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ABSTRACT 

Laboratory-scale experiments on the thermal in teract ion o f l i g h t water 
reactor core materials with water have been performed. Samples 
(10 - 35 g) of Type 304 stainless steel and Corium-E simulants were each 
flooded wi th approximately 1.5 l i t r e s of water to determine whether 
steam explosions would occur na tura l l y . Many of the experiments also 
employed a r t i f i c ia l l y induced pressure transients in an attempt to i n i 
tiate steam explosions. Vigorous interactions were not observed when 
the triggering pulse was not applied, and for stainless steel the t r i g 
gering pulse init iated only coarse fragmentation. Two-stage, pressure-
producing interactions were triggered for an "oxidic" Corium-E simulant. 
An impulse-initiated gas release theory has been simulated to explain 
the in i t ia l sample fragmentation. Although the delayed second 
stage of the event is not ful ly understood, i t does not appear to be 
readily explained with classical vapor explosion theory. Rather, some 
form of metastability of the melt seems to be involved. 
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STEAM EXPLOSION TRIGGERING PHENOMENA: STAINLESS 
STEEL AND CORIUM-E SIMULANTS STUDIED WITH A 

FLOODABLE ARC MELTING APPARATUS 

1. INTRODUCTION 

Steam explosions are the vigorous thermal interactions which 
sometimes occur when water antf a hot liquid, at a temperature far 
above the normal boiling point of water, are brought rapidly together. 
The classical explanation of steam explosions involves rapid fragmentation 
of the hot liquid into very small particles followed by rapid transfer 
of some portion of the hot liquid's thermal energy to the water, 
causing steam formation at an extremely fast (explosive) rate. The 
high-pressure steam or the accelerated mass of water thus produced 
can be extremely damaging to surrounding structures. For example, 
damaging steam explosions have occurred in a number of industrial 
accidents at steel (Lipsett, 1966) and aluminum (Hess and Brondyke, 

2 1969) production facilities and at smelt processing facilities used 
in the paper industry (Nelson and Kennedy, 1956).' Steam explosions 
also are believed to be responsible for the observed structural damage 
of the SPERT-ID (Miller et al., 1963, 1964) f 80RAX-1 (Dietrich, 1954), 5 

and SL-1 (Storrs, 1962a,b) test reactors. 

In performing the Reactor Safety Study (U.S. Nuclear Regulatory 
Commission, 1975, 1975a) 7' 8 of the public risk due to commercial light 
water reactor (LWR) operation, the possibility was considered that 
in a hypothetical fuel melt accident- a molten mixture of reactor core 



components might fall into water and cause a steam explosion in a 
manner similar tc the industrial accidents cited above. In that analysis, 
the concern was that a steam explosion might occur which would directly 
or indirectly cause rupture of the containment building and thus allow 
escape of radioactive material to the environment. To evaluate the 
probability of such an occurrence, three separate multiplicative elements 
were considered. The first was the probability of a large amount of 
molten core material contacting a similar quantity of water. The 
second was the probability that any steam explosion would occur, given 
that contact. The third and final element was the probability that 
a given steam explosion would be sufficiently large to cause contain
ment rupture. Because of the lack of understanding of steam explosion 
phenomena at the time the analysis was performed, conservative estimates 
were used for each of these separate probabilities with little direct 
confirmation of these estimates. 

The U.S. Nuclear Regulatory Commission funded a study at Sandia 
Laboratories (SAHD74-Q382)9 to survey the available experimental data 
which were applicable to the course of events following fuel melt 
accidents. The extensive data review concluded that the general level 
of understanding of vapor explosions as they applied to the LWR core 
meltdown problem was limited and, more specifically, that little 
data existed on the systems of actual interest. 

In an attempt to gain better insight into the probability of 
containment breaching steam explosions following hypothetical fuel melt 
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accidents, the U.S. Nuclear Regulatory Commission supports research to 
address the LWR problem directly. This report will discuss one aspect 
of that research, specifically small-scale experiments related to the 
probability of whether any steam explosion •> can occur, given contact 
between molten LWR core materials and water. This aspect of steam 
explosions is frequently referred to as triggering. Other aspects of 
the research program will address other phases of the containment 
breaching probability. ' The experiments and interpretations reported 
here were done in the preliminary phase of this study, prior to 
March 1977. 

2. OBJECTIVE 

The review of the data base on vapor explosions (SAND74-0382, 
q Chapter 6)' indicated that violent interactions could sometimes occur 

naturally when hot and cold liquid pairs were brought together 
simply by pouring or dropping one liquid into the other. In addition, 
violent interactions could sometimes be induced in normally non-
interacting systems by forcing the two liquids together i-hrough the 
use of shock tubes or similar devices. Another effective artificial 
triggering stimulus for normally noninteracting systems seems to 
be the application of a pressure transient to the water phase by firing 
a small bit of explosive or electrically vaporizing a small wire 
rapidly underwater (Higgins and Schultz, 1957; 1 2 S. Epstein, 1977; 1 3 

Erickson, 1976; 1 4 Arakeri et al., 1977; 1 5 Anderson et al., :.976. 1 6). 

*In this work, an "explosion" will be defined as the rapid production 
of a pressurization of at least several tenths of a megapascal mag
nitude with a risetime of less than 10~ 3 seconds. 

II 



The objective of the triggering studies reported here is to 
determine the possibility of steam explosions being initiated 
under various LWR fuel melt accident scenarios. In order to 
assess that possibility, we set out to determine the following: 

1. Whether triggering can occur naturally when molten LWR 
internal core component materials interact with water. 

2. Whether triggering can be initiated for normally 
noninteracting systems by the intentional application 
of pressure pulses and, if so, to determine the nature of 
the required pulses. 

3. Whether the explosions which ace triggered by those 
applied pulses generate pressure pulses larger 
than the required initiating pulse. 

3. EXPERIMENTAL 

Sirr .-•••• prime purpose of the program is to provide data 
which ' :::;-."_ly useful in evaluating the LWR accident steam 
explos. --.obability, the hot liquids which have been studied 
most extensively are prototypic materials, 304 stainless steel 
and Corium-E simulants. "Corium" is a name coined 
for the class of material mixtures expected to fotm during a 

17 fuel-melt accident (Peehs, 1974) . The initial water temperature 
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was 280 to 3201 K for the experiments reported here, and the 
experiments were performed at local atmospheric pressure (0.083 MPa) . 
No wide „ange of hot-liquid temperatures was studied in these 
experiments. Instead, the hot liquids were each only a 
hundred degrees or so above their respective melt points when 
contact with water was initiated. The experiments reported here 
are only the initial series of those '.o be pertormed and more 
variation of material and interaction environment parameters will 
be attempted in the follow-on triggering experiments which are 
currently in progress. 

The experimental apparatus and procedures will be described 
briefly here. More details are presented in Appendix n. 

The experimental procedure used in this work involved ar . 
melting a small (10-35 g) sample of material, flooding 
it with water while it was molten, and applying a pressure transient 
to the system a short time afterward in an attempt to initiate 
a staam explosion. The experiments were diagnosed primarily by 
use of pressure transducers, flash X-ray imaging, high-speed 
optical photography, and debris analysis. With *-.he arc 
melting technique, the melt is supported by a cold copper hearth. 
Since the molten portion of the sample is usually separated from 
the hearth by a thin skin of solid material, crucible compati
bility problems are not normally encountered. Since the 
electrodes and the hearth are of rugged construction, it is 



possible to flood the melt chamber without damaging the melting 
apparatus (Jones et al., 1959). 1 8 Of course no boiling occurs 
at the hearth/water interface after flooding since the hearth 
is cold. 

An annular flooding technique was adopted since it is 
both rapid and gentle. Other advantages are that it minimizes 
deformation forces on the molten sample and also minimizes the 
chance of entrapment of water beneath the hot liquid. 

Pressure transient generation was performed in four different 
ways: striker bar, gas pressurization, exploding wires, and 
minidetonators. For most of the experiments, submerged explo^ina 
bridgewires or minidetonators were used to produce the desired 
pressure pulses. 

Standard thermocouple and pyrometry techniques were used 
!.o record the initial water and hot liquid temperatures, 
respectively. The pressure history of the experiments was 
diagnosed with lithium niobate pressure transducers (Graham, 

19 1975) which were freely suspended in the water and in the 
cover gas. These transducers are volume piezoelectric! thus 
they respond directly to the pressure field surrounding them. They 
offer excellent sensitivity and response time for the range of 
pressures studied. 



Plash X-ray techniques (Mottern, 1976) were used to image 
the high-speed events at preselected times. The flash X-cay 
imaging offers the opportunity to examine the hot liquid behavior 
directly during the experiment. Complementary optical imaging 
was also done with conventional high-speed photography. 

Materials science techniques, such as sieve analysis, electron 
microprobe, and scanning electron microscopy, were used to 
examine some of the particulate debris and the larger solidified 
residues (unexploded) produced in the experiments. 

4. RESULTS 

This report covers the results of 89 triggering phenomena 
experiments where deionized water was used as the cold liquid. 
Tne hot liquids used and the respective number of experiments 
with each were: stainless steel (55); aluminum (8), silver 
(2), "metallic" Corium-E simulant (6); "oxidic" Corium-E simulant 
(20). More details can be found in Appendix B. 

The experiments with molten stainless steel as the hot liquid 
generally resulted in sample inflation or fragmentation when 
pressure transisnts were applied. Nothing other than benign 
freezing of the sample was observed when no pressure transient was 
applied. Although the observed fragmentation was complete for some 
of the steel experiments, no interaction which might possibly 
be interpreted as an explosion was observed except in one 



experiment. That experiment employed a minidetonator as the tran
sient generating device. A small interaction-generated pressure 
pulse was detected in that experiment, but the rise'.ime was 
extremely slow compared with explosive rates. 

A fen exploratory experiments were performed with aluminum 
in an attempt to compare them with other reported studies 
involving aluminum. When pressure pulses were applied, considerable 
internal foaminess in the sample and a minor amount of fragmentation 
were observed but no explosive-type interactions occurred. 
A few exploratory experiments were also attempted with molten 
silver, but since the arc melting technique is not well suited 
to this metal, the experiments were not pursued further. 

Triggering experiments were performed with two types of molten 
"orium-E simulants, a "metallic" material and an "oxidic" material, 
which were made up of slightly oxidized and fully oxidized 
components of LWR reactor internal materials (iron, uranium, 
and zirconium), respectively. The metallic material 
was difficult to melt because of phase separation; therefore, 
the number of experiments with it was limited. Only one flooding 
experiment with an applied pressure pulse was performed; it showed 
no interaction. 

The "oxidic" Corium-E simulant, which melted to a one-phase 
liquid, behaved much differently. Vigorous, explosionlike 
interactions occurred at a few milliseconds delay after small 
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initiating pressure transients were applied to the system. These inter
actions resulted in a generation of pressure pulses with much greater 
impulse than those which were initially applied. Fast risetimes were 
observed for the explosive pulses which were produced by the interaction. 
The interactions were most vigorous for the experiments in which the 
initiating transient was applied the soonest after flooding. No 
explosions were observed when triggering pulses were not used. 

The interactions which were triggered appeared to be two-stage, 
involving an initial coarse fragmentation, followed by a very fine 
fragmentation associated with the pressure production. Two types of 
debris were recovered, spheroidal and mossy. They have identical comp
ositions. The smallest mossy particles were in the few micron diameter 
range. The larger spheroidal particles apparently are the result of 
the initial coarse fragmentation. 

5. ANALYSIS 

A qualitative overview of the efforts to explain our experimental 
results is presented here. Further details may be found in Appendix C. 

Initially, an attempt was made to interpret the data from th«> 
experiments in terms of current proposed explanations of fragmentation 
and vapor explosions such as those which were summarized in Chapter 6, 

g SAND74-0382. However, none of the current explanations seemed to be 
individually appropriate for explaining the observed phenomena. Instead, 
a combined hypothesis has been formulated which may explain a broad 
class of steam explosion phenomena, both as observed in these studies 
and in previously reported studies by other investigators. 
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The hypothesis which has been formulated to explain the 
fragmentation data is referred to as "impulse initiated gas release" 
(Buxton and Nelson, 1977) . This fragmentation mechanism involves 
the formation of a metastable gas-supersaturated melt as the melt 
rapidly cools due to boiling on its surface. In the absence of 
an applied pressure transient, the supersaturated melt will freeze 
to form a benign, metastable, gas-supersaturated solid. However, if 
the supersaturated melt is exposed to an impulsive pressure 
transient, a reflected tensile pulse can form inside the melt 
which can cause nucleaticn of bubbles of the saturating gas. The 
rapid growth of these gas bubbles in the melt interior then 
causes fragmentation of the sample and mixing of the particulate 
with the water. It should be noted that, according to this 
hypothesis, the basic cause of steam explosion triggering is 
more closely related to conditions in the hot liquid rather than 
conditions in the cold liquid as is frequently assumed. For this 
fragmentation explanation, the cold liquid serves mainly as a 
quenchant and not as the driving potential. 

It should be pointed out that the impulse-initiated gas release 
hypothesis is probably only applicable to the initial fragmentation 
event. For those experiments in which explosive pressure genera
tion was observed several milliseconds after the application of 
the pressure transient, no convincing explanation of the phenomena 
occurring during the actual pressure-generating event is currently 
available. There are several possible explanations, but the 
detailed information on the explosive events is not yet sufficient 
to allow an adequate diagnosis. 



6. CONCLUSIONS 

This work has shown it is possible to trigger steam explosions 
when molten, prototypic, reactor core materials are flooded with water 
and exposed to pressure pulses. To date, explosions have been observed 
for only oxidic Corium-E. The impulso in the pressure pulse required 
to trigger the interaction is small compared with the impulse in the 
pressure pulse generated as a result of the interaction. In addition, 
iine fragmentation is observed. Lesser interactions occur for molten 
stainless steel, resulting mostly in coarse fragmentation. It is 
highly likely that one or more metastable conditions which are set up 
in the melt drive the fragmentation rather than the more commonly assumed 
driving of the interaction by the boiling cold liquid. The explosions 
seen for the oxidic Corium-E/water system seem to be two-stage, a 
phenomenon not widely anticipated in the steam explosion literature. 

!» 
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APPENDIX A 

EXPERIMENTAL APPARATUS AND METHODS 

A.l Laboratory Layout 

Because of the possible vigorous interactions which might occur, 
the need to use small quantities of high explosive on occasion, and 
for X-ray safety, the steam explosion triggering experiments were 
performed in a semireraote area. The experiments were performed 
in Building 921, Technical Area II, of Sandia Laboratories, Albuquerque, 
New Mexico. A photograph of the building is shown in Figure A-l. 

The apparatus used consists of five major blocks, the interaction 
vessel, the high-speed camera, the flash X-ray apparatus, the arc-
melting power supply, and the recording and electronics apparatus. 
The overall layout of the laboratory is shown in Figure A-2. Note 
that over half of the laboratory is used for the bulky flash x-ray 
gear. A photograph of the laboratory is shown in Figure A-3. 

A.2 Interaction Chamber 

A cutaway drawing of the interaction chamber in which the 
triggering experiments were performed is shown in Figure A-4. Photo
graphs of the chamber with and without the outer wall in place are 
shown in Figures A-5 and A-6, respectively. The apparatus consists 
of an inner chamber for arc-melting and an outer concentric annular 
chamber which contains the water for flooding. Separating the 
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Figure A-3 
Photograph of the steam explosion trigjoring laboratory 
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Figure A-5 
Photograph of flocdacle arc meiter with oi:ter aluminum wall in place. 

Cnter iiamfit̂ r of jpper and lower plates is 0.267m. 
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Figure A-6 
Photograph of floodable arc melter with outer wall removed. 

Lower sleeve and electrodes are fully retracted. 
Locking pawl mechanism and water cooled hearth 

(low form) are visible on the bottom plate. 
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two chambers is a vertically retractable sleeve sealed with O-rings; 
during the melting procedure, it is held in place against upward spring 
tension by pawls at the bottom of the outer chamber. Flooding 
is accomplished by releasing the pawl locking mechanism with a 
solenoid below the work table which rotates the disk shown at the 
lower left-hand corner of Figure A-4 and lower right center of 
Figure A-6. Upon release, the lower sleeve retracts in approximately 
15 milliseconds and allows the water to flow from the outer chamber 
into the inner chamber. The time required to completely flood the 
sample is approximately 100 milliseconds. 

The apparatus has three arc electrodes which pass through the 
upper head of the chamber via ball sockets. The electrodes can also 
slide inward and outward through O-ring-sealed holes in the balls. 
The upper head of the chamber also contains gas circulation ports 
and a windowed viewing/pyrometer port. The outer wall of the 
apparatus contains two opposed optical windows, one for a background 
light source and other for the high-speed camera. The walls of the 
vessel to either side of the windows have been machined thinner to 
permit flash X-ray imaging to be performed directly through the walls 
of the vessel. 

