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I. Introduction

Vapor explosions are explosive events resulting from the mixing of two
liquids, one of which is heated to a temperature well above the boiling point
of the second. Under some circumstances mixing of the liquids can boil
part of the lower boiling liquid so quickly that the expanding vapor
generates a strong pressure wave and explosion. If the lower boiling liquid
is water, as is frequently the case, the event i Bcalled a "steam explosion".

Many vapor explosions have occurred as the result of accidents in
industrial processes, including the nuclear industry. Steam explosions
have occurred following the contact between water and a great variety of hot
liquids, including molten metals (iron, aluminum, tin, etc.), molten salts,
liquid phosphorous, etc. The results have sometimes been severe enough to
damage massive equipment and cause serious or fatal injuries. (BN1)
Molten nuclear reactor fuel has caused damaging steam explosions.

Analyses in support of the K-Reactor Probabilistic Risk Assessment have
shown that steam explosions generated by the interaction of molten reactor
fuel with water contribute significantly to the risk of reactor operation at the
SRS. (WB1) This calculated risk incorporates a conservative treatment of
the uncertainties associated with such explosions.

Study of steam explosions involving molten reactor materials has been
included in the Severe Accident Analysis Program (SAAP) (MH1) in order
to obtain a better evaluation of their importance, and, if possible, to find

" ways to avoid them. This paper presents a brief review and summary of
steam explosion experience from literature accounts, along with the results
of experimental studies from the SAAP. It concludes with an evaluation of
current knowledge, and suggestions for future development.

II. Conceptual Models 0f a Steam Explosion.

A. Mixed System_

A model of steam explosions that is widely accepted for a large class of
explosions is shown by the sequence of conceptual drawings in Figure 1.
Figure la shows a hot dense liquid falling freely through a lighter, volatile
liquid. Tbe temperature of the hot liquid exceeds the temperature of
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transition to film boiling, so that a vapor film separates the two fluids. In
Figure lb viscous effects cause the hot liquid to separate into smaller
portions; this is the so-called premixing phase. Figure lc indicates the
sudden introduction of a triggering pressure pulse, here assumed to occur
when the hot melt contacts the bottom of the vessel containing the fluids. In
Figure ld this pulse has caused rapid, intimate mixing of the two fluids;
the vapor film has been broken down, and a quantity of superheated vapor
has been generated. The expansion of this vapor generates a shock wave

" that continues the mixing and vapor generation process as it advances, so
that it continuously builds its intensity. The result is an explosion driven by
the heat energy of the hot fluid (Figure le). This model has been described
in more detail by Fletcher and Anderson. (FA1)

This model has been assembled from a variety of sources, including small-
scale laboratory studies, debris examination, energetic measurements,
calculations, etc. As Taleyarkhan points out, it is now well accepted in the
literature, although many details are open to debate. (RT1) This is because
some of its bases are not very quantitative, and some details have not been
well characterized by experiment. In particular, the amount of premixing
occurring prior to the explosion is difficult to estimate, and may be very
poor; (FA1) triggering processes in many experiments have been poorly
characterized; and the expansion phase is extremely difficult to study in
any detail. Nonetheless, the model appears to fit the available experimental
data on vapor explosions. It leads directly to some qualitative conclusions
regarding steam explosions, including the following:

1. For heat to be transferred from the hot liquid to the cold during the brief
period of the explosion, the two fluids must be mixed on an intimate scale.
Heat transfer calculations for metal melts and water show that this mixing
must be on the scale of millimeters or below. Physical processes operating
during the premixing phase generally do not cause mixing on a scale less
than centimeters. Thus a triggering process causing intimate initial
mixing is required to initiate the explosion.

2. Because of the intimate mixing occurring during the explosion, the hot
phase is dispersed into relatively small particles. These will be cooled by the
rapid heat transfer that drives the explosion, and will be recovered as fine
solids.

3. Scale effects will be complex and geometry dependent. Each of the three
parts of the explosion, premixing, triggering, and expansion, depends on
scale and geometry, but this dependence is at best qualitatively known.

B. Strotified Systems

A second conceptual steam explosion process is shown in Figure 2. This is
the situation which may occur if the hot dense phase reaches the bottom of
the vessel and spreads out without freezing. The vessel now contains two
stratified liquid layers, separated by a vapor film. Under these
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circumstances a trigger wave at the interface can produce a mixing wave
that progresses over the surface, causing a kind of planar explosion.
(AAI_dk2,AB1) The energetics will be limited by the mixing depth, and can
vary considerably with the magnitude of the disturbance causing the initial
explosion. (AA1) If the first explosion is not too disruptive, and the hot
system is not frozen by it, further explosions can occur. Such behavior has
been experimentally observed. (GG1)

" The conclusions in the previous section concerning mixing scale, explosion
scale, etc., apply to this mode of explosion for the mixed region of the two
phases. This type of explosion is of greatest concern in the reactor case
when considering the consequences of flooding a molten system with water.

