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SUMMARY AND RECOMMENDATIONS

1 . INTRODUCTION

The Technical Committee Meeting on The Role o f F iss ion Products i n Whole

Core Acc idents , was he ld a t A.E.R.E. ( H a r w e l l ) , England. The meeting was

sponsored by the I n t e r n a t i o n a l Atomic Energy Agency (IAEA) on the recommendation

o f the I n t e r n a t i o n a l Working Group on Fast Reactors (IWGFR) and was attended by

eighteen p a r t i c i p a n t s from France, the Federal Republic o f Germany, I t a l y , Japan,

the Uni ted Kingdom, the Uni ted States and two i n t e r n a t i o n a l o rgan i sa t i ons : the

IAEA and Euratom. The purpose o f the meeting was to discuss the e f f e c t s o f

f ission products in whole core accidents, to identify the areas in which

fission products played a ro le, to consider what would be the l ike ly results

of Improved knowledge of the physical processes together with a more complete

treatment of the behaviour In an accident sequence, and to consider how

improved knowledge could be obtained from experiments and theoretical model-

l ing .

The technical parts of the meeting were divided into sessions which

dealt with the in i t ia t ion of an accident, the role of MFCI's, equations of

state for irradiated fuel and their experimental ver i f icat ion, and the effects

in whole core accidents on the predicted energy release and in rec r i t i ca l i t y

situations.

During the meeting, papers were presented by the delegates on behalf of

their countries. The papers, which are included in this report, were either

in the form of a general survey of the subject, or on specific technical subjects.

In each subject area, presentations appropriate to the subject were made from

the submitted papers. The presentations were followed by discussion of the

questions raised and summaries made. A f inal meeting was held to discuss the

resulting summaries, conclusions and recommendations, which were agreed by the

delegates. The agenda of the meeting, a l i s t of participants and technical

papers are reproduced in an appendix to this summary.

2. SUMMARIES

The meeting was opened by Dr. Khodarev and there was a welcoming

address by Dr. Roberts, the Director of Harwell.

The Chairman invited the delegates to give a short summary of their

individual papers. Dr. Deitrich introduced the U.S. paper in which he said

there was a discussion of hypothetical accidents and the present methods

used in the analyses. A lot of detail is presented on the fuel pin failure

mechanism and early fuel dispersal, with emphasis on the implications in the

Clinch River Safety Study. The studies of early fission gas driven fuel

dispersal in voided channels are of great importance, since such dispersal

would lead to an energetically benign initiating phase in the unprotected

LOF accident. The paper also includes a list of the methods used to

calculate disassembly and there is a discussion of the experiments on

fission product effects.

Dr. Jackson talked about the effect of fission products on the whole

core disassembly.

Dr. Baker introduced the U.K. paper and stated that several organisations

had contributed to this summary. Initially he had a list of 26 accidents, but

for the purposes of the paper this had been reduced to a transient overpower

and loss of flow accidents and in addition there was some discussion of the

blockage of a sub-assembly and the propagation of failure through a core. He

mentioned the codes available for the analysis. The FRAX code enabled studies

to be made of the events prior to re-criticality. He said that the paper

Included discussion of the VIPER work, the role of fission gases in MFCI's,

the role of fission products In the pre-disassembly stage and also catcher

problems where the concern is on recriticality.

Mr. Saito introduced the Japanese paper which discusses the whole

core accident analysis for loss of flow and transient overpower accidents. He

stated that the following items are considered.

(1) Fuel pin failure threshold - determination of failure criteria and

their effects on accident progression.

(2) Voiding reactivity by fission gas - effects on accidents of fission

gas voiding pattern.

(3) Predicted energy release in the disassembly phase - effects of

fission product pressure in addition to fuel vapour pressure.

(4) Other effects.

He also said that no experiments had been carried out on the verif ication of

the equation of state of irradiated fuel .



Or. Fischer talked about the status of the F.R.G. work. A whole core

accident analysis for the initial SNR core was completed a while ago.

Present efforts are directed towards developing models for the analysis of

an irradiated core. They have completed codes LANGZE1T/KURZZEIT for fission

gas behaviour and for transient swelling, the code HOPE is used for TOP and

for disassembly calculations the code KADIS is used. He stated that the

delay effects of fission gas effects are not included at present. The tools

for the analysis of LOF accidents are at present less advanced than for TOP

accidents.

Dr. Schumacher described the F.R.G. work on the equation of state.

These studies considered fission products in the condensed state, oxygen

potential in the fuel and also the chemical state of fission products. He

mentioned experiments for equation of state determination using a laser and

estimation of the enthalpic function and specific heat up to 5000 K.

Dr. Scarano mentioned 4 aspects of the Italian work.

(1) Fission gas release from the fuel.

(2) Ejection of fuel from the pins.

(3) Fission gas release in pin to pin failure.

(4) Fission gas effect on MFCI's.

Both experimental and theoretical work had been done on this latter topic and

was considered to be very important.

The French delegation discussed their work. They discussed various phases

in the analysis. First phase: pin to pin failure and boiling in the channel.

Second phase: transient overpower and the effect on fuel motion. The third

stage - MFCI phenomena including the effect on mechanical properties on the

fuel. Fourth stage - bubble expansion and the fifth stage - recriticality,

but they thought that fission products were not an important parameter in that

phase.

The French delegation underlined the importance of the ramp rate on the

equation of state work which should be of the form P(V,T,4»), and special

attention should therefore be payed to the effective volume. They also

question the advisability of relying on the development of large computer codes.

There were some discussions at the end of Dr. Fischer's talk. Dr. Jackson

asked if the model assumed that the fission gas behaved as an ideal gas. He

also asked if one encountered problems of over-compression and Dr. Fischer

said that this had not occurred in his solution. Dr. Jackson commented that

the key issue was the rapidity with which gas in the fuel responded to a
transient of 1000K per m/s.

2.1 The Initiation of an accident

In this session, which proved to be a major topic for discussion at the

meeting, papers were presented on the detailed treatment of gas behaviour, and

its relationship to the reactor accident as a whole.

The US paper described LOF accident analysis results obtained for the

CRBR, which illustrates the importance of fission gas effects in instigating

the initiating phase energetics and avoiding disassembly from the initiatinr

phase. It proceeded to describe the methods used to calculate movement of

gas through fuel, as implemented in the FRAS codes. The FRAS model includes

the biased movement of gas bubbles to grain boundaries as a release mechanism

in transients, although there are problems in that constants, such as the

surface diffusion coefficient, which are not well determined. It is clear

that FRAS calculations, which include many of the important effects of gas

motion are too involved to be used in an analysis of the whole core accident,

such as done using SAS. However, they are valuable in the analysis of single

pins, or small bundles of pins, in reactor simulation experiments. The

American paper accordingly described a set of computer codes of varying

complexity which could be used in different situations. The simpler codes have

been fitted to more detailed FRAS calculations. FRAS has been fitted to

experimental information so that the deficiencies in the model which arise

from simplification can be overcome to some extent in the fitting process.

The emphasis on gas release was on the intragranular behaviour of gas bubbles

and the role of gas on the grain boundary or In interconnected porosity had

received less attention. An application of the FRAS modeling, including an

extension to non-equilibrium bubbles, was presented, in which the potential

for fission gas driven dispersal was compared for two in-pile experiments and

two reactor calculations. This discussion illustrates the important

application of modeling to assessment of prototypicality of experiments relative

to reactor situations. The American work had concentrated recently on the

LOF accident energetics. It was clear that the key issue is the timing and

rate of fuel dispersal by gas or sodium vapour. With reference to TOP and LOF

driven TOP accidents, the process of fuel ejection from the pin was under study

using the assumption that the size of the orifice was known although the

applicability of this model to LOF driven TOP cases is questionable. It wa?

stated that the mode of interaction of gas with molten fuel is an important

question to be resolved.



The paper presented from the Federal Republic of Germany described the

modeling work on gas behaviour, and on its use in accident analysis codes.

The gas behaviour modeling in the routines LANGZEIT/KURZZEIT is simpler than

in FRAS, fitting to experimental information is necessary. The emphasis is

on the behaviour of intragranular gas, but a model for the behaviour of gas

on grain boundaries and in interconnected porosity is available for the

steady state. In the accident analysis code HOPE, it is assumed that tran-

sient fission gas release occurs on fuel melting. An approximate simulation

of the behaviour predicted by KURZZEIT is possible by adjusting a release

parameter.

A list of key questions was identified and there was a discussion on these

points:

1. How well Is the gas release process understood?

2. Can the disposition of gas be predicted during a transient?

3. How does fission gas affect the fuel break up process?

4. How well is the clad failure mechanism understood?

5. Can propagation to other pins or sub-assemblies occur?

6. How do fission gas and molten fuel interact?

7. Is there work to be done on other fission products?

These led to the following questions (a) and (b) which must be answered:

(a) To what extent can analysis be relied upon when mechanisms of such

complexity are involved and physical constants not always available.

(b) To what extent can empirical rules derived from experiments be

relied upon when they are used outside the conditions in which they

were obtained?

It was agreed that the underlying questions (a) and (b) needed detailed

information on the experimental situation and they should be discussed in a

later session. Questions 1 and 2 are closely related and were discussed

together. It was thought that the present concepts of gas release modelling

are adequate when gas release occurs with a time scale greater than a few

seconds, but in accident situations of greater rapidity the understanding is

less satisfactory. The problems of predicting gas motion must be solved in

order to properly characterise the Initiating phase and give the initial

conditions for the development of disassembly transients.

The third question was thought to define one of the important problems of

reactor safety. The break-up of fuel and its dispersal by fission products is

important both because the degree of fragmentation can determine the way in

which fuel moves within the pin and also the manner In which it is swept out Q

through the coolant channel. Many of the delegates thought that this was a

key question as fuel break-up can lead to earlier fuel dispersal. It was

felt that experiments under different conditions should be used to map out

areas defining the ways in which the fuel behaves. Basic issues which still

have to be determined are whether fuel will break-up 1n the process of gas

release and if it will froth on melting. Also of importance is the question

of fuel motion. This determines the rate of release Into the channel, and of

particular concern Is the movement of fuel within the pin. In some

configurations this can lead to an Increase of reactivity.

The fourth question was also considered to be important in defining fuel

and gas motion 1n certain types of accident. The position offailure In TOP

accidents has been assessed from fuel pin modelling work, and from experiments,

though the available information is not yet con elusive,for LOF driven TOP accl Serifs

the position is less clear as there is no direct experimental evidence available.

There will be a difference between fresh and irradiated cladding. This

raises complex problems, but an attempt can be made to analyse the problem by

calculating the stress distribution in the cladding. The problem of the

propagation of a crack in order to obtain its extent, and the timescale of

the process, has had little attention and presents difficult problems.

In reply to the fifth question on propagation, Dr. Scarano said that in

the small Italian reactor the rapid release of fission gas cannot lead to

propagation. However slow gas release could give a blanketing effect which

would lead to propagation. The French delegation did not think that

simultaneous rupture of pins could occur except in unusual circumstances as

there was not sufficient coherency to produce this. But in the early stage

of the accident the fission gas pressure could play a role because of the

possibility of local boiling near hot spots even while the outside of the

sub-assembly was below sodium saturation temperature. Such local effects

could then lead to clad failure and sodium voiding. The feeling of most

delegates was that propagation was generally an unlikely process except In

that released fission gas could modify the effects of gas blanketing.

The interaction of molten fuel and fission gas was considered to raise

important questions as it is a determining factor in the movement of fuel

within a pin and needs solution to find if the fuel behaves as a froth or if

the gas is rapidly boiled out. The present models are very simplistic and

more detailed treatments of the coalescence of bubbles and their movement

through molten fuel are necessary.



I t was thought that there may be effects of non-gaseous fission products,

particularly from volat i le species. The caesium is expected to be concen-

trated at the ends of the pin end i ts vaporisation in an accident could lead

to increased pressures. Caesium in che fuel clad gap could act as a lubricant,

reducing the clad loading, and thus leading to a modification of the clad

fai lure mechanism.

2.2 The Effects on the Role on H.F.C.I.'s

Dr. Scarano opened the discussion and l isted three phases of the
phenomena:

1. The role of fission gas before fuel coolant contact.

2. The role at the time of contact.

3. The role during the M.F.C.I.

In order to obtain an M.F.C.I, there must be extensive i n i t i a l coarse mixing

of fuel and coolant . The interaction depends on the s tab i l i ty conditions for

the vapour f i lm and when discussing the role of fission nas one had to consider

the effect of the lat ter on a vapour f i lm.

He said that I taly had two experimental r igs. Pellets in a stainless

steel clad would be melted and the delay time measured before the interaction.

The French delegation mentioned work in France on a fragmention model. They
questioned the necessity for an extended programme of work on the effect of fission
gases on M.F.C.I.'s as i t was f e l t that M.F.C.I.'s were not yet completely understood
in the absence o* gases. Until we could identify specific physical phenomena that
might be influenced by fission gas one should not proceed with an extended programme.

Dr. Deitrich said that in the TREAT experiments no constant difference has been

observed between the interactions of fuel and sodium in irradiated and unirradiated

fuel. However in Test E7 gas release lead to a very mild interaction.

Hr. Teague t e l t that one should try to anticipate the information which w i l l be

needed and thought that fission products would have an effect on M.F.C.I.'s.

In reply to a question Dr. Jackson said that following a prompt c r i t i ca l

excursion the conversion of thermal energy to mechanical energy on the mixing

of fuel and coolant could be influenced markedly by fission gases and was an

important phenomena to study. The conclusions reached were as follows:

1. The phenomena of M.F.C.I.'s were not yet fu l ly understood.

2. One could identify areas where fission gases may have an important

role. Although \t was n o t advisable to embark on an extended 4

programme of study unti l M.F.C.I.'s are better understood the future

extension of the work to include fission product effects should be borne

in mind. Any programme should have specific objectives in mind.

2.3 Equations of State for Irradiated Fuel

Dr. Schumacher introduced his paper and he made the following points.

Important factors for the determination of the vapour pressure are the oxygen

potential of the fuel and the concentration of fission products in the fuel .

Fission products dissolved in mixed oxide fuel can influence signif icantly

the oxygen potential. The chemical state and distribution of fission products

has to be considered in the calculation of the local and overall pressures

and the behaviour of the fuel . Fission products are transported, during the

irradiation time and collect at different positions in the fuel pins. He

described some calculations of oxygen potentials for the U-Pu-Nd-0 and U-Pu-

Ce-0 systems. A model provides vapour pressures as a function of temperature and

oxygen potential considering the vapour pressures for the fission products

calculated by Gabelnick and Chasanov. He describes the estimation of the

enthalpy function and the heat capacity of UOg up to 5000K under consideration

of the plasma state of the vapour. Dr. Jackson in introducing the US work on

this subject stated that the VENUS I I disassembly code included the effects on

xenon and crypton. To carry out accurate calculations one needed to know what

the fission products are. He referred to results given in table 3.1 of his

paper which showed the importance of the fission product pressunzation delay

time. These results were based upon Gabelnick and Chasanov's calculations.

The noble gases, alkal i metals and remaining fission products were treated

separately. In order to determine the sensit ivity of the y ie ld in an accident to

migration of fission products an axial cosine distribution are assumed and t h i s

reduced the effect. A remark was made that the f inal answer depended very much

on the in i t ia t ion conditions. Some discussion arose about results presented in

figure 3.1.2. of the US paper on the pressures from alkaline metals used in the

VENUS I I fission product model which showed a decrease in pressure for

temperatures in excess of 4000K. This was explained as a change in oxidation state.

Mr. Saito described some results of the effect of fission products on

predicted energy release. The VENUS-PM code has been developed to include the

effects of FCI's, steel vapour and fission products in the disassembly phase.

The fission product effects during core disassembly in the TOP and LOF cases

have been evaluated. Instantaneous fission product gas release was postulated

into the central fuel cavity and the i n i t i a l fission product gas pressure was

calculated to be about 20-30 atm depending on the burn-up.



Menzie's equation was used for the equation of state of the fuel. The results

show that the predicted energy release w i l l be reduced by adding the fission gas

pressure. The French Delegation described the French work on this subject.

They agreed with Dr. Schumacher on the effect of Ce and Nd. They made the

following points that the effect of the permanent gases and volat i le fission

products is influenced strongly by the ramp rate and for the effective volume

for these species. The French delegation thought i t was insuff icient to talk of

an equation of state because of these dynamical effects. The UK position was

explained by Dr. Baker who mentioned the work of Potter on UOp and UCL-PuO?

mixtures. With regard to effects of fission products, calculations had been done

using Brook's equation of state which is mentioned in the paper. The main

points that seem to arise in the general discussion were that we are dealing with

a dynamic equation of state when fission products are present. However, i t was

thought that for order of magnitude estimates of the effect of fission products,

the equation which we now have is probably adequate and i t can be believed

that for smallish ramp rates, i .e . ?10 a second,fission products do have a major

role in reducing the energy release. The role of Cs in the accidents was also

discussed and i t was thought that i t should be neglected. Whether or not this

is a pessimistic assumption was not clear.

Dr. Fischer discussed the equations of state in irradiated fuel used in

disassembly calculations. The Chasanov equations were used to estimate the

contributions of Cs and the rare gases. However, the effect of Cs is

controlled by migration and compound formation, rather than by i ts thermodynamic

data, and is not understood at present. Therefore, in more recent work the

equation of state only includes contributions from the fission gases. The French

Delegation agreed that the contribution of Cs is actually not well understood

and should be omitted. I t is uncertain whether neglecting Cs on the outer edge

of the fuel leads to pessimistic answers for energy releases.

2.4. The experimental verif ication of equations of state

Dr. Fischer described the work at the European Institute of Transuranium

Elements at Karlsruhe. Measurements are made of the vapour pressure of pure

fuel materials at temperatures up to 5000K, using laser surface heating. The

work on UÔ  and (U, Pu)Oz is essentially complete. The significance was

discussed of the upward deviation of the experimental points from a straight

line near 5000K, in contrast with the work of Potter (Harwell). An advanced

autoclave technique is being developed for the study of p-V-T relations of

volati le fission products such as Cs and Rb.

Dr. Schumacher mentioned work on vapour pressure measurement in the GFK jj

Karlsruhe using laser surface heating of 1-10 msec pulse length. Up to now

measurements have been made on U0£ up to 4300K which are in accordance with the

calculations. Future work w i l l be on fuel systems containing metallic fission

products. The investigation of systems with fission product oxides w i l l be

very d i f f i cu l t because of the l i t t l e knowledge on their evapouration behaviour.

Mr. Teague surveyed the effect of fission products in reducing the severity

of a reactor disassembly in his introduction to the measurements on irradiated

fuel samples in the pulsed reactor VIPER. He stressed the importance of

demonstrating that vapour pressure would be effective with a delay of no more

than 1 or 2 ins and of demonstrating fuel movement. He explained that some

contamination problems that affected the preliminary results were being dealt with.

VIPER could heat 1 gm samples of irradiated fuel to the melting point in about

1 ms, and pressure in the experimental capsule could be measured throughout

the pulse and beyond i t . Because the fuel behaviour to be examined is concerned

with local intr insic properties, i t was considered valid to use small samples

even in granular form.

The French Delegation summarised the work in France as follows:

a. Dr. Pattoret of Fontenay-aux-Roses is using transient electrical

heating and high resolution mass spectrometry with unirradiated and

simulated fuel samples. Actual irradiated fuel may be used in future.

b. There are studies at Fontenay and Grenoble of fission gas release for

heating rates with a time-scale somewhat under 1 min.

c. The pulsed reactor SILENE at Valduc is being used for experiments

similar to those on VIPER. The time-scale of the pulse is 10 ms; the

sample size 50 mg; the heat deposition up to 4000 J/g; and external

pressures up to 50 atm can be applied to a sample. Irradiated fuel

may be tested at the end of 1978.

d. The exploding wire technique is to be used with direct electr ic

heating, heating time 50- ms and movie f i lm observation and transient

temperature measurements. Irradiated fuel might be used later.

e. Information would also come from the programme on CABRI.

Dr. Jackson and Dr. Deitrich summarised the work in the USA as follows:

a. The break-up of fuel samples when pulsed in the ACPR at Sandia would be

observed with movie photography.

b. The so-called EOS tests had been performed in TREAT but no analysis

was yet available.



c. The EOS tests would be continued on the SPR-3 reactor, an assembly

like GODIVA, which had a shorter pulse time. Irradiated fuel would

be used eventually.

d. Measurements were being made on unirradiated fuel with electron-beam

heating and observations of displacements using a streak camera.

e. Measurements of fission gas release were made at HEDL.

Some of the transient measurements of gas release had already been

reported at Beverly Hi l ls in 1974.

f. Direct electr ic heating was used an ANL, and microstructural results

have been obtained.

g. In-reactor measurements were superior for fuel motion observations

because they allowed the heat input to continue throughout a transient.

The F and L series in TREAT were oeing continued.

In his summary, Dr. Tait noted that the following experimental fac i l i t i es

are available for the verif ication of equations of state for irradiated fuel :

a. Direct electr ic heating experiments both in France and the USA.

b. In-reactor experiments using:

(1) The French reactor SILENE giving pulses in the 10-100 ms range.

(2) The TREAT reactor although the heating rates are slower than in

reactor accidents.

(3) Possibly the SPR-3 reactor which is capable of giving very rapid

pulses.

(4) The VIPER reactor at Aldermaston which gives pulses in the ms time

scale.

I t was thought that electron beam experiments could be used, in principle,

for irradiated fuel although there were no plans for this work in any country.

The Laser and autoclave technique w i l l not be used with samples of irradiated

fuel, but rather to obtain more basic thermodynamic data.

2.5 Th£ effect which fission products have on the predicted energy release.

There was general agreement that fission products could in i t ia te disassembly

at lower temperatures for ramp rates of the order of tens of dollars per second.

For arb i t rar i ly assumed high rates i .e. 150 ?/sec the result depended on tht

i n i t i a l conditions. There may s t i l l be an effect for a system starting from

normal operating temperatures. The Fast Reactor safety argument would be

strengthened i f disassembly could be achieved without vapourisation of the fuel.

I f the fission product pressures were to be effective then there must be

no appreciable delay in developing the pressure, i .e. the delay must be less than

a few milliseconds. I t was therefore important that experiments on the 6

verif ication of the dynamic equation of state should be able to determine the

delay ( i f any).

2.6 Re-cri t i ca l i t y Incidents

I t can be argued that a mild excursion s t i l l leaves fission gas in the outer

region of the core, and this gas would be available for mitigating a

subsequent more energetic excursion. There is also the effect of other volati les.

The remaining fission products are primarily of interest as the heat source and

are only one factor in determining the events resulting in re-cri t i ca l i ty. A

general discussion should be le f t to another meeting.

3. CONCLUSIONS AND RECOMMENDATIONS

The questions in section 2.1

(a) To what extent can analysis be relied upon when mechanisms of such

complexity are involved and physical constants not always available?

(b) To what extent can empirical rules derived from experiments be

relied upon when they are used outside the conditions in which they

were obtained?

were discussed in the final session.

It was noted that some relatively sophisticated codes contained models and

constants which were not well established and more simplified codes,

correlated with experiments could be superior for extrapolation of experiments

to reactor conditions. It was generally agreed that it was important to obtain

detailed knowledge of physical processes that were crucial to the safety

arguments by carefully designed experiments and complementary analytical

investigations. When considering the results of calculations, it is

essential to bear in mind the nature and limitations of the supporting

experimental evidence. With this proviso, it was recognised that analysis

plays an indispensable role in generating understanding of accident

sequences.

The importance of the effects of fission gas in both the initiating and

disassembly phases of a fast reactor accident have been demonstrated at this

meeting, and the fission gases appear to reduce the energy release in whole

core accidents. It is recommended that a vigorous research programme aimed

at understanding these effects, should be an integral part of the fast reactor

Safety programme.



It is further recommended that a further meeting on the subject of

fission gases in whole core accidents should be held in two years time.

The proposal at the 10th Annual General Meeting of the International

Working Group on Fast Reactors for an international programme for the

evaluation of equations of state for materials of relevance to the analysis

of hypothetical fast reactor accidents was supported. This was to be organised

by Dr. P.E. Potter of Harwell. It was agreed that this would form a useful

starting point for the more important study of irradiated fuel.
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Considerations on the Influence of Fission Products in Whole Core
Accidents by A. Meyer Heine, A. Pattoret and F. Schmitz, France.

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
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Vapour Pressure Measurements over Liquid U0 ? and (U,Pu)02 by Laser
Surface Heating up to 5000 K, by J.F. BabeiOt, G.D. BrumtneT P.R. Kinsman
and R.M. Ohse*, Federal Republic of Germany.

Basic Requirements and Critical Point Data Estimation

Nuclear reactor technology requires the vapour pressure of fast breeder
reactor fuels up to 6000 K in order to estimate the energy release in
a hypothetical fast reactor core meltdown accident.

Both theoretical and experimental efforts are needed to provide the
required data. In principle PVT data can be estimated by appropriate
theoretical models, extrapolating measured data, or by purely thermo-
dynamic calculations based on the extrapolation of reliable low tempe-
rature thermodynamic data. Direct measurements require the development
Of new experimental techniques for the extreme temperature range of
interest in nuclear technology.

The various theoretical approaches are characterized by the application
of models which were conceived for simple molecular liquids, and by the
extrapolation of low temperature vapour pressure data over several thou-
sand degrees, leading to a range in predicted critical point temperatures
(Tab. 1) from 6000 K to almost 10000 K.

Table 1.: Estimated critical point data of uranium oxide

Tc
(K)

7300
9115
8000

5500-10000

6723
6960
9330
7560

6744

^c
(atm)

1900
1230
2000

1423
1070
1450
1210

1404

Vc
(cm3)

85.5
170
90

99

Theoret ical Models

Authors

PCS Meyer Wolfe
LRD M i l l e r
PCS Menzies
PCS Robbins

Booth
SST Gi l Ian

t l

SST Fischer e t a l .
I I

SST Kapil

Ref.

1
3
5
6

8
9

12

11

Extrapolated
data

Authors
llougen
Ackermann
Ackermann
Ackermann
Ohse
Ohse
Ohse
Tetenbaum
Ohse
Tetenbaum
Ackermann
Ohse

pressure

Ref.

2
4
4
4
7
7
7

10
14,15

10
4
7

PCS Principle of Corresponding States, LRD Law of Rectilinear Diameter
SST Significant Structure Theory

The second approach extrapolating low temperature thermodynamic data was
Investigated by a detailed computer analysis which indicated more than a
magnitude of pressure uncertainty already at 5000 K (Fig.1) and is thus
totally unsuited for further extrapolation. No consideration is taken of
volume and enthalpy changes towards the critical point. As Tc is approached
vapour and liquid densities become equal, 6V goes towards zero. The same
applies to AH. The assumptions of an ideal gas are no longer valid. The

+) Institut fUr Angewandte Physik, TH Darmstadt

^Commission of the European Communities
European Institute for Transuranium tlements, EURATOH

log p versus 1/T curve deviates froiii litwMrity. This deviation is negative
for most substances. According to the review of Robbins /6/ a factor of
three in pressure deviation, as shown in Fig.2, demonstrating the scatter
of the estimated critical point constants, given in Table 1, seems likely.

T ( K )
5000 4500 WOO 3500

I ( K )

2.0

1.0

0.0

\ \
\ \

\ \v
\ \v\

Uncertainty
estimated al

V
\

/

A/
\\
\ \\

lliits /-
4000 K

/
\

\
\

\

\

\

1—

Calculated by Including
(he uncertainty Units
of themdynaialc data
at 2000 K

\

\
\ \

\ \
\ \ \

\ \

v \\ \
\ \
\ \

7500 5000

Menzies ( 5 )
Meyer S Kolfe ( 1 )
Booth ( B )
Kapil (11 )
GUIan ( 9 )
Fischer el al (12 )

1.0

-1.0
2.0 2.4 2.8

104/I ( K )
Fig. 1 : Uncertainly In total preaure over liquid U0 2

computed by extrapolating therndynailc data
using a Rand - Breltung type calculation,(21,
22) assuring thermdynailc equilibrium and
conditions of forced congruency.

log p ( at. ) - 7.7 - 27900 ( 13,14 )

for 3400 K to 4700 X

1.0 1.5 2.0

Fig. 2 : Degree of pressure deviation fro» linearity
required to ensure consistency between the
•easured vapour pressures up to 4700 K »ith
the predicted field of critical point data
of UOj

Vapour Pressure Measurements over Liquid UOQ in the Temperature Range from

3400 K to 4700 K

Measurements on the pure uranium and uranium plutonium oxide fuels have

been made up to 4700 K, using a newly developed laser surface heating

technique. The numerical results for both UO2: log p(atm)=7.7-279OO/T,

AHevap=127.6 kcal/mol, and (UQ ggPUg 20^°l 96^
bu1l; coll'P°sition):

log p(atm)=7.966-28137/T,
e

=128.7 kcal/mol have been presented to the

o
!h

O i
O ;
ro ;
CD :
ro ;

IAEA Thermodynamics Symposium in 1974 /13.14/.

The f i r s t measurements over l iquid UO2 in the temperature range from 4400 K to

4700 K /13.14/ were extended, using laser surface heating down to 3100 K.The main



experimental difficulty below 4000 K, given by liquid displacement, has

been overcome by the additional development of a double intensity laser

pulse heating technique in connection with focal spot enlargement. The

complete elimination of liquid displacement is shown in Fig.3. In temperature

evaluation a spectral emissivity of 0.84, directly measured at the melting

point at a wavelength of 0.65 ;jm was used for evaluating the temperature

signals of a multiwavelength pyrometer, recorded on transient digitizers.

