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ABSTRACT 

Laser heating, levitation melting, and metal combustion were 
used to prepare individual drops of molten refractory materials 
which simulate LVR fuel melt products. Drop temperatures ranged 
from »1500 to >3000K. These drops, several millimeters In dia
meter, were injected into water and subjected to pressure transients 
(»lMPa peak pressures) generated by a submerged exploding bridgewire. 

Molten oxides of Fe, Al and Zx could be induced to explode 
with bridgewire Initiation. High speed films showed the explosions 
with exceptional clarity, and pressure transducer records could 
be correlated with individual frames in the films. Pressure spikes 
one or two MPa hjjh were generated whenever an explosion occurred. 
Debris particles were mostly spheroidal, with diameters In the 
range 10 - 1000 ^m. 

Drops of molten iron could not be induced to explode with 
hridgewire pressure transients. As a drop of metallic iron enters 
the water, it Is quickly surrounded with a large bubble of a non-
condensing gas, presumably hydrogen, which seems to cushion the drop 
and prevent explosive action with initiating transients of this 
magnitude. 

It is possible to determine the conversion of melt enthalpy 
to work by studying the bubble growth as a single molten drop under
goes a steam explosion; conversions on the order of 8% *.iere estimated 
for molten lrcn oxide drops^ 

INTRODUCTION 

In a light water reactor, it is important to understand the hazards 
involved in a core meltdown accident In which hot molten fuel and core 
materials might come together with liquid water. This could cause a steam 
explosion which might damage reactor containment and lead to unwanted release 
of radionuclides to the surroundings. A review of these hazards, and previous 
theoretical and experimental studies in this area, has been prepared recently 
by Cronenberg and Bens.* 

Steam explosions have been investigated experimentally in a number of 
ways, with most studies being performed with hot liquids which have relatively 
low melting temperatures. Moreover, these studies usually have been performed 
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by pouring either the hot or the cold liquid Into the other, producing uncer
tain contact geometries and the possibility of entrapment* These factors can 
produce results which are difficult to Interpret quantitatively, particularly 
In the framework of explosivity of molten refractory core materials- Clearly, 
there is need for theoretically tractable steam explosion experiments with 
melts which have properties and melting temperatures that are close to those 
anticipated in core melt accidents. „ 

The arc melting studies which have been performed earlier have produced 
information on the nature of steam explosions when J.5 g sessile globs of 
molten prototypical substances are flooded with water. It has been possible 
to induce a number of oxidic Corium-llke melts to explode and generate vigor
ous pressure transients. It has not been possible to initiate explosions in 
molten stainless steel, however. Several parameters of major importance in 
steam explosion phenomena were identified in these studies: melt imposition, 
the nature and magnitude of initiating pressure transients, coolan ""enipera-
ture, and overall system pressure. 

In the arc melting experiments, it also was found that the major pressure-
producing event in the steam explosion is the simultaneous fragments Ion and 
heat transfer of a dispersion of 0.5-2 mm diameter drops in water; tl. >se drops 
were produced in a preliminary coarse breakup induced by a pressure transient 
generated in the water phase. Under certain conditions, these relatively 
large drops apparently explode simultaneously regardless of their 
diameters, temperatures and velocities through the water. These drops -om-
municate with each other to give a time-coherent interaction which produces 
a pressure transient with an initial rise time as short as 10 microsecorrls. 
Peak pressures as high as 5.6 MPa have been recorded on transducers plac-M 
80 mm from the interaction center* 

The arc melting experiments suggest (a) that the explosion of an Indivi
dual drop might Initiate the explosion of other drops, and, conversely, (b) 
that the explosion of a given drop might be Initiated by exposing it to 
a given pressure transient. This drop-to-drop interaction seems 
to be a very important aspect of steam explosions, probably the basis for 
propagation of the interaction across relatively large volumes of coarsely 
fragmented melt mixed with watec. 