The base plate of the apparatus, in addition to carrying the 
locking pawl mechanism, has 13 insulated electrical feed-through ports 
arranged around one half of the floor of the outer chamber (see 
Figure A-6). These are used for pressure transducers, the exploding 
bridgewire or detonator firing circuit, and for a thermocouple to 
measure water temperatures. 

30 



The vessel wall is made of aluminum, while the upper plate, head, 
and lower plate ace made of stainless steel. Also, both the upper 
and retracting sleeves of the arc-melting chamber are made of stainless 
steel. The windows are made of 1.27-cm-thick optical grade fused 
silica. The entire apparatus is designed for a maximum yield pressure 
of 6.8 MPa, and has been h/drostatically tested to 3.4 MPa. 

A.3 Arc Melting 

Two arc melters were used in these studies. A commercial unit, 
manufactured by the Centorr Corporation, was used for several 
exploratory melting experiments. The geometry of that arc melter 
was similar to the one in the inner portion of the floodable 
apparatus. The basic design of both r siting units was based on that 
described by Reed (1967). A 1 

At its base, the floodable melting unit has a water-cooled 
copper hearth with a slightly concave upper surface. The hearth is 
insulated from the stainless-steel base plate of the apparatus by 
a series of teflon rings and washers. The hearth is hollow, with 
inlet and outlet ports for circulation of cooling water at the 
bottom. The inlet port is connected to a flexible metallic sleeve-
lined, elastomeric tube which is attached to the power supply and 
served as the positive electrical leac The hearth as initially 
designed extended approximately 3 mil] meters above the base plate 
but was later increased in height by aoproximately 11 millimeters 
because of the confusion in the flash X-ray images caused by parts 
of the sleeve locking pawl mechanism. 



The three arc electrode rods are of heavy copper construction, 
with 3.2-millimeter-diameter thoriated tungsten electrode tips 
held in place with setscrews. The portion of the arc electrode rod 
passing through the ball joint is electrically insulated from the 
head of the apparatus to permit the tri-arc operation. Without the 
insulation, only one arc at a time could be operated. Initially, 
the insulation was accomplished by sliding a thin machined sleeve 
of high alumina ceramic between the arc electrode rod and the ball 
joint. Later, the ceramic sleeve was replaced with a plasma-sprayed 
alumina coating on the electrode rods. The upper ends of the 
electrode rods terminate in wood insulating handles. 

In order to operate three arcs from one power supply, a 
network of six water-cooled ballast resistors is used. The 
network is shown in Figure A-7. The ballast network was powered 
initially by a Miller Type CP-3 controlled potential, direct-
current power supply, which delivered approximately 100 amperes 
at 31 volts. Because of the controlled potential nature of this 
power supply, it was not possible to adjust the current for 
different operating conditions. Also, the output power was not 
adequate for melting some of the more refractory substances 
desired for this program. 

About midway through the experiments reported here, a new 
power supply, a Miller Type SR-1000-A1 unit, rated to deliver 
1000 amps at 40 volts, was installed. It is not possible to 
draw the full rated power, however, because of exterior power 
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line limitations. This power supply unit is controlled with a variac-
operated saturable core reactor. Under normal operating conditions, 
the arc melter draws 250 amperes at 59 volts. Considerably more melt 
and somewhat higher temperatures can be achieved with this larger 
power supply. 

The arc-melting power supply is controlled by a mechanical 
sequencing relay to turn off approximately 0-2 second before flooding 
is initiated in most of the experiments. This serves two purposes. 
The first is to prevent underwater arcing, which was observed to occur 
sporadically in a few experiments performed before the shutoff system 
was installed. The second purpose is to allow the pyrometer to have 
a view of the melt surface just before flooding without being confused 
by the luminosity of the arc plasma. 

A.4 Flooding Mechanism 

The inner sleeve of the chamber shown in Figures A-4 and A-6 is 
pulled upward by spring tension after release of the pawls. In 
the original design of the apparatus, the sptings were positioned 
such that they extended part way into the arc melting chamber. 
No difficulty was experienced with this configuration with the 
original low-capacity power supply. However, when the larger power 
supply was installed, there was greater heating in the arc melting 
chamber and the springs failed erratically from thermal fatigue. This 
was solved by extending the spring housings vertically upward to 
remove the springs themselves from the arc melting chamber. The springs 
were then attached to the inner sleeve by short, stiff wire linkages. 



The times for the sleeve to rise were measured with a Hycam high
speed camera, using a small photoflash bulb to identify the time at 
which the electrical impulse was sent to the solenoid to withdraw the 
pawls. The typical timing is shown in Table A-I. 

Table A-I 
Timing of Sleeve Release by High-Speed Photography* 

Experiment Number 9-18-3 9-18-4 

First luminosity in flashbulb 0 ms 0 ms 
First sleeve motion detected 69.3 ms 76.2 ms 
Window completely open (42.5 mm dia) 82.8 ms 90.7 ms 
Time to uncover window 13.5 ms 14.5 ms 

•Used Hycam framing camera operating at approximately 3000 fps. 

No dedicated attempt was made in this work to control the temperature 
of the flooding water which ranged from 283 to 323 K. The flooding 
water tempetature was basically determined from the amount of 
heat absorbed during the melting process since a non-circulating water 
system was used for these experiments. The water used was deionized. 

A r5_ Atmosphere Control 

All melting experiments performed in this work were carried out 
in a flowing argon or argon/0.6 percent water vapor atmosphere at 
local atmospheric pressure (0.083 HPa). The argon was ultra-high-
purity gradf>, obtained in cylinders from the Air Products Company. 
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Although there was provision for controlling the atmosphere in 
both the outer annulus above the water and the inner arc-melting 
chamber, the atmosphere in the outer chamber was not controlled in 
practice. However, the inner chamber atmosphere was controlled 
carefully because this was necessary for proper arc operation and 
for control of impurities in the molten sample. 

For the initial experiments, the argon or argon/water vapor flow 
inlet was at the top of t le chamber in the stainless steel head 
and the outlet was a few centimeters away, also in the head of 
the chamber. As the experimental series progressed, it became 
apparent that the atmosphere at the bottom of the tall cylindrical 
inner chamber may not have been uniform. Therefore, the bottom 
plate of the apparatus was modified and a small inlet tube was 
bored through the floor of the chamber between the retractable 
sleeve and the hearth. This allowed argon to flush upward thro, i 
the chamber, continuously sweeping out vaporization products 
through the upper exit port. It is felt that considerably better 
control of the atmosphere in the arc-melting chamber was achieved 
by this bottom-to-top flushing action. 

The inlet gas flow was measured with two flow meters, a 
Hatheson Type 604 for the main argon flow and, where used, a 
small side stream of argon was passed through a water bubbler after 
being metered by a Hatheson Type 603 flow meter. The atmosphere 
control system is shown in Figure A-8. Total gas flow was 6.9 
litres/minute. 
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In order to obtain a reliable estimate of the pressurization of 
the chamber at the time of the interaction, solenoid valves rated 
at 34.2 HPa were inserted into the flushing gas inlet and outlet 
lines. These valves are closed about 0.2 second before sleeve 
release, using the same electrical signal that turns off the arc 
power supply. About 5 seconds afterward, when the experiment is 
completed, the solenoid valves are reopened to release any excess 
pressure that might have built up in the chamber. 

The type of solenoid valve originally chosen had a tiny orifice 
in the open position. When the experimentation turned toward 
melting of the oxidic materials, there was considerable particulate 
that passed out of the chamber through the exit valve. Periodically 
this exit valve would plug with particulate which would then cause 
great quantities of aerosol to remain in the chamber, fog the 
window, and ultimately extinguish the arcs. This was remedied by 
installing a glass wool filter and a water-absorbing granular 
column before a larger bore solenoid exit valve. 

To prevent the exhaust of hazardous particulate into the 
atmosphere, the argon exit line eventually terminated in an absolute 
filter. 

A.6 Pressure Transient Generation 

Four techniques—striker bar, chamber overpressurization, exploding 
bridgewire, and minidetonator—were used for generating the pressure 
transients. These techniques will be described below. 
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A.6.1 Striker Bar — Generation of well-characterized, square-wave 
pressure pulses in water was initially attempted by means of a gas 
gun which impacted a projectile rod onto a transmittal rod. The 
design of the gun is shown in Figure A-9 which is an assembly 
diagram of the final unit. The pressure pulse generator consists of 
a small gas gun bteech unit (Figure A-10) at the top of the generator, 
one of several interchangeable gun barrels of different lengths 
beneath the breech unit, a projectile rod, a transmittal rod, and 
a holder beneath the barrel, all held rigidly in the stand as 
shown. The unit is floor-mounted and is held co pletely from 
above, with only the transmittal rod entering the reaction chamber 
through an O-ring seal at the top. 

The operation of the gas gun is as follows. The upper end of the 
rod-shaped projectile is seated in two O-rings, one in the bottom 
of the reservoir and the other in the top of the base plate (No. 17 
in Figure A-10). An annular chamber surrounds the upper end of the 
projectile. A hole leads diagonally upward from the region above 
the projectile in the reservoir to the gas inlet at the left. The 
annular chamber and the reservoir at the top of tne unit are 
pressurized to the desired firing pressure. Prior to firing, this 
pressure produces a force which acts only radially on the upper 
end of the projectile, with no component along the direction of firing. 
To fire/ a small amount of gas is admitted through a solenoid valve 
into the diagonal hole to the top of the projectile, pushing the 
projectile rod downward out of the upper O-ring. Then the driving 
gas exerts axial force on the top of the projectile rod and drives 
it downward through the second O-ring and on down into the barrel 
to strike the driven rod. 
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2 BRACKET, BARREL 
3 CHAMBER GLAND NUT 
4 FERRULE 
5 GLAND NUT 
6 GLAND 
7 BARREL 
8 DRIVEN ROD 
9 DRIVING ROD 

10 BARREL ADAPTER 
11 BARREL SUPPORT STAND 
13 O-RING PARKER 
14 SCREW SOCKET HD. 3 / 8 - 2 4 UNF X 1.750 LG. 
15 SCREW SOCKET HD. 8-32 UNC X 1.500 LG. 
16 SCREW, CAP HEX. HD. 5 /16 -24 UNF X 1.25 LG 
17 NUT, SELF-LOCKING 5 /16 -24 UNF 

AIR GUN PORTION OF 
SINGLE CHIP CUTTER ASSY 

TABLE ADJUSTABLE 

Figure A-9 
Design drawing of the gas gun assembly used to introduce 

square wave pressure pulses into water 
for steam explosion triggering studies. 

(The gun is held completely from above, with only the 
driven rod entering the reaction chamber through an Carina 
seal at the top.) 
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Figure A-10 
Assembly drawing of breech unit used to trigger 
the gas gun for steam explosion triggering studies 
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Tungsten was originally proposed as the material with adequate 
tensile strength and other mechanical properties for construction of 
both projectile and drive rod (see Figure 2.3.1 and associated 

A2 text. Nelson and Buxton, <1975), Unfortunately, tungsten rods of 
the desired diameter, length, and material strength characteristics 
are not readily obtainable. Therefore, a high-strength steel. Type 
4340, was selected as a substitute with mechanical properties 
that approximate those of tungsten. 

The striker bar technique of pressure transient generation 
proved to be extremely difficult to use. Triggering was extremely 
erratic, apparently because the projectile was not seized 
reproducibly by the 0-ring seals in the air gun. Not only was 
the gas pressure needed to fire the gun quite variable from shot 
to shot, but the time of firing was irreproducible. Thus, it 
was virtually impossible to synchronize the experiment. In 
addition, peening of the lower end of the projectile was observed, 
necessitating grinding the projectile back to the original 
diameter between experiments. Therefore, the striker-bar technique 
was abandoned in favor of raor* reproducible methods. 

A.6.2 Chamber Overpressurization — A few experiments were performed 
in which the chamber was rapidly overpressurized with argon gas 
at a predetermined time after flooding. For these experiments, a 
solenoid valve was opened, allowing a high-pressure argon gas 
reservoir to empty directly into the experimental chamber. The argon 
pressure was chosen such that the interaction chamber experienced 



approximately a one-atmosphere overpressurization. This technique 
was not satisfactory, mainly due to the great violence (observed 
on the high-speed films) caused by the direct action of the gas jet. 
Three chamber entrance directions for the gas were tried, bat none 
was without objection. 

A.6.3 Exploding Wires — Exploding a submerged bridgewire by a 
capacitor discharge provided a simple, reproducible way to generate 
1 to 2 HPa (10-20 bar), short duration, transient pressures. The 
bridgewires used are Type SE1 detonator headers ("bridgewires," 
detonators with no case or explosive) and were procured from Mound 
Laboratories. They are 40-micrometer-diameter gold wires soldered 
between electrodes 1000 micrometers apart. The electrodes are 
potted in an epoxy-type compound which forms a vertical "wall" 
immediately behind the wire. The bridgewires are fired by a 
spark gap-operated firing set, a TC132C X-unit. This unit 
basically allows the current from a 7.0-microfarad capacitor, 
charged to 3 kilovolts, to be dumped through the gold wire at a 
preselected time, causing the wire to vaporize. This extremely 
rapid vaporization, underwater, generates the desired transient. 
Since the magnitude of the transient decays almost inversely 
w,ith distance from the wire, the bridgewire is held reproducibly 
just outside the lower sleeve surrounding the melting chamber 
with the "wall" oriented normal to a line between it and the sample. 
The bridgewire must be outside the melt chamber because of heat 
considerations. The bridgewire leads are passed through holes 4 
and 5 of the chamber base plate (see Figure A-ll). 
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A.6.4 Minidetonators 

In order to perform experiments wth much larger pressure 
transients than are available from bri< lewires, a series of 
experiments with minidetonators was pe formed. An initial series 
of proof tests to satisfy safety crite ia was performed in an 
explosive test site, using an open pla -ic water container. At 
a distance of 12.5 cm from a Type RP-8" detonator (Reynolds 
Industries, Inc.) containing approximately 70 mg of PETN explosive, 
a pressure pulse of 50 - 60 MPa (500 - 600 bars) was recorded with 
a lithium niobate pressure transducer. 

.••• -it, the interaction chamber was temporarily moved to the 
explosive test site and assembled in a manner representative of 
the actual experimental configuration. Various sizes of mini
detonators were used in these proof tests. The first experiment 
employed a Type TC802 minidetonator (Scidia Laboratories) 
containing approximately 28 mg of PETN. No damage to the chamber 
was observed. A second experiment employer! a Type RP-87 detonator 
and again no damage was observed. In the final experiment, two 
Type RP-87 detonators were fired simu taneously. In this 
experiment, the two 1.25-cm-thick fusei silica windows in the 
high-speed movie ports were both crackfd but not enough to allow 
water ejection. On the basis of these experiments, the Sandia 
safety organization approved the use o one Type TC802 detonator 
for the actual triggering experiments. 



A.6.5 Transient Characteristics — Since the majority of the triggering 
experiments were performed using bridgewires or minidetonators as 
the applied transient generators, typical pressure pulses generated 
in the water by these devices are indicated in Figure A-12. 
These traces are oscilloscope readouts generated by a lithium niobate 
transducer placed in the water at a distance of approximately 6 
centimeters from the pulse generating device. It should be noted 
that, although the transients are at least similar in shape oad 
both are approximately 50 /is wide, the magnitude of the minidetonator-
generated pulse is considerably larger than the magnitude of the 
bridgewire-generated transient. It should also be noted that 
the pulses indicated are not necessarily representative of the 
pulses seen by a molten sample, since these traces were obtained 
in cold water with no bubbles present. When boiling occurs 
around a molten sample, the two-phase volume produced by the associated 
bubbles will probably attentuate or modify the transient seen by 
the sample. 

A.6.6 Mechanical Deformation Tests — A series of tests was performed 
to determine whether the flooded melts which are exposed to 
detonator- and bridgewire-generated pulses would be physically 
torn apart by the direct action of the pressure pulses. A mockup 
vessel was made from the bottom portion of an aluminum pressure cooker 
with dimensions essentially identical to those of the interaction 
chamber. The top of the vessel was covered with a 1.3-centimeter-
thick transparent polymethylmethacrylate slab, through which a 
bridgewire or detonator and three pressure transducers were mounted. 
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Figure A-12 
Typical pressure transients recorded during explosion 

of bridgewire (above) or minidetonator (below) submerged in water 
(Increasing pressure is recorded downward here.) 
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An unused, space copper hearth was positioned at the center of the 
mockup vessel and 35 g of instrument-grade mercury was placed in 
the depression in the hearth to produce <i globule with approximately 
the same volume as a typical sample of molten stainless steel or corium. 
Mercury was used in these tests because its room-temperature 
properties simulate those of the melts at high temperatures. Each 
component was placed to simulate its position in the interaction 
chamber in an actual triggering experiment. After filling with 
water, the mockup vessel was placed on the wotkstand in the exact 
position that the interaction chamber normally occupies in order 
to permit three-pulse flash X-ray imaging as in the triggering 
experiments. The Hycam camera was mounted above the vessel and 
pointed downward through the transparent cover to record any 
motion. 

