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ABSTRACT 

We anclyse the mixed oxide fast fuel response to off normal conditions 
obtained by means of an out-of-pile transient simulation apparatus designed 
to provide direct observations (temperature, pressure, fuel motion) of fuel 
fission gaz phenomena that might occur during the transients. The results 
are concerning fast transient tests (0,1 to 1 second) obtained with high 
gaz concentration irradiated fuel (4 to 7 at % burn up»0.4 cm3Xe + Kr/g.UPu02) 

The kinetics of fission gaz release during the transients have been 
directly measured and then compared with the calculated results issued of 
the Chicago model. This model agrees, quite well, with other experiments 
done in the silène prompt reactor. Other gases than xenon and krypton (such 
as hydrogen and carbon monoxide) do not play any role in fuel behavior, since 
they have been completely ruled out. 

INTRODUCTION 

The two events which have received most attention as potential hypothe
tical core disruptive accident initiators are loss of flow (LOF) and 
transient over power (TOP) accidents. For each type of event, retained fis
sion gas during the transients can lead to significant fuel motion, which, 
in turn, strongly influence the reactivity feedback. The nature, timing 
and rate of fuel motion are of particular importance because an early disper
sal can remove fuel from the core leading to neutronic shutdown. To supple
ment the in-reactor test data , laboratory simulation experiments have been 
performed at the Metallurgy Division of CEA on irradiated mixed oxide fuel. 
The major advantages of the out of reactor approach are its accessibility 
and its ability to measure the tests parameters precisely which are taken 
into account in a fuel transient behavior model. 

EXPERIMENTAL 

An out-of-pile transient simulation apparatus (T.S.A.) using direct Joule 
heating of the fuel has been designed to provide direct observations of fuel 
fission gas phenomena that might occur during the transients. To avoid 
electrical short circuit of the fuel stack, irradiated oxide (3 cm long 
samples) must be removed from its cladding into an insulator tube. For this 
reason a fuel removal device was developped to push irradiated fuel out of 
its cladding into a transparent quartz tube which preserve the integroty of 
heavily cracked fuel stacks and allows fuel surface temperature measurements 



by means of infrared pyrometry. The T.S.A., which is capable of operating in 
both steady state and transient heating modes, is essentially composed of an 
instrumented specimen chamber connected with an electrically power supply 
system. 
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1 - The instrumented specimen chamber is incorporated in a a, 6, o, hot 
cell.The quartz -clad UPuO- irradiated stack is placed between two tungstène 
electrodes inside a quartz small volume tubular chamber. In the cold part of 
this closed chamber a piezoresistive pressure transducer measures the fission 
gases release kinetics during the tests. Thé fuel surface temperature is 
measured by a calibrated automatic infrared pyrometer. This parameter is 
then compared with a computed temperature profile based on experimental data. 
After the tests the gases are collected and then analysed by mass specfrome-
tric measurements . 

2 - The electrical power supply system. The pre-heating phase is realised 
either by an external furnace either by direct ohmic heating with a high 
voltage supply. The transient phase is obtained by means of a high current 
power supply (500 amperes - 300 volts) the main characteristics of which are : 

- a power regulation mode which allows precise and reproducible power 
input rates. 



- a very short response time enables melting a 3 cm long irradiated fuel 
stack in less than 100 milliseconds. 

During the tests the electrical power, the fuel surface temperature and 
the gas pressure are monitored simultaneously and continously using a high 
speed recorder. A high speed movie camera allows fuel motion recording. 

RESULTS 

Ten transient experiments have been lead to study the effects of increasing 
energy input at constant time (0,1 to 1 second time-scale). The main results 
obtained during and after the tests are concerning the amount and composition 
of fuel gas release, fission gas kinetics and fuel motion. In table I we give 
the irradiation data and the fission gas concentration for the mixed oxide 
samples (3 cm long) used in our experiments. 

