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ABSTRACT 
Experimental results on the expansion and collapse of two 

phase vapor bubble, and on the aerosols transport outside the 
tank are presented. Two facilities using small source of hot 
water (Z cna.:') or bigger ones (lOOOcm3) were used and are des
cribed. Two models are developped to analyze the results on the 
bubble. They show the heat and mass transfer from the bubble to 
the surroundings and the.following reduction in the mechanical 
energy delivered, by the bubble, and the decrease in this reduc
tion due to noncondensahles and to scale effect. The models 
developped for the aerosol transfer show that most particles 
are likely transported from the bubble to the cover gas. 

I. INTRODUCTION 
According to some concepts of the hypothetical accident, 

one has to consider the formation of a bubble in the reactor 
core. The.bubble can result from a clad failure (rising hydros
tatic bubble) or.from a FCI or a fuel vaporisation (pulsating 
high pressure bubble). Three questions must be solved : 
1. The reactor containment response 

This needs the knowledge of the yield of mechanical work 
performed by bubble expansion. That is the relation ship Ps^gp 
between -the pressure and the volume of the bubble (the time 
appears» in that relation because of the heat and mass transfers 
between the bubble, the hot fuel and the cold liquid and core 
structures). This work can be reduced by recondensation 
2. The radioactive transfer from the bubble to the cover gas 

This needs the knowledge of the paths of the aerosols in
side the bubble and their entrapment at the bubble interface. 
3. Leakages of contaminated fluids through the roof (argon, 
liquid and vapor sodium) 

This needs the knowledge of the roof leak paths, and of 
the state of the cover gas and of the adjacent sodium. 
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This paper deals with the CEA studies performed on these 
subjects. §11 gives the experimental results obtained from two 
experimental facilities (EXCOBULLE and CARAVELLE) and §111-IV 
give the analytical tools used for thermodynamlcal bubbles 
studies (EXCOBUL and BAINS} and for aerosols transfer (CABO and 
IMPACT). 

XI. EXPERIMENTAL WORK 
1. EXCOBULLE experiments f \ J 

The EXCOBULLE experiments (Expansion et collapse de la 
BOLLS) are performed in the CEA/GRSNOBLE center. They are aimed 
at the knowledge of the:-.heat transfer between a bubble and the 
surrounding -medium. The tests are performed on simple and small 
scale experiments in water (EXCOBULLE I), and one will gradually 
increase the complexity and the scale of the device (EXCOBULLE 
ID -

The first phase of the program has involved the expansion 
of small balls of hot water (2 g) in a tank of cold 'rater. La
ter the tests will include larger size bubbles, the effect of 
inert gases and particles in the bubble, structure around the 
bubble, and fluids other than water (sodium). 
1.1. EXCOBPLLE I bis 

Each experiment consisted essentially of a tank of cold 
water (100 1) and a source of hot water placed iu the middle of 
the tank. The source of hot water was a glass ball filled with 
water that could be heated immediately prior to a test by joule 
heating. The pressure in the glass ball was raised to à value 
slightly above the saturation pressure at rhe specified test 
temperature, hence the water was nearly saturated. 

The glass was broken mechanically with two pistons 
The hot fluid expanded rapidly as a two phase mixture in a 

bubble to a maximum size and then collapsed. Subsequent oscil
lations of smaller bubble size and period then followed (movies 
are taken «,t speeds of 2000 i/s) . 

The experimental parameters are 
- temperature of the hot liquid (433 - 553 K) 
- mass of hot liquid (1,7 - 15 g) 
- pressure of the gas in the tank.(1 bar or 0,05 bar) 

The results for the maximum bubble radius R B a a x ' the period f? and the minimum pressure in the bubble PB_4_ are presented in 
table I B m i a 

1.2. EXCOBPLLE 1 ter 
The source.of hot water (15 g, 413 K) is similar to that 

of EXCOBULLE I bis experiments, but is placed in the middle of 
a 1300 cm3 tank at room temperature, either vacuated or filled 
with helium or nitrogen (0,13 bar) 

Pig 4 shows the pressure variation in the tank (the more 
the rate of vapor recondensation on the walls of the tank, the 
more this pressure decreases). It can be seen that noncondensa-



b'les substantially reduce the recondensation rate. 
TABLE I. Comparison between measured and calculated results at 
1 bar tank pressure, assuming temperature reduced below nominal 