Unfortunately, the sessile glob experiments provide films and pressure 
traces which are relatively difficult to interpret quantitatively. To 
remedy this, an improved technique has been developed which involves the 
generation of single, well characterized drops of molten materials similar 
to those anticipated in a fuel-coolant mixture - molten oxides and metals, 
and their various intermixtures. These drops, several millimeters in dia
meter, are dropped Into a small tank of water and, shortly afterwards, are 
exposed to pressure transients generated in the water by exploding wires. 
Small but vigorous steam explosions can be produced in this manner. 

The interactions of single drops of molten protypical materials with 
water offer the following advantages over pouring and flooding procedures: 
simpler and more easily interpreted photographic and transducer data; more 
precise debris collection; easier control of the composition of the melts; 
higher nelt superheats; and better knowledge of melt-coolant contact 
conditions (e.g., geometry, temperature, system pressure, added pressure 
transients). 

The information to be learned from the single drop experiments includes: 
(1) the nature of chemical effects, both those of the melt composition, and 



possible lnteratlons between melt and coolant; (2) the nature of drop-to-drop 
propagation and the threshold characteristics of the pressure transients 
needed to induce an explosion; and (3) an estimate of the conversion of 
melt enthalpy to work in the interactions, taking advantage of the simple 
spherical ^onetry and the relatively uncomplicated interaction of one 
drop witii its surroundings. 

PROCEDURES 

The objective of each experiment is to prepare a single drop of a proto
typical molten material which is well characterized as to its composition, 
temperature* diajieter and velocity upon entering the coolant. Three heating 
techniques have been used: 

Laser-melted drops. Here a single pendant drop of melt is supported 
on a fine filament with all heating being done by the power emitted by a 
320 W maximum continuous wave carbon dioxide laser. A diagram of the experi
ment arrangenent is shown in Figure 1. The laser radiation at a wavelength 
of 10.6 pin is strongly absorbed by oxidic compositions and has been used 
to produce and study pendant drops of several refractory oxides, for example, 
molten alumina. The maximum drop diameter achievable with this laser is on 
the order of 5 mm. Since radiation of this wavelength is not absorbed well 
by metals, another technique is used for producing metallic drops. 

Levltation-melted drops. Levitation melting is an excellent technique 
for producing metallic drops. With an apparatus presently available, it 
is possible to melt metals in an ultrapure argon atmosphere, thereby mini
mizing oxygen-related impurities. Unfortunately, there is only a narrow 
range of drop diameters which can be successfully levitated. For metallic 
iron, this is 5+1 mm in the available apparatus. A diagram of the levita
tion melting apparatus is shown in Figure 2. 

Drops Prepared by Combustion. The compositions of interest in studies 
of steam explosions with prototypical materials include molten oxides of 
various stoichiometrics and, in some instances, at very high temperatures. 
Since the cationlc components of the prototypical oxidic fuel melt materials 
are normally metals which undergo vigorous exothermic combustion *n oxidizing 
atmospheres (e.g., U, Zr, Fe, Cr, Ni, and the rare earth metals), it seems 
likely that many simulated fuel melt compositions with very high superheats 
may be produced by metal combustion techniques. 

Freely falling, 2.7 mm diameter drops of oxidic melts at very high 
temperatures were prepared by igniting small samples of the metallic com
ponent of the hot liquid (e.g., uranium to prepare uranium oxides), in an 
oxygen-rich atmosphere. The resulting oxidized drop fell into water after 
a given contact time with the oxidizer. From the theory of metal combustion 
it should be possible to achieve drop temperatures which approach the boiling 
temperature of the oxide («4Q00K for UOj) and compositions which approach 
the fully oxidized material. Interactions of the metal with the oxidizer 
have been initiated by both levitation heating and laser heating. Schematic 
diagrams of the experimental apparatus are shown in Figures 3 and 4. 

