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Introduction

In core meltdown accidents, it is possible to occur thermal interactions between
molten fuel and coolant. Analysis of the steam explosion, which is one of the most
severe phenomena in such thermal interactions, is important for the safety evaluation.
The steam explosion is a phenomenon that intensive pressure waves are caused by
the explosive thermal interaction between high and low temperature liquids, and is
considered to be one of the phenomena that can cause a serious failure of the
nuclear reactor structures. In a large-scale steam explosion, the fragmentation of hot
molten material causes a rapid increase of heat transfer area, and it is achieved to
transmit instantaneously a large amount of heat to coolant.

Two ideas are chiefly considered as the mechanism of the fragmentation. The one
is the hypothesis that hydrodynamic effect causes fragmentation of hot liquid(1).
According to this hypothesis, the high temperature drops flake off from the surface.
The other is that fragmentation is caused by the interface instability accompanied by
collapse of the steam bubble formed around a hot liquid(2).

On the other hand, the internal fragmentation that originates from entrapment of
coolant inside a melt drop is also proposed. Matsuba(3' performed an experiment
using molten aluminum drop and water, and he pointed out that water was entrapped
inside the molten aluminum drop, then the drop was fragmented by boiling of the
entrapped water. Moreover, he observed the water jet driving into the drop and
explained this water jet as entrapment mechanism. According to his research, this
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water jet is caused by the surface tension generated from detachment of atmospheric
gas column, which is formed while a drop penetrates the water surface.

If the intensity of the coolant jet is affected by the value of surface tension of
coolant, more remarkable driving force of the coolant jet may be observed with
surface tension larger than water. The value of surface tension of liquid sodium,
which is known as coolant of FBR, is about 2.6 times as large as that of water.
Therefore, it is considered that the effect of sodium jet is more obvious than that of
water jet.

In this research, the possibility of the internal fragmentation caused by the coolant
jet is focused in. Experiments were conducted on the condition that the surface of
melt drops solidify at the moment drops contact the coolant. The possibility of the
fragmentation of hot liquid from its surface was eliminated in this condition. To satisfy
this condition, molten copper was chosen as hot liquid, and liquid sodium was used
as coolant to verify the effect of the driving force of the sodium jet.

Experiment

The experiments were carried out in argon gas atmosphere at the atmospheric
pressure. Copper was heated up to its melting point(1084 °C) in a crucible by using
an electric heater and dropped into a sodium pool at temperatures ranging from
170°C to 276°C. The mass of copper drop was set to 5.0g to 5.5g, and the falling
shape was mostly spherical, which diameter was 10.5mm to 11.0mm. And in the
experiment to confirm that sodium jet drives into copper drop, the mass of copper
was 0.5g, and sodium pool temperature was 123°C. The fall height was 180mm in
each experiment.

The instantaneous contact interface temperatures, which took the latent heat
released by solidification of copper into consideration, ranged from 954°C to
999°C. These temperatures were sufficiently lower than the melting point of copper.
Therefore, the solid copper crust formed on the surface of the melt drop at the
moment of contact with sodium pool. Fragmentation from the surface of molten
copper drop should not be caused by the nucleate boiling of sodium or the
hydrodynamic effect.

Results and Discussion

It was clearly observed that the copper drops are deformed and fragmented.
Because experiments were performed on condition that copper drops do not
fragment from its surface as stated above, the deformation and the fragmentation are
caused from inside of drops.

Two examples of debris are shown in Fig.1 and Fig.2. The mechanism of
fragmentation can be presumed from the shape of debris in Fig.1(a) and (b). The
hemispherical shape like husk is shown as part A, and the sheet-like shape of which
circumference is torn off is shown as part B in Fig.1(a). Part B connects with the edge
of part A via the shape like two strings.
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Fig.1 Appearance of the least fragmented debris

The hemispherical shape of part A is the solid crust formed from the solidification of
the undersurface of spherical molten copper drop. The part B is presumed to form
while the liquid copper held inside the solid crust is pushing out of the crust by a
pressure. The debris shown in Fig.1(b) was obtained together with debris in Fig.1 (a).
The region B in (b) shows the sheet-like shapes formed in the same process as part
B in (a), and fine particles are shown in region C in (b).