R„ (mm) Bmax 
r (ms) 
Bmin bars) 

Calculated 
Nominal 
T BO 

C O 

Assumed 
TB0 C O 

R„ (mm) Bmax 
r (ms) 
Bmin bars) 

Experimental Nominal 
T BO 

C O 

Assumed 
TB0 C O 

R„ (mm) Bmax 
r (ms) 
Bmin bars) 

Experimental With heat,.. . fc. . . Adiabatic transfer 

160 160 B max 2 3 - 2 24 84 
r 5.5 + .8 5.6 17.5 
Bmin o.6 0.7 

220 190 Bmax 32 ! 2 32 75 
t 7.0 t .4 6.8 18.4 
Bain 0.35 0.5 

280 220 Bmax 4 0 - 3 
8.2 t .6 

39 84 
T 

4 0 - 3 
8.2 t .6 7.7 18.9 

Bmin 0.2 0.4 
280 2SO R» Bmax 44 45 92 

PBm4n 
8.5 
0.2 

3.7 
0.3 

19.6 

2. CARAVELLE experiments 
2.1. Description of the facility 

The CARAVELLE experiments (CARActérisation du VEcteur 
buLLE) are performed in the CEA/CADARACHE center. The purpose 
is to investigate the aerosol transfer and leakage through ope
nings in the roof.; in a representative facility simulating 
(l/17e scale) the SUPER-PBENIX reactor tank. 

The 1020 1 tank is filled with 870 or 950 1 water and the 
spherical source (first studied and improved under sea) con
tains 1,4 1 water and a thermite charge (Mg + Fe-0.). The hot 
particules released by the chemical reaction heat the water of 
the source and simulate the fuel aerosols. The initial pressure 
of the generated vapor is 70 bars. The pressure variation in 
the water and in the cover gas (air) are measured and pictures 
of the bubble and of the free surface of the cover gas are ta
ken with a high speed camera. The water level inside the roof 
openings (0 - 30 sa, L * 180 mm) is obtained with i special 
instrumentation, based on the variation of conductivity between 
two metallic wires diving into the water. 



2.2. Expérimentais results 
a) The bubble 
The radius R_ grows to 250—3 20 am within a.n ejr̂ ansiott time 

of 12«20 ms, according to the cover gas voluae. The variation 
of. R is very different from that .calculated in spherical geo
metry (with the BAINS model and the parameter K - 4, see § III 
22C), indicating important 2D effects. 

From the film the brightness of the bubble give information 
on the localisation and the temperature of the particles. It is 
seen that their 'spatial repartition is homogeneous and their 
cooling is small during the bubble expansion. Some of the parti
cles are transferred to the surrounding water and cooled down. 
This deposition in cold water is-increased during the collapse. 

b) Impact of water on. the roof 
The speed of impact of the water on the roof is 10 to 23 

m/s, according to the cover gas voluae. -For the 10 m/s speed the 
corresponding calculated impact pressure is about 100 bars, in 
agreement with the measured value. 

c) Flow through openings 
Two phases have been observed ; 

- during the water hammer a small amount of water flow through
out the two holes (80 g) 
- at the end of impact, the motion of the liquid from the center 
of the roof towards the periphery mixes the cover gas with the 
liquid. This diphasic mixture (gas + liquid water) or emulsion 
remains in contact with the roof during 60O ms. Afterwards the 
two phases separate. During this second phase several kg of wa
ter flowed out. 

So the period after *.mp*ct As important and must be tho
roughly studied. 

III. ANALYTICAL STUDIES ON TEE BOBBLE 

Two models have been derived ; the EXCOBUL model for ana
lyzing the EXCOBULLE experiments, and the BAINS model develop-
ped both for the experiments and the reactor case. EXCOBUL gives 
a fine physical description of the phenomena involved with a 
certain numbers of adjustable parameters. While BAINS is an in
tegral description of a bubble behaviour and more general ; the 
adjustable parameters are very limited. This method is part of 
a general approach as quoted in ref £ 2 J £ 3 J 
1. EXCOBUL model 

From the EXCOBULLE experiments a parametrical model C 4 J 
has been written, with the following main assumptions : 
- thermal equilibrium for the hot phase 
- incompressibility for the cold liquid 

Three different phases are described. First, the growth of 
instabilities is taken into account creating a mixing zone. In 
the second phase which starts at the end of the growth, the con
densation of the hot phase in this mixing zone is described 
leading to the third phase where a smooth interface is observed. 
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In this phase the conduction in the cold water governs the phe-* 
nomena. 

