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Abstract

Small-scale experiments have been conducted to investigate the triggering mechanism of vapor explosions. In order to attain good
repeatability and visibility, a smooth round water droplet was impinged onto a molten alloy surface. This configuration suppresses pre-
mixing events prior to triggering.

Six molten metal and alloys were used as the pool liquid. The lower limit of the contact temperature in the vapor explosion region
closely agrees with the spontaneous bubble nucleation temperature of water. The upper limit of the initial molten alloy temperature
decreases when an oxide layer forms on the surface causing an increase of the emissivity of thermal radiation that has a stabilizing effect
on the vapor film. When an oxide layer was formed on the surface, a water droplet was occasionally entrapped into a molten alloy dome,
since the oxide layer prevents the droplet from evaporating coherently. The vapor explosion region obtained for the mirror surface is a

conservative estimate, since that for the oxide surface fell into the internal region of the vapor explosion for the mirror surface.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

A large-scale vapor explosion is generally considered to
involve the following four stages shown in Fig. 1: (1) coarse
mixing, (2) triggering, (3) propagation, and (4) expansion.
Triggering is the event of direct contact between a high
temperature liquid (e.g., a molten alloy) and a low temper-
ature volatile liquid (e.g., water) that initiates the rapid,
local heat transfer and pressure rise. Fletcher [4] well
reviewed the role of triggering in vapor explosions in terms
of nuclear reactor safety. In the other industries such as
metallurgy and the paper industry, investigation of vapor
explosions is of importance from the point of view of safety
as well. In spite of the industrial relevance, knowledge of
the triggering mechanism is still insufficient even for a sim-
ple molten alloy droplet system.
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At triggering, the vapor film surrounding a hot-liquid
collapses to allow hot and cold-liquids to contact each
other. It is well known that there are two different collapse
modes. One is where an external force acts on the vapor
film, i.e., the arrival of an external pressure wave and/or
shear stress due to velocity difference. The other involves
an internal factor, i.e., thermal balance between evapora-
tion and condensation. The latter is called self-triggering.

In the past forty years, there have been a number of
experiments [1-3,9,11] using several grams of molten tin
immersed in a water pool to investigate the self-triggering
conditions.

Due to the random nature of vapor explosions, experi-
mental data are not reproducible even if initial conditions
are set to be identical. The authors believe that the random
nature is caused by three factors that change sensitivity to
the trigger events in the premixing stage: (1) heat transfer
rate from a hot to a cold fluid, (2) orientation of gravity force
direction and the interface direction to the triggering events,
and (3) surface property, i.e., the oxide layer formation. The
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Nomenclature

Alphabets

D water droplet diameter (m)

P system pressure (Pa)

T critical temperature of water (°C)

Tq initial temperature of a water droplet (°C)

Tin homogeneous bubble nucleation temperature of
water (°C)

T; contact temperature based on the conduction

theory (°C)

Tm initial temperature of a molten alloy pool (°C)
Trnp melting temperature (°C)

We impingement Weber number

Greek symbol

T4 dwell time (s)

Vapor Film Molten Alloy

(3) Propagation

Pressure Wave

e
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Fig. 1. Four conceptual stages of the large-scale vapor explosion.

authors have performed the droplet impingement experi-
ment to suppress the premixing stage. In this experiment,
vapor explosion occurred a few milliseconds after a water
droplet had impinged onto the molten alloy surface. Exper-
iments had been conducted thereby changing initial temper-
atures and surface conditions before the contact. Those
parameter effects on the triggering event can be investigated
directly without any interference with the premixing stage.
Fig. 2 shows an evaporation time against initial temper-
ature of pool liquid in the droplet impingement system.
The evaporation phenomena is classified into four states:

Wetting state: A hemispherical droplet sits on and
touches the molten alloy pool surface. It evaporates
from the free surface of the droplet. Boiling is observed
if the molten alloy temperature is high.

Transition state: The intermediate condition between the
wetting and the spheroidal state. Bouncing motion can
be observed due to intermittent contact with the molten
alloy pool surface.

Spheroidal state: A spheroidal droplet exists above the
molten alloy pool surface. The evaporation time is long
since a vapor film between the droplet and pool liquid
surface prevents the droplet from being in contact with
the surface.

Vapor explosion: Deformation of the molten alloy pool
surface is induced by strong thermal interaction. Vapor
explosion can be seen only if the pool material is a
liquid.