Eleven experiments with mercury were performed, one with a 
submerged detonator and ten with submerged bridgewires. In the 
experiment with the detonator, the growth of a large bubble in 
the water around the detonator site was readily observed in the 
high-speed film. The gas bubble actually extended past the center 
of the hearth at its maximum size. The flash X-ray images showed 
coarsely fragmented mercury shortly after the detonator was fired. 

In a typical bridgewire experiment, a much smaller bubble 
which collapsed prior to reaching the hearth was formed in the 
water; only a gentle undulation of the mercury could normally be 
detected. In the one exceptional bridgewire experiment, what 
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appeared to be the blowing out of a mercury bubble and a small amount 
of coarse fragmentation were observed. In that experiment there 
was a small bubble of air, less than one millimeter in diameter, 
inadvertently trapped at the mercury-water interface prior to the 
interaction. However, in another experiment in which a small bubble 
of air was deliberately introduced at the mercury-water interface, 
only a mild undulation could be seen. 

It is assumed that the action viewed in these experiments is 
very similar to that which occurs in the actual test chamber. Thus, 
it has been concluded that the mechanical action of the nearby 
bridgewire discharge does not seriously disrupt the liquid metal 
on the hearth and that the direct action of the detonator produces 
essentially only coarse fragmentation at most. In the triggering 
experiments, with a vapor film surrounding the sample, an even 
lesser interaction is expected. 

A.7 Diagnostics and Recording 

ft.7.1 Thermocouple — A digital display temperature indicator, Doric, 
Model 412, which uses copper-constantan thermocouples capable of 
+0,5 K accuracy, was used to measure the temperature of the water 
prior to and after the hot-liquid/cold-liquid interaction. The 
thermocouple was inserted into the water through hole 6 in the bottom 
plate of the interaction vessel (see Figure A-ll). 
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A.7.2 Optical Pyrometry — Measurement of the temperature of the melt 
at flooding was carried out with a fast response optical pyrometer, 
Ircon, Hodline 2000 series. Model 2-30 C30-4-0-0-60-0/000, which has 
a range from 1775 to 3275 K. THe pyrometer operates in the wavelength 
range 0.7 to 0.9 micron. The calibration accuracy is stated by the 
manufacturer to be 1.0 percent of full-scale temperature with a 
repeatability within 0.3 percent of full-scale temperature. The 
response time of the pyrometer is 10 milliseconds to 95 percent of 
full-scale reading. The pyrometer was trained on the molten sample 
through the 13-mm-thick fused silica optical window on top of the 
apparatus (viewing and pyrometer port shown in Figure A-4). 

The optical pyrometer was recalibrated for this work by arc-
melting standard specimens in the interrction chamber under typical 
operating conditions. (To obtain maximum electrical output, the 
pyrometer was always operated at an instrumental emittance setting 
of 0.1.) The three major metallic constituents of stainless steel 
(iron, chromium, and nickel) were used as the standard substances. 
The materials used were high-purity metals obtained from the Sandia 
ferrous metallurgy laboratory. Samples of each metal weighing 
approximately 20 g were arc-melted in an argon atmosphere with 
the optical pyrometer trained onto the surface of the melt. In 
each of a total of 26 experiments with these three metals, 
readily distinguishable and measurable halts were observed that 
were assumed to coincide with the temperature of freezing cf the 
molten metal under equilibrium conditions. 
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Figure A-13 shows the calibration plot. The pyrometer output 
in millivolts is the ordinate, and temperature in K is the abscissa. 
Assuming that the emittances of the three metals are identical for 
the wavelength interval over which the pyrometer operates (0.7-0.9 ^ m ) , 
a linear least-squares fit to the data is represented by 

T = 14.29y + 1489.5, 

where y is the output in mV and T is the absolute temperature (K). 
This least-squares fit has a correlation coefficient of 0.984. 

When the optical pyrometer was used for temperature measurements 
with the oxidic Corium-E, the calibration made for the metals at an 
instrumental emittance setting of 0.1 was converted by means of 
Planck's law to give temperatures for the molten oxidic material 
with an assumed emittance of 1.0 (molten oxides usually h.ive 
emittances near unity (Gryvnak and Burch, 1965; Noguchi and Kozuka, 
1966, see References A3 and A4). This conversion was accomplished 
by assuming that the flux measured at 0.8 micrometer (the center 
band of the pyrometer) was distorted by the ratio of 0.3 (the 
assumed emittance for stainless steel) to 1.0 (the assumed 
emittance for the oxidic Corium-E). The measured flux was reduced 
by this ratio and reconverted to the temperature estimated for 
oxidic Corium-E. The various experimental temperatures at 
flooding time, converted in this manner, lay in the range 1818 
to 2055 K (see Table B-II). 
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Calibration plot for Ircon optical pyrometer operated 
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A. 7.3 High-Speed Photography — High-speed 16-mm photography was 
performed with a Hyoam camera (Redlake Corporation! with either a 
100- or 400-ft film capacity. The camera axis was horizontal, 
aimed through one of the optical ports shown in Figure A-4. The 
tank was backlit with a tungsten-iodine lamp. Camera speeds were 
in the range of 3000 to 7000 frames per second. Ektachrome Type 
EF film was used at apertures of f/4 to f/8. Timing markers 
were placet! along the edge of the film with an internally mounted 
flashing neon bulb operating at 1 millisecond per flash. 

Although many of the films show dramatic interactions to 
be taking place, just when the interaction becomes most interesting, 
the use of optical recording becomes seriously limited by the 
presence of large and numerous bubbles. The film therefore provides 
mostly qualitative information about the interaction plus an 
accurate record of the time sequencing of various events. Notably 
difficult to obtain from the film is information about the behavior 
of the hot liquid during the interaction. 

A.7.4 Flash X-Ray Imaging — In this work, the hot liquid was 
studied by flash X-ray imaging. This was performed by placing 
either one or three 300-keV field emission-type X-ray pulsers 
(Hewlett Packard 730/2710 system) at 100 or 76 centimeters, 
respectively, from the centerline of the intsraction vessel, with 
beam axes horizontal. Each beam was passed directly through the 
aluminum chamber walls to the film/intensifying screen combination 
placed just beyond the interaction chamber wall on the opposite side. 



Considerable absorption of the X-rays was experienced due to the 
presence of the water {23 centimeters thick) in the chamber. Therefore, 
to -nhance the images on some of the experiments, blocks of polyurethane 
fo ai 11 centimeters thick were inserted inside the chamber to displace 
pa t of the water from the X-ray beam path. Useful images were 
fo med, however, without the foam blocks. The most acceptable images 
w< e produced with Minnesota Mining and Manufacturing Company's Type 
Alpha-8 rare earth intensifying screens when used in conjunction with 
T\ >e XM film processed in Eastman industrial X-ray chemicals for 8 
minutes at 295 K. 

Each pulser produces a single, 18-nanosecond-long pulse which 
e£ sentially allows a snapshot of the interaction at sotre selected 
t: le. The selected firing times were all referenced to the pressure 
pu.se generation. When one pulser was used, the images were all 
ta ten at a delay of 20 milliseconds. When three pulsers were used, 
a ielay pattern of 2, 5, and 20 milliseconds or 2.0, 3.5, and 5.0 
milliseconds was used. 

There are certain limitations inherent in the flash x-ray 
technique. The attenuation of X-ray intensity by the water has 
bten mentioned. The ultimate spatial resolution possible at these 
wavelengths is 0.5 to millimeter, placing a lower limit on the 
s ae of particles which can be detected in the experiments. Also, 
t > X-ray pulsers are bulky (each unit is approximately 0.5 metre 
i diameter and 1 metre long), physically limiting the number of 
pulsers which can be positioned in a given experimental area 
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The arrangement used here was to place three pulsers at approximately 
45 degrees separation in the horizontal plane as shown in Figure A-2. 
With this positioning the three X-ray images are taken from different 
directions and, as a result, are not superimposable. Since the 
charging time for the pulsers is about 1 minute, it is impossible 
to recharge and fire them a second time during the triggering 
experiment which lasts only a few secom at most. 

A.7.5 Pressure Transducers — The pressure transducers selected for 
this work are 12.7 mm diameter by 1.27 mm thick, z-cut lithium 
niobate disks with gold-over-chrome vapor plated electrodes, obtained 
from the Specialty Engineering Associates, Incorporated, San Jose, 
California. These gages are suspended freely in the water phase in 
the outer chamber of the interaction vessel with their leads 
passing through holes in the base plate as shown in Figure A-ll. 
Similar use of lithium niobate as a pressure sensor in water has 

AS been reported by Huff and Graham (1975). 

The transducer output is recorded with the RC network shown in 
Figure A-14. The selection of the circuit parameters is as follows. 
The resistance-capacitance product of the recording circuit should 
be much greater than the duration of the pulse to be recorded; 
that is, for a pulse of millisecond duration, one should ensure that 

RC > pulse duration as 10 sec. 

SS 



LiNbO. 

X X 
R = 1 0 6 

FOR SCOPE 

Figure A-14 
RC network used for oscilloscope recording 
of the lithium niobate pressure transducer 

outputs for steam explosion triggering studies 
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For oscilloscope recording, R = 10 ohms; therefore, the recording 
circuit must have a capacitance of at least 

C = 10"3 sec/106 ohm3 = 10"9 farad (1000 pf) L 

Lithium niobate transducers are charge-producing devices, producing 
6.3 x 10 coulombs per MPa of applied pressure for a facial area 
of 1 square metre. In the recording network described, the voltage 
measured on the scope is equal to the charge produced divided by 
the circuit capacitance. Thus, when the transducers used h*?re have 

-4 2 a facial area of 1.27 x 10 m and are used with a nominal 
capacitance of 2825 pf, a 1-volt oscilloscope deflection represents 
a 3.53-HPa (35.3 bar) pressure excursion. 

These gages offer a simple way to measure fast rise 
time, high-magnitude pressure transients, and because of their freely 
suspended mounting, offer a minimum of confusion with wall-generated 
phenomena. These gages also seem to be inactive toward the action 
of the flash X-rays, because no detectable change in signal has been 
observed during the flash X-ray firing with the gages in the X-ray 
path. The gages are tyroelectric as well as piezoelectric Thus, 
slow drifts of the transducer output are usually caused by changes 
of temperature of the surroundings. This can be used to advantage 
to test the gages for polarity and electrical continuity. A gentle 
heating, for example, by exposing them briefly to hot air blower, 
will produce a fractional volt signal when the system is operative. 



ft.7.6 Debris Characterization — A final diagnostic method was debris 
characterization. A diamond-impregnated wire saw was used to cross-
section many of those samples which remained basically intact after 
an experiment to allow inspection of their interiors. This was 
sometimes followed by polishing, electron microprobe analyses, and 
optical or electron microscopy. For those experiments generating 
large proportions of small particulate debris, the water was filtered 
and the collected powders were sometimes examined by sieve analysis, 
optical microscopy, and scanning electron microscopy. 

SI 
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APPENDIX D 

EXPERIMENTAL RESULTS 

B.l Melt Summary 

For the triggering experiments reported here, 89 melts were 
prepared. Most of these melts were flooded with water but, for 
control purposes, a few were allowed to freeze without being flooded. 
The melts included 55 of stainless steel, 8 of aluminum, 2 of silver, 
6 of "metallic" Corium, and 18 of "oxidic" Corium. A summary of the 
pertinent data for each of these melts is given in Table B-I. 
The stainless-steel samples used in the experiments were sawed from 
three different pieces of Type 304 stainless-steel bar stock. The 
silver melts were made from coin silver. 

The "metallic" and "oxidic" Corium samples were two simulants 
Bl of the Corium-E described by Peehs (1975), as shown in Table B-II. 

For simplicity, only four atomic components were used—U, 0, Zr, 
and Fe. Note that the ratios of the amount of metal were held fixed 
for the two simulants, while the initial oxygen content was changed. 
In both cases, samples were prepared by mixing powders in a ball mill 
and then cold pressing pellets at approximately 100 MPa in a 1.9-
centimeter-diameter die to form pellets. The pellets were stored in 
a desiccator prior to melting. 
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Su, 

LEGEND: 

1 • One flash X-ray taken perpendicular to movie ports. 
2 - Three flash X-ray setup, one pulser misfire. 
3 « Three sequential flash X-rays taken 45 degrees apart. 
100 • 100-foot-long fi lm taken at approximately 3000 frames 

per second. 
400 » 400-foot-long f i lm taken at approximately 3000 franes 

per second. 
AG = Coin silver. 
AL-1 « Type 2024 aluminum, sawed from 3/4-Inch bar. 
AL-2 = Type 1100 aluminum, sawed from l/2-1nch plate. 
Ar • Ultra high purity (UHP) argon cylinder gas. 
Ar/W • UHP argon mixed with 0.6% water vapor. 
BW » Explosive bridgewire (SE-1 detonator header). 
CO/1 « Chamber overpressuri'sMon, gas entering center of 

chamber top. 
C0/2 = Chamber overpressurizatlon, gas entering side of 

chamber top. 

Material Experiment 
Number 

Sample 
Weight 

(9) 

18.78 

Water 
Temperature 

(K) 

Water 
Amount 

( l i t r e ) 

1.38 

Melt 
Atmosphere 

Ar 

Melt 
Temperature 

(K) 

NH 

Transient 
Generation 
Technique 

None 

Transler 
Delay Tin 

(s) 

SS-1 9-17-1 

Sample 
Weight 

(9) 

18.78 292.0 

Water 
Amount 

( l i t r e ) 

1.38 

Melt 
Atmosphere 

Ar 

Melt 
Temperature 

(K) 

NH 

Transient 
Generation 
Technique 

None NA 
SS-1 9-25-3 29.0 298.3 1.38 Ar NM SB NM 
SS-1 9-26-1 21.0 295.7 2.25 Ar NM SB NM 
SS-1 9-26-2 20.7 NH 2.0 Ar NM SB NM 
SS-1 9-27-1 21.72 304.6 2.0 Ar NM SB NM 
SS-1 9-27-2 21.17 NM 2.0 Ar NM SB NH 
SS-1 9-28-1 25.52 299.4 2.0 Ar NM None NA 
SS-1 9-28-2 20.41 309.5 2.0 Ar NM SB NM 
SS-1 9-30-3 19.75 295.0 2.0 Ar NM BW 1.0 
SS-1 9-32-1 19.65 296.2 2.0 Ar NM None NA 
SS-1 9-32-2 18.70 296.3 2.0 Ar/W NM BW 1.0 
SS-1 9-32-3 19.28 294.1 2.0 Ar NM BW 1.0 
SS-1 9-33-1 19.60 294.8 2.0 Ar NM CO/1 1.0 
SS-1 9-33-2 20.01 296.6 2.0 Ar NM CO/2 1.0 
SS-1 9-34-3 19.70 299.5 2.0 Ar NM CO/3 1.0 
SS-1 9-34-4 20.18 292.6 2.0 Ar NM CO/3 1.0 
SS-1 9-36-1 20.23 295.4 2.0 Ar NM CO/3 1.0 
SS-1 9-36-2 18.51 296.6 2.0 Ar NM CO/3 1.5 
SS-1 9-37-1 19.77 294.7 2.0 Ar NM BW 1.0 
SS-1 9-37-2 20.07 296.2 2.0 Ar/W NM None NA 
SS-1 9-38-1 19.97 294.8 2.0 Ar/W NM BW 1.0 



IABLE B-I 

ARY OF MELTS 

CO/3 • Charter overpressurization, gas entering side of 
chamber top, then a 90° bud to direct jet 
paral lel to water surface. 

COR-M • ''Metallic" Corium-E simulant prepared from cold-
pressed powders of U3O0. Zr, and Fe. 

COR-01 « "Oxldlc" Corium-E simulant prepared from cold-
pressed powders of U3O3, ZrOj, and Fe203, Lot No. 1. 

COR-02 • "Oxidlc" Cor1ura-E simulant prepared from cold-
pressed powders of U3O8. ZrO?, and F e ^ , Lot Ho. 2. 