There are 5 parameters in this modol :. 
- one for the description of the growth of the instabilities 
- one for the description of the mixing zone 
- one for the des-cription fo the .ieat transfer in this mixing 
zone 
- the duration of the 2nd phase 
- t.be parameter used in the description of heat transfer by the 
kinetic theory. 

The calculated results are summarized in table I, 
2. 3ATNS model 
2.1. Model des-cription 

The BAINS model (Bulle Aerosols.INcondensables Structures) 
is.concerned with water ox sodium bubbles containing nonconden-
sables gases and fuel particles. The geometry is spherical and 
allows a simulation of the reactor tank, which can be deformed 
plastically, further developments will take into account some 
(spherical) structures (giving rise to pressure drops and heat 
losses), the leakages through the roof (see § II.2.2 ) and the 
fuel vaporization. 

The bubble is assumed to be uniform and in thermodynamics 
equilibrium. The model includes four sain parts 

a) Vapor recondensation on the bubble, surface 
Without noncondensables the vapor condensation rate is 

expressed as : 

* V ' VF5w* * 
Fa|/F5«-E Ê"^7(OT «« 

T_ and T are the bubble andthe cold li' -lid temperatures,à? is the 
latent heat of vaporization, F (<1) ±s a calculated coefficient 
for the effect of the film of condensate and K p is an adjusta
ble nondlmensional parameter describing the increase (relative
ly to conduction) In the condensation flux due to Taylor insta
bilities and mixing (see § 1} 

With noncondensables one has to solve simultaneously eq 
(1) and the diffusion equation in the bubble (noncondensables 
are assumed to be in thermal equilibrium with vapor). The model 
is a generalization of that of Theofanous and Fauske C 5 ], the 
variation of R and D,- (molecular diffusivity aC T/p) being ta
ken into account. The result differs from that of ref /* 5 J by 
the substitution 
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K is an adjustable nondimensional parameter describing the in
crease (relatively to molecular diffusion) in the condensation 
flux due to turbulent motions in the bubble. 

b) FCI 
An improved Cho and Wright model Is used. The heat trans

fer from particles to sodium is expressed as 
<&•-%('-''"']^H(T'-T8) 141 

m?, R' and T' are the mass, radius and temperature of the fuel 
particles and t m is a mixing time. Once T' has decreased to the 
melting fuel temperature, it is Jcept at this value until an 
amount of heat corresponding to the latent heat has been trans
feree^. 

When T < T t (phase A) 

* ] • " - (5) 

When T » T (phase B) the motion of particles relatively 
to vapor increase! the heat flux and is taken into account 
through a Peclet and a Nusselt numbers (N is the number of moles, 
£ the void fraction and subscripts v and i refer to vapor and 
to noncondensables) : , 

JL- JL J. .EL -£. Nu= 2+ 0,6 \J% , Fe = 2Eu«cP«fc 
(6) 

JEhe relative velocity u is an input parameter. 
e) Dynamics 
In phase A acoustic constraint and in phase B inertial 

constraint are assumed. In phase A noncondensables undergo an 
adiabatic change. When reaching phase B, noncondensables are 
assumed to get suddenly thermal equilibrium with the sodium of. 
the bubble at constant total volume and energy • 

d) Codant equation of state 
Theraodynaoically consistent equations of state are r.sed 

for sodium f 6 J and for water. 
2.2. Interpretation of experiments 

a) EXCOBtTLLX I bis experiments 
In these experiments m •£ 2 g. With K_ » 50 there is good 

agreement between the calculated and the experimental variations 
of R_, both for various initial temperatures (160 °C or 250 *C) 
and external pressures (1 bar or 0,05 bar), fig 2*3. Therefore 



"in-these small scale experiments the recondensation at the bub
ble surface is the major phenomenon (calculations show that 
without recondensation the work don-s would be 11 times greater) . 

