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Current Status of Knowledge of Molten Fuel/
Sodium Thermal Interactions

by
L. Caldarola

Abstract

The papers which were presented at the CREST second
specialist meeting on "Sodium/Fuel Interaction in Fast
Reactors", held in Ispra in November 1973 are briefly
reviewed. Some interesting conclusions are

obtained based on the experimental and theoretical
results presented at the meeting. Finally the areas
for further investigations are specified.



Wissensstand lber die thermische Wechsel-
wirkung zwischen geschmolzenem Brennstoff
und Natrium

von

L. Caldarola

Kurzfassung

Es wird ein kurzer Uberblick gegeben iiber die Vortrége,
die auf der 2. CREST-Fachtaqung Uber "Sodium/Fuel
Interaction in Fast Reactors" in Ispra im November 1973
gehalten wurden. Ausgehend von den auf der Tagung ge-
nannten experimentellen und theoretischen Ergebnissen,
werden einige interessante SchluBfolgerungen gezogen.
SchlieBlich werden weitere Bereiche flir Untersuchungen
angegeben.
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1. Introduction

“Fuel-coolant interactions in a LMFBR become of interest in accident sequences
when a substantial amount of fuel becomes molten and can come into contact
with sodium. The interaction between molten fuel and coolant does not occur
in a single distinct manner that can be described by one unique pressure-time
history or by one unique thermal-to-mechanical energy-conversion ratio.

Instead there are a number of different types of potential interactions between
molten fuel and coolant." (Ref. 5).

Fuel-coolant interactions are of importance in two ways. First, they are

of importance in characterizing fuel and coolant motion in an initiating
accident where fuel pins fail. Secondly, they are of major importance in
characterizing the damage potential from whole-core accidents if disassembly
results. Experimental research programs have been started in various countries
with the purpose of investigating fuel coolant interaction (FCI) in order

to understand its mechanism, to measure its violence, as well as to evaluate
consequences on the surrounding structures. Here we shall deal mainly with
the first two aspects, which were the main topics at the CREST spec¢ialist
meeting organized by the OECD and held at Ispra from the 21st to the 23rd
November 1973. Experiments have been carried out in which various realistic
reactor conditions were simulated. However, due to the multiplicity of the
phenomena which occur, the interpretation of these experiments is very
difficult. For this reason other experiments have been carried out which
should ease theoretical interpretation. These experiments may be performed
under unrealistic conditions (which do not occur in a LMFBR) and/or with
different materials. In general the experiments can be classified in three
large cathegories:

1. In-pile Tests. These tests are carried out in special test reactors
(TREAT, RCN test reactor, CABRI etc) where various reactor accidents
are simulated (overpower transients, loss of coolant accidents etc).
Material composition and geometry are always carefully simulated.

2. 0ut of pile Tests. These tests are carried out in sodium but not in

a test reactor. The condition under which UO2 and Na come into contact
are sometime unrealistic, with respect to reactor conditions.

3. Simulation Experiments

These tests are conducted always in transparent Tiquids (water in most
cases). This allows one to photograph the interaction zone by means of



high speed cameras and therefore, to gain a better insight into
the physical phenomena which occur during the interaction.

In general these experiments are carried out under unrealistic
conditions, which do not occur in a LMFBR,

In parallel to these experimental programs, a second approach is being followed,
namely, that of assuming that a large FCI can occur and of evaluating its
consequences. New theoretical parametric models have been developed with the
scope of analysing FCI in order to reduce the degree of conservatism which was
imposed by early methods. |

The objectives of this report are the following

1. To review the papers which were presented at the'a1ready mentioned
OECD meeting at Ispra in order to give a synthetic picture of the
present situation of the various experimental programs as well as
of the parametric models (sections 2 and 3).

2. To discuss the results already obtained and to draw some conclusions
(section 4).

3. To indicate areas in which further investigation is needed (section 5).



2. Review of the experimental programs and_results reported in the
papers presented at the Ispra conference

2.1 In pile Tests

2.1.1 TREAT-Tests (ANL-USA) (Ref. 5)

Three different types of tests were conducted at TREAT.
S-Tests. These tests were performed to investigate the transient pressure

generated and the mechanical work done by the meltdown of clad fuel pins in
sodium under conditions of very energetic overpower transients

(2000-7000 Joule/gr of U02). Twelve tests have been carried out in stagnant
sodium at an initial temperature ranging from 150%C to 500°C with masses

of UO2 ranging from 28 gr (1 pin) to 286 (7 pins). In general, several pressure
pulses occured in each test. Peak pressures were measured from 4o to 150 atm.
The energy conversion ratio was very low (from 8.10'6 to 10'3). The most
important result of these tests is that there were no energetic coherent
interactions of the molten fuel and coolant. It appears likely that the initial
pressure pulses and mechanical work measured can be explained by fuel vapour
pressure and bond-gas pressurization, without involving any process of rapid
sodium vaporization.

E- and H-Tests. These tests were carried out in the Mark-II flowing sodium
loop with masses of fuel ranging from about 70 gr (1 pin) to 4% gr (7 pins).

The thermal energy given to the fuel during the overpower transient ranged

from 1500 J/gr to 3000 Joule/gr. Fresh and irradiated fuel pins were tested.

The measured sodium temperature in failure region was from 500°C to 960°C.

The earlier experiments (E2, E3, H2 and E4) simulated burst conditions
characteristic of a start up accident (i.e., fuel initially at low power prior
to the burst). The other tests (H5, E€ and E7) simulated, instead,reactor ope-
rating conditions. The energy conversion ratio was always very low (less than
10'3).

Loss of Flow Transients. Two different test vehicles are currently being used

to study failure consequences arising from complete loss of flow without reactor
shutdown. The L-series tests (3 tests with 460 gr of fuel) are using the Mark-II
Toop while the R-series tests (2 tests, one with 180 gr and the second with

1270 gr of fuel) are being executed in the R-series test vehicle, which allows one

to accomodate fuel pins having the same lTength as the FFTF pins. Test LZ was

run with seven short fresh pins, while L3 used seven short pins irradiated at
power levels insufficient to produce a well-defined central void, and the L4

sample consited of seven short pins irradiated at power levels high enough to
produce a well-defined central void.



R3 was run with a single full length FFTF fuel pin. Again, only mild fuel-
coolant interactions could be identified in either of these four experiments.
This is consistent with the anticipated loss of flow sequence where molten
fuel is produced at a time when sodium is out of the fuel zone and not likely
to reenter because of a combination of clad plugging and sodium vaporization
from hot steel at the axial extremes of the test section. Eventually local
contact will occur, however, between 1iquid sodium and fuel. This will lead
to nucleate boiling which will provide sufficient vaporization and therefore
prevent coherent mixing between fuel and the liquid sodium.