Another unique phenomenon was frequently observed
when an oxide layer was formed on the molten alloy sur-
face. This phenomenon was examined later using high-
speed video frames. The authors have visualized [5] the
spreading process of spontaneous bubble nucleation imme-
diately after a droplet came into contact with a molten
alloy surface, using video frames at an exposure time of
100 ns. The authors have also investigated the effects of
the droplet subcooling and system pressure on the trigger-
ing conditions.
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Fig. 2. Representative evaporation curve.

It is widely known [10,8,7] that the conditions of vapor
explosion differ from material to material — e.g., a tin drop-
let explodes spontaneously in a water pool, but a zinc
droplet does not. This may be caused by the differences
in heat transfer and mixing conditions in the premixing
stage.

In the present study, a smooth round water droplet was
impinged onto a molten alloy surface. The droplet
impingement system allows approximately identical initial
conditions in the premixing stage to investigate the trigger-
ing conditions for different materials, because the triggering
can occur a few milliseconds after the impingement.

This paper addresses contact mode maps as the trigger-
ing conditions for six different kinds of materials and the
effect of an oxide layer formed on the molten alloy surface
based on high-speed video frames.

=
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2. VECTOR experimental facility and experimental
procedures

Fig. 3 shows a schematic of the VECTOR (vapor explo-
sion of CRIEPI test with oxide layer removal devices) facil-
ity. The containment vessel has a volume of 0.48 m*> and
contains a droplet nozzle, a molten alloy crucible and
devices to remove the oxide layer. The molten alloys used
were lead-bismuth, lead, bismuth, tin, zinc, and indium.
The internal dimensions of the crucible are 150 mm in
length, 170 mm in width, and 30 mm in depth. Tempera-
tures were measured at 2 mm-depth intervals in the molten
alloy pool, and were found to show scatter within 0.7 K
due to natural convection. Type-K thermocouples were
immersed into the molten alloy pool in a depth of 8 mm
to measure the initial molten alloy temperature.
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Fig. 3. Schematic of VECTOR facility.
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Degassed water that passed through an ion exchange
resin was used as the impingement droplet. A smooth,
round water droplet was released slowly from the droplet
nozzle by the gravity head. Type-K thermocouples were
inserted into the nozzle and attached at the nozzle exit to
measure the initial droplet temperature. The temperature
of water in the nozzle was maintained at a desired value
by controlling the flow rate and the temperature of water
in the droplet temperature control piping.

Although air inside the containment vessel was com-
pletely replaced by argon, a thin oxide layer was formed
on the molten alloy pool surface due to the presence of
small amounts of steam and oxygen. Devices to remove
the oxide layer were operated in two directions to scrape
off the oxide layer. In order to investigate a surface oxida-
tion effect, a dwell time (tq) to impingement after the
scraped off of the oxide layer was varied in this experiment.

There were two types of the molten alloy surfaces: mir-
ror and oxide surfaces. The term ‘mirror surface’ means
that to the condition under which a droplet impinged onto
the molten alloy surface immediately after the removal of
the oxide layer on the pool surface. On the contrary, the
word ‘oxide surface’ means that the pool surface was cov-
ered with a thin oxide layer ten seconds after the removal
of the oxide layer. The same surface conditions could be
reproduced at the same dwell time (74) for the same mate-
rial and its temperature by injecting argon gas into the con-
tainment vessel at a constant rate. One should realize that
actual surface conditions varied with the thermo-physical
properties of materials and the temperature. The oxide
layer was at a slightly frosted glass condition for lead—bis-
muth alloy at a dwell time of 10 s.

A series of images were taken using a high-speed digital
video camera (model SpeedCam-512 by Weinberger AG
Inc). Common experimental conditions in the present
experimental series were the system pressure of 0.1 MPa,
the impingement Weber number of 106, and the droplet
diameter of 4.5 mm.

An error in measuring the temperatures was estimated
to be 0.7 K. Uncertainty of time point was around 0.2 ms
for given video frames. For more fine time resolution, con-
sult previous papers [5] which addressed the spontaneous
bubble nucleation and the water droplet fragmentation
processes video-framed at 0.01 ms intervals.

3. Experimental results and discussion
3.1. Visual observations

Fig. 4 shows four series of frames for (a) the wetting
state at the minimum evaporation time point, (b) the sphe-
roidal state, (c) vapor explosion, and (d) droplet entrap-
ping. Initial conditions were identical for all series except
the initial lead-bismuth temperature. The initial water
droplet temperature was set to 70 °C.