The spectral emissivity of 0.84 is in good agreement with the extrapolated

literature data /16/.

Fig.4. gives a log p VS 1/T plot of all data on U02_x- In spite of the scatter

in data, mainly du? to defects in the material, a small curvature towards

higher pressures at higher temperature seems detectable. This would be con-

sistent with composition changes, as observed before in the binary PuO2_x

system, where the congruently evaporating compositions were measured as a

function of temperature /17,20/. The high rate of evaporation at these

extreme temperatures leads to changes in surface composition which can no
I (K)

5000 4500 4000 3500

PIG. 3.

Laser heated UOg target show-
ing complete elimination of liquid
displacement. The well defined edge
of the evaporated zone corresponds
to the maximum rate of change in the
Gaussian power density profile. The
extent of recrystallized surface
denotes the liquified area.

2.0 .

1.0

0.0

\V-«
\ \\«

C : log p(ala

4 Hevap "

: Measured total pressure over liquid

> (Forced congruency evaporation mode '.

\ W ^ L — B : Pressure data noriwllied
\ ° o to 0/U - 2.00

\

) . 7.7-Z7900/T_^-\

2.0 2.4
10VT ( K"1

2.8

V ( )
Fig. 4 : Analysis of neasured total pressure data over

liquid U&V„
A : Coulter f i t of forced congruency curve to

eiperlmntal da*a by variation of thermdynailc
Input data within their presently accepted
uncertainty H u l l .

B : Forced congruency curve normalized to 0/U • 2.00
C : log p versus 1/T results.presenled to the IAEA

ThermdynMcs Synposlo*, Vienna 1974

longer be restored by diffusion. This leads to a forced congruent evapora-

tion mode in which the gas composition must be equal to the bulk composition

Assuming thermodynamic equilibrium, a Rand-Breitung type calculation /21.22/,

using the data set assessed by Ackermann /18/, has been applied to fit the

experimental points, within the uncertainty limit of the various free

energies of formation as given by Rand /19/, to the forced congruency curve

A, which was then normalized to O/U=2.00, yielding curve B In Fig.4. The

resulting normalized curve B is in almost complete agreement with the origi-

nal analysis of a first set of data in the temperature range from 4400 K to

4700 K /13.14/, evaluated by a least square fit through these points and the

vapour pressure at the melting point of UOg. A correction of the extrapolated

curve was not considered justified on behalf of the unavoidable scatter of

the experimental data. Realizing the explosion like behaviour of a defect

1n the solid at Megawatt power density, this amount of data scattering still

appears surprisingly low. The extreme accuracy on the small amount of devia-

tion from linearity at 5000 K (see Fig.2), required for extrapolation towards

the critical point, cannot be obtained. So far consistency with the thermo-

dynamic data, forced tongruent evaporation mode, pressure measurements below

the melting point, and the measured heat of fusion has been obtained up to

almost 5000 K. The finally accepted equation for U02.00 *s 1°9 p(atm)=7.7*0.13

-(27900±520)/T, AH=127.6±2.4 kcal/mol.
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The last paragraph deals vith the thermodynasdc state and with the
internal energy and enthalpy function of saturated fuel vapor at tempera-
tures up to 5000 K. This variables have been deduced by Beans of statistical
mechanics from the molecular structure and froa the kinetic and plasma state
of UOp and fission product vapor.
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Calculation and Experimental Estimation of the Equation of State of
Irradiated Fuel, by M. Bober, W. Breitung, H.U. Karow and G. Schumacher,
The Federal Republic of Germany.

1. INTRODUCTION

The gas pressure development in an irradiated mixed oxide fuel is mainly
influenced by fission gas23 and volatile fission products in the temperature
region below the melting point and by the fuel material itself and the less
volatile fission products in the temperature region above U000 K (jj.

Besides the temperature the important factors for the vapor pressure
are the oxygen potential of the fuel and the concentration of fission pro-
ducts in the fuel. As demonstrated by the calculations of Rand and Markin
|V| the oxygen potential influences strongly the pressure of vapor species
above (U Pu)02. The pressure of the species U, U0, U02, Pu, PuO, PuO2 varies
over a range of more than five orders of magnitude by variation of the oxy-
gen potential at 2000 K. Similar effects were observed with oxides of the
fission products. Fission products dissolved in mixed oxide fuel on the
other hand can influence significantly the oxygen potential of the irra-
diated mixed oxide. Thi3 was demonstrated for example by Tetenbaum (jf) with
the system U-Pu-Nd-0. In the first paragraph of the paper an attempt is
made to calculate oxygen potentials of mixed oxides containing dissolved
fission products. The model used is based en the equilibrium of oxygen de-
fects in the mixed oxide Ql]»

The chemical state and distribution of fission products is a further
behavior that should be considered in calculation of the local and overall
pressures and behavior of the fuel. Fission products were transported during
the irradiation time and collect at different positions within the fuel
pin. This process can produce high local concentrations of fission pro-
ducts, thus enabling elements with low overall concentrations to reach
their saturation pressure. The distribution of fission products and their
behavior in irradiated mixed oxide fuel is described in the second para-
graph .

The third paragraph deals with the calculation of vapor pressures that
has been conducted using a model described by Breitung (3j for uranium-plu-
tonium mixed oxides. This model bases on the law of mass action and provi-
des vapor pressures as a function of temperature and oxygen potential un-
der consideration of the vapor pressures of the fission products calcul-
ated by Gabelnick and Chasanov \\\-

An experimental method for the determination of vapor pressure at
high temperatures up to 3000 K is described in the fourth paragraph. The
evaporation device is equipped with a laser-beam heating. Experiments with
U0_ show the applicability of the apparatus for the measurement of vapor
pressures at high temperatures.

2. OXYGEN POTENTIAL IB IRRADIATED MIXED OXIDE FUEL

2.1 Oxygen potential of (U

The oxygen potential of the fuel determines the equilibrium between the
condensed and all the gaseous species and thus the total vapor pressure. There-
fore a pertinent selection of the numerous data is necessary.

The oxygen potential of (U,Pu)02± has been measured up to 2550 K, but
the agreement of the different results is not good. Even at low temperatures
(1300 K), measurements with identical (UfPu)-mixed oxide specimens by two
different laboratories gave A0Q -values which differ up to 5 kcal/mol |_183-

To reduce these experimental discrepancies several semi-empirical
models for AGog have been developed which can provide a basis for extrapol-
ations to high temperatures. In these models, the oxygen partial pressures
are described as a function of the temperature and the fuel composition by
a set of equilibrium relations among postulated lattice defects. The equi-
librium constant* needed are evaluated from measured AQQ

In Blackburn's nodel [pj the (U,Pu) mixed oxide contains U2+, U1**,
U6*, Puz+, Pu3* and Pu14* ions. Four equilibrium relation ships for these
ions, and uranium-, plutonium- and oxygen-conservation equations are used
to calculate oxygen pressures as a function of fuel composition and temp-
erature. In Fig.1 results are shown for several O/U+Pu ratios and tempera-
tures which were obtained from this model |j»i8j] .

In the model of de Franceo and Gatesoupe [jOJ cluster of 8 metal atoms
(U or Pu) are assumed. The Pu-clusters are proposed to have up to k oxygen
vacancies, which gives Pu valencies from !»,0 to 3,0. The U-clusters can
have one or two oxygen vacancies or up to three oxygen inters t i t ia l* ,
which gives U valencies from 3.5 to It.75.

With these 11 cluster defects 9 equilibrium relationships can be for-
mulated, the equilibrium constants of which were determined by a least
square f i t t ing procedure of AHQ,,- and AG09-measurements on FuOg-x, U02.
and (U,Pu)02±x. *

For the purposes of this work, the system of equilibrium equations
was solved with the given equilibrium constants up to 5000 K. Some results
are shown in Fig. 1.

For the sake of comparison Fig.1 contains also some data points from
the model of Schmitz [j»10!] for (U.PuJOg-x and from the model of Breitung
C **3 for (U,Pu)0a±x. However, these models are not appropriate for ex-
trapolation to very high temperatures because they include only Pu3*, Pu1**,
u"1* |_17] resp. Pu3*, Pu"»*, IT*, U5f ions [V] and because the equilibrium
constant were dafermined from snail temperature ranges.

o
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Breitung 1000-1700 K
SchmKi 1200-1700, 2150-25S0K

-50

From Fig.1 the following conclusions can be drawn:
a) The oxygen potentials of hypo- and hyperstoichiometric (U,Pu) mixed

oxides converge vith increasing temperature against that of stoichio-
metrie (U,Pu) nixed oxide.

b) The extrapolation of the two quite different models [p] and Qo] to
high temperatures yields similar oxygen potentials up to li200 K.

c) From the envelope of a l l data points of the four models for (U aoPu>20)Oj
the uncertainty in AOQ- values i s estimated to be about 12 kcal/mol at
low temperatures and 25 kcal at 5O0O K.

2.2 Oxygen potential of U. ^ with fission products

If one intends to calculate vapor pressures of irradiated (U,Pu)Op
fuel the main problem that arises, concerns the oxygen potential since
there exist no AOQ measurements on irradiated fuel.

The following chapter deals with the question how the oxygen poten-
t i a l of the U-Pu-0 system is changed when fission products are added.

From the free enthalpies of formation and the yields of the fission
products, Ce and Hd can be exected to have the greatest influence on the
oxygen potential of (U,Pu)02 fuel.AGp measurements on (U,Ce) and (U.lfd)
mixed oxides are used, to derive equilibrium relations between oxygen
pressure, iMons, Ce-ions and Hd-ions, respectively.With these relations,
(U.Pu.Ce) and (U,Pu,Nd) mixed oxides wi l l be modelled.

mixed oxides

The oxygen potential measurements of Markin, Crouch (j?03 on sub-
stoichiometric (U,Ce) mixed oxides, can be interpreted in assuming that
the uranium ions remain tetravalent and that Ce-ions are reduced from
k to 3 according to the following reaction:
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2Ce l<+ 0 2 ~ Ce3* (1)

Eq.1 postulates that the removal of an oxygen lat t ice ion from the (U,Ce)
mixed oxide i s connected with the formation of one isolated Ce3+-ion and
one Ce3*-ion bound to the oxygen vacancy. From Eq.1 follows with the mass
action law and the appropriate molar fractions:

1/2

°2
X'X'p

1/2

U-2x)2(2-x)

or with (2-x) s 2:

log log k" " ilog po (2)

2xAccording to Eq.2, a plot of log • -• versus the logarithmus of the
measured oxygen pressure should give a line with the slope -i independent
of the Ce concentration z of the (U,Ce) mixed oxides. (The quotient — ? —
is equal to the ratio of 0 > 3 + ] /Qje1**] in the (U,Ce) mixed oxide) x

1.0

0.1

0.02

(U, Ce )0,
1-y y 2-x SjJrensen

1073 K

-25 -20 -15
Fig.2 Measured oxygen potentials of (U. Ce )0

1-y y 2-x



Plotting the results of Markin, Croueh|l>Cf] and Sorensen [21] in this
way, shoua that the A0Q2 data for mixed (U,Ce) oxides with high cer frac-
tions (y=0.5. . . 1.0), can be represented by one line with the s lope- r (Fig.2)
within the experi- ental uncertainties. From Fig.2 the equilibrium constant
k' can be determined. Fig.2 shows that for cer fractions less than about 0.5
the measured oxygen pressures yield lines which shift to smaller oxygen
pressures with decreasing Ce content. This means that the Ce-ions in the
(U.Ce) mixed oxides are increasingly stabilized against reduction (from
CeH* to Ce3*) with increasing ll-content.

This behavior can be accounted for by introducing an empiri&l activity
factor f into Eq.2:

log f-jg- . log k' - j- log pQ
-2 (3)

f as determined from the shift of the lines in Fig.2 is shown in Fig.3.

Fig. 3 Empirical activity factor for Ce ions in (U,Ce)Op

Eq.3 can be written as £ ]

[Ce3*3
log f(z) + log r-Cei,+-j • log k

1 -£ log p Q

Eq.U describes the equilibrium between Ce3*, Ce^-ions and the oxygen
pressure in the presence of U-ions, which are assumed to be all tetra-
valent.

In a similar investigation of (U,Pu) mixed oxides, for the equili-
brium of Pu3* and Pu1** in the presence of U ions it was found (V] :

C)

1 0 8

CPU3*]
(5)

In [V] i t was assumed that a substoichiometric (U,Pu) mixed oxide
contains Pt?*-, Pu"1*- and U^-ions.

Now (U.Pu.Ce) mixed oxides can be modelled by combining Eqs.lt and 5 .
This implies the additional assumption that the equilibriums in Eqs.lt and
5 are not changed very much i f the two Bysterna U-Pu-0 and U-Ce-0 are
brought together.

The conservation equations which must be ful f i l led for the oxide
(U, Pu Ce )0o are:

'-y-z y z 2-x

. • « +Ce** + Ce1*1 » z

Pu3* + Pu1** » y

3Ce3* • itCe11* + 3Pu3* 2(2y+2z-x)
The U ions are assumed to be tretravalent, therefore, the following
oxygen fraction remains for the Ce- and Pu-ions:

(2-x) - (1-y-z) « 2 » 2y +(2z - x)

The equation system It to 8 has been solved for the oxygen pressure
POp f o r several Ce fractions z and oxygen deficiencies x. The resulting
oxygen_potential8 are shown in Fig.lt.
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The following conclusions can be dravn from the model at 1073 K

a) At 1073 K the replacement of 2% uranium ions by cer ions ( = 10J( burn up),
raises the oxygen potential for 2-3 kcal/raole only.

b) If on the other hand, the equilibrium relation for pure cer oxide
(factor f"1 in Eq.U) i s used, the oxygen potentials are 10 to 20 keal
higher than those of pure (U,Pu) mixed oxides. This shows that the
assumption of (U,Pu,Ce)0 beeing an ideal solution
(U,Pu)0- i s not just i f ied.

of CeO2-x,

2.2.2 (U. oxides

The oxygen potential measurements of Tetenbaum Qf] with (U,Nd) mixed
oxides at 2350 K havj been analysed in the same way as those of the (U,Ce)
mixed oxides.

As Fig.5 shows, the point* for (U,Nd) oxides with 10 and 20*_Hd fa l l
on one l ine , with in the experimental uncertainties (±3 kcal in AGQ ,
10.00? in x) . At this high temperature the slope has changed to about -1 /2 ,6 .

2x
y-2x

1.0

0.1

T = 2250 K

Fig.;? Oxygen potential in (U,Hd)0._ compared with that of U0, and
(U,Pu)02x at 2250 K.

From Fig.5, which also shows the appropriate plots for U0. and
(0,Pu)0 at 2250 K, it can be seen that (U,Pu)02 is easier to reduce
than (U,lf3)02 and this one again easier than U0 .

Therefore it can be anticipated that the introduction of Hd into
(U.Pu) mixed oxide, will lower the oxygen potential.

This indeed results from the model, as is shown in Fig.6. According
to the calculations the oxygen potential of (U OQPU .0"^ 02^2 **
1-2 keal/Mol lower than that of (U ̂ Pu 20)02_x at 2250 1C
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-400

-100

1.90 0/M 2.00

Fig.6 Oxygen potential in (U,Pu,Hd)Og_

2.2.3 Influence of fission products on the oxygen potential of (U,Pu)0,
2±x

It was expected that the fission products Ce and Hd could hav* the
greatest influence on the oxygen potential of the fuel, compared with
the other fission products.

The result of the given estimation is, that Ce and Hd alter the
AQQ of the fuel only for some kcal/nole and that their influence is in
opposite directions.

For these reasons the oxygen potential of irradiated fuel can be
assumed to be equal to that of pure (U,Pu)02 fuel.

2.3 Oxygen distribution in irradiation fuel

In the steep radial temperature gradient of a fuel pin under irradia-
tion thermodynamic forces exist which transport oxygen to the rim of the
fuel in hypostoichiometric fuel and to the center in hyperstoiehiometrie
fuel. Thus the oxygen concentration varies with fuel radius and influences
the local vapor pressure during the lifetime of the fuel pin.

The oxygen distribution has been calculated for several overal Pu
valencies in mixed oxide fuels with a thermal diffusion model by Sari
and Schumacher \j 1J and estimated by Kleykamp p2^ in irradiated fuel



taking into account the Mo and HoO» concentrations measured in metallic
and carajiic inclusions. Fig.7 shows the results. Dashed lines represent
estimated and full lines calculated oxygen distributions.

Table 1 shows how the important fission products can be attached to
the three division* described. Fission products with yields lover than 0,5
cannot contribute essentially to the total vapor pressure at high tempera-
tures. As shown by Oabelnik and Chasanov |j] vapor pressures of the prin-
cipal contributors at 5000 K are in the order of 100 bar.
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division

a

b

c

0 x
dissolved

Ce,
Pr.

If.

Eu, La,
Pa, Sra,

Zr, Nb

i d <

Nd,
Qd

J B

preeip.

Ba,
Ce,

Mo,

Is..

Zr,
Sr

Ca
Te. Sa_

E 1

Mo
Rh,

Cs,
As,

Kr,

e n

Rb,

J.
Sn

Xe,

e n

Ru,

Te,

J

t 8

Tc

Cd, Pd

The underlined Oxides are stable in hyperstoichiometric mixed oxides only.

Table 1 Fission product elements and compounds in a burnt mixed oxide fuel
with yields >0,5.

Fig 7 Calculated (full) and measured (dashed) U and Pu valencies along the
rsdius of a mixed oxide fuel pin. Vp and Vj. are the overall Pu- and
U- valencies, respectively.

A considerable deviation from the overall 0/M can be observed at the
rim (r/ R«1) and at the center of the fuel pin that leads to marked dif-
ferences in the oxygen potential. The real oxygen potentials produced by
oxygen redistribution at the rim and in the center differ by up to 200 kJ/mol
from that corresponding to an uniform oxygen distribution with O/M«l-976.
This gives a difference in oxygen partial pressure of about k orders of
magnitude. Not so large are the deviations in hyperatoichiometric fuels
in which the 0/M in the center does not exceed 2.OOI4 due to tne stabili-
zing effect of Ho.

3. BEHAVIOR OF FISSION PRODUCTS IN THE FUEL PIN

The fission products in a burnt fuel pin can be divided in 3 groups
with respect to their contributions to the pressure within the fuel:

a) Those which are in a condensed state throughout the fuel under
normal operation conditions

b) Those which are volatile or in a condensed state depending on
their position in the pin (temperature and oxygen potential)

c) Those which are always in the gaseous state.

Similar to oxygen the fission products are not uniformly distributed
throughout the fuel pin. They are subjected to transport processes due
to thermal diffusion and evaporation condensation (J3J- Kleykamp Qili, 15]
examined burnt oxide fuel of a fast reactor and described the distribution
of the main fission products in metallic and ceramic inclusions. Pd, Cs,
Te and Sn were found to be enriched at the fuel rim and in the gap while
other fission products in inclusions are roughly at the same concentration
throughout the fuel. This is in accordance with an out of pile investiga-
tion of metallic Ru-Mo inclusions in mixed oxide fuel under a temperature
gradient {j<\\. It has been observed that the those inclusions grow up to a
limited size of 5-10 urn and become practically immobile in the fuel. In
hyperstoichiometric fuel molybdenum is oxidized and migrates towards lower
temperatures or collects in ceramic inclusions tj5^. Both typs of inclu-
sions will not be dissolved in liquid fuel but swept out in periods lar-
ger than the transition phase.

Dissolved fission product oxides are known to migrate to the center
by thermal diffusion and towards lower temperatures by evaporation con-
densation processes with the exception of ZrOg which has a lover vapor
pressure than U02 [j6]-

With the known investigations of fission product distributions a
listing of fission product locations can be made as shown in Tab.2.
In the case of Cs an enhanced accumulation can be observed in the border
between fissile and fertile fuel.



about uniformly distribution

accumulation
a) center

b) col-grains

c) unrestructured zone

d) gap

Ru, Mo*, Fh, Tc, Sr, Pr

Zr, Hd, Hb

Ce, (La), (Pm), (8m), (Y)

Cs**, Mo**, Pd, Te, To**

Cs, Te, Pd, Cd, J, As

* hypostoichiometric fuel

** hyperstoichiometrie fuel

Table 2 Main location of fission products in mixed oxide fuel pins

A Another important irradiation effect is redistribution of uranium and
Plutonium by thermal diffusion and evaporation-condensation (j3j« In mixed
oxide fuels with 0/M ratios (Pu valencies) relevant for fast breeder fuels
it occurs alvays an accumulation of plutonium in the center of a fuel
pin which ranges from 115 to 160 % related to the initial concentration
of plutonium. The accumulation of plutonium in the center as a function
of the plutonium valency is depicted in Fig.8 [i?]] which contains the
results of the known post irradiation examinations of fast breeder oxide
fuels. A model recently developed by Breitung [j36] taking in account ther-
mal diffusion |J33 and evaporation-condensation processes in migrating
pores allows a prediction of redistribution of uranium and plutonium as
well as of fission products if the necessary data are known.
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init ial Pu-valency

Pu-concentration at the central void as a function of the initial
Pu-valence in irradiated fuel pins.

1». CALCULATION OF THE VAPOR PRKSSURE OF IRRADIATED FUEL AT HIGH TEMPERATURES

The equilibrium vapor pressure of a gaseous specie MOg(g) evaporating
from a solid or liquid metal oxide M0^(cond.) can be calculated from the
evaporation reaction (j?3:
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M0A(cond.) ~ MOB(g). (9)

This reaction includes also the evaporation of pure metals (A=B=O). For
therraodynamic equilibrium the mass action law gives

AGffT(M0B) - AGf)T(MOA) • RT In

or with RT In p Q = AGQ

log pM0 " log "MO,B A

AG
ftT

RT In 10
(10)

where the symbols have the following measurings:

P M 0 » vapor pressure of the gaseous metal oxide MOg,

a ^ « activity of the (evaporating) condensed oxide M0A,

AG. (MO.) • free enthalpy of formation of the condensed oxide MO^ at
' temperature T,

AG_ (MOg) » free enthalpy of formation of the gaseous oxide MOg at
* temperature T

AGn = oxygen potential of the oxide system.

If the thermodynamic quantities on the right side of Eq.(IO) are
known, the vapor pressure of the gaseous specie MOg can be calculated.

The total vapor pressure of pure ((J43oPu>2o)°1 98 *"
el was c al c ul a~

ted according Eq.10 with both sets of oxygen potentials. For the free
energies of formation the values given in (33 were used. The activity of
uranium- and plutoniumoxide was taken equal to their molar fraction. The
difference in the results of both calculations is significant at tempera-
tures above I»5OO°C as shown in Fig.9.

Calculations of fission product vapor pressures have been carried out
by Gabelnick and Chasanov in a very careful and complete work (j3- T^y
used the oxygen potential of pure (U,Pu)Og fuel [pj, which Beems to be
justified by the preceeding paragraph. Since it is thought that the re-
sults of Oabelnick and Chasanov are the best estimate of fission product
vapor pressures, at present possible, the calculation of fission product
vapor pressures was not repeated. To estimate the total vapor pressure of
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Fig.9 Total vapor pressure over mixed oxide calculated with two models
for the oxygen potential.

2.0 2.5 3.0 IQ^K
T

Big.10 Pressure over burnt fuel. Parameter is the burnup.

irradiated (U,Pu) mixed oxide fuel we simply added their fission product
vapor pressures to our calculated fuel vapor pressure, corrected for the
altered activity of uranium and plutoniura.

The resulting total vapor pressure versus temperature curve of ir-
radiated (US0Q&U(2Q)OI £g fuel is shown in Fig.10 for several burnups.
The calculations*of fission product vapor pressures [jQ were taried out
with a fuel Bmear density of 5 g/cm3, which is typical for a voided fast
breeder reactor core.

Fig.11 shows the contributions of the gaseous species over nixed
oxide fuel after \% burnup to the total vapor pressure. Fission gases
and volatile fission products (alkali metals) give the main contributions
at low temperatures. Gaseous species of the fuel and of less volatile
fission products become significant at temperatures above I»OOO K. The
vapor pressure of the fuel is taken from the full line in Fig.10. With
the second model for the oxygen potential (dashed line in Fig.10) a much
higher contribution of the fuel vapor is to be expected.

100%
5000

Pj(T)

4500
—i

4000
—i—

3500 3100

11 Contributions of fission products and fuel to the total vapor
pressures.



5. EXPERIMENTAL APPROACHES TO THE PROBLEM OF GASEOUS PRESSURE DEVELOPMENT (EOS)

OF IRRADIATED FUEL UP TO VERY HIGH TEMPERATURES

Safety analys i s of f a s t reactors requires the knowledge of the gaseous
pressure development of i rrad ia ted fue l as a function of enthalpy and temp-
erature , r e s p e c t i v e l y . Under t h i s top ic two temperature regions have t o be
considered,the s o l i d phase region below the melt ing point of the f u e l , which
i s re la ted t o normal and acc identa l fue l pin operat ion, and the l i q u i d phase
region of the fue l up to 5000 K, which ia re la ted t o the condit ions of
hypothet ica l core d i srupt ive acc idents .

Up t o now, no vapor pressure measurements have been performed with
the f i s s i o n product substances of i n t e r e s t at temperatures between 3000 K
and 5000 K. Measurements with meta l l i c f i s s i o n products could o f f er the
bes t chance of s u c c e s s . D i f f i c u l t i e s are t o be expected, however, in per-
forming evaporation experiments with oxide f i s s i o n products , because pre-
s e n t l y there i s s t i l l too l e s s knokledge on t h e i r complex evaporation b e -
havior at elevated temperatures Q ]

For d irec t experimental determination of the c a l o r i c and thermal equs.*-
t i o n s - o f - s t a t e of the fue l and f i s s i o n product materials above 3000 K there
are in pr inc ip le only a few s u i t a b l e high-temperature measuring techniques .
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In the lower temperature scale, i . e . below the melting temperature of
the fuel, i t are the fission gases and the volati le fission products (Cs,
Rb, J, ec t . ) which primarily contribute to the gaseous pressure in the
fuel. The PVT-data of these elements, and also of Sodium, are known from
measurements which have been extended up to the cr i t ical point and above
C22-2U3 •

In the high-temperature region far above the fuel melting temperature,
the partial pressures of the less-volat i le fission products and of the fuel
material i t s e l f become important in the total vapor pressure because of
their high heats of evaporation. The essentially contributing elements are
Hd, Ru, Pd, Ce, Se, Tc, Ag ( j j . They exist in ihe liquid fuel partly as
metals (Ru, Pd, Se, Tc), partly as oxides (Nd, Ce).

In the lower temperature scale, the equilibrium pressure of the irra-
diated fuel can be quantitatively derived from thermodynamie equilibrium
data of the pure materials» However, to describe the dynamic pressure
development in the fuel pin, the redistribution of the fission products
and the retentention of the fission gaseB have to be considered. While
the process of redistribution can be described quantitatively £'3,15»25J, the
theoretical models of fission gas retention (2(5) have yet to be verified
experimentally (27).

In the high temperature region, the direct measurement of the total
pressure of irradiated fuel appears not to be feasible. To overcome this
lack of direct experimental data, the total vapor pressure of the liquid
fuel must be derived theoretically. The condition i s a sufficient know-
ledge of the chemical state of the fission product species in the liquid
fuel and in the vapor phase, and the knowledge of the vapor pressure curves
of the pure fuel material and of the most relevant fission product species.
The required partial vapor pressures can also be determined from thermo-
dynaraic calculations C1»5]> * f a reliable set of the enthalpies of forma-
mation i s available, and i f the oxygen potential of the liquid fuel system
i s known (3J-

For measuring p(H) data, exploding wire techniques with direct elec-
tr ical pulse-heating of the material should be excluded. The evaporation
of the vapor-liquid equilibrium pressure would be a formidable task. A
successful experimental attempt for determination of p(H) could be an-
other instationary measuring method which 13 based on pulsed electron-beam
heating of the sample in a quasi-closed system Q?9J.

For measuring p(T) data above 3000 K, when also the vapor-liquid equi-
librium temperature has to be measured, open-evaporation measuring methods
appear to be more feasible. Electron-beam heating should not be applied
because the interaction of the electron beam with the vapor cloud
above the target would affect the evaporation velocity and the reaction
pressure of the vapor cloud, and would also falsify the temperature measu-
rement. Besides, the large penetration depth of the electron beam would
cause an undefined explosion-like evaporation. Laser beam heating, how-
ever, offers a suitable heating technique for evaporation experiments up
to 5000 K. It allows quasi-stationary measurements of p(T) data based on
determination of the stationary evapoaration velocity of the target ma-
teria l and of the reaction pressure of the vapor L3Qj.

With laser techniques, vapor pressure measurements at temperatures up
to 5000 K have been performed up to now with pure oxide fuel materials [31-
3lT) . The evaporation behavior of UOg and (U,Pu) mixed oxide i s sufficient-
ly known to allow reliable interpretation and evaluation of open evapora-
tion experiments with liquid oxide fuel Q353* The required equilibrium
vapor pressurp curve can be derived from the measurements by use of
Breitung'B oxygen potential approach Q>» 36] . The measuring method and
the evaluation model are shortly described in the following.