DET « Type TC802 Detonator {28 mg PETN). 
NA • Not applicable. 
NM « No measurement. 
SB « Striker bar pressure transient generator. 
SS-1 « Type 304 stainless steel , sawed from 1-inch bar. 
SS-2 « Type 304 stainless steel , sawed from 1/2-inch bar Ho. 1. 
SS-3 » Type 304 stainless s tse l , sawed from 1/2-inch bar No. 2. 

Rash 
X-Ray 

H1gh-Speed 
Photography 

M NM 
NM NM 
NM NH 
NM 100 
m 100 
NM 100 
NM NM 
NM 100 
NM 100 
NM NM 
NM 100 
NM 100 
NM 100 
NH NM 
NM 100 
NN 100 
m 400 
m 400 
m 400 
m 400 
m 400 

Remarks 

Remelted sample. Dark Appearance. 
Sleeve stuck. Projectile fired late. Dark Sample. 
Sleeve stuck. Dark sample. 
Urge top void. Greenish, silver cast on top. 
Greenish, si lver cast on top. 
Silvery cast - l i t t l e green. 
Silvery cast. 
Silvery cast. 
Crinkled surface. Greenish silvery cast. 
No sleeve release on f i rs t try. Renelted and flooded, silvery cast. 
water leak during melting. 81g blowout. Some very snail spheroids. Greenish cast. 
Cracked appearance of silvery cast on top. 
Sample greenish si lver. Badly deformed, apparently from direct action of gas injection. 
Top of sample wrinkled, one ridge very green. 
Sauple sl ightly deformed and wrinkled. 
Silvery cast, some green. No defoliation. 
Silvery cast, some green. No deformation. 
Blowout but no fragmentation. 
Small protuberance, mild deformation. 
Hater around hearth, melting difficult. 
Water around hearth, melting difficult. Surface wrinkled with protuberances. 
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TABLE B-I (CONT'D.) 

Mater ia l Experiment 
Number 

Sample 
Weight 

SS-1 9-39-4 20.23 
SS-1 9-40-1 19.68 
SS-1 9-40-3 19.54 
SS-1 9-41-1 19.79 
SS-1 9-42-1 19.22 
SS-1 9-43-1 20.09 
SS-1 9-44-1 22.75 
SS-1 9-44-3 22.14 
SS-1 9-45-1 19.23 
SS-1 1-45-2 16.36 
SS-1 9-46-1 16.98 

COR-M 9-47-1 9.2 
COR-M 9-47-2 7.6 

AL-1 9-49-1 4.3 
AL-1 9-49-2 4.1 
AL-1 9-50-1 4.3 
AL-1 9-51-3 3.9 
AL-2 9-52-1 24.42 
AL-2 9-52-2 25.2 

AG 9-54-1 25.5 
AG 9-57-2 25.5 

SS-2 9-57-3 19.7 
SS-2 9-58-1 20.0 
SS-2 9-59-1 19.5 
SS-2 9-60-1 20.7 
SS-2 9-60-2 20.2 
SS-2 9-61-1 19.9 
SS-2 9-62-1 20.8 
SS-2 9-62-2 20.7 
SS-2 9-63-1 12.9 
SS-2 9-64-1 20.7 
SS-2 9-68-1 20.4 
AL-1 9-65-4 20.3 
AL-2 9-66-1 12.6 

COR-M 9-73-3 11.23 
COR-M 9-74-2 15.15 

Water 
Temperature 

(K) . 

Hater 
Amount 

( l i tre) 

2.0 

Melt 
Atnwsph 

296.0 

Hater 
Amount 

( l i tre) 

2.0 Ar/W 

304.8 2.0 Ar/W 

300.0 2.0 Ar/W 

299.7 1.0 Ar/H 

301.8 1.0 Ar/W 

300.2 1.0 Ar/W 

294.4 1.0 Ar/W 
299.7 1.0 Ar/W 
309.0 1.0 Ar/W 
294.0 1.0 Ar/W 
293.5 1.9 Ar/W 
310.6 1.0 Ar 
309.7 1.0 Ar 
294.9 1.0 Ar 
297.5 1.0 Ar 
296.8 1.0 Ar 
296.5 1.5 Ar 
299.0 1.5 Ar 
296.2 1.5 Ar 
298.4 1.5 Ar 
296.8 1.5 Ar 
296.0 1.5 Ar 

NM 1.5 A i r 2 

298.1 1.5 Ar 
296.8 1.5 Ar 
304.7 1.5 Ar 
298.6 1.5 Ar 
296.7 1.5 Ar 
298.2 1.5 Ar 
297.2 1.4 Air* 
297.6 1.5 Ar 
298.2 1.5 Ar/W 
295.6 1.5 Ar 
297.6 1.5 Ar 

NM None Ar 
NM None Ar 

Melt 
Temperature 

(K) 

Transien 
Generati m 
Techniqi! 

BW 

Transient 
Delay Tine1 

JsJ . 
NM 

Transien 
Generati m 
Techniqi! 

BW 1.0 
NM r./ 1.0 
NM BW 1.0 
NM BW 0.6 
NM BW 0.6 
NM BW 1.4 
NM BW 0.5 
NM BW 0.4 
NM BW 1.0 
NM BW 1.0 
tm BW 1.0 
NM BW 0.6 
NM None NA 
NM None NA 
NM None NA 
NM BW 0.5 
NM BW 0.5 
NM BW 0.2 
NM BW 0.25 
NM None NA 
NM None NA 

1871 DET 1.0 
NA DET 1.0 

1823 None NA 
1858 DET NM 
1893 DET 1.0 
1788 DET 1.0 
1848 DET 1.0 
1839 DET 1.0 

NA DET 1.0 
1766 DET 0.5 
1778 DET 1.0 

NM* 
NH4 

None 
DET 

NA 
0.5 

NM None NA 
NM None NA 



High-Speed Remarks 
Photography 

400 Bubbler used, better melting. Cracks (it surface. 
400 Bubbler used, poor melting. Metal ejected. 
400 X-rays bad. Sample greenish and deforced. 
400 Foam, but X-ray poor. Benign. 
400 Foam, but X-ray poor. Metal ejected. 
400 X-ray poor. Greenish, silvery cast. Benign. 
400 Fair X-ray. Poor Melting. Benign. 
400 Top blowout, protuberance on flash X-ray. 
400 Greenish cast. Benign. 
400 Good melt. Greenish cast. Benign. 
400 Ice water. Fair melt. Surface cracks. 
400 Poor melt, sample pitted near electrodes. 
400 Poor melt, pits from electrodes merge. 
400 Interaction on one side gave small spheroid attached to sample. Not a good sessile drop. 
400 Interaction center top gave small spheroids, happened during melting. Not a good sessile drop. 
400 Fine spheroids plus blowout from inside. Grey coating on inside of chamber. 
400 Interaction on one side, slight blowout. 
400 Very slight Interaction with small spheroids near one electrode. Good melt. 
400 Two blowout areas, possible triggering by transition boiling. 
400 Melting d i f f i cu l t . Benign. 

NM Melting d i f f i cu l t . Benign. 
400 Fragmentation. Sample lost 2.4 g, X-ray shows efflorescences. 
400 Blank to assess explosive action. Poor sleeve rise. 

NM Misfire due to timing malfunction. Detonator, camera not triggered. 
400 Sleeve rose late. Sample had not been flooded when detonator f ired. 
400 Fragmentation, sample lost 4.7 g. Sample developed wings. 
400 Fragmentation, sample lost 3.5 g. x-ray shows grand je t above sample. 

NM Fragmenta t ion , sample l o s t 4 .5 g . No in fo rmat ion f rom X- ray . 
400 F ragmenta t ion , sample l o s t 4.4 g . Fragments v i s i b l e on X- ray . 
400 B l a n k , repeat o f 9 - 5 8 - 1 . X-ray shows sample t i l t e d away f rom de tona to r . 
400 Much f r a g m e n t a t i o n , sample l o s t 5.5 g . X-ray shows f ragments , t i l t e d sample. 
400 Small me l t volume. Some f ragmentat ion, sar.ple l o s t 1.9 g . X- ray shows v e r t i c a l j e t above sample. 
400 C o n t r o l , no d e t o n a t o r . Sample was b l o b l i k e . 
400 Sample bubb led. X-ray showed po ros i t y , e f f l o rescences . 

NM Sample weighed 11.06 g after melting. Silvery spot on bottom. Glassy beneath electrodes. 
NM Sample weighed 14.81 g after melting; shiny, metal bottom; glassy p i t on top. Argon Into top inlet. 
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TABLE B-I (CONT'D.) 

Material Experiment 
Number 

Sample 
Weight 

(q) 

16.39 

Water 
Temperature 

(K) 

Water 
Amount 

( l i t r e ) 

None 

Melt Melt 
Atmosphere Temperature 

(K) 

Ar NM 

Transient 
Generation 
Technique 

None 

Transient 
Delay Tims' 

(s) 

COR-M 9-74-3 

Sample 
Weight 

(q) 

16.39 NM 

Water 
Amount 

( l i t r e ) 

None 

Melt Melt 
Atmosphere Temperature 

(K) 

Ar NM 

Transient 
Generation 
Technique 

None NA 

COR-H 9-74-4 20.03 NH None Ar/W NM None NA 

1.0 s 

SS-3 9-75-1 19.9 291.0 1.5 Ar 2001 DET 
NA 

1.0 s 

SS-3 9-76-1 20.2 296.2 1.5 Ar 1788 BW 0.942 

5S-3 9-77-1 20.3 288.4 1.5 Ar/W 1858 BW 0.946 

SS-3 9-76-7 19.6 292.1 1.5 Ar/W 1934 BW 0.452 

SS-3 9-78-2 20.5 288.1 1.5 Ar/W 1839 BW 0.462 

SS-3 9-79-1 20.0 291.0 1.5 Ar 1820 BW 0 .5 5 

SS-3 9-30-1 20.3 287.8 1.5 Ar 1839 BW 0.468 

SS-3 9-81-1 20.3 285.7 1.5 Ar 1826 BW 0.25 5 

0.25 5 

SS-3 9-81-2 20.4 292.1 1.5 Ar 1832 BW 
0.25 5 

0.25 5 

SS-3 9-82-1 20.5 290.9 1.5 Ar 1868 BW6 0.25 5 

SS-3 9-82-2 20.1 288.6 1.5 Ar NM BW 0.183 

SS-3 9-83-1 20.6 293.2 1.5 Ar 1853 BW 0.043 

COR-01 9-89-3 10.0 NA None Ar NM None NA 

COR-01 9-91-1 15.3 293.0 1.5 Ar NM7 BW 0.441 

COR-01 9-92-1 13.8 310.0 1.5 Ar 2012 s None NA 

COR-01 9-92-2 15.6 299.0 1.5 Ar 18938 BW 0.429 

COR-01 9-93-1 15.5 305.3 1.5 Ar NM* BW 0.55 

COR-01 9-94-1 14.5 293.7 1.5 Ar 1990s None NA 

COR-01 9-95-1 15.4 293.8 1.5 Ar 2042 8 BW 0.418 

COR-01 9-96-1 15.7 301.3 1.5 Ar 1700 8 ' 7 BW 0.396 

COR-01 9-99-1 14.89 303.1 1.5 Ar 1847 s ' 7 None NA 

COR-01 9-100-1 15.05 NM 1.5 Ar NM BW 0.178 
COR-01 9-101-2 15.00 306.8 1.5 Ar 1840 8 ' 7 BW 0.101 

COR-01 9-102-1 15.89 295.0 1.5 Ar 21148 BW 0.138 9 

COR-02 9-104-3 1 6 . 0 1 1 0 295.7 1.5 Ar 1929 8 BW 0.138 9 

COR-02 9-105-1 16.65 293.4 1.5 Ar 19368 BW 0.13C9 

COR-02 9-106-1 25.98 305.2 1.5 Ar 1818 8 ' 7 BW 0.138 
COR-02 9-108-1 31.72 297.6 1.5 Ar KM BW 0.22 
COR-02 9-108-2 31.89 301.2 1.5 Ar 1931 8 BW 0.37 
COR-02 9-109-1 36.55 306.1 1.5 Ar 19788 BW 0.306 

1. Time from flooding in i t ia t ion to pressure transient application. 
2. Sample not melted, inner chamber contained ambient a i r . 
3. Flash X-ray f i red at the same time the detonator was f i red, no motion of sample at that time. 
4. Temperature was below pyrometer range. 
5. Taken from apparatus settings, not measured. 
6. Bridgewire not submerged In the water, f i red 1n the cover gas. 
7. Pyrometer window port was fogged. 
8. Calculated or the assumption that the emlttance of the "oxldic" Corium-E simulant 1s 1.0 and that of molten 

is 0.3 at the 0.8-micrometer wavelength. 
9. Taken to be the same as for 9-106-1 since the instrument settings were the same. 

10. Sample broke during i n i t i a l heating, piece broke off . 



lash 
-Ray High-Speed 

Photography 

NM NM 
MM NM 
1 400 
1 400 
1 400 
1 400 
2 400 
3 NM 
3 400 
3 NM 
3 NM 
3 NM 
3 400 
3 400 
NM NM 
3 400 
3 400 
3 400 
3 400 
3 400 
3 400 
3 400 
3 NM 
3 400 
3 400 
3 400 
3 400 
3 400 
3 400 
3 400 
3 400 
3 400 

Remarks 

(Sample weighed 14.29 g after melting. Shiny, metal bottom. Glassy top. Argon into 
\bottom i n l e t . Two samples, one on top of the other, p r i o r to mel t ing. 
Melted, one s ide; turned and remelted. Hetal globule sp i l l ed onto hearth. Glassy top , shiny bottom. 
Much fragmentation, stable grey colloid formed in water. Possible 4-bar return pulse. 
No fragmentation. 
No fragmentation. 
Flash X-ray image shows inf lated sac above sample. Some fragmentation. 
Flash X-ray images show some efflorescence. Wrinkled sheet of frozen metal. 
S o l i d i f i e d globule. Flooding malfunction; sleeve f a i l e d to r i s e . 
Flash X-ray images show efflorescence, some fragmentation. 
So l i d i f i ed globule. Flooding malfunction; sleeve f a i l e d to r i s e . 
S o l i d i f i e d globule. Flooding malfunction; sleeve f a i l e d to r i s e . 
So l i d i f i ed globule. 
Flash X-ray images show efflorescence, fragmentation. 
S o l i d i f i e d globule. Pressure transient applied before f looding was completed. 
Centorr melt ing only. 
Complete fragmentation, stable colloid in water. No detector fo r return pulse. 
S o l i d i f i e d globule with some internal bubbles (control experiment). 
Complete fragmentation, 7-bar return pulse, 2.5 ms a f t e r BW. 
So l i d i f i ed g l ob j l e ; probably cold when f looded, due to malfunct ion. 
S o l i d i f i e d globule (control experiment). 
Complete fragmentation, 2.7-bar return pulse, 1.0 ms a f te r BW. 
Complete fragmentation, 7-bar return pulse, 3.5 ms a f te r BW. 
Sleeve did not release properly; got cooling curve. 

Loudest in teract ion so far . Apparatus jumped. 10.4-bar pulse, 7.0 ms a f te r BW. 
Fired bridgewrire too ear ly, flooding not complete. 
14.7-bar pulse, 6.0 ms af ter BW. Broke te f lon r i n g , low prepulse. 
Desiccated powders. Coarse fragmentation, no explosion. 
14-bar pulse, 5.8 ms af ter BW. "Thump," apparatus jumped. 
Coarse fragmentation, no explosion. 
Only pa r t i a l fragmentation, no explosion. 
4-bar pulse, 0.5-ms delay, debris settled rap id ly . 
Three pulses: 2.8. 2 . 1 , 2.3 bar at 0.3, 7 .0 , and 8.5 ms a f t e r BW, respect ively. 

stainless steel 

« - * 8 
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Table B-II 

Initial Compositions of Corivmi-E Simulants Used in This Work 

Weight (%) Total Atom (%) Metal Atom (%) 
U 3 0 8 U0 2 Zr Zr02 Fe Fe 2°3 U 0 Zr Fe U Zr Fe 

Metallic 
Corium-E* — 35.0 10.0 — 55 — 8.74 17.49 7.39 66.39 10.59 8.95 30.46 

Oxidic 
Corium-E 28.3+ -- — 10.5 — 51.4 '3.96 62,51 3.34 30.19 10.55 8.92 80.52 

*From M. Peehs, IAEA-SM-190/10 (1974). 
+At the time the oxidic Corium-E samples were made, the U0 2 initially intended for their preparation had not become available; therefore, U 3O s was substituted for the U0 2-



B.2 Stainless Steel/Water Interactions 

B.2.1 Experiments Without Applied Pressure Transients — Several 
preliminary experiments were performed in which approximately 25 g 
samples of Type 304 stainless steel were arc melted in argon at 
local atmospheric pressure both in the Centorr commercial arc melter 
and the floodable apparatus shown in Figures A-4 through A-6, mainly 
to demonstrate the melting technique. Also, a few cooling <- • • -t, 
were recorded with the optical pyrometer in order to determine the 
solidification time in argon. A typical curve is shown in Figure B-l 
from which it can be seen that complete solidification of a 25.4 g 
sample melted with the small power supply requires approximately 8 
seconds. No similar melting experiments were done with the larger 
new power supply. Essentially all of the sample melted with the 
large power supply and about 70 percent with the smaller power supply. 

