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INTRODUCTION

If the hypothetical Whole Core Accidents which are taken

into account in reactor safety analysis can change from one

country to another, there is nevertheless a general agreement

over their description and main phases.

Furthermore the important parameters have also been identified

by every laboratory. During the developpement of such core ac-

cidents the role of the fission products in essential.

It is not the purpose of this paper to give an exhaustive

description of the phases which can be influenced by the fis -

sion products, we will try however to focuss this study on the

most important ones. In a second step we will discuss on the

equation of state of irradiated fuels here again one principal

preoccupation being to quantify the influence of fission products

on reactor accidents. It is not our purpose to enter on the fon-

damental aspects of the equation of state. The studies and the

experimental programm launched at the CEA will then be described.

Special attention will be directed towards the eventual role

of fission products in MFCI's or the events leading to the initia-

tion of whole core accidents. This paper will be limited to oxyde

fuels .

Whether the whole core accident is initiated by a reactivity

defect or a coolant coast - down, one has to deal with four great

categories of phenomena (FIG.l)

- Loss of flow : The power is around the nominal value,

while the coolant flow has been reduced by a factor of 5 to 10.

This induces boiling and clad weakening.

. Will the plenum pressure lead to a clad rupture ?

. In case of a rupture, what will be the effect on

the voiding of the channel ?

- Transient over power :

Influence of gases from gaseous and volatile fission

products on the fuel movements ?

- MFCI 's : • Q

Influence of the fission products in the mode of

contact between fuel and coolant ?

. Influence on the fuel characteristics

- Sodium vapour bubble expansion :

. Influence of the fission products on the heat trans-

fer and eventual condensation of the bubble ?.

11/ ROLE OF FISSION PRODUCTS ON THE EVENTS LEADING TO THE INITIATION

OF WHOLE CORE ACCIDENTS

Fission products certainly have an essential part in the dis-

persion phase of the accident but one must not overlook their part

during the initiation of Whole Core Accidents.

In the early stages of the accident the fuel is still at it's

nominal temperature, or even at a lower temperature for a coolant

coast-down. The fission products involved then can only be the ga-

ses enclosed in the plenum and outside the pellet matrix.

a) A simultaneous rupture of a large number of subassemblies at the

end of their life can certainly lead to a voiding of the core

but statistical experience on irrideated fuels show that such an

event has not to be taken as an initial physical cause.

b) In the same way one cannot see which external cause would lead

to a simultaneous rupture of the clads.

c) Experiments carried out in different laboratories have shown

that a fast propagation of ruptures could be ruled out.

Based on this experience initiation of whole core accidents

due to fission products is not a problem as far as the physicist

is concerned.

But once initiated, during the early stage, the role of the

gaseous fission products could be non negligeable.

This is clearly the case for a coolant coast-down. Experi-

ments on boiling in bundles /I/ have shown that when the flow

rate is low enough a flow pattern called "located boiling" deve-

lops on the test section. The mean coolant temperature at the out-

let
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could then be some 100°C below saturation. Burn out and clad

rupture can then appeal in the center bundle while there is

still liquid sodium in the peripherical channels. Early voiding

due to fission gas expansion has thus to be taken into account.

Time and location of the rupture and most of all early voiding

can certainly influence the behaviour of HCDA's. In experimental

and theoretical prograram has been started on this subject at the

CEA. / I /

III/ EFFECT OF THE FISSION PRODUCTS ON THE MFCI's

Two main factors have to be taken into account in a thermal

interaction : - The mode of contact of the hot and cold media,

- The thermal and mechanical properties of these media.

Contact mode

The contact can happen with :

a)a relative speed between the two media being small

b) " high

c)a gas cushion separating the media

Mode a) could be realized if the gas bubbles enclosed in the

fuel matrix had time to diffuse before fuel and sodium are in contact.

Mode b) can be obtained, during a fast power transient, the pressure-

forces due to the gaseous or volatile fission products being able

to disperse the fuel into the cold sodium with a high speed.

Mode c) assumes that the gas has diffused outside of the pellet

but is still within the zone of thermal interaction.

The effect of the presence of a layer of gas between fuel and

coolant has been illustrated in some out if pile experiments :

Fusion of a pellet was obtained through conduction heating the

parameters being the pressure of the gas and the pressure in the

surrounding medium. It has been shown that for high pressure, of

the order of 80 bars, there was no contact between fuel and coolant

and thus no fragmentation 111 .