Fig.13shows the measuring principle. A rectangular laser pulse of 1
to 10 ms pulse length, cut out from the continuous beam of a high-power
COg laser, is focused on the sample positioned in a vacuum chamber. The
sample i s locally heated to the liquid state up to temperatures of 5000 K.
By a rotating wobble mirror, the laser focus, during the pulse, is uni-
formly moved on a circular trace on the specimen surface. (This procedure
allows to evaporate relatively large amounts of liquid target material
from a nearly f lat surface area). The measuring quantities are:
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Measuring principle of laser evaporation experiments to determine
the vapor pressure of oxide fuel up to 5000 K.

evaporation time and area,
evaporated mass, measured by direct weighing of the mass of the
collected vapor,
forward momentum of the vapcr jet, measured from the amplitude of
the pendulum collector
spectral thermal radiation of the evaporating surface, measured
with a fast micropyrometer.

The vapor pressure of the target material is derived from the mechani-
ctl measuring quantities. The evaporation temperature in a first appraoch
has been determined from the momentum of the vapor jet by use of a gas
dynamic evaluation model of the fuel vapor expansion in the vacuum. In a
second approach, in the temperature region below U00O K, the evaporation
temperature of the fuel sample has been determined pyrometrically. The
condition was, however, to measure the spectral emissivities of the liquid
fuel. For this reason, the spectral enissivities of UOg have been deter-
mined up to U000 K with a laser integrating sphere reflectocwter [37].

An application limit of these vapor pressure measuring techniques is
given by onset of plasma interaction of the vapor plume with the incident
lcser beam at temperatures above 1(500 K. Movement of liquid material in
the laser crater caused by the reaction pressure of the vapor jet does not
disturb such vapor pressure measurements where the measuring quantities
are the evaporated mass or the reaction pressure of the vapor £32]. The
application limits of pyrometry for measuring the evaporation temperature
are given by two effects, interaction of the thermal radiation of the
target surface vith the fuel vapor cloud, and formation of too large tem-
perature gradients in the evaporating fuel layer because of the intense
surface evaporation cooling. Therefore, the pyrometric measurement of the
evaporation temperature appears to be reliable up to temperatures around
1»000 K.

Another important aspect arises from the fact, that the dynamic vapor
pressure measurements on liquid oxide fuels with laser heating techniques
imply strong alterations in the composition of the incongruently evapo-
rating fuel surface [̂ 35]. During open evaporation, the depletion in the
preferentially evaporating components cannot be restored by diffusion
from the bulk material. After a short transient evaporation period stati-
onary surface-evaporation is reached with a surface composition which
differs greatly from the given fuel composition and depends on the actual
evaporation temperature. When this stationary forced-congruent evaporation
mode is reached, the grosa vapor composition is well-defined and is identi-
cal to the bulk composition of the fuel which is quite differenb from the ac-
tual surface composition. In consequence, the total vapor pressure develop-
ing in open surface-evaporation of a liquid oxide fuel can substantially
deviate from its thermodynamic equation-of-state, in the case of
^UQ 80Pu0.20^ m i x e d oxide by a factor of 2 to 7 depending on the O/M-ratio
(Fig.Tl»). The required equation-of-state of liquid nixed oxide, however, can
be deduced in a further step from the vapor pressure curve measured in open
evaporation by the thermodynamic model of Breitung [jj«36J •

Experimental values for the saturated vapor pressure of UOg are pre-
sented in Fig. 15. determined from five series of laser evaporation measure-
ments obtained at temperatures between 3500 K and 1(200 K. For comparison,
the vapor pressure curve for forced congruent evaporation of UOg.oO ifl

shown, calculated by Breitung, which relates to the open evaporation of
UOg. There is fairly good agreement of this thermodynamically derived curve
with the laser vapor pressure measurements reported above.

This short review on the experimental approaches to measure p(T)-dats.
for fast reactor safety analysis shovs that the laser evaporation method
turns out to be a suitable measuring method. The next step should b> to
extend the measurements to the fission product materials which essentially
contribute to the pressure development of irradiated fuel. This requires an
extension also of the theoretical and experimental studies on the chemical
and kinetic evaporation behavior of these substances.
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Fig.15 Theoretical vapor pressure curves of Briitung for liquid-vapor equi-
librium (equations-of-state) of UOg.oo* Bni f o r °Pen evaporation
(forced congruent evaporation) of UOg. Along the latter curve, the
fuel Burface compositions are given which actually exist at diffe-
rent temperatures during open evaporation of UOg. The cross marks
represent the vapor pressure of open evaporating UOg directly
measured with the above described laser evaporation method. The
dotted l ine represents the vapor pressure curve recommended by
Ohse.



6. THEORETICAL STUDIES ON THE THEHHODYHAMIC STATE AND OAS KINETIC BEHAVIOR

OF FUEL VAPOR AT VERY-HIGH TEMPERATURES

The condition* for nuclear reactor safe ty analys is include the know-
ledge of the ca lor ic and thermal equat ions -o f - s ta te , i . e . H(T) and P(VT),
of the l i q u i d phase and of the l iquid-vapor equilibrium of the irradiated
fue l up t o temperatures of about 5000 K. Besides the thennodynaoic func-
t i o n s - o f - s t a t e , the heat and radiation transport properties of the satu-
rated fue l vapor are of i n t e r e s t . Knowledge i s a l so needed on the re laxa-
t i o n a l and gas dynamic behavior of adiabat ica l ly expanding fuel vapor.
In t h i s context , the problem ar i ses of c lus t er and aerosol formation
during open evaporation of l i q u i d fuel under accident condit ions .

In a f i r s t theore t i ca l approach, the thermodynamic equilibrium s t a t e
of saturated fue l vapor over l iqu id U0- has been inves t iga ted , including
an evaluation of the plasma s t a t e of tne part ly ionized fue l vapor. The
ca lor ic f u n c t i o n s - o f - s t a t e , H(T) and C(T), of saturated UOg vapor have
been deduced up to 5000 K by means of s t a t i s t i c a l mechanics from the mul-
ticomponent molecular structure and from the k ine t i c and plasma s t a t e
of the fue l vapor |j}8]. For comparison, enthalpy data a l so of the condensed
phases of U0? have been used to ca lculate vapor phase data.

In addi t ion , the gas k i n e t i c relaxation and flow structure of adia-
b a t i c a l l y expanding ( laser-generated) UOg vapor j e t s have been considered.
A be t ter understanding of the gas dynamic phenomena and of the sheath
boundary e f f e c t s eventual ly occuring during intense surface evaporation
of l iqu id oxide fue l would a l s o allow a b e t t e r interpretat ion and evalu-
at ion of l a ser evaporation experiments carried out with f u e l .
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The gaseous and plasma state of UOg vapor at temperatures between the
UO melting point (3130 K) and 5000 K i s quantitatively characterized in
Table 3. It describes the gas kinetic state of oxide fuel vapor consisting
of U02 or •UOg-like' molecules, ions and free electrons. The temperature
and total vapor pressure data p(T) given in the two f irs t columns are
based on laser vapor pressure measurements [jO,32,35[] and on the theore-
t i ca l evaluation of the UOg vapor pressure curve by Breitung 0>»35[] . The
calculation of the degrees of ionization, X£t °* oxide fuel vapor with
the Sana equation does not work right off because the effective ioniza-
tion energy EP 1 of a vapor molecule differs remarkably from the theore-
t ica l value of the isolated molecule under the actual vapor conditions
above 3000 K. The different effects which lower the ionization energy
partly in an additive manner are discussed in detail in Ref. ( O
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Table 3 Characteristic data describing the gas kinetic and plasma state of
U0g vapor between 3100 K and 5000 K.

As can be seen from Table 3, oxide fuel vapor in the temperature range
from the boiling point up to 5000 K represents both a dense gaseous sys-
tem and a strong plasma. The neutral vapor component behaves up to 5000 K
as a perfect gas. This can be seen from an estimation of the van-der Waals
constants of UOg vapor. The ionized component of the fuel vapor, however,
does not approach to the state of a perfect kinetic plasma. At temperatures
around 5000 K, UOg vapor represents a so called classical collective plas-
ma [38J with increasingly "metallic" properties elucidated by the fact
that at temperatures, between U500 K and 5500 K the de Broglie wavelenth
Xfi of the free plasma electrons should reach the magnitude of the mean
particle distance dQ and d^, respectively. There i s than no more a kinetic
but a wave mechanical interaction of the electron gas with the neutral and
ionized molecules in the UOg vapor.

Saturated vapor over liquid UOg consists not only of UOg molecules
but to a remarkable extent also of UOj and UO molecules, and of monatomic
oxygen. For the temperature range far above 3000 K no experimental data
exist on the vapor composition. However, detailed thermodynamic calcula-
tions on the equilibrium partial pressures over liquid oxide fuels up to
5000 K have been performed by Breitung |}f]. From this numerical set of
partial pressures the molecular composition and the average atomic weight
of the vapor can be derived. The results are given in Table 3 taking into
account the effect of the electron gas to the average atomic weight of the
fuel vapor.

The nonuniform vapor composition underscores the fact that saturated
vapor of liquid UOg consists of chemically reactive molecular species. The
total oxygen content in the vapor i s higher than in the liquid phase as
is shown by the superstoichiometric O/U-ratio of the vapor. Also the aver-
age number of oxygen bonds per vapor molecule, v, i s larger than in the
liquid UOg phase - indicating oxidation reactions taking place during the
evaporation process. On the other hand, v i s smaller than the O/U-ratio
of the vapor - indicating onset of dissociative reactions with increasing
temperature. Quantitative results are given in Ref. [38]

The caloric functions-of-state of saturated UOg vapor, especially the
functions of enthalpy and specific heat, have been derived by means of
s ta t i s t i ca l mechanics. By use of spectroscopic molecular data of the vapor
molecules, the vibrational and rotational energy contributions of the vapor
molecules can be calculated straight forward [38j) •

No experimental data, however, exist on the electronic states of the
neutral or ionized uranium oxide molecules. Therefore, a more general
approach has been taken to generate the electronic partition function of
UOg, which i s not restricted to a molecule of ionic bond type. The energy



spectrum of the unoccupied electronic states of a polyatomic molecule
can be represented by a Rydberg aeries of states. In reality, this dis-
crete energy spectrum has to be replaced by a smeared, continuous-like
spectrum, because there is no energy degeneracy of the Rydberg states in
a strongly bound polyatomic molecule. Furthermore, the line broadening
and splitting by impacts and Stark effect of a molecule immersed in dense
and partly ionized U0g vapor smear the partition function. These consi-
derations lead to a fairly simple calculational approach for estimation
of the internal energy of the electronic states [383- Th* results show
that their contribution is about 2 to 2.k thermal degrees of freedom
between 3100 K and 5000.

Summing up the contributions of all molecular degrees of freedom
yields the total enthalpy function of saturated vapor over liquid UOg
(Fig.16). Zero reference state is related to the gaseous elements U and
0 at 0 K. The vapor composition is assumed to be the same at temperature
T and reference temperature To. Derivation at constant vapor compoaition
yields the specific heat function C (T) which is shown in Fig.17. For
comparison, the figures contain also the enthalpy and specific heat
function calculated for "pure UOp gas", i.e., assuming monoeomponent
vapor composition of UOg molecules only (curves No.2).

The non-monotonous slope with temperature of the new specific heat
functions is primarily caused by the changes in the vapor composition and
in the plasma 3tate with temperature. The overshoot of C«(T) near the
melting point of UOg (3130 K) is caused by the onset of thermal excitation
of the electronic states, and of thermal ionization of the vapor molecule.
At temperatures up to 5000 K, the relative contribution to the enthalpy
from the plasma state turns out to be small. The negative binding energy
of the plasma still diminishes its role in the energy balance of UOp vapor.
However, the dense plasma state of UOp vapor could significantly stamp its
optical and radiation properties and eventually influence the liquid-vapor
equilibrium.

The determination above of the enthalpy and specific heat functions
of high-temperature UOp vapor differs partly from previously published
approaches because it comprises the plasma state of saturated U0? vapor
and the thermal excitation of electronic states. In addition the tempera-
ture dependent equilibrium composition of uranium oxide vapor over liquid
U0 has been taken into account. For these reasons deviations of previously
published thermodynamic UOg vapor functions from the approach presented
here appear to be reasonable.

It would be interestingto compare, if possible, the present enthalpy
data of gaseous UOg with enthalpy data from literature of the condensed
UOg phases. For that purpose, the enthalpy data set of solid and liquid
U0 recommended by Leibowitz et al. Qio3 " converted to the gaseous phase
tentatively by means of the Clausius-Clapeyron equation for a nonocomponent
system. The enthalpy curves Ho.7 to a (Fig.16) represent the enthalpy
conversion calculated with different heats of evaporation derived from
Breitung'a oxygen potential approach [jQ and from the AMI, data set Qto],
respectively. Aa the figure shows, the Clausius-Clapeyron approach yields
to too high enthalpy curves with too high slope, i.e., with too high spe-
cific heat functions of the vapor. The deserepaniy should be caused by
the application of the Clausius-Clapeyron equation to the UO, system.
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Actually, application of the Clausius-Claptyron equation tacitly as-
sumes that the vapor-liquid equilibrium observed belongs to a single-
component, chemically inert thermodynamic system. The oxide fuel system
does not satisfy this assumption. Even restriction to the 'condensed UO,,
phase - gaseous U0~ vapor component' partial system would not allow appli-
cation of this equation because the partial system would not represent a
closed thermodynamic system. For the same reasons, also results obtained
from the generalized Clapeyron equation for multicomponent systems should
also be viewed with reservation, if applied to the vapor-liquid equili-
brium of oxide fuel system. - With the considerations above, the dis-
crepancies of the enthalpy data in Fig.16 seem to be elucidated.

The approach above of calculating the caloric functions of the uranium
oxide vapor species can be completed by determination of the free energy
functions, including thermal ionization and electronic excitation. By use
of Breitung'a oxygen potential approach for the UOg system, this indepen-
dent set of input data for the vapor phase together with appropriate data
for the condensed phase would allow to verify the perviously published
curves of the equilibrium vapor pressure over liquid oxide fuel (3]»

The relaxation kinetics and gas dynamic behavior of the oxide fuel
vapor should be known to allow interpretation of the laser evaporation
experiments and vapor pressure measurements recently carried out with
oxide fuel. Knowledge of the kinetic and dynamic behavior of freely ex-
panding oxide fuel vapor would also allow better modeling of the fuel
pin failure mechanisms in fast reactor safety analysis. In this context,
also the question of aerosol formation during open evaporation of liquid
fuel needs to be cleared.

The kinetic state of a UO- vapor cloud, (laser-) generated by open
surface evaporation of liquid U0 2, is highly collision-dominated. This
involves a strong reaction of the following-off vapor on the evapora-
ting surface. The intensive back-scattering from the vapor layer to the
adjacent liquid surface lowers the evaporation velocity and eventually
affects the evaporation coefficients of the vapor species. The colli-
sions-dominated state of the UO. vapor plume also involves an intensive
kinetic interaction of the vapor particles leading to a gas dynamic
vapor flow-off [3Cf|.

The enthalpy balance and the flow structure of the laser-generated
UO vapor jet is governed by kinetic relaxation during the adiabatic ex-
pansion into the vacuum. Tab,If gives a first estimation of the relaxation
channels and relaxation rates calculated for an evaporation temperature
of l»000 K. In thermodynamic equilibrium at this temperature, actually
about 18 thermodynamic degrees of freedom are excited. Regarding the
laser evaporation crater as a "sonic gas orifice", it can be derived from
the experimental results, that only f . - 5 thermal degrees of freedom
take part in the relaxation and are converted into kinetic flow energy
of the vapor. This result looks reasonable, as is illustrated by Tab.U.
It also shows that the electron gas effectively undergoes relaxation only
with -5 degrees of freedom of the heavy particles in inelastic colli-
sions. Since the relaxation of energy is very ineffective in elastic col-
lisions of the hot electron gas with the heavy UOp vapor molecules, this
causes a "run-away effect" of the electrons during a fast vapor expansion.

At higher temperatures, at -1|5OO...5OOO K, the real gas properties
of the UO. vapor must be taken into account in the analysis of the adia-
batic expansion. While at the lower temperatures the vapor expansion can
be treated as isentropic, the Joule-Thomson effect can no more be neglec-

ted at these high temperatures. This isenthalpic, not-isentropic process

causes ft cooling effect of AT - -100 K.
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Table *» Enthalpy balance and relaxation channels of freely expanding UOg

vapor jet» at M O O K.

Table U contains a first estimation of the energy release caused by
cluster formation in freely expanding UO vapor. The generation of clusters
is to be expected, because the adiabatic expansion of the UO. gas i» start-
ing very near the saturated vapor pressure curve passing instantaniously
over into the supersaturated region. This mean ideal conditions for
clustering. However, because of the low molecular collision numbor during
the whole expansion, the cluster size should, on an average, only be about
50 molecules per cluster molecule - corresponding to a cluster site of
about 20 A. This theoretical prediction which is based on experimental stu-
dies carried out by Obert QtiJ on cluster formation of different vapor
species , agrees with our experimental result, according to vhich no
uranium oxide cluster molecules were detected in laser evaporation ex-
periments using an electron microscope of * 20 X-resolution [30].

The degree of cluster formation should be a few per cent of the vapor
molecules. In this estimation it was not even taken into account that
cluster formation in oxide fuel vapor should not be limited by spontaneous
nucleation. The high particle density of ionized vapor molecules, which
represent ideal condensation nuclei, could enhance the rate of clustering.
The present state of theories on condensation in neutral and partly ionized
vapor is still rather incomplete so that more accurate estimate cannot
yet be made on cluster formation in oxide fuel vapor. It is planned, there-
fore, to approach this problem by laser evaporation experiments. For this
purpose, a Bpecial retarding-field cluster detector will be used.

A final remark should be added concerning the assumption of local
thermodynamic equilibrium which exists at the boundary between the evapo-
rationg liquid surface and the vapor plume. This assumption should not be
regarded as a neutral fact because of the dense plasma state of oxide fuel
vapor above 3000 K. The liquid fuel surface should also be considered as
a highly intensive thermionic emitter, being in thermal contact with a
very dense plasma. Then, plasma physics predicts the eventual existence
of a non-neutral plasma boundary sheath separating the electrically neu-
tral vapor plume from the liquid U0 g surface. Such a boundary sheath



would then cause, e . g . an e l e c t r i c a l f i e l d strength of about 0 .6 106 V/cm
normal t o a l i q u i d UOp surface being at 'tOOO K. This could inf luence the
evaporation process and the evaporation c o e f f i c i e n t s of the vapor s p e c i e s .
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The Role of Fission Gas in the Analysis of Hypothetical Core Disruptive
Accidents, by E.A. Fischer, Federal Republic of Germany.

1. Introduction

30

This paper summarizes recent vork e.t Karlsruhe with the goal of under-

standing the effects of fission gas in hypothetical core disruptive

accidents. The fission gas behavior model is discussed in Section 2.

The computer programs LANOZBIT and KURZZEIT describe the long-term and

the transient gas behavior, respectively. Recent improvements in the

modeling, and a comparison of results with experimental data are re-

ported. A somewhat detailed study of the role of fission gas in transient

overpower (TOP) accidents was carried out. If pessimistic assumptions,

like pin failure near the axial midplane, are made, these accidents

•end in core disassembly. The codes HOPE and KADIS were used to analyze

the initiating and the disassembly phase in these studies. In Section 3,

improvements of the codes are discussed. They include an automatic data

transfer from HOPE to KADIS, and a new equation of state in KADIS, with

an improved model for fission gas behavior. In Section h, the analysis

of a 15 i/sec reactivity ramp accident is presented. Different pin

failure criteria are used. In the cases selected, the codes predict

an energetic disassembly. For the much discussed loss-of-flow driven TOP,

detailed models are presently not available at Karlsruhe. Therefore,

only a few comments, and the results of a few scoping calculations will

be presented.

2. Improvements in the Fission Gas Release Models

2ii_Comments_on_the_Model_LANGZEIT/KyRZZEIT

The steady state fission gas concentration in the fuel is calculated using

the model by Ronchi and Matzke in the computer program LANGZEIT /1,2/.

This model is not as detailed as some other gas behavior codes, for

example GRASS /3/; however, it describes the major effects such as

precipitation of gas in intragranular bubbles, re-3olution, and migration

of gas atoms to grain boundaries. The input parameters of the model were

reassessed recently A / on the basis of available experimental information.

Though there are rather large uncertainties in some of these parameters,
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it was found that for reasonable values the results of the model compare

favorably with experimental data on gas release. From a LANGZEIT calcu-

lation for each radial fuel node in each core mesh cell, one obtains also

a rather detailed distribution of the gas content in the matrix, and in

the intragranular bubbles. The transient gas behavior is described by

the program KURZZEIT, which is based on the same model. Two characteristic

effects occur in two different phases during a temperature transient.

The first is the fast precipitation of bubbles in the unrestructured fuel,

which leads to transient fuel swelling. The second phase is characterized

by gas bubble migration to the grain boundaries, which leads to transient

gas release. This effect is discussed in some detail below.

case one obtains for the pore interlinkage fraction 31

The original version of LAHGZEIT overestimated the fission gas release

for low burn ups /It/. This is due to neglection of gas retention in

intergranular pores. In the latest version of LANOZEIT the mathematical

percolation theory was applied to define the concept of interlinkage /5/.

Assuming a certain space distribution of "sites" connected with "bonds"

randomly distributed with a concentration P (number of bonds/number of

sites), interlinkage may occur when a finite probability can be calculated

for a infinite chain of bonds starting from a given site. It has been

shown /5/ that the percolation condition is verified for a P > 1.569.

Assuming that the pores are distributed as spheres of radius r among

grains of radius r , the average number of bonds per pore can be calcu-

lated as

n+n
P

with n concentration of pores

n concentration of grains

N Coordinations number of compact arrangement of pores

N Coordinations number of spheres.

% 1-5T

2

Lv
~ lux

. *°\ J
where a ha3 to be calculated from experimental hystograms of the pore and

grain radii and porosity.

The program was recently improved by inclusion of the interlinkage concept 161

and was used to calculate the fission gas release as a function of burn

up for an LHFBR pin with a linear heat rate of 350 W/cm. In Fig. 1, the

results are compared with the Dutt relation 111 and with experimental data

obtained in the frame of the SNR fuel irradiation program /8/. Analysis

shows that the results are within the scatter of the experimental data

and show good agreement with the results from the empirical Dutt corre-

lation even in the low burnup range.

The radial distribution of retained fission gas in a typical SNR300 pin

is shown in Fig. 2, for a burn up of 60 000 HWd/to (EOL conditions).

Again, the results from LANOZEIT and Dutt are fairly well consistent.

Thus, LAHGZEIT verifies, on a theoretical basis, the empirical Dutt re-

lation, which was derived for a different fuel pin design.

The programs LAHGZEIT/KIJRZZEIT, in the original version, did not take

account of the diffusion of fission gas bubbles. This process, which is

considered the dominant mechanism for gas release in the codes GRASS /3/

and FRAS /9/, is certainly present, but there is still a large uncertainty

as to the magnitude of this effect. Poeppel /3/ estimated the diffusion

coefficient on the basis of two different mechanisms, namely surface

diffusion, and vapor phase diffusion. He found that the first process is

by far the dominant one, and he obtained the following value for the

bubble diffusion coefficient

A first crude assumption would be to consider the condition P > 1.569

as an abrupt limit for intergranular release through percolation. Actually

f is a function of the statistical distribution of the structural para-

meters, depending on the local fuel condition. Therefore, a Gaussian

distribution around an average value of P has to be assumed. In this

O.38U 10
-2U

exp(-108000/RT) (1)

where the bubble radius r is in cm, RT in cal/mol.



To assess the influence of bubble diffusion on gas release, the paths

which bubbles travel, either by random motion, or by biased migration

in a thermal gradient, will now be estimated, using Poeppel's value for

D, . For random motion of gas bubbles, one has

Ax 6Dbt (2)

where t is the diffusion time. On the other hand, the migration speed

of a bubble moving in a thermal gradient is /3/

Unr3 Q* 3 VT
v = D —

38 BT 2 T
(3)

—23 3
where 11 is the molecular volume in solid U0p, assumed to be It.09 '10 cm ,

and the activation energy Q* is taken to be 10^ cal/raol, as was suggested

by Poeppel.

With these data, it is obvious that bubble migration is negligibly small

in unrestructured fuel, i.e. at temperatures below 1300 C. However, at

higher temperatures, bubbles migrate at a considerable speed. To estimate

the order of magnitude, assume a temperature of 1800 C, a bubble radius

of 10 nra, a grain size of 10 urn, and a temperature gradient of 14000 C/cm.

Then, the bubbles move at a speed of 1.1 • 10 cm/sec in the gradient,and

thus reach the grain boundary after 90 seconds. In comparison, the distances

travelled by random migration are several orders of magnitude lower.

On the basis of these estimates, one expects that biased migration of

gas bubbles is an important mechanisn for quick gas release in high-

teraperature fuel, both under steady state and transient conditions. Con-

sidering first the steady state case, one observes, however, that the

mechanism of the Ronchi-Matzke model, namely diffusion of atomic gas to

grain boundaries, also predicts quick gas release at high temperatures.

Thus, it turns out that the results of steady state calculations with

LANGZEIT do not depend strongly on whether bubble migration is included

or not. It was, therefore, decided to neglect this effect in the reference

version of LANGZEIT.

The situation is different for the case of temperature transients with

irradiated fuel. By the time the gas containing unrestructured fuel reaches

the temperature range where transient gas release is fast enough to be

of importance, the gas in dynamic solution has disappeared, due to the

process of precipitation in bubbles. Thus, bubble migration is the only

important mechanism for transient gas release, and it was necessary to

take account of this effect in the analysis of the transient gas behavior.

Therefore, a simple model for bubble migration was included in the KURZZEIT

program. It was assumed that the bubbles, which all have the same size in

the Ronchi-Matzke model, move with the speed given by Eq. (3). The gas is

released as the bubble reaches a grain boundary. No new bubbles are formed

during the transient, so that a bubble-free region, increasing in size,

is formed.

As mentioned above, the bubble diffusion coefficient is not well known.

Buescher and Meyer /10/ measured the migration velocities of cyclotron-

injected helium bubbles in U0_. These experiments cover the range of

bubbles sizes which are important for the present study, and are therefore

more interesting than earlier experimental data quoted by Poeppel /3/.

The results by Buescher and Meyer can be represented by the bubble diffusion

coefficient
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exp(-100000/RT)

For a bubble radius of 20 nm, typical for a LANGZEIT calculation, the

result of Eq. (!») is about two orders of magnitude lower than the theo-

retical prediction by Poeppel. As this discrepancy is not explained at

present, it was decided to work with a value of average magnitude, which

was taken to be 10 % of Poeppel's diffusion coefficient, Eq. (1). It will

be demonstrated that the final results are not very sensitive to the

value selected.

?i!»_Transient_Effects_in_KyRZZEIT

If the fuel pin undergoes a temperature transient, the gas present in

dynamic solution in the unrestructured region of the fuel haa an increased

tendency to precipitate into existing bubbles. Furthermore, the bubbles

grow by capture of vacancies, to obtain the equilibrium pressure with the

surface tension of the solid. Therefore, transient fuel swelling takes

place due to an increase in the total bubble volume. Bogensberger and

Ronchi /2/ discussed this behavior in detail. They also demonstrated that

the bubble growth can be well described by the program KURZZEIT, which

solves the associated differential equations for the conditions of a

temperature transient.



As the gas-bearing fuel is heated further in the course of a temperature

transient (above i» 2200 C), biased migration of gas bubbles in the tempe-

rature gradient becomes important. To take account of this effect, a simple

model for bubble migration has been included in the KURZZEIT program.

With values of reasonable magnitude for the bubble diffusion coefficient

the migration rates are such that transient release occurs in the order of

a few seconds. Therefore, this effect plays a significant role only in

rather slow transients (corresponding to a transient overpower accident

with less than about 50 |!/sec), but is negligible in faster excursions.

2.5. Analj£8is_of Laboratory Experiment8_on_Tran§ient_Gas_Release

In a series of experiments conducted at HEDL /11/, fuel pins irradiated in

the EBR-II were subjected to temperature transients in an electrically

heated capsule. These experiments provided important information on the

fission gas behavior during transient heating. Therefore, a theoretical

analysis of one of these tests, FGH-15, was carried out, for which complete

data under defined conditions of the fuel are available. The fuel was

irradiated at UUO W/cm for 1(5000 MWd/to. The detailed temperature rise

is reported by HEDL /11/.

To analyse this test, calculations with the program KURZZEIT were carried out,

with the input data taken from a LANGZEIT run for UUo W/cm. There was a

significant gaB content only in the outer 15 % of the fuel radius (compare

Fig. 2). The bubble diffusion coefficient was taken to be 10 % of Poeppel's

value. Plots of the calculated concentration of gas in bubbles and in

dynamic solution are shown in Fig. 3. The values are averages over the gas-

bearing region. The figure illustrates that precipitation of the lattice

gas in bubbles starts after 10 see (at *v 1600 C), and is completed two

seconds later. Still one second later, transient gas release due to biased

migration of bubbles becomes important. The release is complete only when

the temperature is nearing the melting point.

