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1. INTRODUCTION

The natural uranium-graphite-gas reactor series consists of 8 power plants

in France, 6 of which are still in operation, and one reactor in Spain.

The first, Marcoule G.2, whose first criticality took place in 1958 and

that was shut down on February 1st 1980, had a capacity of 40 MWe. The

last one to start up in. 1972, BUGEY 1, is 540 MWe net.

Improvements of the nuclear steam supply system have been accompanied by

successive transformations of the fuel elements which have now reached a

high degree of reliability.

2. DESIGN AND DEVELOPMENT OF FUEL ELEMENTS

Before passing on to the power plant stage France had built an unpressu-

rized air-cooled reactor, G.1, where spectacular deformations of the

unalloyed uranium were observed. This fuel consisted of magnesium clad

unalloyed uranium rods.

2.1. G.2-G.3 fuel element

For power reactors it was necessary to define a not too deformable uranium

alloy and a cladding material behaving well under C07 at high temperature.
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The choice of cladding material quickly settled on a low-zirconium (0.6 1)

magnesium alloy. Easy to transform, amenable to argon arc welding, ductile

when hot and not very absorbent neutronically it possessed all the

essential qualities required.

Its maximum service temperature still had to be proved compatible with

the increased in-pile performance of the fuel elements. This temperature,

set first at 400 °C, was gradually raised to 515 °C (Mg-Zr melting point :

660 °C) while at the same time the longitudinal cooling fins gave way to

herring-bone fins.

Having given entire satisfaction this Mg-Zr material was kept for all

other types fuel elements in the series. Its only disadvantage is its

permeability to plutonium, a defect corrected by the interposition of a

thin graphite lining between the cladding and the fuel.

For the uranium rods a relatively non-absorbent alloy SICRAL F1 (0.07 % Al,

0.03 % Fe), deforming little under irradiation, was cho.sen.

2.2. CHINON 1 fuel element

To increase the specific power extracted from the fuel element the rods

were replaced by tubes. At given maximum uranium and cladding temperatures

it is possible to extract more heat per unit channel length from a

tubular fuel than from a rod, which means that for a given reactor power

the number of channels necessary is reduced.

Since SICRAL F 1 is not mechanically resistant enough to withstand creep

under compression a new alloy was needed for this tube closed at both ends

by welded caps. A compromise had to be found conciliating neutron

absorption, mechanical resistance and swelling properties, and an 0.5 %

molybdenum - uranium alloy was finally adopted.

The CHINON 1 reactor, shut down after 10 years1 service for economic

reasons, was the first one designed with vertical channels in which the

fuel elements were stacked directly one on top of another. The ends of

the cans were thus subjected to considerable stresses, limiting the

possibilities of this type of longitudinally finned fuel element.
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2.3. CHINON 2, CHINON 3, ST-LAURENT 1 tubular fuel elements

To gain more specific power the uranium tube diameter was increased (43 x

23 mm) and consequently the molybdenum content of the alloy had to be

raised to 1.1 % to improve its mechanical resistance ; at the same time

the can was fitted with herring-bone fins, the geometry of which has

gradually been optimised through very detailed therrrrl ^ucues in which

the fin height, profile shape, spacing and angle of inclination were

varied. Moreover,the fuel element was housed in an individual graphite

sleeve to limit mechanical stresses on the ends, each element supporting

only its own weight. This arrangement has contributed greatly to the

reliability of the fuel elements,, especially at the time of handling which

takes place under running conditions.

On the other hand the resistance of this type of fuel was limited by creep

in the uranium tube and end caps, and the alloy used was going to be replaced

by a quaternary alloy, MOSNAL, containing 1 % Mo, 0.05 % Sn and 0.05 % M ;

just then however a new design of fuel was conceived, a timely event

because MOSNAL, loaded in small amounts in ST-LAURENT 1, proved difficult

to reprocess industrially.