A few experiments were performed in which the molten steel 
samples-were flooded with water without applying a pressure transiant. 
In each case, globular nonfragmented samples were obtained, regardless 
of the power supply used. A typical sample retrieved from such an 
experiment is shown in Figure B-2a. 

These simple flooding experiments were also used to examine the 
mode of bailing that ocrv.i.red. From the high-speed films, it could 
be seen ia*- fiim boiling was always present when molten stainless 
steel interacted with water, at least for periods of up to about 8 
seconds, the total duration of the films. At no point during the 
cooling could the onset of transition or nucleate boiling be observed. 
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Time (2 sec/div' 

Figure B-l 
A typical cool-down trace obtained with a 
button of stainless sceel which weighed 
25.4 g, arc-melted in gaseous ar.gon at 

630 ± 5 Torr (9-13-3) 
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CONTROL 

Stainless steel melted in pure argon. 
Flooded with 23°C water. 
No pressure pulse applied. 

(9-32-1) 
(a) 

Stainless steel melted in pure argon. 
riooded with 23°C water. 
Pressure pulse from chamber pressurization. 

(9-33-2) 
Grid: 6.4 ram (b) 

Figure B-2 
Sample of stainless steel exposed to chamber 

overpressurization after flooding 



B.2.2 Chamber Overpressurization Experiments — Several experiments 
were performed in which a supply of argon gas from a 10.3 MPa 
reservoir was admitted to the cover gas space at the top of the 
chamber shortly after the stainless-steel melt was flooded. The 
reservoir volume was chosen such that the water in the interaction 
chamber would experience a step overpressurization of approximately 
1 atmosphere (0.1 MPa). 

Three different methods of introducing the gas into the chamber 
were tried. Two methods involved injecting the gas directly downward 
towards the water, one at the center of the chamber and one at the 
edge of the chamber. The third method involved injecting the gas 
near the edge of the chamber but through a bent tube such that the 
gas velocity was parallel to the water surface. Although the third 
method appeared to work best, a lot of turbulence was generated by the 
injected gas in each case. The water frothed around the chamber, and 
the sample was always thrown from the hearth. 

With the chamber overpressurization technique of pressure transient 
generation, no fragmentation or explosive events were triggered. A 
typical sample is shown in Figure B-2b (Expt. No. 9-33-2). The most 
notable feature is that the sample has wrinkling of the upper surface. 
This might possibly be the result of sample inflation and collapse 
but might also be the direct result of the turbulence created by the 
gas injection. 



B.2.3 Striker Bar Experiments — Several experiments were also 
performed in which stainless-steel melts were flooded with cold 
water and then exposed to pressure pulses produced by the projectile-
striker-bar technique. In most of these experiments, the applied 
transient seemed to have no effect on the interaction. However, in 
one experiment (9-26-2), a void was created in the material, 
indicating somewhat different behavior for that experiment. That 
sample is shown in cross section in Figure B-3b. The void has a 
fairly smooth bottom and is connected to the outside by a tiny hole 
at the top of sample. 

Even though the one mild interaction was triggered by the 
striker-bar technique, its use was discontinued for the reasons 
discussed earlier. (section A.6-1.) 

B.2.4 Bridgewire Experiments — The most extensive set of triggering 
experiments with stainless steel and water was performed with 
submerged exploding wires as the pressure transient source. Most 
of these experiments used the smaller arc-melting power supply 
which left a significant fraction on the sample unmelted. However, 
when the partially molten samples were flooded with water and 
subjected to a bridgewire-generated transient, minor interactions 
did occur frequently. The mild interactions were evidenced by 
bulging of the samples due to internal cavity formation and even 
small amounts of fragmentation. For example, an extensively 
wrinkled sample (as shown in Figure B-4b) was retrieved from the 
chamber after being flooded with 295 K water and subjected to a 



CONTROL 

Stainless steel melted in pure argon, 
Flooded with 23°C water 
No pressure pulse applied 

(9-32-1) 

Stainless steel melted in pure argon. 
Flooded with 25 C water. 
Pressure pulse from striker bar. 

(9-26-2) 

(a) Grid: 6.4 (b) 

Figure B-3 
Sample of stainless steel exposed to a pressure 
transient produced by the striker bar technique 



CONTROL 

Stainless steel melted in pure argon. 
Flooded with 23 C water. 
No pressure pulse applied. 

(9-32-1) 

Stainless steel melted in pure argon 
Flooded with 22 C water 
Pressure pulse from bridgewire. 

(9-30-3) 
(a) (b) 

Grid: 6.4 

Figure B-4 
Stainless steel sample exposed to a pressure transient 

produced by an exploded bridgewire 
(Notice wrinkled surface.) 



bridgewire-generated transient in Experiment 9-30-3. The appearance 
of the sample could be interpreted as having been caused by the 
inflaMon of a cavity which then collapsed, as was also suggested for 
the sample from Experiment 9-33-2 shown in Figure B-3b. 

For one experiment (9-32-2), in which the sample was subjected 
to a bridgewire-generated transient at 1 second after flooding, an 
O-ring which seals the hearth to the bottom of the chamber was 
inadvertently omitted. In that experiment, a considerably more 
vigorous interaction than seen for earlier, similar experiments was 
observed. Melt was ejected from the sample, leaving a large cavity 
and two "ears" as shown in Figure B-5b. Some very coarse fragmentation 
also occurred in this experiment. The enhanced interaction was 
attributed to the fact that water was seeping into the inner chamber 
during the melting process, and this somehow affected the interaction. 

This experiment prompted a series of other experiments with 
stainless steel in which water vapor was intentionally added to the 
flowing argon atmosphere. It was assumed that the melting in an 
argon/water-vapor atmosphere incorporated gas-forming components 
into the molten metal. As before, when the samples were flooded 
without the application of a pressure pulse, the samples solidified 
quite benignly, as shown in Figure B-6a. (It should be noted that 
less of the sample could be melted in the water-vapor/argon atmosphere 
than in pure argon, presumably because of reduced efficiency of the 
arc process.) However, when a stainless-steel sample was melted in 
an argon/0.6 percent water-vapor atmosphere, flooded with room-
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CONTROL 

Stainless steel melted in pure argon. 
Flooded with 23 C water. 
No pressure pulse applied. 

(9-32-1) 

la) 

Stainless steel melted in (Ar-H„0). 
Flooded with 23 C water. l 

Pressure pulse from bridgewire. 

(9-32-2) 
(b) 

Grid: 6.4 mm 

Figure B-5 
Sample of stainless steel, iwlted in an argon-water vapor atmosphere, 
exposed to a pressure transient produced by an exploding bridgewire 



CONTROL 

Stainless steel melted in (Ar-0,6%H,O) 
Flooded with 23°c water. l 

No pressure pulse applied. 

Stainless steel melted in (Ar-0.6%H,O) 
Flooded w'rth 22°C water. l 

Pressure pulse from bridgewire. 

(9-37-2) 
(a) Grid: 6.4 mm 

(9-38-1) 
(b) 

Figure B-6 
Sample of stainless steel, melted in an argon-water vapor atmosphere, 
exposed to a pressure transient produced by an exploding bridgewire 



temperature water and a bridgewire transient was applied, the 
surface seemed to be more active than for melting in the argon 
s*-"\osphere alone. This is shown in Figure B-6b and also Figiue 
B-7c. The samples seem to have blown out in one area, which can 
be seen also in the flash X-ray exposure (Figure B-7a) taken 20 ms 
after the bridgewire had fired. The flash X-ray image indicates that 
the blown-out protuberance had at least partially formed by that time. 

When the samples were melted using the larger power supply, the 
melting was essentially complete since the change resulted in approxi
mately a fourfold increase in power. But, as discussed in Appendix A, 
Section A-4, many of the early experiments with the larger power supply 
were plagued initially with flooding malfunctions due to thermal fatigue 
of the sleeve retraction springs. Consequently, only four successful 
experiments were performed with stainless steel melted with the 
larger power supply (9-78-1, 9-78-2, 9-80-1, and 9-82-2). 

The, first two experiments were performed in argon/0.6 percent 
water-vapor atmospheres and the latter two in nominally pure argon 
argon melting atmospheres. In both atmospheres, the exploding 
wire pulses induced a considerable amount of coarse fragmentation 
which had not been seen in the experiments with the small old power 
supply. An example of the coarse fragmentation of the steel samples 
is shown in the debris photograph in Figure B-8 and in the flash 
X-ray images taken during that experiment shown in Figure B-9. Those 
images were taken at 2, 4, and 20 milliseconds after the bridgewire 
was fired. 
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(a) 

(b) 

Figure I 
Flash X-ray and photographic images 
steel arc melted in an argon/0.6% w-. 
flooding with 27° C water. A press* 
water phase from an exploding bridg-
i.e., after sleeve rise. (Experimei 
(a) 

(b) 

Flash X-ray image recorded 0.02i 
after the bridgewire explosion, 
ing protuberance from the melt. 
Schematic diagram of image showr 
in (a) -
1. Arc electrodes 5. Sle-; 
2. Melt mecl 
3. Protuberance on melt 6. Wat= 
4. Copper hearth 7. Edg= 

a. Low=: 



(d) 

g^%py>i 

of 22-g sample of s t a i n l e s s 
t e r vapor atmosphere before 
re pu l se was appl ied t o the 
-'ire a 0.4 s a f t e r f looding; 
t No. 9-44-3) 
s 

show-

ve r e l e a s e 
anical p a r t s 
f l e v e l 
of foam b locks 

•- edge of s l e e v e 

(o) Shadow photograph of so l id i f ied sample, 
showing protuberance. 

(d) V e r t i c a l photograph of so l id i f ied 
sample showing cav i ty adjacent to 
protuberance. Protuberance i s to 
the r i g h t of the cav i ty . 
S c a l e : 6.4 mm 
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(9-80-1) 

Fi ure B-8 
Debris retrieved from an experiment in which molten stainless steel 

was flooded with water and subjected to a pressure transient generated 
by an exploding wire. The pressure transient was 

applied 0.47 s after floodi- g was initiated. Grid = 6.4 mm. 
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(9-80-1) 

(a) 2 Milliseconds after the Wire 
Was Exploded 

(b) 4 Milliseconds after the Wire 
Was Exploded 

(c) 20 Milliseconds after the Wire 
Was Exploded 

Figure B-9 
Flash X-ray images of molten stainless steel sample which had been flooded 
with water and subjected to a pressure transient from an exploding wire 
0.47 s afterward. Images recorded shown above. Rectangular images at 

the bottom of the exposures are of the copper hearth, 
which is 5.8 cm across. Pointed rods are the arc electrodes. 



The stainless steel fragmented only in the presence of the 
applied pressure transient; without it, or when the bridgewire was 
fired in the cover gas (9-82-1), neither deformation nor fragmentation 
occurred. In none of the bridgewire triggering experiments with 
stainless steel was there any detectable return pressurization during 
or following the fragmentation of the sample. 

B.2.5 Hinidetonator Experiments — T'-.-xve triggering experiments were 
performed with molten stainless steel in which the pressure transients 
were generated with submerged exploding minidetonators. The pressure 
pulses experienced several centimeters away from the exploding mini-
detonators are approximately 20 MPa in magnitude, an order-of-magnitude 
increase over the pressures generated by the exploding bridgewire 
triggers. Therefore, as mentioned in the discussion of mechanical 
deformation tests (Appendix A, section A-6.6), some interference in 
the interaction may have occurred when using a detonator becaus- of 
the inflation of a rather large bubble in the water by the explosive 
gases or b,y the direct mechanical tearing of the molten metal by shear 
action. 

Figure B-10-a is a photograph of the intact remains of a stainless-
steel sample of 20.74-g initial weight iat was melted in a pure argon 
atmosphere r'l- the small power supply. At an initial temperature of 
1766 K, it was flooded with 1500 cm of 297 K water. One-half second 
later, a submerged detonator was exploded approximately 5 cm from the 
sample. As shown in F'qure B-lOb, the sample was severely distorted 
(compare with the control in Figure B-lOa) and the sample had 



CONTROL 

Stainless steel melted in pure argon. 
Flooded with 24 C water. 
No pressure pulse applied. 

(9-60-1) 

(a) 

Stainless steel melted in pure argon. 
Flooded with 24 C water. 
Pressure pulse from detonator. 

(9-64-1) 
Grid: 6.4 mm (*>) 

Figure B-10 
Sample of stainless steel which had been exposed 
to a pressure pulse from a detonator after flooding 



fragmented extensively (see Figure B-ll). The smallest fragmentation 
products were approximately 10 ftm in diameter. By weighing the 
intact remains of the sample, it was determined that the bulk of the 
sample had lost 5.5 g as a result of the interaction. The results 
for this sample are very representative of results obtained in the 
other stainless-steel experiments with detonator pressure pulses for 
which a pure-argon melting atmosphere was used. 

A somewhat different sample is shown in Figure B-12. This sample 
was melted in a 0.6-percent water-vapor/argon atmosphere. Since the 
water vapor in the arc atmosphere tends to reduce the efficiency of 
melting, at the time of flooding only a small inner core of the 
stainless-steel button was molten (determined visually). In this 
experiment a detonator was exploded approximately 1 second after 
flooding. Twenty milliseconds after the detonator fired, a portion 
of the melt was observed to have been ejected upward about 2 cm from 
the sample, approximately perpendicular to the direction of the 
detonator pulse. This is shewn in the flash X-ray image for this 
experiment in Figure B-13. 

The one experiment performed with the larger power supply with 
stainless steel melted in argon and the detonator (9-75-1) was roughly 
similar to the experiment shown in Figures B-lOb and B-ll (9-64-1) 
except that more extensive and somewhat finer fragmentation occurred, 
as shown in Figure B-14. The associated flash X-ray image taken 20 
milliseconds after the detonator fired is shown in Figure B-15. A 
mild pressure pulse with a peak magnitude of approximately 0.4 MPa 
was recorded in the water 0.9 millisecond after the detonator fired. 
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Fragmentation Products 

Stainless steel melted in pure argon. 
Flooded with 24°C water. 
Pressure pulse from detonator. 

(9-64-1) 

Grid: 6.4 mm 

Figure B-ll 
Fine debris formed in the same detonator-induced interaction which 
produced the stainless steel sample at the right of Figure B-10 
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CONTROL 

Stainless steel melted in pure argon. 
Flooded with 24 C water. 
No pressure pulse applied. 

(9-60-1) 
(a) 

Stainless steel-melted in 
Flooded with 25 C water. 
Pressure pulse from detonator 

(9-68-1) 
(b) 

Ar-0.6%H 2O). 

Grid: 6.4 mm 
Figure B-12 

Sample of stainless steel which had been melted in moist argon 
and was exposed to a pressure pulse from a detonator after flooding 



(9-68-1) 

Figure B-13 
Flash X-ray shadowgraph of sample taken 20 ms after the 
flooded molten stainless-steel specimen had been exposed 
to the action of an exploding detonator. The detonator was 
fired under water w 5 cm horizontally to the right of the 
sample. The lower blocklike image is the water-cooled cop
per hearth; the three pointed rods are the arc-melting elec
trodes; the dark portion above is the retracted inner sleeve 
of the flooding mechanism. Note that sample is tilted 
slightly counterclockwise, with a jet of metal issuing from 
its top side. White calibration bar at lower right is 1 cm long. 
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Grid: 6.4 mm 

(9-75-1) 

Figure B-14 
Debris produced when molten stainless 

steel was flooded with water and subjected 
to a detonator pulse » 1 second later 
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Figure B-15 
Flash X-ray image of molten stainless steel 
sample which has been flooded with water and 
subjected to a detonator pulse w 1 second 
afterward. Flash X-ray imaye was recorded 
20 milliseconds after the detonator fired. 
Rectangular image below the sample is the 
copper hearth, which is 5.8 cm across. 
Image at left is detonator. Three pointed 
rods above are electrodes. Debris from this 
experiment is shown in Figure B-14. 
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B-2.6 Summary of Molten Stainless Steel/Water Interactions — The 
data for all stainless steel/water interactions are presented in 
Table B-I. 

