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INTRODUCTION 
When the Reactor Safety Study 1 on the assessment of 

accident risks in light water re-ctors (LWR) was performed, 
it was noted that much of the basic data required to reali
stically evaluate the probability of occurrence of contain-

o 
ment breaching steam explosions did not exist. Conse
quently, the U. S. Nuclear Regulatory Commission (Fuel 
Behavior Research Branch, Division of Reactor Safety Re
search) initiated a program at Sandia Laboratories to pro
vide relevant data on the interaction of molten r.WR co-re 
materials with water. Two different subtasks were estab
lished '-o achieve this goal. The first was the perform
ance, of lc.boratory-scale experiments to investigate the 
ability to trigger steam explosions for realistic LWR 
core melt simulants under a wide range of initial condi
tions. The second was the performance of field-scale ex
periments to investigate the efficiency of converting the 
thermal energy of the melt into mechanical work in much 
larger steam explosions. 

*This work was supported by the U. S. Nuclear Regulatory 
Commission. 
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TRIGGERING STUDIES 
More than 300 laboratory experiments were conducted 

over the last three years in which 10-37 g samples of 
various LWR core material simulants were arc-melted in an 
atmosphere of argon in the apparatus shown in Fig. 1 and 
then flooded with approximately 1.5 liters of water. In 
most of the experiments, the melt/water system was addi
tionally sub'-jcted to a short duration, impulsive pressure 
transient •".! an attempt to initiate a steam explosion. The 
majority --t the experiments used transients generated by an 
explodi-vj bridgewire. Pressure, temperature, hot liquid 
motion and cold liquid motion were monitored during the ex-
peri r.onts. Morphological and chemical analyses wer^ per-
for.-.'jd on selected debris. 

The four primary materials studied were: stainless 
Fteel; four-ccmponent Corium-E (iron-rich) simulants made 
from Fe, O r U, and Zr; four-component Corium-A (uranium-
rich) simulants; and two-component Corium-E simulants (iron 
oxides). A few experiments were performed with molten 
aluminum, silver and cobalt oxide. A topical report was 
published which contained detailed results from the early 
studies on stainless steel, aluminum, and silver. The es
sential results for the metals were that benign freezing of 
the melt was observed when no pressure transient was ap
plied, but considerable fragmentation of the stainless 
steel melts could be initiated with applied transients. 
Rapid steam production was not observed to accompany that 
fragmentation. No further mention of the metals experi
ments will be made here. Instead, the remaining triggering 
study discussion will focus on the observations made for 
the various oxide material simulants. 

Simple flooding (no applied transient) never produced 
explosive lnte. ictions for the Corium-E or iron-oxide 
melts. However, multi-stage, pressure producing inter
actions were readily triggered for the more highly oxidized 
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FIGURE 1: FLOODABLE ARC-MELTING APPARATUS 
USED FOR TRIGGERING EXPERIMENTS 
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Corium-E simulants, iron oxides and cobalt oxide. The 
debris produced ir those steam explosions was a powder 
containing both sphet ical and "mossy" particles as de
picted in Fig. 2. The more vigorous explosions which 
were triggered were usually two-stage, with the second 
stage normally exhibiting pressurizations of less than 
1.5 MPa maximum magnitude and 1 millisecond duration. A 
representative pressure trace from an iron-oxide experi
ment is shown in Fig. '3. In one experiment, a pulse 
having a peak pressure of 5.7 MPa was recorded. The im
pulse contained in that pulse was not unusually large, 
however. 

Threshold initial oxygen concentration levels, below 
which steam explosions could not be triggered using bridge-
wire-generated transients, were observed for the four-
component Corium-E simulants and the iron oxides. That 
observation is graphically displayed in Fig. 4 which shows 
the peak pressures measured in several Corium-E simulant 
explosions plotted versus the oxygen content in the un-
melted samples. The threshold level for cessation of 
explosions was slightly lower for the iron oxides. Com
bined with the information gained from debris analyses, 
that result is consistent with an impulse initiated gas 
release mechanism ' as the explanation of the multi-stage 
explosive events observed for the two-component and four-
component Corium-E simulants. By analogy to the iron-oxide 
system, the gas release hypothesis implied that cobalt 
oxide would also explode and, in fact, multi-stage explo
sions were triggered for that system. 

