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Fragmentation of molten metal drop with instantaneous contact
temperature below the boiling point of Na
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ABSTRACT

The consequence of the core disruptive accidents in metallic-fueled Na-cooled
reactors is strongly affected by the feedback reactivity originating in the boiling of Na
and the dispersion of molten fuel due to fuel-coolant interactions. The design of the
core configuration to promote the dispersion of molten fuel is therefore very
important for social acceptance. It has been recognized in this context that metallic
fuel has a potentiality to make liquefied fuel with fuel pin tube even in the
temperature range below the boiling point of Na. If the liquefied fuel solidified without
fuel-coolant interactions in the core region, this event leads the core condition to a
pessimistic scenario of re-criticality.

As a basic study related to this problem, the present experimental study investigates
the possibility of fragmentation of metal drop with instantaneous contact temperature
below the boiling point of Na (883°C). The molten Al drop, which has a melting point
of 660°C above the operational temperature range of core, was selected as a
simulant of liquefied fuel in the present study. Al particles of 5g or 0.56g were heated
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up to the initial temperature ranging from 850°C to 1113°C in a crucible by using an
electric heater. The molten Al drop was dropped into a sodium pool adjusted the
temperature from 280°C to 499°C.

The Al drop at initial temperature sufficiently higher that the boiling point of Na was
observed to fragment into pieces under the condition of instantaneous contact
temperature below the boiling point of Na. It is confirmed that the fragmentation is
caused due to the thermal interactions between the molten Al and the Na entrapped
into the drop.

INTRODUCTION
In the metallic-fueled Na-cooled fast breeder reactor, the sequence of events at the
core disruptive accident is strongly affected by the feedback reactivity originating in
the boiling of Na and the dispersion of molten metallic fuel due to thermal
interactions [1]. Since the homogeneous nucleation temperature of liquid Na is high,
it is anticipated that the molten metallic fuel is mildly fragmented by thermal
interactions without vapor explosion. If the fragments could be dispersed out of the
core region, the coolability of the core is assured and the core disruptive event
ceases. On the other hand, if the fragments could not be dispersed enough but they
solidified in the core region. The event leads to a serious scenario of re-criticality.
Therefore, it is important to understand the phenomena related to fragmentation and
solidification of the molten metallic fuel for the evaluation of the sequence of events
at the core disruptive accidents.

At a metallic fueled reactor, the fuel pin tube and the metallic fuel have a potentiality
to make a liquefied fuel at the core disruptive accidents. This means that the
liquefaction of the core occurs at the temperature range below the boiling point of
Na. Therefore, there exists for this kind of liquefied fuel to determine the sequence of
events. The authors have already carried out a series of experiments in a molten Al
jet-Na pool system. Molten Al was used as a simulant, because its melting point is
close to the liquefied temperature of the metallic fuel. In this experiment, even under
condition that instantaneous interface temperatures were below the boiling point
(883°C) of Na, the molten Al jet with an initial temperature sufficiently higher than the
boiling point of Na was confirmed to be fragmented [2].

In order to more clearly understand the fragmentation of entrapment type, which was
presumed in the previous paper [2], a series of experiments using molten Al drop
was conducted under the condition that the instantaneous interface temperatures are
below the boiling point of Na.
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EXPERIMENTAL APPARATUS AND PROCEDURE
Figure 1 shows a schematic
diagram of experimental
apparatus. The apparatus
consists of a carbon crucible and
a SUS304 interaction vessel,
which are set in an acrylic
containment box filled with argon
gas. The crucible, which is 20mm
or 9.5mm in inner diameter and
40mm or 45mm in depth, was
charged with Al particles of 5g or
0.56g and heated with an electric
heater of sheathed type. The
molten Al was dropped to a
sodium pool in the interaction
vessel, which is 108mm in
diameter and 200mm in depth, at
initial temperatures(Th) between
858°C and 1077°C in 5.0g runs
and at initial temperatures
between 1006°C and 1113°C in
0.56g runs.

Fig.1 Schematic diagram of
Since the temperatures of Na experimental apparatus
pool(Tc) in 5g runs were set at a
range of 271 °C to 288°C, which is at the lowest level, compared to the range of
280°C to 499°C in 0.56g runs, the instantaneous contact temperatures of molten
AI(Ti) were varied at a range from 653°C to 776°C, which was below around 100°C
and more from the boiling point of Na. In 0.56g runs where temperatures of Na were
adjusted from 280°C to 499°C, the instantaneous contact temperatures varied from
739°C to 902°C. The molten Al drop penetrated the sodium surface as globular single
drop (except for a few cases at 5g runs). The crucible was set 180mm above the
sodium surface. A catch pan was placed at the bottom of the interaction vessel to
collect the fragments of molten Al drop. The collected fragments were sieved through
six different sieves to measure the size of fragments. The mesh sizes were 0.5, 1.0,
2.0,4.0, 8.0 and 11.2mm.