The experimental and calculated release fractions are plotted in Fig. U. The

release, as calculated with the standard input data starts later, but then

proceeds faster than in the experiment. The reason for this deviation is

not clear at present. There are, of course, uncertainties in the input para-

meters. Calculations in which the bubble diffusion coefficient was increased,

and decreased by a factor of two serve to estimate the range associated with

this uncertainty. However, it definitely cannot explain the observed deviation.

Possible reasons are the simplistic features of the model, as neglection of

bubble coalescence and release of intergranular gas, or else uncertainties

in the data quoted by HEDL /11/, for example in the transient temperature

profile. Thus, the KURZZEIT model in its present state reproduces about

correctly the time needed till complete gas release, but not the detailed

release history.

3. Modeling of Fission Gas Effects in the Accident Analysis Codes

3.J_H0PE

At Karlsruhe, the code HOPE for the analysis of the initiating phase of a

transient overpower (TOP) accident is available. The fission gas release mo-

deling in HOPE, which was described by Rumble /12/, was not changed. The

steady state gas release is based on the Dutt relation /T/, which was shown

to be consistent with the LANGZEIT results /•»/. Transient gas release occurs

when unrestructured fuel melts. A certain fraction (usually assumed as 20 J)

of retained gas is viewed to reside at the grain boundaries, and is released

as the fuel reaches the solidus. The rest is released in proportion to

the melt fraction. Though this model does not account explicitly for gas

release below the melting point, it offers the possibility to increase

the fraction of gas to be released at the solidus. A study was carried out

(Section l».3) where this fraction was increased to 100 %, thus simulating

the early release predicted by KURZZEIT for mild transients.

Recent improvements include the organisation of an automatic transfer of

data from HOPE to the disassembly code KADIS /6/.

The data set at the switchover point to disassembly comprises essentially

the cell-averaged temperatures, densities, and volume fractions of the

core materials, including fission gas. In connection with this data transfer,

it was necessary to introduce a new equation of state in KADIS, with a

more detailed modeling for fission gas effects. This new EOS is described

in the following section.

3jt2_New_EquBtion_of_State_in_KADIS

In order to follow up the gas behavior in KADIS, a new equation of state

was introduced into this program. In a node which contains fission gas,

the following model is used to obtain the pressure:

a) The fuel vapor pressure, calculated according to a recent data evaluation

for UOp, contributes to the total pressure. However, no single-phase
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liquid pressures are allowed, because fuel compressibility is much lower

than for sodium.

b) The gas mass in a particular mesh cell may increase during a time step

due to release of additional gas, if the fuel has not reached the liquidus,

and still contains retained fission gas. There is indication from ex-

periments in the VIPER reactor /13/ that the pressure of fission gas

originally in the fuel becomes operative upon fuel melting without major

time delay. Therefore, instantaneous release is assumed, in proportion

to the melt fraction.

c) Heat transfer from the fuel to the gas is modeled, using a time constant

which is an input parameter. Thus, any case between zero heat transfer,

and the gas in thermal equilibrium with the fuel, can be treated.

It. Analysis of Whole Core Accidents

of the_Reactor

Unprotected transient overpower accidents have been analyzed for the end of

life (EOL) configuration of the SHR-3OO, Mark 1A core. Some features of

the core, which are important for an understanding of the results, will be

briefly described.

The reactor is a (U,Pu)Og-fueled demo plant, with a thermal power of

751* MW. The EOL core corresponds to 1*1(1 days of operation, with a peak

burn up of 760OO MWd/to. Both the radial and axial power distributions are

rather flat. The maximum linear heat rate is about 290 W/cm in the central

channel, and 230 W/cm in the channel with the lowest power.
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d) Given the gas mass and temperature, according to b) and c), and the new

volume of the mesh cell, it is assumed that the gas expands (or is

compressed) adiabatically into the now available volume. In cells with

liquid sodium, gas volume fractions are low, typically of the order of

1 %. One can easily convince himself that the compressibility of

sodium must be accounted for in such a case. Assume, for example, that

the gas is under a pressure of 1000 bar. Then, the sodium ("V 50 v/o)

is compressed by 2-3 %, which more than doubles the available gas

volume, and leads to a lower pressure. Therefore, it is necessary to

solve the volume balance equation in a cell

VNa(P) • Vf • • Vgas(P) Volume

where V^ (p) includes the sodium compressibility, and V (p) is the

adiabatic gas equation. A fast iterative scheme is used to solve this

equation.

e) The vapor pressure of sodium is neglected. However, heat transfer from

molten, fragmented fuel to sodium can be included, according to a model

by Schmuck /1U/. As a consequence, the liquid sodium expands, and

reduces the space available for the gas, thus leading indirectly to

an increase in the gas pressure.

For the analysis, the reactor is divided into 13 radial channels. Nine

channels represent the inner core zone, channels 10 and 11 are used for

the outer core zone, with a higher Pu enrichment. The last two channels

represent the radial blanket. In the axial direction, the core region is

divided into 13 nodes, and the upper and lower blanket into U and 3 nodes.

A more detailed description of the reactor configuration, including tables

of the reactivity coefficients, was published by Frohlich et al./iU/.

-i?_*i!5iXiiS_2l!_5_J5_^/Bec_Ramp_Accident_U8ing_a_Melt_Fraction Criterion

To test the coupled code system HOPE and KADIS, and to demonstrate the

shutdown capability of the fission gaa pressure in the core disassembly

phase, a transient overpower (TOP) accident was analyzed. The accident was

initiated by a 15 ifaec reactivity ramp. The pins were assumed to fail at

a fuel melt fraction of 30 %, at the position of the axial power peak. With

this rather pessimistic assumption, the accident is terminated-by an

energetic disassembly-. The melt fraction criterion was selected because

this case can be compared to early TOP accident studies with the codes

CAPRI-2 and KADIS /Il»/, where fission gas effects were not taken into

account.

The input parameters are given in Table 1. In Table 2 the important results

are shown, and compared with results of the earlier simulations /ill/

with the codes CAPRI-2 and KADIS.



At the time of the first pin failure in channel 1, the conditions are very

similar to the ones predicted by the earlier simulation. The power rise

after failure of the channels 1 and 2 is relatively slow (Fig. 5). Only

after channel 10 fails, too, the large void and fuel compaction reactivity

of this outer channel leads to a fast power increase. The other channels

fail in a rapid sequence, and the accumulating ramps drive the core into

a superprompt critical state. At the switchover point to disassembly,

defined when the pellet-averaged fuel temperature in the hottest node

reaches 315O°C, the inner channels 1 and 2, and the upper portion of

channel 10 are voided, which leads to a void reactivity of about 70 rf.

The reactivity and power conditions are more severe than in earlier simu-

lations. This is in part due to the positive fuel motion reactivity

associated with the ejection process, which dominates over the sweep out

reactivity in the voided channels.

The pressure distribution in the core region at the beginning of the dis-

assembly phase is shown in Table 3. High fission gas pressures are present

in the unvoided nodes. However, in the voided portion of the core, the

gas can expand into the void space, and the pressures are much lower.

Core disassembly proceeds more rapidly than in the CAPRI2-KADIS simulation,

and leads to a considerably lower energy release. The energy in the molten

fuel, 1952 MJ, is only 66 % of the earlier case.

Fission gas influences the course of thi3 accident in two characteristic

ways. In the fuel ejection model, fission gas acts as a driving force for

autocatalytic fuel compaction toward the axial midplane. Thus, more

severe conditions are predicted at the end of the predisassembly phase.

On the other hand, the fission gas pressure leads to an earlier core dis-

assembly, and to a reduced energy release. Thus, the presently available

models are consistent. Though both effects are probably overestimated, the

tendency toward a lowering of the energy release is clearly established.

The switchover temperature to disassembly, 315O°C, may seem to be rather

high. It was chosen in order to be pessimistic, because an earlier

switchover leads to a lower energy release. On the other hand, the

conditions for disassembly are certainly fulfilled at 315O°C. This can be

argued on the basis of case studies, which show that at this point, the

gas pressure in the cavities is of the order of several hundred bars,

and is rapidly increasing, inspite of the ejection process, which is still

going on. Thus, the rupture stress of the clad is exceeded, and the clad

breaches over a large portion of the core within a few milliseconds, re-

sulting in very little axial fuel motion within the pin. Furthermore, at

this point the core has reached a prompt critical state and the power level

is high. This leads to a fast heating rate of the fuel, and it is reasonable

to assume that the high pressure cavity gas fills the available void space

in the associated core volume, unhindered by the presence of the clad.

Thus, the gas pressure acts on the neighboring regions of the core both

in axial and radial direction, and through its high compression can lead

to core disassembly. In addition, it must be demonstrated that an earlier

switchover leads to a lower energy release. Therefore, a case was run where

the switchover temperature was reduced to 2800 C, keeping all the other

parameters the same. In this case, the earlier onset of core disassembly

leads to an energy in the molten fuel of 983 MJ. This is only half of that

predicted in the original case, thus showing that a high switchover tempe-

rature is a pessimistic assumption.

U.3 TOP with a Mechanical Failure Criterion, Using Different Assumptions

forthe Tran3 ient Qg
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In order to investigate the effect of transient gas release below the

solidus line, as predicted by KURZZEIT for mild transients, two simulations

of a 15 rf/sec ramp accident were studied, with different gas release para-

meters. In case T1, the standard parameters were used, whereas 100 %

release at the solidus was assumed for case T2. In both cases, the burst

stress failure criterion /15/ was used, in which the cavity pressure loads

the clad via a strengthless fuel after being reduced with the ratio of

the transient melt and inner clad radii. Failure is predicted by the HOPE

code at time and position where the calculated transient clad stress first

exceeds the temperature dependent local value of the rupture stress. It

should be mentioned that these cases were discussed in an earlier paper /6/.

In both cases, the gas release as a consequence of unrestructured fuel

melting leads to pressurization of the cavity, and causes pin failure. In

case T1, the rather low powered channel 9 is the first to fail; this is

because the volume of the central channel is small, and thus the gas

release leads to a rather high cavity pressure. Failure occurs at 61 %

of the active core height; therefore, the resulting void reactivity feed-

back is not as large as in the case with a meltfraction criterion. In

addition, the failure sequence is not as rapid and thu3 the power rise

is not as fast (Fig. 6). The FCI has time to void large portions of the

channels 9 and 3. The calculated fuel sweep out reactivity effect is not



sufficient to balance positive reactivity feedbacks from the later failing

channels so that disassembly conditions are reached.

At switchover, the core conditions are less severe than in the preceding

case and the accident is much milder, with an energy in the molten fuel of

1101 MUsec after disassembly (Table U).

In case T2, gas release and cavity pressurization occur, by definition,

immediately after melting of the unre3tructured gas bearing fuel. Fig. 6

shows also the power trace of thia case. Earlier failure due to the

earlier pressure rise in the cavity results in somewhat smaller fuel melt

fractions and smaller enthalpy content at failure. Thus the time period

from failure to disassembly becomes somewhat extended. However, the overall

accident sequence resembles very much case Tit The rate of power rise

allows time for some of the channels to be voided; the high void reactivity

at the switchover point is in part compensated by negative fuel reactivity;

the disassembly phase is indeed rather similar to case T1, and the energy

of the molten fuel is only about U % higher. Thus, the study of the two

cases T1 and T2 has shown that the assumption of early gas release in a

mild TOP does not change the overall accident sequence very much. The simu-

lated early gas release does not represent a mechanism which leads to a

more coherent failure of the different channels.

Although the unprotected loss-of-flow (LOF) accident is considered more

important than the TOP accident, the computational tools presently

available at Karlsruhe for LOF accident analysis of irradiated cores are

much less advanced than the tools available for TOP accident analysis.

More advanced methods, which can treat fission gas effects more appropriately

for LOF accident analysis, are under development. Therefore, only a few

comments and results of scoping calculations will be given. As shown by

Meyer et al. for the Clinch Hiver Breeder Reactor /i6/, the pessimistic

assumptions that axial fuel expansion is neglected, and that fuel dispersal

due to fission gas is delayed in their SLUMPY calculation leads to a LOF

driven TOP. If in addition to these pessimistic assumptions the pessimistic

assumption of midplane failure is postulated for the non-voided channels,

the ejection model leads to an autocatalytic fuel compaction, which drives

the core into an energetic disassembly. If fission gas effects were neglected

during the disassembly phase, then an enerf̂ r of 7200 MJ is predicted for

the molten fuel. Estimates have shown /17/ that one would arrive at about

5'l00 MJ under equivalent assumptions for the SNR-300. However, this procedure

is not consistent. If one assumes that fission gas leads to autocatalytic

fuel compaction, one should also take credit for the fission gas pressure

as a core disassembly mechanism. In that case, the energy in the molten

fuel would be reduced to about 1300 MJ, which is in a acceptable range. It

is expected that the tools for a more systematic analysis of the LOF driven

TOP will soon be available at Karlsruhe.

5. Conclusions

Recent developments at Karlsruhe in the modeling of fission gas behavior,

and in methods for accident analysis, in connection with the availability

of the code HOPE, have lead to a significant improvement in the capability to

understand the role of fission gas in a transient overpower accident.

The two main effects, namely autocatalytic fuel compaction in the pre-

disassembly phase, and core disassembly at a lower temperature level,

result in a net mitigation of the accident, and thus in a reduction of

the energy release. However, it is clear that both of the mentioned effects

are overestimated by the present models, and further detailed modeling

work is necessary. For the loss-of-flow accident, the situation is less

satisfactory. A detailed analysis, including fission gas effects, is not

yet available, but will be carried out in the near future.
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Table 2: Results for a 15 i/aec TOP using a thermal failure criterion Table 3: Fission Gas Pressure (in Bar) at the Begin of the Disassembly Phase «0

(Case with Melt Fraction Criterion)

Pin Failure

Assumed Failure melt fraction

Time of first failure (sec)

Normalized Power at first failure

Net Reactivity ($)

Failure Sequence, channels

FCI Data, Channel 1

Mass ratio fuel/sodium

axial height of failure position

Data at Switchover to Disassembly

FCI time in channel 1 (msec)

Normalized Power

Net reactivity/ramp ($; #/sec)

Doppler reactivity/ramp ($;$/sec)

Void reactivity/ramp ($;$/aec)

Fuel reactivity/ramp ($;$/aec)

Disassembly Data

Duration of core disassembly (msec)

Energy in the molten fuel (MWsec)

Mass of molten fuel (%)

Average temperature of molten fuel (°C]

Fresh Core

CAPRI/KADIS

60 t

6.7

5.3

0.50

1.2,3,10,l(

6.0

50 %

83

399

1.081/15.3

-.727/-25.1

.759/1(0.3

-

2.67

1182

57

2889

EOL Core

CAPRI/KADIS

50 %

8.72

It.2

0.1(1

HOPE/KADIS

30 %

8.73

It.2

0.1(1

1,2,10,3,1*,5,6,7,8,9,11

It.9

53 *

35

1251

1.108/15-9

-1.175/-8O.6

.970/96.3

-

2.30

29!(0

88

3186

3.1.

hi %

86

2029

1.11(6 /-28

-1.251/-12U

.791/71

.283/25

1.1(2

1952

76

3075

4)
•a
o

CJ

-A
H

16

15

1U

13

12

11

10

9

8

7

6

5

J»

1

1

3

It

13

11,

15

15

11.

13

It

2

1

1

1

1

2

It

12

13

13

13

13

12

It

2

1

2

1

12

70

3

20

22

23

215

k9k

1(1(1.

209

73

lit

3

Inner

1

13

58

89

117

12

25

3kk

33'.

181

90

39

3

It

Core Region—

5

111

255

296

398

115

213

668

61(7

U33

331

197

19

5

1

12

50

79

180

15

21*

309

318

157

69

27

1

6

1

It

31

60

138

lit

23

316

32l*

H.7

61

18

1

7

1

2

1.3

15

25

11*

19

68

67

20

lit

h

1

.8

1

1

16

32

73

9

12

207

159

7"*

29

7

1

9

Out
Reg

1

1

3

I*

12

13

13

13

365

333

11*2

U8

It

10

sr Core

1

1

11.

30

8

11

36

75

36

27

2

1

11

Radial Channel Number

limit of
.the voided
zone



Table I*: Results for the TOP cases T1 and T2

Case T1

Ramp Rate (#/sec)

Gas Release at the Solidus

Failure Criterion

Failure Time (sec)

Normalized Pover

Cavity Pressure (bar)

Failure Position
(% of active core height)

Data at switch over

Time (sec)

Normalized Power

Bet Reactivity and Ramp (jS;5f/see)

Void Reactivity and Ramp (3;#/sec)

Fuel Reactivity and Ramp (#;#/sec)

Doppler Reactivity and Ramp ($f;#/sec)

Results from Disassembly
Calculations

Duration (msec)

Energy of molten fuel (HWsec)

Mass of molten fuel (kg)

1.50

1101

3111

T2

0.15

20 %

burst stress

9.37

818

61 %

0.15

100 %

9.21

725

61 %

9-t2

1.12

1.009/3

1.288/38

-O.U82/-6

-1.236/-29

9.29

570

1.050/5

1.165/50

-0.273/-11

-1.238/-3U

1137

3188

3100
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Role of Fission Products in Whole Core Accidents, by T. Saito and
K. Suzuki*,*Japan.

Introduction

The prototype fast breeder reactor, MONJU(300 MWe) is

currently in the stage of preparing for the licensing.

Whole core accident, however, is not included in the draft

safety analysis report. Therefore, the analytical results

presented in this paper are excerpts from the analytical

safety studies conducted during the past design stages of

MONJU. Nevertheless, we consider that these studies would

serve the objective of this meeting, though the final

numerical value may somewhat be different.

Following items are considered regarding fission

products(FP) that can be affect the whole core accident

sequences and consequences:

(1) Fuel pin failure threshold Determination of failure

criteria and their effects on accidents progression.

(2) Voiding reactivity by fission gas(FG) Effects on

accidents of FG voiding pattern.

(3) Predicted energy release in the disassembly phase.

— Effects of FP pressure in addition to fuel vapor

pressure.

(4) Others

Material motions effects are not discussed in the

present paper, but equations of states(EOS) used in the

preliminary safety analyses of MONJU are discussed briefly.

1. Fuel Pin Failure Threshold

Fuel pins of the fast breeder reactor (FBR) are

subjected to hostile environment such as high temperature,

high neutron fluence, sodium, fission product and so forth.

We have little knowledge of what transient fuel pin behavior

and failure threshold are under these conditions. The fuel

* Power Reactor and Nuclear Fuel Development Corp.

** Tokyo Shibaura Electric Co., Ltd.

pin failure threshold, nevertheless, needs to be determined

for understanding the progression and consequence of the

hypothetical core disruptive accident (HCDA). Fuel pin

failure mechanisms may be divided into two major categories

depending upon accident sequences:

a. Failure in Loss of Flow*(LOF) type accidents

b. Failure in Transient Over Power (TOP) type accidents

1.1 LOF Cases

In case of an LOF, primary causes of fuel pin failure

are due to degradation of cladding strength by temperature

increase and internal pressure buildup. Secondary effects

such as accumulated creep strain under normal operation, gas

plenum pressure, inner cladding attack by FP, outer cladding

corrosion by the coolant, etc. have an effect over a wide

range.

Results obtained from the following simple criterion are

described next.
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stress

strain

Fuel pellet
temperature

where Pm

P m ^ 6 hoop (T>

(strain on normal operation) + (strain
on transient operation) * 1.0%

T ffnfcwr = Tboil

: cladding stress due to internal pressure

6 hoop : admissible hoop stress of cladding

T£frit.rr : central temperature of fuel

Tfioij : boiling temperature of fuel

Fig.l. shows the gas plenum pressure vs fuel burnup.

Fig.2. shows the hoop stress of cladding vs fuel burnup.

Fig.3. shows the thermal transient test data1)Z)3)by HEDL.

Fig.4. shows the resulting cladding failure temperature.

X
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To support the basis of the above approach an experimental

series called "FBR Nuclear Fuel Elements Fracture Tests'""

was conducted for LOF-type accident simulation using the

fresh fuel pin cladding of MONJU. The out-of-pile tests used

electrical heating. Results show that the MONJU cladding

can maintain integrity up to about 1000°C, and the data can

contribute to the thermal transient test data bank mentioned

above.

1.2. TOP Cases

In case of TOP-type accidents, the gap heat transfer

coefficient of the fuel pin is influenced the failure

threshold due to irradiation effects. Generally, the gap

heat transfer coefficient of fuel pin increases progressively

at the start of irradiation. This short period phenomenon is

due to the decrease of the gap size by fuel pellet swelling.

After that period, the gap heat transfer coefficient

decreases gradually due to build up of fission gases. With

irradiation fission gas (Xe, Kr) release increases and the

gas thermal conductivity coefficient decreases. The thermal

conductivity of the helium gas contained in fresh pins is

about 1.3 x 10"3 W/cm°C, and that of Xe or Kr is smaller by an

order of magnitude. In case of reactivity insertion of

the order of a few cents per sec, fuel pins, which are

at the beginning of vurnup and close to fresh pins, have

large gap size like as fresh pins. It is scarcely possible

to bring pellet-clad interaction (PCI) under a TOP condition.

Fuel melting progresses considerably before failure and fuel

vaporization occurs at the time of failure. On the other

hand, fuel pellets which are at the end of burn up, have a

narrower gap size due to by pellet swelling or cracking.

After a power increase, PCI occurs by fuel expansion at an

early stage and PCI occurs before fuel melting.

Meanwhile, the fission gas content and distribution

in fuel pellet are very important for fuel pin failure

threshold.

PAPAS-IS ' have two models for fission gas release from

the restructured and unrestructured fuel zones: one is

Dutt's equation, the other is Erlich's equation. It has

a feature in the latter case that the fission gas release

rate from restructured fuel zone depends on burnup, and

the total fission gas produced within restructured fuel zone

is not always released. For TOP type accident analyses,

this model is more conservative than Dutt's equation in

which produced gases in the restructured fuel zones are

release completely.

2. Reactivity effect of FP gas voiding

This chapter describes the FP behavior in channels

after fuel failure. However, since we have not yet established

the method of analysis for material motion, we have mainly

studied the effects of FP on void reactivity.
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2.1 FP behavior in LOF-type accidents

,6)We have made the analyses using the FREADM-EXP0' code

which is the modified version of FREADM multichannel analysis

code with power calculation by one point kinetics. In

order to handle the fuel failure condition, we specify the

cladding temperature and fuel melt fraction together

with the location of fuel failure. In the case of LOF-type,

considering the result of analysis with SAS-lA code8), it is



assumed that fuel failure takes place at the upper end of

core and subsequently FP void develops according to the

void pattern specified beforehand. Fuel is postulated to

slump by gravity toward the middle of the core. Coolant

flow reduces to half in about five seconds.

In the first place, the effect of FP in the BOL state

was compared with that in the EOEC state. It is postulated

as fuel failure criteria that cladding failure temperature

is 920°C for the BOL and 820°C for the EOEC and fuel melt

fraction is 25% for both cases. Moreover, 50% fuel melt

fraction is chosen to specify the condition of fuel slumping.

The results of analyses are shown in Fig. 5 and Fig.6. In

the case of BOL, the boiling of coolant precedes the cladding

failure and void reactivity due to boiling is inserted. In

the case of EOEC, on the other hand, the cladding failure

precedes the boiling of coolant and void reactivity due to

FP release is inserted in which the reactivity ramp rate is

very large because FP void develops more rapidly than boiling

of coolant. Therfore, in the case of EOEC, prompt criticality

is achieved only through void reactivity, while in the case

of BOL, prompt criticality is attained after fuel slumping

have considerably occurred. Reactivity ramp rate when prompt

criticality is attained is 10 ft/sec, for the BOL and 27

ft/sec, for the EOEC. In conclusion, it is considerd that

in the LOF-type accidents EOEC core having larger FP effect

presents more severe accident behavior.

In the following, the effects of FP by varying the

fuel failure criteria and void developing pattern for the

EOEC is described. As indicated in Fig. 4. 1010°C temperature

is adopted as the cladding failure temperature for the

50,000 MWD/T burnup stage. The failure temperature, however,

is varied with the average burnup of each region. We take

into consideration the difference of failure temperature due

to the difference of average burnup for each region. The

analyses were made for the following four cases:

(1) Use the failure criteria of each region corresponding

to the average burnup of each,

(2) Use the coolant boiling point, 9R7°C (including the

superheat 20"-—30°C) as the failure criteria,

(3) Neglect the FP release,

(4) Divide the region according to the difference of

the burnup.

Table.1 shows the burnup, failure temperature and FP internal

pressure of the divided regions. The results of analyses for

each case are indicated in Table. 2 and Fig. 7 through Fig. 10.

Failure starts most quickly in case of 4, i.e. at 6.5 s e c ,

followed by the initiation of failure for case 2 and 3 about

1.0 sec. later. Failure for case 1 starts about 0.7 sec.

later. After the initiation of failure, fuels in the other

regions starts to fail. For case 2, in which time delay of

failure among regions is small, prompt criticality is

attained only by void reactivity about 0.3 sec. after the

initiation of failure. Because of large Doppler reactivity,

however, reactivity ramp rate is nearly zero. Time delay of

failure among regions in case 1 is a little longer than that

in case 2, so phenomenon in the case 1 is milder and prompt

criticality is attained only after the addition of fuel

slumping reactivity. In this case, reactivity ramp rate is

about 4 8/sec. In case 3, the void of coolant boiling

develops more slowly than that of FP gas. Accordingly,
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reactivity ramp rate is smaller and time delay of failure

among regions is longer. About 1.5 sec after the initiation

of failure, prompt criticality is attained in which reactivity

ramp rate is about 8.5 J/sec. In case 4, in which we take

account of the burnup distribution of each region, failure

occurrs more quickly than in any other case, but void

reactivity is suppressed due to the incoherence of failures.

Further, voiding of the 21st region with negative void

reactivity makes the total reactivity larger negative and

before long the void reactivity becomes zero due to the

recovery of coolant flow path. As the reaction proceeds,

the boiling of coolant takes place. In that time, however,

considerable failure has already occurred and the so-called

Transition Phase seems to come out. Subsequently, we have

investigated the released energy during core disassembly

phase for each case by using VENUS9' code. We have chosen

the equation of Menzies10' as the equation-of-state for

the fuel vapor. The result is shown in Table.3. Released

energy is about 8000 Mw-sec. in case 1 and about 1400 Mw-sec.

in cases 2 and 3. The difference of released energy among

these cases results from the difference of the total

reactivity, reactivity ramp rate, power, core void distribution

and temperature distribution when prompt criticality is attained.

From the results as stated above, it is considered that

severity of accident increses as the time of failure delays,

void develops rapidly and the coherence of failure is large.

On the other hand, if we take the incoherence of failure into

consideration, prompt criticality is not necessarily achieved

and there occurres the possibility of shifting to the

Transition Phase. On the other hand, we know the fuel melting

temperature is affected by FP. The melting temperature of

fresh fuel is higher than that of irradiated fuel. It

decreases in proportion to increase in burnup. In our

analyses, it is assumed that the fuel slumping occurs at

the defined melt fraction of the fuel pellet. Therefore,

the FP are considered to give an effect to the fuel slumping

condition. The effect of fuel slumping condition was

surveyed by varying melt fraction in the range of 40, .50

(standard case) and 70%. Results are shown in the following

table.
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disassembly
condition

LOF (40%)

LOF (50%)

LOF (70%)

reactivity
insertion

27 $/sec.

27

27

power (relative power)

8.31 x 105 MW (1160)

8.14 x 105 " (1140)

7.06 x 105 " (990)

integrated
power

9.22 x 103 MWsec

9.29 x 103

9.25 x 103

Fig. 16 show the reactivity due to fuel slumping and reactor

power for both 40% and 70% cases. These cases show little

difference in major parameters such as the reactivity

insertion rate and reactor power as the transition time to

disassembly, cases. Reactor power for the 40% areal melt

case is only about 3% higher compare with the 70% case, and

the reactivity insertion rate 27 S/sec, is the same for all

cases. As a result, we considered that the slumping condition

plays a minor rule.

Void pattern due to FP release has great effects on the

voiding reactivity after failure. Accordingly, we have

performed parametric studies on the void pattern after fuel



failure. We have chosen as parameters

(1) coolant flow zone,

(2) burnup (effect of internal pressure),

(3) gap between cladding and pellet,

(4) Oriffice effect of gas plenum part,

(5) Time of failure (effect of which is equivalent to

that of coolant velocity),

(6) the location of failure.

We have investigated the effect of each parameters on the

void pattern. The analyses have been made using SUSIE-III

code which calculates the development of FP void with the

single bubble model. The results of analyses are shown in

Fig.11 through Fig.14. These results indicate what the most

significant parameters that have large effects on the void

pattern are the time of cladding failure (fuel failure

criteria)fthe location of failure and the gap size between

cladding and pellet.

2.2. FP behavior on TOP-type accidents

It is yet very difficult to determine the fuel pin

failure threshold for TOP-type accidents and we have conducted

a simple analysis in which we postulated fuel failure upon

areal melt fractions of 25% or 50%. The analyses assume a

reactivity insertion rate of 2 (t/sec. and the EOEC core for

both cases. The former case includes the void reactivity

due to the release of fission gas, while the latter, the FCI.

It is postulated that FCI occurs simultaneously with fuel

pin failure ( ~ 5 0 % fuel areal melt) and the reactivity

insertion rate is the sum of fuel slumping reactivity and

FCI induced reactivity. The reactivity by fuel sweepout is

not included in this calculation. In the former analysis,

reactor power reaches superprompt critical at 35.5 sec. after

accident initiation, while in latter case superprompt

criticality is attained at 34.1 sec. after accident initiation.