2.1.2 RCN-Tests (Petten-Holland) (Ref. 8)

The RCN experimental programme on Fast Reactor Safety consists of irradiations
of single fuel pins in a sodium environment under loss of cooling conditions.
The irradiation programme consits of 17 experiments. The parameters are:

1. The time interval between the interruption of the cooling
and the reactor scram (Loc-time)

2. The internal gas pressure of the fuel pin for
unirradiated fuel

3. The burn-up for the pre-irradiated fuel pins.

The fuel pins consist of 5.10 mm diameter, 8%-enriched, UOZ-pellets with a
stack length of 250 mm and clad in 5.24 mm inner diameter tubing, with a

wall thickness of 0.38 mm.

So far eight experiments have been performed with non pre-irradiated fuel pins.
Two of these pins were pre-pressurized. The fuel stack of the non pre-
pressurized pins failed after a Loc-time lasting longer than about 8 seconds.
Fuel failure occurred after significant bulging mainly in the lower half of
the fuel pins.

Fuel ejection, which happened quite slowly, was preceeded by sodium expulsion
from the annulus, so direct FCI did not take place. Even more important was
that also during sodium reentry a violent FCI did not take place.

Preliminary results of experiments with pre-pressurized fuel pins revealed
that gas blanketing after pin failure under loss of cooling conditions can be
rapidly followed by molten fuel ejection, however, without causing measurable
pressure pulses.



2.2 0Out of Pile Tests

Table 1 gives a 1ist of the out of pile tests in sodium with uo,.

2.2.1 CEA Experiments (Grenoble-France (Ref. 1)

JEF Experiments. These experiments simulate a slow power excursion. Small quantities
of U0, (few grams) are heated by means of Joule effect. U0, and Na are separated

by an electrical and thermal insulator (alumine) of tubular form and by a stainless
steel sheath. The only variable parameter is the Na temperature. Pressure and
mechanical energy transmitted to the column are measured.

Measured pressures did not exceed a few atm (2 or 3). Fragmentation of UO2 was very
extensive.

Fragmented mass of U0, never exceeded 50% of the total mass. A considerable part
of the debris had the size of 1—2/u.

CORECT 1 Experiments. 300 gr of Na at 400°C were injected into 3.2 kg of molten

U02, which was heated by high frequency in a crucible. Interaction conditions
were not realistic. The pressure of the filling gas in the containment vessel

was measured. In a typical experiment the pressure went up to 9.8 bars in 0.5 sec.
Only 300 gr of fuel were scattered around and only 3 gr were fragmented in
particles ranging from 1 to loo/u. The crucible was deformed by the sudden
formation of steam. The deformation of the crucible and the relatively high

rate of the pressure build up in the containment vessel indicate that high
pressures were produced inside the uo, due to the thermal interaction.

CORECT 2 Experiments. These experiment will simulate the interaction in an
assembly under a sodium head as a result of melting of the fuel.

Experiments will start in 1974,

2.2.2 GfK Experiments (W.-Germany) in cooperation with C.C.R. Euratom Ispra (Ref.2)

It is basically a "shock tube" experiment with large quantities of UO2 (5 ka).

A tungsten crucible containing the molten U0, falls through a long vertical
guide tube in an inert gas atmosphere. Immediately after, a large amount of

Na is injected into the top of the reaction tube. Provisions are made

to allow injection of small quantities of Na in UO2 prior to the contact between
the U0, and the large mass of Na. Experiments are expected to start in 1975.



2.2.3 PNC Experiments (Japan) (Ref. 3)

A series of 30 experiments were performed to examine the fragmentation characteristics
of sodium-fuel interaction by dropping molten U0, into sodium. In this experi-
ment, annular UO2 pellets were heated by means of a central tungsten rod,

and the molten Lo, droplets fell into the sodium tank. The fragmentations of

the droplets on the surface of liquid sodium were photographed with high speed
camera at 500-2000 pictures/sec. The pressure and temperature of the sodium tank
were measured.

The particle characteristics of the U0, residue were examined: the particle size
distribution, the particle surface condition, and characteristics of the grains.
These examination indicates that the uo, particles can be assumed to be spherical
and to have the log-normal distribution function.

The most pessimistic particle size distribution at present can be represented

by the equation

2
£ (D) = 2.317 exp ({109 D - 2.267)
0.9442

where fs (D) dD = weight percent of particles in size range D to D + dD,

with “D" being given in "u".

2.2.4 CNEN Experiments (Italy) (Ref. 4)

AF2_Experiments. These experiments are similar to the french JEF experiments.
Small quantities of UO2 ( 50 gr) are heated inside a stainless steel clad
by means of the Joule effect. The insulation material is boron nitride.

In a typical experiment two pressure pulses were recorded: the first of
about 6 bars and the second of about 22 bars after 2.3 secs. It is

believed that the molten UO2 increases in volume in such a way, that a jet
of UO2 was formed perforating the clad and determining the first pressure
pulse and vapour formation. A vapour recondensation with Tiquid sodium
entering the pellet may have happened. This should have produced a second
interaction with Na vapour driving out other molten fuel. Not all the
molten UO2 escaped from the clad but an outer annulus remained in place and
recrystallized. The debris was only 5 agr with dimensions ranging from few
microns to few millimeters.

AF 4 Experiments. They will be carried out in a test-rig similar in principle
to that of the AF2 tests, but with some additional modifications. Provisions
are made to test a 7 pins cluster. The starting date for these experiments
is not given in the paper.




2.2.5 ANL (USA) (Ref. 5)

Small Scale Drop Experiments

i‘asses of UO2 ranaing from 8 to 30 gr were dropped in a volume of 300 cm3

of lia at a temperature ranging from 200°C to 600°C. Extensive fragmentation
of UO2 was observed but no relevant pressure pulses were measured. Similar
results were obtained by dropping stainless steel at melt temperature into sodium.