Note that only one droplet in each frame touched the
molten alloy surface at 0 ms and was clearly reflected in

the molten alloy pool. Before 1 ms, these four sets of
frames show the similar deformation process. The third
frame (2 ms) in Fig. 4c, however, shows a drastic change
with a sudden occurrence of explosive fragmentation of
the whole droplet. At the same time, filaments of the mol-
ten alloy rose up to be in a crown shape. After that, the
center portion was raised, as shown in the frame at
80 ms. The vapor explosion was significantly different from
the wetting and the spheroidal state in which no ripples can
be seen throughout the evaporation process. After the
vapor explosion, spherical particles of molten alloy having
a diameter of less than 0.5 mm splashed at the corner of the
containment vessel at a distance of about 600 mm from the
impingement point.

When the surface was oxidized, a unique phenomenon
was often observed, as shown in Fig. 4d. Compared to
the filaments in the vapor explosion shown in Fig. 4c, a lim-
ited amount of the water hemisphere evaporated resulting
in the formation of small ripples, as shown at 2 ms. Subse-
quently, an unevaporated water droplet was entrapped in a
molten alloy dome. When vapor produced collapsed the
molten alloy dome under the film boiling condition at
67 ms, the entrapped water droplet emerged from the dome
(not shown here, see the droplet at 80 ms). Hereafter, this
phenomenon is called ‘droplet entrapping.” As shown in
Fig. 4c at 2 ms, the droplet was evaporated coherently on
the mirror surface. On the contrary, the oxide layer may
occasionally prevent the droplet from evaporating coher-
ently as shown in Fig. 4c at 2 ms, resulting in droplet
entrapping. In this respect, oxide layer formation is one
of the reasons why vapor explosion exhibits a random nat-
ure and causes a loss of repeatability.

3.2. Triggering conditions

3.2.1. Effect of surface property

Fig. Sa—c are contact mode maps of initial water droplet
and molten lead-bismuth temperature. Each set of condi-
tions was classified into five different states (see Figs. 2
and 4). Fig. 5a and b were obtained for the mirror surface
and the oxide surface, respectively.

As shown in Fig. Sa, there is a definite vapor explosion
region surrounded by the spheroidal state (film boiling)
region due to a suppression of the premixing stage in this
configuration. The two curves in the figure indicate the
conditions under which the contact temperature at the
interface, 7}, agrees with the homogeneous bubble nucle-
ation temperature, Ty, and critical temperature, T, of
water. The contact temperature was estimated based on
the conduction theory of two semi-infinite solid bodies in
contact with each other, as follows:

_ \/pmcpmime + \/pdcpdﬂvde
\/pmcpm)tm + \/pdcpd/ld

where p, Cp and 1 denote density, thermal capacity at a con-
stant pressure, and thermal conductivity, respectively. The

T;

(1)
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Fig. 4. Series of frames illustrating contact modes for water droplet — molten lead—bismuth pool system.

subscripts m and d indicate the molten alloy and the liquid  explosions seem to occur when the water is sufficiently sub-
droplet, respectively. According to the boundary between  cooled to suppress the formation of a vapor film, and when
vapor explosion and the spheroidal state regions, vapor  the contact temperature is higher than the spontaneous
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Fig. 5. Contact mode maps in terms of surface property for water droplet
— molten lead-bismuth pool system.

bubble nucleation temperature. The suppression of the va-
por film can be estimated as a function of the molten alloy
temperature by the vapor film collapse model [6]. According
to the model, the upper limit decreases with an increase of
the emissivity of thermal radiation by stabilizing the vapor
film between the molten alloy and water droplet. A list of

materials in increasing order of the emissivity is: indium,
tin, lead, bismuth-lead, and bismuth. The list is coincide
with that in decreasing order of the upper limit temperature
where the vapor explosion occurs. When the surface is oxi-
dized, the emissivity further increases, causing an enhance-
ment the stability of the vapor film. The upper limit does
therefore, decrease when an oxide layer formed on the
surface.