Parameters in the vicinity of superprompt criticality

are shown in the following table.
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reactivity insertion rate

power (relative power)

25%

7 $/sec.

3.2 x 104 MW (45)

50%

34 ft/sec.

3.48 -X. 104 MW (54.2)

and the subsequent reactivity insertion rate is influenced

by the effect.

The reactor power and reactivity during this period are shown

in Fig. 15 (a),(b). As a result, if the failure should

occur after a large fuel melt fraction, coherence of fuel

slumping reactivity with voiding reactivity due to FCI after

fuel failure, will be emphasized. It was stated before that

FCI occurs at fuel failure. The effect of FP on FCI void

pattern was examined. Fission gas is postulated to be non

condensible gas. FCI was calculated with modified version of

Cho-Wright model 2' 1 3'. we conducted some parametric survey

analyses. Existence of non condensible gas content of

0 ~ 90% in FCI rezion was postulated. Results are shown in

Fig.18. As the FP content increase, working energy increase

by FP gas condense. And as the thermal transfer coefficient

reduces by gas blanketing, FCI pressure will be lowered. As

a result, void become difficult to expand. Therefore, in

the TOP-type accident mentioned above, void reactivity seems

to be reduced and reach in small ramp rate.



3. Effects on the predicted energy release

VENUS-PM code14' was developed for including the effects

of FCI, steel vapor and FP in the disassembly phase. We

have evaluated the FP effects during core disassembly in TOP

and LOF cases respectively with this code. Instantaneous

FP gas release was postulated into central fuel cavity, and

the initial FP gas pressure was calculated to be about 20--"

30 atm by the FP distribution in the fuel pellet depending

on the burnup. Menzies' equation was used for the EOS of

fuel. The results of this initiating phase accident analysis

are not identical to the one described before, but qualitatively

they are similar and shown in Table 4 and Fig. 18 and 19.

In case of LOF-type accidents most of the core was

voided at the time of surperprompt criticality and reactivity

insertion rate is small (6 8/sec. ). Then, low fuel vapor

pressure becomes dominant, and the FP pressure becomes

effective. FP effect terminates the accidents at an early

stage and reduces the energy release by an order of magnitude

compared with the case of FP neglected.

In case of a TOP, however, the core has not been voided

much, and a large reactivity insertion rate (28 ft/sec) results

in high fuel melting. Therefore, the FP gas pressure is not

dominant because of the high fuel pressure. As a result, FP

gas pressure has little effect on released energy.

Jackson at al. show the same result as our calculations

It show us that the FP gas reduces the energy release for

a voided core.

4. The Equations of State Used for Analizing Disassembly

Accidents

At present PNC is using two equations of state (EOS)

for fuel vapor pressure. One was obtained by extrapolating

experimental data of Ackerman to the high temperature region

and the other by the rule of corresponding states using

Hougen's table and critical constant (Menzies, Meyer).

Additional experimental P-T relations were reported at the

IAEA Symposium on Thermodynamics of Nuclear Materials,

October, 1974. These are illustrated in Fig.20. None of

these covers all the regions of temperature, and measuring

methods of temperature and pressure are different from one

experiment to another.

Taking the scatter and accuracy of the data into

consideration, we have decided to adopt the Menzies1 equation,

which is a theoretical one on the conservative side, with

due consideration of the experimental data. Now PNC uses

it as the standard EOS.

A ma jor drawback in these equations is the omission of

the effect of FP gases. Thus we took it into consideration

in the VENUS-PM code mentioned earlier. The dode has some

other options such as simultaneous solution of an MFCI.

We now examin by VENUS-PM how fuel vapor pressure

effects the result of a core destructive accident of the

voided, EOEC core of MONJU.

Experimental equations by Ohse, Bober and Asami et al,

give the upper and lower limits by the following two equations:

equation of upper limit. (EUL):

46

4 . 4 8 5P = 106exp[l4.076 - T

equation of lower limit. (ELL)

x 104)

P = l 0 6 e x P { 14.214 - A:J05_x 10j>



We adopted Ackerman's Low Temperature (ALT) and EUL for

analyzing TOP and LOF. Results are shown in Table 5.

1) TOP analysis

Initial parameters were as follows:

reactivity insertion rate 27 $!/sec.

initial power 2.1 x 10° MW

initial amount of molten fuel 1.8 x 10^ Kg

At the interface between the initiating and disassembly

phases, the fuel temperature had already attained to about

3400°K, and the fuel had partially changed into the single

phases. Therefore little effect was observed of the two-phase

vapor pressure.

2) LOF analysis

Initial parameters were as follows:

reactivity insertion rate 5 {/sec.

initial power 2.2 x 105 MW

initial amount of molten fuel 0 Kg

Since the initial fuel temperature was relatively low,

vapor pressure turns out to be higher than that of TOP.

The vapor pressure by EUL was about five times as high as

the ALT Case.

Conclusions

In whole core accident analyses fission products affect

(1) fuel pin failure threshold, (2) voiding reactivity,

(3) energy release, and so on. Fuel pin failure threshold

depends on gas plenum pressure, gap heat transfer coefficient,

fission product distribution in the fuel pellet, etc. The

gas plenum pressure is the main factor affecting fuel failure

temperature in the LOF-type accident. The higher the pressure

is, the sooner is the failure time. Difference between

pressure induced failure time and sodium boiling induced

failure time, is very important for the subsequent reactivity

insertion rate.

As the gap heat transfer coefficient decrease with

progression of burnup in the TOP-type accident, fuel pellet

temperature soon reaches the melting temperature for high

burnup fuel compared with low burnup fuel and the fuel

failure time becomes shorter. Fuel melt fraction is also

important. If large fuel melt fraction is postulated as fuel

failure threshold in the TOP-type accident, the coherence

of FCI and slumping will be emphasized. In the LOF-type

accidents, void reactivity in the EOEC core introduces violent

accident progression compared with that in the BOL core.

We observed such result in which the accident led to

violent reactivity insertion in the case of delayed failure

time and large coherence of fuel pin failures. When the

incoherence of fuel pin failures is included in accident

analyses, the accident sequence will probably go to a milder

excursion or the so-called transition phase as described by

Jackson et al.

Our analytical evaluation, however, does not include

detailed fuel pin failure criterion nor fuel and cladding

motion.

We hope that such an initiating phase accident analyses

with more detailed modeling will preclude possibility of

a nuclear excursion in the future.

In the disassembly phase, material motion effect becomes

larger as the generated pressure becomes higher, resulting in

a trend that a large material motion terminates an accident

earlier.
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Therefore, inclusion of fission gas pressure, which

leads to higher generated pressure, results in earlier

termination and lesser energy release.

In our calculations at the present stage, however, it is

postulated that FP does not affect EOS of fuel, while the

fission gas is treated to have independent effect from EOS of fuel.
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Table-1 Burn-Up, Fuel Failure Criteria and Plenum Gas Pressure of Channels

Number of Stan-
dard Channel

.1

4

5

6

7

8

9

Number of Channel
with Incoherence

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Number of
Subassembl?

0
3
3
6

6
6
6
6
6
6
6
6
6
6
30
12
10
10
10
48

Burn-Up
(x 104MWD/T)

2.76
6.21
2.65
6.00
2.48
6.00
1.53

.a.m.....
4.44
5.53
1,35
2.73
4.01
5.25L
3.07
1.55
3.01
4.26
5.29
2.85

Clad Failure
Criteria (°C)

1100
950
1110
955
1130
955
1175
1060
1020
285
1131
1100
1040
985
1085
1175
1090
1030
975
1100

Plenum Gas
Pressure (atm)

27
47
25
47
25
47
19
28 ._ _

_ 37.
43
18
26
34
42
28
19
.28.
36
44
27



Table-2 Results of Initiating Phase with

LOF type Accidents

Base Case
(Average Burn-up)

FP Release at the
Boiling Point of Coolant

Voiding by Coolant
Boiling only

Burn-Up with Incoherence
in Channels

Power (MW)
(Normalized Power)

9.78 x 104

( 137 )

2.21 x 105

( 348 )

7.04 x 104

( 111)

FREADM-EXP

Net Reactivity
(*)

1.12

1.03

1.0

Ramp Rate
( t/sec.)

4

0

8.5

Progress to a mild excursion
or the so-called transition phase

Table-3 Results of Disassembly Phase with VENUS

LOF type Accidents

Base Case
(Average Burn-Up)

FP Release at the
Boiling Point of Coolant

Voiding by Coolant
Boiling only

Released Energy
during Disassembly

(MW-S)

7.87 x 103

1.28 x 103

1.43 x 103

Molten Fuel
Mass
(Kg)

6600

2990

3830

Average Temperature
of Molten Fuel

(°K)

4400

2960

3110

Table-4 Results ofFP Effects during Disassembly Phase with VENUS-PM

EOS

Released Energy
(MW-S)

Peak Power
(MW)

Molten Fuel
Mass (Kg)
Molten Fuel
Temperature (°K)

TOP
Fuel EOS
only

6.0 x 103

5.6 x 106

5800

4290

Fuel EOS
+ FP Gas

5.9 x 103

5.5 x 106

5800

4270

LOF
Fuel EOS
only

4.6 x 103

7.5 x 105

5100

3620

Fuel EOS
+ FP Gas

6.4 x 102

2.2 x 105

0

2680

Table-5 Results of EOS Effects

Max. Released Energy
(MWsec)

Max. power
(MW)

molten fuel mass
(Kg)

molten fuel temp.

_I0P_
ALT

1.42 x 10J

2.47 x 106

(0.2msec)

2614

3415

EUL

1.41 x 10J

2.74 x 106

(0.2msec)

2605

3414

LOF
ALT

1.02 x 103

2.20 x 10D

961

2958

EUL_

9.51 x

2.20 x 105

831

2958

EUL: equation of upper limit

50 60 70 80 XIO'MWD/T

(00

500

300

200
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The role of fission products in whole core accidents, by A.R. Baker and
H.J. Teague, United Kingdom.
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ABSTRACT

The review of the role of fission products in whole-core accidents falls
into two parts. Firstly, there is a discussion of the hypothetical accidents
usually considered in the UK and how they are dealt with. Secondly, there is
a discussion of individual topics where fission products are known to be
important or might be so. There is a brief discussion of the UK work on the
establishment of an equation of state for unirradiated fuel and how this might
be extended to incorporate fission product effects. The main issue is the
contribution of fission products to the effective vapour pressure and the
experimental programme on the pulsed reactor VIPER investigates this. Fission
products may influence the probability of occurrence and the severity of
MFCIs. Finally, the fission product effects in the pre-disassembly, dis-
assembly and recriticality stages of an accident are discussed.

1. INTRODUCTION

In the UK, as in most other countries, it is intended to make whole-core
accidents (WCAs) of negligible probability in fast reactors by attention to
intrinsic design and by design of reliable shut-down systems. Nevertheless,
it is proposed to provide a strong primary containment as an extra safeguard
and the study of whole-core accidents provides a background against which the
design of the containment can be judged. It is believed that UCAs can only
occur in the event of automatic-protection-system (APS) failure or, in a few
cases, in the event of catastrophic failure of a major structural component.

The paper falls into two parts. Firstly, the UK approach to studies of
WCAs is outlined (with brief references to approaches abroad). This sets the
scene for the second part which deals with the main subject of the meeting -
the role of fission products in WCAs.

2. APPROACH TO STUDIES OF WHOLE-CORE ACCIDENTS

2.1 WCAs considered
S
CD

In an operating reactor, the temperatures of core components are kept
within acceptable limits by the matching of the reactor power and coolant flow.
Two classes of WCA can therefore be readily identified - as due to appreciable
power increases or to appreciable flow reductions. These are the transient
over-power (TOP) accident and the loss-of-flow (LOF) accident which have been
widely studied in the USA (l) and elsewhere. Both can usually only lead to
unacceptable temperature increases if there is simultaneous failure of the auto-
matic protection system. The TOP and LOF accidents are regarded as representa-
tive accidents and are subjected to most of the detailed analysis that has been
reported in several countries.

The range of hypothetical accident situations considered in the UK has been
arrived at by a consideration of the potential faults which, if undetected or in
the event of failure of the automatic protection system, could lead to escalation
of temperatures to levels at which core integrity would be lost and which might
therefore lead to severe core disruption.



An assessment of the reactivity addition rates and flow characteristics of
these faults led to the selection of five incidents as being of particular signi-
ficance as representing the extremes of conditions likely to be met in this
collection of fault situations. The five incidents are classified as TOP or LOF
below and the terms 'fast' and 'slow' are used to describe the rate of develop-
ment of the incident in relation to the response times of the shut-down systems.
These five incidents are:-

(a) Control rod run-away - continual reactivity addition at a rate of a
few cents per second, with APS failure (slow
TOP).
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(b) Flow run-down - flow reducing to a prescribed residual level
according to an assumed characteristic, with
APS failure (slow LOF).

(c) Core support failure - effectively unlimited reactivity addition;
core falling away from control rods, possibly
too rapidly for APS action (fast TOP).

(d) Diagrid failure - initial step reduction in flow followed by run
down to residual level, with APS failure (fast
LOF).

(e) Limited reactivity addition at a steady rate, too rapidly for APS action,
as a consequence of an incident in a sub-assembly - possibly due to
spring-back of adjacent sub-assemblies after initial out-swing (fast
TOP).

All incidents are assumed to occur at full power and flow which is the worst
case since the margin of temperature to failure is smallest in that case. The
consequences of hypothetical accidents starting at shut-down are not considered
because they have much lower probability by virtue of the lower temperatures and
the reactivity margin at shut-down. This is an essential point-of-view as any
strong containment cannot be relied on during shut-down operations.

2.2 Pre-disassembly stage of accidents (including effects of MFCIs)

It can be recognised that the fifth accident above is different from the
others since a sub-assembly (SA) accident is assumed to develop into a WCA. The
SA accident is assumed initiated by an unspecified local blockage which leads to
an MFCI.

The consequences of the initiating SA accident will depend on a number of
parameters including the severity of the vapour explosion, the strength of the
wrapper of the incident SA, the behaviour of the wrappers of adjacent SAs and
the location of the incident SA relative to the core centre. The consequences
may involve elastic or elastoplastic oscillations of surrounding SAs, crushing
of neighbouring SAs, expulsion of inter-wrapper sodium, etc. The possibility
that an accident might occur by spring-back of neighbouring SAs following an
MFCI in a near-central SA might be eliminated by attention to the detailed design
of a core restraint system and by reducing the inter-wrapper clearances. It will
also be necessary to show that, following an MFCI in an edge SA, the initial
motion would not add reactivity at a substantial rate.

The other four accidents are initiated by an external cause but fission pro-
ducts could markedly influence the accident progression. The pre-disassembly
stage of these accidents could also be markedly affected by MFCIs. Their import-.

ance in this context lies in their potential for rapidly expelling sodium from a
SA. In general, sodium-cooled fast reactors of conventional design undergo an
increase in reactivity if sodium is voided from central regions of the core.
Since the pressures developed might be great enough to void a SA in a few milli-
seconds then very high reactivity ramp rates might be generated if many SAs were
similarly affected simultaneously or nearly so. A less severe MFCI is required
to void a SA compared with the MFCI necessary in a SA before it could affect
neighbouring SAs, as in the accident of the previous paragraph.

There are, of course, other mechanisms for expelling sodium, such as boiling
and expulsion by the release of fission gas from failed pins, but there are differ-
ences in the time-scale of voiding. Whereas voiding of a SA by boiling is on a
time-scale of several hundred milliseconds, it is believed that MFCI-induced
voiding might occur on a ti.tie-scale as short as about 10 ms.

It is believed that escape of fission gas from failed cladding will be as
small bubbles and there will be no whole-SA voiding. Nevertheless, calculations
have sometimes been made pessimistically assuming voiding by fission gas and the
time-scale was intermediate between that for voiding by boiling and by MFCIs.
The consequences of such gas release would depend on the volume of gas available,
its rate of release, the axial location of the release and the prevailing flow
conditions.

Rapid sequential voiding of SAs giving positive reactivity feedback could
therefore drive the incident so that this reactivity addition overrode in import-
ance the initiating mechanism. However, a possible mitigating feature of MFCIs
(and indeed of clad failure events generally) may be a negative reactivity effect
due to fuel being swept out of the core zone by expanding vapour. The occurrence
of violent MFCIs in reactor situations is by no means certain but it is customary
to model them in analytical studies.

Although production of molten fuel in close proximity to sodium can most
readily occur in reactivity initiated (TOP) incidents it can also occur in flow-
initiated (LOF) incidents as early voiding by boiling leads to reactivity and
power increases which cause fuel failures in channels in which boiling has not
yet been initiated.

2.3 Calculational methods

In the mechanistic approach to calculating the energy release in WCAs, the
calculation is commonly divided into two stages: pre-disassembly and disassembly.
In the former stage, the structure of the core is included in the calculational
model and reactivity changes are calculated for such relatively minor changes
from the normal arrangement as coolant voiding and axial fuel expansion. In the
latter stage, a homogenised model of the core is assumed and the reactivity changes
due to disassembly are often calculated using the Bethe-Tait approximation. The
two stages are often performed in a linked computer calculation.

The pioneering work on the mechanistic approach was performed in the USA
independently using the MELT code (2) at HEDL and the SAS code (3) at ANL.
These codes are still under development. The similar codes in the UK and other
countries derive their inspiration and often also some of their detailed coding
from these US codes.

In the UK, a computer code FRAX, which is still under continual development,
was based originally on MELT-II for the pre-disassembly stage. To this was added
a UK disassembly code EXTRA CO which used the Bethe-Tait approximation. More
recently, an improved US disassembly code, VENUS (5), has been added as an
alternative.



The current FEAX code includes provision of fuel failure criteria baaed on
UK analysis of results of TREAT tests, and provision of a module EXPEL for dealing
with the effects of MFCIs. Fuel pin failure is determined by monitoring a number
of parameters, such as clad temperature, clad strain and area of molten fuel in a
pin. •'• If, in the case of irradiated fuel, clad failure is predicted, then fission
gas is released into the coolant at the point of failure. Whether or not molten
fuel is released at the point of failure depends on the strength against fuel
vapour pressure of the relatively cool outer fuel annulus. When it fails, molten
fuel is ejected and an HFCI is initiated if sodium is present. The criterion on
area molten coupled with the clad temperature criterion may lead to failure at
other axial positions, giving potential for MFCis in sodium-filled channels.

The pressures generated during the course of an KFCI depend on a number of
parameters which currently are at the disposal of the user. These parameters
include the rate at which heat is transferred from fuel to coolant, the masses
of fuel and coolant taking part and the delay time before the interaction
commences.

The development of an accident is followed in this first stage, during
which structural integrity is assumed, to a point well beyond that at which
integrity could actually be maintained. This allows for a reactivity history
to be carried over to the disassembly stage at the cross-over point, thereby
enabling the effect of increasing sodium voiding to be represented in the dis-
assembly stage. In this way the results of the disassembly calculation are made
relatively insensitive to the cross-over point chosen. The disassembly calculation
can use either EXTRA or VENUS, according to the user's choice. In this stage
of the calculation, the fuel and structure are assumed to be a homogeneous mix-
ture of fuel, steel, and sodium (if still present in the core).

EXTRA CO is a Bethe-Tait code using point-kinetics and analytical hydro-
dynamics in two-dimensional cylindrical geometry with no density change assumed
during an excursion. In the FBAX version, the spatial limitations are essentially
those of the originating diffusion theory solution. The equation of state (EOS)
used is in the form of tabulated energy-temperature and energy-pressure relations
necessarily density independent, which are based on a revision by Alderson of
the EOS of uranium dioxide produced originally by Booth (6).

The code calculates the total energy generated during the resulting transient
in which the fuel vapour pressures cause hydrodynamic expansion and eventual shut-
down to a specified low power level. The total energy of the system at the end
of the transient, the 'thermal yield' is assumed to be deposited in the single-
phase saturated-liquid fuel which is, of course, at high pressure. The fuel is
then considered to expand adiabatically until its final pressure is 0.1 MPa.
The difference in energy before and after this expansion is the energy available
to do mechanical work on the surrounding components which is sometimes referred
to as the "nuclear explosion yield".

The alternative disassembly module VENUS (5), is more sophisticated than
EXTRA, and, in particular, allows for the continuous variation of density, and
can also allow for the compressibility of sodium. The code solves directly
coupled point-kinetics and two-dimensional cylindrical Lagrangian hydrodynamics
equations. The EOS is used in alternative parametric forms, the most complicated
one (ANL equation) being energy-density-dependent.

Other disassembly codes have been developed in the UK and useful results
have been obtained from them, used in a stand-alone mode. The code SARAZE, using
the Bethe-Tait method in spherical geometry, vjas originally developed as a code
that was quick to use or vary and that provided a flexible means of looking at

particular problems such as the effect of EOS variations. It has since been
developed (SARAZE-2, (7)) to enable the hydrodynamic movement of the core to be
calculated explicitly in order to examine the effect of sodium remaining in the
outer core regions. For use with SARAZE-2, the EOS can be in a density-dependent
form and compressibility of sodiura can be allowed for. A simple treatment of the
effect of the HFCI process is also included. The module SAROBE (8) provides the
EOS in SARAZE-2.

In calculations with EXTRA or VENUS, fuel vapour is normally the working
fluid that causes disassembly and which gives rise to the "nuclear explosion
yield" defined above. Current research work is being levotud to the questions
whether fission product vapour could contribute to disassembly or sodium vapour
to explosion yield.

3. ROLE OF FISSION PRODUCTS

3.1 Equation of state of irradiated fast reactor fuels

The properties of fuel material enter the calculations via the equation of
state (EOS) and fission products in irradiated fuel affect this. By the term,
'equation of state of irradiated fuel1, is meant the energy-density-pressure-
temperature relationship of a particular fuel system in a given configuration.
The nature of the fuel, the initial composition and the extent of burn-up of the
heavy atoms define the fuel system. The type of hypothetical fast reactor acci-
dent defines the configuration. With respect to the type of hypothetical acci-
dent, it is clear that the thermodynamic relationships will be different for the
consideration of a local energy ramp within a pin of a SA from those required
to assess the consequences of a whole-core melt-down. Since fission products
are lost from the fuel before and in the course of an accident, the effective
equation of state of the fuel at any time during an accident will depend on the
history of the fuel up to that time.

In order to describe the thermodynamic properties of an irradiated fuel, it
is necessary to have a quite detailed knowledge of the chemical constitution of
a given fuel at a given burn-up of the heavy fissionable atoms. A fast reactor
core will not be homogeneous; there will be fuel at different levels of irradia-
tion and also breeder SAs.

For the consideration of failure propagation within an individual pin it is
necessary to have the thermodynamic relationships between the variables given
above for fuel and breeder materials enclosed by the cladding within the dimen-
sions of a pin. The thermodynamic relationships within such a closed system
operating under temperature gradients will depend on the spatial position of the
fission products. For a hypothetical accident in which a large part of the
reactor core becomes a molten mass it is more appropriate to consider the thermo-
dynamic relationships for an isothermal homogeneous mass.

The present discussion of the representation of the energy-density-pressure-
temperature relationship will be confined to consideration of oxide fuel and
breeder, although much of the discussion could equally appiy to other fuel and
breeder systems, for example, carbide and nitride.

The chemical constitutional changes which occur during the irradiation of
oxide fast-reactor fuels are now quite well understood (9), and from a knowledge
of the initial composition of the fuel (plutonium content and oxygen-to-metal
ratio) and irradiation conditions (such as power rating) an assessment of the
final configuration of the fuel, including the distribution of plutonium and
fission product elements, can be made. The fission product elements within the
irradiated fuel can be considered in two main groups:
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(a) those which dissolve in the fuel matrix; and

(b) those which are present as additional phases.

The fission product elements which dissolve in the fuel matrix to any appreciable
extent are lanthanides, Y and Zr. Host of the other fission product elements
will occur as additional phases. Some of the Xe and Kr will be released into the
fuel element plenums from the hotter regions of the fuel whilst that in the colder
regions will be retained as atoms, atom clusters, and gas bubbles both within
grains and on grain boundaries. The- elements Cs and Eb could be located in
various regions of the fuel element; much of the Cs and Rb will distil down the
temperature gradient to the relatively cold fuel-clad gap where some of the Cs and
Rb will react with the clad to form Cs(Rb)-Cr-0 compounds and some will react
with the I and Br. The reactions at the fuel-clad interface will obviously modify
the fuel-clad gap thermal conductance which in turn would influence the sequence
of events within a fuel pin after a transient energy ramp. Some of the Cs and Rb
is retained within the fuel matrix or reacts with the uranium dioxide in neigh-
bouring axial breeder to form Cs (or Rb) uranates. That retained within the fuel
matrix will also be in the form of molybdates (at high oxygen potentials) and
also be present in bubbles. Small quantities of other phases containing Ba, Sr,
Zr, Nb, Te and Se may be present but will not be considered in this brief survey.
Other elements, present in relatively small yields, such as Ag, Cd, In, Sn and
Sb, have also not been considered here. A separate phase frequently observed in
post-irradiation observations of irradiated oxide fuel is an alloy of Mo, Tc, Ru,
Rh and Pd which often appears in the grain boundaries of the columnar grain
region.

It is now required to consider how this knowledge of the constitutional
changes occurring during irradiation is of significance to the description of
behaviour of the core materials during transients. The first case to be consi-
dered in the analysis of hypothetical accidents is the effect of an energy
transient on a single fuel pin and the thermodynamic relationships or EOS to be
used in the development of a model for the transfer of thermal into mechanical
energy.

The VIPER experiments (10) with small samples of fuel can be considered as
simulating a rapid energy deposition into a fuel pin, in order to examine the
nature of any release of fission gases just below or above the fuel melting point.
To carry out analysis of these processes, that is the behaviour of the fuel during
an energy ramp below the melting point, the BOS data mainly required would be
those for the rare gases, namely a simple van-der-Waal's-type equation, together
with the EOS for Cs and the 2-phase Cs-0 system.

The next 6tage of the effects of an energy ramp within a pin which might be
considered is that of centre melting and the generation of pressure gradients
within the fuel pin. For such an analysis the EDS of the fuel material without
fission products will be required; the major amount of fission products will have
diffused down the temperature gradient away from the hot centre of the fuel.

Calculations for the disassembly stage of a whole-core accident require an
EOS appropriate for a near-homogeneous mass of fuel. For the EOS of oxide fuel
(without fission products), extrapolations are used from experimental data which
are available up to the melting point of UO (about 3100 K). In the past, an EOS
for UO based on a Corresponding States approach (6) has been used but, in the
future, it is intended to use an extrapolation technique based on the Significant
Liquid Structures Theory of Eyring (11) for the EOS of urania and urania-plutonia
solutions because it enables the inclusion of more information about the known
behaviour of the U-0 and U-Pu-0 systems into the EOS formulation.

In certain whole-core accidents, there is a final stage for which the CQ
behaviour of a core that has melted down must be considered. Expansion of the *"'
molten core due to frothing, for example, with a resultant decrease in reactivity
may be caused by the removal of any trapped gases, together with caesium.

A useful guide to the likely pressures generated in a molten irradiated core
can be found in the preliminary calculations of Brook (12) which show the
modifying effects that the presence of the fission products might have on the
pressure-temperatUre relationships. It was shown that the modifying effects
could reduce the energy release resulting from a hypothetical severe excursion (13) <

3-2 Experimental verification of equations of state

As explained in the previous section, an equation of state is a means of
representing the behaviour of the fuel as a function of its temperature or
internal =nergy. Normally it is in the form of a relationship between the local
pressure and the local temperature or internal energy. When irradiated fuel is
heated, this pressure is manifested by gaseous and volatile fission products in
local pockets within the fuel matrix or within the spaces between fuel granules
to which the fission products have access. To derive an EOS for use in whole-
core accident studies, several factors have to be taken into account:

(a) the initial distribution of fission products within the fuel and
throughout the core;

(b) the fission product redistribution during the early stages of the
accident;

(c) the local pressure exerted by the fission products during the later
stages of the accident; and

(d) the effects of this pressure primarily in fuel movement and conversely
the effects of fuel movement on the pressure.

The time-scale for generation of any fission product pressure has to be established
since a delay of even a few milliseconds could reduce the beneficial effects.

The VIPER programme of fast reactor safety experiments, undertaken jointly
by AWRE Aldermaston and AERE Harwell, is the most significant OK contribution on
this subject. These experiments are mainly aimed at factor (c), although some
tests may also provide information relevant to factors (b) and (d). Other
laboratory experiments may also contribute to the understanding of factor (b).
Information on factor (a) comes mainly from the post-irradiation examination of
fuel pins irradiated in a variety of normal operational conditions as considered
in the previous section.

