
trology with those obtained by neutronography leads to the conclusion that 
an error of about 100 em is possible after correction of magnification. 
The same value was obtained for the P20 programme. The error associated 
with the fuel column length changes becomes thus 0.16 Z instead of 0.11 Z, 
the latter being due to the magnification variation only. This value is 
confirmed by the comparison of the fuel column lengths measured by neutro
nography with those obtained by metrology after fuel rod loading. The 
standard deviation of the differences between the two measurements is 
0.15 X for the eight fuel roda. This value includes the magnification va
riation! and the end pellet locations errors. 

The fuel rod length changes after successive BR2 irradiation cycles 
are obtained aa for the P20 programme, except that the top and bottom end 
pellets are used to define the extremities of the fuel columns. 
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8. RESULTS. 

At expected fron th» irradiation inducad daniification, fual columns 
shortening* ara observed in the PI 7 and P20 irradiation* (Fig*. 6 and 7). 
Th« irradiation time ic calculated froa th* duration of aach BR2 cycle, 
this duration baing multiplied by th* mean BR2 power for the cycle normaliz
ed to th* noainal power of 80 MW. This corrected time ia thus proportional 
to th* fuel rods mean burn-up. For each fuel rod, the mean burn-up increa
se is 700 MWd/tM for a 20 day irradiation (sea paragraph 6). 

Th* long-t*m irradiation (PI 7/5, 17 cycle* and P20/4, 18 cycle*) in
dicate a mxiimm deuifieation rate at th* beginning of the irradiation, 
after what th* rata decrease* progressively. A maximum fuel column shorte
ning of I Z i* reached after about 8000 MWd/tM for fuel rod P393 (PI 7/5), 
whereas for th* same burn-up, the denaification appear* to continue in fuel 
roda HB4 and BBI2 (P20/4). 

These two long-term irradiations show also a systematic difference 
between the fuel shortening of the fuel rods loaded in upper position and 
that of th* fuel rods loaded in the lower positions. For the P20 irradi
ation, the fuel located in the upper position shrinks more than the fuel 
loaded in the lower position ; this behaviour is systematic for all the ir
radiation baskets containing two fuel rods, with a msTi'imim observed diffe
rence of 0.1 Z. However, neither did th* analysis of the neuronography 
conditions demonstrates a systematic variation of magnification nor did the 
irradiation conditions show a significant difference between the upper and 
lower fuel rod*. 

Th* only difference comes from the fabrication : the fuel rods HB1 to 
HB8 and HB9 to BSI2 ar* loaded with fuel batches of 90.72 and 90.57 Z TD, 
respectively (Table II). However, the differences of initial density were 
not considered as significant ; in fact, one observes a greater densific-
ation for th* fuel of higher initial density. 

For the P17 irradiation baskets containing two fuel rods, one observes 
for a given basket after a given number of BR2 cycles, a systematic higher 
fuel shortening for the lower fuel rod, but, here, in agreement with the 
smaller initial density (91 Z TO instead of 94 % TD for upper fuel rods). 
The long term irradiation PI 7/5 indicate* less than 1 Z densification diffe
rence between the upper and lower fual rods. Considering all the Fl7 irra
diations together, the fuel is low initial density has always shrunk more 
for a fixed irradiation time. Th* irradiation baskets containing one high 
density fuel rod show fuel shortening values in agreement with the values 
observed for the high density fuel of irradiation baskets with two fuel 
rods. 

The evol'ition of densif ication versus irradiation time shows a pro
gressive reduction of th* daniification rat*. For th* PI7 irradiations, 
th* temporary increases or decreases of the densification rate are not con
sidered as significant considering the accuracy of the measurements ; in the 
F20 irradiations, the general law of densification with burn-up is not fol
lowed for two irradiation baskets (P20/2 and P20/3) : important fuel shorte
nings or increases of the densification rate ara noticed. 
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In view of the relative neutron doses reached at the end of irradia
tion for P20/1, 2 and 3 (Tabla IV), the linaar power averaged on cha irra
diation tiaa appears naarly con«tant. This doaa not excluded temporary in-
craaaaa of linaar powar during toaa irradiation cycles* tha rasultt ob
tained for F17 confina thia assumption. Thai* powar chantas affact tha 
fuel tanparatura and, therefor«, tha dansification which haa baan obaarved 
to increase with temperature [1] [41. 

For P20/2 and 3, tha important fuel shortenings are attributed to the 
high fuel temperature» where«» tha danaification rate increase is suppoaed 
to be due also to tha temperature increase during irradiation (P20/3, fifth 
cycle). Thia leads to the possible conclusion that tha maximum possible 
densification is temperature dependant ; this conclusion is restrictsd pre
sently by tha uncompleted densification obaarved on P20/4 after eleven BS2 
cycles. If this assumption is verified, this indicates a possible restart 
of tha densification process in casa of an increase of temperature after an 
irradiation period at low temperature. 

Comparing the importance of fuel column shortenings in the PI 7 and P20 
irradiation«, more densification is observed apparently in the P17 fuel 
rods. This difference is due mainly to the irradiation conditions and to 
tha fuel types. However, the pallet geometry has alao an influence on the 
fuel column length : for the chamfered pallets (PI 7), tha fuel length is 
determined mainly by tha pellet heights taken at their centre whereas, for 
the dished pellets (P20), the fuel length is determined by the pellet 
heights at shoulders positions. In the casa of an increase of denaifica-
tion with temperature, tha chamfered pellets will produce more fuel column 
shortening than tha dished pellets. One of tha reasons of the higher den
sif ication observed in the PI 7 irradiations is attributed to this geometry 
effect. 

9. CONCLUSIONS. 

The irradiation induced densification of mixed oxide fuel rods has 
been studied by means of non-destructive examinations, e.g. the neurono
graphy technique. 

The analysis of this technique leads to an estimate of the errors in
troduced in the fuel column length changes calculations. The first error 
is due to magnification variations, the second to the fuel columns ends 
effects when no dysprosium discs ara used. 

The fuel column lengths have been observed to shrink during irradi
ation with a maximum rate at start of irradiation. In the PI7 irradiations, 
the fuel of lower initial density shows elso the higher fuel column shorte
ning, a maximum shrinkage of 1 X being reached after 8000 MWd/tM. 

A temperature dependence of the densification is noticed in the P20 
irradiations : a temperature increase of the fuel accelerates the densifi
cation for a given burn-up ; the maximum densification is also temperature 
dependent. This last conclusion has to be confirmed by the additional ana
lysis of the long-term irradiation P20/4. 

Tha destructive examinations have been started. They include fuel 
density and pores sizes and volumes distributions determinations. The pre
paration of fuel metallographic samples and Quantim«t qualification are 
underway. 
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- T A B L E I -

Fl 7 - GARIGLIANO FUEL RODS CHARACTERISTICS 

1. FUEL CHARACTERISTICS. 

H : high density fuel ; L : low density fual. 

A. Pellet geometry. 

- Typ« : chamfered pelleta ; 

- Height (mm) : 12.7 £ 1.5 ; 

- Diaaatar (m) s 12.9 +_ 0.01 ; 

- Chaafara (2) : . haight (mm) : 0.2 - 0.3 ; 

. radiua (mm) : 0.6 - 0.7 

B. Physical properties. 

- Linear density (g/cm) : B : 13.47 ; L : 13.08 ; 
- Cylindrical danaity (g/cm ) : H : 10.30 ; L : 10.01 ; 

- Geometrical danaity (S TD) : H : 94 ; L : 91 

C. Enrichmant. 

- Uranium : 0.605 Z U235 ; 

- Plutonium (Put/0 + Pue, w/o) : H : 3.41 ; L : 3.34 ; 

- Pu iaotopic conpoaitiou (w/o) : 

Pu 238 Pu239 Pu240 Pu241 Pu242 

B : 0.094 78.635 18.047 2.765 0.458 

L : 0.048 79.396 17.706 2.419 0.431 

- Blanket pallets : 0.605 Z U235. 
2. CLAPPING. 

- Material : Zr2 ; 

- Outat diameter (mm) : 15.1 s 

- Hall thickness (am) : 0.94. 

3. POEL ROD CHARACTERISTICS. 

- Fuel length (mm) : 184 ± 2.1 ; 

- Fuel weight (g) : B : 248 ; L : 241 ; 

- Number sf pellets : 14 ; 
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IAgLE I (continued). 

- Blanket palUts (2)(D02, 0.6 Z 0235) ; 

- Fuel rod lasgtK (mm) : 275.0 ̂  1.0 ; 

- Filling ga* : Ba, 1 atm ; 

- Fuel rod numbtr : 

H : P380, P382, P384, P38S, F386, F387, P388, P389 ; 

L : P390, P39I, P392, P393. 

* * * 
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- T A B L E I I -

P20-FÜEL RODS CHARACTERISTICS 

1 . FUEL CHARACTERISTICS. 

A. Pellet geometry. 

- Typ« : dished pellets ; 

- Height (un) : 10.160 +, 1.270 ; 

- Dismeter (im) : 9.246 +, 0.013 ; 

- Dishes (2) : . volume (v/o/dish) : 1.07 ; 
. depth (mm) : 0.18 +_ 0.05 

B. Physical properties. 

- Theoretic»! density : 10.964 ; 
- Geometrical density (Z TD) : 91 +_ 1.5 ; 

- Bulk density (Z TD) : 92 + J .5 ; 

- Linear density (g/cm) : 6.70 

C. Chemical properties. 

- 0/M : 2.002 £ 0.005 

D. Microstructure (batch a) . 

- £orjs_distribution : 

. homogeneous in pellets ; 

. size : bi-modal distribution ; 

(1) micropores : < 0.5 Mm ; 
(2) large pores (holes) : average of hole maximum diameter (on 6 pellets 

sections) : 129 jim. 

- £02 grain tize : 

. agglomerates : 35 Mm ; 

. individual grains (in agglomerates) : 10 Mm. 

- Pu_d«rtr£bution j 

. no agglomeration ; 

. Pu-rich particle size : 24 Mm. 
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TABLE II (continued). 

E. Enrichment. 

- uranium (isocopic composition, w/o) : 

U234 0235 0236 0238 

0.001 0.216 0.004 99.779 

- Plutonium (isotopic composition» w/o) : 

Pu238 Pu239 Pu240 Pu241 Pu242 

0.404 76.063 15.394 7.037 1.082 

-Pue/0 + Pue (w/o) : 0.859^0.11 

2. CUPPING. 

- Material : Zr4 ; 

- Outer diameter (mm) : 10.95 ± 0.05 ; 

- Inner diameter (mm) : 9.48 +_0.04 ; 

- Wall thickness (mm) : 0.68 minimum. 

3 . Sl'KUCTuKAL MATERIAL. 

- InjuL»£ion_dis£s (2) : 

. material : A1.0- ; 

. height (mm) : 3.17 ± 0.02 ; 

. outer diameter (mm) : 9.12 .',, ; 

• inner diameter (mm) : 3.0 £ 0.5 

- torker_dis£s (3) : 

. material : Dysprosium ; 

. height (mm) : 0.25 +. 0.02 ; 

. outer diameter (mm) : 8.89 +_ 0.12 

- Spring : 

. material : stainless steel type 302 ; 

. free length (mm) : 27.5 +. 0.7 ; 

. characteristic (leg/cm) : 0.36 +_ 0.07 

4. FOEL ROD CHABACTERISIICS. 

- Planum length (mm) : 10.5 ; 

- Fuel length (aa) : 101.6 +_ 1.2 

- Number of pellets : 10 ; 
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TABLE II Und). 

- Fuel «might (g) : 68 ; 

- Filling gai : H«, minimum 90 X, 1.30 atm ; 

- Bod length (sm) : 142.1 ̂  0. i ; 

- Fu«l rod loading : 

. Batch a : HBI, ..., HB6, HB8 ; 
Faal geomatrical deneity : 90.72 Z TD ; 
Standard deviation (between roda) : 0.10 Z TD ; 

. Batch b : HB9 HBI 2 ; 
Fuel geometrical deneity : 90.57 Z TD ; 
Standard deviation (between rode) : 0.03 Z TD. 

* * * 
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- T A B L E III -

PI 7 AND P20 IRRADIATION PLANNING. 

Basket 

P17/2 
PI7/3 
PI 7/4 
P17/5 
P17/6 
P17/7 
P17/8 
P17/9 

P20/1 
P20/2 
P20/3 
P20/4 

P20/5 

P20/6 

P20/7 

Number 
of BR2 
cycles 

2 
1 
5 

17 
8 
3 
12 
4 

2 
1 
5 

18 

8 

3 

4 

Irradiation sequence 

g i n 

s i t 

nxxnxxxa 
[ m i i i i i i i o i i i i i i i i 
t axxxxnxn 
nxnxxmxxaxnixn 

nxnxnxa 
nxxnxxxxnxxxnxxxn 
uxxaxxn 

O I I S 

nxn 

nxnxxxnxn 

s n i x n i i s i s s i i s i i n i i s i i i i 
n i l 

n x x n x x a x x n x x n 

n x x x n 

n x x a x i n 

Expected period 

07/74 - 10/74 
10/74 -»02/75 
02/75 -»01/76 
02/75 -. 03/78 
08/75 - 07/77 
08/77 - 07/78 

02/78 - ~ 08/79 
08/78 - ~ 05/79 

02/75 - . 05/75 
03/75 - 07/75 
04/75 - 0 1 / 7 7 
07/75 - 0 1 / 7 9 

02/76 » 07/77 

06/77 - . 05/78 

06/78 •» - 04/79 

n : aeutronography ; x : in-reactor 
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- T A B L E IV -

P17 ADD P20 IRRADIATION CONDITIONS 

Fual rod 
identi
fication 

P38S 
(PI 7/2) 

P380 
(P17/3) 

P3S0 
(PI 7/3) 

P384 
(P17/4) 

P39I 
(PI7/4) 

HB5 
(P20/1) 

HB1 
(P20/2) 

HB9 
(P20/2) 

HB2 
(P20/3) 

HBIO 
(P20/3) 

Neutron dose 
(n/cm2) at 
mid-fuel 
column 

8.90 1019 

3.16 1019 

19 
3.14 10* 

20.44 1019 

18.72 1019 

2.20 1020 

1.25 1020 

1.21 1020 

4.27 1020 

4.21 102° 

Number 
of BR2 
cycles 

2 

1 

1 

1 + 3 

1 + 3 

2 

1 

1 

1 +3 + 1 

1+3 + 1 

Duration 
(days) 

42.2 

14.8 

14.8 

113.0 

113.0 

47.9 

28.8 

28.8 

98.9 

98.9 

BR2 mean 
power 
(MW) 

77.3 

71.7 

71.7 

76.0 

76.0 

74.6 

78.3 

78.3 

76.7 

76.7 

Burn-up 
(MWd/tM) 

1504 

537 

531 

-

-

-

-

-

-

-

Normalized 
neutron 

dose (20 d, 
80 MH) 

4.37 I019 

4.76 1019 

4.73 1019 

19 
3.81 10 * 

3.49 1019 

9.85 1019 

8.87 1019 

8.59 1019 

9.01 1019 

19 
8.88 1019 
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- T A B L E V -

COMPARISON OF FELLEIS LENGTHS OBTAINED BT METROLOGY AND NEÜTRONOGRAPHY 
(fuel rod HB9, P20/2 irradiation) 

p*ll*t 
fabrication 

mmbar 

55 
72 
I 

82 
BO 
84 
6 

53 
101 
109 

Fällst 
length I« 
metrology 

10.395 
10.091 
10.315 
10.160 
10.223 
10.180 
10.165 
10.180 
10.275 
10.195 

Pellet 
length Ln 

neutronograph? 

~ 10.3 
10.198 
10.415 
10.255 
10.335 
10.281 
10.268 
10.272 
10.372 
~ 10.1 

A " L n " Lm 

0.107 
0.100 
0.095 
0.112 
0.101 
0.103 
0.092 
0.097 

A - S 

0.006 
- 0.001 
- 0.006 

0.011 
0.000 
0.002 
0.009 

- 0.004 

Remarks : 

- All dioena ion* in am ; 

- 2T : mean of A on 8 central pellets (S » 0.101) ; 

- t - >/s (A - S>2/7 - 0.006 ; 

- T S T - a A 1/8 - 0.005 ; 

- r • 10.199 (mean on 8 central pelleta) ; 
OL 

- L"n • 10.300 (mean on 8 central pellets) ; 
- P (magnification, X) : — * 100 » 0.990. 
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Fig.1 Schematic view of the P17and P20 fuel rods 
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Fig. 2 Fuel rods loading and location in the BR2/P17and P20 irradiations 



Fig. 3 GAMMA-SCANNING OF IHE P17/2 RIG 
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Fig. 5 Chamfers effects in fuel rod P391 (neutronography before irradiation) 
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SHORT TEEMS EXPERIMENTS IN BR2 TOHABDS A BETTER FAST 

FUEL PERFORMANCE AHALYSIS 

J. Van Vlitt & A. Fey 

EELGOHDCLEAIRE S.A. 

INTRODUCTION. 

High liniaE povers ara cypical of L M F B R fuel pins. These high rac
ing* oust ba compatible with the veil-known non melting design criterion : 
even in the fual central zona, cht température oust remain, below melting 
temperature. 

The fuel central temperature depends on a lot of factors which may vary 
strongly during irradiation. 

The fabrication of the fuel pins imposes a diametral clearance between 
pelleta and cladding, which offers a high thermal rttittanca during the pin 
life, due to fuel thermal expansion, cracking and swelling ; this fuel-clad 
gap disappears and its heat transfer coefficient improves, decreasing the 
fuel surface temperature and the fuel overall temperature conditions. 

The fuel structure variations affect also the central temperature 
through such effect« as porosity redistribution resulting in a central hole 
formation or actinide redistribution, which modify the relative volumic heat 
generation rate in the fuel pellet. 

Assuming a constant pin power, the overall effect of the phenomena of 
gap closure and fual restructuring is to decrease the fuel temperature, if 
sufficient time is provided. However, if during the start-up procedure, the 
power is increased too quickly, as compared to the time needed for the re
structuring processes, the fuel temperatures increase significantly and a 
BOL temperature peak may be eventually reached. 

In order to predict correctly these BOL temperatures and to optimize 
the start-up procedures, it is necessary to study the fuel B O L restructur
ing phenomena which occur at very low burn-ups. 

This is the aim of the FABFADET experimental programme, which is to be 
performed in the BR2 reactor : short experiments on well characterized fuel 
pins are planned to study the begin-of-life fuel behaviour. 
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The first part of this presentation describe! some aspects of the fuel 

physical restructuring! The chemical effects are reviewed in a second parti 
The third part presents the planned experiments together vith some prelimi
nary calculation reaults. 

* * * 

I. FUEL PHYSICAL RESTRUCTURING AI BEGIN-OF-HFE. 

By restructuring, we mean any change between the actual fuel structure 
and its as-fabricated state. Neglecting slow effects as solid fission pro
ducts swelling end instantaneous ones es fuel thermal expansion end crack
ing, the most important physical phenomena are the porosity redistribution, 
the fuel thermal and irradiation-induced in-pile sintering, the fission gas 
bubble «welling and the fuel grain growth. 