Small Scale Injection Experiments

Small volumes (lo cm3) of Na were injected in molten UO,. In most of the cases
a violent interaction was observed. The vapour explosions occurred with a delay
of 9 to 300 msec after the time of injection. Upon initial contact, sodium
vapour and droplets spewed out of the top of the crucible in a relatively mild
manner. However, data recorded from pressure and force transducers and from

the high speed motion pictures both indicate that violent interactions took
place. A blast microphone located about 15 cm above the open top of the UO2
crucible measured shock pressurepulses in the helium atmosphere ranging from
0.3 to 0.5 atm. ‘

Large Scale Drop Experiments

*asses of U0, up to 3 kg were dropped in a Fa-pool. The Uf, at a
temperature between 5500 and 5800°F vas produced by a thermite-type
reaction hetween uranium metal and Woﬂ3 vith a small amount of CrC,
which acted as an accelerator.

Extensive fraamentation took place tut the interactions were relatively

mild. Sharp pressure pulses (low energy content) were noticec.

2.2.6€ CCP Ispra (Euratom)

Tank Experiments (Ref. €)

These experiments are essentially similar to the AMNL larce scale drop
experiments. The [0, is molten in a crucible by means of a radiation
furnace. The results are consistent with those of the ANL large scale tests,
that is,extensive fragmentation of UO2 were observed and very low pressures
vere measured. Similar results were obtained by dropping stainless steel

into sodium.
Channel Experiment (Ref. @) ,
A sodium column was dropped above few grams of /',50,. I low enerqetic

pressure pulse of 7 bars was neasured. Fragmentation occurred.



2.2.7 TIM™E Feulness (Creat Pritain) (Ref. 7)

Fyrotecknic charqes vere used to melt and dispers L0, inside a pool of la.
[

The pressure pulses measured in the aas tlanket (from 1 to 4 atm) seer to

be due to the vater vapour contained in the charge. Pesults with dried

charges were not yet available, but they will te soon availahle in the next
future.

2.2.8 i"indscale-UKMEA (Creat Pritain) (oral announcement)

Shock tute experiments are foreseen to be carried out in 1974. They will

use masses of L0, of the order of 50 gr. and volumes of ha of the order

of lo3 cm3.

2.3 Simulation Experiments

Some experiments were also carried out in water, which is much easier to handle
than sodium and which has the great advantage of being transparent so that the
thermal interaction can be investigated also with the help of high speed
photography. The results of these experiments cannot be used in the case of
sodium because of the different thermophysical properties of the two fluids.
However, they can be of help in better understanding of the phenomena which
occur due to the thermal interaction.

2.3.1 Al/Water Shock Tube Experiments at AWRE-Foulness (Great Britain) (Ref. 7)

Twentyfive tests were carried out with Aluminium initial temperature ranging

from 660°C to 850°C. Many impacts (a maximum of 4) were observed for each test,
and pressure pulses in the water column were measured from 50 to 6oo atm. Most

of the maximum peak pressures were obtained at the second or third impact, only
two occurred at the 4th impact and none at the first impact. Correlations between
measured pressures and Al temperature are difficult to be found because of the
relatively poor reproducibility which has been achieved until now. The correlation
between measured pressures and Al particles size is, instead,easier to be detected:
the more energetic the interaction, the smaller the debris.



2.3.2 CECB Experiments (Great Britain) (Ref. lo)

Three types of experiments were carried out
Pressure Driven Blanket Collapse

To investigate the effect of rapid vapour-blanket collapse, about 6o grams of
molten tin at 800°C was poured on to a shallow crucible under water at an
external pressure of loot. The vapourblanketed tin drop was then subjected to
a rapid increase in pressure ( 1 bar in 0.5 ms) by rupturing a diaphragm

connecting the apparatus to atmosphere. Pressure in the vessel was measured and
events were photographed at Sooo ps'l.

The results showed that vapour-blanket collapse occurs within 1 ms of diaphragm
rupture, and an explosion occurs within the next two frames of the film ( o0.25 ms).
A typical pressure trace shows that the explosion pulse is 4 bar x 1 ms, and that
there are no other events of significance either before or after the main pulse.

The experiment was repeated using aluminium, and a similar though less vigorous

explosion was obtained, thus confirming that the interaction was caused by the
violent collapse of the blanket.

Experiments with a long crucible

The previous experiment indicated that explosion propagation through blanket
collapse was energetically plausible. To test whether propagation wou}d actually
occur in practice, an experiment was designed in which about 200 grams of molten
tin were poured into an aluminium crucible 30 cm long and of shallow "V" cross-
section, immersed in an open tank of water at 80°C. The instrumentation consisted
of 3 pressure transducers immersed in the water 1o cm above the crucible and

-1

spaced along its lengths and 5000 ps * cinephotography.

At Tow tin temperatures ( 650°C) a spontaneous interaction-occurred (unexpectedly)
near one end of the crucible. This was probably due to transition boiling. At
higher initial temperatures ( 750°C) there was no spontaneous interaction and so
the interaction was initiated by applying an impulse to one end of the crucible
via a steel rod.

In general, whether the interaction was spontaneous or induced, the results
showed that the initial event was veak and localised (at the lefthand end) and
escalated in a single vapour growth-and-collapse cycle to a vigorous but still
localised interaction. Subsequent events, however, did not proceed through

growth and collapse in this manner. During the growth phase of the "bubble" from
this first vigorous interaction a second interaction occurred lo-15 cm away, near
the center of the trough, and during the growth of this latter region a third
interaction occurred at the right-hand end.
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The time interval between the successive interactions was typically in the range of
2-5 ms and the effective propagation velocity was 3-8 x 103 cm s'l. The pressure
pulses recorded from individual interactions were relatively low (0.7 bar) but
of long duration ( 3 ms). When subsequent interactions occurred within this

pulse width, however, the pressures combined additively so that some resulting

pulses vere both higher (up to 1.5 bar) and longer (up to lo ms).

Thin tank experiment

To increase the dynamic contraint to that which would be experienced by a full-
scale explosion occurring at the horizontal interface between large regions

of molten metal and water, a tank was constructed which was submerged in a large
vessel containing water at 80°C. About 200 grams of molten tin at 700°C were
poured into the tank and an interaction was initiated by tapping the base near
one end. The high-speed film record, taken together with the pressure trace
showed that the initial perturbation produced only a very minor splashing
interaction confined to the left-hand end of the tank. About lo ms after this,
however, a vigorous explosion begins in the splashed tin and propagates rapidly
along the tin/water interface, travelling 15 cm along the tank in 3 ms before

the pressure drops. The apparent propagation velocity is 5.103 cm s'l.

Conclusions
The conclusions of these experiments given by the authors are the following:

1. The results of several small-scale experiments demonstrate that spatial
propagation (autocatalysis) can occur in thermal explosions.

2. The results also suggest that the observed explosions are primarily due

to fragmentation rather than superheat.