Experiment El E5 E6 E7 E10 El l E12 I E 1 3 |™ ' E 1 6 

Composition wt % 75 U02 - 25 Pu0 2 

Burn-up a t % 5,4 7 7,2 7,1 5 3,7 4 ,1 4,95 6,3 6,7 

Xe + Kr concen t ra t ion 
cm 3/g 0,44 0,34 0,34 0,39 0,44 0,46 0 35 0,35 0,36 0,38 

1 - Composition and kinetics of fission gas release 
The transienttests data with the results relating to fuel gas release 

appear in table II. 
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The results contained in table II revealed that if the fission gases 
xenon and krypton are the major components (60 to 90 %) of the collected 
gases total amount, hydrogen and carbon monoxide are present in smaller 
amounts. Hydrogen, coming from water vapor essentially catched after the test 
in the pipes (10 meters) joining the specimen chamber to the extraction gas 
system, is a spurious gas. Contrary to hydrogen, carbon monoxide 10 to40% 
enriched with C (natural isotopic abundance = 1,12 %) is an intrinsic fuel 
gas. During the irradiation, the fuel residual carbon impurety (fabrication) 
is labelled with carbon 13 originated by the oxygène n - a reaction 
16 _, 1 13 „ . 4 1 8 ° + 0 n - , C + ' He . The interaction between the carbon and the 
oxide, when the fuel is heated during the test close to its melting point, 
produces a carbon monoxide pressure. In cur conditions this gaseous carbon 
source (0,04 cm3C0/g. UPu0 2 corresponding to 20.10"6g. C./g. UPu02) can be 
considered negligible compared to the fission gas concentration in the fuel 
(0,4 cm3 Xe + Kr/g. UPUO2). Thus, the kinetics of fission gas release during 
the transient test has been directly recorded with the pressure transducer 
as shown in figure 2 where we can simultaneously observe the evolution of 
power in fuel stack and gas release versus time. It is inters ting to notice 
than the final released gaseous volume deduced from the pressure transducer 
agrees quite well with the total amount of fission gases determined by mass 
spectrometry measurements. 
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A comparison is presented in figure 3 oetween out-of-pile (this work) 
and in-pile (SILENE prompt reactor) results concerning the experimental 
kinetics of fission gas release during the transient tests. These curves 
show, whatever the transient duration (10 msec for SILENE reactor, 100 msec 
for TSA experiments) and fuel power rating values may be, the fission gas 
release duration is quite the same : 125 to 200 milliseconds. 
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Figure 4 presents the fission gas release versus maximum fuel surface 
temperature reached by the oxide fuel stark during 100 milliseconds duration 
transient tests. 

Percentage of X»+Kr 
release (t) 

100 

to 

$0 

40 

SO 

/ 

/> y 
y» / 

y y 
y 

Maximum surface 
temperature ne -.surei 

1000 1600 2000 

Fie 4 Fission gas release versus maximum fuel surface 
*' ' Temperature reached by the oxide stack during the 

transient tests 



4$ irradiated UPu Ol 
fuel. Burn -up : 7ot % 

After 0,1 second tran
sient unmelted fuel 

After 1 second trans/ent 
melted fuel 

Fig 5 MICROGRAPHIC ASPECT OF IRRADIATED 
MIXED OXYDE FUEL BEFORE AND AFTER 
TRANSIENT TEST (TS.A.) 



It can be observed * majority of fission gas release (60 to 80 Z) occurs 
in an unmelted fuel structure when the oxide surface température does not 
exceed 2000*C. 

2 - Fuel swelling in relation with fission gas release and micrographie 
aspect 

Fuel swelling in relation with fission gas release was measured on unroel-
ted fuel structure after the transient tests. 
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E 10 100 590 22 12 
E 5 100 510 27 13 
E 7 100 650 32 14 
E 11 100 840 64 19 

As shown on table III fuel swelling (12 to 20 Z) and fission gas release 
(22 to 64 Z) are correlatively increasing. On figure V are presented micro-
graphic cross-sections which are respectively corresponding to the as-
irradiated fuel structure and to unmelted and melted oxide final transient 
test structure. For the transient test unmelted fuel structure it can be 
noticed the central hole has disappeared probably caused by the oxide swel
ling mentioned above. A very different structure is observed in caseof the 
melted fuel sections the central part of which appears like as gaseous 
"emulsion" containing large bubbles 100 to 200 um. For those transients in 
which no or little melting occurs the fuel stacks do not show any evidence of 
fuel relocation or dispersion. Such a behavior is probably only valid when 
a mild restraint due to cladding is present around the fuel. 