1.1. POROSITY REDISTRIBUTION. 

As we are interested in Che porosity redistribution occurring at the 
beginning of irradiation, we only consider here the fastest porosity redis
tribution component, i.e. the pore migration by an evaporation - condens
ation process. 

The velocity of such migrating pores has been evaluated by several au
thors [1] [2] [3], the common result being : 

*,-T^n-I HH-("40 <•> 
where p is the pore inner pressure, i.e. filling gas and fuel vapour par
tial pressures, T is the absolute temperature, I dT/dr I being the absolute 
velue of its radial gradient and R is the gas constant. Q and C denote an 
activation energy and a temperature independent quantity which vary vith 
fuel composition (Pu content) and stoichiometry. 

The as-fabricated fuel contains much porosities with low total pres
sure. Following formula (I), their mobility is high and they climb 
the thermal gradient. Another source of low pressure porosity arises from 
the fuel cracks. The letter disturb the local temperature field end induce 
localized high temperature drops across their width. This temperature dif
ferences trigger evaporation - condensation processes and lenticular pores 
ere formed which move up the thermal gradient and heal the initial cracks. 
These effects «ere investigated by Bonchi S Sari [4], which showed also that 
the expérimental results vere best reproduced by assuming a constant pore 
volume V and gas content n (in moles), i.e. 

The temperature dependence of the pore radial speed in shown in Fig. 1 
for five different correlations [2] [3] [4] [12] . This dependence is parti
cularly strong and shows how much columnar grain growth can vary with linear 
power. 

VII.2. 



- 3 -

From the para velocity diitribution, a characteristic tine for denai-
fication c. can be defined : 

<d • - j V 
r l p 

where r0 dénotée tbc final pore position, i.e. the central hole radius and 
ri the starting pore position. Nichols [SI has integrated expression (3) 
and hes shown that the nain parameter influencing ta is the temperature T| 
corresponding to the radial location t\. Nichols result is shown in Fig. 2 
together with fuel SOL central temperature deduced from given linear 
powers. 

Fig. 2 shows that similar central temperatures and columnar grain 
growth kinetica are expected by assuming high density 92 ID fuel at 440 tf/cm 
and low density 86.5 X TD fuel at 390 V/cm. Fig. 2 shows also Coat the fuel 
linear power must be accurately defined, because a 5 X variation in linear 
power induces a 100 Z variation in densification time. 

1.2. FDEL IN-PILE SINTERING. 

In-pile fuel sintering is of primary concern during the first days of 
irradiation, because it tends to open the fuel - clad gap, thereby increasing 
the alrady high fuel températures. 

While being essentially irradiation controlled in low temperature ty
pical L W S fuels, in-pile sintering seems to become thermally controlled in 
high rated fuel as waa shown by M. Lippens & al [6] : a thermal effect seems 
tojAcrease the limit density and_the sintering speed. This thermal mecha
nism can" be attributed'to the thermal contribution of the U-Pu self-diffu
sion coefficient, «hicli becomes significant between 1500 and 1700'C, as 
shown in Fig. 3 [8]. However, the detailed mechanism is not yet well under
stood, especially its possible.connection,with grein growth [7] [8| . Short 
term experiments in typical L M F B R conditions should provide valuable in
formation about this thermally induced sintering. 

1.3. FISSION GAS BUBBLE SWELL IMG. 

In short duration experiments, solid fission product swelling ia not 
believed to be important beside the large contribution of gaseous swelling. 
the latter results from fission gas bubbles nucleation, growth, diffusion 
and collection at fuel grain boundaries. 

Fission gas bubble swelling is strongly temperature and stress depen
dent. It has also its own kinetics, which reflects the mechanisms of bub
ble nucleatior., resolution, growth and movement. Under constant tempera
ture and stress conditions, the gaseous swelling saturates : the bubbles 
accumulated on grain boundaries interlink and form tunnels which connect 
the.bubbles to open porosities. Once the pressure in the bubbles is relax
ed by ges release, the tunnels close and the process starts again. This 
dynamic equilibrium requires burn-up to be reached. In fuel operated at a 
specific power of 150 W/g.ox, the tine required for equilibrium is believed 
to be of the order of one or two months. In short experiments, i.e. expe
riments not longer than the 21 days of the BR2 cycle, gaseous swelling is 
not expected to saturate. 
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In order to illustrate the macroscopic effects of gaseous swelling. 
Fig. 4 presents the filling of the dishes of a typical L WR pellet : a simi
lar picture is expected in F BR condition*, with of course an additional 
columnar grain zone whose growth results in the central hole formation. 

During short restructuring experiments, no significant pellet - clad me
chanical interaction is expected. Assuming that th& thermal and swelling 
stresses in the fuel are almost totally relaxed by fuel cracking, the fuel 
will be essentially stress-free. It will be, therefore, possible to study 
the temperature effect, magnitude and kinetics of stress-free gaseous swell
ing. 

1.4. GRAIN GROWTH. 

Grain growth is easily measured on ceramographies and is often used as 
a temperature mark. In much computer codes, it is associated with a given 
isotherm. This is, of course, a picture which is not valuable during short 
restructuring experiments where strong temperature variations occur in times 
shorter than those required for grain growth. 

A kinetic model must be utilized to analyse such results. Ainscough 
[91 has proposed such a model which was slightly modified by BELGONUCLEAIRE 
in its COMETHE III-J code [10]• Short experiments are thought very useful 
to calibrate this model, which has only been checked in situations where the 
grains had their maximum size. 

2. FUEL CHEMICAL BE STRUCTURING AT BEGDI-OF-LIFE. 

Many physical processes involving the mixed oxide fuel of a F B R pin 
are deeply connected with the fuel chemistry. Such is the case for instan
ce with porosity redistribution and with any process connected with solid 
state diffusion like fuel creep, sintering and so on : the oxygen content 
of the mixed oxide fuel matrix, i.e. the stoichiometry plays a leading role. 

The local fuel stoichiometry modifies also the thermal conductivity of 
the mixed oxide matrix. 

From the power to melt standpoint, Fu-redistribution is also very im
portant : it is directly related to fuel stoichiometry through mechanisms 
which have been clearly evinced by experiments, but which are not yet fully 
understood. 

In order to illustrate the impact of chemistry on fuel performance, a 
comparison is made in Figs. 5 and 6 between a high and a low stoichiometry 
fuel pins. While the Alkem fuel of pin AH was nearly stoichiometric, the 
stoichiometry of the BN fuel of pin BH13 was only of 1.965. This low stoi
chiometry leads to an important temperature increase, which results in a 
larger columnar grain zone and a larger central hole. 

The as-fabricated fuel pellet is an almost homogeneous mixture of ura
nium, plutonium, oxygen and impurities. Once brought at high temperature, this me
dium is ,i more in thermodynamic equilibrium. Transport processes act in 
order to reach this complete equilibrium, which would exist at infinite 
time in the fuel pin, if there were no burn-up effects. Burn-up effects 
and fission products generation modify continuously the ideal equilibrium 
state and the latter becomes rapidly quite difficult to understand. 
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From this standpoint, short experiment« should yield interesting re
sults : 

- they should be long enough to allow e near-complete reetructuring of the 
fuel ; 

- they should be short enough to prevent a significant perturbation of the 
experiment by fission product generation. 

Two processes are believed to be chemically important in such experi
ments and are going to be discussed now ; oxygen and actinide redistribu
tion. 

The nain results presented are taken from the work of P. Verbeek [11]. 

2.1. QgGEM REDISTRIBPTION. 

The affinity of oxygen for its surrounding mixed oxide matrix is quan
titatively described by means of its chemical potential. This potential ex
hibits a strong dependence on parsmeters such as fuel composition, stoi-
chionetry and temperatures, as shown in Figs. 7 and 8, where oxygen poten
tials have been calculated using Blackburn's model [131. 

As large temperature variations exist in a F BR fuel pellet, large 
chemical potential differences arise which simply express that the pellet is 
not in thermodynamic equilibrium. These potential differences constitute 
a first thermodynamic force for oxygen migration. Other forces arise from 
activity or temperature gradients. 

However, the transport mechanism itself is not yet well understood. 
The main proposed mechanisms are summarized in Fig. 9. They are the follow
ing : 

(1} at high temperature in hypostoichiometric fuel, 002 *•• predominant in 
the gas phase. U02(g) migrates down the thermal gradient and there is 
a oxygen depletion in the pellet central zone ; 

(2) at relatively low temperature, solid state diffusion of oxygen can be
come significant : excess oxygen (interstitial) or defect oxygen (va
cancy) diffuse through the pallet and lead, respectively, to an oxygen 
depletion or enrichment in the pellet central zone. The thermodynamic 
force for this diffusion cen be the thermal gradient, the oxygen concen
tration gradient or the oxygen activity gradient ; 

(3) a third mechanism involves the fuel pin parasite geaesB20 end CO2 : oxygen 
reacts with either E2 or CO ; the resulting H2O and CO2 migrate in vapour 
phase ; oxygen is then released by their thermal dissociation. This can 
lead either to oxygen depletion or oxygen enrichment in the high tempe
rature zone, following the pellet mean stoichiemetry ; 

(4) the 'last mechanism is the cyclic process proposed by Aitken 1141 ; the 
net oxygen transport results from opposed contributions due to mecha
nisms (2) and (3). 

As a result of these transport processes, a steady state stoichioaetry 
profile i» reached which can be often described by e heat of transport mo
del. This steady state profile varies of course with fuel actinide distri
bution, temperature profile and fuel mean stoichiometry. 
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In order to illustrate the discrepancies between proposed modelt, 
Fig. 10 shows the results of ft oxygen redistribution calculations performed 
in DO, according to Aitfcen [14], Aitken & Evans [15], Sari & Sehumaker 

(16] and Blackburn [131• In« same temperature profile «as used in all cal
culations (see Fig. 11) and the overall calculation vas performed vith a 
modified version of the COKcTHE III-J code. 

The discrepancies shov chat the oxygenredistribution mechanisms are not 
«all understood. Experiments are, therefore, needed to clarify the situ
ation. As oxygen redistribution is influenced by fission product gener
ation, the analysis of the results should be clarified at very low burn-up, 
i.e. the experiments should be short enough to neglect fission product ef
fect. 

2.2. ACTDUDE REDISTRIBUTION. 

Plutonium redistribution plays an important role in the thermal perfor
mance of a F BS fuel pin, because of its possible detrimental effect on po
wer to melt. 

Two main mechanisms are proposed : vapour transport and solid state 
diffusion. 

The vapour transport mechanism is directly connected to evaporation -
condensation process, which can act either on a macroscopic scale through 
fuel cracks or interconnected porosities, or on a microscopic scale within 
moving lenticular pores. This shows easily that the vapour transport me
chanism depends strongly on the overall fuel structure. For instance, 
crack healing by columnar grain growth enhances microscopic evaporation -
condensation, while decreasing its macroscopic contribution. It is not yet 
firmly established, which of these both contributions la predominant. 

Solid state diffusion can also play a role in Fu-redistribution, either 
on long time scales or in very low stoichiometry fuel. As for oxygen redis
tribution, short experiments are also needed to confirm that the Pu-gra-
dients are established at begin-of-life and that the Pu-enrichment does not 
exceed 50 2. This should improve the comprehension of the basic mecha
nisms. 

Another interest in such short experiments is the calibration of Pu-
redistribution models. The results of COMETHE calculations [111 based 
mainly on the model of Lackey & al [17] are illustrated in Fig. 12. The 
latter shows that 4 days are sufficient to allow an important Pu redistri
bution. 

3. PLANNED EXPERIMENTS VU BR2. 

The two preceding sections have shown that short duration experiments 
could yield much interesting results concerning the early fuel pin perfor
mance. These results concerned the physico-chemical fuel restructuring, 
which occurs during the first days of the irradiation of F SR fuel pins. 

BELGONUCLEAIRE has, therefore, proposed an experimental program« cal
led FARFADET for EAst Reactor Analysis and DEsign Test, .which is to be 
performed in Che BR2 reactor, In collaboration with" C ES / S C K. 
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In fact, th» high epithermal flux of the BR2 reactor allow* to reproduce 
quit« confidently, under cadmium icrcan, the power generation rate and dis
tribution of a fait breeder reactor. 

The FARFADET experimental programme it, in fact, a parametric program« 
which studies the effects of density, stoichiooctry and time on the fuel 
structure. The main characteristics of the various planned .»périmants are 
suamarized in Table I. 

Two densities of 86.5 J TO and 92 3 TD have been chosen, in order to 
collect experimental data on both S NR-300 and prototype S NR-1300 fuel. 

Two ranges of stoichioswtry are investigated ; very low stoichionetry 
between 1.92 and 1.96 and a second range from 1.96 to 2.00. These ranges 
can be compared to the present 5 HR - 300 Mk-Ia and MARK-II specification, 

which is 1.97 * °|°*. 

The experience duration is quite dependent of the linear power : the 
latter was chosen to be 87 Z of the peak S NR-300 Mk-II value of 450 W/cm, 
i.e. 390 W/cm for the low density fuel. For the high density fuel, a simi
lar densification time is obtained for 440 W/cm, as deduced from Fig. 2. 

The duration of the experiments was deduced from COMETHE HI-J for the 
low density fuel. 

Thanks to kinetic models for swelling, in-pile sintering, equiaxed and 
columnar grsia growth , C0METHE III-J has the capability to simulate the 
fuel transient restructuring. 

Fig. 13 shows the drop in central temperature resulting from a cons
tant linear power of 390 H/cm. Fig. 14 compares the time evolutions of the 
central hole radius R , of the fuel -clad heat transfer coefficient b, of 
the fuel-clad gap in hot stated and of the extent of the columnar grain 
tral growth zonae, it can be seen from Fig. 13 and Fig. 14 that the cen-
temperature i* strongly coupled with the central hole radius and the extent 
of the columnar grain zone : their transient behaviours are quite similar. 
After 10 days, the central hole radius has almost reached its asymptotic 
value and the decrease of the central temperature slows down. A direct 
consequence is that the ective columnar grain zone begins to recede after 
having reached a nsTiimim extent. During this period, the gap closes conti
nuously as a result of an important gaseous swelling in the median zone of 
the pellet, which largely compensates for the in-pile fuel shrinkage. The 
gap closure improves the gap heat transfer coefficient and provides, there
fore, together with the central hole formation, a further reduction in 
fuel temperature. 

From this calculation, one has deduced three durations for the expe
riments : 

(a) 2 hours : the columnar grain growth is just starting ; 
(b) 1 day : ths columnar grain growth is still very active ; 
(c) 10 days : the central hole has almost reached its asymptotic pattern. 
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Tb* mais problem »rising In these experiments it th« correct evaluation 
of tli* fuel temperatures. Ibc latter depend on euch parameters at fuel -
clad gap, fuel porosity and stoichiometry and, of course, linear power and 
cladding temperature. The most difficult problem is to realize a priori, 
accurate linear powers. This is made possible by means of a CIRCE type de
vice, where tbe total beat generation is measured by means of thermocou
ples. The expected accuracy is 5 X, i.e. a departure of maximum 20 W/co 
from the nominal value. Work is under way to improve this already high ac
curacy. 

The results of the FARFADET experimental programme should be used to 
calibrate numerous fuel behaviour models such as those already implemented in 
the COMETHE code, another important application of these results should be 
the definition of tbe stsrt-up ramps of high rated fuels such as those plan
ned for SNR-300 Mk-II core and for S NR-1300. 

a * * 
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MAIN CHAEACTERISTICS OF THE FARFADET PROGRAMME 

Fuel bu lk d e n e i t y 

L i n e a r power 

Irradiation t in* 

Fuel ttoichiometry 

Clad OD/ID 

Outer clad temperature 

Fuel - clad diametral gap 

Pu fOl * Pu ) co t ' v to t tof" 

Total number of irradiated pins 

Maximum burn-up 

36.5/92 Z TD 

390/440 ff/ca 

2 h/l d/10 d 

1.92 - 1.96 / 1.96 - 2.00 

7 .6 /6 .6 mm 

500'C 

190 im 

20 Z 

12 

0.3 at.Z 
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Fig 7 : Variation de PQ2 e n fonction du rapport 0/U pour 
djverses températures dans U02*x . 
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Pig. 8 : Variation de p 0 2 en fonction du rapport 0/M dans 

(U,20% Pu)Û21 ) ( , pour diverses températures ; 
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Oxygen redistribution models in UO_ 
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Fuel temperature profile used in 

oxygen redistribution calculation 
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COMETHE results for Pu redistribution 



COMETHE I I I - J results for low density fuel 

COMETHEIII-J results for low density fuel 
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CHEMICAL INTERACTION AT THE F.8.R. CLADDING-FUEL INTERFACES. 

A. DELBRASSINE, J. RETELS, P. DIRVEN 

CEN/SCK, - 200 Boeretang, Mol - Belgium 

Summary 

Pins containing U02-30 wt.% PuQ. and/or Caesium and/or Tellu

rium as doping elements have bean irradiated for about 40 

days in the BR2 reactor. The effects of two Cs/Te ratios, na

mely 1.3 and 4 and a wide range of 0/M ratios on the inner 

corrosion of the clad have been Investigated. 

The influence of Tellurium on the attack of the cladding has 

been pointed out. It may be responsible for the Chromium and 

Nickel depletion in the grain boundaries of the staal. It is 

necessary to measure the effective Cs/Ta ratio associated with 

the local corrosion layers. This local Cs/Te ratio should be 

more useful than the initial mean Cs/Ta ratio in a pin for 

understanding the corrosion phenomena. 

Introduction 

During the last symposium on the Results of 5 years of BR2 

reactor utilization,' an in-pile simulation programma was pre

sented to elucidate the- rola played by fission products C13. 

The first rig specially designed to stabilize the clad tempe

rature had achieved its irradiation of 2 cycles (̂  40 days) 

in the BR2 reactor and the only conclusion was that tns irra

diation device behaved well for short ln-pile experiments. 
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During the last five y aars three other devices were loadad in 

tha BR2 reactor and the doped pins war« examined at tha L.M.A, 

Of the CEN/SCK.. 

Sefors discussing the subject it should bs pointed out that no 

corralation between fuel pin failure and inner clad corrosion 

has bean formally stated. 

2. Objectiva of tha doped fuel Bin irradiation aroeramme 

Irradiation tests on dopad fuel pins can provide a radial tempe

rature gradient similar to this obtained in prototype pins. 

Tha temperature gradient is very important because it affects 

tha oxygen potential gradient,has a large Influence on the fuel 

chemistry and is responsible for the transportation of clad 

components Into t/ie fuel. 

The first phase of tha programme Is limited to the study of 

the effect of Cäsium and/or Tellurium on the internal corrosion 

of the cladding. The second phase of the programme will be the 

study of the sensitivity of different advanced clad materials 

to tha Inner corrosion. 

3. Fuel pin and Irradiation rig design 

The main geometrical characteristics of the pins are given by 

fig. 1. The clad diameters and the fuel pallet characteristics 

(Table I) are typical of tha first core of the SNR 303 reactor. 