The practical difference between pour-type and stratified mode explosions
may not be too important; either is capable of generating a large, damaging
explosion under circumstances that favor such an explosion.

III. Experim_ntol Bo_es.

Corradini has recently reviewed the experimental literature on steam
explosions, (MC1) but his review does not cover the field of aluminttm-water
reactions in detail. That is the purpose of this section.

A. Aluminum-WoOer Experiments.

No experiments have been done involving melts in which the chemical
composition resembles actual fuel, with uranium and fission product
contents. The best available approximation is melts of aluminum or its
commercial alloys. It is reasonable to use pure aluminum as a stand-in for
fuel, because aluminum represents well over 90 mole % of the fuel, and is
largely responsible for its heat transfer and metallurgical properties. In
addition, the oxide layer for U-A1 alloy is very similar to that present on
pure aluminum so far as its reactivity and permeability are concerned.
(RR1) However, steam explosions are known to be sensitive to details of
composition, (NF1) and the presence of solid uranium aluminides in
molten fuel near the melting point makes the situation more complex.
These may affect the way in which the melt fragments in an explosion, or
the chemical reactivity of the small fragments. The data base of

• experiments with molten aluminum and water is extensive, as will be
shown; there have also been a number of experiments involving lithium-
aluminum alloys and water, which are pertinent to the interactions of
molten target and control rod material with water. (PC1,DA1,CG1,DA2)

• Extensive work has been performed within the aluminum industry on
explosive interactions between molten aluminum and water. Much of this
work was directed toward establishing the processes that trigger the steam
explosions. Typical experiments involved dropping 50 pounds of melt into a
limited amount of water, simulating conditions that might occur during an
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accident in the direct chill casting process. The ear!y work by Long at
ALCOA was the most comprehensive and established some primary
conditions favorable for steam explosion initiation. (GL1) These conditions
included: high melt temperature, low water temperature, large stream
size, (high rate of entry of material into the water), small volume of water,
and rusted or clean (non-oily) unpainted surfaces. Subsequent work at
ALCOA concentrated on the evaluation of the effectiveness of different
coatings in preventing steam explosions (HB1,HM1) A number of these

• experiments were triggered by the impact of a weight against the outside of
the container.

Following the lead of those mentioned above, Lemmon of Battelle Columbus
Laboratory performed a series of er,periments with 10 lb to 40 lb of molten
aluminum (AL1) Some of his tests involved no triggering of the explosion;
others were triggered by various arrangement of exploding charges. He
found that the use of high temperature melts (up to about 380 °C superheat)
enhanced the probability of triggering but did not guarantee it. He also
found, by means of high speed photography, that aluminum-water
reactions were initiated in times of the order of 1 millisecond.

Alexander et al. reported in 1982 the results of experiments involving
triggered interactions between various metals and water. (AC1) A large
portion of their work used aluminum. They were able to obtain semi-
quantitative information on the energetics of the reaction with the aid of
crushblocks. The experiments employed typically 2.5 kg of molten material
poured from a crucible into steel containers coated with RSG inhibiting
paint. Triggering was accomplished with explosive cord. The energy
released in a reaction was found to be proportional to the mass of melt, to
vary exponentially with the superheat of the melt, to increase greatly when
the water temperature was increased, and to be proportional to the depth of
water. Because of possible inaccuracies in the crushblock technique, these
trends must still be considered estimates.

The configuration of Alexander et al. was used by Page et al. to study steam
explosions with lithium-aluminum alloys. (PC1) They succeeded in
showing that the yield from an interaction involving Al-Li varied
exponentially with the Li content and that the length of explosive cord
required to trigger the interaction decreased with superheat. Several pours
were done without an external trigger, and no steam explosions occurred
in any of these.

The work in the aluminum industry has included some unpublished work
with lithium-aluminum alloys, which exploded readily and powerfully in
experiments with >25 lb of melt. These experiments were qualitative and
relatively few in number. (TWl, JJ 1)

The industry conducted many hundreds of these experiments, and obtained
dozens of explosions. In general, however, little was done to study
quantitatively the triggering or energetics of steam explosions. Results
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show an apparent randomness in initiating of explosions, even when the
conditions appear identical from one test to the next. However, trends
regarding the mode of addition of the melt and the surface properties of the
water vessel were identified. A few large explosions showed evidence of
chemical reactions in the form of light emission. This was
spectroscopically identified with Al0. (AL1)

• The aluminum industry association has also collected reports of actual
• plant accidents that appeared to involve steam explosions. Some have been

highly energetic and damaging. These cases show that large, very
energetic steam explosions can occur. Numerous accidents have also
occurred in which water was injected into aluminum melts, causing part
of the melt to be explosively ejected. (AA2)