Crucible
(I.D.20, h40 or

I.D.9.5, h45)
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In order to record the behavior of the molten Al drop falling through the Ar and at the
surface of Na pool, a home video camera (Sony, CCD-V700, 30pps) and a high-
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speed video camera (Photron, FASTCAM Rabbit-2, 400pps) were used.
Photographs of fragments were taken by an optical camera (Nikon, F90-X) and a
digital camera (Ricoh, RDC-5300).

10mm

RESULTS AND DISCUSSION
Results at 5.0g runs
In the 5g runs carried out at initial temperatures somewhat higher and lower than the
boiling point of Na, the fragments which were transformed into a jar-like shape in the
Na pool, were obtained. Figure 2 shows the fragments of the Al drop at an initial
temperature of 858°C(Th858°C)
somewhat lower than the boiling
point of Na. Fragment A is the
largest. Fragments A and B make a
jar-like shape by adjusting the arrow
parts shown in Fig.2. Fragments C
and D can be regard to be the parts
of the jar-like shape.

The fragment with jar-like shape has
not been observed in the runs
carried out at initial temperature
much higher than the boiling point
of Na (Th^999°C). Figure 3 shows
the whole fragments obtained at
Th999°C. Granule-like fragments
less than 1mm in size are shown in
region A. Fragments larger than
4mm in size, which are regarded
to be transformed further from
the net-like fragments observed
in the previous paper [2], are
shown in region C. Fragments of
middle size (larger than 1mm and
less than 4mm) are shown in
region B.

Figure 4 shows fragment size
distributions in 5g runs. The
abscissa is cumulative weight
fraction. The ordinate is the

Fig.2 Fragments at Th:850<€

Fig.3 Fragments at Th:999°C &Ti:728t:

10c

ra

0)

I 1 0
4-1

a>

re
£

,-1

ThCC)
858
887
999
1035
1077

TiCC)
653 -
658 -
728 -
753 -
776

5 10 50
Cumulative weight fraction(wt%)

Fig.4 Fragment size distribution

100



oooo
fragment size normalized by the diameter before penetrating the Na pool surface.
The cumulative weight fractions at Th858°C and Th887°C are only shown in the
region less than 5 percent. The weight of fragments C and D shown in Fig.2
corresponds to the cumulative weight fraction less than 5 percent at Th858°C. This
fraction at Th858°C means that the fragments A and B shown in Fig.2 are larger than
the drop diameter in size and are around 95 percent in weight. The distribution at
Th887°C also means that the largest fragment makes a jar-like shape, of which
weight corresponds to around 95 percent of the total weight.

The fragment size distributions in the 5g runs that initial temperature of molten Al
drop is over the boiling point of Na largely, show a similar tendency. In Th1035°C run,
molten Al penetrates the Na pool surface as a pair of drops with a close distance. A
small cumulative weight fraction compared to that at Th999°C reflects this falling
pattern. Although the instantaneous contact temperatures in these runs are far
below the boiling point of Na, 50 percent or more of the total weight is fragmented
into pieces smaller than the diameter before penetrating the Na pool surface. As
explained in Fig.3, which shows the fragments at Th999°C, fragments in these three
runs are mostly granular and irregular shapes (not spherical), which are regarded to
be caused by thermal interactions. These results indicate that effective fragmentation
is caused even when instantaneous contact temperatures are far below the boiling
point of Na.

10mm
Results at 0.56g runs
Small molten drop has a small heat
capacity so that solidification without
fragmentation is expected by a rapid
cooling in the Na pool. Figure 5 shows a
debris without fragmentation at Th1006 °C
in 0.56g runs. This debris makes
a typical net-like configuration^],
which basically forms a shallow
basket shape. This debris is
regarded, if it is transformed
further, to be fragmented into
pieces of irregular shapes as
shown at region C in Fig.3.

Figure 6 shows fragment size
distributions in 0.56g runs.
Cumulative weight fraction less
than 4 percent at Th1006°C

Fig.5 Debris at Th:1006°C &Ti: 739*0

ThCC) Tc(TC) Ti(t)
1006 282 739
1098 280 794
1097 347 825
1094 453 870
1113 499 902

1 5 10 50
Cumulative weight fraction(wt%)

Fig.6 Fragment size distribution
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corresponds to the rest of the debris shown in Fig.5. In the run at Th1006°C, the
debris shown in Fig.5 occupies more than 96 percent in total weight. In the three
runs of Th1098°C, Th1097°C and Th1094°C(this one is 0.8g run), which have almost
same initial temperatures, all debris is fragmented into pieces less than the initial
diameter. In these runs, the instantaneous contact temperatures(Ti) which are below
the boiling point of Na, were increased with increasing the Na pool temperature. It is
obvious that more fine fragments are obtained in these runs with increasing
instantaneous contact temperatures.

