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ABSTRACT 

A sample of fuel (UO2 or UPUO2) can be heated by fission in a hea
ting transient up to energy deposition 4 000 j/g, in the Silène reactor. 
The Kistler type capsule, the calorimeter device and the radiochemical 
analysis of fissions products enable the pressure pulse and the fuel 
energy deposition to be measured. So, the relationship between the fuel 
vapour pressure and the fuel specific energy can be deduced. Peaks pres
sure (about 1 MPa) coming from fresh UO2 vaporization, have been measured 
on a 7 milliseconds time scale. There is a good agreement with the E.O.S. 
for fresh UO2, which is well known for low pressure (1 MPa). Numerous 
tests have been done with 93 % enriched UO2 and a first test with highly 
active fuel containing plutonium (15 at *) has been performed. The 
capsule allows the released gas coming from the irradiated fuel to be 
retained for measurements and analysis. To investigate the mode of fuel 
disruption, in-pile fission-heated fuel pellets has been recorded by high 
speed cinematography. 

INTRODUCTION 

In order to assure the adequacy of containment in regard to public safety, 
it is essential that the relationship between the vapor pressure of the core 
materials and their specific energy or temperature be known. An equation of 
state (E.O.S.) of irradiated fuel is the "pressure-specific energy" relation
ship of a particular fuel (burn up-irradiations conditions) for a local energy 
ramp in the fuel. 

To derive an E.O.S. for use in safety studies, we need the following 
points : 

- The fission product distribution at the begining and during the early 
stage of the accident. 

- The local pressure exerted by the fissicn products (gases and volatile) 
during the later stages of the accident. 

- The effects of this pressure in fuel movement. 
The Silène programme is mainly aimed at these two last factors : 
The first objective is to design a pressure measuring capsule in which a 

sample of irradiated fuel could be heated by fission in a heating transient 
to energy dispositions in the range 1 003 to 4 000 j/g of oxide, on a 10 ms 
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time scale. 
The second objective is to visually observe pre-irradiated fuel under 

accident conditions provided by the Silène reactor, to determine the pin 
failure modes. 

THE SILENE REACTOR DESCRIPTION AND CAPABILITIES 

Silène is an homogeneous pulsed reactor using a solution of uranyl 
nitrate as fuel. The core consists of an annular vessel of 360 mm diameter, 
the power excursion being induced by reactivity rod ejection. The central 
channel is used for rod moving but also as an irradiation test cavity. 

Such a reactor offers flexible capabilities and inherent intrinsic 
safety because of a large negative reactivity feedback. Moreover this type of 
facility provides interestin capacities for a broad range of phenomenologi-
cal experiments particularly on fast fuel safety studies. 

For the E.O.S. experiments, the operationnal mode available is a single 
pulse mode. The main characteristics of a pulse are given in table I. 

TABLE I 

Characteristics of a Silene pulse 

Maximum power 
Integrated Energy 
Period 
Peak width 

The Silene neutron fluence in its irradiation cavity comprises 
fast and thermal neutrons. High energy deposition up to 4 000 joules per 
gram of fuel can be achieved with a moderator block around the capsule 
containing the fuel sample, in order to thermalize the fast flux. 

MEASUREMENT OF FISSION RATES AND ENERGY DEPOSITION 

Power measurements during the pulse 

The reactor power is measured by a shielded ionization chamber, which 
responds mainly to neutron radiation from the reactor. Fission rate in the 
fuel sample is obtained from the reactor power curve, assuming this power 
proportional to fission rate. 

Radiochemical analysis cf fissions products 

The energy deposition in the oxide is measured directly on the fuel 
sample, by ycpectrometry with Ge Li detectors selected on fission products 

Te, Ce, Ru, Mo). The measurements have been made either on the 
fuel sample dissolved in a nitric solution, either directly on the fuel 
sealed in the capsule. 

2.3 10 fissions s (750 Megawatts) 
1.7 10 fissions (5.5 Megajoules) 
2.4 ms 
7 ms 



Measurements on the heat generated with a calorimeter fuel" 

A non destructive technique is used for measuring the energy. The 
energy deposition in the oxide sample is calibrated in terms of a "calorime
ter fuel" temperature rise AT. The "calorimeter fuel" is a UO2 pellet 
(enriched to A Z in 235^) w eided to a thermocouple. During the same irradiation in the Silène cavity, the calorimeter fuel temperature rise AT in the 
pulse and the mean energy deposition E in the fuel sample (measured by 
radiochemical analysis of fission products created during the pulse) are 
related according to the relation : 

E » f(*T) 

where f is a function for a particular fuel and capsule geometry. On this 
basis, the temperature rise AT gives the energy deposition E ; for instance, 
a full size pulse corresponds to 850° C AT and gives 4 600 j/g deposition 
capability, for a 93 % enriched U0~ 

The energy deposition in the fuel (UO2) for each fission has been obtai
ned from the temperature rise AT and the fission density (measured by radio
chemical analysis) in the "calorimeter fuel". This energy is : 

J 70 MeV/fission 

This is in good agreement with Mc Taggart's value : 166 +; 6 MeV [l j . 