It is shown that propagating fragmentation or mixing can occur through

(O]

self-driven blanket collapse. At least some of the mixing may be due to
the penetration of coolant jets formed by the collapse of vapour domes
in the blanket.

4. In a continuously propagating explosion, however, Taylor and Kelvin-
Felmholtz induced mixing due to the motion of the interaction region
could become the dominant process.

5. There is some evidence that the propagation velocity is associated with
sonic choking in the 3 phase interaction region.

2.3.3 Small scale drop experiment at Culham UKAEA (Great Britain) (Ref. 11)

These experiments are somewhat similar to some others previosuly reported by
the CEGB (ref. 24). Small quantities of Tin (few grams) were dropped into water.
Water temperature ranged from lo to 90°C and tin temperature from 250 to 900°C.
The main results were as follows:
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1. High speed photograms show that in all experiments there is a multiple
set of interactions with increasing intensity, characterized by the
growth and collapse of vapour bubbles

2. The "dwell time" (that is the time between the metal first entering
the water and the initiation of the explosive interaction) increases
with "Sn" temperature.

3. The percentage disintegration "PD" (that is the ratio of the fragmented
mass of fuel to the total mass) increases with "Sn" temperature

4. A threshold temperature " C>th" exists. The interaction occurs only
if the water temperature is lower than this threshold temperature.

The explanation for this threshold temperature given in ref. 11 is the same as
that given by the author in a previous publication (ref. 25). Stable film
boiling (which hinders liquid/liquid direct contact) occurs when the fuel
surface temperature “Tf" is higher than the minimum fuel surface temperature

||@ n £ 9 v q s
min for stable film boiling (Tf> C)min)'

Since " C>min" is a function of the bulk temperature " ()b" of the cold liquid
(fig. 3) the above condition can be expressed by the equivalent condition

(>b> C:%h’where " (>th" is the liquid coolant bulk temperature at which €2n1n= T
In a previous experiment (ref. 24) it was shown that interaction can
take place also for temperatures C>b> C%h (that is Tf> Gamin’
by breaking the stable vapour film with an external mechanical disturbance.

f-

Region 2 in Fig.3)

2.3.4 Small scale drop experiments at Karlsruhe (W.-Germany) (Ref. 12)

Interactions between single drops of molten metal and water were investigated
with the following metals: Ag, Au, Cu, Pb, Sn, Zn, and Stainless Steel. Indi-
vidual metal particles of metal, of about 0.5 grammes, were heated by means

of electrical induction in a levitation coil to a temperature above their
melting point. Next, the molten metal particle was dropped into a small plexi-
glas vessel with 10 to 50 cm3 of cold water. The temperature of the particle
was measured by a thermocouple located in the center at the bottom of the
vessel which penetrated into the particle.

The phenomena in the interaction zone could be observed and filmed, and
simultaneously the temperature of the metal particle at the bottom of the
vessel was registered.
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The following parameters were varied in the experiments:

"the initial temperature" of the particle, the distance between the levitation
coil and the plexiglas vessel, the diameter of the vessel, the volume and initial
temperature of the water. The geometry of the interaction zone was also

varied. Some experiments were made in inert gas atmosphere (argon or N2).

Thermal explosions appeared under special precisely determined conditions, and
it seemed to follow after the direct contact of both hot and cold liquids.
For the copper/water interactions, the thermal explosion occured for two
specific initial temperatures of the copper particle in the levitation coil:
1400 °c (Tevitation time 6 sec) and 1600 °c (Tevitation time 10 sec). In

the first case the explosion occurred just below the water surface, and in
the second case at the bottom of the vessel. A delay of about 1.5 to 5 ms
was observed between this direct contact and the thermal explosion. The
temperature measurements before and during the thermal explosion at the
bottom of the vessel showed that the collapse of the vapor film happened
with copper/water combination at the temperature of 1300 oc. After that,

the temperature of the copper particle dropped very rapidly to the tempe-
rature of 1022 °C, which is the solidification temperature.

The explanation of these results is still debatable. The author of Ref. 12
suggests that fragmentation is due to the rapid solidification of the molten
metal after direct contact with the cold liquid has occurred.

2.3.5 Visualization of boiling following direct contact between hot and
cold liquid (CEA Grenoble-France) (Ref. 13)

Thermal interactions between a small volume of cold water (1 cm3) and a
bath of hot oil under various conditions were filmed by means of a high
speed camera.

Heating of the cold liquid by direct contact

A quantity of 1 cm3 of water was injected into the oil at 250 °C in a
fraction of a second. The water reached the boiling point and caused the
0il to boil creating a whitish froth. There was no explosive reaction.



Heating of the cold 1iquid enclosed in a non rigid envelope

To allow the introduction of a volure of 1 cr® of cold water into the oil
in a sincle rove, a non ricid envelope was obtained by enveloping a

Fall of ice vith paraffin. Cnce the ice melted, the hall was plunaced into
the 011 at 250°C. The same phenomenon as previously was observed.

There was no explosive reaction.

Heating of the cold liquid enclosed in a rigid envelope

a) Vith no air

A tall rmade of class was filled with water. Care was taken to ensure

that no air was contained in the envelope.

Tre tall wvas plunaed into the o0il at 250°C. After approximately 15 seconds,
dilation of the water caused the hall to btreak. Rapid ebullition with
formation of a whitish froth was seen. There vas no explosion.

b) Yith air
The ball was partially filled with water, but a certain volume wvas
occupied by air. The ball was plunaed into the oil at 250°C. After a delay

time varying between 1 to 3 minutes, the tall exploded. 0Ni1 was
projected violently.

Heating of the enclosed cold liquid by hot air

The ball was heated up to 200°C by blasted hot air. There was an explosion.

2.2.F ANL Experiments (USA) (Pef. 14)

To test the criterion of Fauske (see section 4) for vapour explosion,
experiments were carried out with saturated Freons and oils and water as
hot Tiquids. These experiments included contact temperatures telow (case 1)
as well as above (case 2) the spontaneous nucleation temperature of the
more volatile liquid. In case 1 no vapour explosion occurred. In case 2
instead a vapour explosion occurred.
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Peviev of the parametric models described in the papers presented

at the Ispra conference

A comparison among different codes was carried out by calculating a test

case (ref. 15). A1l the models are characterized by a Phase A in which

the sodium remains liquid and a Phase B in which vaporization takes place.