The experiments with molten stainless steel as the hot liquid 
usually resulted in sample inflation or fragmentation when pressure 
transients were applied. Without application of a pressure transient, 
only benign freezing of the samples was observed. Although the 
observed fragmentation was quite complete for some of the stainless-
steel experiments, the fineness of the debris never approached that 
of the Corium-E simulants (see below). No interaction which might 
possibly be interpreted as an explosion was observed, except possibly 
in one experiment. That experiment employed a minidetonator as the 
transient generating device. A small interaction-generated pressure 
pulse was detected in that experiment, but the risetime was extremely 
slow compared with explosive rates. 

B.3 Aluminum/Water Interactions 

A few experiments were performed using aluminum as the hot liquid. 
These experiments were performed in an attempt to learn whether the 
arc melting/flooding technique would be applicable to substances 
which have been used successfully to produce high pressures in the 
shock tube geometry (Wright and Humberstone, 1966). 

In one experiment (9-52-2) a molten aluminum sample was flooded 
with 296 K water, and a bridgewire-generated pressure transient was 
applied. As shown in Figure B-16a, several bubblelike cavities 
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Aluminum melted in pure argon 
Flooded with 23 C water. 
Pressure pulse from bridgewire. 

(9-52-2) 

(a) 

Aluminum melted in pure argon 
Flooded with 24°C water. 
Pres rure pulse from detonator. 

(9-66-1) 
(b) 

Grid: 6.4 m 

Figure B-16 
Samples of molten aluminum which had been exposed 

to bridgewire and detonator pulses shortly after flooding 



formed within the bulk of the sample. In another experiment 
(9-66-1) the initiating pulse was supplied by an exploding 
submerged detonator. After the interaction, the sample was 
qualitatively similar to that obtained with the bridgewire 
pulse except the final porosity and sample distortions were far 
more extensive as shown in Figure B-16b. Apparently, a detonator 
pulse triggers a more vigorous interaction than a bridgewire pulse. 

B.4 Silver/Water Experiments 

Silver proved to be extremely difficult to melt in the cold hearth 
apparatus. Two experiments were attempted in which a silver globule 
was flooded with water. However, no pressure transients were applied 
to the water and no sign of an interaction was detected. Because of 
the difficulty with the melting, it is not certain whether the metal was 
actually molten at the time of the interaction. 

B.5 Corium-E Simulant/Water Experiments 

B.5.1 Metallic Corium-E/Water Experiments — Most of the effort 
with the "metallic" Corium-E simulant was confined to simple melting 
experiments, either in the Centorr apparatus or in the flooding 
apparatus. The material was difficult to melt with either the smaller 
or larger arc power supply. Once partial melting was achieved, the 
material quickly separated into at least a two-phase mixture, one of 
which was metallic with a low emissivity and another seemingly 
nonmetaliic with a high emissivity. 
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The samples seemed to retain the nonmetallic layer at the 
top which apparently volatized to form concave pits just below 
the electrodes. The original pellet shape was partially deformed 
but basically intact. Sessile drops were not achieved. After 
solidification, the samples were magnetic. 

A photograph of a typical sample of "metallic" corium-E 
simulant (9-74-2) prepared from a single pellet of pressed powders 
is shown in Figure B-17a. Figure B-17b is a photograph of that 
same sample after it had been cut in half. The striations are 
sawing marks. Figure B-17c is a low-magnification photograph of 
one of the sa.nple halves which has been potted in an epoxy compound 
and polished in preparation for electron microprobe studies. Figure 
B-17d is a schematic of the polished piece used to indicate areas 
of importance in the following discussion. 

Figure B-17e is a relatively high magnification (200X) optical 
photograph of Area 2. As evident in Figure B-17e, there is an 
obvious change in porosity in that area with the low-porosity portion 
being representative of Area 1 and the high-porosity portion being 
representative of Area 5. Apparently, the low porosity material in 
Area 1 is a well-melted and mixed portion which flowed there from 
t'~2 original confines of the pellet. Note that the line denoted 
by 6 in Figure B-17d is the original (but tilted) pellet edge. 

Figure B-18 is a set of electron microprobe images taken in 
Area 1 at a magnification of 500X. The upper photograph was taken 
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49> 
(a) As retrieved from arc melter. 

Grid = 6.4 mm. 

(b) Cross sectioned. (Horizontal band 
at center of the sample is due to saw), 
Grid =6.4 mm. 

(9-74-2) 

Figure B-17 
Arc-melted "metallic" Corium-E simulant frozen in argon 
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cd. 
I CM 

(c) Right hand portion of b 
polished for metallographic 
and electron microprobe 
examination. 

Cd) Schematic of c: 
Area 1 is highly reflective: 
Area 2 is interfacial region; 
Area 3 is slag; 
Area 4 is porous with slag; 
Area 5 is porous region; 
Line 6 is original pellet edge. 

/ - -f 0.1 mm 

(e) Photomicrograph of interfacial Area 2. 

Figure B-17 (cont'd.) 
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(9-74-2) 
(One large grid division = 20 micrometers; a, b, c, d, and e of Fig. 8-18.5 

-•(" , 
(a) Scanning Electron Micrograph 

, V ' < V S- * 

(b) Fe 16 Seconds 

€ I 

& * * * -

(c) 0 8 Minutes 

Figure B-18 
Electron microprobe ccans of Area 1 in Figure B-17U; 
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(d) U 3 Minutes 

(e) Zr 3 Minutes 

100 

Figure B-18 (cont'd.) 



in the scanning electron microscope mode while the lower photographs 
are for the same spot in the elemental scanning mode. As shown in 
Figure B-18a there is no evidence of significant porosity in Area 1. 
The atomic scans in Figures B-18, c, d, and e indie e that the 
iron is fairly homogeneously distributed throughout ,.rea 1, although 
there is some depletion of the iron in regions rich i U and Zr. 
The U and Zr seem to be present together in webbing network or matrix 
as if they were combined in the same crystalline structure. The 
oxygen seems to be fairly homogeneously distributed in . ea 1 of 
the sample. 

Perhaps not entirely obvious in the photograph reproduced in 
Figure B-18a but certainly evident in the original scanning electron 
micrograph is the fact that three distinctly different colorations 
are present. The webbing is composed of both a white portion and 
a light grey portion, while the interstices in the webbing are 
filled with a material which appears as dark grey. This basic 
coloration scheme applies to all of the microprobe photographs to 
be discussed. In each case the white portion is rich in U and 
deficieri*-. in Fe and Zr. The light grey portion isvr*ich in Zr, 
contains some U, but is deficient in Fe. The dark grey area is 
rich in Fe and deficient in both Zr and U. 

Figure B-19 is a set of microprobe images taken in the interface 
Area 2 of the sample. When orienting these images with the schematic 
in Figure B-17d, one should mentally rotate these photographs 90 
degrees counterclockwise. It is then obvious that the dark spots 



(One large grid division = 20 micrometers; a, b, c, d, and e of Fig. B-19.) 

^^^^^^^^^^^^^^^^^^^^^^^^^^H 

Figure B-19 
Electron microprobe scans of Area 2 in Figure B-17(d) 
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(d) U 3 Minutes 

(e) Zr 3 Minutes 

Figure B-19 (cont 'd . ) 
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in Figure B-19a represent the pores seen in the optical photograph 
in Figure B-17e. By comparison with Figure B-18, it is also seen 
that the sample structure is more heterogeneous in the bulk of 
the sample than in Area 1, the protuberance. The elemental micro-
probe scans further indicate that in Area 2 the oxygen is 
predominantly with the U; there has been little combination of 
Zr and U on the microscopic scale and even less combination of Fe 
and U. Other microprobe scans performed in Area 5 indicate very 
similar structure to that seen in Figure B-19. 

Figure B-20 is a set of microprobe images taken in Area 3 of the 
sample. This material was referred to earlier as being nonmetallic. 
It is also thought of as a slag. As seen in Figure B-20, this area 
contains virtually no Fe and basically consists of a very 
homogeneous mixture of D, 2r, and O which is quite different from 
the structure of the bulk of the sample. 

Due to the difficuly of melting to a reasonable sessile drop, 
only two flooding experiments were attempted. In one, a pressure pulse 
was applied from an exploding bridgewire while, in the other, no 
pressure transient was applied. Neither sample seems to have been 
significantly disturbed, although melting in both cases was assumed 
to have been incomplete, judging from both the final sample 
appearance and the failure to achieve a sessile drop. A photograph 
of the metallic Corium-E sample subjected to a pressure pulse from 
a bridgewire after flooding is shown in Figure B-21. 
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(One large grid division - 20 micrometers; a, b, c, d, and e of Fig. B-20.) 

k v ••;• " i i 
(b) Fe 1 Minute 

(a) Scanning Electron Micrograph 

(c) 0 8 Minutes 

Figure B-20 
Electron Microprobe scans of Area 3 in Figure B-17(d) 
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(d) U 1 Minute 

(e) Zr 1 Minute 

Figure B-20 (cont'd.) 
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Corium-E heated in pure argon. 
Melting was incomplete. 
Flooded with 37 C water. 
Pressure pulse from bridgewire. 

(9r47-l) 

Grid: 6.4 mm 

Figure B-21 
Sample of arc-heated metallic Corium-E simulant 

which had been flooded and exposed to a bridgewire 
pulse. Concavities were beneath arc electrodes. 
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B.5.2 Oxidic Corium-E/Water Experiments — The 18 triggering 
experiments performed with an "oxidio" Corium-E simulant, made with 
U 30„, are summarized in Table B-III. 

Table B-III 

Summary of Experiments Performed with 
"Oxidic" Corium-E Simulant Made with U,0 g 

Experiment Sample 
number Weight (g) Remarks 

9-89-3 10.0 
9-99-1 14.89 

9-92-1 13.78 
9-94-1 14.54 
9-92-1 15.54 

9-91-1 15.25 
9-92-2 15.56 
9-95-1 15.37 
9-96-1 15.67 
9-100-1 15.05 
9-101-2 15.00 
9-102-1 15.89 
9-104-3 16.01 
9-105-1 16.65 

9-106-1 25.98 

9-108-1 31.72 
9-108-2 31.89 
9-109-1 36.55 

Melted in Ar in Centorr apparatus 
Melted in Ar in floodable apparatus 
Flooded without bridgewire pulse 
Flooded without bridgewire pulse 
Arcs had extinguished very early; 
flooded without bridgewire pulse; 
sample probably solid when flooded 
Flooded with bridgewire pulse 
Flooded with bridgewire pulse 
Flooded with bridgewire pulse 
Flooded with bt idgewire pulse 
Flooded with bridgewire pulse 
Flooded with bridgewire pulse 
Flooded with bridgewire pulse 
Flooded with bridgewire pulse 
Flooded with bridgewire pulse 
Flooded with bridgewire pulse 
Flooded with bridgewire pulse 
Flooded with bridgewire pulse 
Flooded with bridgewire pulse 

B.5.2.1 Experiments without Applied Pressure Transients — As with 
the metallic Corium-E simulant, initial melting experiments were 
performed in argon with both the Centorr apparatus (Experiment 9-89-3) 
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and the floodable apparatus (Experiment 9-99-1). The melting 
situation was markedly different with the "oxidic" Corium-E simulant. 
In argon, the samples melted easily to what seemed visually to be 
a well-behaved, low-viscosity, one-phase liquid at temperatures 
of 1875 to 2075 K (optical pyrometer results, assuming an emittance 
of 1.0 at 0.8 micrometers, the center wavelength of the detector). 
Vaporization was not a serious problem. The material froze in argon 
to form a globule with a smooth black surface. The solidified 
sample was apparently highly stressed and easily cracked or shattered 
at room temperature. Figure B-22a is a photograph of such a globule 
of the "oxidic" material which had frozen in argon and cracked into 
four large pieces as it solidified. It is seen to have a fairly large 
central void and several smaller cavities. The material is magnetic. 

One piece of this frozen "oxidic" sample was polished and 
subjected to electron microprobe analysis. Figure B-22b is a low 
magnification photograph of the potted and polished piece The round 
and oval areas are small cavities which were filled with epoxy potting 
compound. 

Figure B-23 is a set of electron microprobe images of the 
triangular area in the lower left corner of the piece shown in 
Figure B-22b. The scanning electron micrograph and elemental scans 
look similar to those for the "metallic" material in Figure B-18, 
but the oxygen is not distributed as homogenously. Also, the oxygen 
is found to be located primarily with the Fe instead of with the U as 
shown for Area 2 of the "metallic" simulant shown in Figure B-19. 
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(a) As retrieved From arc melter. 
Grid -- 15 , 4 mm. 

(b) Second chunk from left in (a) 
polished for metallographic and 
electron microprobe examination. 

(9-89-3) 

Figure B-22 
Arc-melted "oxidic" Corium-E simulant frozen in argon 
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(One large g r id d iv is ion = 2C f.icrometers; a. 

(b) Fc- 16 Seconds 

(a) Sca:<ninr: •.]octroi. Mieroaraph 

J,'-V!f"'>'*JJ^:c&i>:ii 

fv- - * i? • H-<-'• '*-V .•/'«» 'T-A^. 

(c) 0 30 Minutes 

F i g u r e B-2 3 
Electron microprobe scans of triangular area 

3f the lower left corner of the sample shown in Figure B-22(b) 

III 



^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H H H j ^ ^ ^ ^ ^ ^ H 6 Minutes 

(e) Zr 6 Kimrtes 

Figure B-23 (cont'd.) 
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This behavior is not surprising since the starting powder for the 
"oxidic" material was Fe20-j instead of Fe. 

Figure B-Z4 is a set of images of the dark upper-right-hand area 
of the piece of "oxidic" Corium-E. These images are very interesting 
because all of the constitutive elements appear to be fairly 
homogeneously distributed except in the two treelike structures. 
These areas are almost totally devoid of U and Zr. Quantitative 
microprobe analyses indicate that the "trees" are Fe,0. crystals. 
It is also interesting to note that little, if any, porosity is seen 
on the sirall scale even though several large cavities are present in 
this area of the sample-

As indicated in Table B-III, 16 flooding experiments were performed 
with the "oxidic" Corium-E simulant. As control experiments, two 
samples which weighed approximately 15 g each (9-92-1 and 9-94-1) were 
melted and flooded with cold water without applying a pressure pulse. 
These samples were retrieved as one-piece globules, somewhat like those 
obtained from slow freezing in argon (Figure B-22). There was evidence 
of void formation within the samples which was more extensive than in 
those which had frozen in argon. In one of these experiments, a domed, 
hollow sample was formed. Figure B-25 contains two photographs of 
pieces of Sample 9-92-1 which was found to be cracked after the 
experiment, probably from thermal stress. Figure B-25a is a photograph 
of approximately half the sample, which clearly shows a large central 
cavity, while Figure B-25b, taken at a higher magnification, shows 
some smaller bubblelike voids found primarily on the underside of the 
"roof" of the large cavity. 
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(One large grid 'division • Z O micrometers; a, b, c, d, and e of Fig. B-24.) 

^ ' - (a) Scanning Electron Micrograph 

(b) Fe 16 Seconds 

Figure B-24 
Electron microprobe scans of dark upper right-
hand area of the sample shown in Figure B-22(b) 
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(d) U 6 Minutes 

(e} IT 6 Hinutes 

F igure B-24 ( c o n t ' d . ) 
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(a; Vv'Me roundly in cro"^ ^ O ' / o n , •-.'•i:\:\nn 
l-j.'-Qe internal cavi ty ind ho i " *.o oit.-;>.!r 
at Ui..' fool . Grid = f,.<l ,..,;. 

? mm 

(b) Piece of the underside of the "roof" of 
the sample, showing bubble-like voids. 

(9-92-1) 

Figure B-25 
Sample of "oxidic" Corium-E simulant which, 
while molten, had been flooded with water. 

No pressure transient was applied. 
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The other control experiment (9-94-1) yielded a sample, the top 
of which had a large central pit, resembling a vertical walled 
volcanic caldera. The debris from Experiment 9-94-1 is shown in 
Figure B-26a. Unfortunately, the n-ittle sa.-nple shattered to some 
extent during retrieval from the chamber, making it somewhat 
difficult to visualize the caldera formation. A schematic cross-
sectional diagram is shown in Figure B-26b, which is representative 
of the structure of the sample befo-e it shattered. It is not 
difficult to visualize the "roof" of the largo central cavity shown 
in Figure B-25a. 

(A third experiment (9-93-1) was performed with water flooding 
without an applied bridgewire pulse. The arcs had extinguished very 
early, however, and the films showed a relatively cold (nonluminous) 
sample interacting with the water. The sample probably had solidified 
long before flooding, and thus is of little interest.) 