THE PRESSURE MEASURING CAPSULE 

One way of providing required data for E.O.S. is to design a pressure 
measuring capsule in which a sample of irradiated fuel is rapidly heated. 

Fuel geometry 

At this stage the experiments have been performed mainly with fresh 
UO2 fuel, fully enriched. In order to limit sink and self shielding 
effects, for this fresh fuel, the sample is restricted to a disc 7 mm dia
meter and 0,3 mm thick. For the irradiated fuel which is brittle, we use 
1 g sample, of small particles of oxide of mostly less than 0.5 mm dimension. 
These small pieces are contained in a test tube 2 mm diameter. For this geometry, 
despite the small sample dimensions, the fission rate variation within the 
sample is not negligible. A photomicrograph of the enriched UO2 which recei
ved 1 100 j/g shows that the outer surfaces of some of the fuel particles 
have been molten, through the interior and some fuel particles are unchanged. 

Capsule design and pressure gauge 

The Silène experiments have been carried out in capsules which use 
different types of pressure transducer in order to select one of them. 
..,, The pressure transducer being submitted to a hard nuclear environment, different types sensing elements Tpiezo resistive ; classical strain gauges ; 
eddy-currents) have been tested to analyse the signal to noise ratio during 
this pulse. A commercial piezo resistive pressure transducer (Kistler) incor
porating a semi conductor sensing element behind a flexible diaphragm has 
been selected. It is less sensitive than the others to the radiation accom-



panying the reactor pulse. A typical time variation of reactor power, and 
pressure in a prompt initical pulse is shown on figure[\]with irradiated 
fuel (UPu(>2 15 at X burn up). 

Preleminary results 

1 - The first series of Silène experiment have been carried out in the 
capsules containing argon gas and fresh UO2 fuel and using Kistler gauge for 
measuring pressure. Test with high energy deposition >3 200 j/g produces 
appreciable peak pressures (for example 10 MPa for a ratio free volume to 
fuel volume of 14 coming from fuel vaporization (see figure 2). 

The relationship between pressure and energy deposition are in good 
agreement with E.O.S. of fresh UO2 (figure 3) for low pressure (about 
1 MPa), when no fuel recondensation occurs - (recondensation is detected 
with a fast thermocouple inside the capsule). 

2 - Early in the series, it became clear that gas other than the noble 
gas fission products Kr and Xe was being generated in the transients from 
the fuel itself. The mass spectrometer analyses show that these spurious gas 
are only H 2 and CO (H 2 « 0,6 to 0,07 cm3 (STP) for one gram of oxide ; and 
CO - 0,04 cm3 (STP) for one gram). A tentative hypothesis from chese data 
is that the transient heating in Silène, liberate hydrogen from residual 
water not removed in the vacuum fuel drying process before the test. 

While the fuel is hot, carbon monoxide is formed and is released from 
it, the carbon being due to impurities pick up in the fuel. With assumption 
of the following reaction : 

C + 1/2 0 2 — > C 0 

we need 20 ppm C impurities to generate the CO volume measured before. So, 
CO generated is commensurate with the carbon content of the fuel. 

VISUAL FUEL DISRUPTION TESTS 

Other experimental work has been carried out to investigate the pheno
menology of fuel failure in pile, by direct visual observation of the fuel 
in the Silène cavity using high speed cinematography. The first série was 
designed to establish feasibility of this new diagnostic method. A fuel 
pellet has been internally fission heated by pulse irradiation. The pellet 
response to this power transient has been recorded photographically, at a 
rate of 6 400 frames per second for a few seconds. The image of the pellet 
response is sent to a Hycam recording camera via a miror and a telescope. 
The preliminary tests have shown the fuel f'racr-ire due to thermal stress and 
the oxide fusion. 

REFERENCES 

1. J of BNES, Vol. 7, 4, p. 328 (1968) 



PUISSANCE E 

19 fissions/s 
TRAFIC 

TIR DE PUISSANCE SUR 
'UPu'Oz provenant de FORTISSIMO 

PRESSION 
b a r S B - , 

f igure: 1 
TEMPS 

mi 



s> 
« 3 S 
$ 3 f I 

- II -

*.»* i /Y 
A \ > 

t 

/ \ / - ^ ^ 

v. 

t 

1 

» 
^ T '"* — 

* » 3 0 So 

I ' ! 

È r' I 
1 

V, >•»«• s. 

>'. <«. 

V. 
J». 

3 , 

V 2' 

V. / . 

>•* l m 

J t» 12,5 If M If I» is to » 

fM««tr l l / j ; 

T int (•»») 

^ 2 



•I 
I 

•3 -£* 

•I 
? 1 

fl 
C 

Î 1 
•I • a- y 
5 -

(«ij-iynssayj co OJ 

• o 
IU 
tu 

1 
o) 

CO 
CO 

i — > ^ 