The results at the runs that instantaneous contact temperatures were just below the
boiling point of Na (D,Ti870°C: this is 0.8g run) and just above the boiling point of Na
(V,Ti902°C: this is 1.0g run) are also shown in Fig.6. The difference of cumulative
weight fraction between them is so small that it is difficult to regard for the run(V)
with an instantaneous temperature above the boiling point of Na to cause obviously
more fine fragmentation. Although the fragment size distribution at Th1094°C and
Ti870 °C in Fig.6(D) is coincidental with that atTh1077 °C and Ti776°C in Fig.4(A) in
the region of low cumulative weight fraction, the result at Th1094°C has more fine
fragments in the high cumulative weight fraction. This result indicates that small drop
with small mass can fragment into the same level with large drop or more fine level
than large drop with increasing Th and / or Ti.

Discussion on fragmentation mechanism

In 0.5g runs, a thin Na jet, which changes to a series of
drops due to the K-H instability as shown in Fig.7, has
clearly observed. As reported in the previous paper [3],
when a Na jet leaping up from the Na surface is observed,
another Na jet in the opposite direction, which is headed
for the top part of the molten Al drop falling in the Na pool,
is generated simultaneously as a pair of jets. The Na jet
which sticks in the molten Al drop, is entrapped within its
inside. A thermal interaction which causes the
fragmentation of molten Al drop, can
be generated, if the molten Al drop
has a sufficient heat capacity.

Fig.7 Najetat
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The Na jet which sticks in the molten
Al drop is qualitatively explained
using photographs of Ar gas column
formed in the water pool [4]. Figure 8
is time-sequence photographs of the
top of Ar gas column, which goes up

v

0.0ms 6.7ms 10.0ms
Fig.8 A water jet generated by detachment

of a argon gas column
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through a transparent vinyl tube set at an angle of around 45° . At the first
photograph (0.0ms), the top of the Ar gas column is just before detaching as an Ar
gas bubble. An Ar gas bubble has just detached in the middle photograph (6.7ms).
The generation of a thin water jet, which penetrates the Ar gas bubble, can be clearly
observed as indicated by a white arrow. This thin water jet can be also observed at
the last photograph (10.0ms) as indicated by a white arrow. At the same time, a
hemispherical small projection (indicated by a black arrow) appears on the top of the
Ar gas bubble because of the jet sticking in its position.

When the Ar gas bubble detaches from the Ar gas column, a large curvature formed
at the interface of the detached point makes a pin-point force because of surface
tension. The thin water jet as shown in Fig.8 is generated by this pin-point force. An
Ar gas column was clearly observed to be formed behind the molten Al drop falling
through the Na pool in the present study. The thin water jet penetrating the Ar bubble
shown in Fig.8 corresponds to the Na jet penetrating the Ar gas bubble sticking to
the molten Al drop, which was left after the detachment of the Ar gas column.
Therefore, just after penetrating the Ar gas bubble, the Na jet sticks in the molten Al
drop.

A single Na jet as indicated by a white arrow in Fig.9, which
is regarded to be the same jet observed in 0.56g runs, is
also observed in 5g runs. Therefore, it is obvious that the
Na entrapped inside a molten Al drop, of which the initial
temperature is far above the boiling point of Na, causes
fragmentation of the molten drop due to its latent and
sensible heat even under the condition of instantaneous
contact temperature below the boiling point of Na. pjg.g ^a j e t a t

Th:1077'€&Ti:776<C

CONCLUSIONS
Under the condition that the instantaneous contact temperature is lower than the
boiling point of Na, a series of experiments dropping a molten Al drop into a Na pool
was carried out, and the following conclusions were obtained:
1. It is confirmed that molten Al drop is transformed into a jar-like shape when the
drop is not fragmented because of low initial temperatures near the boiling point of
Na.
2. Even in the case that the instantaneous contact temperature is below the boiling
point of Na, if Na is entrapped inside a molten Al drop with a sufficient thermal
energy, of which the initial temperature is far above the boiling point of Na, thermal
interactions cause fragmentation of the drop internally.
3. Based on the observation of a thin water jet appearing in the detachment of Ar
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gas column in the water pool, the entrapment of Na is caused by a thin Na jet
appearing in the detachment of Ar gas column, which is formed behind the molten Al
drop when the drop penetrates the Na surface.
4. In the reactor system with the potentiality to make liquefied fuel below the boiling
point of Na, this kind of fragmentation would be caused, if the liquefied fuel drop has
a sufficient thermal energy, which can expects thermal interactions internally.
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