B. 5.2.2 BJLidgewire Experiments 

After the initial flooding experiments without applied pressure 
pulses, a sequence of nine experiments was performed with 15-g 
samples of oxidic Corium-E, then one experiment with a 26-g sample 
and finally three with 31- to 37-g samples of the oxidic Coriuro-E 
made with U,0„. These experiments are summarized in Table B-IV. The 
nine experiments with the 15-g samples form a coherent set in which the 
bridgewire was fired at times varying from 0.10 to 0.45 second after 
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(a) 

d£^> 
(b) 

(9-44-1) 

Figure B-26 
Oxidic Corium-E sample which had been arc-melted 
in argon and flooded with water. No pressure 
pulse was applied. Sample was brittle and broke 
on handling (photograph in (a)). Before break
ing, sample had caldera-like structure which would 
appear in cross section as in (b). 
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Collected Data for "Oxulw" 

Legend: NM - not measured 
NA - not applicable 
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11.72 

9-108-2 31.89 
9-109-1 36.55 

10 
35 3 0. i, 

7.0, 
8.5 

0.2!-', 
0 . 2 '1 ' 

7.;, t : - • 

1. "Oxidic" Corinm-E simulant made from cold~pror,se.I ;io'.dor.~ 
All pressure transients generated by electrically vci^ori.-* 

2. As indijated by Transducer Mo, 3 (see Fig. A-ll). 
3. As ind-cated by Transducer No. 2 (see Fig, A-ll). 
4. Taken from film. 
5. Taken from 9-106-1 Since instrument settings the same. 
6. Sample broke during initial heating; piece broke off. 



the initiation of flooding (i.e., sleeve release). The 15-g 
samples produced violent interactions, extensive and often 
very fine fragmentation of the melt, and in most cases interaction-
generated pressure pulses ranging from 0.70 to 1.47 HPa in 
magnitude and about a millisecond in duration. 

As shown in Table B-IV, there were some energetic interactions 
with the larger samples, but they were somewhat erratic. Both 
coarse and fine fragmentation occurred in two of the samples, and 
some interaction-generation pressure pulses, often multiple, were 
observed. However, two of the 31- to 37-g samples seemed to be 
essentially inactive and yielded samples not too different from 
the experiments in which flooding was performed without application 
of a pressure transient. Only the 15-g samples will be discussed below. 

The debris produced by a 15-g sample interacting with water is 
shown typically in Figure B-27b (9-95-1). The sample shown at the 
left is a control (9-101-2) in which flooding was performed without 
the application of a bridgewire pulse. Note that the sample had 
fragmented extensively, although there are some larger pieces present. 
The debris produced here is not the finest that was obtained but 
roughly in the middle range of particle sizes. A 0.27-MPa peak 
pressure pulse was produced in this particular interaction. 

In Figure B-28, the flash X-ray images which were associated with 
the production of the debris shown in Figure B-27b are reproduced. 
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CONTROL 

r-

"Oxidic" Corium-E melted in argon 
Flooded with 34 C water 
No pressure pulse applied 

(9-101-2) 

"Oxidic" Corium-E melted in argon 
Flooded with ~ 2 5 C water 
Pressure pulse from bridgewire 

(9-95-1) 
(a) 

Grid: 6.4 mm 
(b) 

Figure B-27 
Sample of oxidic Corium-E simulant which had been exposed 
to a bridgewire pulse after flooding. Note fine debris at 

right. Considerable fine debris remains on the filter paper. 



(9-95-1) 

(a) 2 milliseconds after the wire 
was exploded 

(b) 3.5 milliseconds after the wire 
was exploded 

(c) 5 milliseconds after the wire 
was exploded 

Figure B-28 
Flash X-ray images of molten "oxidic" Corium-E simulant which had been 
flooded with water and subjected to a pressure trans ient from an exploding 
wire 0.42 seconds afterward. Images recorded shown above. Rectangular 
image a t base of (a) i s the copper hearth, which in 5.8 cm across . Pointed 
rods are the arc e l e c t r o d e s . Debris from t h i s experiment i s Bhown in Fig. B-27. 

H t 
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These flash X-ray exposures were taken 2, 3.5, and 5 milliseconds 
after the application of the pressure transient to the water. 
Note the streamerlike nature of the sample images, particularly 
in the 3.5-millisecond exposure. For this particular experiment, 
extensive breakup of the melt was observed in all three images, 
recorded after the pressure peak produced by the interaction had 
occurred. 

In other experiments with oxidic Corium-E, the flash X-ray 
images indicated that breakup of the melt often can precede the 
major pressure pulse produced by the interaction. This is indicated 
in Figure B-29, which shows the oscilloscope trace of the transducer 
outputs from the six pressure-producing experiments (15-g melts) 
performed to date. At 2, 3.5, and 5 milliseconds, vertical arrows 
indicate when the three 18-nanosecond-long X-ray exposures were 
taken. The asterisks indicate the exposures in which significant 
breakup of the meslt was first observed. Note that in at least three of 
these experiments (9-100-1, 9-102-1, and 9-105-1), the breakup had 
already occurred several milliseconds before the major pressure pulse. 

The pressure pulses produced by the interaction of the oxidic 
Corium-E are summarized in Table B-IV. The largest magnitude pulses 
were obtained from the 15-g samples. The pressure pulses had peak 
magnitudes as large as 1.47 MPa and occurred at variable times ranging 
from 1 to 7 ms after the application of the bridgewire pulse. The oscillo
scope tracings obtained from the vigorous interaction, reproduced 
in Figure B-29, have been arranged in order of decreasing time interval 
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BRIDGEWIRE IS 
FIRED HERE 

INTERVAL 
(SEC) NO. 
0,£J29 9-92-2 

0,118 9-95-1 

0.396 9-96-1 

0.178 g-ioo-1 

0-138 9-102-1 

0.138 9-105-1 

Figure B-29 
Transducer records of pressure transients for 
various flooding - bridgewire intervals. Oxidic 
Corium-E simulant was flooded with w 25 C water. 
Arrows indicate times at which flash X-ray 
images were recorded. Asterisks indicate expo
sures in which breakup of melt was first observed. 



between the release of the sleeve and the application of the 
bridgewire pulse. It can je seen that the shorter this interval, 
the larger the pressure pulse that is reco.-Jed. This is shown 
more explicitly in Figure B-30, where the maximum pressure 
generated in the interaction is plotted as a function of the 
flooding to pulse application time interval. This interval has a 
IU»CL bouiiu at appi .̂ iiudi-.i, i isee Expci lment No. 9-101-2 in 
Table B-IV, where the flooding was still taking place when the 
bridgewire was fired and, as a result, no pressure pulse was effectively 
transmitted through the flowing water to th«: sample.) 

It can further be seen in Table B-IV that the maximum pressuri-
zation seems to be greatest when the delay time between the 
application of the bridgewire pulse and the recording of the 
interaction-generated pulse is the greatest. This is shown in 
Figure B-31, where the peak pressurization is plotted as a function 
of the tiiiie interval between the arrival of the interaction-generated 
pressure pulse and the bridgewire firing. 

The high-speed (3000 fps) photographs of the oxidic Corium-E 
interactions with water yield an unexpected result—the interactions 
seem to be two-stage. The sequence observed on the films is as 
follows: The sleeve rises and, after flooding is complete, a 
brightly luminous globule is seen to be in film boiling, with large, 
flat, irregular bubbles forming at its surface. A flash of light, 
caused by firing the bridgewire, appears in one frame and a frame 
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1.5 _ 

1.0 

2 0.5 

1 1 1 
"OXIDIC" CORtUM-E FLOODED WITH CA. 25°C HATER 
SAMPLE WEIGHT: 15.6 BM 

9-102-1 D 
9-105-1 D 

9-100-1 a 

9-92-2 
9-96-1 O D 

D 9-95-1 

J. 
100 200 300 400 

INTERVAL BETWEEN FLOODING AND APPLIED PRESSURE TRANSIENT IN MSEC 

500 

Figure B-30 
Maximum pressurization observed in Figure B-29, plotted against interval 
between the initiation of flooding (sleeve release) and application of 

the bridgeware pulse. Oxidic Corium-E simulant flooded with a 25° C water. 
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1 1 r 
"OXIDIC" CORIUH-E FLOODED WITH CA. 25°C WATER 
SAMPLE WEIGHT: 15.6 GH 

9-102-1 D 
9-105-1Q 

9-100-1 a 
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X 
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INTERNAL BETWEEN APPLIEO PRESSURE TRANSIENT AND INTERACTI0N-6ENERATED 
PRESSURE TRANSIENT IN MSEC 

Figure B-31 
Maximum pressur izat ion observed in Figure B-29, plot ted against the time which 

elapsed between the applicat ion of the bridgewire pulse and the in te rac t ion-
generated pressure pulse. Oxidic Corium-E simulant flooded with * 25° C water. 



or two later an abrupt motion of the water and bubbles is seen 
which is associated with the Shockwave produced by the bridgewire. 
One or two frames later there is a coarse fragmentation which 
projects luminous liquid droplets up from the hearth. Each droplet 
then seems to drift through the water, encased in a "bag" of water 
vapor as film boiling around the dcoplets continues. Five to 
twenty frames later, a violent second interaction occurs, which 
blanks out the viewing for the remainder of the film. The times 
observed in the films for the first and second events are identical, 
within the precision available, to the times of the small applied 
and large generated pressure transients observed on the oscilloscope 
records obtained from the pressure transducers. (The film from 
Experiment 9-100-1 shows the two-stage explosion particularly clearly.) 

B.5.2.3 Debris Analysis 

Debris was retrieved from the experimental chamber by siphoning 
it out as a slurry with repeated rinsings; afterward, the particulate 
is filtered from the water with gentle suction. The result was a 
collection of particles on a filter paper, as shown in Figure B-27b. 
The debris was washed, air-dried, and then weighed. The retrieval 
efficiency was not particularly high; usually, only about 10 g of 
the initial 15-g sample were usually retrieved. This is apparently 
not due to solubility of the material in water, since evaporation to 
dryness of the entire wash and siphoning water from several experiments 
indicated that only the order of 0.1 g of evaporable solids remained 
in the aqueous phase after the particle retrieval and filtering opera
tions. The reasons for the discrepancy are not understood at this time. 
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Scanning electron micrographs of the particulate debris, 
sampled as representatively as possible, are shown in Figure B-32, 
where the debris obtained from a mild interaction is shown in the 
upper photograph (9-96-1) while the debris from an energetic interaction 
is shown in the lower photograph (9-102-1). Note that in the 
upper photograph the majority of the material is associated with 
spheroidal morphologies, although there is a small amount of 
nonspheroidal material. In the lower photograph, however, the 
amount of spheroidal material has decreased significantly, and 
the nonspheroidal material has become much more plentiful. The 
nonspheroidal material will be referred to as "mossy." 

While doing the scanning electron microscopy, the question 
arose whether the pheroidal material might be formed from the 
original Corium-E and the nonsperoidal, "mossy," material from ar. 
impurity or other artifact. The instrument used was equipped with 
energy dispersive X-ray fluorescence capability. Within the 
precision of this technique, it was shown that the elemental 
compositions of both spheroids and mossy granules were identical. 

To compare various interactions, the debris retrieved from 
three separate experiments was dried and sifted ir a series of sieves 
with controlled openings. Each fraction was weighed. The results 
of these size fract onations are shown in Figure B-33, which is a 
histogram of the pe centages of material which remained on each sieve. 
It can be seen that, for the less energetic interactions, a large 
fraction of raateric.1 is in the large particle size range, while in 
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Debris from "Oxidic'' Corium-E Simulant / Water I nteractior 

bw flood 

9-96-

bw l flood 0.133 sec 

9-."":?-! 

I- < 
500 micrometers 

Figure B-32 
Scanning electron microscope photographs of as-retrieved debris 
from oxidic Corium-E simulant which exploded during interaction 
with -a 2 5° C water. Interaction-generated pressure pulse was 
of higher magnitude for lower image than for upper (see Fig. B-29). 
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Figure B-33. Histograms of percentage weights of sieved particles 
vs. sieve dimensions for oxidic Corium-K which 
exploded during interaction with a 25°C water. 
Note that as particle size distributions shift 

"-... toward smaller dimensions, interaction-generated 
pressure pulses become larger. 
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the more energetic interaction, most of the material lies in the 
small particle size range. An intermediate sample in which the 
distribution was more uniform is shown in the center histogram. 
The histograms should be compared to the corresponding peak 
pressure data points in Figures B-30 and B-31. 

Particle morphologies were studied with the scanning electron 
microscope for several of the individual sieve fractions; for 
example, 9-102-1. It was found that few of the finer particles 
(<75.pm) were spheroidal. The largest particles (>425 pm) were 
not spheroidal either, but rather large angular chunks, possibly 
unmelted or possibly portions of the sample refrozen before the 
interaction. This is shown in the sequence of scanning electron 
micrographs shown in Figure B-34. The spheroidal particles were 
found mostly in the size fractions intermediate between these extremes. 

B.5.2.4 Summary of Oxidic Corium-E Simulant/Water Experiments — The 
experiments with oxidic Corium-E made with 0 0 have shown the following: 

1. No pressure producing interaction has ever been 
observed when the material is flooded without 
the application of a pressure transient to the water 
phase. 

2. Extensive fragmentation occurs and pressure pulses 
are produced when the melt is flooded and shortly 
afterward subjected to a pressure transient. 
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(b) (c) 

Figure B-34 
Typical scanning electron micrographs of sieved debris from the interaction 
of Corium-E simulant {62.5 atom percent oxygen initially) which had been 
flooded with 22° C water and subjected to a bridgewire pulse 0.14 seconds 
later. All material in (a! passed through a sieve with 45 micrometer 
openings. Material in (b) passed through a sieve with 75 micrometer 
openings and was caught on one with 45 micrometer openings. Material in 
(c) passed through a sieve with 150 micrometer openings and was caught on 
one with 75 micrometer openings. Horizontal width of each photo is 
0.59 millimeters (Experiment 9-102-1.) 
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APPENDIX C 

DISCUSSION AND ANALYSES 

C.l Existing Fragmentation Theories 

In the classical explanation of vapor explosions, the hot liquid 
is fragmented extremely rapidly and mixed with the cold liquid. 
Because of the huge increase in available heat transfer area caused 
by the fragmentation, the cold liquid is then heated very rapidly 
to its vaporization temperature or beyond. If the overall system 
is configured such that the resulting pressure cannot be easily 
relieved by system motion, the pressure in the interaction region 
rises to some high value. This pressure rise stops either when 
the heat transfer ceases or when the pressure is high enough to 
cause sufficient material motion away from the interaction region. 
A crucial aspect in this explanation of vapor explosions is the 
source of the forces which cause the fragmentation. At present, 
there is no general agreement by the various investigators as to 
the sources. Instead, many different mechanisms have been proposed 
to explain the fragmentation and mixing process. Some of these are: 

el C2 
1. Entrapment (Long, 1957; Hess and Brondyke, 1969 ). 

Bere a small amount of cold liquid is trapped between 
a solid surface and the hot liquid. The entrapped 
cold liquid is rapidly heated. It suddenly expands 
rapidly, and this motion fragments the hot liquid. 



2. Violent Boiling (Swift and baker, 1965). This 
generally involves the triggering of a violent 
interaction due to the onset of transition boiling. 
This is a very unique point for a hot liquid/cold 
liquid pair. 

C4 
3. Coolant Encapsulation (Flory et al., 1969). 

Somehow liquid becomes entrapped within the interior 
of molten hot liquid and then suddenly vaporizes, 
thus fragmenting and mixing the hot liquid with the 
cold. 

C5 
4. Weber-Type Breakup (Hinze, 1948). During pouring 

into the cold liquid, the hot liquid becomes hydro-
dynamically unstable due to its relative velocity. 
This can cause the breakup of the hot liquid and 
mixing with the cold liquid. 

5. Solid Shell Model (Cronenberq et al., 1974). c 6 This 
model suggests that a frozen shell of the hot 
liquid forms, causing stresses to occur 
within the droplet, which then are released due to 
fragmentation of the shell; mixing follows. 

6. Bubble Collapse and Inward Jetting (Board et al., 1974). 
This mechanism proposes that a bubble will form at 
the interface between the hot and cold liquids, 
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and somehow collapse. The collapse of the bubble 
causes the formation of a jet of cold liquid which 
then penetrates into the bulk of the hot liquid, 
quickly vaporizes, and causes fragmentation 
and mixing of the hot liquid. 

eft Gas Release Model (M. Epstein, 1974). It has 
been proposed that, during cooling, the hot liquid 
might supersaturate with a gas (or gases) which 
may be present as impurities or otherwise introduced. 
The gas then spontaneously nucleates and causes 
bubbles to grow rapidly within the melt, causing it 
to fragment and mix with the cold liquid. 

