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Abstract An experiment facility for observing low-temperature molten tin alloy droplet into water was es-

tablished to investigate mechanisms of vapor explosion occurring in severe accidents of a fission nuclear

reactor. The vapor explosion behaviors of the molten material were observed by a high-speed video cam-

era and the vapor explosion pressures were recorded by a pressure transducer mounted under the water

surface. The results showed that the pressure reached a peak value when the molten metal temperature was

600°C—650°C, and the coolant temperature had an obvious decreasing effect on the droplet breakups. A

model for single droplet fuel/coolant interaction is proposed. It considers that in the case of Ray-

leigh-Taylor instability, the coolant that jets from opposite direction penetrates into the fuel and the vapor

explosion occurs because of the rapid evaporation. This model explained the effect of metal droplet tem-

perature and coolant temperature on vapor explosion.
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1 Introduction

A vapor explosion can occur when a hot molten
metal contacts the low boiling temperature cold liquid
(11, The rapid vaporization of the coolant results in melt
fragments of less than 1 mm in diameter. They transfer
their heat to the coolant mush more efficiently, result-
ing in high-pressure vapor and worsening the situation
even further 2. Such an event is postulated to occur
with severe accidents of a fission nuclear reactor, and
is a subject of study by many scientists and engi-
neers'.

A number of experimental and theoretical works
(451 have been performed to study the process and the
explosive behavior of fuel and coolant interaction
(FCI). Subsequently, a number of mechanisms for fuel
fragmentation have been developed. Although a small
scale FCI is not representative of real scale situations
(6] experimental observations !’ indicate that a small

scale FCI may be the unit cell of a large scale FCI of
vapor explosions.

Kim %1 has proposed a coolant jet model, in
which film boiling occurs around a molten fuel droplet
on entry into an infinite coolant pool. The film col-
lapse and coolant jet formation occur due to some
triggering mechanism. During the collapse and re-
growth of the vapor film, the coolant vapor/liquid in-
terface becomes unstable. These interfacial instabili-
ties generate an array of coolant jets directed toward
the fuel surface. Therefore, jet penetration and en-
trapment occur. Under certain conditions, the jets
grow so quickly that they contact the fuel surface and
even penetrate the fuel. As a result the needle-like jet
penetrates, numerous tiny coolant drops are entrained
in the fuel near the surface, which forms a mixture of
vapor and coolant drops entrapped in the fuel. Rapid
evaporation of entrained coolant occurs, causing fuel

fragmentation and vapor explosion.
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Buchanan ¥ considered that because the asym-
metric coolant vapor bubble around the molten fuel
surface collapses so as to form a high-velocity jet that
penetrates the fuel, the turbulent mixing occurs. So the
rapid increase of heat transfer area leads to the vapor
explosion.

Henry™ has proposed a spontaneous nucleation
model. When the coolant is heated to the spontaneous
nucleation, the rapid vaporization brings about shock
waves, which leads to the fuel fragmentation and va-
por explosion.

The purpose of the present study is to experi-
mentally clarify vapor explosion of the molten fuel in
the coolant of a reactor vessel. In order to achieve this
purpose, a simulative experimental apparatus was de-
signed. The molten material vapor explosion was ob-
served using a high-speed video camera. The pressure
transducer on the water tank wall measured the pres-
sure of vapor explosion. This paper studied the effect
of experimental conditions, molten material tempera-
ture and coolant temperature on the behaviors and
pressure of the vapor explosion.

2 Experiment

The schematic diagram of experimental apparatus
is shown in Fig.1.

Fig.1 Schematic diagram ot experimental apparatus.
1. Water tank; 2. Melt-collect board; 3. Screw bolt; 4. Computer;
5. Pressure transducer; 6. Support frame; 7. Metal-melt furnace;
8. Computer; 9. High-speed video.

It mainly consists of a furnace, a water tank, a
high- speed video camera and measuring devices. A
stainless steel water tank in 0.3mx0.3mx2m is used for

observing the molten metal droplet. The furnace is

placed on a frame, with which the distance between
the furnace and water surface can be adjusted.

The front and back walls of the water tank and
the framework are made of stalinite for seeing the ex-
plosion. The back stalinite is lined with scale paper.
The melt-collect board reads the breakup diameter at
different distance from the water surface by regulating
the screw bolt. Visualization can be performed at 100
fps with the video system.

A pressure transducer is placed under water at
about 10 cm, where vapor explosions take place.

Fig.2 is a schematic diagram of the furnace to
melt metal and send single molten droplet into the
coolant. It has a stainless-steel crucible, with a funnel
of @35 mm in its bottom. Minimal diameter of the
funnel cone is @5 mm to form a spherical metal drop-
let. The lower side of the funnel is @25 mm to keep
the metal droplet from adhering to inner wall of the
funnel. The distance from the funnel outlet to water
surface is 3 mm, short enough to avoid collisions be-
tween the droplet and water surface. By screwing the
bolt of the funnel, a molten metal droplet drops. While
observing the droplet explosion in water with the
camera, the pressure impulses are recorded by the
transducer. Diameter distribution of the solidified
fragment was measured.
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Fig.2 Schematic diagram of heating furnace for single tin drop-
let bursting.