Diagnostics. The various molten drop-water interactions were studied 
by high speed photography (Hycam 16 mm camera, -5000 frames per eecond) 
and lithium niobate pressure gages suspended freely in the water. After the 
explosion, the debris was separated from the water and studied by both optical 
and scanning electron microscopy, using samples either as collected or after 
cross-sectioning. 



RESULTS 

The single drop steam explosion studies were conducted with melts of 
the following compositions: _ 

FeOj 3 , This material simulates Corium compositions In melting 
temperature and a number of other physical properties-
Fe. Molten iron simulates stainless steel, a probable component 
of the core melt. Molten iron is also a component of the 
thermite melts which have been used to produce steam explosions 
in the field.8 

A^O,* This material was chosen because many physical properties 
are known in the taolten state and because it melts without signi
ficant change of composition. Also, molten alumina is the other 
component of the thermitic melts used in the field. 
ZrpQ q. This material simulates the substoichiometric uranium oxides. 
By its mode of preparation, it was possible to study the interaction 
between a melt at a very high temperature and liquid water. 
Laser Melting Experiments. Molten iron oxide with (O/Fe) = 1-3 was 

prepared by laser melting in an air atmosphere. From the Fe-0 phase diagram, 
this is the melt composition stable in air at local atmospheric pressure. The 
material is readily prepared from iron foil cut to produce drops of the desired 
diameter, 2.7 mm. The molten material was suspended on 0.25 mm diameter iridium 
wire during melting. The melt was dropped into the water by a quick, upward 
pull on the wire with a solenoid* 

Films shov that as soon as a drop is immersed in water, it is surrounded 
by a boiling film a fraction of a millimeter thick. If no trigger is 
applied, the cooling drop gives off several tiny jets similar to those observed 
by Zyzskowski. After the drop cools to ambient temperature, a sphere can be 
retrieved which has approximately the same diameter as the original drop prior 
to contact with water. 

However, if a bridgewire is fired in the water «0.15 s after the drop 
submerges, a vigorous explosion can be initiated. The films show that the 
firing of the bridgewire and the onset of the steam explosion occur within 
one frame (»200 (is). The steam explosion forms a steam bubble which 
grows and collapses several times. The horizontal bubble diameter versus 
time, taken from one film of a drop explosion, is shown in Figure 5a. 
Transducer records show that - 1-2 MPa pressure spikes accompany 
the start of each bubble inflation, as shown in Figure 5b, 

As the steam explosion bubble inflates and collapses, finely divided 
dark colored debris can be seen depositing in the water. When examined with 
a scanning electron microscope, the debris particles are seen to be almost 
entirely spheroidal, as shown in Figure 6. This should be compared with the 
debris obtained in both the arc melting and field experiments, where both 
spheroidal and mossy particles were formed. (It was observed in the arc 
melting experiments that the mossy material seems to become more plentiful 
than the spheroidal material as the violence of the explosion increases. 
Also, the mossy material usually had smaller particle sizes than the 
spheroidal particles.) 

Pendant drops of molten alumina were prepared by welding with the laser 
2.4 mm diameter sapphire sphercB to 0.25 mm diameter sapphire fiber supports. 
When dropped into water, the behavior of the alumina was similar to the iron 
oxide, except that the explosions were weaker. It should be pointed out, 
however, that only small superheats are possible here because the fiber-drop 
interface must be maintained at approximately the melting temperature of 



aluminum oxide (2327K). (it is assumed that fragmentation and explostvity 
progressively becomes less violent as the melt temperature approaches 
the solidification temperature.) The debris particles were considerably 
larger here in the iron oxide experiments and not as ideally spheroidal as 
those shown in Figure 6, although the material still appeared to have been 
formed from a molten material. 

