
JP9950480
JAERI-Conf 99-005

10.2 SEGMENTATION AND FRAGMENTATION OF MELT JETS DUE TO
GENERATION OF LARGE-SCALE STRUCTURES
-Observation in Low Subcooling Conditions-

Ken-ichiro Sugiyama and Tsuyoshi Yamada
Department of Nuclear Engineering, Hokkaido University

West 8, North 13, North Ward
Sapporo, 060-8628, Japan
tel &fax: 81-11-706-6663

e-mail: k-sugi@eng. hokudai. ac.jp

ABSTRACT

In order to clarify a mechanism of melt-jet breakup and fragmentation entirely different from the
mechanism of stripping, a series of experiments were carried out by using molten tin jets of 100 grams
with initial temperatures from 250°C to 900°C. Molten tin jets with a small kinematic viscosity and a
large thermal diffusivity were used to observe breakup and fragmentation of melt jets enhanced
thermally and hydrodynamically.

We observed jet columns with second-stage large-scale structures generated by the coalescence
of large-scale structures recognized in the field of fluid mechanics. At a greater depth, the
segmentation of jet columns between second-stage large-scale structures and the fragmentation of the
segmented jet columns were observed. It is reasonable to consider that the segmentation and the
fragmentation of jet columns are caused by the boiling of water hydrodynamically entrained within
second-stage large-scale structures.
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1 INTRODUCTION

In a core melt accident, molten core materials may pour into the coolant remaining in the lower
head of the reactor pressure vessel (RPV) in the form of jets with a few centimeters up to a few tens of
centimeters as shown in Figure 1. If molten core jets impinge upon the RPV lower head without
breakup, it may be ablated and breached. Conversely, if molten core jets are sufficiently broken up as
they penetrate the coolant, they may become "premixed" to participate in a steam explosion. The
coolability of the debris bed in the RPV lower head is also affected by the size and spatial distributions
of the debris fragments. Hence, the degree that core melt jets are broken up in the RPV lower head has
to be assessed to determine accident management procedures for in-vessel retention.

From this point of view, several computational codes have been developed in order to assess jet-
breakup rates and steam-production rates as well as settling and cooling of molten core materials in the
RPV lower head. However, large uncertainties in these codes concern the descriptions (modelings) of
the breakup of melt jets (Burger, 1993). The descriptions are almost based on melt-stripping at the
melt surface due to relative flow, supported by interface instabilities. Is the melt-stripping always the
predominant mechanism for breakup? This is the motivation of the present study.

It has been known in the field of fluid mechanics that fluid jets penetrating still fluids generate
jet columns with "large-scale structures" due to coupling motion between fluid jets and still fluids. The
appearance has been recognized as a subsequent evolution of the Kelvin-Helmholtz instability (Laufer,
1975). We have already confirmed that jet columns with large-scale structures appear in molten tin jets
(Sugiyama et al., 1997).
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Based on this recognition, we carried out a series of experiments of molten tin jets with about 8
to 16 mm in diameter. Molten tin with a low kinematic viscosity and a high thermal diffusiviry was
chosen to observe the behavior of melt-jet breakup and fragmentation enhanced hydrodynamically and
thermally (Sugiyama and Yamada, 1998).

We report in the present paper that molten tin jets are segmented and then fragmentted due to the
boiling of coolant hydrodynamically entrained within large-scale structures. This is a mechanism
entirely different from melt-stripping at the melt surface.

2 EXPERIMENTAL APPARATUS AND PROCEDURE

A series of experiments were carried out by dropping molten tin of 100 grams into subcooled
waters at the atmospheric pressure. The mass of 100 grams was sufficient to observe breakup and
fragmentation of jet columns with large-scale structures. Conceptual setup is shown in Figure 2. Solid
tin drops were first poured in a crucible made of stainless steel and were then heated by electric
heating. A sheathed thermocouple was used in order to measure the temperature of molten tin. Molten
tin with initial temperatures ranging from 250°C to 900°C was successively poured, making jet
columns with about 8 to 16 mm in diameter. Pouring height of molten-tin was kept at 100 mm above
the water surface in order to prevent large disturbances at the water surface.

A water tank was made of acrylic plate. The inner size of the tank was 220 mm wide, 100 mm
long, and 800 mm high. The depth of water pool in the tank was kept at 780 mm. The subcoolings of
water spanned a rang from 10°C to 40°C. A high speed video camera (Photron, Fastcam Rabbit-2) at a
framing rate of 400 pps was used to record the behavior of molten-tin jets falling through water.

3 RESULTS AND DISCUSSIONS

Figure 3 shows time-sequence photographs of a molten-tin jet falling through the water. The
initial temperature of the jet was 900°C and the subcooling of water was 33°C. At t = 0 ms, the top of
jet column basically makes a mushroom shape irregularly formed because of a large resistance from
the water. In the context of the present study, the mushroom shape, which is generated by coupling
motion between the top of jet column and the surrounding water, is categorized as a large-scale
structure. An air column, which diameter is around same with that of mushroom shape, is produced
from the rim of mushroom shape to the water surface. The succeeding jet column, which is falling
through the air column, makes a relatively smooth surface because of a low resistance from the air.