However, recent data (obtained using an oxygen analyz
er in the argon exit line from the arc melter to directly 
measure the time-dependent evolution of oxygen prior to 
flooding) indicate that only modest quantities of oxygen 
could be released during the actual explosions. Work is 
currently underway to quantify more exactly the amount of 
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FIGURE 2: SCANNING ELECTRON MICROGRAPHS OF CROSS SECTIONED 
CORIUM-E DEBRIS PROOUCED IN A TRIGGERING EXPERIMENT. 



Pressure ffecortl«l during Interac1=-n of 

Vollpn FeO wit n Water |)0-M-1) 

Stage ? Transient 

] m MPa 

J. 7?5 msec 

Time in Milliseconds 

FIGURE 3: PRESSURE RECORD OBTAINED DURING TRIGGERING EXPERIMENT 
WITH AN IRON OXIDE MELT. 
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oxygen which might be able to participate in an impulse 
initiated gas release fragmentation mechanism. Work is 
also underway on alternative hypotheses involving thermo-
physical property changes caused by melt compositional 
changes. 

Most of the explosions occurred in experiments for 
which the chamber atmosphere was nominally argon at 0.083 
MPa ambient pressure. Multi-stage explosions were also 
initated tor ambient pressures as high as 0.5 MPa with no 
apparent change in the explosion1! character. However, a 
decrease in the time window during which the initiating 
impulse could be successfully applied was noted as the 
pressure was increased. This shrinking "window" is con
sistent with the fact that all attempts to initiate ex
plosions at chamber pressures of 0.75 and 1.0 MPa failed. 

Experiments studying the effect of increased water 
temperature (reduced subcooling) indicated that the use 
of hot water inhibits the triggering of explosions by 
bridgewire-generated transients for the Corium-E 
(iron-rich) simulants. Figure 5 Illustrates that effect 
for a single initial Corium-E composition. The peak pres
sures generated in the interactions are plotted versus tha 
bulk water temperatures measured just prior to initiation 
of flooding (the subcooling scale was calculated using T t 

= 368 K ) . A slightly lower subcooling threshold was 
observed for the iron oxides us.ing bridgewire initiation. 
The threshold is also transient dependent as indicated by a 
recent iron oxide experiment in which a detonator was used 
to generate an explosion at an even lower subcooling. 

Experiments in which flooding was performed with 
simulated seawater (3.5 w/o NaCl) and borated water (3000 
ppm B as H3BO3) produced explosions with both iron-rich 
simulant melts; there were no major differences from the 
experiments with pure, deionisted water. 
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Several experiments with oxidized Corium-A (uranium-
rich) simulants yielded coarse fragmentation of the melt 
spontaneously upon flooding. Later application of a 
bndgewire-generated transient had no effect on the inter
action. In one experiment with a highly oxidized Corium-A 
simulant, there was a fragmentation event approximately 
4 msec after the bridgewire fired; a pressure pulse with a 
0.14 MPa peak was generated. The difficulty of triggering 
explosions with these uranium-rich simulants is consistent 
with the gas release hypothesis if it is assumed that the 
iron oxide in the melt is the primary driving potential for 
the explosion. The cause of the spontaneous fragmentation 
upon flooding for Corium-A is presently unknown. 

EFFICIENCY STUDIES 
Forty-eight field experiments involving metallo-

thermic-reaction-generated mixtures of molten aluminum 
oxide and iron have been performed in the past year. Com
pared to the small-scale triggering tests, these large-
scale, open geometry tests were relatively unsophisticated 
in instrumentation and design. The melt generator, initi
ally containing up to 27 kilograms of a mixture of iron 
oxide (Fe^O.) and aluminum powders, was suspended above the 
interaction vessel containing between 175 and 840 kilograms 
of water. To perform an experiment, a chemical (thermite) 
reaction was electrically initiated in the mixed powders at 
the top of the melt generator. The reaction then proceeded 
downward through the mixture, producing a melt with a tem
perature of about 3000 K. The generators for most of the 
tests utilized a melt plug in the bottom which failed when 
the thermite reaction was complete, causing a simple pour 
to be initiated. The last few tests used a trapdoor ar
rangement on the bottom of the generator. 