But one has to underline that there is no experiment available

on the dispersion of fuel, due to fission products, of a pellet

surronded by liquid sodium. It can be said that, in case such a

phenomenon takes place, the fragmentation of the fuel would cer- If)

tainly increase.

Therma 1 and me chanical properties of the hot and cj> 1 d rued i a

Criteria of interaction always lead to certain numbers defi-

ning a threshold. One can quote for instance : the weber number,

the maximum thermal strain or the interface temperature of the two

media. Modification of the characteristics of these media can then

lead to changes in these numbers and non negligeable consequences

on MFCI. Two exeraples will be developped.

a) Possibility of a stable film of vapour at the interface.

The criteria predicting a stable film, which through des-

tabilisation, leads to an interaction of two media, is

well establihed by out of pile experiments. /3 - 'i / . An

extrapolation to UO^-Na leads to an interface temperature

of I500°C. As a temperature of 2000° has to be reached for

a stable film to be obtained, no interaction is predicted.

If the conductibility is increased by a factor of three,

the interface temperature would then be about 2000°C. It is

therefore useful to check whether interaction conditions can

be reached experimentalywith nearly representative reactor

ma terials .

b) Propagation of an interaction behind a shock wave. Fission

gas changes the compressibility of the media in interaction.

This change could be very important as far as the propagation

i s concerned.

For the propagation to be self-sustained, the interac-

tion front has to lead to an important fragmentation of the two m e -

dia. Futhermore a fragmentation due to hydrodynamic forces is the

mote violent as the compressibility of the (Materials in contact £ s

different. Calculations of propagation of a shock in a two phase

medium lias shown the following : the speed discrepancy between the

two phases behind the shock increases with the difference of compres-

sibility of the media / 5 / . Then, if fission gas is located in one of

the media (fuel or coolant) one can deduce that the fragmentation and

thus the interaction would be enhanced. On theother hand the presence

of gas could lead to a decrease of energy exchange because of the lo-

wer peak pressure in the interaction zone. Such phenomena have to be



carefully analysed and studied but it is seen once again that the

fission products could have a non negligeable effect on the final

mechanical energy developped by a whole core accident.

IV/EQUATION OF STATE OF IRRADIATED FUEL

The pressure temperature function of irradiated nuclear

fuel is a most complicated relationship due to the multicomponent

caracter of the sy s t em.. /6 . 7/ the very first step in the con -

sideration of this question is therefore to define the composition.

This means to make the fission product inventory . This Is obtai-

ned by codes like PICFEE or COPROF in FRANCE and the composition

of the fuel, depending on irradiation history, is then obtained

with satisfactory precision. On this basis and considering oxide

fuel it is convenient to subdivide fission products in four groups.

1/ Elements forming metallic phases (Mo, Ru, Rh, Pd)

2/ Elements forming a solid solution with the bulk fuel

(rare earth elements, Zr, Y)

3/ Volatile fission products like Cs, Rb, I, Br

A/ Permanent gases : Xe, Kr

In terms of pressure generation at high temperature the

first group is of minor importance. The second group enters into

the consideration of vapour pressures of mixed oxides and the real

important influence is due to the last two groups of fission pro-

ducts. These groups finally form distinctive regions in the pressure

temperature relationship

By definition, the equation of state (EOS) has generally the

form :

f (P , V , T) = 0

hul: which should be written as

f ( P , V , E.) = 0

because in nuclear energy the energy is known prior to tempera-

ture. Special attention has to be directed to the effective volume

which lias to be attributed to the system and especially during

transient conditions. In fuel pin geometry the uncertainly on ef-

fective volume results from :

a) Fuel volume change by thermal expansion and melting j<

b) Thermal expansion and eventually ballooning of the clad

c) Reduced communication to the plenum.

The importance of the effective volume not only influences the

internal pressure but also the temperature of the systems. Indeed

for a given very small volume very high pressures are rapidely

obtained during a power transient and the energy deposit is essen-

tially used to rise temperature. On the other hand extended evapo-

ration of condensable phases and finally of fuel, stabilises the

temperatures and pressures due to high evaporation enthalpies.

Last but not least kinetic phenomena specific for the diffe-

rent phases highly influence the overall behaviour.'

4.1/ Fission_gas_behayiour

During steady state operation the fission gas is partially

released to the free volume, essentially to the plenum. The remai-

ning part is loked in cavities in the fuelled section. During a fast

power ramp the cavities are submitted to adiabatic compression which

determines their temperature and pressure. At lower heating rates gas

release from the fuel to the plenum will be in competition with gas

heating by thermal conduction.

j j?