The experimental programme makes use of the pulsed fast reactor VTPER to
heat rapidly a small sample of irradiated fuel (about 1 g) inside a sealed capsule.
The pulse size can be adjusted to heat the fuel sample to temperatures from below
to well above the fuel melting point on a l£ ms time-scale. The main experimental
outputs are the transient variation of pressure in the capsule and indications of
fuel and fission product behaviour during the experiment obtained by post-
irradiation examination. Although the ratio of free volume to fuel volume in the
capsule can be varied to match conditions in a fast reactor core, the conditions
in an experimental capsule differ in that the surfaces adjacent to the fuel are
cold and the measured pressure will therefore correspond to lower gas temperatures
than in a reactor. These particular differences will probably introduce an
element of pessimism into accident calculations and many experiments with fuel
samples of different type, rating and burn-up could be performed to provide a



number of EOS points. However, the preferred objective is to obtain an interpre-
tation of these experiments which leads to a theoretical understanding of fission
product behaviour that can be generally applied. At a simpler level, it is expec-
ted that the VIPER experiments will quickly provide direct evidence that signifi-
cant pressures are generated on a aufficiently rapid time-scale and that fuel
movement occurs.

The first series of VIPER experiments was carried out in the so-called
diaphragm capsules which contained an argon gas atmosphere and used a strain gauge
to measure the pressure inside the capsule. Early tests produced appreciable
peak pressures (for example, 3 HPa for a ratio of free volume to fuel volume of 6)
within 5 ms of the heating pulse. The evidence from post-irradiation examination
indicated fuel motion and complete release of fission gas from the fuel sample
when it was heated to above its melting point. Typical pressure-time variations
and photographs from the post-irradiation examination for these tests are given
in Hef 10.

An unexpected result was obtained in one case when a low energy pulse to
well below the fuel melting point produced a similar peak pressure and apparently
negligible release of fission gas. At the time, this result was attributed to
the effect of caesium and/or water vapour adsorbed by the caesium on the surface
of the fuel sample during preparation. It should be noted that the greatest
fraction of the caesium retained in the fuel sample is present on the surface.

At this stage an improved design of capsule was introduced, primarily to
give a more reliable pressure measurement within a millisecond of the heating
pulse by the use of a commercial piezo-resistive pressure transducer (Kistler
type '•oyi) rather than a strain gauge. A second feature of the so-called
'Kistler capsule' is the capability to evacuate the capsule before a test and
subsequently to extract and analyse any gas released into the free volume.

The first experiments with the Kistler capsule used low energy pulses of
the same magnitude as that which produced the unexpected result obtained with the
diaphragm capsule and apparently confirmed the interpretation based on surface
caesium effects. Later tests also showed the presence of spurious gas (mainly
hydrogen and carbon dioxide) released into the capsule free volume on a relatively
long time-scale (about 10 ms). It is currently believed that at least part of the
spurious gas contamination occurs during the fuel sample preparation in active
cells. These experimental complications are currently under study.

These results have cast some doubt on the conclusions of the previous
diaphragm capsule series although it is still possible that the major contribution
to the recorded prompt pressures in tests with heating pulses to well above the
fuel melting point came from fission products with the spurious gas providing a
significant contribution on a longer time-scale. However, at the present time,
the pressure records must be regarded as uncertain and the most important prelimi-
nary results are that:

(a) partial fission gas release has occurred in some cases during heating
pulses to well below the fuel melting point (only about half the
fission gas is released below the melting point);

(b) complete release of fission gas occurs during heating pulses to above
the fuel melting point; and

(c) fuel movement has been produced.

Present effort is directed at the elimination of spurious gas, initially UU
through various fuel sample treatments such as washing and baking in vacuum or
through the use of preliminary low energy heating pulses in VIPER. The mechanical
effects of fission gas release will then be studied as a function of parameters
such as burn-up and fuel rating. Another future possibility involves the prepara-
tion of fuel samples from sealed fuel pins with shorter exposure in a new active
cell with a more nearly ideal atmosphere. A longer-term plan is to pre-
irradiate fuel samples in sealed capsules in the Harwell Materials Test Reactor
before direct transfer to VIPER for the pulsed heating experiment. This latter
option will obviously exclude the possibility of spurious gas contamination.

Other experimental studies are being carried out at Harwell which may con-
tribute to knowledge of factors (b) and (d) in the list at the beginning of this
section. These involve the use of radio-frequency heating with a tungsten suscep-
tor to heat small samples of irradiated fuel (about 0.1 g) at a maximum rate of
1100 C/s. The preliminary results indicate some anomalous fragmentation between
900 and 1200 C during a preliminary heating phase at 8°C/s. About 30$ of the
fission gas content is released during heating up to 2000 C and a further 10$
during heating between 2000°C and 27OO°C. It should be noted that these first
results are for one type of fuel sample (8.8% burn-up) and one heating rate
(1100 C/s). Similar studies in the USA, which have involved a greater variety
of fuels with different gas contents and heating rates, have shown that the nature
of gas release and fuel motion is very dependent on these factors.

The extensive fuel modelling work at Harwell includes the effect of fission
gas behaviour.

3.3 Role of fission gas in MFCIs

To assess the effects of fission gas on the nature and consequences of an
MFCI in a reactor accident requires consideration of the interaction itself and
and the hydrodynamics of the mixing of the fuel and coolant. The presence of
gas has been previously suggested as a means of enhancing, lessening or even
inhibiting the heat transfer and fragmentation mechanisms. Similarly, the
presence of gas could have a large effect on the motion and mixing of the reac-
tants. The present state of knowledge is such that it is not possible to say
with certainty what role is played by fission gas. It should be noted that the
experimental evidence available has been obtained with simulated reactor materials
and that no evidence is available for actual reactor materials containing fission
gas.

Although there is no generally accepted theory for MFCIs, it is widely accep-
ted that they involve three stages: coarse mixing, triggering, and propagation,
and both the experimental evidence and the theoretical models can be assessed
against this framework. In this context, single-drop experiments are relevant to
triggering processes, whilst the Freon-water and the large-scale metal-water
experiments also yield evidence about propagation.

It has been shown that gas dissolved in water (representing coolant) inhibits
the triggering of interactions and hence reduces fragmentation in experiments
with single drops of tin (lA). In propagation experiments where Freon 22 (repre-
senting coolant) was dropped into water (representing fuel) (15), it was found
that injecting argon gas or coolant vapour at the base of the water tank had
little effect. The maximum pressures recorded were somewhat lower than reported
for gas-free experiments (16) but were in good agreement with other previously
reported values. No significant effect was noted on increasing the void fraction
to 0.3 for either case.



However, undissolved gas has been shown to have a significant effect in
shock-tube experiments where relatively small amounts of permanent gas (argon)
at low pressure (a few kPa) between the fuel (aluminium) and the coolant (water)
was sufficient to inhibit the interaction (17)- It seems likely that the gas
altered the initial mixing in this geometry by cushioning contact and reducing
possible triggering pressures. Thus fission gas could affect the HFCI by alter-
ing the mode of contact of the reactants. The pressure of the gas is one of the
factors which may influence the motion of the fuel and coolant in the early
stages of an accident. The presence of gas may inhibit an immediate interaction
thus allowing larger masses of fuel and coolant to mix so that a subsequent
interaction, if possible, could be larger.

Models relevant to triggering include coolant-jet penetration resulting
from vapour-bubble collapse and there is some evidence that this model could be
applicable at least to single-drop systems (18). The effect of gas might be to
slow down the collapse process, rendering the mechanism less effective.

The possible effects of fission gas on propagation can be examined in the
light of current theoretical models of propagating MFCIs. The thermal-detonation
model of Board and Hall (19) is a theory that is applicable to large-scale
situations. The main features of this model are independent of the detailed
description of the fragmentation and heat transfer processes but it is in these
processes that fission gas effects could be important. The authors originally
suggested that the fragmentation could be brought about by the different accelera-
tions of the fuel and coolant produced by a shock wave; this process would not be
inhibited by fission gas in the coolant. In fact, the increase in compressibility
would favour the development of the necessary high relative velocity. Gas
blanketing is unlikely to inhibit heat transfer since the high relative coolant
velocity would very rapidly strip the gas from the drops. Alternatively it was
suggested that some form of pressure-driven vapour collapse might be responsible
for fragmentation. Since the process involves a strong shock, it would not be
very sensitive to gas content.

The spontaneous nucleation model of Henry and Fauske (20) involves the pro-
duction of vapour at an explosive rate in a superheated boundary layer of coolant.
The presence of gas in the coolant would not be expected to affect this model
severely as the additional number of nucleation sites would be relatively small.
However, a layer of gas at the fuel-coolant interface would inhibit the interac-
tion, although this configuration may be unrealistic.

The model of Colgate and Sigurgeirsson (21) involves turbulent mixing of
layers of fuel and coolant and the presence of gas could enhance these processes
by increasing the effectiveness of the turbulent mixing.

Thus the present understanding, though inadequate, tends to indicate that
fission gas effects are of limited importance in the propagation phase but could
be more important in the earlier stages where gas could enhance intermixing but
could also make triggering more difficult. Further progress will not be possible
until either relevant experimental data are produced or theoretical models are
developed to the stage where they can confidently be used to extrapolate from
simulant situations to reactor conditions.

3-1* Role of fission products in the pre-disassembly stage of accidents

There are a number of aspects of the role of fission products in accident
situations. In the first place, the presence of fission products in the fuel
has an effect on the neutron spectrum and therefore on predicted safety parameters.
In particular the calculation of the maximum reactivity change due to sodium

voiding, which is the difference between a positive central term and a negative C1
leakage term, has an uncertainty which, in the UK view is about + 3 f> (2 O") for a
conventional 1300 MW core design. This estimate includes uncertainties in the
calculation of the central and leakage terms, an allowance for temperature
extrapolation and an allowance for fission product effects which is estimated as
_+ 2 $ (2 <r) as an individual component.

This uncertainty on an important safety parameter (sodium void reactivity)
gains additionally in importance if attention is directed to the design of cores
for which the effect of voiding sodium is nominally predicted to be small, and
for which lower ramp rates from sodium expulsion effects may reasonably be
anticipated.

Fission products have an important role in determining the mode of failure
and in determining whether a failure in one pin would propagate to other pins.
The direct effects of gas release at credible rates in an otherwise normal sub-
assembly have been extensively studied and appear unlikely to cause failure
propagation, but the problems of release within a blockage or of trapping in a
blockage wake have received less attention and cannot yet be treated with
confidence.

In the event that it is decided that simultaneous gas release in a sub-
assembly must be considered then it must be shown that, for the particular design,
the probability is negligible of voiding a substantial part of the core by blow-
back of gas via the inlet plenum.

In certain rapid power transients, the pressures generated by gaseous and
volatile fission products may contribute to the early failure of the clad due to
strain effects and, after clad failure, to the ejection of sodium from the
channel with or without the ejection of fuel. Fission gas escape can partially
void the channel. However, the amount of gas available is limited and the fission
gas bubble will be swept out of the channel by the incoming coolant as the bubble
pressure falls. The resulting reactivity transient is mild unless fission gas
release occurs simultaneously, or nearly so, in a large number of channels with
gas release occurring near the mid-plane core position.

In the event that fuel is swept out of the pin by fission gas then there is
a potential for HFCI if the channel is flooded. Whether the channel i.3 flooded
or not, fuel sweep-out may occur.

3-5 Effect of fission products on predicted energy release

The calculations of energy release in whole-core accidents have usually been
based on calculations using the EOS of (JO - that is, neglecting the effect of
fission products. In these calculations, at least some of the fuel reaches high
temperatures (above *t000 K), in order to generate a vapour pressure of UO high
enough to terminate transients by disassembly of the core. It has been recognised,
however, that a CFE core containing initially about 20 t of heavy isotopes will
contain about 1 t of fission products, at 5$ mean burn-up. As previously dis-
cussed, some of these fission product elements will dissolve in the fuel matrix
and others will form separate phases. Some fission-product elements will diffuse
within and out of the fuel and some of these, having relatively low boiling points,
may be available on melting of the fuel to produce pressures of at least
several HPa. These pressures, it is suggested, would be sufficient, over a
period of a few milliseconds, to produce movement of fuel away from the centre of
the core, reducing the reactivity and thus terminating the transient.



This suggestion has been investigated using computer codes designed to cal-
culate the thermal and mechanical energy release in fast reactor transients. For
a given input reactivity ramp rate, the energy releases are calculated, taking
into account the reactivity changes due to the Doppler effect and to the core
disassembly, assuming the core structure is relatively weak or has been destroyed*.

The EOS for the fission products has been taken from Brook's paper (12),
assuming two opposite extreme conditions. At one extreme, for some accidents,
some fission products may escape before the onset of the destructive ramp rate and
may be accompanied by coolant voiding. The latter allows the fuel to occupy the
coolant channels, increasing the volume available to the fission products and
thus reducing the pressure. These conditions give conservative predictions for
the pressure in in-core accidents, namely Brook's case (c). They are not neces-
sarily conservative for a melt-down accident following an initial in-core accident
since this case assumes some retention of gaseous fission products. The other
extreme is one in which all the fission products are retained within the volume of
the pins (and there is no coolant voiding). This produces the maximum fission
product pressure and corresponds to Brook's case (a).

Fig 1 shows comparisons (13) of various cases for a CFR spherical model *• -
for 2f and 10% burn-up and 0 to 100% coolant present, and also results for
unirradiated UO , all for an initiating reactivity ramp rate of 150 #/s. These
results, for the total energy generated in the excursion, for a range of Doppler
constant, show the marked reduction in energy release when fission products are
considered. Curve 1 is for unirradiated UO and Curve 2 for 2j% burn-up and less
favourable assumptions about the available pressure of fission products. In this
case, some of the fission products have left the core as for Brook's case (c),
and all coolant has been voided, minimising the fission product pressures.

Curve 3 in Fig 1, for high voidage and 2^% burn-up, is calculated on the
assumption that all fission products are present in the fuel, except those which
have diffused to the fission gas plenum. The remaining curves show the predic-
tions in energy release, compared to the unirradiated 00 case, at higher burn-up
and lower voidage.

The available mechanical energy (on expansion to a pressure of 0.1 MPa) in
these incidents is shown in Fig 2, and is virtually zero for Doppler constants
more negative than -0.3%. There is, of course, some mechanical energy release,
of order of 30 MJ, due to the expansion of fission products.

During reactor commissioning, some burn-up will occur at low power, so that
there is a minimum level of burn-up at which full-power operation begins. This
is estimated at 1% for a prototype and 0.25$ for subsequent reactors. Fig 3 shows
total energy generated for these burn-ups. There is a marked reduction in energy
generated due to allowing for fission products, except for the extreme case of
0.25% burn-up with high voidage and Brook's case (c) which corresponds to some
fission product escape. These calculations indicate that it may be possible to
argue that the short period necessary to build up sufficient fission products
for appreciable beneficial effect may be neglected.

If it is eventually demonstrated that fission products lead to less energetic
lower temperature disassembly in hypothetical accidents then the importance
will be increased of showing that the residual strength of core structures can
be neglected.

The CFR spherical model had a mass of oxide fuel in the core of 16 t. The Doppler
constants for the voided core and for the normal core were -0.^ and -0.8%.

The results described previously are for one particular ramp rate, 150 #/s, Q
but further calculations have been performed with other values for the aame assump-
tions about fission products. For each chosen ramp rate, there is a value of
negative Doppler constant for which fission product pressure is ineffective in
reducing the energy release (because the temperature rise is so rapid that UO
vapour pressure forces disassembly). The limits are approximately as follows?

Ramp

150

300

600

Doppler constant (%)

- 0.25

- 0.35

- 0.5

Since the Doppler constant for a voided CFR core is -O.'t%, the upper limit for
ramp rate is about 'tOO #/s for alleviation by fission product effects.

Another aspect which has been investigated is the effect of losing all
fission products from a region at the core centre, due to the fuel remaining at
high temperature for a prolonged period. The pressure distribution tends to be
discontinuous when the core temperature rises, with pressures from fission pro-
ducts being apparent some distance from the core centre, whilst the UO vapour
pressures nearer the core centre are small. The calculations indicate that the
presence of pressures from fission products is always beneficial, though for
maximum effect the fission products should be present throughout the core.

It has to be recognised that all the above calculations assume that the
fission-product pressures are immediate-acting. A delay of even a few milli-
seconds could reduce the beneficial effects.

I'n summary, therefore, it is clear that the calculations show that the
pressures from fission products can substantially reduce both total energy
release and explosion yield in prompt-critical excursions in irradiated fast
reactor cores. A small fraction of the core may still be vaporised and some, of
course, will be molten at the end of a transient, but the amounts are much
reduced compared with results from calculations assuming an EOS for unirradiated

uo2.

3.6 Role of fission products in recriticality situations

During certain hypothetical whole-core accidents, molten fuel is assumed to
be released into the SAs with vaporisation of the sodium and melting and vaporisa-
tion of the steel cladding and wrappers. Melt-through of the SA wrappers would
eventually take place and there is a possibility that a critical mass of molten
fuel would be formed.

Since the boiling point of steel is about the same as the melting point of
fuel, steel vapour can be generated and produce a two-phase mixture of fuel and
steel. The creation of voids in the pool disperses the fuel and may prevent
formation of an otherwise critical mass of fuel.

Pool boiling will take place provided that the heat generated internally in
the fuel by the fission products at least compensates for the heat lost from the
pool. Hence, two considerations determine whether boil-up will take place:

(a) the decay heat of fission products and actinides remaining in the
molten fuel; and

(b) the heat lost from the pool.



The distribution of fission products and actinides in the debris of melt-
down accidents has been investigated in numerical studies for PFR and approxima-
tely 50$ of the total decay heat, 15 minutes after shut-down, comes from fission
product oxides and actinides which are expected to remain in the fuel. A
further 15$ is likely to exist in non-volatile fission product elements which
are expected to migrate to the steel.

An estimate of the maximum rate of heat transfer which can occur from fuel
to steel without boiling the steel gives the equivalent of 0.5% of full power
for a pool containing most of the fuel in the PFR core. For a smaller pool (say
8% of the fuel in PFR) about ~i% of full power is obtained as the maximum rate of
heat loss without boiling the steel. These calculations assume that the surface
temperature of the steel is near the boiling point and the rate of heat transfer
is limited by the thermal conductivity of the steel.

The total decay heat in the molten fuel drops to about 1$ of full power in
about 15 minutes after shut-down. Hence, the heat contribution from fission
products and actinides is likely to guarantee boiling only for this period
following shut-down.

In addition to the internal heat generation in the fuel, the stability of a
boiled-up pool depends on its response to a pressure pulse which could result from
a rapid vaporisation of sodium near the surface. Rapid and sustained over-
presrsurisation, which would collapse the pool giving a recriticality event, is
considered unlikely since the free space in the system is large compared to the
size of the pool itself. However, transient pressurisation of the pool surface
could occur resulting in some collapse depending on the duration of the pulse,
the condensation rate of the steel vapour and the speed of propagation of the
pressure wave.

A one-dimensional two-component, two-phase model of the boiling mixture of
fuel and steel is being prepared in order to study the response of the system to
the rate of heat transfer from fuel to steel and the application of pressure
pulses to the system.

Ag explained above, the fission products are the main source of heat for the
boiled-up pool which is thereby kept distended and so sub-critical. The considera-
tion of possible collapse modes as the heat source declines can give estimates of
the reactivity ramp rates which would lead to final disassembly of the system.
When disassembly occurs at an earlier stage it may be possible to claim some
benefit from the vapour pressure of fission products but, in disassembly following
recriticality; all the fission products more volatile than fuel would have been
lost. The EOS that is appropriate is that corresponding to unirradiated fuel.

h. DISCUSSIOH AND SUMMARY

Whols-core accidents are potentially of such severity that precautions are
taken in the design and operation of fast reactors sufficient to ensure that
such accidents are of negligible probability. Extensive studies are nevertheless
necessary to establish limits for the magnitude of whole-core accidents to demon-
strate what is being guarded against, and to provide a basis for judging the
adequacy of the design of the primary containment which is a further safeguard.
There is a considerable effort throughout the world on whole-core accident codes
which are used for these studies. Fission product effects are identified as
important in several mechanisms throughout the course of postulated accidents
and fission products may provide a vapour pressure that could considerably reduce
the explosion yield at the final disassembly.

A scientific study of the effect of fission products on whole-core accidents
must start from an understanding of the thermodynamic properties of fuel

materials. This is difficult enough for unirradiated fuel materials. Extrapola- no
tion methods have been developed for the estimation of high temperature propertiesOv
from lower temperature experimental data. These methods are difficult to extend
to irradiated fuel since so many fission products are involved, but it is probable
that permanent gases and volatile fission products will give an effective vapour
pressure at lower fuel temperatures than needed for an appreciable vapour
pressure from U0 or PuO .

This important point is the subject of an experimental programme in VIPER.
The early indications are that an effective vapour pressure from fission products
has been observed in these experiments but certain experimental difficulties
obscure the issue to some extent.

In several connections MFCIs are important in reactor accidents. These
require intimate contact between hot fuel and vaporisable coolant. The presence
of permanent gas - fission products - may influence the probability of an MFCI
and its severity but the experiments so far are inconclusive. An improved under-
standing of MFCIs without fission products is required before the additional
complication of fission products can be dealt with.

Fission products are modelled in a number of aspects of a whole-core
accident - some tending to reduce the yield, others not. The vapour pressure of
fission products is an important source of fuel failures and this pressure is
taken into account in the failure criteria assumed in whole-core accident codes.
On failure, fission product vapour pressure could drive molten fuel towards any
rupture inside a can or away from the rupture outside it. These fuel movements
would give positive or negative reactivity changes depending on the site of the
rupture.

Once in the coolant channel, fission product vapour could displace sodium
by sweeping it away or by forcing fuel into contact with sodium thereby causing
an HFCI. Similarly, molten clad material could be displaced. The consequential
reactivity changes would have an important effect on the course of an accident.
These features are being checked in in-pile studies in the TREAT and CABRI
programmes.

Whole-core accidents could potentially give large yields if a reactor were
left to destroy itself in the absence of an effective automatic protective system.
In the end, the reactor would have to disassemble by fuel movement. Fission
products might give rise to a lower-temperature disassembly and therefore a less
violent one. Considerable efforts are being devoted to demonstrating this point.
There are, however, a number of qualifying features which should be recognised.
It is not enough that fission products should produce an appreciable vapour
pressure; the time and spatial variation of any pressure are also important and
redistribution of fission products could reduce favourable effects. The fission
products might already be lost from the fuel by the time that their effect is
wanted (in particular for recriticality situations). It is possible that a
primary containment can be designed to withstand a nuclear excursion initiated by
a reactivity ramp of about 100 0/s. Since fission products may make a contribution
towards reducing the severity of the accident for ramps up to about 400 #/s,
further study of fission product effects could lead to easing of the containment
design. Fission products can make no contribution to reducing the yield from the
accidents due to very large ramp rates that have been postulated in certain
circumstances.

It has to be recognised that if it were possible to modify the design of a
reactor (perhaps by reducing the sodium void coefficient) to achieve a relatively
mild disassembly at the end of whole-core accidents, there would be concern that



this disassembly might not be permanent. There is increased interest in the
possibility of recriticality whenever there seems a possibility that the first
incident can be demonstrated to have relatively benign consequences. Fission
product heating would determine the mechanics of the boiled-up pool in this case,
but probably would not influence the shut-down by disassembly if the pool included
most of the core because, by that time, the volatile fission products would have
been lost.

Although not mentioned in the main part of the paper, it is worth mentioning
that fission products also have an importance for the stage immediately after
the whole-core accident. Reactors are ideally designed so that whole-core acci-
dents cannot occur but the fall-back position is that whole-core accidents will
be contained by the primary containment composed of tank and its lid. Neverthe-
less, the leakage assumed from the primary containment commonly determines the
specification for the secondary containment (the reactor building) and opinions
about the course of whole-core accidents will determine the location of fission
products within the tank and so the nature of the leakage.

The understanding of the role of fission products during transients is still
incomplete. If alleviating effects are to be claimed in safety assessments, the
claims will have to be based on experimental evidence. The behaviour of fission
products during the whole transient must be established to ensure that they are
present at the required time, in the right place and in the appropriate form to
produce the claimed effects.

The relevant studies of fission product behaviour include the following
experimental and theoretical investigations:

(a) The distribution of fission products within the pins and, in
particular, study of the radial and axial redistribution of Cs
and related fission products.

(b) The role of fission gas pressure and fuel swelling in causing clad
failure.

(c) The flow of fission gas from the pins for a range of leak sizes in
normally operating and slightly overheated pins, with a view to
examining the possibility of propagation from a failed pin to its
neighbours.

(d) The nature of the release of gas and the swelling of the fuel for a
range of rates of fuel temperature increase from moderately slow, in
order to examine the extent to which the fission products would be
displaced in a slow transient prior to the fast ramp of the whole-
core accident; through the intermediate range to rates so high that
the fission products would remain trapped in the fuel for an appreci-
able period of time.

(e) The interaction between molten fuel and fission gas both within a
constrained pin geometry and without this constraint - the extent
to which early fuel movement can be caused by fission product
pressure.

(f) '"he behaviour of fission products in a debris bed.

(g) Finally and most important, the magnitude and time-scale of the
vapour pressure due to fission products.
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The Role of Fission Product in Whole Core Accidents - Research in the
USA, by L.W. Dietrich and J.F. Jackson, United States of America.

1.0 Introduction

1.1 Fast Reactor Safety Approach

Safety of nuclear reactors has been a central concern of the nuclear

energy industry from the very beginning. This concern, and the resultant excel-

lence of design, fabrication, and operation, aided by extensive engineered

safety features, has given nuclear energy its superior record of protection

of the environment and of the public health and safety. With respect to the

fast reactor, it was recognized early in the program that there exists a

theoretical possiblity of a core compaction leading to significant energy

release. Early analysis of this problem was performed by Bethe and Tait,1'1

who employed a number of conservative assumptions in attempting to bound the

energy release. As reactors have grown in size, the suitability of such bound-

ing calculations has diminished, and research into hypothetical accident anal-

ysis has emphasized a more mechanistic approach. In the USA, much effort has

been directed towards modeling and computer code development aimed at follow-

ing the course of an accident from its initiation to its ultimate conclusion

with a stable, permanently subcritical, coolable core geometry, along with

considerations of post-accident heat removal and radiological consequence

assessment. Throughout this effort, the potential role of fission products

has been recognized and account taken of the effects of fission products in

determining accident progression.

It is important to recognize that reactor safety is a very diverse

topic, requiring consideration of a number of factors. While the major ques-

tions of public risk appear to be related to the hypothetical core disruptive

accident (HCDA), it is necessary that the probability of having such an acci-

dent be extremely low in order that acceptable public risk be demonstrated.

Such a demonstration requires sound engineering design and implementation,

with high standards of reliability, inspectability, maintainability, and

operation, along with the requisite quality control and assurance. The cur-

rent approach, typified by that taken by the Clinch River Breeder Reactor

(CRBR) Project, is balanced, consisting of a reliability program to prevent

malfunctions or accidents, backup systems to accomodate malfunctions or acci-

dents, and systems to cope with the consequences of CDAs. In connection with

the CRBR, the Nuclear Regulatory Commission (NRC) has established that "the

probability of core melt and disruptive accidents can and must be reduced to

a sufficiently low level to justify their exclusion from the design basis

accident spectrum."1'2 (a goal probability of 3 0 per reactor-year for dose

exceeding current guidelines has been established.1'2) Thus, CDA accomo-

dation is approached on the basis of reasonable conservatism in evaluation

and mitigation.

The ERDA fast reactor safety research program is presently directed

towards establishment of four "lines of assurance," as originally suggested

by Hannum, Griffith, and Millunzi.1'3 The four lines of assurance. (LOA) are:

LOA 1 - Prevent core disruptive accidents

LOA 2 - Limit core damage

LOA 3 - Control CDA progression

LOA 4 - Attenuate radiological consequences

The considerations of fission product effects germane to the present paper

are primarily of concern in evaluation of LOA 2 and LOA 3. Since fission

products have the potential for dispersing fuel from the core region and

thereby producing reactor shutdown, knowledge of their effects can contribute
_2

to demonstrating that there is a low probability (10 ) of a CDA initiator

producing whole-core involvement. Similarly, knowledge of fission product

effects can contribute to demonstrating that there is a low probability of a

whole-core disruptive accident leading to sufficient energy release to challenge

the containment capability.

1.2 Hypothetical Whole-core Accidents

Evaluation of the safety of a fast reactor system must be based on

some reasonably small-sized set of potential accidents or accident initiators.

The two events which have received by far the most attention as potential

HCDA initiators in the USA are loss of coolant flow to the core with failure

to scram (LOF) and transient overpower with failure to scram (TOP). The for-

mer event is initiated by a loss of pumping power, say due to loss of offslte

electrical power, while the latter is initiated by an uncontrolled reactivity

addition, the rate and magnitude of which is treated as a parameter and the

source of which is not usually specified in detail. Both initiators are also

studied within the design basis accident envelope, assuming at least minimal

action of the plant protective system. It is failure of the plant protective

system to scram as intended that produces a situation of potential core dis-

ruption. In neither case do such events as molten-fuel-coolant interactions

66

o
O
ho
CD



enter into the accident initiation in a specifically quantified way. The

principal concern with MFCl's has been in connection with evaluation of acci-

dent energetics.