The main features of these models are given in table 2. Results for phase A
were consistant and differences could be explained. For phase B the results

of only three models could be compared (Syremalensios, Caldarola and Scarano)
and the differences among the various results could not be fully explained,
because the postulated heat transfer mechanisms were quite different.

Extensive parametric studies were carried out based basically on the ANL
parametric model with inertial constraint (Ref. 16). The conclusions of these
calculations were as follows. Noncoherence in the interaction results in reduction
in mechanical work. For the expected range of realistic mixing times, however,
the reduction inwork is small.

Estimated reduction in calculated mechanical work resulting from reducing heat
transfer in proportion to the volume fraction of vapor is not large (about 20%).
Cutting off heat transfer completely at the start of saturated boiling results
in larger reductions; although early cutoff has not yet been demonstrated,

this result shows the incentive to study the possibility of stable film
boiling even while the bulk sodium is still subcooled.

The use of the single mass median diameter to represent a distribution of
fuel particle sizes is an adequate approximation. The calculated work based
on inertial constraint calculations did not rise as high as expected for small
particle sizes.

Heat transfer by condensation of sodium vapor on the cladding of the fission
gas plenum Teads to reduction in mechanical work, but a btetter treatment is
needed before the extent of this reduction can be evaluated.

Preliminary calculations were also carried out with the japanese code "Sugar"
(Ref, 17) which is based on the FCI-ANL parametric model. This code accounts
also for the deformation of the surrounding structure materials. It was
concluded that the results were not realistic.

The Sugar-code will be modified with more practical and appropriate models
based on experimental results.
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A first attempt to incorporate a fragmentation model in the description
of the FCI has been done in Pef. 19. Here fragmentation is due mainly

to two effects: solidification process in the fuel and impact of the
column of liquid sodium against the fuel. Mumerical evaluations seem to
aqree with experimental results. However, the number of parameters in the
code must be reduced in order to be sure that the agreement is not due
Jjust to a good choice of the numerical values of the many parameters.
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4. Discussion of the experimental and theoretical results

4.1 Conditions for vapour explosion

Experimental results with UO2 and sodium show that UO2 fragments extensively
and that no energetic interaction occurs except in the case where a few

grams of sodium were injected in U02. This means that there is nothing inherent
in these materials to prevent an energetic interaction on a small scale.
However, in order to produce high efficiencies, a single coherent interaction on
a large scale must occur, and this was never observed in all the experiments
which have been carried out until now.

Energetic interactions as well as fragmentation of the hot material were
instead produced in other systems such as A]/HZO or Sn/HZO.

The mechanism of thermal explosion may be explicable either in terms of the
rapid release of energy stored as superheat in the cold liquid (explosion due
to superheat) and/or as a rapid energy transfer and simultaneous release
occurring because of an associated rapid mixing process (fragmentation

explosion).

A. Explosive boiling due to superheat requires that the following conditions
are satisfied (Fauske Ref. 14).

1. Direct liquid-liquid contact (or solid-liquid contact)

2. The temperature of the hot 1iquid must be equal to
or exceed the spontaneous nucleation temperature "EL" of
the cold liquid

3. If the contact temperature CQ at the instant of contact is less
than @h (@C< ®h) rapid heating is required in the presence of
nucleation sites (solid-1iquid systems). In the absence of
nucleation sites (liquid-liquid systems) slow heating is sufficient.
If "@." exceeds 69h (@, :>(%‘) the effect of nucleation sites is not
important.

If one applies these criteria to the UOZ/Na systems, one sees that C%<C%,

which means that rapid heating is required in the presence of nucleation sites
or that slow heating is sufficient if there are no nucleation sites. Since in
LMFBR environments an ample supply of nucleation sites is generally available
(gas bubbles, solids, fill gases, fission gases and fragments), molten UO2
encountering Tiquid sodium will generally lead to nucleate boiling, where the
vapour generation rate is many order of magnitude smaller than that associated
with explosive boiling. Small-mass vapour explosions would be, however possible
when 1iquid sodium is entrapped inside molten UO,. Due to the lack of nucleation
sites (liquid-liquid contact) there will be overheating of the liquid sodium
until spontaneous nucleation occurs. If we apply now the same criteria to systems
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such as A]/HZO or Sn/H,0, we see that C%F>()L. Large-mass vapour explosions
are therefore possible. This has been observed experimentally. In the case
of stainless steel/sodium systems the condition C%?Q% is satisfied for
stainless steel temperatures of the order of 30009C (well above the melting
point). Stainless steel is present in a LMFBR core. However, due to the
fact that there is no internal heat source, it is difficult to envisage
situations in which such an high temperature can be reached unless a sudden
and very fine intimate mixing among fuel, stainless steel and sodium is
postulated. Experimental results don't seem to support this hypothesis.
Instead they show that the cladding acts as a barrier which makes it more
difficult for UO2 to come in contact with sodium.

B. The conditions which must be satisfied in order to have "fragmentation
explosion" cannot be stated as precisely as those for "explosion due to
superheat", because the fragmentation process is not yet well understood.

Many hypothesis have been postulated to explain the fragmentation process.

They will be examined briefly. Here we can say that, whatever the fragmentation
process is, the rate of particles coming in contact with the cold Tiquid must
be high enough to produce vapour at such a high rate that it cannot be quickly
releaved., This means that fragmentation must occur under mechanical constraint.

C. A third hypothesis may be that of considering the explosive boiling due to
the superheat as the triggering mechanism leading to the sudden and very fine
intimate mixing between molten fuel and coolant, which in turn causes the

large explosion. This hypothesis has the advantage of satisfying the conditions
of hypothesis A (which are based on clear experimental evidence) and at the
same time of allowing to postulate an higher energy density of the explosive
yield , . which can be more easily explainable by means of hypothesis B
(fragmentation explosion) than by means of hypothesis A (explosion due to
superheat). We may call this hypothesis "fragmentation explosion triggered

by homogeneous nucleation of the colder liquid'

4.2 Description of various fragmentation mechanisms(Ref. 25,38)

4.2.1 The fragmentation mechanisms may be classified in the following
categories.,

A. Entrapment Fragmentation was demonstrated in the experiments of Long (Ref.26)

involving the dropping of large quantities (50 1bs) of molten aluminium in water.
This mode of fragmentation is induced by the evaporation of coolant entrapped

between the hot molten material and a solid surface. In Long's experiments, when
the entrapment of water was made difficult by greasing or painting the bottom
of the water container, fragmentation of the aluminium was prevented.
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B. Impact Fragmentation was demonstrated in the shock tube experiments of
Wright (Ref. 27). In those experiments a column of water held in a tube
impacted on hot molten metals at the bottom of the tube. Impact fragmentation
has been attributed to the effects of the mechanical impact. Recently, the
observed fragmentation and vapor explosions in shock tube experiments have
been associated with spontaneous nucleation of the coolant (Ref. 28). The
limited data available from shock tube experiments does not provide conclusive
evidence for any of these proposed mechanisms of fragmentation. Lately
Kottowsky (Refs. 9 and 19) suggests this hypothesis to explain his experimental
results in the "channel experiments" in which A1,04 was fragmented under a
column of liquid Na.