On the other hand, droplet entrapping occurred fre-
quently on the oxide surface. Vapor explosion for the oxide
surface occurred in the internal region of the vapor explo-
sion for the mirror surface. Thus, the vapor explosion
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Fig. 6. Maximum deformation height in terms of surface property.
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Table 1
Maximum deformation height statistics counting for vapor explosion data
Pool material Bismuth-lead Tin Lead Zinc Indium Bismuth
Dwell time, 14 (S) 0 10 0 10 0 10 0 10 0 10 0
Number of explosion data 137 55 74 43 56 20 0 0 44 71 125
Average (mm) 12.6 13.3 16.0 18.2 15.8 16.9 0.0 0.0 14.5 14.5 15.2
Standard deviation (mm) 32 4.1 4.9 4.7 3.4 2.3 - - 4.6 4.2 3.7
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Fig. 7. Contact mode map for lead.

region determined for the mirror surface would be a con-
servative estimate.

Vapor explosion and droplet entrapping cannot occur
on a solid surface, however, the observed oxide layer
should be in the solid film within such a low lead—bismuth
alloy temperature range. In order to investigate the differ-
ence between a thin foil and an oxide layer, five-microme-
ter-thick titanium foil was placed on the molten alloy pool.
As shown in Fig. Sc, vapor explosion and droplet entrap-
ping were not observed on the floating foil. Although
experiments are repeated for one-micrometer-thick tita-
nium foil instead of titanium foil was placed on the molten
alloy pool, vapor explosion and droplet entrapping were
not observed. It can be concluded that even a weak shear
disturbance could tear off the thin oxide layer to appear
a fresh surface, though it was hard to break the metal foil.

Fig. 6 shows the experimental result with lead—bismuth
for the maximum deformation height with respect to both
initial temperatures. The maximum deformation height
was measured from a digital image at the center portion
after a crown shape descended (see Fig. 4c at 80 ms). The
height became lower with increasing the initial droplet tem-
perature. Statistics of the maximum deformation height are
summarized in Table 1. The average deformation height
for the oxide surface was higher than that for the mirror
surface. This is because droplet entrapping is likely to

occur at a higher molten alloy temperature with higher
droplet temperature on the oxide surface, where the maxi-
mum deformation height was relatively low.

3.2.2. Effect of thermo-physical property

Fig. 7 shows a contact mode map for the mirror surface
of lead. The melting point of lead, T,, (=327.6 °C), is
higher than the homogeneous bubble nucleation tempera-
ture but lower than the critical temperature of water.
When the contact temperature was below the melting tem-
perature of lead, droplet entrapping was observed in place
of vapor explosion. Solidification may prevent lead from
the fine fragmentation that enhances the heat transfer to
water. The lower boundary of the droplet entrapping
region agrees with the spontaneous bubble nucleation
temperature.

Fig. 8 shows vapor explosion regions for the mirror sur-
face of six different materials: lead—bismuth, bismuth, lead,
tin, indium, and zinc. Only the spheroidal state was
observed in the experiment using zinc for Ty, < Ty <
520°C and 13°C < T4 <52°C. Although air inside the
containment vessel was replaced by argon, the presence
of steam and oxygen allowed the zinc pool surface to form
a relatively thick flake like oxide layer, resulting in the
absence of vapor explosion and droplet entrapping regions.
On the contrary, contact mode maps for the mirror and
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Vapor explosion was not observed on a zinc surface, since

a relatively thick flake like oxide layer was formed on the surface.
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Fig. 8. Vapor explosion regions for different pool materials.

oxide surfaces of indium were similar to each other (see
also the statistics in Table 1), though a slightly reddish
brown thin oxide layer was formed immediately on both
surfaces above 350 °C.

4. Conclusions

The following conclusions were drawn from the result of
the contact mode maps obtained in the water droplet
impingement experiments for six different materials.

(1) Droplet entrapping was frequently observed on the
oxide surface in the internal region of vapor explo-
sion for a mirror surface. A water droplet was
entrapped in a molten alloy dome, since an oxide
layer prevented the water droplet from evaporating
coherently.

(2) Vapor explosion was not observed on a zinc surface
since a relatively thick flake like oxide layer was
formed on the surface.

(3) The lower limit of the contact temperature in the
vapor explosion region agrees with the spontaneous
bubble nucleation temperature of water or the melt-
ing point of the alloy.

(4) The upper limit decreases when an oxide layer formed
on the surface causing an increase of the emissivity of
thermal radiation that has a stabilizing effect on the
vapor film.

(5) The vapor explosion region for the mirror surface is a
conservative estimate since that for the oxide surface
falls into an internal region of the vapor explosion for
the mirror surface.
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