Studies of the U)F accident for FFTF, CRBR, and for larger systems

indicate that whole core involvement may follow from the LOF initiator, with

the likelihood of whole core Involvement being greater for systems having

large sodium void worth, i.e. larger reactors. On the other hand, a TOP

accident may very well be terminated with only limited core damage. With

respect to the accident energetics, it appears that the most likely outcome

is that these initiators will produce near zero energy release. Disassembly

during the initiating phase of the LOF accident will probably be mild, al-

though a strongly positive sodium-void coefficient might produce an energetic

event. Mild initial disassembly leaves open the question of recriticality,

although energetic recriticality is thought to be precluded by inherent dis-

persive mechanisms. In the TOP accident, energetic initial disassembly could

be produced by mid-plane failures of cladding with FCI-drlven sodium voiding

and molten fuel motion towards the breach. However, such pin failures are

not thought to obtain. Rather, failures above the midplane producing nega-

tive reactivity from fuel motion are expected. Should an energetic disas-

sembly obtain in either case, the working fluid will be fuel vapor, not sodi-

um vapor, due to slow heat transfer from fuel to coolant.

Three other accident initiators are also considered: loss of decay

heat removal, postulated piping leaks and breaks, and fuel failure propaga-

tion. Clearly, if all decay heat removal capability is lost, the core will

eventually melt. Thus, the theoretical possibility of a recriticality exists

due to sodium boiling and removal from the core, cladding melting and removal

from the core, and fuel compaction. However, at decay heat levels, a high

degree of Incoherence would probably exist, leading to limited reactivity

ramps. This sequence has not been examined in detail for LMFBRs.

Postulated piping leaks and breaks have been examined to determine

whether core damage is likely to result from abrupt loss of inlet plenum

pressure with scram. Clearly, there is sufficient stored energy to melt

cladding if cooling is completely removed and not promptly restored. The

issues in this case revolve around the effectiveness of claddlng-to-coolant

and fuel-to-cladding heat transfer during the period of voiding, and the

extent to which liquid sodium can re-enter the voided region as inlet plenum

pressure increases.

Fuel failure propagation has been a matter of concern for many

years. We now believe that rapid pln-to-pin propagation of fuel failure is

precluded. This result is of very great importance, because essentially the K7

only high probability initiating event which could lead to involvement of a

significant fraction of the core in a short time has been shown to be benign.

Slow pin-to-pin propagation has not been ruled out, nor has subassembly-to-

subassembly propagation in the absence of scram or if pump trip accompanys

scram. In these cases, the problem Is one of ensuring that appropriate

instrumentation Is available to detect conditions leading to slow pin-to-pin

propagation before subassembly involvement can occur.

It has also been found that only major inlet blockages can produce

gubassembly overheating and that such blockages can be and are precluded by

design. Smaller in-core blockage can cause concern over slow propagation and

appropriate detection methods.

In the context of the present paper, the accidents of the greatest

interest are the 1.0F and TOP both with failure to scram. While some fission

product effects may be realized in other accidents, these are almost certainly

bounded In magnitude and in importance by those in the LOF and TOP cases.

Thus, the succeeding discussion will focus on the LOF and TOP accidents and

the role of fission products In the accident phenomenology and the ultimate

outcome.

2.0 Accident Analysis Methods

Analysis of hypothetical whole core accidents in the USA has shown that

the accident scenario may generally be broken down into three phases: the

initiating phase characterized by generally intact geometry, a transition

phase characterized by deteriorating subassembly geometry, and a disassembly

phase. The relationship Is Illustrated in Fig. 2.I.2'1 Not all phases are

necessarily encountered for each accident initiator or set of conditions. In

fact, an objective of considerable Importance in the US fast reactor safety

research program Is to establish the range of accident initiator and reactor

system design variables for which hypothetical accidents can be terminated

with limited core damage (LOA 2). The analysis methods used In investigation

of the extent of core damage fall generally into the initiating phase. If the

analysis shows that termination with limited core damage cannot be attained,

one has then to deal with either a disassembly transient directly from the

initiating phase or a transition phase, which may also lead eventually to

disassembly. In either case, the research objective is to demonstrate by

analysis and experiment that the energy release (accident energetics) is of a

magnitude that can be accomodated by the primary vessel or other containment

structures. Analysis of the transition phase Involves consideration of large
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Fig. 2.1 Accident Analysis Path Structure

quantities of molten fuel in a deteriorating geometry defined by melting fuel

pins and subassembly boundaries. Compaction of the molten fuel could lead to

a disassembly transient. Such a occurrence is believed to be precluded by

inherent dispersive mechanisms, but this belief remains to be proven. Whether

the path to disassembly is directly from the initiating phase or through a

transition phase, the disassembly analysis involves consideration of material

motion and reactivity feedback with sufficiently high pressures and temperatures

that the core materials can be represented by hydrodynamic, rather than mech-

anical, equations.

A question of considerable interest is the extent to which possible

dispersal mechanisms such as fission gas expansion and vaporization of the

more volatile fission products and expansion of that vapor can act in advance

of fuel dispersal due to its own vapor pressure. If the action of other

dispersal mechanisms is sufficiently rapid, one has a mechanism for greatly

mitigating the energy release predicted for the disassembly. Regardless of

whether a disassembly transient is predicted or not, one must eventually deal

with structural consequences, post-accident heat removal, and radiological

consequences. The analysis methods used in these latter areas are somewhat

decoupled from those used in the other areas and are beyond the scope of the

present paper.

2.1 Initiating-phase Analysis

Analysis of the initiating phase of an accident is well developed

and computer methods are in widespread use. It is useful to consider three

types of codes in this connection: whole-core accident analysis codes, the

phenomenology codes which supplement or are part of the accident analysis

codes, and the more specialized materials behavior codes which implement more

detailed modeling of basic material response to transients.

2.1.1 Whole-core Accident Analysis Codes

The best known and widely used of the accident analysis codes

in the USA is SAS3A.2"2 It has been used for analysis of the hypothetical

loss-of-flow accident in FFTF,2"3 and for both the LOF and TOP accidents in

CRBR.2'1* Another widely known and used code is MELT-IIIA,2'5 which was used

principally for analysis of the TOP without scram accident in FFTF.2*3 Both

code systems provide routines for fuel characterization after steady-state

irradiation, steady-state and transient heat transfer, and space-Independent

reactor kinetics. In addition, SAS3A includes models for sodium boiling and

voiding, molten cladding relocation, (CLAZAS),2'6 and fuel motion (SLUMPY)2'7

which are essential for LOF accident analysis. A model for fuel pin failure

and fuel motion (SAS/FCI)2'8 is included for TOP accident cases. This model

has also been applied in LOF accident analysis to low power-to-flow ratio

subassemblles which are partially voided or unvolded when a power excursion is

initiated by voiding or material motion in high power-to-flow ratio subassemb-

lies (the so-called LOF-driven TOP), even though the modeling may not represent

appropriate physics. MELT-IIIA includes detailed modeling of intra pin fuel

motion following failure in a TOP accident (HOTPIM).2'9 Pin failure calcula-

tions are done using an empirical correlation based on results of transient

experiments in TREAT.2"10 Post-failure fuel motion is treated parametrically,

although more mechanistic methods are under development.

2.1.2 Accident Phenomenology Methods

Certain key areas of accident phenomenology of importance In

the initiating phase are treated in detailed stand-alone codes or modules of

the SAS or MELT systems. Of particular interest in the present considerations

are those areas in which fission gas plays a potentially Important role,



Including prediction of time, location, and nature of cladding failure, fuel

motion within a pin having a cladding breach, fuel-coolant interaction and

subsequent fuel motion in intact channels, and fuel motion in disrupted sub-

assemblies during a LOF accident.

Time, location, and nature of cladding failure (TLF) has long been

an active area of investigation. Mechanistic prediction of TLF involves

detailed thermal-mechanical modeling of fuel and cladding, including consider-

ation of elastic and non-elastic deformation and dilatation, cracking, melt-

ing, fission gas release, and internal fuel motion. Several programs are

active in the US aimed at an integrated treatment of this problem. Codes

developed In these activities include BEHAVE-SST2"Jl, PECT 2' 1 2, DSTRESS,2'12

and FPIN.2"1' The latter two of these codes are the most recent, and have

provision to Include mechanistic models of fission gas effects, although

neither is implemented at this time. Unfortunately, it appears that these

detailed treatments are too demanding of computer time and storage to be

implemented directly in accident analysis codes, so simplified treatments have

received considerable attention. A recent such method was proposed by Scott

and Mast,2"'11 involving a multi-zone model of the fuel. However, the methods

most widely used in accident analysis are SAS/FCI2'8 and the MELT failure

correlation.2'1°

Failure calculations in SAS/FCI are based on the concept of a

pressurized molten zone and strengthless solid fuel. Cladding loads are com-

puted on the basis that the central molten zone pressure is transmitted to the

cladding by cracked fuel which cannot sustain any hoop stress. The internal

pressure is computed assuming that the molten zone contains fission gas which

is treated according to a prescription In which user-supplied fractions of

available gas in any fuel node are released at the fuel solidus and linearly

as the heat of fusion is added. A third fraction of the gas may be assumed

lost to the pin plenum. Gas is assumed to be in equilibrium with the molten

fuel and is treated as a perfect gas. Cladding failure is based on a usor-

supplied ultimate strength - temperature relationship and a thin-wall cladding

treatment. Other non-mechanistic failure criteria may be specified. A similar

treatment of cladding loads and failure is used in the HOPE code,2'15 nithough

the failure criterion may be different (i.e. cladding strain, rather than

stress).

The concept of an empirical correlation for fuel pin failure

in TOP without scram transients has been utilized in connection with the MELT

code. Several versions of a correlation have been proposed, with modifications

to fit the expanding data base. The original attempt was based on fuel enthalpy,

fuel microstructure, and cladding temperature,2"1^ but suffered from a lack of

a rate dependence. A "damage parameter" was proposed next by Scott and Baars,2'17

and most recently, the "failure potential" has been proposed as an extension.2'1"

This latest correlation is based on 12 TREAT tests simulating 50c/sec and

3$/sec TOP accidents in the FTR. It is notable that it is based solely on

parameters describing the transient thermal history (with a decaying memory

effect), the degree of restructuring during steady-state irradiation, and the

cladding properties. The quantity of fission gas present is not a variable.

This apparent lack of dependence on fission gas quantity is consistent with

results obtained with the BEHAVE-SST code for some of the same tests which

suggest that fission gas loading mechanisms are not required to predict clad-

ding failure.2'11

Fuel motion following cladding failure in TOP and LOF-driven

TOP situations has an important impact on reactivity feedback and accident

energetics. Fission gas has an important bearing on the rates of fuel motion,

as it is fission gas which is primarily responsible for pressurizing the

molten fuel. Present modeling in this area Is implemented in SAS/FCI,2'8

HOTPIM,2'9 HOPE, 2' 1 5 PLUTO,2'18 and EPIC.2'19' 2' 2 0 From the point of view of

internal fuel motion, the principal differences between the codes is in the

description of the hydrodynamics of the fuel-fission gas mixture. SAS/FCI and

HOPE utilize a single pressure model, with uniform removal of fuel from the

molten zone. Both HOTPIM and PLUTO solve the compressible flow problem for

the mixture, using different techniques. A common assumption is that the

fuel-fission gas mixture Is homogeneous, with fuel and gas In equilibrium.

The impact of this assumption is that gas introduced into the mixture is

instantaneously fully effective in pressurizing the mixture, even though the

gas may be contained in small intragranular bubbles prior to fuel melting. In

some situations (LOF-driven TOP), this instantaneous availability of gas

contributes to unrealistic fuel motion rates and to high autocatalytic ramp

rates. Thus, the rate at which gas pressure can become effective is of great

interest in analysis of pre-disassembly fuel behavior as well as In disassembly

transients.

Fission-gas-driven dispersal of fuel following disruption of

intact fuel pins in high power-to-flow subassemblles In a LOF accident is

presently treated using the SAS/SLUMPY module.2'7 In this formulation, fuel

is considered to be disrupted upon satisfaction of some prescribed criterion

(melt fraction, temperature, progression of solidus Isotherm to unrestructured

fuel). The transition is instantaneous. The fuel from each disrupted axial

node is treated as a constituent of a fuel-fission gas-vnpor mixture. Fuel is
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treated as a dispersed phase, exchanging momentum and energy with a continuous

gas-vapor phase. The quantity of gas in the compressible zone is determined

from a user-supplied fraction of the steady-state gas content considered to be

available at disruption, plus gas released from disrupted fuel according to

specified time constants for molten and solid fuel. Some gas may also be lost

to the pin plenum. The undisrupted top. portion of the fuel pin is allowed to

move axially under gravity and shear forces. Viscous shear between liquid

fuel and undisrupted fuel is also considered. Reactivity feedback from fuel

notion is extremely important in determination of the course of an unprotected

LOF accident in CRBR. Prompt, vigorous, early fuel dispersal in the first

subassemblies to void will produce an energetically benign Initiating phase

leading to a transition phase. If early fuel dispersal is not sufficient, an

LOF-driven TOP situation will result, with the potential for an energetic

disassembly directly from the Initiating phase.

2.1.3 Material Behavior Methods

Underlying the accident phenomenology models and codes just

discussed are material behavior models which describe, on a microscopic scale,

the response of fuel and fission products to transient heating. In the present

connection, the relevent models are implemented in the FRAS and POROUS codes,

which deal with intragranular and intergranular bubbles, and gas redistribution

in connected porosity, respectively. Results based on FRAS calculations are

used in some accident analysis directly.

The FRAS code2'21'2'22'2'23 implements modeling of migration

and coalescence of bubbles by surface diffusion In solid fuel. Calculations

of space-independent distributions of bubble size vs. number density are

carried out for prescribed conditions of temperature, temperature gradient,

pressure, and gas concentration. Both random migration and biased migration

up the temperature gradient are considered. The initial condition is a random

distribution of monatomic bubbles. A mean bubble velocity is determined at

each time step, and used to calculate the rate at which bubbles encounter a

grain boundary. Spherical grains are assumed. Gas release from grains to

grain boundaries is calculated based on the fraction of the volume of a sphere

traveling at the mean bubble velocity which intersects the surface of an

identical stationary sphere during a time step. Intragranular swelling is

computed by summing the volume of bubbles within the grain at any time. It is

assumed that the product bubble resulting from a coalescense event achieves

its equilibrium size (surface-area limited) instantaneously.

While the FRAS code is small and fast as computer codes go,

the gas release and swelling calculation must be done for many pins and many

nodes per pin in an accident analysis. Thus, a strong incentive exists to /

produce simple, approximate methods of gas behavior analysis. Two such methods

have been produced. The first, called FRASPAR,2"2>* is a single equation,

which relates the gas release rate to temperature gradient, temperature, and

accumulated release. Swelling is not included. Coefficients in the equation

depend upon the initial concentration. Results are valid for only one pressure,

one grain size, and a limited range of initial gas concentrations. Closed

form integration can be performed to allow simple hand calculations. The

FRASPAR approach is based on the assumption that all of the history effects in

gas release rate can be represented by the accumulated release to a given

time. A set of coefficients has been found for use in GCFR work,2"21* at

high ambient pressure, but satisfactory expressions could not be. found for

varying grain size or to extend the range of concentrations. The FRASPAR gas

release approach is available as an option in the SAS code.

The second approximate method, called PFRAS,2'23 is somewhat

more elaborate than FRASPAR. This approach is based on analysis of coalescense

in terms of a dimensionless time. Two parameters, one representing swelling

and the other representing gas release, are tabulated based on FRAS results.

Two-dimensional Interpolation Is used In the PFRAS algorithm. Fuel grain size

is Included as an explicit transient variable, so the formulation is useful

for coupled fuel pin mechanical calculations. Only biased migration is explic-

itly considered In PFRAS, although random migration Is Implicit in the values

of parameters obtained from FRAS.

Recently, attention has been focused on modifications to the

assumption that equilibration of the product bubble resulting from coalescense

is immediate. Recent experimental observations2'26' 2'27 in fuel subjected to

transient heating suggest that the equilibrium assumption leads to overpredictlon

of bubble size and fuel swelling in many cases. A rate effect on fuel swelling

is suggested by test results. Analyses of effects of non-equlllbrium bubble

sizes have been proposed by several authors.2'28' 2*29' 2-30. 2-31 None of

these methods Is currently beyond the developmental stages. An extension to the

FRAS code, called FRAS 2, incorporates modeling of non-equilibrium bubbles

based on vacancy diffusion, and also deals with grain boundary

bubbles, In an attempt to quantify their sizes, coalescense and migration

behavior. This work is in its very early stages.

Another code, called POROUS,2'32 has been developed to deal

with behavior of fission gas in connected porosity. Gas redistribution within

solid fuel is treated using straight-forward application of the theory of flow

in a porous medium (Darcy's Law). A space- and time-dependent gas source is



obtained from PFRAS calculations, assuming that gas is released directly into

connected porosity. Several different boundary conditions can be applied.

Applications of the code are largely parametric in nature due to uncertainties

in the extent to which porosity is connected and appropriate permeability

values. Results have been obtained on the effect of helium gas on fuel pin

failure in GCFR overpower transients.2'33

2.2 Transition phase Methods

The existence of an accident scenario leading to a transition phase,

and the conclusion that this is the most likely outcome of a hypothetical CDA

Is a relatively recent development. The role of fission products in the

transition phase considerations has received relatively little attention. In

general, it would appear that most of the volatile fission products would be

lost from the core region during development of the transition phase. If one

postulates that the fission products are retained, either by retention in a

froth of molten fuel or behind blockages of once-molten cladding, significant

pressures can be estimated, which might delay boil-up phenomena.z"3I* However,

mechanistic treatment of transition phase does not yet include such effects.

2.3 Disassembly Methods

Techniques for analyzing disassembly excursions are relatively well

developed. As noted earlier, such calculations have been performed since the

inception of fast reactor safety analysis. An adequate treatment of the disas-

sembly process is considerably simpler than that required for the earlier, and

less energetic, stages of an accident. This is mainly because the rapid heating

and pressurization resulting from prompt critical excursions allow the disrupting

core to be modeled as a homogeneous fluid. This greatly simplifies the analysis

of the core material motion.

A number of disassembly models have been developed and applied In the

United States. 2-35> 2"36' 2"37' 2'38' 2'39 These models essentially represent

an evolutionary Improvement of the original Bethe-Tait approach. ' The VENUS

code ' 7 was the first model to provide a direct numerical calculation of the

two-dimensional (r-z) material motion hydrodynamics equations. This allowed a

more accurate calculation of the disassembly motion in cylindrical cores. It

also provided an explicit calculation of the changing fuel smear densities

and thereby allowed the use of more detailed density-dependent equations-of-

state (EOS).

An improved version of VENUS, called VENUS-II,2'" is currently in

wide use in the United States. It was employed in disassembly studies for

both the FFTF and CRBR reactors. The one-dimensional PAD code2'39 is also

being used for parametric studies.

The VENUS-II code couples a Lagrangian numerical solution of the two-

dimensional hydrodynamics equations to a point-kinetics neutronics calculation.

The material motion reactivity feedback is determined with a perturbation tech-

nique that considers fixed reactivity worth gradients that deform with the

material. A space-dependent treatment of the Doppler feedback effect is also

included.

In the basic version of the code, heat transfer from the fuel Is

ignored. Nonfuel constituents In a given Lagrangian computational cell are

treated as inert, but compressible, materials. When a mesh cell has vapor

space available, the cell pressure is taken to be the equilibrium vapor pressure

associated with the fuel. If all the vapor space in a mesh cell disappears,

as can happen from thermal expansion or cell compression, then a single-phase

pressure Is used. The single phase pressure is dominated by the most compres-

sible material in the cell, which is typically sodium.

The above EOS treatment Is depicted In Figure 2.2. The pressure

functions are based on corresponding states calculations reported by Menzies.2' <t0

The lower smooth curve is the fuel vapor pressure, while the steep solid lines

are the fuel single-phase pressures for various fuel smear densities. The

dashed lines show examples of the actual single-phase pressures that result

when the compressibility of the nonfuel constituents is accounted for. This

EOS has recently been Improved In several aspects including a more accurate

treatment of the phase-transition energies, but this new.version has yet to
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be released for general use. Another Important addition has been the inclusion

of a new fission product pressure model that is discussed in section 3.3.1.

Considerable confidence in the accuracy of disassembly models can

be inferred from comparisons to available experimental data. Although no

data on 124FBR disassembly events are available, several energetic prompt-cri-

tical excursion tests have been performed on other reactor types. Several

comparisons have been reported2"ltlt 2"'t2> 2-l(3 Mith the agreement between

the calculated and measured fission energy releases falling within the

range from a few percent up to about a factor of two. It should be noted,

however, that none of the disassembly experiments involved significantly

irradiated fuel, and therefore fission product effects.

3.0 Fission Product Effects in Whole-Core Accidents

As suggested in the preceeding discussion, the effects of fission prod-

ucts in whole-core accidents may be many and varied. Under some circumstances,

the action of fission products combined with other phenomena may be such that

a whole-core accident initiator would lead to only limited core damage. Such

a possibility would be early failure of high-power fuel at a high axial loca-

tion in a TOP transient, with subsequent rapid fuel ejection and sweepout

leading to reactor shutdown prior to widespread pin failures. However, if

core damage cannot be limited, fission product effects provide potential

mechanisms for limitation of the accident energetics. That is, the accident

sequence can be shown to have an energetically-benign initiating phase, lead-

ing to a transition phase. Finally, even if core disassembly conditions are

reached, fission products offer a potential mechanism for mitigation of the

energy release.

We shall first discuss some considerations of the initiating phases of

CDAs, followed by a review of some experimental data on initiating phase

behavior. Next, considerations of core disassembly will be addressed, with

discussions of both analytical and experimental aspects.

3.1 Inltlating-phase Considerations

Two particular areas in which fission-product (primarily gas)

effects are seen to be important in whole-core-disruptive accident analysis

are early fuel disruption and dispersal and fuel pin cladding failure and

subsequent fuel motion. The former area is of most importance in high power-

to-flow subassemblies which experience cladding melting before fuel melting in

a LOF accident. The latter area is of importance in lower-power subassemblies

in the LOF accident, as well as core wide in the TOP accident.

3.1.1 Early Fuel Disruption and Dispersal f

Early fuel dispersal - a dispersive motion of the fuel in the

first subassemblies in which conditions permitting fuel motion are realized -

appears to be of particular Importance In situations in which moderate rates

of sodium void reactivity addition are realized. In such cases, early fuel

dispersal can result in an energetically benign initiating phase, leading to

meltdown into a transition phase. Recent estimates for the CRBR indicate that

a fuel velocity away from the core midplane of V100 cm/sec beginning promptly

upon initiation of melting of unrestructured fuel is required. A negative

fuel motion ramp rate of the order of -5 to -10 $/sec is generally sufficient.3'1

If reactivity feedback from early fuel dispersal is Insuffi-

cient, reactor power will continue to rise as voiding proceeds, leading to the

potential for fuel pin failures in unvoided subassemblies. Such failures are

potentially autocatalytic. Understanding of the dynamics of early fuel disper-

sal is necessary to identify rates of reactivity addition which can be over-

come so that appropriate design measures can be taken. (It should be noted

that, if the void reactivity addition rate Is small or negative, such as is

the case in the FTR, early fuel dispersal IB not necessary to achieve a non-

energetic initiating phase.) Analysis of fuel disruption and dispersal is a

very complex undertaking, involving considerations of the quantity and distri-

bution of fission-gases and volatile fission products at transient initiation,

redistribution of gases and vapors during a transient prior to fuel pin

disruption, the mechanical response of fuel and cladding to pressure gradients

and external forces, Including mode, and timing of fuel pin disruption, and

energy and momentum interchange between gases, vapors, and fuel following

disruption.

It is useful to postulate a set of requirements for early

fuel dispersal. These appear to be:

1) Pressure gradients relative to the region into which fuel must

move must be available to disrupt fuel as suitable conditions

obtain. These pressure gradients must arise from sources

internal to the fuel pin, such as fission and fill gases in

the central void and porosity due to steady-state irradiation,

fission gas retained in grains or released to grain boundaries

or porosity during the transient, and fission product vapors

from volatile species.



2) The pressure sources must not be dissipated In non-dispersive

fuel motion. Large scale swelling may dissipate the dispersive

potential of the lntergranular gas. Equilibration of intragranular

gas bubbles would minimize the immediate dispersive potential

from this source.

3) In order to continue the dispersal process after pin disruption,

dispersive forces must be maintained. Thus, excessive net gas

separation from the fuel during the early stages of dispersal

must not occur, unless other dispersive forces such as sodium

vapor streaming can become effective.

In order to properly model the fuel dispersal process, which

basically depends upon energy and momentum interchange between fuel, fission

gas, and other vapor species in the disrupted fuel zone, one must first under-

stand the disruption process. This process may be characterized in terms of

behavior of solid and molten fuel. Present test results suggest that there

are several possible behavior modes. Four modes appear for solid fuel:

1) pellet column buckling, 2) large-scale swelling at elevated temperature,

3) fragmentation into small particles due to grain boundary separations,

transgranular fractures, or microeracking, and 4) breakup into macroscopic

"chunks" due to internal pressure from melting fuel. Melting and molten fuel

may foam or froth, producing volume expansion, or it may drain under gravity

forces. After disruption, the molten fuel may also disperse into drops under

certain conditions although no direct evidence of this behavior is available.

Large-scale swelling of solid irradiated fuel would be

favored by high fuel temperatures, long times at temperature, and lack of

mechanical constraint. Swelling can come about through the action of both

intra- and intergranular gas bubbles. The rate of swelling depends on the

rate at which gas bubbles coalesce due to random or biased migration, the rate

at which bubbles grow towards equilibrium size after coalescense, and the rate

at which the fuel can deform to accomodate pressures in porosity. These rates

tend to increase markedly as temperatures approach the melting point. The

requirements for lack of mechanical constraint implies a uniform high tempera-

ture in the fuel or extensive cracking of cold fuel.

If sufficient bubble coalescense and/or unbalanced pressure

due to non-equilibrium bubbles is attained, a breakup into particles by trans-

granular fracture or grain disruption may occur. Breakup of solid fuel into

small particles due to grain boundary separation would be favored by rapid gas

release from grains to grain boundaries producing high pressure gradients in

connected porosity, and by high pressures In grain boundary bubbles. Relatively

high fuel density and low permeability to gas flow are favorable conditions.

The time-temperature relationship must be such that massive swelling is not

produced. This so-called "dust-cloud" disruption may occur in unrestructured

fuel after significant melting of other fuel.

Breakup into chunks of a solid fuel shell surrounding a

molten core would be expected in cases in which steep radial gradients exist.

As fuel melting starts, an internal pressure will be generated which will tend

to move solid fuel radially. If radial cracks exist linking the molten core

with the ambient, molten fuel can be ejected through the cracks to partially

relieve the pressure. However, if no cracks exist or cracks are plugged by

once-molten fuel, pressure can build up and eventually rupture the solid

shell, with radial motion of solid and molten fuel.

Recent test data, principally from TREAT test L5,3'2 suggest

that molten (above solldus) fuel can undergo a foaming or frothing action

caused by expanding gas bubbles. Frothing appears to have been the mechanism

responsible for the observed dispersive axial fuel motion. Frothing can be

caused by gas in connected porosity or by gas in intra- and intergranular

bubbles. Some volume expansion will result from the decrease of surface

tension on melting, and from heating of the gas within bubbles. However, the

major volume expansion by frothing requires bubble coalescence, producing

larger bubbles with reduced surface tension restraint. At some point, the gas

volume will be sufficient that motion is not required to cause further coales-

cense, and "breakaway" frothing will result. Naturally, mechanical and iner-

tial restraint and the fluid mechanics of the expanding system will interact

with the frothing mechanism to determine the net fuel motion. If the gas

evolution rate in molten fuel is not sufficient to maintain the foamy condi-

tion, draining of the liquid fuel would be expected. Such behavior has been

observed experimentally.

Breakup of both solid and molten fuel into small particles is

modeled in current accident analysis codes. When this model (SLUMPY) is used

with a nominal set of assumptions with respect to gas availability, fuel

particle size, and disruption criterion, sufficient reactivity feedback is

predicted to ensure a non-energetic initiating phase. However, available

experimental data do not adequately represent the appropriate CRBR thermal

histories, and produce results which do not clearly support vigorous fuel

dispersal.

Application of the fission gas behavior models in the FRAS

code allows a comparison of the potential for fuel dispersal due to Intra-



granular gases between reactor cases and the available experiments. Four

cases have been examined: two calculated voiding-driven power transients in

the CRBR, corresponding to two different representations of the reactor In

SAS input, and two thermal histories calculated for TREAT experiments L5 and

Fl. Test L5 was a loop simulation of a loss-of-flow accident with irradiated

fuel and a power excursion after sodium boiling. Test Fl was a dry capsule

test using irradiated fuel run at constant power. In all cases, the calculations

are one-dimensional, examining the axial location of maximum temperature. The

temperature histories in unrestructured fuel are shown in Fig. 3.1, and radial

temperature distributions at the time of initial melting are shown in Fig. 3.2.

Results of the FRAS calculations

are given in Table I. The predicted

gas release fraction is relatively

low In each case, suggesting that

intragranular gas should play an

important role in fuel disruption and

dispersal. Equilibrium fuel swelling

is predicted to be large in all cases,

although there is a factor of three

spread between extreme values. The

calculated value is an upper limit

based on instantaneous equilibration,

and is an index to the amount of bubble

coalescence to be expected. That is, the

higher the swelling values, the more '

coalescences taking place and the larger

the quantity of gas per bubble. The

mean bubble radius in the final distri-

bution Is indicated, from which the
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final equilibrium pressure can be estimated.,

Taken at face value, these results

suggest that large-scale swelling would

tend to occur and dissipate the disper-

sive potential. However, consideration

of bubble non-equilibrium suggests that

large-scale swelling should not be expec-

ted in all cases. The value t* in

Table I is the elapsed time available

between achievement of a mean bubble

radius of lOOnm and fuel melting, and is the time available for equilibration of

bubbles. The value T(t*) indicates the temperature at which 100 nm mean bubble

size is attained. Finally, the fractional relaxation of bubble radius is •

indicated as an index to the extent of equilibration of the product bubble

resulting from coalescence of two 100 nm bubbles at the time t*.