C. Hydrodynamic Fragmentation was demonstrated in the experiments of Ivins
(Ref. 29) involving the fragmentation of mercury in water under isothermal
conditions. This mode of fragmentation is caused by the nonuniformity of the
forces resisting the motion of a deformable body in a fluid. Hydrodynamic
fragmentation is sometimes referred to as the Weber Number Effect since a
critical Weber Number has to be exceeded if hydrodynamic fragmentation is to

take place. This mode of fragmentation has been thoroughly analyzed by
Hinze (Ref. 30).

D. Fragmentation due to the rapid solidification process in the hot material

Fragmentation may be postulated to result from pressurization of the hot
material due to shrinkage of the rapidly solidifying surface. Fragmentation

due to rapid cooling of A]ZO3 in argon atmosphere (Ref. 9) seems to validate
the hypothesis of fragmentation due to rapid solidification.

In Ref. 41 it is shown that, for temperatures below the nucleation point, the
net rate of solid growth as determined from crystalization theory may be few
order of magnitudes higher than the rate of solidification determined from

the heat transfer process. In the case of U02/Na systems the contact tempe-
rature is lower than the nucleation temperature, so that a rapid solidification
process is possible. In Ref. 19 simple calculations in the case of a sphere of
molten U02(at 2800°C) in a bath of sodium (at 600°C), show that the internal
liquid pressure due to the contraction of the frozen outer shell can be kept
for a radius of the sphere up to o.l/u. A11 fuel particles having a larger radius
will be rugged on the surface. The model of Ref. 3 postulates the existance of
three zones in a solidifying sphere of hot material, the internal being liquid,
the intermediate being a visco elastic shell and the external an elastic shell.
If the tangential stress in the elastic region exceeds the fracture stress,

the fractures occur. At the time of fracture, if the internal pressure is high,
extensive fragmentation will occur. Another possibility may be that of the

formation of a liquid jet of the hot material at the time of fracture
of the external shell due to the interal pressure of the liquid (Ref. 12).
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Fragmentation would follow immediately afterwards.

E. Fragmentation due to the boiling process in the colder liquid (Ref. 25)

As shown in the diagram of fig. 1 fragmentation can occur due to one of the three
following processes:

Process 1 Highly superheated coolant vaporizes so quickly, that an energetic
high pressure pulse is generated, which fragments the fuel (Block A).

This high superheating may be caused, either istantaneously due to the fact

that the liquid/liquid direct contact temperature “Qc" is close to the
homogeneous nucleation temperature "8, ", or with a short delay because of the
entrainment of coolant droplets inside the fuel (Fauske Ref. 32 and 33).

Process 2 Fragmentation is generated by vapour film collapse or by bubble
growth and collapse (Block C and B). The coolant microjects, which are produced
during collapse, may be shown to have sufficient kinetic energy to produce

fuel fragmentation directly (similar to cavitation processes).

Process 3 The microjects may have sufficient energy to penetrate into molten
fuel which leads to dispersion and entrainment of coolant droplets resulting
in fragmentation as in process 1. This path (Blocks C; G; A) is initiated in
the same manner as process 2 (vapour film collapse or bubble growth and
collapse), but leads to the fragmentation process 1. This path was suggested
by the English CEGB and by the Culham Laboratory (Ref. 24, 11),

To initiate these processes several conditions must be met. The following
conditions are common to all processes (Fig. 1).
1. The temperature, T¢, of the fuel must be equal to or higher than its

melting point, T condition 1)

melt (

2. A Tiquid/1iquid direct contact must be established between the materials
either with entrainment of coolant droplets into fuel (conditions 2A) or
without entrainment (condition 2B). Process 2 can also be initiated by
an initial vapour film (condition 5B).

3. The liquid/Tiquid direct contact temperature “Gc“ must be either higher
than "Tmelt"’ or lower than Tme]t’ but with a solidification rate for
the fuel so low, that only a very thin and weak crust at the surface of
the unfragmented fuel is allowed to form during the interaction
(conditions 3'; 3"). In addition the following conditions apply for

processes 1, 2 and 3.

4. Process 1 can take place also with 1iquid/1iquid direct contact without
entrainment, provided that the contact temperature 6. is greater than
the homogeneous nucleation temperature "Gh" (condition 4A). As discussed
by Fauske (Ref. 33) there is experimental evidence that rapid vaporization
due to homogeneous nucleation produces a shockwave, which may cause fuel
fragmentation,
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5. Another necessary condition for the processes 2 and 3 is that the coolant
bulk temperature "8," must be Tower than "gsat" (subcooled coolant)
(conditions 4B; 5B).

Whichever process takes place, there will be fragmentation, enhancement of
fuel surface available for new 1iquid/liquid direct contact, mixing of fuel
with 1iquid and between cold and hot 1iquid, so that the coolant bulk tempe-
rature "0," will increase.

The fragmentation process may be extended to the remaining mass of unfrag-
mented fuel either by successive vapour bubbles growth and collapse (Ref. 24,
11) or by a spatial propagation mechanism due to a disturbance pressure wave
in the 3 phase interaction region (Ref. lo).

In the case of the UOZ/Na thermal interaction the following must be pointed out:

1. The liquid/liquid direct contact temperature "BC“ is lTower than the homoge-
neous nucleation temperature ”Gh“ (Ref. 32), so that process 1 can only
occur through the initial entrainment of the coolant droplets inside the
fuel.

2. Since the high energetic pressure pulse of the injection experiments seem

to be connected to the artificially induced entrainment of coolant droplets
in fuel, and since no high energetic pressure pulse was observed during the
dropping experiments, one should conclude that process 1 (Fig. 1) cannot be

induced through block G.

3. A configuration of the type described by Hall and Board (Ref. lo) is not
realistic, because stable film boiling is not possible in the molten UOZ/Na
systems, With reference to fig.3, stable film boiling occurs if the fuel
temperature “Tf“ is higher than the minimum fuel temperature ugmin
stable film boiling. This does not happen in the case of U02/Na systems for
sodium temperatures below 770°C. For sodium temperatures above 770°C film
boiling is possible. However, due to the rapid loss of heat it may well be
that the fuel solidifies very rapidly. This point needs still to be inve-
stigated (sect. 5).