• Experiments on the scale of a few kilograms have been performed by
investigators in the nuclear industry. This includes a couple of
experiments performed at the UKAEA Winfrith Laboratory, (FR1), six
experiments recently performed by Rightley and Beck at Sandia National
Laboratory. (RB1), and the experiments of Higgins. (HH1)

Rightley and Beck performed six tests with 2 to 10.3 kg of A1 with melt
superheats ranging from 67°C to 611°C. Four steam explosions were
observed. These occurred at the high end of the temperature range, and
three were judged to have involved substantial chemical energy. Two of
these were artifically triggered. The two tests at 670-77 ° superheat (one
triggered, one untriggered) did not involve steam explosions. In their
report, Rightley and Beck propose a superheat threshold of about 167 °C
below which chemical involvement will not occur.

Higgins reported in 1955 the results of pouring a one inch stream of 5
weight percent lithium-aluminum melt into a twelve inch diameter steel
pipe containing 9.5 inches of water. Steam explosions were not initiated in
nine untriggered tests. Four tests triggered with a blast.ing cap produced
violent reactions. Six triggered tests with molten aluminum did not result
in steam explosions.

• Small scale experiments, on the order of ten grams, have been performed
by L. S. Nelson at Sandia National Laboratory. These involved melt falling
into water and, in most cases, triggering by explosive shocks. These

" experiments have substantiated the potential importance of surfaces in
explosion triggering, (NEl) and have also shown that the energy required
for triggering can vary considerably with alloy composition. In one case a
massive chemical explosion was induced by triggering a droplet of
aluminum that had entered the water at a temperature of about 1500 ° C;
this was the only experiment in which chemical reaction was observed.
(ND2) The data obtained by Nelson on triggering pressures, explosive
yields, and debris sizes, are the best available, and are used below in
comparisons between experiment and theory. (ND2, NF2)
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• Briggs conducted experiments in which 10 to 20 kg of aluminum was
poured into a small vessel containing 15 to 20 cm of water. (AB1) The melt
temperature was about 800 ° C. Explosions ranging from moderate to
strong were observed in several experiments. These experiments were of
interest in that (1) the initiation of the explosions was observed by high

" speed photography; (2) The explosions generally did not occur until the
aluminum was partly in a stratified configuration, and seemed to be
triggered by interactions of small disturbances with the edge of the vessel;

" and (3) Bright light was seen in the two largest explosions, but only after the
melt and spray had been thrown into the air by the explosion. The
experimenters attribute this to ignition in air rather than interaction with
water.

• Tests of melting of U-A1 fuels were conducted in the SPERT reactor, using
plate fuel as well as short sections of SRS fuel. Melting was initiated by a
fast, intense nuclear transient sufficient to melt part of the fuel. The
behavior of the molten and residual material was then determined from
post-test examinations. With one exception, described below, no explosions
occurred. (ES 1)

• Morin melted unirradiated fuel in the presence of rapidly flowing steam,
and allowed the resulting melt to flow or be carried into water. No
explosions occurred. (MH2)

• Greene has poured aluminum into trays of water to measure spreading
and cooling effects. His work was done with kg or 10-kg batches of
aluminum, always poured through an orifice. The melt superheat was
less than 100°C. In about 70 tests no explosions occurred. In an extension
of this work the breakup of a coherent pour stream of aluminum in a deep
water tank was observed and characterized. Again, no explosion was
observed. (GG2) Similar experiments have recently been conducted at
Argonne National Laboratory. (DC1)

• An unusual and interesting experiment was conducted by the UKAEA to
attempt to model the SL-1 accident described in the following section. (WR1)
A 1/30 scale model of the reactor vessel was built, and aluminum foil inside
the vessel was suddenly melted in place by an electric discharge while
submerged in the water. An explosion was obtained which had very
similar properties to those of the SL-1 accident. Unfortunately, the

" condition of the debris from this test was not reported.

• A variety of experiments with lithium-aluminum alloy, ranging up to 1
kg in melt mass, were done in support of the K-Reactor restart. The molten
alloy, typically about 3% lithium by weight, was poured into water in the
bottom of an instrumented SRS septifoil housing. No steam explosions
occurred, although in some cases shocks were introduced by mechanisms
designed to resemble possible shock sources in the reactor. Pressure pulses
associated with boiling were measured; these were typically of the order of 1

5
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atm or less. (DA2,CG1) These results were used as a basis for postulating a
low probability of reactor damage as the result of control rod melting. (AH1)

B. N_clear Reactor Experience

There have been a considerable number of cases in which reactor fuel was
partially melted while in contact with coolant, but only a few of these have
resulted in explosive phenomena. The extent to which the Chernobyl

• accident can be considered a steam explosion remains controversial,
although the conditions prevailing in the reactor were favorable for such an
explosion: the fuel was melted in place by a reactivity transient, and there
was cold water present to interact with it. (AH2,IS1,FR2) (Although
Taleyarkhan (RT1) has suggested that melting in place ensures dispersion
of the melt in the water, the results of the other SPERT experiments and the
recent review by Ellison (EH1) show that the melt tends to form a coherent
mass. In the case of Chernobyl, which involved a fast power transient,
there were an ample supply of triggers in any case.) In the cases of the
BORAX, SPERT-1, and SL-1 incidents, it is much clearer that steam
explosions occurred and damaged the reactor core.