The primary diagnostics in these experiments were 
cinematography and reaction energy measurements by means 
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of crushable aluminum honeycomb placed underneath the in
teraction vessel as shown in Fig. 6. Plastic deformation 
of the interaction vessel walls was also monitored. Some 
of the last experiments which were performed incorporated 
lithium niobats and/or quartz pressure gages. 

Explosions were observed in 37 of the 48 experiments. 
Most of the explosions occurred spontaneously at seemingly 
random delays from pour initiation. Spontaneous explosions 
occurred as early as 0.16 seconds and as late as 3.34 sec
onds after pour initiation. Both single and multiple ex
plosions were produced. Sometimes a single explosion emp
tied the interaction vessel, leaving no water for later 
explosions even though the pour continued for a few more 
seconds. When multiple explosions occurred, they were 
separated in time by hundreds of Billiseconds and one was 
frequently more energetic than the others. The spontaneous 
triggering mechanism is unknown, but it is strongly sus
pected to involve contact of the melt with the interaction 
vessel walls or similar st.-faces, at least for the slower 
pour rates. Coating the interaction vessel walls with lard 
significantly reduced the incidence of spontaneous explo
sions for slow pours. Using certain other coatings or 
merely smoothing the wall surfaces was ineffective. At 
extremely high pour rates, explosions were sometimes 
observed to occur shortly after the melt/water contact was 
initiated, before the melt had time to contact a solid sur
face. Explosions were also artifically initiated using 
high explosive detonators, even when the tank walls were 
coated with lard. No enhancement in efficiency was seen 
for the artifically triggered explosions. 

The debris generated in the field-scale efficiency ex
periments looks quite similar to the debris produced in the 
laboratory-scale triggering experiments. Figure 7 shows 
that both hollow spheres and "messy" debris with a high 
surface area to volume ratio were found. This suggests 
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12 



FIGURE 7: SCANNING ELECTRON MICROGRAPHS OF CROSS SECTIONED THERMITE MIX 
DEBRIS PRODUCED IN AN EFFICIENCY STUDY EXPERIMENT. 
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that the same mechanism may be responsible for the explo
sions in both the field and the laboratory. Sieve analyses 
on partial samples of the debris recovered from some of the 
experiments indicated that the more efficient explosions 
produced the finer particulate. 

A limited number of direct pressure measurements and 
other indirect evidence implies peak pressures between 5 
and 10 MPa were generated in the explosions. Most of the 
actual pressure traces which were obtained indicated peak 
pressures between 2 and 7 MPa which decayed over several 
milliseconds. Narrow spikes to higher pressures weie seen. 
Figure 8 is a trace recorded during one of the later tests 
in the series. It is seen that the initial rise time is 
extremely fast but the peak pressure did not occur until 
about 0.4 ms later. The shape of the pressure pulses are 
not what would be expected from a continuous, coherent 
interaction. Instead, it appears that the explosions might 
involve several much smaller explosions which are only 
loosely coherent in timp. The brisance of the steam ex
plosions is certainly less than that for standard chemical 
high explosives, but atmospheric shock waves appear to have 
formed in at least some of the explosions. 

By using the cinematography to estimate the height to 
which the water and other heavy material were blown into 
the air, the amount of work performed on the water slug by 
the expanding steam was determined for each experiment. 
The amount of work performed in crushing the aluminum 
honeycomb and plastically deforming the interaction vessel 
walls was also determined. The explosion efficiency was 
then determined by comparing the total work estimate to 
the amount of thermal energy available (assumed to be 
3.1 kj/g) in the melt which poured into the tank before 
the explosion. The largest thermal-to-mechanical energy 
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conversion efficiency estimate obtained using tiiis pro
cedure was 1.34 percent for experiment No. 42. The next 
largest was 0.96 percent for experiment No. 15. The 
other explosions all had estimated efficiencies less than 
0.6 percent. 