Fission gas release modélisation 

We have taken account of these first experimental results to undertake 
a modélisation of the fission gas release out of a fuel submitted to a 
thermal transient. Physical assumptions we have retained allowed us to build 
a simple model, CHICAGO, which givesa rather good correlation between TSA 
(this work) and in pile (SILENE prompt reactor) experimental data and 
calculations. 



1- Basic assumptions 
We have assumed that the fission gas retained in the fuel after the steady 

state of irradiation was distributed into small spherical bubbles (some tens 
of angstroms radius) into the grains and into large lenticular bubbles (some 
micronsradiusi on the grain boundary. Intergranular bubbles are mobile both 
randomly and under the severe temperature gradients developped in the fuel 
during the tests (some thousands degrees per cm). They migrate by a surface 
diffusion of heavy atoms mechanism. Coalescence of these bubbles during their 
run make them to be rapidly overpressurized by depletion of bulk vacancy 
population. 

Intergranular bubbles are assumed to be motionless. They grow by absorption 
of intragranular gas released, until they cover a certain percentage of 
grain surface, after which the gas they enclose is released out of the fuel 
through the interconnected porosity and then the microcraks network. 

As in the Wood Matthews formalism we have assumed one class of 
bubbles in each domain (intra or intergranular), each with a mean radius, 
which allows rapid calculations. 

2- Comparison of modélisation with in-pile and out of pile experiments 
4 Results of calculations done for some in pile and out of pile transient 

test are presented below (fig.n" &&?0n these figures are presented versus 
time both experimental (full line) and calculated (dashed line) standardized 
curves of kinetics, that is to say release at time + divided by release at 
the end of the test, calculated centerline and surface temperature of the 
sample (mixed lines ref. 1 an 2) and, for TSA tests, experimentaly measured 
surface temperature (mixed line ref. 3). 
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Fig. é> Comparison of modélisation with in-pile experiments (SILDNE prompt 
reactor). Fission gas kinetics and temperatures 
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We see that CHICAGO gives kinetics that are in quite good agreement with 

the experimental ones for both types of tests, SILENE prompt reactor and TSA 
which, however, have rather different characteristics, such as heating mode 
or test duration. 

The calculated final rates of release agree also quite well with experi
ments as we can see on fig- 3 below. 
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CONCLUSION 

Transient tests have been performed on irradiated aixed oxide pellet 
stacks with quarts cladding using an out of pile transient simulation appara
tus to study the effects of increasing energy input up to fuel melting in 
0,1 to 1 second tisc scale. Analysis of the results obtained during and after 
the transients leads to the following conclusions : 

1 - Fission gas release during the transients has been directly recorded with 
, a pressure transducer. This results has been obtained since the other gases 
j such as hydrogen (spurious gas) and carbon monoxide (intrinsic gas labelled 
; with C formed during irradiation) are present in very small amounts. 
2 - A majority of the fission gas release (60 to 80 Z) occurs in the unmelted 
part of the fuel when the oxide fuel surface temperature does not exceed 

' 2000*C. 
3 - If the amount of fission gas release is energy input dependent, on the 
contrary the gas release delay time (125 to 200 milliseconds) is energy input 
and rate of energy input independent whatever the origin of results may be 
(out of pile on in-pile). This is valid for transient time-scale 10 to 100 
milliseconds and for in pile and out of pile experiments 
4 - Calculations done with a rather simple model, CHICAGO, lead to values in 
good agreement with the kinetics and total amount of fission gas releases for 
both out of pile and in pile results. 
5 - Concerning fuel motion, only swelling has been observed increasing in 
relation with fission gas release for unmelted fuel. In case of transients 
in which no melting occurs central hole is refilled by fuel swelling and 
the fuel stacks don't show any evidence of fuel dispersion for 100 millise
conds transient tests conditions. This last conclusion is probably only valid 
when a mild restraint due to cladding is present around the oxide. 
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