Levltation Melting. Several preliminary experiments were performed with 
molten Iron drops of *>5 mm diameter* The drops were melted in purified 
argon and injected into water through a fast acting valve. Bridgewire 
stimulation was attempted, but explosions could not be induced. Large sacs 
of a noncondenslng gas formed around the drops as soon as they entered the 
water. It is assumed that this gas is hydrogen* generated by the metal-
water interaction. From the kinetics of this reaction, bubble diameters 
are predicted to be of the same order of magnitude as those seen in Che films. 
It is possible that noncondensing gas also forms when molten stainless steel 
is flooded in the arc melter. The cushioning action of the gas may explain 
the inability to trigger explosions in both the arc melting and the single 
drop experiments. 

Combustion Experiments. Drops of molten zironia were prepared by the 
combustion technique, starting with preweighed cubes of zirconium metal. 
The composition of the drop after a 2 m fall was determined to be (O/Zr) = 
0.9 by the increase in weight of the sample during its combustion in oxygen. 
The weighing was done on samples quenched by placing a dewar vessel 
of liquid argon at the normal water level (see Figure 4). If the drop falls 
into water and cools to ambient temperature without bridgewire stimulation, 
the spherule composition is (0/Zv) W 1.7, indicating that oxidation continues 
significantly after the drop enters the water. 

The burning drops were inserted into the water at temperatures above 
3000 K, determined by high speed photography with calibrated emulsions. It 
was observed that upon entering the water, the oxide drops were immediately 
enclosed in bubbles of noncondensable gas, similar to those seen in the molten 
iron-water interactions. The films also showed some combustion-type activity 
inititally, namely, smoke formation inside the bubbles and prolonged luminosity. 
Later in the interaction the combustion-type activity tapered off, and the 
bubble diameters decreased. 

If the bridgewire was fired very soon after the drop entered the water 
(<15 ms), explosions did not occur. However, if the bridgewire was fired 
>15 ms after the drop entered the water, mild explosions with pealt pressures 
on the order of 0.5 HPa could be induced. 

It is likely that the noncondensing gas that surrounds the burning drop 
is a mixture of hydrogen produced by the substoichiometric oxide-steam 
reaction and the hydrogen and oxygen produced by the thermal dissociation 
of water at temperatures >3000 K. It ie also likely that the cushioning 
effect of the gas in the bubbles prevents the explosions immediately after 
the drops enter the water; later on, when the bubbles decrease in diameter, 
as temperature, thermal dissociation and oxide-water reaction decrease, the 
cushioning effect diminishes and explosions can be Initiated* 

The debris from the molten zirconia explosion was spheroidal and similar 
to the molten iron oxide debris particles shown in Figure 6. Particle siaes 
were somewhat larger than the iron particles, however. 

Enthalpy-toHJork Conversions. By measuring the volume of the bubble 
generated during the steam explosion with molten iron oxide, it was possible 
to estimate the conversion of molt enthalpy to physical work by use of under-



water explosion theory. Here, pressure~volume work was estimated from 
local atmospheric pressure and the maximum bubble diameters (see, e.g., 
Figure 5a). Preliminary estimates indicate conversions on the order of 8X 
with uncertainties of ±4% depending on the assumptions used in the 
calculation. 

DISCUSS-ON 

Steam explosion phenomena relevant to LWR core meltdown accidents 
can be studied quantitatively and without serious hazard by examining the 
interactions between liquid water and single drops of molten refractory 
materials chosen to simulate actual core melt products. It has been shown 
here that the single drop experiments can provide excellent control of most 
important variables involved in steam explosions. The experiments also 
provide detailed information on both the pressure transients generated 
by a single drop and the nature of the debris breakup during interaction. 

It seems possible to treat the data in a theoretically tractable 
manner for extension to larger systems by proper modeling. Because only 
a finite number of debris particles is produced in a single drop explosion, 
it may be possible to model the heat transfer on a particle by particle 
basis. It should also be possible to analyze gases in these relatively 
small explosions in order to determine the role played by noncondensable 
gases in mitigation of steam explosion dangers. 
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