The steal qualities have also been chosen either because they 

were potential materials far the fuel elements of this reactor 

CWN 1.4970 and WN 1.4931) or as a passible remedy against 

corrosion (AISI 310-high chromium steel). The relative volumes 

of the different phases are représentative for a LMFBR fuel pin. 

Tha doping elements CCaesium and/or Tellurium) are added under 

metallic form to avoid any introduction of other impurities 

such as Carbon. Oxygen, ... which could perturbate the corro

sion conditions at the fuel-clad Interface. 

Extreme cars is taken in the degassing and manipulations of 

the psllsts and structural parts to eleminate any water vapour 
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contamination. Specifications about chemical purity ara tha 

currant ones imposed for LMFBR fuels. 

Five pins can ba inaertad in an irradiation daviea [Flg. 1) 

callad C.F.C. Ccladding-fuel compatibility) and especially 

designed to minimize the axial Usât transmission on the total 

length af thg clad and to stabilize tha temperature of the clad 

within a faw degrees C^ 3°C) whatever tha variations of the 

reactor power level may be. 

Tha maximum difference in the local temperature! between the 5 

cladi la 40°C. 

Clad temperature and linear power are recorded continuously 

C O . The CFC rigs ara Irradiated in the Belgian BR2 reactor. 

Irradiation time la defined as 2 reactor cycles or approxima

tely 4Q days. 

The irradiation conditions are listed in Table II . 

4. Results and discussion 

The non-destructive and destructive examinations were reported 

in a previous communication presented at the specialists' mee

ting on Fuel and Cladding Interaction f2J. 

Fig. 2 and 3 summarize schematically the main results already 

obtained from the C.F.C. programme. 

4.1. göld_gf_the_g/r3_and_Ca/Tg_ratlgs 

Tf\a Q/M ratio does not play a direct r8le in the clad 

corrosion but acts as a general buffer affecting the che

mical activity of each element. 

- When using stoichiometric fuel pellets, no or only a 

very limited corrosion layer can be detected In three 

cases ; in presence of Caesium only Cno attack at all], 

in presence of Tellurium only [40 urn corrosion dapth) 

and in presence of these both elements, the mean Cs/Te 

ratio being equal to 4 [40 urn corrosion dapth). This 

ratio corresponds approximately to the fission yield. 
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- In this latter casa, hypostoichiometric fuela CO/PI ratio 

1.98) still allow corrosion but the attack dapth could 

ba of tha order of 20 (jm. This is not significant becau

se of the same order of magnitude than the usual fabri

cation tolerances for nuclear tubas. When the Q/ri ratio 

of the fuel pallets is as low as 1.94, no corrosion is 

observed. 

- With hyperstoichiometric fuels ( 07M ratio • 2.013, 

the attack depth increases drastically [120 /jm) . 

These results show that the original O/M ratio of a fuel 

is a very important characteristic, certainly near stoi-

chiometvy. This parameter must therefore be rigorously con

trolled, as also any source of oxygen during the fabrica

tion of the fuel pin (moisture contamination,for instance). 

Tha precision and reproducibility of the 0/M determination 

methods is such thi.it the minimum analytical error is pre

sently about ^ 0.005. On the other hand, it is suspected 

that the metallic doping elements decrease the mean oxi

dation degree of the fuel pallets. That means that the 

hyperstoichiometric pellets used in the CFC programme may 

be Just above stoichiometry and that the stoichiometric 

ones may be effectively ranging between 1.99x and 1.99 

(even perhaps 1.985 in the most unfavourable case). Tha 

total attack depth is also influenced by the Cs/Te ratio. 

The 40 urn corrosion layer observed in a WN 1.4970 steel 

when using slightly hypostoichiometric pallets and a mean 

Cs/Te ratio of 4 increases up to 190 jum in pins where the 

mean Cs/Te ratio is as low as 1.3. 

0ut-of-pile tests carried out under thermal gradient by 

General Electric Workers C3T, hava also shewn that the 

oxygen potential and the C'i/Te ratio control the cladding 

attack. They found that the occurence of attack of a 316 

stainless steel cladding with slightly hypostoichiometric 

mixed oxide pellats was restricted to cases where tha 

Cs/Te ratio was £ 2. 

No attack was observed in capsules containing Cs/Ts ^ 4 

until an oxygen potential corresponding to Ni/Ni0 was 

attained. 

mi A. 
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Our results confirm tharsfora that the Cs/Te ratio affects 

the attack of the cladding but also show that, though 

shallow, corrosion can occur at a Cs/Te of 4 and with 

slightly hypostoichiometric fuels. 

Rôls_gf_Tallurium 

In tha pin containing slightly hypostoichiometric mixed 

oxide and a small Tellurium pellet but no Caesium, a 

40 pm-corrosion layer has been observed. Tellurium has 

been detected in the grain boundaries and seams therefore 

to be responsible for a Nickel and Chromium migration from 

-ha grain boundaries in tha zona with an intergranular at

tack. Near tha fuel, this migration is so important that 

the austenitic staal is transformed into a farritic one. 

Chromium, Nickel, Iron and Tellurium are concentrated in 

the gap between fuel and cladding where two nan metallic 

layers have been evidenced. 

The first one-near the clad contains Tellurium end Chro

mium as main component (Ta : 71.2 at.* i Cr : 24 at.% ; 

Fe : 3.2 at.* i Ni : 1.6 at.%). It might be composed of 

Cr Tea and free Tellurium with Iron and Nickel in solu

tion. .' 

The second one - near the fuel - shows Ts, Mi and Fe as 

major components with some traces of Uranium. No Plutonium 

traces have been found. According to the composition : 

Fs : 24 at.*. Ni : 25 at.* and Ta : 51 at.* i this layer 

might be constituted by a compound (Fe, Ni). Ta iso

morph with (Fe, Ni)1_ S. 

The moderate aggressiveness of Tellurium can suddenly 

be very high when Tellurium is associated with Caesium in 

a certain ratio. As already discussed, the corrosion 

depth depends indeed on the Cs/Ts ratio. Furthermore, the 

influence of this ratio on the clad corrosion seems, in 

turn, to be dependant on the 0/M ratio of the pellets. 

Nickel and Chromium depletion in the corroded zone also 

occurs in the pins with Tellurium and Caesium. Caesium and 

sometimes Tellurium are found in the grain boundaries. 
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Two corrosion layers ara still obssrvsd batwesn the fuel 

and the clad material : the first ana - naar the clad -

is Chromium. Tellurium and Caesium rich and the second 

one - naar che fuel - is NicKel and Iron rich. 

It is interesting to note that a non negligible transport 

of clad components into the fuel has been observed in a 

pin with slightly hypostoichiomatrio pallets and a low 

Cs/Te ratio i.e. a relatively large excess of Tellurium. 

All thi3 suggests that Iodine is perhaps not the only 

good carrier of clad components, and that Tellurium plays 

an important rSls in the clad corrosion. 

4.3. iffaçt_gf_tî3B_olad.çgmggsitiLQ 

Two sxpsriments performed with a WN 1.4981 clad and a 

AISI 310 clad have shown that the corroded zone is of the 

same order of magnitude but that the nature of the clad 

material influences the corrosion typa. The AISI 310 

steel is more sensitive ta the intargranular attack than 

the WN 1.49S1 steel while mora resistant to the uniform 

matrix attacK. 

4.4. Effgot_of_axial_Tellyrium_and_Çaesium_distribution 

The local Caesium concentration on the fuel column 

length was estimated from the axial -activity measure

ments of the IS^Cs and 1^'es isotopes. Wa assumed that 

the counting rata at each level could be Caesium concen

tration measured in an arbitrary unit. 

It can be observed that the two isotopes have migrated 

in the sarna way, this confirms that th« initial location 

of Caesium has no importance as far as the axial distri

bution is concerned i the '3'Cs is exclusively produced 

by fission and ^^^Cs is coming from natural Cs activation 

for a great part and from fission for a small part. 

As we observa no influence of the initial Caasium loca

tion for tha thraa fual pins, we can note that the distri

bution of Caesium coming from 1^3Cs activiation or from 
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fissions is influsncsd by the linear powar distribution 

in tha fual column (Fig. 4). In fact, since the axial 

clad tsmpsratura gradient is vary small (soma °C) tha 

fuel surface temperature is tha mean parameter influen

ced by the linear powar and it can be concluded that 

far this experiment the Caesium distribution is a func

tion of the outer fual surface temperature. The second 

factor influencing the Caesium mobility is the mean 

Q/M ratio. 

By microprobe analysis we measured tha Caesium to Tellu

rium ratio at the fual clad interface. These measure

ments were carried out at fiva diffsrent levels for 

the.hyperstoichiometric pin (pin C1 i 0/M • 2.OS] and 

on two different paints for the two other pins (pins 

C2 and C11 i O/H - 1.98 and 1.96), both on axial and ra

dial sections. It immediately appears that measurement 

carried out on the axial section would give a better 

value of the mean value of the Ca/Ta ratio at this le

vai, but it is also obvious that the clad attack is a 

local phenomenon and it is indeed interesting to measu

re Cs/Te ratio where the clad attack ia maximum or to 

compare local Ca/Ta ratios and local clad attack depths. 

We have consequently compared Cs/Ts ratio in radial and 

longitudinal metallographic sections where the clad at

tack depth was maximum. 

The three measurements performed on pins C1, C2 and C11 

establish the lower mobility of the Tellurium whatever 

be the oxygen content of the fuel column. This observa

tion could show the independence of the Tellurium beha

viour in relation to fuel oxygen content. 

Conclusions 

- These in-pile simulation experiments show that Tellurium 

plays an important rals in the clad corrosion at 7uO°C. Tel

lurium would be responsible of the Chromium and Nickel de

pletion in the grain boundaries of the corroded zone. 
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- Ths aggressiveness of Tellurium is a function of the Caesium 

concentration. Nevertheless, Caesium alone has not given 

any corrosion pattern. 

- The transport of clad components into the fuel can take pla

ce in absence of Iodine. 

- No corrosion of ths clad material has been observed with 

mixed oxide pellets having a 0/M ratio of 1.94. On the con

trary, hyperstoichiometric pellets allow an important local 

inner corrosion of the cladding. With slightly hypostoichio-

metric pellets, a moderate attack zone has been evidenced. 

- The corrosion zone observed in two different austenitic 

steels was about similar in total depth but different in 

nature. 

- It is recommended to draw a map of ths Tellurium and Caesium 

distribution along perfectly characterized prototype pins 

and to correlate local oxygen activity and corrosion patterns. 

- As far as ths CFC programme is concerned, the behaviour of 

dispersion-strengthened ferritic steels and possible advan

ced clad materials CPE 16, Ni-alloys etc...} in comparison 

with austenitic steals will be studied in the next future. 
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TABLE I I FUEL PIN CHARACTERISTICS 

:XPERIMEN] 
NUMBER 

C.F.C.01 

C.F.C.02 

C.F.C.03 

C.F.C.05 

PIN 
NUMBEF 

0 
1 
2 
3 
4 

A5 
08 
A4 
A 8 * 
A6 

B6 
B7* 
A9 
B 3 * 
B1 

C11 
C2 
CI 

FUEL 

0/11 

2.00 
2.00 
2.00 
2.00 
2.00 

2.00 
1.99 
1.98 
1.97 
1.94 

2.00 
1.99 
1.96 
1.97 
1.94 

1.96 
1.9S 
2.01 

Pu/U*Pu 

19.3 
20.05 
20.05 
20.05 
19.3 

29.9 
29.6 
29.6 
29.6 
29.9 

29.9 
29.6 
29.6 
29.6 
29.9 

29.9 
29.6 
29.9 

PELLET <f 
(mm) 

4.99 
4.99 
S.00 
4.99 
4.96 

4.94 
4.95 
4.94 
4.93 
4.92 

4.93 
4.94 
4.93 
4.94 
4.92 

4.89 
4.93 
4.93 

PELLET HEIGHT 

(mm) 

5.84 
5. 82 
5.82 
5.82 
5.B4 

5.7 
5.6 
5.BS 
5.5 
5.5 

5.6 
5.66 
5.53 
5.6 
5.5 

5.5 
5.5 
5.6 

BULK 
DENSITY 

88.S 
68.3 
88.1 
88.4 
66. 6 

86.5 
86.7 
66.7 
86.6 
86.5 

66.2 
66.8 
66.6 
66.6 
66.1 

87.3 
66.7 
86.1 

CLAD 

NATURE 

W.N.1.4961 
M.N.1.4981 
W.N.1.4981 
M.N.1.4981 
AISI 310 

M.N.1.4961 
M.N.1.4981 
M.N.1.4961 
M.N.1.4981 
M.N.1.4961 

M.N.1.4981 
M.N.1.4981 
M.N.1.4961 
M.N.1.4961 
M.N.1.4961 

M.N.1.4970 
W.N.1.4970 
M.N.1.4970 

'OUTER $ 
(mm) 

6*0.02 
6*0.02 
6*0.02 
6*0.02 
6*0.02 

6*0.02 
8*0.02 
6*0.02 
6*0.02 
6*0.02 

6*0.02 
6*0.02 
6*0.02 
6*0.02 
6*0.02 

6*0.02 
6*0.02 
6*0.02 

- - -
DOPING ELEMENTS 

INNER <*> Ca MEIGHT 
(mm) (mg ) 

5.24*0.02 
5.24*0.02 
5.24*0.02 
5.24*0.02 
5.18*0.02 

5.24*0.02 
5.24*0.02 
5.24*0.02 
5.24*0.02 
5.24*0.02 

5.24*0.02 
5.24*0.02 
5.24*0.02 
5.24*0.02 
5.24*0.02 

60 
60 

59 

62 
56.6 
60.1 
61.5 
59 

58.5 
59 
58.1 
59.2 
58.3 

5.24*0.02 60.6 
S.24Ï0.02 59 
5.24*0.02 60 

Ta WEIGHT 
(mg ) 

44.2 

43.4 
49 

14.2 

16.5 
14.6 
17 

13.5 
15.4 
15.8 
13.6 
13.8 

11.8 
12.6 
15 

Ca/Te 

1.36 

1.20 

4.36 

3.64 
4.21 
3.47 

4.33 
3.83 
3.67 
4.35 
4.22 

5.13 
4.68 
4 

not examined 



TABLE II : FUEL PIN IRRADIATION CONDITIONS 

EXPERIMENT 

NUMBER 

CF.C.01 

C.F.C.02 

C.F.C.03 

C.F.C.05 

LINEAR POWER 

CW/cm) 

500 ; 100 

500 ; 100 

500 • 100 

500 • 100 

INNER CLAD 

SURFACE 

TEMPERATURE C O 

700 i 20 

650 ; 20 

700 • 20 

700 î 20 

IRRADIATION TIME 

(DAYS) 

43 

52 * 

53 

46 

* This parlod Involves a 12 day pre-lrräaiatlon-"at law linear 

power ( <350 W/cmJ and low lnnar clad temperature [<450*O 
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Fig I : ORAWINGS OF THE CFC FUEL PINS AND IRRADIATION DEVICE 
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I 
Fig 2 : INFLUENCE OF THE Cs/Te RATIO ON THE CORROSION DEPTH IN PINS CONTAINING STOICHIOMETRIC 

(OR SLIGHTLY HYPO - STOICHIOMETRIC ) UO 2 -30wt% Pu02 PELLETS 

i 



Fig 3 : INFLUENCE OF O/M RATIO ON THE CORROSION DEPTH IN PINS WITH A MEAN Cs/Te RATIO 

OF ABOUT 4 



' Rg U: Cs PROFILE AND Te/Cs RATIOS AS MEASURED 
IN PIN N°C1 (CFC05) 



PRODUCTION OF RADIOISOTOPES HITS BR2 FACILITIES 

C.J. EALLAIS, A. HOBEL de HESIGAVER, L. BEERE» (») 

J.H. BAUCHET, J.M. GAHD0LFO, W. BOEYKEHS (mm) 

(•) Institue national de« Radioelements - I.X.E. - Belgium 

(•>) Ctntt* d'Etud«« d* l'Energie Nucleair« - C.E.N./S.C.K. - Belgium 

1. Introduction 

Hoc« * country is developed and industrialised, greater i» th» extent of 

it* consumption of radioisotopes. 

Just af tax United Stat«*, Heat European countries axa th» a»st important 

users of radioisotopes. Tba usaa to which thai* materials axa put axa 

principally suelaar medicine, industrial application« and raseaxch deve

lopment. In terme of ealee, nuclear medicine is the major pert of this 

bueinesa, and more than SO Z of ectivity il produced to thia field. 

From I960 untill now, the increase of reactor iaotopaa production ahowa 

a mean figure of 25 Z pet year but the recent development of accelerator! 

like medical and production cyclotrons affects sow this progression. It 

remain« that now West Europe needs more reactor iaotopaa production 

specially to develop the industrial use which is 3 to 5 time» higher in 

US. 

The availability of a reactor for isotopa production is governed by the 

extent to which it is used for other purposas. Soma important countries 

like D.S., U.K., France or Eaat European countries have developed a 

reactor program, only managed to this goal. At now, this approach is 

mad« by Aaiatic or African countries with small reactors. 

In Belgium, the problem of radioisotope production in BR2 was immediate* 

ly studied and some devices were built to allow an important isotope 
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production a* a side purpoit of it* inj or material tearing activity. 

Is 1963, (tartinjdate of BB2, the xoutina isotope production at Mol va* 

completely assured by BR2 aad BR) vas only used for a £«v special irra

diation* • 

Irradiation device» 

Iha isotope production at BE.2 i» performed by maan* of standardized 

irradiation capsula* and daviea*. Th* availability of difftrant thermal 

nautron flux i* daieribsd in labia I. 

2.1. Irradiation condition» 

Ivo typa* of standardized capsules ara generally u*ad. 

CSF capsule* - Fig. 4 

It i* a cold valdad aluminium can. The us* i* limited to approved 

materials irradiation concerning chemical composition, physical 

state and quantity. The principle advantage lie* is the simplicity 

of welding. Th* useful dimension» ar* : 

diameter : IS mm 

langtb : 56 mn 

Ibay arc used for standard irradiations of low induced activity 

vita low beat production and «hort irradiation duration. Sometime» 

th* can ia filled by a graphite cylinder with bore-hole* of varia

ble diameter. 

t TS Capsula - Fig. 2 

When the quantity, induced activity, chemical and physical proper

ties, heat production of the irradiated target can ask some special 

caution, the TS. capsule ia used. It ia an aluminium cylinder with 

bore-bolea according to the sealed quartz ampoule dimension*. Th« 

capsule ia closed by an electron-beam welded cover provided with 

a tubular appendix through which helium filling can be realized. 

The customer suae indicate weight, chemical composition, isotopic 

content, dryneai condition* of the target. Each »elding is tested 

by e leak detection (helium leek detector) before irradiation. 