After the air column collapses, the surface of jet column directly undergoes a resistance from the
surrounding vapor and water. As a result, instability at the jet-column surface develops into large-scale
structures, which is known in the field of fluid mechanics. Large-scale structures of this kind, which
are recognizable on the video, are difficult to be clearly recognized on a photograph printed out
because of vapor bubbles with irregular surfaces covering large-scale structures of jet column. We call
large-scale structures of this kind "first-stage" large-scale structures. We are not interested in first-
stage large-scale structures in the preset study.

Because of a decelerated movement of the top of jet column with a mushroom shape due to a
large resistance from the surrounding water, the succeeding jet column with first-stage large-scale
structures makes a movement of catching up (relatively accelerated movement) with the top of jet
column. This movement causes coalescence of the leading jet column and the succeeding jet column,
and the process of coalescence generates "second-stage" large-scale structures, which are clearly
recognizable on a photographs printed out.

The photograph at t = 30 ms shows two second-stage large-scale structures generated by the
coalescence, which are indicated with two-direction arrows. Hereafter, we simply call second-stage
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large-scale structures large-scale structures. The leading large-scale structure is generated by catching-
up (coalescence) of the jet column falling behind the leading mushroom-shape melt shown in the
photograph at t = 0 ms. The second large-scale structure with a conical shape is generated by the
coalescence of jet column in the middle section.

We also observe an eruption, indicated by an arrow, at the bottom of the leading large-scale
structure. Based on the observation of frozen residues with low initial temperatures, this kind of
eruption indicates that high pressures are generated within the leading melt. This eruption means that
water has been entrained within the leading melt far before t = 30 ms.

At t = 40 ms, segmentation (indicted with an white arrow) between the succeeding jet column
(upper jet) and the leading jet column (lower jet) occurs. The segmentation appears to be caused by an
acceleration of the lower jet. What thermal-hydraulic phenomena cause an accelerated movement of
the lower jet? It is reasonable to consider that a small amount of water hydrodynamically entrained
within the columns makes a high-pressure vapor, and an upward flow of the vapor from the top of the
lower jet causes an accelerated movement of the lower jet.

At t = 60 ms, the segmented leading melt (lower jet), which is not able to distinguish the two
large-scale structures (indicated with two-direction arrows at t = 30 ms) for coalescence between them,
is somewhat swollen with an irregular shape. At this time period, the leading melt of the upper jet
recognized as a large-scale structure, which is indicated with a two-direction arrow, is just before
segmentation.

At t = 80 ms, the leading melt of the upper jet has accomplished segmentation as indicated with
a white arrow. The lower jet is almost fragmented into irregular filaments and irregular drops. It is
reasonable to consider that the fragmentation of the lower jet is caused by a high pressure produced
within the lower jet.

Figure 4 shows time-sequence photographs of a molten-tin jet with a low initial temperature of
270cC. The subcooling of water was 17°C. At t = 0 ms, we observe three large-scale structures as
indicated with two-direction arrows. At t = 20 ms, the leading and second large-scale structures
coalesced into one large-scale structure, and the coalescent melt is clearly segmented from the third
large-scale structures, as indicated with an white arrow. At t = 60 ms, the third large-scale structure
coalesced into the leading large-scale structure because of its accelerated movement. The resultant
coalescent melt begins to be fragmented into irregular filaments and irregular sheets. A close
examination of time-sequence behaviors indicates that the accelerated movement of the third large-
scale structure is caused by a high pressure produced within the structure. Hence time-sequence
behavior is qualitatively similar to that in Figure 3.

Figure 5 shows cross sectional views of two segmented large-scale structures frozen before
complete fragmentation. These samples have the same initial temperature with Figure 4. The cross
sectional views indicate that the water hydrodynamically entrained within the segmented melt can
easily produce high pressures due to a confinement effect of its complex geometry with cavities.

4 CONCLUSIONS

In order to clarify a mechanism of melt-jet breakup and fragmentation entirely different from the
mechanism of stripping, we observed behavior of molten-tin jets with a low kinematic viscosity and a
high thermal diffusivity, which are expected an enhanced jet breakup and fragmentation. The
conclusions in the present study are as follows:

1. We first observed jet columns with first-stage large-scale structures generated by evolution of
Kelvin-Helmholtz instability, which have been recognized in the field of fluid mechanics.
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2. We then observed jet columns segmented between second-stage large-scale structures generated
by coalescence of first-stage large-scale structures. The second-stage large-scale structures are not
recognized in the field of fluid mechanics.

3. We finally observed fragmentation of segmented jet columns, which appears not to be caused by
melt-stripping from the irregular surface of jet columns.

4. It is reasonable to consider that the segmentation jet columns and the fragmentation of segmented
jet columns are caused by high-pressure vapor, which is produced from water hydrodynamically
entrained within jet columns with second-stage large-scale structures.
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Figure 3 Breakup behavior of molten tin jet (initial temperature of molten
tin: 900°C, subcooling of water: 33°C)
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Figure 4 Breakup behavior of molten tin jet (initial temperature of molten
tin: 270°C, subcooling of water: 17°C)
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Figure 5 Cross sectional views of frozen tin (initial temperature
of tin: 270°C, subcooling of water: 23°C)
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