As shown in Fig. 9, the most efficient explosions all 
occurred with full tanks of water. This was probably 
caused by the tamping effect finertial confinement) pro
vided by the additional water above- the explosion zone, as
suming the explosions all occurred near the bottom of the 
tank. The most efficient explosion had even more tamping 
in the form of a heavy steel plate placed just above the 
tank in that particular test. It is unclear exactly how 
much increased efficiency can be attributed to the additi
onal tamping provided by this projectile, however, since 
the plate might have just allowed a much better diagnosis 
of the water slug energy by holding the slug together 
longer and thereby reducing its breakup due to atmospheric 
drag. 

Figure 10 is a plot of the explosion efficiencies 
versus the amount ol melt estimated to be in the tank at 
the time of the explosion. Best estimates of the pour 
rates for the individual experiments were used in the melt 
quantity estimation procedure, but they could not be veri
fied. Even if the actual pour rates were known, it still 
would be impossible to determine exactly how much of the 
melt which was present in the tank actually participated 
in the explosions, since only small portions of the debris 
were recovered. Because the estimated efficiences are also 
inversely proportional to the estimated melt quantity, a 
substantial shift in any given data point shown in Fig. 10 
could occur if the pour rates were revised. This makes the 
data point shown for experiment No. 48 at 13.6 kg of melt 
and 0.43 percent efficiency especially important. The 
amount of melt in that test could not have been larger; all 
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of the available melt was assumed to be in the tank. If 
all of the melt in the tank did not participate in the 
explosion, the estimated efficiency would be even larger 
than shown. Based on the dat*. of Fig. 10 with the quali
fications just given, it was concluded that there was no 
significant effect on efficiency of melt quantity over the 
range studied. It should be mentioned that the single ex
periment performed with 27 kilograms of melt did not pro
duce an explosion. 

The pour rates achieved in these experiments varied 
from less than 1 kg/s to about 32 kg/s. The slowest pour 
rates generally were not conducive to spontaneous explo
sions. Slow pour rates should produce either no explosions 
or low efficiency explosions (based on the amount of melt 
present) since the melt which contacts the water first has 
time to freeze while the remainder of the melt is being 
poured. This hypothesis seemed to be supported by the 
limited data base. 

Several experiments in which the volume of water 
available for interaction was reduced by inserting smaller 
coaxial cylinders in the bottom of the interaction vessl 
produced no significant change in the explosion efficiency, 
but the volume of water available to interact with the melt 
was still relatively large in those tests. 

Host of the experiments were performed with highly 
subcooled water but two warm water tests and three boiling 
(saturated) water tests were performed. An experiment in 
which a high vapor fraction was artificially created by air 
injection was also performed. Neither the water tempera
ture nor the high vapor fraction seemed to affect the effi
ciency of the explosions observed in those tests. The 
incidence of spontaneous explosions might have b"^n re
duced, but the data bast is limited here also. 
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CONCLUSIONS 
Although the early laboratory-scale experiments with 

stainless steel did not produce explosions for the configu
ration and conditions tried, it is well known that mixin.j 
molten steel with water can produce steam explosions. T!r=? 
more recent laboratory experiments with the core melt simu
lants indicate that oxide melts might be even more conduc
ive to steam explosions than metals. Therefore, it appears 
the triggering of steam explosions may be quite likely for 
molten LWP. core materials under many hypothetical fuel melt 
accident conditions. On the other hand, the field-scale 
experiments indicated that multiple explosions occurred 
frequently which drastically spreads the energy release in 
time. The incoherency noted for the individual explosions 
will also spread the energy release in time. Finally, the 
estimated efficiences for the observed explosions were all 
at least an order of magnitude less than the maximum theo
retical value. Thus, the achievement of maximum theoretical 
efficiencies in extremely large, coherent explosions appears 
to be unlikely. 
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