In some casts special requirements aad special approval must be 

obtained before any irradiation. 
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2.2. Hydraulic rabbit 

Shore time irradiations ar« performed in a eloaad watar circuit, 

hydraulic rabbit, which is an aluminium thimbla tuba plunging into 

tha raactor cora. Cooling of tha saaplas and movament of tha irra

diation capsulas ara assured by tha flow of watar. Loading and 

unloading ara raalisad outsida tha raactor containment building 

in a watarpool. 

2.3. Waterpool tubas 

By maans of Pool Sida Tubas,CSF capsulas can ba realized from tba 

top of tha raactor pool. This davica is used for short and low 

irradiation. 

2.4. Thimbla tubas 

Tha thimbla tubas ara made of aluminium and filled with stagnant 

water. They penetrate into the core and they permit short irradia

tion (hours) during the course of the reactor cycle. 

Because of its poor heat evacuation capacity, only low activation 

can be obtained but a new device is practically built with a closed 

water circulation for cooling. 

2.5. Open baskets (R. Type) 

One is used in reflector channels and the second in the central 

channel of 5-shall fuel elements. 

The baskets consist : of an aluminium tube fitted at both ends with 

special pieces. The reflector baskets axe provided of lateral 

holes for cooling water circulation. The baskets placed in the fuel 

elements are cooled by the water flow between the capsule and the 

tube wall. 

3. Radioisotope production 

More than SO different radioisotopes are produced by means of BR2. The 

most, important of them are described and discussed. 
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3.1. Iodine 131 

Th« target il tellurium oxide. Iodine 434 is produced by a Cn, 8) 

reaction on Ta-130 and the produced Te-13.1 decays to I-J34. 

Generally! aluminium CSF cane are filled by tellurium oxide ponder 

each can containing 40 g of Te02. The mean activity by batch is 

rather 45 Ci. 

BR2 is advantageous in terme of produced activity but for a routine 

production, shut-down longer than 5 days makes difficult the delivery 

schedule. 

3.2. High specific activity isotopes 

By use of open baskets in the reflector but especially in the fuel 

elements, it is possible to obtain radioisotopes with very high 

specific activity. The maximal time of irradiation is calculated 

to obtain the vented specific activity but it is very common to 

AS« one cycle and not more than three cycles. (Table II) 

3.3. Cobalt 60 production 

Several devices are used at BR2 reactor for producing radioactive 

cobalt 60 discs or pellets. Two types of discs (0 20 x 4 ma and 

10 x 4 sm) and pellets ( 0 4 x 1 mm) are used to build cobaltherapy 

sources. The cobalt discs are placed in aluminium capsulas of tri

angular cross sections and these capsules are velded by electron-

beam before to be loaded into irradiation baskets with a specially 

extruded aluminium profile which fitts the standard 33 mm diameter 

reflector channels. (Fig. 3) 

The cobalt pellets are irradiated in an annular array in individual 

cylindrical helium fitted capsules or in special sandwiched tubes 

attached to the foot end of the BR2 control rods. In this manner, 

it is possible to charge 180 g of cobalt. After irradiation, the 

cobalt specimens are obtained after dissolving the aluminium 

dading in the BR2 hot cell. 

More than 300 Ci/g can be reached but after some years of demand 

of high specific activity cobalt, now the more supplied activity 

corresponds to 120 - 200 Ci/g. 
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The sales from 1964 until 1970 show a rapid increase. Arter that, the 

year average is 165.000 Ci (Table III). At now the cobalt therapy is 

stabilised with the competition of new medical irradiation devices. 

3.4. Iridium 192 production 

This important isotope is used for industrial gammagraphy. 

The IR capsules are regularly used for the iridium irradiation and they 

are loaded in open baskets. A specific activity of 600 Ci/g of Ir can be 

reached but to supply an average quality of iridium sources, the specific 

activity of 400 Ci/g is more useful. The supplied activity of Ir-192 in

creased rapidly from the start of the production until 1976 but last year 

a small decrease is noted, because of the competition of aœerican suppliers 

outside Europe and also by the effect of severe regulations which acts as 

a brake on the users (table III). 

3.5. Fission molybdenum 

The building of cooled thimble is particularly important to allow the 

irradiation of enriched uranium targets during short time in order to 

produce fission molybdenun 99- This important isotope for the nuclear 

medicine is now available in carrier free state so that Tc-99m generators 

can be loaded with the best conditions of quality. After 3 days of i--ra-
14 -2 -1 

diation at 2 - 2,5.10 n.cm .sec the U-235 targets can produce more 

than 100 Ci Mo-99 per batch. 

It is the new development of the last years. 

Discussion 

The advantage of BR2 for isotope production is double : 

- high flux 

- good irradiation devices 

But there are some clouds in the sky. For routine radioisotope production, the 

working schedule is as important as the quality of the product. It is very dif

ficult to combine the irregular program of loading and unloading with a stock 

capacity and a customer supply ; specially when the first objective is to test 

materials, the isotope production has a small weight in the decisions. 

Our hope is to use a realtor with high flux and with the time schedule of a 

swiss watch. Because we are not unwitting, our isotope production is based on 

BR2 reactor but also with a second and third possibility of irradiation for the 

short half-live isotopes. 
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Table I BR2 REACTOR - THERMAL NEUTRON ACTIVATION 

Kef. 

IRR-02 

IRR-03 

IRR-04 

IRR-05 

IRR-11 

IRR-12 

llKK-13 

Thermal Neutron Flux 

n.cm . eec 

from 4 . I 0 1 2 to 4 . I 0 1 3 

fron 4 . 1 0 1 3 to I . I O 1 4 

14 14 

from 1 .10 , H to 2 .10 ' 

from 2 . I 0 1 4 t o A.JO14 

14 
appro*. I . l o 

14 
approx. 1.10 

14 approx. 1.10 

Waterpool 

Thimble 

Thimble 

Periferie reflector 

Fuel element 

Hydraulic rabbit 

Hydraulic rabbit 

Hydraulic rabbit 

Nuclear 
Heating 

0,5 W/g Al 

1,5 W/g Al 

3 W/g Al 

10 W/g Al 

IB W/g Al 

2,5 W/g Al 

2,5 W/g Al 

2,5 W/g Al 

Irradiation Tim* 

24 hrg or multiple 

24 hrt or multiple 

24 hra or multiple 

min. 1 Cycle (21 d) 

min. 1 Cycle (21 d) 

up to 1 hour 

from 1 to 6 houra 

from 6 to 24 hour« 

(Un)loading 

daily - on requeat 

daily - on requeat 

daily - on raqueat 

at reactor atop 

at reactor atop 

daily - on requeat 

daily - on requeat 

daily - on requeat 
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Table I I 

Iaotop« 

Cr-SJ 

Fa-59 

Rb-86 

Ca-45 

Sr-85 

Hi-63 

Cd-109 

F«-5S 

Ca-47 

Half-life 

27,8 days 

44,9 day« 

18,7 days 

464,5 day• 

65 day* 

92 year» 

1,3 year 

2,77 yea» 

4,7 days 

Mean Specific Activity 

> 1000 mCi/mg 

40 nCi/mg 

45 mCi/og 

40 aCi/og 

J5 aCi/og 

10 mCi/mg 

10 rnCi/ng 

10 mCi/mg 

2 nCi/mg 

Limit^of us« 
'(catalogua) 

50 mCi/mg 

10 mCi/og 

1 aCi/mg 

4 oCi/mg 

4 oCi/mg 

1 nCi/mg 

1 nCi/mg 

4 mCi/ng 

0,1 mCi/og 
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T«bl« III 

T u i 

1962 

4963 

1964 

1965 

4966 

4967 

4968 

4969 

1970 

4974 

1972 

1973 

4974 

1975 

1976 

J 977 

A c t i v i t y ( t o t a l s a l t s i n Ci) 

Iridium 192 

(BRI) 64 

2.000 

9.835 

16.974 

48.930 

28.444 

36.657 

44.443 

57.420 

80.423 

84 .489 

83.425 

99.389 

109.006 

440.140 

-144.524 

Cobalt 60 

-

-

24.389 

57.466 

98.745 

98.755 

174.485 

156.400 

435.550 

188.605 

148.472 

169.327 

122.827 

496.764 

204.424 

169.400 

ix .a. 
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COLO WELDED 

Fig. 1 CSF CAPSULE 
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Fig 2 It CAPSULE 
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IRRADIATION TECHNIQUES 

AT BR2 REACTOR 

*• tr-tr «t» 
H. HEBEL , J . PLÄNQUART , G. VANMASSENHOVE 

6 tira 
EURATOM C . E . t r . / S . C . K . 

Summary 

Sine* 1963 the material tasting reactor BR2 at HOL is operated 
for the realisation of numerous research programs and 
experiments on the behaviour of materials under nuclear 
radiation and in particular under intensive neutron exposure. 

During this period special irradiation techniques and experimen
tal devices were developed according to the desiderata of the 
different experiments and to the irradiation possibilities 
offered at BR2. The design and the operating characteristics 
of quite a number of those irradiation rigs of proven 
reliability may be used or can be made available for new 
irradiation experiments. 

A brief description is given of some typical irradiation devices 
designed and constructed by CEN/SCK, Technology and Energy Dpt. 
They are compiled according to their main use for the different 
research and development programs realised at BR2. Their 
eventual application however for different objectives could 
be possible. 

A final chapter summarizes the principal irradiation conditions 
offered by BR2 reactor. 

NT. Bl/0180/73/WH/jm 

X.l. 



2. 
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t. LICHT WATE« REACTOR (LWR) DEVELOPMENT 

Différant Irradiation rigs ara available for testing tha 
bahaviour of fual rods being davalopad for usa in water coolad 
raaetors. Tha dasign and operating features of the inpile 
test sections vary from simple non-instrumented baskets to 
elaborated rigs allowing to reproduce typical operating 
conditions for the specimens as concern rod power, cladding 
temperaturei coolant pressure, power cycling, burn-up etc. 

Tha rigs are in general of "capsule" type, meaning that the 
nuclear heat produced by the samples is dissipated to the BR2 
cooling water in a stationary Banner, by radial haat transmission 
(conduction and convection) through the capsule wall structure, 
instead of dynamic cooling by forced convection as in a "loop" 
type device. 
The irradiations for LWR development are;generally realised in 
reflector channels of BR2, using the flux of thermal neutrons 
baing mainly important for those tests. 

For testing fuel rod clusters, the big 200 mo channels can be 
used. They may accept for instance a 45 rod sub-assembly of 
PWR type. The core surroundings of the testing channel can be 
adapted by means of neutron filters and driver fuel in order 
to realize an appropriate neutron flux energy spectrum so that 
rod power and heating rate distribution across the cluster are 
uniform and typical for a PWR core. It may be referred to a 
separata paper on this project. 

1.1. PWC - "Pressurized Water Capsule" 

Principal uses: 

Testing of fuel rods for BWS and PWR application at 
realistic conditions concerning coolant pressure and temperature. 

Design features (Cf. Fig. 1.1.): 

The fuel rod is placed in a pressurized stainless steel thimble filled 
with damineralized water. The nuclear heat produced by the 
specimen is radially dissipated through the stagnant boiling 
water annulus at a constant temperature depending on the 
saturation pressure. A Final 1 water flow is maintained through 
the inpile section for evacuating radiolytic gases and detecting 
cladding rupture by the presence of fission gases. Selfpowered 
neutron detectors allow the registration of fuel rod power 
variations. Tha rig may be put into a calorimetric device 
for determining the rod power and calibrating the selfpowered 
neutron detectors. It is reloadable and allows the reirradiation 
of fual rods. 
The watar filling of the pressurized thimble tube can be eva
cuated and renewed. The rig may be charged into a a«3 screen 
for power cycling of the fuel rod (cf. "VNS"). 
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FIG. 1.1. PWC ( Pressurized Wattr Capsul«) 
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Operating characteristic* s 

Maximum fual rod power 600 to 700 W/ca 
Usual fual enrichment nat, ... 5% 
Fual rod diameter 9 •.. 15 ma 
Activa fual rod length, max, 700 ma 
Coolant pressure 70 »nd ISO. bar 
Cladding temperature 10 to 20*C abova boiling 

temperatura of coolant 
Irradiation in a raflactor channel, 

typical unparturbad tharnal 
nautron flux 1 ... 2 .1014 n/cm2i 

Outside diaaatax of tast aaction 3° ma 

Outplla control equipment : 

The available control installations can accept several irra
diation devices simultaneously. Coolant bressure, nautron flux 
and waear activity ara registered; a special safety system 
acts in casa of pressure loss in the inpUe thimble tube. 

1.2. VMS - "Variable Nautron Screen" 

Principal uses : 

Cycling and rasping of fuel rod power by varying the thermal 
neutron flux incident on the specimen. 

Design features (Cf. Fig. I.2.): 

The annular gap between twoi-concentric tubes contains Helium 
gas highly enriched with the isotope He3 which shows an 
iaportant absorption cross section for thermal neutrons. By 
varying the Beliua gas pressure, the neutron flux in the 
central hole, occupied by a teat section, can be changed. 
A aaall gas flow is maintained through the annular gap for 
purifying the acliua from Tritium produced by neutron capture. 
The Helium pressure in the gap can be varied automatically 
according to the rhythm of power cycling specified for the 
central test section. 

Operating Characteristics : 

Range of Be pressure variation 
Thickness of annular He gap 
Inside diameter of neutron screen 
Range of neutron flux depression 

factor 1 ... 0,3 
Rate of powar ramp, max. (with 

dump tank) 20 \/s 

Outpile control equipment : 

The gas pressure in the annular gap of th« inplle section is 
varied by means of an outpile control system which allows to 
set-up frequency, rate and range of the pçwer cycling wanted. 
The set point values are compared with a characteristic 
measurement taken from the test section (*.g. temperature or 
temperature difference, neutron flux). 
With the available equipment, 4 individual test sections 
can be served. 
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CHOSS SECTION OF IN PILE BWT 

FIG. 1.2. VNS (Variable Neutron Screen ) 

X . 6 . 

TECH ( ENEHO OEP ML F 0S26 



7. 

2. LIQUID METAL COOLED FAST BREEDER REACTOR tLMFBR) DEVELOPMENT 

Tht irradiation tasting of structural and fuel materials for 
sodiua cooled fast reactors represents an important part of 
the experimental load of BR2. 

Due to the high fast neutron flux in the central hole 
of the BR2 tubular fuel elements a fast neutron fluence up to 
about li3 . 10^2 n/cm2 (En * 0,1 MeV) can be achieved in one 
year. The high fast flux allows also to produce in typical fast 
reactor fuel rods, heating rates by fast fission comparable to 
those obtained in fast reactors. The irradiation devices used in 
this case are surrounded by a tubular cadmium screen that keeps of: 
the thermal neutron f lux from the central experimental space 

Besides those cadmium screened rigs, other irradiation devices 
have been developed where the thermal neutrons are admitted to 
the specimens and are considered compatible with the irradiation 
objectives. 

In most cases the irradiation samples are immersed in sodium 
or in sodium-potassium eutectic alloy (NaK) for compatibility 
and heat dissipation reasons. 

Together with capsule type devices, in-pile sodium loops of 
various capacity were developed and operated in SR2 since its 
early years of exploitation. 
They allow the testing of single fuel rods as well as of fuel 
rod subassemblies (up to 37 pins) under representative fast 
reactor environment. 
The type of big capacity sodium loop, known as MFBS or MOL 7, 
is not described here because it is treated in a special paper. 

2.1. CIRCE - "Calorimetric Irradiation Capsule Experiment" 

Principal uses: 

Irradiation of high performance fuel rods in liquid metal 
environment at elevated cladding temperature. 
Possibilities for elaborated inpile measurements and for 
various tasting particularities. 

Design features (Cf. Fig. 2.I.): 

A copper capsule of cruciform cross section contains in its 
central hols the fuel pins which are immersed in liquid metal 
(NaK). The copper capsule is surrounded by a stainless steel 
enveloping tube as barrier against the reactor cooling water, 
flowing outside. The thermal link between copper capsule and 
enveloping tube is realised by an extrusion process. 
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FIG. 2.1. CIRCE S ( Swelling Measurement Device) 
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At th« insid« wall, the copper capsula contains a layer of Nickel 
or a coextruded stainless steal tube as protection against tha 
hot NaKt 
By Beans of thermocouple pairs in the four legs of the copper 
cross, the temperature gradient» are measured and hence the fuel 
rod power. The cladding temperatures can be extrapolated from 
these measurements or directly registered by thermocouples at
tached to the cladding. 
The gas plenum of the copper capsule may be connected to a sweeping 
circuit for fission gas detection in ease of fuel cladding 
rupture. Several fuel pins may be loaded into one capsule and 
by means of gas tagging, a ruptured pin can be identified. 
Besides the good calorimetric properties of the copper cross 
capsule, it creates a considerable thermal neutron flux depres
sion in its central hole which favours the irradiation of highly 
enriched fuel pins representative for'fast reactor application. 
The basic design of the CIRCE device offers numerous possibili
ties for supplementary and particular instrumentation or operating 
amendments. 
The "S" type version for instance was developed for measuring 
the swelling of a fuel pin during irradiation : The liquid metal 
surrounding the fuel sod and being displaced by swelling is 
collected in a bellow chamber on top of the copper capsule. 
The supplementary volume pushed into the bellow chamber causes 
a corresponding vertical movement of a gauge rod linked to the 
bellow system which is precisely measured by an inductive linear 
motion transducer. 

Figure 2.1. shows the swelling measurement device schematically. 
It allows in addition to check the fission gas pressure 
developed in the fuel pin; this measurement is done by increasing 
the control pressure in the upper bellow till equilibrium with 
the pressure in the lower bellow which communicates with the 
gas plenum of the fuel pin. A characteristic movement of the 
gauge rod indicates the pressure balance. 
Another version of the CIRCS device is the so called Fast 
Flux Capsule ("FFC"). The outer enveloping tube of the copper 
cross sample holder is here replaced by a cadmium tube, 
sandwiched between two stainless steel tubes. It serves for the 
irradiation of fast reactor fuel pins in epithermal and fast 
neutron flux while the thermal neutrons are screened off by the 
cadmium. 

Operating characteristics : 

Maximum fuel rod power 
Cladding temperature 
Fuel rod diameter 
Usual fuel enrichment (U235 or Pu239) 
Active fuel rod length, up to 
Outside diameter of test section 
Irradiation in a reflector channel, 
typical unperturbed thermal 
neutron flux 1,5...2 ,5.1014 n/cm2s 

1200. 
500. 
6. 
IS. 

600 
29 

. .1500 

.. 700 
9 

.. 40 

w/cm 
•c 
mm 
4 
mm 
mm 
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Outplle control equipment : 

Control panels are available for operating several CIRCE type 
devices simultaneously. They are equipped with temperature 
recorders, pressure control circuits and alarm circuits. The 
activity of the sweeping gas Is monitored and a glove box 
installation allows sweeping gas sampling and analysing. 
The fuel rod swelling measurement of the CIRCE S type device 
is registered by a linear recorder. 