2.4. Graphite core fuel elements

This kind of fuel element has the same geometry as the tubular fuel and

the two are interchangeable, but the new version is different in 2 respects :

- the graphite kernel from the casting process has been left inside the

43 x 23 mm uranium tube (whence its name "graphite core fuel element")

- the uranium alloy is different : since the graphite kernel is there to

take pressure stresses, the mechanical properties of the uranium can be

less stringent and the U-1.1 % Mo alloy is replaced by SICRAL F 1 , already

used for G2 and G3.

Other component such as plugs, cans, sleeves are the same as those of the

tubular element.

These graphite core elements have three main advantages :

• * * f • • *
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Whereas for the U - 1.1 % Mo tubular element the technological and

neutronic limits are pratically the same (5 000 MWd/t) the graphite core

element, which uses a less absorbent fuel, offers greater neutronic possi-

bilities. It was therefore possible to increase the fuel irradiation level

to 6 500 MWd/t without overstepping the technological limits of the element.

This represents a fuel saving of 30 % over and above the 20 I saved

by the axial rearrangement of 3 elements out of the 15 contained in each

reactor channel.

2) Higher_working_temperatures_and_p_ressures

The working temperature of this type of element (tubular or graphite -

core) is limited by the maximum temperature admissible on the uranium.

Owing to the presence of the graphite kernel this temperature can be raised

from 640 °C to 650 °C and the CO2 pressure from 26.5 to 28.5 bar, corres-

ponding to a possible increase of about 12 % in the reactor power.

3) Greater_safety_

Reducing the free volume inside the element reflects to a large extent

on how the oxidation of the uranium tube develops after a cladding failure

The presence of the graphite core, chosen non-porous, is thus an important

safety factor.

Besides possessing these three advantages the graphite core element

is simpler to manufacture than the tubular element and the fuel is therefore

noticeably cheaper.

For all these reasons this element was chosen for the first fuel load

of ST-LAURENT 2 and VANDELLOS reactors and as replacement element for

CHINON 2, CHINON 3 and ST-LAURENT 1.

2.5. BUGEY 1 annular fuel element

To obtain even higher specific powers an annular fuel was designed. The

principle is to cool a large uranium tube by outside and inside cladding,

which also means that no internal volume remains and high coolant gas

pressures can be reached.
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For BUGEY the diameters of the SICRAL F 1 uranium tube were fixed at 95 x 77 mm,

providing 12 W/g specific power and high reactor power with few channels

(2 900 channels for 1 700 MWth at ST-LAURENT 2 against 852 channels for

2 000 MWth at BUGEY 1).

This element took longer to develop. It was necessary in particular to bind

cladding and fuel together metallurgically in order to avoid detachment of

the inner can in certain thermal transients. This was achieved via an

aluminium layer deposited by Shoop process, which diffuses into the cladding

and uranium to give a metallurgical bond.

This fuel eventually proved almost as reliable as the graphite core element.

3. RELIABILITY OF FUEL ELEMENTS

3.1. For 51 000 nominal fuel elements loaded in CHINON 1 six cladding failures

were observed, representing a failures rate of 10/100 000.

Thes,e failures were mainly caused by the stacking method of fuel element

loading.

3.2. Of the 211 400 nominal U-1.1 % Mo tubular fuel elements loaded 22 cladding

failures occurred, a failure rate of 10/100 000. These were largely due

to localized inward tube deformation resulting from uranium creep.

3.3. In spite of its enhanced performances (maximum cladding temperature 515 °C,

maximum uranium temperature 650 °C, specific burn-up 6 500 MWd/t) the

graphite core fuel only included 7 failures amongst the 466 000 elements

loaded, i.e. 1.5/100 000. Manufacturing defects are responsible here.

3.4. The annular fuel element appeared slightly less reliable with 3 cladding

failures for 76 500 elements loaded, which represents a failure rate of

less than 4/100 000. These again are due to manufacturing faults.

The favorable trend of these figures has been obtained by in-loop and in-pile

irradiations of experimental and standard fuel elements, examined afterwards

in the CEA hot laboratories, and by strict supervision of their manufacturer

COGEMA to maintain the same high standards throughout.
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