The energy production rate lit and the effective gas volume

therefore will be the important parameters for obtaining the pressure

resulting from occluded fission gas.

4.2/ Volatile Fission_Product_behaviour

It is generally admitted now /8/ that volatile fission products

like, Cs, Rb, I and Br will not exist in the free state in the oxide

fuel pin during steady state conditions. Thermal decomposition of

phases like eesiumuranate must occur before a pressure contribution

will arise from highly volatile condensed phases. The heating rate

of the corresponding phases will depend on whether they content fis-

sile material or not and their contribution to the total pressure

once again will be determined by the effective free volume.

It has to be concluded finally that it might be misleading to

refer in the usual way to the equation of state of irradiated fuel,

because kinetic phenomena are the most important mecanisms which



control the set up of internal pressures.

dE
The parameter /dt should therefore be introduced into the gene-

ral description of the pressure - energy relationship which for given

volume will become threedimensiona1 Fig.2

f (P.V.T, d E/dt) = 0

5 • /T H E EXPERIMENTAL VEKIFICATIOH OF EQUATIONS OF STATE

The pressure evolution above oxide fuel systems i 8 studied out

of pile as well under equilibrium as under transient conditions.

Pulsed reactors are used especially to study transient pressure

build-up over irradiated fuel.

5.1/ Fuel _matr i x_vagour_gressures

For U0_ and up to 3000°C reasonable experimental data are avai-

lable /9 - 13 /. Recent measurements using LASER - beam heating have

been performed up to 5000°C /1 <t - 15/. In spite of this relatively

good basis which represents th best knowledge of refractory oxide

vapour pressures the extrapolation up to critical conditions still

represents a subject of specialist discussions but a high degree of

confidence seems to be reached /I6/. For whole core accident analy-

sis however further precision of experimental results will probabi-

ly not influence considerably the predicted energy release.

For mixed oxide fuel and for fission products in solid solu-

tion in the matrix further investigations are to be done in order

to get a sufficient basis for extrapolation to extreme conditions

and for modelling possible variations of fissile material distri-

butions due to non - congruency of vaporisation.

In FRANCE in this field high resolution mass spectrometry

coupled to steady state and transient heating /FLASH/ is used to

investigate this complex of interest using fresh, simulated and

irradiated fuel.

5.2/ Transient_fissiongas pressures

The pressure controlling release rate of fission ga3 is

studied in FRANCE as well out of pile as in pile.

The ECLAT experiment performed on irradiated fuel in a

second timescale is designed to get basic information on fission

gas release macanisms.

In the pulsed reactor SILENE experiments are performed to 10

get more overall information on pressure pulses generated during

power pulses in the ten milliseconds timescale.

Finally it is planned to enter as a junior partner into the

British programme performed in the VIPER reactor with the aim to

describe fission gas release mecanisms in a one millisecond times-

cale .

5.3/ Experimental studies_on_volatile_fission_groduct8

This field of interest represents the part of the energy

pressure diagramme where really few knowledge is available.

The French experimental programme in this field covers :

- identification of volatile fission product phases

- transient vapour pressure measurements using mass - spectome-

trie

- pulsed reactor studies on simulated phases

- pulsed reactor studies on volatile fission product bearing

irradiated fuel.

VI. EFFECT OF THE FISSION PRODHCTS OH THE FINAL ENERGY - CONCLUSION

Fission gas driven fuel dispersal is certainly the most important

physical phenomenon which could limit the whole core accident. For

a large reactor a factor of two on the energy decrease can be expec-

ted. The quantity of fission products acting as a dispersal force is

not a key parameter. A factor of four on the number of moles only

lead to a twenty percent variation on the final energy. The only ques-

tions are : will there be any gaseous fission products left during

the power transient or will they diffuse before ?.

- will the volatile fission products be under a metallic

form with a sufficient pressure to disperse the fuel ?.

The large programm carried out in the CEA on out of pile

experiments should enable us to answer these questions.

The CABRI Programm will cover in a parametric way the ef-

fect of the fission products ; influence of the ramp rate and

of the burn up will be separated. These experiments coupled

with out of pile measurements on small scale samples should



lead in a near future to an exact understanding of the physical

phenomena involved in WCDA's due to fission products.

Fig. 1
Main phases of a WCDA

Eventual effects of fission products
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