Also the "CFC" capsule is a modified version of "CIRCS". 
The main difference consists in a small gas gap which is 
realised between the four wings of the copper cross and the 
stainless steel enveloping tube. The gas gaps at the wings 
of the copper capsule (of the order of a tenth of a mm 
thickness) create a heat transfer barrier for the fission power 
developed by the fuel pins inside the copper capsule. The heat 
conductivity of the gas gap (Helium) can be changed and thus 
the cladding temperature of the fuel rod, by varying the gas 
pressure inside the enveloping tube. 
The gas gaps between the wings of the copper capsule and the 
enveloping tube may have different thickness along the height 
of the test section in order to realise a certain axial 
temperature profile, e.g. elevated cladding temperature of a 
fuel pin at the gas plenum as at the fueled column. 
The usual operating gas pressures are ranging from about 10 to 
200 Torr. Several hundred degrees Celsius of temperature 
control range can be covered by the regulating system. 

Operating characteristics : 

Maximum fuel rod power,' about 500 ... 700 W/cm 
(depending on the specified cladding 
temperature and control range) 
Cladding temperature control range, 
usual 450 ... 750 *C 

Fuel rod diameter 6 ... S am 
Usual fuel enrichment (0235 or Pu239) 15... 40 % 
Active test section length, up to 600 mm 
Outside diameter of test section 29 mm 
Irradiation in a reflector channel, 

typical unperturbed thermal neutron 
flux t ... 2.1014 n/cm2.s 

Outplle control equipment : 

The »ere" devices are operated by so-called "TCV" control panels 
(Temperature Control by Vacuum). Several of these panels exist 
which provide the necessary Helium gas supply to the rig for 
regulating its pressure via a PID-température control. 
Apart from the temperature control system, the CFC devices can 
be operated by means of the same outpile equipment as used for 
the CIRCE rigs. It concerns mainly temperature registration, 
pressure (leaktightness) control, fission gas detection and 
gas sampling. 

X.IO. 
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2.2. VIC - "Variable Irradiation Conditions loop" 

Principal uses : 

Testing of fast reactor (LMFBR) fuel roda under off-normal 
operating conditions.-
- alterations of fuel rod heating rate (overpower runs), 
- alterations of sodium cooling conditions (cooling mismatch) . 

«•irradiation of active, partially burnt fuel rods. 

Design features (Cf. Fig. 2.2.): 

The irradiation device called VIC-1 ("Variable Irradiation 
Conditions") is a small compact test rig with internal forced 
convection sodium circulation. It contains in its lower 
active part one LHPBR type fuel rod and can be loaded into 
any standard irradiation channel (I.D. 84mn) of the BR2 
reactor core matrix. 
The inpile section with the fuel rod at the foot end comprises 
in the upper part a small electromagnetic sodium pump which 
circulates the liguid metal coolant. This passes upward in the 
central tube, along the fuel rod, through a recuperative heat 
exchanger section to the cooler and further to the pump. 
The sodium flow is reversed at the top end of the pump and comes 
down, by-passing the heat exchanger, entering into the sodium 
expansion vessel and descending further in the outer annulus 
around the fuel rod wrapper tube. 
The cooler is a cylindrical copper block tress-fitted onto the 
central sodium tube and into the outer cooling tube. The heat 
flow passes radially by conduction from the central tube to the 
cooling wall at the outside. This wall is surrounded by a 
stagnant boiling water annulus where the heat flow crosses to 
the apposite wall which in turn is cooled at the outside by 
the SR2 cooling water. The BR2 water enters the cooling sleeve 
of the rig above the reactor core matrix and leaves at the 
foot end below the core, using thus the available- pressure 
difference of about 2,3 bar. The copper block heat exchanger 
system assures a double containment barrier between sodium 
and water. The height of the water column in the annular gap 
can be changed, so that the cooling capacity of the loop can 
be automatically controlled in order to operate, for instance, 
at a constant 3odium inlet temperature despite of fuel rod 
power variations. 

These alterations of fuel rod heating rate can be produced by 
varying the pressure of the He3 gas contained in an annular gap 
around the test section. By means of the outpile control unit 
"VHS 2" (Variable Neutron Screen) which regulates the He3 
pressure, the fuel rod power can be automatically controlled 
and power transients can be run with respect to amplitude and 
rate. 

X.ll. 



RS.2,2. VIC /Variable Irradiation Conditions Loop? 

X.12 . 
TECH, t ENERO. OEPT. ML. P0J33 



13. 

Th« flow-rat« of Eh« sodium coolant is controlled by the 
electric power supplied to the electromagnetic pump. Sas 
pressure and leak tightness are controlled in the different 
mmp&r&t» compartments of the inpile section. Also gas 
samples can be drawn hers fron the plenum of the sodium 
expansion vessel for monitoring fission gas activity in case 
of fuel cladding rupture. 
The sodium filling of the inpile section is warmed-up and 
liquefied by several separate heating wire circuits. When the 
inpile section is electrically heated the water in the 
annulus around the cooler is withdrawn in order to minimize the 
heat losses and to avoid sodium freezing at this point. With 
increasing temperatures of the sodium due to nuclear heating, 
the annular gap is gradually filled with water and the electrical 
heating is run down. In case of reactor stop this procedure 
is reversed. 
The temperature difference of the sodium ovtar the fuel rod 
section serves tocäther with the sodium flow-rate to 
determine the nuclear heating rate. Fast variation of rod 
power are measured by prompt reacting selfpowered neutron 
detectors. 
The fuel rod is introduced into the central tube of the Vic 
inpile section via the top end of the rig. It is supported by 
a suspension tube which carries instrumentation leads of the 
loop and, in case, of the fuel pin itself. 
This loading procedure can also be followed with an active, 
preirradiated fuel rod. It reduces the necessary remote handling 
manipulations to a minimum and allows direct access to the rig 
head for closing and sodium filling while only the foot end is 
protected by biological shielding. 

Operating characteristics 

Fuel rods 
- diameter 

- active length, about 
- heating rate, hot plane 
- enrichment, possible range 

6 mm (loop type VIC -
7,6 mm (loop type VIC -
400 mm 
450 «/em (nominal) 
20...30% Pu plus o nat. 
0235 

or up to 90% 

Loop system 
- heat dissipation capacity 
- sodium flow-rate 
- coolant, inlet temperature 

outlet temperature 
- sodium operating pressure 
- overpower capacity by 

Be3 pressure control 
- rate of power transients 
- Ee3 pressure 
- irradiation in a BR2 standard 

channel (I.D. 84 mm), unperturbed 
thermal neutron flux (possible 
range) 

3 5 KW (maximum) 
90 g/s (nominal) 

440.'C (nominal) 
615 'C (nominal) 

7 bar 

1,8 times (maximum) 
20 %/s (maximum) 
40 bar (maximum) 

1. .3 .1014n/cm2s. 
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3. HIGH TEMPERATURE AND GAS COOLED FAST BREEDER REACTOR (GCFBR) 
DEVELOPMENT 

Sines the early years of operation, SRZ reactor was extensively 
used for testing structural and fuel materials conceived for 
application in the core of cas cooled reactors. At the 
beginning, in the years 1963 to 1969, emphasis was laid on the 
investigation of the behaviour of graphite samples under 
intensive gamma ray and neutron exposure. 
The test* aimed in particular at the development of the 
Advanced Gas cooled Reactor (AGR) and the high temperature 
DRAGON reactor. Many irradiation rigs *a well as a Helium 
loop and a CO2-loop were loaded into BR2 for studying the 
physical and chemical changes undergone by different kinds of 
graphite in a nuclear radiation field. The high fast neutron 
flux and the intensive gamma ray exposure in the central hole 
of BR2 fuel elements could simulate within a few months the 
effects of years of power reactor operation. 

This irradiation program ceased and another one emerged since 
end of the sixties and is continuing at present, it is the 
irradiation testing of coated fuel particles for the development 
of graphite moderated reactors with high cooling gas temperature 
(ETR line). The irradiation conditions offered in the BR2 
core with its flexibility in choosing different neutronic 
environments allow a realistic simulation of irradiation 
history with respect to fast neutron dose, fuel burn-up, gamma 
ray heating and fuel temperature evolution. 

Following earlier experience, a basic type of irradiation rig 
was developed, called "CPR1*, which is now currently used. 
It is described below. 

Project studies are on the way towards testing of vented fuel 
rods in a cadmium screened rig for the Gas Cooled Fast Breeder 
Reactor development. The design and characteristics of the 
irradiation device come from the CIRCE type explained above. 
Also in the frame of GCFBR work the big Helium loop, GSB, must 
be mentioned. Its description is given in a separate paper. 

3.1. c p R - "Coated Particles Rig" 

Principal uses : 

Irradiation of coated fuel particles contained in a 
graphite matrix; measurement of fission product release 
rate; effect of fuel power and temperature changes. 

../.. 
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Design features (Cf. Fig. 3.1.): 

Th« coated fuel partielas arc contained in a cylindrical 
graphite matrix being enclosed by a stainless steel 
capsule. The matrix array may differ according to the 
particle distribution and the fuel composition chosen. 
A second stainless steel enveloping tube surrounds in general 
several specimen capsules which are axially superposed. 
It is cooled at the 'outside surface by. the primary reactor 
water. An annular gas gap between the enveloping tube and the 
fuel capsules serves as heat.flux barrier and as entry duct 
for the sweeping gas which is used simultaneously for 
temperature regulation of the fuel specimens by varying the 
ratio of the Helium/Neon gas mixture. The sweeping gas 
passes through the fuel capsules and carries fission products 
liberated from the fuel particles to the outpile sampling 
and analysing system. A second annular gas gap exists in 
general between the fuel matrix and the fuel capsule for 
increasing the temperature gradient towards the specimens. 

High temperature thermocouples are mounted to the graphite 
matrix for measuring and regulating the fuel temperature. 

The CPR devices are usually equipped with an axial translation 
mechanism for following the shift of neutron flux peak 
during a reactor operating cycle. 

The CFK devices are irradiated in the central hole of BR2 
fuel elements. During their irradiation campaign they are 
transferred into different positions of the reactor core 
for simulating an irradiation history respresentative for 
HTR fuel. 

Different diameters of inpile 'test section can be realised 
according to the sample size to be loaded. Thé *c" type rigs 
have an outside diameter of 25 mm, the "E" type amounts 
to 34 mm and the "6" type show an outside diameter of 79 mm 
for testing fuel rods in a block element array or full size, 
fuel balls. 

A thermal neutron screen may be put around the rigs for 
limiting the fuel particles power output at tiie beginning of 
irradiation campaign while boosting the fast neutron exposure. 
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Operating characteristics 

Maximus haat production rata 
ai specified for a fuel partiel« 
of 200 un kernel diamatar 
Fuel enrichment (tr 2 35) 
Tanparatura of eoatad fual particles, 
usually specified rangs 
Burn-up of faad particlas 
Fast nautron dosa (abova 0,1 MeV) 
Numbar of fual capsulas par rig 
Activa langth of fual charge, up to 
Outside diaoatar of test section, 
"C" type, loaded in a 6 shall BR2 fuel element 
"E" type, loaded in a S shall BR2 fuel element 
"G" type, loaded in a standard core channel 
Typical unperturbed fast neutron 
flux above 0,1 HeV !.. 
Typical unperturbed thermal neutron flux 1,5., 

...10. 
2.. 

.4. 10 

.3.10 

0,2 n 
90 % 

. .1400*C 
7S» FIM» 
lQ 2Wcm 2 

.4 
600 mm 

25 am 
34 mo 
79 mm 

'^n/einZ.s 
l*n/cm2.s 

Outpile control equipment: 

Several control units are available at BR2 which allow 
simultaneous irradiation of a certain number of CPR devices. 
Apart from temperature and' gas pressure measurement 
equipment, the outpile control installations are mainly 
characterized by a fission product sweeping and analyzing 
circuit and by a temperature regulating system based on 
Eellum/Neon gas mixture variation. 

./. 
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4. RADIO-ISOTOPE PRODUCTION 

Du« to the high thermal and «pithermal n«utron flux 
available in BR2, an important routine production of 
radio-isotopes »il established and continuas with increasing 
interest, it eoncarna mainly the production of cobalt 60, 
of Iridium 192 and of numeroua small samples of all kinds 
of «laments whose radioactive isotopes ara of interest for 
research, process and medical application. The elevated neutron 
flux makes possible to obtain outstanding values of specific 
activity which amount to 400 Ci/g for Co SO and 700 Ci/g 
for Ir 192 far instance. 

The radio-isotope production at BR2 ia performed by means of 
largely standardized irradiation capsules and devices. 
Only those used for producing Co 60 are briefly mentioned, 
because of their relative importance for the reactor occupation. 

The samples are in form of discs (0 20x1 am or 0 10x1 mm) or 
of small pellets (0 1x1 mm). 

The cobalt discs are irradiated in aluminium capsules of 
triangular cross section as shown on figure 4.1. 
These electron-beam welded capsules are loaded into irradiation 
baskets with a specially extruded aluminium profile which 
fltts the standard 33mm diameter reflector channels. Each capsule 
contains 12 cobalt discs of 20 mm diametert the aluminium cladding 
is collapsed on the discs by external pressure for improving heat 
evacuation. 

The cobalt pellets, on the other hand, are irradiated in an 
annular array in individual cylindrical helium filled capsules 
as shown on figure 4.1. or in special sandwiched tubes attached 
to the foot end of the SR2 control rods. 
The cylindrical capsules are loaded into standard irradiation 
baskets and contain about 65 g of cobalt each. The cobalt 
charge of the control rod foot end device amounts to about 180 g. 

According to irradiation time and irradiation position the 
specific activity of the cobalt sources ranges usually between 
150 and 300 Ci/g. The annual production of Co 60 at BR2 
reactor is actually of the order of 200.000 Ci. 
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FIG. 4.1 CAPSULE FOR COBALT PELLETS 
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5. BR2 IRRADIATION CHARACTERISTICS 

The BR2 fuel elements consist of several concentric tubular 
shells (up to 6) of uranium-aluminica alloy cladded by aluminium 
which provide a central channel for locating irradiation 
experiments. Besides these fuel element channels which offer 
a particular high fast neutron flux (up to 7.1014 n/cm2.s), 
a large number of channels exists in the beryllium matrix 
where no fuel elements are loaded, (cf. Figures 5.1., 5.2. and 
5.3.). 

These reflector channels can be occupied by experiments which 
demand only thermal neutron flux or they are obturated by 
beryllium filling plugs. 

with an adequate core configuration a peak thermal neutron flux 
of almost l.lOiS n/cm2.s can be achieved in the central reflector 
island of the BB2 core matrix. 

A summary of the most interesting irradiation characteristics 
of BR2 is given . 

- Number of irradiation positions (channels) 
in the Beryllium core matrix 

with 84,2 mm diameter 
with 50 mm diameter 
with 203,4mm diameter 

Total 

- Useful diameter of irradiation channels 
in fuel elements : type 6 i 

type 6 n or 5 i 
type 5 n or 4 i 
type 4 n or 3 i 
type 3 n 

in reflector : central hole of Be-plug 
central hole of Be-hexagon 

(standard) 
(small) 

big channels 

Note; By means of special plugs (e.g. of Aluminium )interme
diate experimental diameters can be made available in the 
3 kinds of Be-matrix channels. 
Also special fuel elements can be arranged in the big 
channels (200 mm) around a test section for boosting 
the fast neutron flux. 

- usual range of available unperturbed 
peak fast neutron flux above 0,1 HeV 3 to 6.1014n/cm2 

- Ratio of peak neutron flux to mean 
neutron flux over the axis of an 
irradiation channel (760 mm fuel height), 
about 1,5S 

- Beating rate by absorption of gamma 
rays in materials, 

in fuel element channels 5 to 16 W/g Al 
in reflector channels 1 to ó W/g Al 
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BR 2 CORE 

FIQ. S.1 (Cross section at mid plan«) 

IYFICAL COMHBUMrinM 
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FIG. S.2 BR2 STANDARD CHANNEL $ 8 4 



r 
FIG. 5.3. BR 2 FUEL ELEMENT ( Cross section ) 
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HÏOTEONIC STUDIES FOE THE DESIGH OF IRRADIATION DEVICES 

J. Debrue, Ch. De Raadt, L. Fouarge, H. Maene, R. Menil 

C.E.N./S.C.K., Mol 

1. Hoi« of the nontronic étudias 

The requirements for more and mora elaborated irradiation experiments 
and tha multipurpose character of BKS have originated a continuous 
development of the irradiation devices. In this framework, nautronic 
studies have baas carried out to achieve appropriate irradiation con
ditions, talcing into account the core physics aspects and tha reactor 
utilization program«. Tha purpose of this paper is to reriaw,as an 
example, tha work being done in support to tha Vater Reactor Safety(URS) 
project (Ref. 1). 

In the initial phase of a new project, when a first design of the in-pjle 
section is made available based on thermohydraulic and mechanical con
siderations, neutron and gaaaa (one dimensional) calculations are per
formed to estimate the heat generation in the fuel and in the structural 
materials of the deriee. This gives some useful information about the 
feasibility of the experiment in BB2, i.e. about the compatibility be
tween the specifications and tha neutron environment. The design of the 
experiment is revised, if needed, some free parameters are fixed (e.g. 
fuel pin enrichment). 

In a second stage, experimental check-points for the neutronie calcula
tions are sought, if necessary, by performing measurements in BP02 on a 
nuclear mock-up of the irradiation device. More refined calculations 
(e.g. two dimensional) are carried out in parallel in order to assess 
the validity of a calculation method enabling the determination of the 
proper irradiation conditions in BB2. 

In this step-by-step optimization process, the reactor safety and ope
ration aapects are looked at : perturbations and reactivity effects, 
maximum heat flux and total power for a typical core configuration. The 
study of a modified reactor loading, which again involves calculation 
and testing in BR02, can possibly be undertaken. 

It is clear that the past experience is largely used to simplify this 
approach whenever passible. 
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2. Calculation and experimental methods 

2.1. The following table presents a surrey of the nain characteristics 
of the codes running at present on a IBM 370/168 computer. The 
first four codes allow a detailed geometrical description of the 
irradiation device itself, whereas the reactor loading all around 
is represented by homogenized zones or by fixed sources (mainly in 
two dimensional calculations). Two dimensional (2 D) eodes are 
used sore particularly to investigate the power distribution in 
fuel rod bundles (square or triangular lattices) or to study axial 
and azymuthal effects (B,Z and R,9 geometries); as usual in reactor 
calculations, improvements in the geometrical lay-out are obtained 
at the expense of a less good approximation in the neutron energy 
representation. Neutron transport eodes are frequently used, as 
required when highly absorbing materials are present« 
The TBXBtF code is convenient for the preparation of BB2 core con
figuration studies in BB02. 

code name 

DTF-IV* 

EXTEBMDM.TOR 

SHOW.DOT 

DIAMAHT 

TRIBU 

equations solved 

1-dimensional 
diffusion or transport 

2-dimensional (X?,BZ,P.e) 
diffusion 

2-diaensional (XI,BZ,B8) 
transport 

2-dimensional 
(triangular mesh) 
transport 

2-dimensional 
(triangular mesh) 
diffusion 

typical number 
of energy groups 

utilized 

ko 

5 

3 ... 10 (or more) 

3 ... 10 

5 

typical 
number 
of mesh 
intervals 

100 

50 x 50 

50 x 50 

50 x 50 

50 x 50 

•used both for neutron and gamma calculations (see paragraph 4.2.) 