Figure.2 shows the example of debris more fragmented than Fig.1. This example
also consists of the husk-like hemispherical shape (part A, which shows the inside, is
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Fig.2 Appearance of the most fragmented debris
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magnified to the right hand), the
sheet-like shapes (region B) and
the particles (region C). These
shapes are formed in the same
process as Fig.1. The mass rate of
sheet-like shapes in region B and
particles in region C is larger than
that of the example shown in Fig.1.
Although the temperature of
sodium pool at the example shown
in Fig.2 is more than 100°C lower
than that in Fig.1, more fragmented
debris are obtained as shown in
Fig.2. The author cannot explain
the reason in this paper.

The debris size distribution
obtained by sieving debris is shown
in Fig.3. Th, Tc, and Tj are the initial
temperature of molten copper drop,
the temperature of sodium pool,
and instantaneous contact interface
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Fig.3 Debris size distribution

temperature, respectively. The debris size distribution of example in Fig.1 is the solid
curve shown in open circle. In this curve, the rate of mass of debris whose size is
smaller than the diameter of molten copper drop (10.5mm) is only about 10wt%. The
debris whose sizes are more than the drop diameter are the husk-like and sheet-like
shapes as shown in Fig.1 (a) and region B in Fig.1 (b). Also in other examples, debris
whose sizes are larger than the drop diameter is the sheet-like shape. The most
fragmented example shown in Fig.2 is presented in broken line with solid circle.
Large-scale debris of sheet shape is subdivided in this case.

Figure.4 is the
time sequence
images of a
high-speed video
camera before and
after a molten
copper drop
penetrates the
sodium pool surface.
Similar images were
obtained in each
experiment. The
spherical copper
drop falls through
argon gas
atmosphere (0ms),
then penetrates the
sodium pool surface
(40ms), and finally a

0 msec 40 msec 155 msec

Fig.4 A sodium jet leaping out of sodium surface just
after penetration of a spherical molten-copper drop
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Fig.5 Illustration of generation process of a pair of sodium jets

sodium jet leaps up (155ms). According to the experiment visualized by using water
as cold liquid, the downward jet appearing simultaneously with the upward jet as
shown in Fig.4, drives into the upper surface of the molten drop penetrating the
sodium pool.

The mechanism of generation of two jets that appear the opposite direction
mutually can be explained in Fig.5. (a) When copper drop penetrates a sodium pool
surface and falls through the pool, the cover gas is drawn in the shape of column.
The solid crust begins to form on the undersurface of the drop because the
instantaneous contact interface temperature is lower than the melting point of melt
drop in this research. The liquid state is maintained on the upper surface of drop
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Fig.6 Appearance of debris with open mouth
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because of existence of the gas column, (b) This gas column becomes thin and is
divided in a certain depth of the pool. In this moment, the curvature becomes very
large at the end of divided gas column, (c) As a result, the large surface tension
occurs at both divided ends and two jets generate, (d) The downward jet drives into
the upper surface of the drop keeping liquid state. The small amount of sodium
entrapped in the melt drop boils and the fragmentation of the drop occurs.

In order to confirm this mechanism more concretely, experiments were conducted
on the condition that mass of copper is smaller and sodium pool temperature is lower.
The purpose of experiments is to obtain debris solidified completely in earlier stage
than debris shown in Fig.1(a) by the increasing cooling speed of the drop. The mass
of copper was 0.5g, and temperature of sodium pool was 123°C. An example of
debris obtained in these experiments is shown in Fig.6. The observation from the
side is shown in (a). The lower part is the shape like hemispherical husk (part A).
Most of mass is moved to the upper part (part B). The trace (white arrow) that the jet
drives in remains clearly on the upper surface shown in (b). This configuration of
debris shows that before causing a clear separation of part B from part A as shown in
Fig.1(a), a high pressure produced by boiling of entrapped sodium is released to the
left side.

Conclusions

The experiments using the molten copper drop and liquid sodium were performed.
The following conclusions were obtained from experimental data.

1. The fragmentation phenomenon was obviously observed on the condition
that the possibility of fragmentation from the drop surface is eliminated.

2. The downward sodium jet driving into upper surface of the drop, which was
confirmed in a water experiment, should internally cause fragmentation.

3. The fragmentation mechanism caused internally by the boiling of the
entrapped coolant was confirmed from the configuration of debris, which
was obtained in an experiment of small heat capacity using 0.5g copper
drop.
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