" for

4. In an actual reactor configuration initial entrainment of Na droplets
in UO2 cannot be entirely excluded. This means that process 1 may occur
only as a triggering mechanism.

Taking into account the above four observations the diagram of fig. 2 may be
proposed to explain the fragmentation process in UO,/Na systems. In this
diagram a loop has been shown to account for successive bubble growth and
collapse processes.

To validate this hypothesis, let us look at the experimental results of fig.4.
Here the degree of fragmentation is shown of stainless steel in sodium as a
function of sodium temperature.
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The results show that there is a sodium temperature at which the fragmen-
tation has a maximum. The reason for having a maximum can be easily ex-
plained. The potential energy of a bubble (available for fragmentation)
increases with its maximum volume (Vmax) and with the difference (4p)

between the ambient pressure and the saturation pressure corresponding to

the bulk sodium temperature. Now "Ap" increases with subcooling while “vmax"
decreases. This means that the energy has a Tow value both for high Na sub-
coolings as well as near to the Na saturation temperature. A maximum must
therefore exist in between, and this is confirmed by the experiments of instable
film boiling.of Ref. 39. Here pressure pulses were measured in a pool of
1iquid sodium in which a sphere of Tantalum was immersed at initial tempera-
tures ranging from 2785 to 41959F.Heights of the pressure pulses as functions
of sodium subcooling are shown in Fig. 9. The curve has a maximum for a sodium
temperature equal to 1382°F .

4.2.2 Concluding remarks on the fragmentation mechanisms

We have seen that fragmentation may be due to different causes and that there
are experimental results which support the various hypothesis. For this

reason it may well be that more than one fragmentation mechanism takes place
in the U02/Na systems. The question to ask is therefore which one is the most
important fragmentation mechanism.

The author feeld that "bubble growth and collapse" in the cold liquid and the
"rapid solidification of the hot material" seem at the moment the most promising
hypothesis, which could explain fragmentation of molten U02 in sodium. The
experimental results of Fig. 4 seem to support the first hypothesis. However,
the fact that many fragments of UO, in the drop experiments (Ref. 42) were
angular and rough-surfaced, indicates that part of the fragmentation occurred
in the solid state. In addition a long delay time (50 - 150 msecs) between the
drop entering the pool and the pressure pulse was observed in the UO2 drop
experiment. In the case of the stainless steel drop experiments his delay was
much lTower (3 - 3o msecs). This may also indicate:lthat the solidification
process plays a role in the fragmentation of U02 in sodium.

4.3 Parametric models

The author has carried out some additional calculations with his parametric
model which show that peak pressure and specific work (Joule/gr of fuel)
during phase A greatly decrease with the fuel mixing time constant’ff“.

The case calculated is the same as the "test case" of Ref. 15. The results
are shown in Figs. 6, 7, 8 and 9. The meaning of the symbols are the
following (Ref. 40).
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mean radius of the fuel particles = 117

Rf /u

® = mean deviation of the log normal distribution of particles size
LP= initial gas to fuel volume ratio

The mass of fuel “Mf” has been supposed to be a linear function of time
from the initial time to t = ?@

M. =M. L
M Mfo= const for t>zc

Laad
Y

for tg *

f

Two cases have been calculated:

1st case: Mass of sodium MN = MN = const
— ¢ a ) N
2nd case: Mya = MNaw}ﬁa for tszha =Te

M

Na = MNao FOT t2Ty, =\(’f

Results show that a value of Te of only 5 msec reduces in the first case the
peak pressure by a factor of 20 and the specific work (referred to the mass

of fuel which participates in the interaction) by a factor of lo.

In the second case the reduction coefficients are still larger: 27 for the
peak pressure and 25 for the specific work. This shows that noncoherence
results in important reduction in mechanical work for very realistic mixing
time constants (5 msec). It must be pointed out that the authors's model is
different from the ANL modelused in Ref.16. In the ANL parametric model(Ref.44) the
equation used for the heat transfer does not describe any particular mechanism
of fragmentation and mixing. It is only a practical expression easy to use.
Instead in the author's model the time history of each fuel particle has been
considered starting from the time at which each particle comes into contact
with the coolant. In addition the author of Ref. 16 uses the inertial con-
straint from the very beginning of the interaction. For phase B the author
basically agrees with the results given in Ref. 16, that is, vapour blanketing
stronghly reduces the specific work. Similar results were already obtained

by the author in Ref., 35 by making use of a model for the heat resistance at
the interface, which was based on experimental evidence (Ref. 36).

In Ref. 36 it was observed experimentally that hot metal fragments remained
suspended above a cool liquid surface by vapour generation, a phenomenon there
called the "inverse Leidenfrost phenomenon". A laser was used to heat up pure
metal foils under water. The foils exploded into small fragments. The range

of the fragment temperatures was from 1500°C to 3000°C and their size less
than 1 mm in diameter. "Particle moving within their bubbles were observed to
bounce repeatedly from the bubble wall and were thus effectively trapped
within the bubbles, finally ending in a stable position above the baw of the
bubble. The mechanism for this interaction between the particle and the liquid

is the generation of vapour from the liquid at the bubble wall, which exerts
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a force on the particle: the vapour is generated by both radiative heat
transfer from the particle and thermal conduction across the layer between
the particle and the liquid. The vapour generation support for the particle
may be expected to continue as the particles cools down, until it falls to
temperatures comparable with the liquid saturation temperature. At this
stage the vapour film will become so thin that it may be expected to
break down" (Ref. 36).
Fischer (Ref. 43) has carried out some calculations with a model which in-
cludes the Cho and Wright ANL model of Ref. 44 for the mixing between fuel
and sodium and the author's model of Ref. 35 for the vapour blanketing during
Phase B. The results (pressure as a function of time) are shown in Figs. lo
and 11. In Fig. lo the case is shown of a very low mixing time constant
(10'6 secs). In phase B the two results are shown with and without vapour
blanketing. The difference between the two pressure.curves is relatively
small.
In Fig. 11 the case is shown of a more realistic mixing time constant
(lo msecs). The following two important points must be noticed:

1. The pressure in phase A is much smaller than that of Fig. lo

(peak pressure = 120 atm against 3545 atm of Fig. 1lo)
2. The pressure in phase B is almost an order of magnitude smaller than
that of Fig. lo, and the effect of vapour blanketing has become large.