2.2. A survey of the experimental techniques applied ia BR02 has been 
given in Bef. 2 and 3. In the fuel containing devices, the fission 
power distribution from rod to rod is measured by gamma scanning; 
activity measurements on fission foils irradiated between fuel 
pellets provide the fission power level with respect to the neutron 
flux in the core region; track recorders (thin plastic foils) irra
diated in a same way allow to determine the fission density distri
bution across a rod. The fast neutron flux inducing radiation 
damage in structural materials is measured by means of threshold 
activation detectors and the gamma flux by using thermoluminescent 
detectors. 

3. The WBS loop : specifications for the neutronic studies 

A considerable escunt of results has been accumulated in the past when 
preparing the irradiations of numerous devices, more particularly of the 
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aodiiia and gaa-cooled loops. Aa the intaraat however of tha neutronie 
atudlta ia typically oriented toward« future irradiation programmes, tha 
present papar daala with vork that ia under way to demonstrate tha capa
bilities of BB2 in tha frame of tha WES project. 

Tha »ia of tha WRS project ia to perform in-pil« taata ia ordar to eva-
luata tha behaviour of FKB fual rod bundles onder abnormal operating 
condition«; a»ra particularly, it ia intandad to aiaulat« tha loaa of 
eoolaat aeoidant CLOU) (Haf. 1). Tha quantitativ« analysis of theaa 
taata would halp to raduea tha conservatism adopted at proaant in 
reaetor safety étudias. A conceptual design for a WES loop installation 
at BS2 has bean worked out first for the irradiation of a 21 rod bundle. 
She deaiga was subsequently revised when it appeared daairabla to in
crease the sise of the bundle up to ^5 rods. Heutronic calculations and 
experiaente in BH02 were performed in parallel, this work ia «till undar 
progress. 

From the neutronie point of riew, it is required to obtain a uniform 
radial distribution of the power rating in the bundle and to minimize 
the power gradient across the fuel roda. Th» maxiuua linear power 
rating should be '»00 V/em ia commercial PUB fuel roda : 3.1 vt % 235g 
enriched Zirealoy clad TOg rods, 10.7 mm O.D. have been selected for the 
studies (as in OBHIGBXIM, DOEL 1 and 2, or TIHAHGS 1, loaded with 
15 x 13 rod asaeabliea; lattice pitch : 14.3 mm). In particular, irra
diated rode, with a burn-up of 25 000 Htfd/t (unloaded from OBBIGHEIM), 
have also to be considered. 
Finally, a practical war to flatten the axial power distribution over a 
length of **0 cm should be investigated. The ideal situation would ob-
Tiouoly be that the rod bundle at BB2 represents a part of a large as-
seably in a FUR, aa concerna the power density and temperature distri
butions. 
The teat section of the loop would be introduced into the central 200 mm 
diameter channel Hi. The nominal temperature of tha water inside the 
loop would amount to 3O0*C, at a pressure of 150 bars. 
Tha basic problem is to establish how far these specifications are com
patible with the neutron environment ia the BE2 operating conditions. 
The aize of the bundle and the characteristics of the pressure tubes are 
determined mainly an the basis of thdrmohydraulic and mechanical cal
culations, la tha neutronie calculations, optimization with respect to 
some material« around the loop (e.g. driver fuel element, absorbing 
screen, water gap) or inside the loop (casing of the rod bundle) remains 
possible. 

*»• Theoretical and experimental résulta 

4.1. Irradiation of a 21 rod bundle 

The first calculations concerned the irradiation of 21 rods in a 
loop of 123 mm O.S. at tha centre of the 200 mm channel Hi. It was 
proposed to irradiate the loop inside a driver fuel element type 
200 with an inner cadmium screen. The number of fuel plates of the 
element and thus the water gap between the loop and the screen 
(fig. 1a) was varied to appreciate the influence of the incident 
neutron spectrum on the power distribution across the bundle. 
Increasing the amount of water in the gap increases the moderation 
or the softness of the spectrum at the periphery of the buadle. An 
optimal situation is obtained with a 4-plate fual element (fig. 2a-
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case l) : tit« radial pover distribution ia practically flat. Th« 
fission density depression in tha central rod sf tha bundle, 
practically tha same aa in a large lattice, can be characterized 

b' *p«lltt «urf«ce/pp«ll«t averago * 1 * ° 6 * 

Thee* calculation« with the loop at the centre of a typical 3K2 
core loading have been perforned with the 1 D multi-group CK) 
groupa) neutron transport code DTF-IV. The rod bundle is repre-
•ented by three eoneentrie homogenized zone« containing respecti
vely 1,8 and 12 rois. The ko group macroscopic cross sections 
for these zones are derived from "cell" calculations, performed 
for Tarions typical rod surroundings (multi-oil calculations). 

The calculated radial thermal flux distributions, corresponding to 
the power distributions of fig. 2a, are given on fig. 2b. The 
strong flux variations illustrate the necessity of checking expe
rimentally the calculation aethods used. An experimental set up 
(fig. lb) was therefore built for BB02 with, whenever possible, 
materials at hand. The driver fuel element is a 210 (tan plataa) 
fuel element with inner cadmium screen; the fuel rods are k Ü 235u 
stainless steel clad UCg rods from the VENUS critical facility. 
The five eases studied for the theory-experiment comparison are 
represented on fig. 2c : in this way an important range of modera
tion around or inside the fuel bundle was covered. It can be seen 
that the validity of the calculation method is quite satisfactory 
when comparing the shape of the radial distributions and the 
variation of the power level from one case to the other (the 
average of the theoretical and of the experimental results on the 
axis is taken equal to 1). 
With respect to the thermal neutron flux in the fuel elements sur
rounding Hi, the systematic discrepancy (for all the cases consi
dered), between calculated and measured fission densities in the 
fuel bundle is smaller than 10 % ; this uncertainty is due to the 
fact that the experimental values are measured on the axis of the 
fuel elements whereas the calculated data correspond to average 
value» over the 12 homogenized channels surrounding H1. 

The relative power distributions from rod to rod are measured by 
gamma scanning after a short irradiation tine. The absolute 225IJ 
fission density level in the bundle, with respect to the flux level 
in the core loading, is determined (in the five cases investigated) 
by activation of thin tf-Al foils between fuel pellets in a rod. 
After the irradiation in BR02, the activity of the foils is mea
sured on a calibrated counter. 

The interest of this preliminary study has been to assess ths va
lidity of the calculations and to demonstrate that the shape of the 
spectrum of the neutrons impinging on the bundle could be adjusted 
to flatten the power distribution. Further calculations were made 
to investigate the effect of replacing the cadmium screen and the 
driver fuel element by several stainless steel tubes and watsr 
layers; they allowed to orientate the study of the absorbing screen 
in the evaluation of the **5 rod bundle irradiation (see § 4,2.). 
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4.2. Irradiation of a 45 rod bundle 

At preaant, the ehoiea of a 45 rod bundle aeeas the aoat adviaabla 
oae whan considering tha dlffarant argumenta to ba taken into 
account, e.g. the interpretation of the LOCI taats, the aachanieal 
atraaaaa in tha pressure tubaa and tha spaea available for a neu
tron absorbing screen around tha loop. Exploratory atudiea ware 
alao aada for othar bundle aizaa containing 32 and 69 fual rods. 

rig. 3a ahova a croas aaction through tha in-pile seotion of tha 
loop. Tha caaing which contains tha bundla and tha aatarials 
surrounding tha loop in tha 200 um diaaatar chnnnel auat ba opti-
aisad in ordar to flatten tha power diatributioa radially and 
axially orar a certain length taking into account tha theraohy-
draulic coaatrainta. The requirement of axial flattening could 
be fulfilled by varying axially tha absorbing capacity of the 
acreea in order to sore strongly depress tha incident neutron flux 
around the aid-plane level. The upper part of fig. 3* represents 
the loop at sons distance above and below the mid-plane, without 
highly absorbing material in the neutron screen; in the lower part, 
which ahowa the aid-plan« region, the neutron screen contains a 
strong neutron absorber. The first situation has first been in
vestigated (radial flattening only). 

The calculated power distribution in the fuel bundle, as presented 
on fig. 3a (upper part), is shown on fig. 4a (nominal case). This 
situation ia optimal as to tha flatness of the power distribution; 
tha calculations of cases (2) to (4) indicate how sensitive this 
distribution is with respect to modifications in the structure of 
tha caaing or of tha outer nautroa screen. 

As this optimization relies upon one-dimensional calculations (the 
bundle is represented by four concentric zones containing respecti
vely 1, 8, 12 and 24 rods), the validity of such calculations has 
again been verified against experimental results obtained ia BE02. 
«ore expensive two-dimensional calculations are only performed on 
the optiaized device. 

Tha nuclear model of the loop with 45 fuel rods (fig. 3b) ia made 
of a stainless steel tube JS .123/161 which simulates the pressure 
tubes around the 4 % wt 235lj enriched rods. At the interstitial 
positions of the lattice (pitch • 14 mm) pure aluminium microrods 
are loaded; in this way, the 235U/H20 ratio is close to the value 
that would be obtained with 3.1 % wt 235n enriched rods in water 
at a temperature of 300*C. The parts just surrounding the bundle 
and the outer tube fi 168/195 mn can be removed or modified ia order 
to test the calculations in different conditions. 

Experimental résulta obtained in BR02 for two very different hypo
thetical structures of the casing (fig. 4b) show that local power 
peaking is more pronounced where the water layer thickness is im
portant at the periphery of the fuel bundle. The comparison between 
calculation and experiment indicates that, for these two eases of 
non-uniform moderation around the bundle, one-dimensional calcula
tions are satisfactory to describe the azimuth-averaged power dis
tribution. Such calculations can therefore be used to search 
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radial power distribution« in the preliminary «valuation of tb« 
neutron screen. 

As given on fig» 4a (curve (1)), the calculated linear fiuion 
power level in the nominal ease amounts to 572 V/cm, the reaotor 
being operated at SO HV with a typical core loading around the 
channel H-|. Thia is significantly higher than the requested power 
rating of 400 V/cm. The possibility of depressing the flux around 
the «id-plan« can therefore be envisaged to flatten axially the 
linear power, i.e. to obtain a constant linear power over a fuel 
length of about 400 am. Such an axial distribution, which could 
result fron the us« of an axially varying neutron screen, is illu
strated on fig. Sa» 

One-dimensional calculations of the attenuation of the power level 
in the fuel bundle were first performed tor different thicknesses 
of an axially uniform absorbing screen. The corresponding dis
tortion of the radial power distribution was also evaluated. The 
results plotted on fig. 5b show that it is possible to find an 
absorbing thickness (as drawn on fig. 3» -lower part), which would 
reduce the power level by 30 to 40 % while keeping unifora the 
radial distribution. On fig. 5b, the right hand scale indicates 
the linear power ratio (central rod/24 outer rods). It must be 
stressed that the water annulus at the inside of the screen plays 
a significant role at this point of view; the possible choice of a 
thick tube containing the neutron absorber would lead to different 
results. 

The design of a multi-step absorbing screen is now being investi
gated based on 2 0 calculations and experiments in BR02. a material 
with a low microscopic absorption cross-section should be selactad 
for this screen in order to minimize burn up effects. 

Besides the neutronic calculations, gamma dose calculations are 
required to evaluate the gamma contribution to the linear power in 
the fuel rods and the gamma heating in the structural materials, 
•or« particularly in the pressure tubes. The (one-dimensional) 
gamma dose calculations are performed with the DTF-IV code (see 
table paragraph 2.1.). It is indeed possible to calculate a gamma 
flux map using a neutronic code; account must however be taken of 
the stranger anisotropy of the gamma reemission after the Compton 
effect. Therefore a finer angular mesh and a more accurate develop
ment in Legendr« polynomials of the scattering cross-sections are 
used than for neutron calculations. 
The gamma sources and gamma cross-sections are calculated for each 
mesh of the reactor with an ancillary code (GAMEHEP) developed at 
C.E.HJ/S.C.K. This code uses two cross-section libraries derived 
principally from the coupled neutron-gamma library SDELIB : 

- a (n-Y) set (4o neutron groups, 2o gamma groups) 

- a (y-Y) set (20 gamma groups). 

AS an example, the gamma heating in the stainless steel tubes of 
the device represented on the upper part of fig. 3a ('nominal case of 
fig. 4a) would amount to 
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5-^ V/g in the inner pressure tub* 

6.0 W/g in the outer pressure tub* 

7.9 V/g in th* neutron screen 

at th* hot plan* 1*T*1, if the in-pil« section were uniform over 
it* whole length. Th* corresponding gamma heating in the fuel rods 
is estimated at 77 V/eot which would be added to the fission power 
of 572 V/ea. These figures will hare to be recalculated for a 
multi-step absorbing screen; th* neutron attenuation properties of 
this screen will necessarily be evaluated including the gamma con
tributions to the fuel power rating. 

5. Conclusions 

Th* design of a pressurised water loop gare the opportunity to review 
some aspects of th* theoretical and experimental methods in use for 
neutronie investigations. Although much work is still needed to opti
mize the device, it appears that BR2 can provide an appropriate irra
diation environnent for testing large FVS fuel bundles. This confirms 
the multi-purpose character of the reactor. 
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FI6.1a FIG.lb. 
WR5 LOOP.FIRST CONCEPTUAL OESIGM EXPERIMENTAL SET-UP FOR TESTING NEUTRONIC CALCULATIONS 

IN BR02 

21 fuel rods-driver fuel element with cadmium screen 



WRS LOOP. FIRST CONCEPTUAL DESIGN.RESULTS OF NEUTRONIC CALCULATIONS 



FI6.30. FIG.Sb. 
WRS LOOP.SECONO CONCEPTUAL DESIGN. EXPERIMENTAL SET-UP FOR TESTING 

NEUTRONIC CALCULATIONS IN BR02. 
45 fuel rods 



FISSION POWEk DISTRIBUTION | outer pms 1 f t ) | w [ i.u | l.w j l.ua 

Sensitivity to the structure of tie casing : 
( Î ) Nominal case ( fig. 3a upper part ). TEST OF CALCULATIONS ( 1 dim. approximation ; 
i f ) Without casing. 
($) With steel between casing and pressure tube. 

Sensitivity to '.he amount of water around the pressure tube : FIG. 4 b 

i^l As nominal -ces* but with outer neutron screen removed. 

FIG. 4 a 

WRS LOOP. SECOND CONCEPTUAL DESIGN . RESULTS OF NEUTRONIC CALCULATIONS. 



(rrrç boron/cm') 

PRELIMINARY CALCULATIONS RELATING TO AXIAL FISSION POWER FLATTENING. 
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General outline of the operation and utilization of the BR2 reactor. 

Present situation and future trends. 

JM BAUGNEI", JM GANDOLFO"", H LENDERS!'", F LEONARD«. 

K CEN/SCK ™ EDBATOM 

I. Introduction. 

Th* operation of the BR2 reactor (Hoi, Belgium) and its associated 

installations is carried out under a contract concluded in 1960 between the 

Centre d'Etude de l'Energie Nucléaire (CEN/SCK) and the European Atonic 

Energy Cogmunity (EURATOM). Since 1968, the contribution of EURATOM has been 

limited to the detachment of personnel. Under the terms of this contract, 

the too partners use the installations jointly for their own purposes, but 

may also make them available to third parties. 

The reactor was first put into service with an experimental loa

ding in 1963, since when it has regularly operated. 

In 1969, an agreement came into force between CEN/SCK and the 

Gesellschaft für Kernforschung CCfK,presently KfK) Karlsruhe, under which 

the reactor occupation is shared by the German research centres (Karlsruhe, 

Jülich and other) on the one hand, and by CEN/SCK and EURATOM on the other 

hand. This contract is part of the collaboration programme on fast reactors 

between the BENELUX and the Federal Republic of Germany. Special arrange

ments are made for experimenters who are not covered by this agreement. 

The BR2 reactor and its associated facilities are part of the 

CEN/SCK Reactor Division. A complete irradiation service can be provided, 

from design study to post-irradiation examination. The operating personnel 

includes both CEN/SCK and EURATOM staff. On 31st December 1977, it totalled 

252, of whom 95 for the preparation and operation of the irradiation experi

ments . 
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2. Brief description and special features of BR2. 

The BR2 reactor is a high-flux material tasting reactor of the 

thermal heterogeneous type. The fuel is 93 7. î 3 5u enriched uranium in the 

form of plates clad in aluminium. The moderator consists of beryllium and 

light water, the water being pressurized (12.3 kg/cm2) and acting also as 

coolant. The pressure vessel is of aluminium, and is placed in a pool of 

demineralized water. 

One should stress the following main features of the design : 

- the experimental channels are skew, the tube bundle presenting the form 

of a hyperboloîd of revolution (see figure 1). This gives easy access 

at the top and bottom reactor covers allowing complex instrumented devices, 

while maintaining a very high neutron flux at the core. 

- great flexibility of utilization, due to the fact that it is possible 

to adapt the core configuration to the experimental loading as the 

fissile charge can be centred on different experimental channels. 

- although BH2 is a thermal reactor, it is possible to achieve neutron 

spectra very similar to those obtained in a fast reactor, either by the 

use of absorbing screens or by the use of fissile material within the 

experimental device. 

- five 200mm diameter channels are available for loading large experimental 

irradiation devices, as in-pile sodium, gas or water loops. 

3. Reactor operation. 

3.1. Core configuration. 

From January 1963 to Hay 1978, 47 different core configurations 

have been used. This large number of variants utilized is due to continued 

attempts to use the flexibility of loading to the best advantage of the 

greatly varying experimental charge, while still maintaining the maximum 

length of operating cycle and keeping fuel consumption Co the minimum. 

It should be noted that when large loops are loaded in the big 

200mm diameter channels, the usual beryllium plug is replaced by a driver 

fuel element of the ATR type ; its main purpose is to compensate for the 

loss of reactivity caused by the loop. 
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Figur* 2 show* the disposition of the fuel elements and control 

rods in the beryllium matrix for on* of the typical core configurations 

presently used, the care configuration 9 B. 

3.2. Cycle. 

Reactor operation is carried out on the basis of operating cycles. 

The present nominal cycle length is 4 weeks, and consists of 7 days shut

down for loading and preparation, followed by 21 days operation. This 

gives a theoretically attainable operating coefficient of 75 Z. 

On occasion, certain cycles have to be eliminated because of 

exceptional maintenance work, extensions to the routine shut-downs and tune 

lost through operating incidents. 

3.3. Power. 

The nominal full power level depends on the core configuration 

used ; presently with the configuration 9, it ranges from 80 to 106 MW. 