C9 Acoustic Cavitation (Kazimiet al., 1976). Here, 
the hot liquid is subject to "the action of the 
boiling front, which induces pressure oscillations 
in the nterior of the hot liquid, causing lirge 
internal negative pressures. These negative pressures 
can cause the hot liquid to cavitate, fragment, 
and mix with the wr.ter. 

Spontaneous Nucleation of Coolant (Henry and Cho, 1973). 
If, upon contact, the instantaneous temperature 
achieved by the interface between the hot and cold 
liquids exceeds the temperature at which thj cold liquid 
spontaneously nucleates, high localized pressures caused 
by flash vaporization of the coolant will fragment the 
hot liquid. 



C.2 Application of Existing Fragmentation Theories to Current Data 

Each of the above-mentioned theories as well as similar related 
theories have been examined for possible application to the triggering 
data obtained in this work. Several of these can be rapidly eliminated 
from consideration for these data even though they may well explain 
other data. The entrapment explanation has been discarded from further 
consideration because the system was designed to avoid this 
mechanism and the flash X-ray images and final sample appearance 
support the noninvolvement of entrapment. Likewise, the possibility 
of Weber-type breakup from a pouring contact mode was intentionally 
avoided in the system design and there is no evidence that the 
fragmentation is driven by hydrodynamic instabilities except possibly 
in the latter stages or when minidetonators are used to produce the 
pressure transients. The solid shell model has also been eliminated 
as a probable explanation of the observed fragmentation. This was 
done because many of the fragments which are formed are spheroidal, 
indicating the fragmentation occurred while the hot liquid was still 
molten. 

The bubble collapse and coolant jetting mechanism was 
rejected as a viable explanation of the observed fragmentation 
because the voids which were formed when the samplos were not 
completely fragmented were not usually near the surface but 
instead were almost always formed deep in the interior of the sample. 
The coolant encapsulation mechanism was similarly rejected since there 
appeared to be no reasonable means to encapsulate the coolant deep in 



the sample. Spontaneous nucleation of coolant was dismissed as a 
probable explanation because, for reasonable assumptions of the thermal 
parameters of Corium-E, the instantaneous interface temperature was 
well above the critical temperature of the coolant, even after 
allowing for considerable cooling of the melt. Metastable coolant 
states are not possible for such high temperatures. Violent boiling 
was found to oe unimportant because the high-speed films indicated 
only a gentle, film boiling mode was occucring before artificial 
initiation of the fragmentation. 

The two theories which seem to be most likely involved in the 
observed fragmentation are the spontaneous gas release theory and 
the acoustic cavitation theory. Neither of these, however, is 
believed to be individually capable of explaining the observed 
triggering phenomena. Instead, a combined hypothesis has been 
formed which includes important elements from both the gas release 
theory and the cavitation theory. The gas release aspects seem 
involved because of the voids formed in the sample interior and 
the interaction coherency which can be achieved through metastable 
effects. The cavitation aspects appear to be involved because of the 
voids and the fact that the reactions do not initiate spontaneously. 

C.3 Impulse-Initiated Gas Release 

The combined hypothesis is referred to as the impulse-
initiated gas release (IIGR) theory of fragmentation. There are 
four basic steps to that theory, as follows: 



1. Achievement of a large quantity of gas contained in 
the melt. 

2. Achievement of supersaturation of that gas as the 
melt cools. 

3. Nucleation of the supersaturated gas as a result 
of the applied transient. 

4. Rapid bubble growth in the melt interior which 
causes fragmentation. 

There are at least three possible sources of dissolved gas 
within the melt. The first of these is the initial gas content of 
the sample before it is melted. Unless special precautions are 
taken to produce low gas content material, commercially available 
alloys frequently contain impurity gas concentrations large enough 
for the solid to be supersaturated with gas at ambient temperature. 
These gases are sometimes even introduced intentionally to produce 
certain strength characteristics. For the reactor case, fission 
gases contained in the fuel would also fall in this category of 
initially present gases. 

The second source of gas in the melt is the atmosphere 
in which the melting is performed. Even if the melt atmosphere 
is primarily nonsoluble gas, impurity gases will be present 
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to some extent, ; nd these gases can be dissolved in the melt during 
the melting process. Water vapor present in the melt atmosphere 
can also be a very good source of gas which can dissolve in 
in the melt. 

The third ga source is the quench liquid itself. If a delay 
period is experienced after contact is made between the hot and cold 
liquids and befor fragmentation, it is perhaps possible for 
gaseous forms of he quench liquid elements to be dissolved in the 
melt during this delay period. This is probably the least likely 
of the three sources discussed, since the diffusion process is 
usually not fast enough for significant quantities of gas to set into 
the melt. If convection is well developed in the molten sample, this 
argument would be invalid. 

Assuming that- the melt contains large concentrations of 
the dissolved gases, it is important to determine the possibility 
of achieving super saturation of these gases as the melt cools. 
This depends very leavily on what the gas and the material are, 
but frequently the solubility of gases increases with temperature. 
Consequently, if the molten material is saturated with a gas at 
the initial temperature of the melt, at least some portion of the 
melt will become tuper-saturated as the melt cools. If the sample 
is not initially saturated with the gas but the solubility is 
highly temperature dependent, supersaturation can still be achieved 
during cooling. 3: should be noted here that the gas can also 
diffuse out of the molten material during the cooling and freezing 
process. The sample will become supersaturated only if the 
diffusion process is slow compared with the cooling process. 



To illustrate how the gas solubility changes with temperature 
in a metal, reference is made to physical chemistry arguments in 
which it can be shown that the saturation gas concentration, C , 
in a metal can normally be expressed as 

log c s = | + e , (c-i) 

where o and B are constants (they can be positive or negative) related 
to free energy and entropy differences for chemical reactions of the 
system components. A given set of constants is usually only valid 
for a single pressure and a temperature range over which the host 
metal does not undergo any solid-solid or solid-liquid phase changes. 
When a phase change occurs, discontinuities appear in the solubility 
versus temperature curves but Eq. (C-l) is usually satisfied for a 
given phase. 

Assuming the melt is supersaturated with gaseous impurities 
upon cooling, the next step involves what happens to those gases 
as the sample freezes. It is possible that the sample simply freezes 
as a metastable gas-solid system. Chemical processes would tend to 
reduce the supersaturation over a period of time, but the diffusion rates 
are so extremely low in the solid material that achievement of 
equilibrium could take years. This metastable gas-solid system would 
be expected to form when no nucleation sites were available to the gas. 



C 8 Another possibility is the one considered by M. Epstein (1974) 

which involves a spontaneous nucleation of the dissolved gas. To 

understand this, a modified form of Eg. (C-l) which includes pressure 

dependence is employed. For a diatomic gas, the inclusion of pressure 

dependence yields Sievert's law, which can be written as 

log . 9 = % +6 (C-2) 
P x 

gas V*-
or recast as 

C s = ^ZZ Ae - IS , (C-3) gas " c RT 

which is the way Epstein expressed it. The constants a and 6 inEq. (C-2) 

are the same as in Eq. (C-l) and P „ a s is the partial pressure of the gas 

in atmospheres. For a given gas concentration and different 

temperatures, the "latent" pressure difference is easily calculated 

if all of the appropriate constants a and 6 are known. For the silver-

oxygen system Epstein considered, the "latent" pressure difference was 

approximately 10 MPa, as shown in Figure C-l, for a temperature 

difference of 500 K. Host of this latent pressure difference is due 

to the abrupt change in solubility at the melt transition itself. 

Similar calculations have been performed for other systems of interest 

to steam explosion triggering phenomena. The tin-oxygen (Figure C-2) 
Cll (Shiralkar, 1976) iron-nitrogen (Figure C-3) and iron-hydrogen 
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MOLECULAR OXYGEN PARTIAL PRESSURE (PIPA) 

Figure C-l 
Sievert's law relationships calculated for the 
silver-oxygen system (from M. Epstein, 1974) 

PRESSURE CMPA) 
Figure c-2 

Sievert's law relationships 
for the tin-oxygen system (from G. shiralkar, 1976) 
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Sievert'3 law relationships for the iron-nitrogen system 
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Sievert's law relationships for the iron-hydrogen system 
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(Figure C-4) systems yield only 1 to 10 MPa (10 to 100 bar) 
"latent" pressure differences upon solidification and cooling 
a few hundred degrees, indicating the system Epstein chose was 
not necessarily a completely representative system. 

In Epstein's hypothesis, the "latent" pressure difference 
must be large enough to overcome strong liquid cohesive forces to 
spontaneously nucleate a gas bubble. Although little is known 
about the strength of liquid cohesive forces for systems of interest, 
10 MPa pressures should satisfy this criterion but 10 MPa 
pressures might not. Thus, depending on the magnitude of the "latent" 
pressure produced by the rapid cooling, many supersaturated systems 
might not spontaneously nucleate but simply freeze as a metastable 
gas-3olid system. In order to overcome the limitations of Epstein's 
theory associated with spontaneous nucleation of bubbles in a high 
surface tension melt, aspects of the cavitation theory have also been 
invoked in the impulse initiated gas release hypothesis. Specifically, 
the fact that minor pressure perturbations might cause tensions inside 
the melt which are of sufficient magnitude to momentarily overcome 
the liquid cohesive forces and form voids was used. It was extended, 
however to include dissolved gas-driven growth of the cavitation-
products "voids". 

For the triggering experiments reported here, the pressure 
transient is applied rather than occurring naturally as a result of 
transition boiling or similar vapor film collapse mechanisms. The 
pulse is applied to the cold liquid and is assumed to travel toward 
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tne hot-liquid/cold-liquid interface and force vapor film collapse. 
The impact of the cold liquid onto the hot liquid then causes a 
compressive pressure pulse inside the hot liquid which reflects at 
the melt surface as a tension. This tension pulse and the latent 
pressure of the supersaturated gas are essentially additive and 
allow nucleation of gas bubbles by a cavitation-type process. The 
vapor pressure of the thus nucleated gas then drives the bubble growth 
inside the melt. Only small pressures are required for rapid bubble 
growth, even though large latent pressures are required for bubble 
nucleation. As a bubble grows, it is preceded by a compressive pressure 
pulse which can perhaps also participate in further nucleation 
processes within the acoustic transit time of the molten sample. The 
gas bubbles growing in the sample interior blow the sample apart and 
fragment it, perhaps aided by the relative motion generated between 
the two liquids which can cause further Weber type breakup. 

It should be noted that, for the impulse-initiated gas release 
theory, the controlling features of the fragmentation event are 
primarily associated with the hot liquid instead of with "the cold liquid 
at least when artificial triggers are used. When film collapse and 
cold liquid impact upon the hot liquid is natural because of transition 
boiling, the thermal parameters of the cold liquid are probably 
more important because they are involved with determining the Liedenfrost 
temperature, the point at which film boiling would cease. It should 
also be noted that if bubbles collapse near the surface of the melt, 
jets of coolant may not be driven into the melt but might only cause 
an impact pressure which initiates gas release. 
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For the hot liquids studied in this work, the gas solubilities 
have not been investigated in detail since we have no accurate 
measure of the time dependence of the hot liquid temperature, but 
we suspect that hydrogen is probably the primary gas inflating the 
aluminum samples; hydrogen and nitrogen are the big contributors in 
the steel studies; and superstoichiometric oxygen is the most likely 
candidate for the "oxidic" Corium-E simulant. 

If the impulse-initiated gas release mechanism described above is 
applicable to the steam explosion triggering situation, the following 
criteria should be satisfied. 

1. There should be a double time threshold for the 
interaction. At very early times, when the melt is 
very hot, the supersaturation will be low or 
nonexistent. At this point the pressure pulse 
cannot trigger bubble nucleation. (This short 
time threshold may be difficult to study in the 
flooding apparatus with briSgewire pulses, because 
a certain amount of water must flow over the sample 
before the pulse can be transmitted to the melt. 
The shortest time for transmitting a pulse is 
»0.1 second in this apparatus.) On the other 
hand, at very long times, the material will have 
frozen significantly and the pressure pulse again 
will not be able to nucleate bubbles. 
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2. If the gas release is indeed triggered by a reflected 
pressure transient, an impulse applied directly to 
the melt without passing through the water phase 
should be as effective in nucleating bubbles as 
if it were applied through the water phase. A 
possible approach to this might be to send a pressure 
pulse upward through the hearth into the sample. 

3. Materials with controlled gas contents should give 
degrees of fragmentation proportional to the gas 
concentration, once a critical threshold is exceeded. 

4. An increase in the overall system pressure should 
suppress the bubble nucleation and growth interactions 
in the melt. (Experiments are being planned with 
cover jas pressures up to 1 HPa.) It should be pointed 
out, however, that careful attention must be 
paid also to the modification of the boiling 
regime by increasing pressure, which could also 
affect the fragmentation phenomenon. 

C.4 Pressure Generation Event 

The impulse-initiated gas release mechanism does not seem to 
explain all aspects of the fragmentation and steam explosions that 
we have seen. Particular attention is drawn to the two-stage n _ure 
of the Corium-E/water interaction which is visible on many of the 



films of the explosions and appears on a number of the transducer 
records as well. The initial fragmentation event, postulated as 
being explained by the gas release mechanism, seems to be distinctly 
separate from the second-stage pressure-producing event since the 
amount of fragmentation is not necessarily extensive before the 
second stage occurs. Some small, slow risetime pressure pulses have 
been seen roughly coincid(=r»t with the fragmentation event, but the 
strong second-stage pressure pulses have always occurred at delays 
of several milliseconds from the triggering pulse and generally have 
tens of microseconds risetimes. 

As further support of the existence of two separate events, it 
should be recalled that there are two types ot particles observed in 
the debris analyses. Qualitatively, when the interaction is very 
vigorous, there are many small particles which are "mossy" in 
appearance, definitely not spheroidal. When the interaction is less 
violent, as in the case when the pressure transients are applied to 
the system' at later times, there is a large fraction of spheroidal 
material present, and much smaller amounts of the "mossy" material. 
It is tempting to assume that the spheroidal particles are formed 
in the initial stage of the interaction, and then further fragment 
to give the "mossy" fragments in the second, violent and pressure-
producing St. of the explosion. But it should be noted that two 
types of particles, spheroidal and shardlike, are also obseived 

Pi 2 when both a molten lead oxide-based glaze (Yasin, 1976) and a 
boric oxide-lead oxide melt (Arakeri et al., 1977) ate poured into 
water and shortly thereafter exposed to an exploding .vice pulse. In 
those experiments only small, immediate pressure pulses were produced. 
No large delayed pulses were recorded. 
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Because the risetime of the strong second-stage pulse is so 
short, it is very likely that another metastabili!-y is involved with 
the formation of that pulse. It could simply be a naturally initiated 
gas release, a metastability of some other kind involving the freezing 
transition from a supercooled state, or even a metastable superheating of 
the cold liquid. At this time i. sufficient evidence is available 
to do anything but speculate. Because of the coherence, however, the 
second stage does not appear to be explainable with a simple 
fragmentation, heat transfer, and steam generation step. 

C.5 Explosion Efficiency 

Although these experiments were not designed to produce highly 
efficient explosions (e.g., the hot-liquid/cold-liquid volumes are 
far from optional in that regard) and no instrumentation was provided 
to determine the efficiency of energy conversion in a relatively 
straightforward manner, it is interesting, nevertheless, to speculate 
on the thermal-to-mechanical energy conversion efficiencies which 
have been achieved. Using crude estimates of the Corium-E simulant 
thermal properties, a simple analysis based on achieving thermal 
equilibrium between equal volumes of the hot and cold liquids indicates 
that roughly 10 kilojoules of thermal energy would be available for 
producing steam. Not all of this would ultimately appear as work, of 
course. A simple underwater explosion scaling correlation which is 
based only on the peak pressure at a given distance indicates the 
occurrence of explosions involving approximately 5 joules of energy, 
similar to but leij than the energy discharged in the bridgewire firing. 
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A more exotic analysis based on the formation of a large steam 
bubble at a high pressure indicated approximately 4 kilojoules of 
energy would be required to generate a pressure pulse like those 
observed in the trigggering experiments. Finally, an audible sound 
evaluation indicated that the explosions were equivalent to the 
firing of a small detonator. The energy released in those are of 
the order of 100 ioules. Therefore, it is likely that the explosions 
produced were not highly efficient, but they could not be considered 
as total failures either. It was noted in at least one experiment 
(9-105-1) that th work table and interaction chamber visibly 
shook as a result of the explosion. 
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