b) EXCOBPLLE T ter experiments 
As the only phenomenon is the condensation on the wall f 

these experiments allow an easy and precise fitting for K g. It 
is found that K » 3,4. Therefore the effectif turbulent mo
tions are important. This compares with the OzisiK and Kress 
C "I 2 result for a circulation velocity of 20 m/s inside an 
ECDA bubble. See fig 4. 

c) CARAVELLE source undersea 
The CARAVELLE source was first tested and improved 6 m- un

der the sea. The mass of hot water was estimated to be about 
60O g. Then to find the measured variations of R , one has to 
take K » 4. Therefore there is a very important scale effect : 
when m increases from 2 g to 600 g, K_, decreases from 50 to 4. 
2.3. Calculations for a reactor case 

As K. and K have been experimentally evaluated, one can 
make calculations for a reactor case, to find out the effect of 
the sodium recondensation at the bubble interface. We have as
sume an PCX between 10 4 kg molten fuel and lO 3 kg sodium. The 
other PCI values used are T Q » 800 X, T_ - 3100 K, t » 10 as, 
R' » 200^1, u • 3 m/s. The initial tank radius and cover gas 
volume are 11 a and 200 -m3. The main results, without or with 
(SO moles, nD« 2 * 1,5.10 - 3 m"*1 s""1 ) noncondensables (fission 
gases) are presented in tab.1e IX. It can.be seen that the re
duction in the work performed by the bubble is small when there 
are no noncondensables, and pratically négligeable with noncon
densables. 
TABLE II. Effect of recondensation on PCI in a reactor case. 

Hi 

(moles) 
K F 
K B 

Monophase 
peak 
(bar) 

Biphase 
peak 

(bar) 

Condensed Ma 
mass 
«eg) 

Work 

(MJ) 

0 

•P • 0 134 4 9 0 6 6 0 

0 K P " 1 134 47 101 6 1 0 0 

K P " 4 134 42 3 1 5 4 7 5 

SO 

K p - O 

K B - 0 no peak 33 0 6 0 9 

SO 
K P « 4 

K B " 3 no peak 33 11 6 0 3 
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IV ANALYTICAL STtTDIES ON AEROSOL TRANSFERT FOR A RISING C?iP BOBBLE 

1. Aerosols trajectories 
The aerosols trajectories in a rising cap-bubble are ob-

*.ned by means of the CABU model. This model first calculate 
e gas velocity field inside the bubble produced by friction 

v-n the interface when the bubble rises. The trajectories are 
then obtained using the usual drag coefficient as function of 
the Reynold number for a sphere. It is seen that the internal 
circulation velocity strongly influences the particles path and 
particles maintening time into the cap-bubble for small parti
cles (fig 1). Therefore small aerosols will probably be trans
ported into the cover gas. 
2.' Aerosols entrapment at the interface 

When the particle strikes the surface, it can oscillate 
and finally float (because of the interfacial, tension) or it 
can be transfered into the cold liquid. These phenomena are cal
culated using the IMPACT model (film boiling not taken into 
account). For an U0_ particle at- an Ar-Na interface, floatting 
is found to be the most probable event (particles smaller than 
2,6 mm float whatever the speed of impact), fig 5. 

V. CONCLUSION 
It turns out that 
1. The vapor recondensation is a major- phenomenon in the 

expansion and collapse of a small vapor bubble. For larger bub
bles there Is aa important scale effect. 

2. The recondensation rate is much decreased when the bub
ble contains noncondensables well mixed with the vapor, even 
talcing into account turbulent motions. 

3. In a reactor case the calculated effect of recondensa
tion on the reduction in the work done is small, or even négli
geable if fission gases are taken into account. Nevertheless 
the various cold metallic structures in the core could increase 
this reduction. 

4.In an hydrostatic rising bubble the small aerosols re
main suspended for a long time, therefore they are probably 
transfered to the cover gas when the bubbles reaches the cover 
gas surface. 

5. The largest part of aerosols striking the surface of the 
rising bubble are not transfered into the bulk of the liquid, 
therefore they are probably transported to the cover gas. 

6. Experiments show the formation of an emulsion (cover 
gas + coolant) after impact of the coolant on the roof, the oc
curence of this phenomenon for the reactor case must be studied. 
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FIG. 1 - AEROSOLS TRAJECTOIRES IN A RISING CAPi-BDBBLE 
CALCULATED WITH TEE CABO MODEL 
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