Ac each routine start-up, it is customary to operate for short 

periods at 1 S, 40 Z, 60 Z anc 80 Z of nominal full power, in order to carry 
out various checks, mainly on the irradiation, conditions for the experiments, 

to determine the optimum power level and to find Che best control rod align

ment, having regard to flux perturbations ancj. inbalance. In addition, during 

each cycle, the reactor power is modified, il'; necessary, to give the optimum 

irradiation conditions for the experimental load as a whole, while still 

respecting safety limits. i 

! 
The highest power ever reached a't BRZ. (and by a research reactor 

in Europe) is 106 MH ; this power level wa;'» attained during cycle 1/78 

(March 1:78) in order to meet the irradiation conditions required for the 

second experiment of the MOL 7 C programme. 

/ 

The present nominal maximum tot spot specific power is 470 H/cn2, 

500 V/cm2 having been reached during a Special campaign (cycle 4/77, April 

1977) and 600 H/cm2 during tests in 19(5. 
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3.4. Nuclear characteristics. 

Fron 1963 Co 1965, cht reactor performances wer« progressively 

increased. Since mid-1965, although the core configuration has been modified 

frequently, che essential characteristics of the irradiation conditions 

available for the experimental devices have not changed significantly, the 

fuel charge having been altered appropriately. Tables 2 and 3 give, as an 

example, the nuclear characteristics for the channels of core configuration 

9 B. 

The maximum neutron fluxes attained are : 

. thermal flux : 1.1 x 1015n/em2.s (in channel H 1 with Be plug) 

. fast flux (E > 0.1 MeV) : 7 x L0J1*a/ca2.3 (in a fuel element channel). 

3.5. Operating parameters. 

As an example, a typical set of operating parameters foi: the year 

1977 is presented is table 4. 

3.6. Calculation of the reactor loading. 

Due to the large number of highly absorbing rigs, the loading 

of several sets of rigs demanding identical irradiation conditions, the 

routine use of fuel elements containing burnable poisons, the use of diffe

rent absorbing plugs and the presence of substantial amounts of 3He in the 

beryllium matrix, the reactor loading has become so complicated that it is 

difficult to determine this by simple calculation. For this reason, a 

programme has been developed for Che CEN/SCK IBM 370-135 computer. 

For each reactor cycle, each of the following steps is necessary : 

- definition of the uranium content for each fuel channel ; 

- determination of the thermal neutron flux, fast neutron flux and nuclear 

heating for each fuel channel ; 

- definition of the channel to be occupied by each rig to be loaded ; 

- calculation of the heat flux at the hot spot and the corresponding maximum 

fuel plate temperature ; 

- calculation of che reactivity effect of each rig to be loaded ; 
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- calculation of Cb« excess reactivity, is order to determine the initial 

control rod heigth and tha length of tha cycla (in tha BR2 reactor, all 

cycles aormally continua until tha control rods are fully withdrawn from 

tha cor«) ; 

- determination of tha full power level ; 

- calculation of tha burn-up of the cadmium abaorbera in the control rods ; 

- determination of the beat alignment of the control rods. 

This method of calculation is considered satisfactory, bearing 

in mind that tha majority of rigs have soma sort of temperature regulation, 

and that a start-up with a new rig is carried out in a controlled manner. 

Nevertheless, in order to reconcile the often greatly divergent irradiation 

condition! demanded by the rigs, it has been necessary on occasion to vary 

the power during the cycle or to end a cycle with one or more rods partly 

inserted, to take advantage of an enforced shut-down or to shut down the 

raactor during tha start-up or during the first days of the cycle in order 

to modify the loading according to the observations done on the experimental 

loading. Efforts are being made to improve the calculation procedure in 

the reflector (better prediction of the flux depression}• 

The figure 8 gives tha general organigramme of the calculations 

and evaluations necessary to obtain a safe and valuable operation during a 

whole reactor cycle. 

3.7. Operating evolution. 

Tables 5, 6 and.7 give a general, view•of the operating characte

ristics of the reactor fron 1963 to 1977. 

It is worthy of note that : 

- the reactor has operated for a total of more than 3 200 days, more than 

200 000 MWd having been produced ; 

- the continued effort to optimize the fuel loading according to the needs 

of the experiments has led to a reduction of specific fuel consumption 

from 23 to about 6 elements per 103 MWd. During this period, the fabri

cation cost sf the standard fuel element being multiplied by 2.5 

in current 3F. 
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4. Reactor equipment. 

4.1. Fuel elements. 

Since 1971, th* majority of freih fuel elements loaded have 

bees of the Cermet type. The standard six tube elements used contained 

either 330 g 2 3 SU (50 mg/cm2) together with 2.8 g natural boron (in the 

form of Bi,C) and 1.4 g natural samarium (in the form of S1112O3) as burnable 

poisons, or 400 g 2 3 5U (60 mg/cm2) and 3.3 g boron and 1.4 g samarium, 

compared with 240 g 2 3 50 for the alloy elements previously used, without 

poison. 

The generalised use of these new Cermet elements has led to an 

increase in the reactor cycle length, a reduction in the variation in 

irradiation conditions during the cycle caused by the control rod movement, 

the possibility of overcoming the increasing reactivity absorption effect 

of the rigs and a reduction in fuel costs by decreasing the number of fresh 

elements used each cycle and by increasing the mean burn-up. 

Since beginning 1973, some fuel elements released rather slowly 

fission products in the primary water. The defect fuel elements were 

detected by loading at the end of each cycle each fual element in a fission 

product release detection system. 

Combining the elimination of the defect fuel elements with an 

accepted increase of the operating limits : 1 3 1I concentration in primary 

water less than 1.10~z|iCi/cm3, the influence of these fission product 

release on the reactor operation was reduced to an acceptable situation. 

The causes of these fission products release cannot be clearly 

traced, but the change of the fuel elements supplier with some modifications 

in the clad material supply give presently fuel elements which have not 

yet (beginning 1978) revealed the same defects. 
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4.2. Cooling system. 

In 1971, tbc nine original heat exchangers, of th« classical 

straight tube pattern, were replaced by three,units, of a helical tube 

pattern. 

In January 1972, it «as found that on* tube of the new exchangers 

«as perforated, by vibration of the unsupported straight lead-in section 

against a «eld. After removal of the faulty tube, extensive and systematic 

vibration measurements «ere carried out, and it was found that, in two of 

the heat exchangers, several tubes experienced excessive vibration. 

As an initial corrective measure, the manufacturer installed 

aluminium strips around the lead-in tube bundles, to reduce the vibration 

of the enter tubes. Subsequently, a woven stainless steel mat, 5 cm chick, 

was wrapped around the bundles to break up the impinging jet of primary water, 

which eaters at right angles to the tube bundle. These modifications were 

carried out on all three exchangers. Since that time, the stainless' steel 

mattresses were regularly examined. The mattresses of the NORTH heat exchanger 

were replaced in 1974 end those of the CENTRAL one in 1975. Only two new leaks 

have occurred, in the NORTH heat exchanger, one in Hay 1974 and one in 

July 1977. 

Also in 1971, the original wooden cooling tower packing was 

replaced by plastic material. This modification of the towers and the 

replacement of the heat exchangers have led to a nominal cooliag capacity 

of the system exceeding 120 MW. 
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4.3. Bcrylliun m«tria. 

In March 1974, during a scheduled »hue-down, th* beryllium matrix 

»a* visually examined by mean« of a TV-camera ; 29 of the 79 matrix channels 

shoved crack*, which were not obaervad during the previous examination in 

October 1971. 

An evaluation was then performed, from which it was concluded that 

continuation of reactor operation was possible without undue risk to the 

health of the operators and of the public, and that the reactor program« was 

not affected by the cracks observed ; this conclusion was held to be valid 

as long as no significant modification appeared. It was decided therefore 

to continue reactor operation while proceeding with a surveillance programme 

and preparing the replacement of the present BR2 matrix. 

Since that time, regular examinations have been performed. The 

last one (the 12th) was carried out in March 197S. The observations did not 

indicate an abnormal evolution ; 57 channels were seen to have cracks. 

In the mean time, the safety evaluation was reassessed in detail 

end the conclusions of the first evaluation of 1974 have been confirmed. It 

is envisaged, that the reector operation will be continued till mid-1979 if 

possible, and that the beryllium matrix will be replaced then. The new matrix 

is delivered, preparation of the replacement is going on. 
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5. Reactor utilization. 

5.1. Facilities available. 

At BR2, it if possible to irradiate : 

- in the pressure vessel 

. cor* - within the fuel elements 

- ia a driver fuel element or in a special plug 

in the large 200 ma diameter channels 

. reflector - in beryllium (or aluminium) plugs 

- in the hydraulic rabbit 

- in the self-service thimbles 

- outside the pressure vessel 

. in the beam-tubes (radial or tangential) 

. in th* reactor pool 

Table 1 shows the irradiation positions and the neutron fluxes 

available in a present typical core configuration. 

5.2. Irradiations carried out. 

Purposes of the irradiations : 

- study of the behaviour of fuel elements and structural materials 

intended for the reactors of future nuclear power stations (sodium 

or gas cooled fast reactors, high temperature gas cooled reactors, 

light water reactors, fusion reactors). 

- safety in-pile experiments (particularly restriction to fuel pin 

cooling and transient overpower) for these reactors. 

- production of high specific activity radioisotopes. 

- basis physical research within the beam-tubes. 

- neutron-radiography in the reactor pool. 

- gamma irradiations within spent fuel elements. 

Figure 3 shows, es an example, the relative importance of the various 

types of irradiations which cook place in 1977 in the core and in the reflector, 

excluding the multipurpose devices, measuring probes, beryllium matrix samples, 

and the donmy FAFNIR rigs necessary to balance the reactor loading. 
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Tabic 8 list» the irradiation experiment! carried out or planned 

is B&2 during the period 1976-1978. Among these experiment«, the following 

are worthy of not* : 

Cladding material« and structural, material» 

. MOL 3 program» of GfK Karlsruhe : irradiation of cladding materials 

tensile specimens, LiNbOj, «odium flowmeters, permanent magnets, in 

sodium filled capsules, up Co 700°C and under cadmium in several cases. 

. HDL 5 programme of GfK : irradiation, in a NaK filled capsule, of clad

ding samples under stress with continuous in-pile creep measurement. 

Fissile material» samples 

. HOPS B, C, E and 6 programmes of KFA Jülich s irradiation of coated parti

cles in svept loops. 

Fuel, pins 

. HOI, 8 programme of GfK : irradiation, ia a. tlaK filled capsule (FAFNIR. 

device), of ODz-PuOg pins under cadmium with central temperature 

measurement. 

. H0I> 10 program» of GfK : irradiation, ia a HaK filled capsule, of a 

UOJ-PUOJ pin with in-pile swelling measurement. 

. HOL 11 programme of GfK : irradiation, in a NaK filled capsule, of (tf,Pu)C 

pin under cadmium and with fission gas pressure measurement in several cases. 

. MOL 12 programme of GfK : irradiation, in a NaK filled capsule, of a 

UOJ-PUOJ or UC-PuC specimen with continuous in-pile creep measurement. 

. HOL 16 programme of GfK and CFC programme of CEH Metallurgy : fuel cladding 

compatibility programmes : irradiation, is a NaK filled capsule (CFC device), 

of UOJ-PUOJ or UO2 pins with continuous measurement of the power dissipated, 

cladding temperature regulation and cladding rupture monitoring in several 

cases. 

. CIRCE programme of CES Metallurgy : irradiation, in a NaK filled capsule 

(CIBCE S device) of a(U,Pu)C pin with continuous measurement of the power 

dissipated and in-pile swelling measurement. 

. Ferritic steel programme of CEN Metallurgy : irradiation, in a CIRCE device, 

of uranium carbide or uranium oxide with dispersion-strengthened ferritic 

steel canning. 
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. plutonium recycling in LHR reactor programme of CEN/SCK-Belgonucleaire : 

irradiation of UO^-PuO^ pin* in 

- open baskets (F typ«), the pine being directly cooled by the BR2 

primary cooling water, 

- CEB devicee, H«K filled capsule« allowing continuous measurement of 

the power diasipaced, 

- PWC devicea, preaaurized water capsule 

NB : the CEB and PWC devices may be surrounded by a 3He screen for 

power cycling of the fuel rod (VHS device)• 

Fuel pin» bundles 

. HOL 7 C programme of GfK in collaboration with CEH/SCK : a series of three 

safety experiments in the in-pile sodium loop MOL 7 C in order to inves

tigate fuel behaviour, in a bundle, under off-normal cooling conditions 

(local coolant flow blockage). 

The main data of these experiments are summarized below : 

- irradiation under cadmium, 

- a 37 pin bundle, with 30 fuel pins and 7 dummy pins, 

- U02 fuel fins, 

- outside diameter of the pins : 6mm, 

- maximum linear pin power : 400 tf/cm, 

- total loop power : 640 kW, 

- total sodium amount in the loop : 20 kg. 

. GSB experiment of KFA in collaboration with KWU and CEN/SCK : irradiation, 

in an in-pile helium loop, of fuel for the gas cooled fast breeder reactor. 

The purpose is to investigate the irradiation behaviour of fuel bundles, 

pins and components, including the fuel pins venting system. The main data 

of this experiment are the following : 

- irradiation under cadmium, 

- 12 vented D02-Pu02 fuel pins, 

- outside diameter of the pins : Sum, 

- maximum linear pin power : 450 W/cm, 

- total loop power : 330 kW, 

- helium coolant pressure : 61 atm. 
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Radioisotopes production 

. 60Co (up to 400 Ci/g) : irradiation of Cc peilst* or discs in aluminium 

capsulas loaded in opan baskets or in the reactor control rods. 

. 19îlr (up to 700 Ci/g) : irradiation of Ir pellets in aluminium capsules 

loaded in open baskets. 

. 99Mo-a33Xe : irradiation, in the hydraulic rabbit or the DGE device, of 

cubes of enriched uranium cladded by aluminium, similar to BR2 fuel «la

ment shells. 

. miscellaneous : irradiation of miscellaneous targets in CSF capsules 

loaded in the hydraulic rabbit, self-service thimbles D.G., pool tubes 

or open baskets. 

5.3. Evolution of reactor utilization. 

The graphs given in figure 4 represent the evolution of reactt. 

occupation from 1963 to January 1978, and show : 

- the total number of channels occupied each cycle in the core, the reflector 

and the pool ; 

- the hourly production in the core and in the reflector (excluding the 

hydraulic rabbit, the self-service thimbles DG 36, the measuring probes, 

the beryllium samples and the EAFNIR models) ; 

- the annual production in the core and in the reflector <ot> the same basis 

as the hourly production). 

An analysis of these graphs leads to the folding conclusions : 

- the hourly production fluctuates strongly from cycle to cycle., due to the 

inherent nature of a test reactor and to variations in -he Iemand for 

radioéléments. 

- the hourly production in the core is greatly influenced by the presence 

of large sodium or gas loops in the H I , H 3 or H 4 channels. 

- a growing interest has been shown in BR2, as indicated by the continuous 

increase in the number of reactor channels occupied (see also figure 5). 
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Th* averag« distribution of th* uic of the channels from 1963 to 

1977 il given in table 9. 

BR2 has contributed greatly to the development of many large nuclear 

projects within the European Community ; it has also been used for carrying 

out irradiations for other countries. Presently, the utilization of the reactor 

is principally directed towards irradiation programmes requiring fast neutron 

fluxes : in 1977, irradiations for the sodium cooled fast reactor programme 

accounted for 35 X of the reactor utilization, and irradiations for the high 

temperature gas reactor programme and the gas cooled fast reactor programme 

accounted for 49 %, together these programmes represent 84 Z of the reactor 

utilization. 

6. Future plans. 

6.1. Scheduled irradiation programme. 

Apart from the beam-tube experiments and the routine irradiations 

such as radioisotopes production, neutron-radiographies, gamma irradiations, 

the irradiations after 1978 will concern mainly safety experiments, power 

cycling experiments and, generally speaking, irradiations under off-normal 

conditions. 

Several of the irradiations mentioned in S 5.2. will continue and 

new experiments are planned. Among the new experiments, we may cite the SNR 

"Störfallprogramm" of KFK Karlsruhe (irradiation under off-normal conditions 

of LMFBR fuel pins) and the WRS loop (joint programme of KWU, KFA, KFK and 

CEK/SCK). The purpose of the URS loop is to test PHR fuel rods and rod assemblies 

under incidental operating conditions, in particular investigations on LOCA 

(Loss of Coolant Accident) for reactor safety analysis. 

6.2. BR2 development programme. 

The BR2 development programme aims at the adaptation of the irra

diation capacity and the operating conditions of BR2 so as to accomodate the 

expected experimental loading. The aspects being specially considered at 

the moment are : 
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- «a mentioned in S 4.3. the replacement of the beryllium matrix during the 

«econd half of 1979 ; 

- the possibilities of irradiating at BR2 fissile or structural materials 

intended for reactors of several types (fission and fusion) in such a way 

that irradiation affects Mould correspond to those expected in these 

reactors. 

- the irradiation conditions which could be obtained under cadmium or other 

screens in the central H.I channel or the outer 200 mm channels, whether 

the rig is surrounded or not by a driver fuel element. 

- the increase of the maximum hot spot specific power from the present 

470 H/cm2 level to 550 or 600 W/cm2. 

- the reactor core configuration variants which would allow the simultaneous 

irradiation of several large loops, all requiring high performances. 

- an improved flow distribution of the reactor primary circuit water coolant 

in order to avoid difficulties when more power must be dissipated. 

- the measures in order to enhance the thermal neutron flux in the beam tubes. 

- special campaigns of short duration (less than a normal cycle of 21 days) 

in order to carry out some of the safety experiments planned. 

7. Financial situation. 

The evolution of the commitments, expenditure and revenues of 

the BR2 reactor and its associated facilities (design, manufacture, testing 

and commissioning, operation, dismantling of irradiation devices) is given 

in figures 6 and 7. 

It should be mentioned that presently, receipts cover about two 

thirds of expenditure whereas during the first five years of reactor operation 

they covered only one third. 
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8. Conclusions. 

From 1963 Co 1978, tbc BR2 reactor was utilized regularly, its 

operating characteristics being continuously adapted to the needs of Che 

experimental load. For this reason, the full power level increased progres

sively from 17 MW to 85 MW, 106 MH even having been reached during a special 

campaign in March 197S. A growing interest has been shown in BR2, as indi

cated by the continuous increase in Che average number of channels occupied 

from 13 in 1963 to the present number of 75. 

As to the future, it is expected that BR2 will continue to contribute 

to the development of many large nuclear projects. The reactor development 

programme aims at the adaptation of the irradiation capacity and the opera

ting conditions of BR2 so as to accomodate the planned experimental loading. 
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Irradiation positions available in the BR2 reactor. 