This means that vapour blanketing has an effect only if it is associated with
a mixing time constant. The reason for this is the following: In the case
of a Tow mixing time constant the sodium has received already most of the
heat from the fuel at the end of phase A. Vapour blanketing during phase B
is therefore not effective.This may be seen from the values of the sodium
(8) and fuel (T) temperatures at the end of phase A. The difference T~ 6
was 66°K in the caseof Fig. lo and 1387°K in the case of Fig. 11.
The conclusion is that properly chosen parametric models with reduced degree
of conservatism may well lead to produce more realistic results.

5. Areas for further investigations

The existing programs (both experimental and theoretical) seem to be quite
broad, because they cover (all together) already a relatively wide spectrum
of accident conditions, especially if one considers the fuel subassembly
accidents. The situation is less brilliant if one looks at the whole core
accident because all the experiments are modest in size and the geometry

of these accidents less predictable. In conclusion the following suggestions
can be done, which in the author's opinion are all equally impertant:

1. Experiments should be carried out in which many kgs of fuel are involved,
to examine the effect of experiment size on energy release.
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Particularly the type of accident examined by Long (Ref. 26) in the case
of aluminium and water cannot be entirely excluded in the case of the
molten core falling above the "core catcher". Long carried out experiments
with 50 1bs of aluminium.

2. Different contacting modes between hot and cold liquid and various geo-
metries must be investigated. Particularly the experimental results show
that entrapment of Tiquid sodium within molten UO2 is a potentially
dangerous mode of contact. More experiments involving larger quantities
of Na being entrapped in U0, should be carried out. The influence of geo-
metry (many pins) as well as that of enclosure of gas should also be
investigated. Theoretical models for the interpretation and extrapolation
to reactor conditions of these experiments must be developed.

3. Experiments should be carried out with molten UO2 and Na at a temperature
above 770°C to verify that configurations of the type investigated by Board
and Hall in the case of water (Ref. lo) are really impossible for UO,/Na-
systems. These experiments were already suggested by the author in Ref. 25.

4. The effect of rate of energy given to the fuel pins under various burn-up
conditions must be further investigated in particular with regard to whole
core accident.

5. Efforts on simulation experiments should be continued to find out other
possible types of contacts hetween hot and cold 1iquid and other ways of
propagation of small scale interactions to generate large scale interactions.
Theoretical work to understand fuel fragmentation should also be continued.

6. In the field of parametric models efforts should be continued to try to
reduce the degree of conservatism. Possible areas of investigations are:
noncoherence,fuel blanketing, heat losses from the interaction zone,
presence of structure materials and a well simulated mechanical constraint.

For the sake of completeness it must be pointed out that at the CREST meeting
in Ispra somebody suggested to investigate the system stainless steel/sodium
with stainless steel at 3000°C. However, because of the arguments given in
paragraph 4.1.A, this situation seems to be very very unlikely to happen in

a LMFBR core. For this reason the author feels that these experiments deserve
a degree of importance lower than the above mentioned 6 areas for further
investigations.
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Sodium
i Name of Mass UO 3 0 Containm. | Mechan. | Heat. No.of |Starting Sodium
Refy Lab. gy (gry 2 |Vol.(cm”)|Temp.(7C) UCy-Hovem.] 5. yo, * | Constr. | Source | Tests Date Movement
1 g&énob JEF 7 400-700 Static | Clad Na head Joule 15 - Static
(Francei'CORECI’I 3200-4900] 300 " " Crucible H.E. 5 - Injection
" 11| 7000 |1lo 3-10°3 E n Na head - 1974
2 Geigan 5000 8 . 103 300-600 Fall Crucible Yes Rad. - 1975 Fall and
€ Y Injection
31 PNC - dprop E 2 30-2 200-3 Fall | Alami N T 3 - Stati
Japan) rop Exp. 0 0-200 00-300 a umina 0 ung, 0 atic
(Jap Tube heater
4 CNEN AF 2 1o lo Static] Clad No Joule 3 - Static
(Italy) |AF 4 lox7 lox7 ! " Yes " - ? .
omall 8-30 300 200-600 Fall No 6 Static
Scale
5 ANL Drop Exp.
(USA) Inject. | 30-50 1o 400 Static| Crucible 12 Injection
EXD.
Large 4 ) Thermite- .
Scale 3000 lo Fall No reaction Static
Drop Exp. )
g | CCR Channel _ . . _
Ispra Geometry few gn 450-750 Static{ Crucible |Na head Rad. 1974 Fall
€ [(Euratom)|Tank Exp.] 3000 |yery large 500 Fall " No Rad. 1 Static
7 | AWRE large 250 Static No Pyrot. Static
Foulness Mi xt
- (GB) v
Windscale Shock 50 103 Yes 1974 Fall
UKAEA tube
(GB)
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Takle 2

COMPARTSAN NF MAIN FEATURES OF FCI MODLLS

(from Ref. 15)

lame of llodel/
Puthor/Peference

Fragmentation

Heat Transfer

Hydrodynamics

Argonne Parametric
"odel Cho, Ivins &
Vright. ANL 7912
Conf.-710302

(Vol. 7), p. 25

Particle size distrib.
assumed.Fragmentation

¢ history time can be
simulated ty choice of
heat transfer mechanism

Feat transfer always
into liquid sodium
(even if vapour is
predicted).0Options:
(i) linear gradient
transient conduct.
(upper approxim.)
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nomial type approxim.
Phase f heat transfer
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& vapour.Coeff, varies
vith void fraction,
(FUS-PEC 2 solidifica-
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of rarefaction wave
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continues in the next pace
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Forced convection model
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TOPAL

Morcan
Proc.Conf.kng.
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paper 35c

Separate model
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Heat input into coolant
channel from separate
calculation

10 compressihle flow
| aarangian Code

CORFU
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Capp. CEA-N-4422

DJistincuishes bet-
ween fraamentation
(larae scale break
up) and dispersion
(small scale break
up) on different
tire scales

Heat is transferred from
fuel to liouid sodium in

the interactina recgion.

There is exchange of mass

and heat between vapour
1iquid which are not in

equilitrium. The effective
area for the heat transfer

&

between Ticuid and vapour

is put equal to the volume
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the void fraction and "J"

is an arkitrary coeff.
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can enter the interaction
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[on-interacting Tiquid
is taken as incompres-
sible giving inertial
loading

‘coustic constraint with
inertial constraint when
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