Table I. FRAS Analysis of DispersaJ. Potential

Case
Grain Release Swelling, R, t* T(t*) Relax
Dia.,um Fraction % nm sec °C Frac.

CR/N

CR/A

Fl

L5

10

10

8

10

.201

.237

.228

.195

187

246

122

95

273

380

211

159

.11

.49

.88

.09

2380

2280

2640

2450

.09

.29

.88

.07

Quantitative interpretation of these results in terms of

dispersive forces is not yet possible. However, a reasonable postulate is

that a combination of large equilibrium swelling and small relaxation of

bubbles would produce a dispersive system. The large swelling reflects many

bubble coalescences while the small relaxation fraction indicates that most of

the coalesced bubbles are out of equilibrium, and thus represent a potential

dispersive force. On this basis, it appears that both of the reactor cases,

labeled CR/N and CR/A, and the L5 experiment have greater dispersal potential

that the Fl experiment. In general, experimental results are consistent with

this postulate.

The preceeding discussion focused on behavior of intra-

granular gas bubbles, and effects of these bubbles in causing large-scale

swelling or unbalanced forces within grains due to tinequilibrated bubbles.

However intragranular bubbles probably will not cause grain boundary separa-

tion, nor will they promote breakup into chunks. Such phenomena are more

likely to be the result of intergranular gases and the forces resulting from

their presence.

Evaluation of the effect of intergranular gases has been

carried out for the same cases using the POROUS code. The results are quite

sensitive to assumptions of the permeability of the fuel, for which adequate

data are not available for the situation under consideration. Parametric

calculations show that the faster transients tend to produce higher porosity



pressurization, which would tend to suggest a greater tendency towards brittle

behavior. More detailed analysis of the behavior of grain boundary bubbles

and characterization of interconnected porosity are needed to understand the

contribution of intergranular gas to fuel disruption.

Another area in which more work Is needed is the interaction

of fission gas bubbles with melting and molten fuel. In general, melting fuel

will contain gas in connected porosity, as well as in inter- and intragranular

bubbles. Understanding the dynamics of the gas bubbles and the rate at which

they can expand, migrate, and coalesce seems to be the key to modeling foaming

and frothing processes, as well as to predicting fuel motion in cases with

cladding constraint (see below). Overall understanding of fission product

behavior on a microscopic scale, the manifestations of fission product effects

in a macroscopic thermal-mechanical model of solid fuel, and behavior of

molten fuel containing gas are required to fully characterize the process of

pin disruption.

3.1.2 Fuel Pin Failure and Post-failure Fuel Motion

The potential effects of fission gas on fuel pin failure and

post-failure motion have long been recognized. Not only can fission gas (and

possibly fission product vapors) contribute substantially to the cladding

loading, but the fission gas also provides the pressure source driving molten

fuel motion after cladding failure. Fuel pin failure and post-failure motion

are issues in evaluation of both TOP and LOF-drlven TOP situations. In both

cases, the impact of fission gas effects on accident energetics may be signifi-

cant.

For the transient overpower case, the principal factor deter-

mining the initiating phase scenario appears to be the location of cladding

failure. In general, mechanistic models of cladding loading, such as the

SAS/FCI burst pressure model or models based on mechanical loading, will lead

to prediction of cladding failure above the core mldplane. The extent to which

failure occurs above the midplane will depend on the transient heating rate.

However, so long as the failure location is such that fuel motion plus FCI-

induced sodium voiding produce net negative reactivity, the reactor will be

shut down with limited core damage probable. One analysis of a CRBR EOEC core

showed that failure occurring at 15 cm (6") above the midplane In a 3$/sec

ramp transient would produce disassembly, that a forced midplane failure In a

IOC/sec ramp transient would produce disassembly, but that a midplane failure

could be sustained In a 60c step transient without disassembly.^*' If fuel

motion is such that it is increasing reactivity, then higher gas pressure

would produce higher ramp rates and vice versa. The effectiveness of higher

FUEL MELT RADIUS, em

0.1 0.2

fuel ejection rates in producing more rapid shutdown may be influenced by jr

effects of ejection rate on the sweepout process, which is not strongly depen-

dent on fission gas. The key areas requiring additional work in the context

of the TOP accident are location of failure and sweepout.

Pin failure and post-failure motion consideration are more

complex in the LOF-driven TOP situation. Response of fuel in voided, partially

voided, and unvoided channels must be addressed. In the .former case, if the

cladding is close to melting, it should provide little constraint to fuel

motion. Behavior similar to that in channels in which cladding had melted

would be expected. Partially voided and unvoided subasseroblles are more

complex. Figure 3.3 shows the axial distribution of melt radius and cladding

temperature for a partially-voided

channel in CRBR.3'1 Note that the

cladding temperature profile peaks

near the sodium-void interface, as

does the melt radius. In this case,

failure near the interface would be

expected, with fuel motion into the

voided region driven by sodium vapor.

If particularly conservative assump-

tions, such as a melt-fraction based

failure criterion are used, failure

would be predicted in the unvoided

region near the midplane.

If modeling developed for the TOP

accident is applied to the LOF-drlven

TOP with failure forced to be at the

site of maximum melt fraction, a very

pessimistic autocatalytlc fuel motion

and sodium voiding situation will be

predicted. Instantaneous availability of fission gas from melting fuel to

move fuel will produce maximum energy release, because the molten fuel pres-

sure will be maximized. Introduction of a delay in fission gas availability

will produce slower fuel motion and lower energy release. However, a compet-

ing effect is present. Because of the high cladding temperatures over a

relatively long length of cladding and the very rapid time scale of the tran-

sient, one would expect that cladding failure would not remain localized, but

would spread due to crack propagation or coalescense of multiple localized

failures. This spread of failure would be promoted by high internal pin pressures.

7-
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Fig. 3.3 Cladding Temperature and
Melt Radius Profiles for
Possible LOF-driven TOP
Conditions.



In fact, It appears that the extent (length) of failure Is

the key aspect of the LOF-driven TOP phenomenology. If failure occurs over a

sufficiently long portion of the pin that fuel motion is predominantly radial

rather than axial, then mixing of fuel and sodium should result In removal of

the two materials together, lather than compactlve fuel motion with sodium

voiding. Figure 3.4 Illustrates the point. Experimental data are badly

needed in this area, but the conditions will provide a real challenge to the

experimenter.

The preceedlng discussion of fuel motion in LOF-driven TOP

leads one to the conclusion that a Key research area is the behavior of melt-

ing and molten fuel containing significant quantities of fission gas when

melting takes place at very high rates (power levels of several tens of times

nominal, or more). The key question is to what extent is fission gas availa-

ble to pressurize the fuel pin cladding and drive fuel motion, given that the

gas is initially In small inter- or intragranular bubbles or connected pores,

and that the time scale of interest in milliseconds. A corollary question is

the extent to which solid fuel might fragment when cladding failure removes

radial restraint.

3.1.3 Summary

The preceeding paragraphs have attempted to describe in brief

the effects of fission products (mostly gas) on the initiating phase of an

HCDA, as such effects are presently perceived. An area of major importance is

fission-gas-drlven fuel disruption and dispersal in voided subassemblies

during an unprotected loss-of-flow. If such disruption and dispersal can

proceed in a timely and vigorous manner, the initiating phase of the accident

will be non-energetic. This result is especially important for reactors

having moderate sodium void worth. Key research areas in this connection are

characterization of the mode of disruption of the fuel, with key variables

being fuel description and thermal history. Understanding of intra- and

intergranular gas behavior, gas redistribution in porosity, and mechanical

effects of gas on solid fuel Is required. In addition, gas effects on molten

fuel behavior must be considered.

A second area of major Importance is effects of fission

products on fuel pin failure and post-failure motion in TOP and LOF-driven

TOP. Key research areas in TOP accident phenomenology include effects of

gases on cladding loading, such that the location of failure can be determined

with high confidence, and contributions of fission gas to fuel sweepout. Key

areas in LOF-driven TOP appear to be the extent of cladding failure and the

dynamics of fission gas pressurlzation of molten fuel. In many respects, the

SODIUM
PLENUM
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Fig. 3.4 Fuel and Cladding Motion Possibilities in LOF-driven TOP Transient.



In all mlcrostructural regions for both pre- and post-test samples, and

2) that Intragranular bubble precipitation and growth are favored for tran-

sients having lower heating rates for a given transient duration. The first

result is ascribed to the presence of large grain boundary bubbles which were

evident on fractographs of the samples. The second result emphasizes the

importance of the transient history in analysis of fission-gas release and

swelling. Comparisons of FRAS calculations with DEH test results illustrates

the need to modify FRAS to include effects of bubble nonequilibrlum. Bubble

sizes are greatly overpredicted in many cases although satisfactory agreement

is obtained in many others.

Three additional tests have been reported by Bandyopadhyay,''7

providing further data on the effects of transient thermal history on behavior

of fission gas and its effects on the fuel. The calculated temperature distri-

butions for the three tests are shown in Fig. 3.5. As indicated, test 1-27 was

a long-time (27 sec.) isothermal anneal, with a surface temperature of about

1800 C. Gross swelling (diameter increase) of the fuel stacks did not occur.

Some relocation of molten fuel was observed. This result is generally similar
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3.5 Calculated Temperature Distributions in Fuel Sample During
Three DEH Tests.

which suggests that the contribution of intragranular-bubble-induced swelling

to the observed diameter increase was small. Since the outer surface temper-

ature was lower in 1-27 (^1730°C) than in 1-28 (^2100°C), the difference may

reflect better external restraint.3"7 Test 1-29 was a significantly faster

transient than was 1-28, and produced slightly higher final temperatures. No

detectable diameter increase occurred during this test. Some dispersal of

material through a breach in the quartz simulant cladding occurred in test

1-29, but not in 1-28. It is suggested that the observed diameter increase

reflects deformation of the solid fuel by pressure in the molten fuel. Compar-

ison with a fresh fuel sample subjected to essentially the same transient

verifies that fission-gas is responsible for much of the observed deformation.

Comparison of the microstructures produced in tests 1-28

and 1-29 reveals a substantial difference. In 1-28, the "slow" transient, the

unrestructured region of the specimen exhibited a highly porous structure,

with both inter- and intragranular porosity amounting to about 35% total. On

the other hand, 1-29, the "fast" transient, produced much less detectable

porosity (^20%). No detectable (>75 nm) intragranular bubbles were produced.

Significant grain boundary separation was observed. Figure 3.6 shows the

comparison of microstructures in the unrestructured region.
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to previous DEH test results. Test 1-28, which produced higher surface temper-

atures and more melting than did 1-27, resulted in a diameter increase of

about 33%. Both tests produced intragranular bubble sizes of about 300 nm,
Fig. 3.6 Micrograph of the Unrestructured Region of the Fuel Sample After

(a) DE11 Test 1-28, (b) DEH Test 1-29.
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Information on the spatial distribution of fission-gas re-

lease was obtained by Stahl and Patrician3'10 from the H3 test. They found

that the fission gas released from the pin during the transient came primarily

from the outer, iinrestructured fuel region. This measurement was made by

laser sampling techniques. The result is given in Fig. 3.9. Transmission

electron microscopy of the sam-

ples from the same pin indicated

a substantial increase in intra-

granular bubble density comparing

a transient tested pin with one

not transient tested. The in-

crease in bubble density was not

limited to equiaxed and unre-

structured fuel, but extended

into columnar grains as well.

However, the difference was most

pronounced in the high-gas-

retention regions.

Of the in-pile loss-of-flow

simulations, only tests L3, L4,

L5, and Fl, used irradiated fuel.

Tests L3 and L4 were conducted
Fig. 3.9 Change in Fission Gas Distribu-

^j A - T • in a t constant power level, approxl-
tion due to Test H3. r ' 'r

inately equal to nominal reactor

power.3'11 The fuel in these tests did not exhibit the characteristic behavior

of fresh fuel - buckling of the pellet column and draining of molten fuel. In

the L3 and LA tests, radial fuel motion at the time of fuel "breakup" was

followed by a quiescent period in which no axial motion occurred except for

one or two short, sharp, eructations. In L4, the eructation was preceded by

apparent melting as some fuel flowed to the bottom of the test section from

the center of the cluster. Similar rundown of molten fuel has been observed

in DEH experiments. This overall behavior Is not supportive of a dust-cloud

breakup hypothesis. Instead, the test data tends to support fuel swelling

followed by melting and draining of molten fuel, possibly inside the fuel pins.

Test L5 was a loop simulation of an FTR loss-of-flow accident

incorporating a power excursion.3'2 Three pins, with about .9m long fuel

columns, irradiated to i<8% burnup in the GETR, were used. The power transient .

was initiated after beginning of sodium boiling, but over 0.5 seconds before

predicted cladding melting. Fuel melting is calculated about 1.22 seconds

into the burst, at a power level of 4.3 times the initial value. Maximum

power achieved is about 6 times the Initial value. The power rise was acco.

plished in 1.6 seconds. The average reactor period between burst Initiation

and beginning of fuel melting was about 840 ms. The hodoscope data indicated

that no significant fuel motion occurred prior to scram. After scram, during

a period of low and rapidly decreasing power, the hodoscope indicates that a

mild fuel dispersal occurred, with fuel moving out of the region of peak power.

Post-test examination of the L5 test section provides evi-

dence of several different modes of fuel pin disruption. Some chunks are

found having a portion of the original pellet outline near the ends of the

active region. Considerable swelling (up to 100 volume percent) occurred in

fragments prior to melting. This swelling Is thought to have occurred after

breakup in chunks. Some disruption of grains by large swelling of intra-

granular bubbles is seen, as well as additional swelling of the intergranular

porosity.3<12 The remains of the central 0.4 m of fuel is a low density

region of once-molten frothy fuel. The material Is frozen into a porous

sponge condition. This fact, combined with the hodoscope data, Indicates that

the fuel was mildly dispersed by fission gas pressure after fuel melting and

formation of a molten froth. This region is shown In Fig. 3.10.

In summary, presently available information on the L5 test

suggests an initial disruption prior to any melting. Fuel subsequently

melted and frothed to produce a mild fuel dispersal. The bulk of the dis-

persal apparently occurred after reactor scram under roughly isothermal con-

ditions. Solid-state swelling occurred, but whether it occurred during the

test or in the subsequent cooldown is not known.

Results of test Fl provide

information on the dispersal mech-

anisms available and operative in a

Low burnup (̂ 2.35%) high-power

(12 kw/ft peak), short (.34 m), pin

when heated at a rate corresponding

to nominal 100% reactor power. A

nuclear-heated hot wall was included

to minimize nonprototypic freezing

and sticking of moving fuel on the

test region boundary, and to mini-

mize the radial temperature gradient

in the fuel after cladding melting.

A minimum temperature gradient is

Fig. 3.10 Remains of Test L5 Fuel
In the Central Region of
the Test Bundle.



n-isensiry to properly simulate FTR (but not CRBR) flow coastdown conditions,

for which simulation the test was designed. During Fl, cladding melted well

before fuel melting. At a transient time of 11.0 sec, the fuel solidus tem-

perature was attained at the innermost unrestructured fuel, and essentially

simultaneously at other locations interior to this boundary at the tnidplane.

By 12.2 sec, the liquidus has been attained at this same location, and in

essentially all the other fuel at this plane as well, according to best esti-

mate calculations. Hodoscope data have been interpreted to indicate that fuel

motion did not begin until 13.1 ± .1 seconds - about 0.9 seconds after liqui-

dus temperatures were attained at the midplane. Prior to reactor scram, a

gradual decrease in count rate is indicated over the top half of the fuel

column, with gains generally in the lower half. The total loss indicated over

the interval 13.04 sec to 14.04 sec is roughly 30-40% of the count-rate attri-

butable to fuel. Roughly the same loss occurs after scram, with losses in

this interval reaching farther into the bottom half of the fuel column.

Post-test examination results indicate extensive swelling of

the fuel prior to gross motion. The upper-most pellets in the column which

were in a transition zone between melted and unmelted fuel show clear evidence

of swelling of solid fuel, with swelling becoming more pronounced in fuel

which exceeded the solidus. These pellets are shown in Fig. 3.11. Remains of

frothy molten fuel are also found. There is some suggestion that the molten

fuel began to run down before it froze. A section taken near the top of the

remains of slumped fuel indicates complete melting and essentially complete

separation of gas bubbles from the fuel.

In summary, it appears that the Fl fuel pin underwent massive

swelling while still in the solid state or as it melted. This swelling filled

all of the available volume in the test region. This was followed by a slow

collapse of fuel column, probably with molten fuel draining down the core of a

swollen fuel mass having a solid shell. The fact that a froth-driven disper-

sal did not occur Indicates that the fission gas escaped from the molten fuel

at least as rapidly as large fission-gas bubbles were being produced. It is

important to recognize that the Fl test results do not indicate a free-fall

gravity-driven collapse of the fuel column any more than they indicate a dis-

persal. Under high power conditions, such as in the CRBR LOF scenario, the

fuel melting rate and thus the gas production rate would be about ten times

faster than in this test. Thus the ratio of gas production rate to gas

release rate would be an order of magnitude higher and fuel dispersal might

occur. It is interesting to note that In this test, chunk breakup did not

occur.
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OF 2nd PELLET

SOLIOUS
ISOTHERM

INTERFACE
BETWEEN
2nd AND 3rd
PELLETS
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Fig. 3.11 Remains of the Top Pellets in the Fl Fuel Sample.

A series of experiments referred to as Froth tests will be conduc-

ted in the Annular Core Pulse Reactor (ACPR) at Sandia Laboratory this fall.3*13

These tests are designed to provide information on: (1) the mode of disrup-

tion of fuel in a loss-of-flow accident; (2) the timing of fuel disruption or

the temperature at which it occurs; and (3) the rate of fuel dispersal due to

flsslon-gas or the rate of fuel slumping. All of these phenomena are believed

to be controlled by the microphysics of fission-gas in the fuel. In the first

area under investigation, the mode of fuel disruption, questions have been

raised by recent TREAT tests as to the validity of the "dust-cloud breakup"

model which is currently in use in the SAS accident analysis code. The Froth

tests are intended to address this question by direct visual observation of the

fuel disruption. The timing of fuel disruption and the rate of fission-gas

driven dispersal of fuel were Important questions in CRBR licensing because

early and vigorous dispersal of fuel led to a nonenergetic accident sequence.

In addition, this data should provide a basic test of existing fission-gas

modeling.



The Froth test series consists of nine tests on fuel irradiated in EBR-

II. Three tests each will be conducted on fuel which has been irradiated at

power levels of approximately 6, 9, and 12 kW/ft to a burnup of about 5 per-

cent. The test fuel will be single pellets, about 1/4 inch high, cut from

the irradiated fuel pins. The fuel will not be removed from its cladding. The

cladding will be melted off the fuel during the test. Since this fuel is

highly enriched, which causes a deep flux depression in the pellet, the fuel

will be heated by triple pulsing of the reactor with 1 to 2 seconds between

pulses in order to achieve an uninverted temperature profile at fuel melting.

The tests will be photographed at about 1000 frames per second with a camera

at the top of the ACPR water pool.

3.3 Core Disassembly Considerations

It has been recognized for sometime3'1'" 3-is. 3-16 tIlat £i s s^ o n

product pressures can sharply reduce the fission energy release during a

disassembly excursion, provided the pressurizations become effective on the

time scale of the excursion. This is because the equilibrium fission product

pressures are typically much greater than the fuel vapor pressures. This is

especially true during the early (low temperature) stages of disassembly.

Including these higher pressures accelerates the disassembly process and

therefore increases the energy generation.

It is also clear however, that the specific spatial distribution

and form in which fission products are retained can have a significant impact

on how they will pressurize during a disassembly excursion. For example, sur-

face tension effects could retard the expansion of tiny bubbles of fission gas.

Effective pressurization, in the sense of being able to move fuel, would not

develop until enough coalescence had occurred to allow substantial bubble

growth. The time scale for processes of this type may significantly delay the

pressurization of noble gases retained in this form. Calculations that Include

delay considerations have shown that time delays as short as 1 msec will dra-

matically reduce the influence of the fission products during a 100 S/sec

excursion.3*l7

An example of how the spatial retention distribution can be Important

is the migration of cesium. It Is known that cesium tends to migrate down

temperature gradients to the outer radial surfaces and axial ends of the fuel

pins.9"15 Cesium on the outer surface of the pins could evaporate before

melting occurs. Thus, its pressurization behavior could differ sharply from

those fission products retained in the interior of the fuel. Further, fuel

restructuring tends to produce considerable axial dependence in the retention

of fission gases, since the retention is much greater in the colder regions 0£

near the axial ends of the fuel pins.

In summary, it appears there are two key areas of consideration In

accounting for fission product pressures during disassembly. These are:

1) What is the spatial distribution and physical form of the retained

fission products at the inception of disassembly? (Note that this

must account for the influence of early accident stages.)

2) How do the retained fission products effectively pressurize under

prompt burst conditions?

3.3.1 Fission Product Models

Fast-reactor disassembly models have traditionally considered

fuel vapor as the primary pressure source producing material motion during a

severe prompt-critical excursion. A simple fission-product pressure model

was developed as part of the VENUS-II disassembly code, however, 2'38 This

Initial model only considered the retention of Xe and Kr. Like most early

models, it was assumed that the fission products were retained uniformly and

that their equilibrium pressures would start to act immediately upon fuel

melting.

Since that time, considerable effort has been devoted to modeling

the retention (or release) and spatial distribution of fission pro-

ducts. 3 - 1 5 , 3 - 1 6 , 3 - 1 8 , 3 - 1 9 Most of this work has been directed toward the

predisassembly stages of accidents where heating rates are much lower than

encountered during a disassembly excursion. These models can provide improved

initial conditions for disassembly calculations, but do not specifically model

fission-gas pressurization under prompt-burst conditions.

Recently, an improved fission product pressure model was imple-

mented into the VENUS-II code.3'20 This model accounts for currently under-

stood phenomena and provides flexibility for future upgrading by inclusion

of the following basic features.

1. A separate treatment of different categories of fission products.

2. Flexibility in specifying the retention of each fission product

category.

3. Flexibility in modeling the pressurization of each fission product

category.

The heart of the model is a specification of the equilibrium

fission product pressure as a function of temperature, fuel smear density

and burnup. The equilibrium pressure is defined as the steady-state pressure

produced by a given mass of irradiated fuel retained in a given volume (thus

specifying the smear density) in thermal equilibrium with its vapor (or with



any noncondensible gases present). A 100% retention of all fission products

was assumed for purposes of calculating the equilibrium pressure. The actual

pressure is then obtained by reducing the equilibrium pressure so as to

account for less than complete retention and possible pressurization rate

effects.

The fission products were broken into three categories: noble

gases, alkali metals, and all other remaining products. Further, the noble

gases were subdivided into three additional categories. The retention and

pressurization treatment of each category can be specified separately. The

retention factors can have axial spatial dependence. Separate temperature

criteria can be specified to initiate pressurization. In addition, separate

delay times and pressurization time functions can be specified.

The noble gases (mainly Xe and Kr) require individual treatment

because they constitute a major fission product pressure source over the

temperature range normally considered in disassembly calculations. Also,

they have pressurization characteristics that differ sharply from the con-

densible species. To allow for different forms of gas retention, and hence

the possilibity of different pressurization characteristics, the noble gases

were further subdivided as mentioned above.

The alkali metals were treated separately because they also con-

stitute an important pressure source at temperatures below about 5000 °K. This

is largely due to cesium (which constitutes about 10.4% of all fission pro-

ducts) and to a lesser extent rubidium (which constitutes about 0.6% of all

fission products). Additionally, their separate treatment is required to

allow modeling of their strong spatial migration tendencies.

The remaining fission products are largely condensible elements,

many of which are predominantly oxidized. The vapor pressure from these

materials start to dominate the noble gas and alkali metal pressures at

temperatures above about 6000 °K.

The equilibrium pressures used for each fission product category

were based on the calculations of Gabelnick and Chasanov.'*21 Their calcu-

lations were performed using equilibrium thermodynamics and employed the best

available thermodynamic data. In their approach, the equilibrium oxidation

states of the fuel and condensed fission product species are determined. The

results depend somewhat on the initial fuel composition, but not strongly.

The calculated data covered a temperature range from 2500 °K to 6000 °K, and

a fuel smear density range from 3g/cm to 7g/cm .

To implement the equilibrium pressures into the model, analytical

fits were made to the data for each of the three fission product categories.

Care was taken to provide expressions that not only fit the data accurately,

but produced reasonable extrapolations should the range of the tabulated

data be exceeded. Examples of the resulting fits are shown in figure 3.12

where the data for the alkali medals are presented.

The resulting fission product pressures are added directly to

the fuel pressures shown in Fig. 2.2.
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3.3.2 Computational Results

A number of studies have been performed to investigate the influence

of fission product pressures on disassembly energetics. A broad range of re-

sults have been reported depending on the excursion severity, Doppler feedback,

burnup, retention, and pressurization treatment. An example of some results

obtained with the VENUS-II model discussed above is given in Table 3.1.

These results are for an FTR core model with 5% burnup and a uniform 10% reten-

tion of all fission products. 3' 1 7 Fission product pressures were activated

upon fuel melting or at some delay time after melting.

It is seen that instantaneous pressurization upon melting reduces

the fission energy deposition by about an order of magnitude for a typical

20 $/sec excursion. The energy reduction for a comparably treated 100

$/sec excursion is only about a factor of two, however, This Is because dis-



assembly feedback has a relatively smaller effect on the fission energy as

excursion severity increases. The results also show that pressurization

delays as small as 1 msec strongly reduce the influence of fission product

pressures in the 100 $/sec case.

Reactivity
Insertion
Rate
($/sec)

20

20

20

20

100

100

100

100

100

Fission Product
Pressurization
Delay Time

(msec)

(no fission products)

0

4

8

(no fission products)

0

0.5

1

2

Relative
Energy
Release

E

0.13 E

0.49 E

0.90 E

E'a

0.54 E1

0.70 E'

0.82 E1

0.99 E'

Relative
Peak
Fuel
Temp

T

0.70 T

0.82 T

0.97 T

T,b

0.80 T'

0.87 T'

0.92 T1

0.99 T'

E' = 1.66 E

T1 = 1.29 T

Table 3.1. The Influence of Fission Products on
Disassembly Calculations in an FTR
Core Model.

Additional calculations were performed to investigate the relative

importance of different fission product categories as well as axial reten-

tion distributions.3'20 It was found that the noble gas pressures accounted

for about 80% of the energy reduction calculated for the 100 $/sec excursion

with instantaneous pressurization. The alkali metals accounted for about

15% of the reduction, with the final 5% being due to the remaining fission

products. An axial retention distribution was considered that concentrated

all three categories of fission products near the ends of the fuel pins, while

retaining the same average retention of 10%. A quadratic distribution function

was used that had a retention of 2% at the core mldplane and 23% at the core

reflector interface. Using this distribution reduced the influence of the

fission products by about 10% below the uniform distribution results for the

100 $/sec excursion.

In general, It appears that considerable work is being done that 34

will allow a fairly accurate specification of the fission product retention

through early accident phases. Disassembly studies, such as the above,

indicate the importance of understanding possible pressurization rate effects

under prompt burst conditions. This latter area is not as well understood,

and will likely require additional experimental data before fission product

effects can be reliably accounted for in disassembly analyses.

3.4 Prompt-Burst EOS Experiments

A series of equation-of-state (EOS) experiments is being conducted by

Argonne National Laboratory in the TREAT reactor. The objective is to observe

the pressurization and fuel motion histories of fuel samples subjected to a

neutronics burst. An attempt is being made to observe the fuel motion via a

neutron hodoscope. Three experiments were recently performed, including two

tests using irradiated fuel. The results are currently being evaluated.3*22

One limitation of these tests is that the heating rates achievable in TREAT

are still considerably lower than those encountered in typical disassembly

excursions.

A series of prompt-burst excursion experiments is also being conducted

in the ACPR reactor at Sandla Laboratories.3*23 It is planned that this effort

will be extended and shifted to the SPR III reactor. 3"2I> This latter reactor

can provide significantly higher heating rates. It is planned that irradiated

fuel samples could be used in some of these tests.

Out-of-pile equation-of-state experiments using extremely rapid heating

pulses are also being performed at Sandia Laboratories.' Thin fuel samples,

initially in the form of a powder, are confined by a graphite container. The

sample is heated by a pulsed electron beam (in ~1 usec) producing a high

temperature mixed phase sample. The vapor pressure Induced expansion of the

graphite container is monitored by a streak camera system. This expansion is

used to infer the vapor pressure of the sample. Optical pyrometer measure-

ments determine the energy absorbed by a graphite dosimeter plate behind the

target. This is used to define the energy state of the sample. Unirradiated

oxide fuel samples have been tested using the above arrangement.' Although

there are currently no plans to perform experiments on irradiated fuel, this

technique is capable of the extremely rapid heating rates needed to examine

pressurization rate effects.
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