In the present experiment, tin alloy ZSnSbs-Cuy
was used as the simulate material. It contains Sb
(7.0%-8.0%), Cu (5.5% -6.5%), Pb (0.35%), As
(0.3%), Cd (<0.15%), Fe (0.1%), Bi (0.03%), Zn
(0.01%) and Al (0.01%).
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3 Experimental results

3.1 Effect of metal temperature on single droplet
burst

The molten alloy droplets of 350°C, 400°C,
450°C, 500°C, 550°C, 600°C, 650°C, 700°C, 750C
and 800°C were dropped into room temperature (20°C)
coolant. Fig.3 is the side view of a 600°C single drop-
let dropping into coolant.
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Fig.3 Side view of 600°C single droplet dropping into the
room temperature coolant.

When the coolant was at room temperature, most
droplets burst. The maximum pressure impulses rec-

orded are shown in Fig.4.
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Fig.4 Maximum pressure peak at different temperatures of the
tin drops into the coolant of room temperature.

The results showed that the maximal pressure
pulse peak increased with the metal temperature at
350°C to 600°C, but decreased with increasing metal
temperature at 650°C to 800°C, reaching a peak value
at 600°C to 650°C.

It is believed that the Rayleigh-Taylor instability
has an important effect on the vapor explosion. When
the molten tin droplet contacted with coolant surface,

some coolant micro-jet could get into the molten ma-

terial in liquid-phase, the coolant in molten material
was heated, vaporized and vapor explosion occurred.
Behaviors of the pressure at different metal tem-
peratures can be explained as follows. When the 350°C
molten tin droplet dropped into the water surface, the
front end of droplet contacted directly with the low
temperature coolant. When the metal temperature is
not high, the explosion is not violent. With increasing
metal temperature, the liquid in the molten metal ex-
pands fiercely and the explosion is violent accordingly.
However, when the molten tin droplet temperature is
above 650°C, the front end of droplet contacted with
the vapor and coolant mass in the molten metal de-
creases. Therefore, the vapor explosion pressure peak

decreases rapidly.

3.2 Effect of coolant temperature on single droplet
burst

The tin alloy heated to 600°C was dropped into
coolant at 50°C, 70°C and 90°C respectively. When the
molten metal droplet dropped into 50°C coolant, the
droplet cracked into several pieces and no burst (ex-
plosion) took place (Fig.5). When the coolant was at
70°C, only a concave was formed at the bottom of the
droplet. It should be noticed that the pits were down-
ward. This phenomenon illustrated the effect of Ray-
leigh- Taylor instability. With a 90°C coolant, however,
no change was observed from the side view of single
droplet interaction. Only from the debris can the pit be
observed.

It is believed that in a hotter coolant, more vapor
was evaporated at the front of metal droplet and less
liquid coolant entered the molten metal. The vapor and
liquid acted jointly on the droplet. The higher the
coolant temperature is, the more vapor is generated
and the less effect the coolant has.

Fig.6 is the picture of the breakup debris under
different temperature coolant. The tin droplet had the
same diameter (Smm) before penetrating into the
coolant. The debris in 90°C water was the smallest,
thickest and there were no burrs on the debris edge.
The debris in 50°C water was the biggest and thinnest.
The shape became irregular. Apparently, in a lower
temperature coolant, the droplet contacted more liquid,
hence less vapor. With a stronger force acting on the
droplet, the droplet would burst. When the coolant is
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hotter, the force acted weakly on the droplet; the pit on
the droplet is shallow.
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Fig.5 Side view of 600°C single droplet dropping into coolant
at (a) 50°C, (b) 70°C and (c) 90°C.

4  Conclusions

In the experiment, the vapor explosion behaviors
of the molten material were observed using a
high-speed video camera and the vapor explosion
pressures were recorded by the pressure transducer.
The following conclusions can be reached.

(1) The pressure of vapor explosion increases
with the molten metal temperature below 600°C, but
decreases with the increasing molten metal tempera-
ture above 600°C.

(b)

Fig.6 The breakup debris under coolant at (a)50°C, (b) 60°C
and (¢) 90°C.

(2) The coolant temperature has an obvious de-
creasing effect on the droplet breakups.

(3) A physical mechanism that describes the pro-
cess of vapor explosion was developed. In low tem-
perature region (less than 800°C), when the molten
material dropped into coolant surface, some coolant
micro-jet could get into the molten material in lig-
uid-phase in the case of the Taylor instability and the
coolant in molten material was heated and vaporized.
And then vapor explosion occurred.
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