Configuration : 9 B or 9 C Power : 84.5 MM (1) 

Irradiation position 

Type 

1. In the pressure vessel 

- core 

. within the fuel elements 

. in the 200 mm channels 

- reflector 

. 200 nm holes 

. 85 no holes 

. 50 mm holes 

2. outside the pressure vessel 

- beam tubes 

- reactor pool 

. radioisotopes tubes , 

. neutton-radiography 

. gammafacility 

number (2) 

37 

1 or 2 

up to 4 

19 to 31(3) 

10 

9 

4 

1 

5 

useful 
diameter 

im 

17.4 to 42.4 

up to 200 

29.5 to 200.2 

29.5 to 80.6 

29.5 to 46 

up to 305 

80 

130 

12 to 80 

maximum nuclear characteristics 

neutron flux (n/cm?s) 1 
thermal 

3.8 x lO11* 

- (4) 

9 x 10111 (5) 

5 * 101"» 

1.6 x 1011» 

107 to 5x10*3 

3 x 1013 

3 x 107 

-

E > 0.1 MeV 

7 x 10"' 

7 x 1011* 

1.5 x 1011* 

2 x 101"1 

6 x 1013 

-

5 x 1012 

-
-

nuclear heating 
M/gr Al 

15 

13 

6 

6 

2 

-

< 0.5 

-
5 x 107 rad/h 

Remarks : (1) 106 MW in core configuration 9 C with a driver fuel element in channel H 1 
(2) total nunber of irradiation positions : up to 100 
(3) one 200 ma channel is equivalent to three 85 mm channels 
(4) under cadmium screen 
(5) in the central channel loaded with beryllium 



TABLE 2 

Nuclear characteristics of the BR2 configuration 9 B ~ 

A. Fuel element channels 

Power » 84.5 MW Conditions at start of 

cycle 9/77 

Reactor 

channel 

A 30 
A 90 
A 150 
A 210 
A 270 
A 330 

B 0 
B 60 
B 120 
B 300 

C 41 
C 79 
C 139 
C 161 
C 199 
C 221 
C 259 
C 281 
C 341 

0 0 
D 60 
0 120 
D 180' 
0 240 
0 300 

£ 30 
E 330 
F 14 
F 106 
F 194 
F 346 

G 120 
G 240 
H 23 
H 37 
H 337 
K 191 

H 4 

Fuel elements 

Type 

6N G 
6N G 
6N G 
6N G 
6N G 
6N G 

6N G 
6N G 
6N G 
61 G 

6NG 
6N G 

m G 
6N G 
6N G 
6N G 
5N G 
6N G 
6N G 
6N G 
6N G 
6N G 
5N S 
6N G 
6N G 

61 G 
6N G 
6N G 
6N G 
6N G 
5N G 

6N G 
6H G 
6N G 
6N G 
6N G 
6N G 

10S G 

Average 
burn-up 

40 
21 
24 
22 
22 
27 

40 
38 
29 
28 

0 
0 
0 
0 
13 
0 
23 
0 
0 

0 
0 

- 14 
22 
6 
0 

43 
45 
6 

42 
14 
23 

43 
10 
13 
28 
11 
44 

0 

Maximum flux (1) 
lO^n.cm-z.s-1 

Thermal(2) 

3.6 
2.9 
2.9 
3.1 
2.9 
3.2 

3.5 
3.3 
2.9 
3.0 

2.1 
1.9 
1.9 
2.0 
2.6 
2.2 
2.5 
1.9 
2.1 

2.0 
1.7 
1.9 
2.4 
2.0 
1.6 

2.4 
2.4 
1.6 
1.9 
2.0 
2.0 

E>0.1MeV 

6.1 
6.2 
6.0 
6.4 
6.3 
6.4 

6.1 
5.7 
5.8 
6.2 

5.9 
5.1 
5.5 
5.2 
6.5 
6.2 
4.6 
5.5 
6.3 

5.6 
4.6 
4.8 
4.6 
5.1 
4.0 

3.9 
3.8 
4.1 
3.1 
5.0 
3.9 

1.6 j 2.7 
1.6 ! 3.5 
1.3 3.2 
1.6 3.0 
1.3 3.0 
1.7 ! 2.8 

-

•fast 

«thermal 

1.7 
2.1 
2.1 
2.1 
2.2 
2.0 

1.7 
1.7 
2.0 
2.1 

2.8 
2.7 
2.9 
2.6 
2.5 
2.8 
1.9 
2.9 
3.0 

2.8 
2.7 
2.5 
1.9 
2.6 
2.5 

1.6 
1.6 
2.5 
1.6 
2.5 
2.0 

1.7 
2.2 
2.5 
1.9 
2.3 
1.7 

-

Maximum 
nuclear(3) 
heating 
(W.g-XA1) 

12.5 
13.1 
12.6 
13.2 
13.0 
13.3 

13.3 
13.1 
12.7 
13.2 

13.6 
12.0 
12.6 
12.3 
14.6 
14.6 
11.3 
12.5 
14.2 

13.2 
11.1 
10.6 
10.9 
12.3 
10.0 

9.2 
3.2 
9.9 
6.0 

11.1 
9.5 

5.0 
8.0 
7.1 
6.0 
6.3 
5.1 

5.0 

G Cermet fuel element 400 g 2 3 SU type (60mg 235U.cm~z) 

(1) Neutron flux <t 50mm below reactor mid plane 

(2) Unperturbed neutron flux on the centre line of the fuel element 
(n)jj-5Vo at 2200m»-1 

(3) Nuclear heating of an aluminium sample placed on fuel element 
axis at position of maximum flux. 
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TABLE 3 

Nuclear characteristics of the 8R2 configuration 9 8 

B. Reflector channels 
Power 84.5 MW 

Reactor 
channel 

F 46 
F 166 
F 314 

6 60 
G 300 

H 323 

Hl-O 
Hl-120 
ai-240 
H2-90 
H2-210 
H2-330 
H3-30 
H3-150 
H3-270 
H5-30 
H5-150 
H5-270 

K 11 
K 49 
E 109 
K 169 
K 2S1 
K 311 
K 349 

L 0 
L 60 
L 120 
L 180 
L 240 
L 300 

N 30 
N 330 
P 19 
P 41 
F 101 
P 161 
P 199 
P 259 
P 319 
P 341 

Maximum unperturbed flux 
10^n/cm2s 

Thermal 

3.9 
4.7 
3.S 

3.2 
3.6 

2.6 

8.0 
8.9 
8.S 
1.6 
2.9 
3.0 
2.7 
2.1 
4.0 
3.4 
3.2 
1.9 

2.4-
2.4 
1.5 
2.5 
2.9 
2.2 
2.1 

1.9 
1.6 
1.4 
2.2 
1.8 
1.8 

1.5 
1.3 
1.4 
1.2 
1.2 
1.6 
1.5 
1.3 
1.5 
1.2 

E > 0.1 MeV 

1.8 
2.0 
1.6 

0.8 
0.9 

1.1 

1.4 
1.6 
1.5 
0.2 
0.4 
0.5 
0.5 
0.2 
0.6 
0.5 
0.5 
0.2 

1.0 
0.6 
0.6 
0.4 
0.7 
0.3 
0.9 

0.3 
0.2 
0.4 
0.6 
0.5 
0.2 

0.6 
0.3 
0.4 
0.3 
0.2 
0.2 
0.4 
0.1 
0.2 
0.3 

Maximum nuclear 
heating 
W/g Al 

5.3 
4.2 
3.8 

2.8 
2.4 

2.7 

5.1 
4.8 
4.6 
0.6 
2.0 
1.7 
2.0 
0.9 
2.0 
1.7 
2.0 
0.6 

3.1 
2.0 
1.7 
1.4 
2.1 
1.2 
2.9 

1.4 
0.8 
1.1 
1.5 
2.1 
0.6 

2.0 
1.4 
1.6 
1.2 
0.5 
0.4 
2.1 
0.6 
0.6 
1.4 
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BR2 - Operating parameters 1977, 
TABLE 4 

Reactor operating characteristics 

Power rating, nominal 
Total operating time 
Average operating time per cycle 
Total energy dissipated 
Average energy dissipated per cycle 

Fissile charge at start of cycle (Z35U) 

77 to 100- HW 
240.0 days 
21.8 days 

19 583 MWd 
1 780 MWd 

11.4 to 13.7 kg 

Circuits characteristics 

Flow (m3.lr*) 

Inlet temperature (°C) 

Inlet pressure (kg.cm*2) 
Ap across pressure vessel (kg.cm"2) 
pH 

Resistivity (n.cnr1) 

Flow in purification line (m'.h-1) 

Activity 8Y (uCi.cnr3) 

Primary 

6 700-7 000 
40 - 50 

12.5 
2.8 

5.3 - 7.0 
2 - 6 xlOs 

20 - 30 
<io-i 

Secondary 

4 000-5 000 
20 - 30 

-
-

5.5 - 6.5 
10s 

100 
<10-6 

Pool 

400 

35 - 45 

-
-

5.5 - 6.5 
106 

20 
<10-1' 

Fuel elements 

Maximum nominal temperature at hot spot (°C) 
for inlet temperature of 40°C 

nominal Heat flux maximum (W.cnr2) 
admissible 

Water velocity between plates (m.s*1) 
s-!\ 

152 

470 
600 
9.4 

Liquid effluent production 

Cold <10"6iiCi .cm"3 

Warm 10"5to 10"2uCi.cm"3 

Hot >10-2yCi.cnr3 

1 446 m3 

10 070 m3 

2 400 m3 

Gaseous effluents 

Ventilation of containment building 38 000 m3.h_1 

Ventilation of machine hall 83 000 m3.h"' 
Radioactivity at chimney 5xl0"8vCi.cm"3 

Consumption 

Electricity 19.7xl06kWh 
Demineralized water 431 265 m3 

Uranium-235 23.6 kg 
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Evolution of the operating parameters of the BR2 reactor 

a- General data since date of commissioning 

Year 

1963 

1964 

1965 

1966 

1967 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

Totals 

1 
Configuration! 

5 

5 

5 and 6 

6 

6 

6 

6 

6 

6 and 7 

7 

7 

7 and 8 

8 

8 • 

8 and 9 

Number of days 

operating 

154.5 

226.5 

189.8 

219.8 

174.4 

213.9 

229.3 

218.0 

203.9 

230.4 

248.7 

217.3 

218.8 

235.8 

240.0 

3 221.1 

Nominal power 

(MW) 

17 - 34 

34 

34 - 57 

57 

57 - 63 

58.5 - 67 

66.5 - 71 

67 - 70 

70 

70 - 73.5 

70 - 73.5 

70 - 80 

74.5 - 80.5 

74.5 - 79.5 

77 - 100 

Energy produced 

(MUd) 

3 292 

7 595 

8 599 

12 576 

10 564 

13 168 

15 155 

15 057 

14 478 

17 568 

20 643 

16 320 

16 487 

17 373 

19 583 

208 453 

Number of 
channels 
occupied 

13 

25 

35 

37 

39 

45 

52 

59 

71 

72 

76 

68 

71 

77 

75 



E V O I U T I O N Of T H E O P E f t U i N f i P A » A M E I E » S OF T H E I K » It £ A C T 0 ft 

b. o p e r a t i n g » n i l p l i 

fear 

1963 

1964 

1965 

1»H 

1967 

IMS 

1M9 

mo 
1971 

1912 

1973 

1974 

1975 

197« 

1977 

operating 
year 

«Walton 

days 

370 

37« 

365 

3M 

358.7 

35».1 

371.3 

366.1 

369.4 

355.» 

378.3 

351.9 

354.5 

370.2 

397.8 

operational 

foyi 

154.5 

225.5 

119.8 

220 -

174.4 

213.9 

229.3 

218 -

203.9 

230.4 

248.7 

217.3 

218.8 

235.8 

240.0 

1 

41.8 

60.3 

S2 -

60.5 

49.« 

60.1 

61.8 

59.5 

55.2 

64.7 

65.7 

61.8 

60 -

63.7 

60.3 

«E Ac TO « 

routlM 
shut-downs 
•ays 

71.S 

99 -

91 -

91 -

63 -

102 -

96 -

98 -

70 -

77 -

77 -

77 -

70 -

77 -

11 

t 

19.3 

26.3 

25-

25-

17.6 

28.6 

25.9 

26.2 

19-

21.6 

20.4 

21.9 

19.2 

20.8 

19.4 

extension of 
routine shut-do*» 

day» 

29 

•0.9 

16.9 

31.4 

56.6 

22.5 

22.1 

5.9 

13 -

27.3 

25 -

41.8 

44.1 

32.5 

51.4 

t 

7.8 

2.9 

4.6 

8.6 

15.1 

«.3 

5.9 

1.6 

3.5 

7.7 

6.6 

11.8 

12.1 

84 

12.9 

S T A T E 

unscheduled 
shut-ioMK 

days 

22 -

39.« 

35.8 

21.6 

4.7 

17.7 

23.9 

15.7 

15.3 

21.2 

27.« 

15.8 

31.6 

24.9 

29.4 

1 

5.9 

10.5 

9.8 

5.9 

1.3 

5 -

«.4 

4.3 

4.1 

6 -

7.3 

4.5 

8.7 

6.7 

7.4 

«ctptloj ial 
shut-down 

days 

93 -(1) 

-
31.5(1) 

-
60-{2) 

-
-

30.5(3) 

«7.2(4) 

-
-
-
-
-
-

t 

26.2 

-
8.6 

-
16.7 

-
-
8.4 

18.2 

-
-
-
-
-
-

operative coeffltlants 

theoretical 

S 

74 -

74 -

74 -

75 -

75 -

71.6 

71.6 

71.5 

75 -

75 -

75 -

75 -

75 -

75 -

75 -

actual 

« 

«1.8 

60.3 

52 -

«0.5 

48.6 

«0.1 

«1.8 

59.5 

55.2 

«4.7 

«5.7 

61.8 

«0 -

«3.7 

«0.3 

(1) tests (core configuration writ!Mention) 

(2) • conUalnatlon («er lc lun capsule fa l lu t * ) 

{3) repairs to cooling tower basin 

(4) replacement of twin heat exchangers and cooling tower packing. 



EVOLUIIQN Of THE OKHATIKC FMUWETEIIS OF THE W2 SCKTOR 

c. Configuration end uranliM consunptlon 

ye»r 

1963 

1*4 

1965 

1966 

1967 

IMS 

1969 

19)0 

19)1 

19)2 

19)3 

1974 

19)5 

19)6 

19)7 

c o n f i g u r a t i o n 

Virluts 
MStC 

5 

5 

5a»il( 

6 

6 

6 

6 

e 
6 «id 7 

7 

7 

7 «tl8 

8 

e 
8 «49 

ftater of stanin 
fwl «Itamt 

CkHWttlS 

1« to20 

20 

20 to 28 

28 

28 to 32 

M lo35 

35 to 38 

38 

38 

38 

38 

32 to 38 

32to34 

31to37 

34 to 38 

Nuabar of 
control rods (11 

8« 2 

8 t 2 

8 to 10 t 2 

S t 2 

» » 2 

8 * 2 

8 • 1 or 2 

I t 1 

t t o l « ! 

( » 1 

« t 1er 2 

C or 7 t 1 or Î 

1 * 1 

7 • 1 

7 • 1 

Ni» of l3sU 
< • 

4 082 

»418 

10 SM 

15 593 

12 853 

15*60 

B 228 

18 119 

17 41S 

21 132 

24 830 

19 (30 

19 873 

20 89« 

23 564 

« r u i m c o n s * • • 1 1 on 

•uHJor of elwentsm 

Alloy 

76 

1(3 

188 

176 

144 * 12 Ills 

183 • 24 Ills 

1(5 * 12 Ills 

177 • 24 I l ls 

58 « 18 Ills 

11 

12 

1 

-
-

i 

Coratt 

. 
-
-
-
-
-
( 
2 

114 • ( Il ls 

142 • 18 Ills 

118 • 30 Ills 

• j . + * »IS I K • 2 Kill« 
«A « ' HIS 
" t i Mils „ . « 18 Ills 
"° • 1 «Ills 

115 • ' V l* " ' • 2 Xs 

22.8 

24.8 

23.« 

36.8 

36.2 

34.« 

44.0 

40.7 

33.2 

38.0 

47.( 

34.9 

53.2 

(2.2 

49.1 

spsctftc consusptton 
(3)(olNHot/103ltM) 

23.1 

21 5 

22.3 

14.0 

14.3 

14.3 

11.3 

12.5 

12.3 

9.0 

(.7 

8.7 

5.8 

5.1 

6.2 

(1) coipensitloi* • regulation 

(2) fresh elements Toided in sUnderd Channels • driver fuel elements 

(3) fresh elements loaded In standerd chinntls 
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M 2 • « V E ( f t « E P I S T * l t « I I O » OF THE « S E S OF THE CHAH» (.IS 

rwrosE 

1 . M TIE PftCSSURC VESSEL 

- Study of radiation effects 

. fuel ami fuel pins 

. structural Material 

- Transmutation prograaaws 

. production of act l . i l IM and transplutonlua 
elements 

. cobalt 60 

. various radioisotopes 

- Multi-purpose équipaient 

(rabbit, self-service thlubie1 

- Measuring probes and mck-ups 

- Beryl l luaejtr fx samples 

2 . OUTSIDE THE MESSURE VESSEL 

- Fymtaaental physics research 

- Kultt-purpose équipaient 

(pool tubes» neutron-radiography, faaaa 
irradiation) 

TOTAL 

19G3 1 

| 

5 

-
2 

1 

-

4 

-

I 

-

13 

M M 

-
11 

1 

3 

3 

-

2 

-

4 

1 

Us 
i 

I N S 

2 

* 

1 

» 
3 

• 

2 

-

« 

2 

35 

M M 

3 

* 

1 

14 

2 

2 

3 

-

S 

1 

37 

1N7 

7 

S 

1 

12 

2 

2 

« 

S 

1 

39 

1 9 « 

10 

« 

1 

IS 

2 

3 

3 

C 

t 

45 

1M9 

10 

7 

1 

18 

2 

3 

4 

t 

1 

62 

1 9 » 

IS 

* 

2 

17 

3 

2 

4 

S 

1 

59 

.,„ 

24 

« 

4 

M 

1 

2 

• 

T 

1 

71 

1972 

29 

« 

3 

13 

4 

2 

7 

7 . 

2 

72 

1973 

21 

7 

3 

12 

4 

2 

10 

7 

t 

2 

7« 

1 

1974 

19 

5 

1 

a 
2 

3 

ie 

t 

t 

2 

a 

197S 

2S 

9 

-
3 

3 

2 

15 

S 

7 

2 

71 

197« 

26 

6 

-
4 

3 

2 

1» 

6 

7 

3 

77 

1977 

23 

4 

-
S 

4 

2 

19 

S 

7 

3 

75 



GENERAL VIEW OF THE BR2 REACTOR 



BR2 CONFIGURATION 9B 



UTILIZATION OF THE REACTOR BR2 IN 1977 



EVOLUTION OF THE OCCUPATION OF THE REACTOR BR2 FROH JANUARY 1963 TO JANUARY 1978 



SR2 • AVERAGE NUMBER OF REACTOR CHANNELS OCCUPIED 



EVOLUTION OF COMMITMENTS AND EXPENDITURE 



EVOLUTION OF INCOME 
INVOICED SUMS 



REACTOR LOAD AND CORE PHYSICS MANAGEMENT OPERATIONS 
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