In each of these cases a small reactor fueled with enriched uranium-
aluminum alloy fuel underwent a reactivity transient severe enough to
melt some of the fuel. BORAX and SPERT-1 were controlled experiments,
and the latter was well instrumented. SL-1 appears to have been
deliberately mis-operated, and the debris was carefully studied in a search
for evidence of what happened. In each case an explosion occurred that
disrupted the core and ejected material, but the reactor vessel survived.

In the case of SPERT-1 the evidence for a steam explosion was very good.
Sensors showed that the reactivity transient had concluded a significant
time before the explosion. (MS1) No triggering event was sensed prior to the
explosion itself. Only a few per cent of the melted fuel was tbund to be
oxidized. (ES1) A very limited amount of chemical reaction was also
observed in the SL-1 accident, even though some of that fuel was heated
enough to vaporize it. (SM1) The vapor would be expected to burn in water
or steam, but any oxidation reaction evidently did not propagate to the

" remainder of the disrupted core. (BS1)

Ellison has studied the behavior of fuel that was locally overheated in SRS
reactors. (EH1) Blistering and cracking of cladding occurred, and with
further heating core material melted and was extruded through cladding
cracks. Swelling and foaming of this material was caused by volatile
fission products, and this helped extrude the core material out of the
cladding. Melt masses were small, and no explosions occurred in these
events.

C. Melt-Water Mixin_ (Premixin_)
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For melt falling through water, the amount of mixing will vary with the
velocity of entry, the stream diameter, and the depth. Greene's various
experiments have defined a number of cases. (GG1,GG2) Small amounts of
melt will tend to break up and freeze quickly. Larger pours in relatively
shallow water will go to the bottom and spread. The idealized dispersed
mass envisioned in many theories, as in Figure 1, will be encountered only
for moderate amounts of melt entering a deep vessel, and even in this case
it can only be a very approximate model. The premixing model has been
addressed in more detail by _ee and Frost, without however definitive
conclusions. (LF1)

How closely would any of these models be approached in a severe accident
in a SRS reactor? Inside the reactor, molten fuel would be expected to run
down inside the housing, or down the outside once the housing is
penetrated. If not quenched, it would then spread over the bottom of the
vessel. Melt penetrating the primary, cooling system would probably fall in
a stream to the -40 foot floor and spread out over this. In no case would the
mixing with water be very good. In-reactor melting experiments have
shown that even for a transient overpower melt the molten fuel tends to
move coherently. Good premixing would probably not occur in any case;
but explosions involving a portion of the molten material could occur.

D. Triggering Pr0_sses

Triggering of steam explosions has been attributed to a variety of factors,
including entrapment of water beneath a mass of melt, chemical reactions,
surface roughness, etc. Experiments have made it clear that triggering
can occur when the vapor film about the melt particles is condensed or
compressed so that the two fluids come into direct contact. Nelson's
experiments have shown that this requires a pressure pulse of
approximately 20 atmospheres (2MPa). (NF1) Once contact is established,
the resultant heat transfer and sudden steam generation p:oduce an
explosion involving the outer part of a 1 cm melt drop. In an ensemble of
droplets the same shock could produce this effect over the whole ensemble
in a time that is short compared to the time required for heat transfer and
steam generation; the result would be an explosion that would involve a

" large volume of material and could serve as an initiating shock over a still
larger volume.

" Note that the initial explosion involves only the outer part of a 1 cm drop. In
Nelson's single drop experiments he observed (using a high speed camera)
a sequence of pulsing explosions over a period of time (about 0.01 sec) as
melt not involved in the initial explosion interacts with water. (NF1) The
explosions were several milliseconds apart. The bulk of the drop continued
to fall, as evidenced by the center of the successive explosions. In some
cases the second explosion was much larger than the first. The original
steam bubble pulsed but did not collapse before the second explosion
occurred. The impression is that the droplet interacted by layers until it
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was complete; and the result of the first explosion was conditions favorable
for triggering subsequent explosions.

An interesting consequence of this observation is that only a fraction of the
heat of the droplet is involved in the initial explosion; the efficiency and

• magnitude of the initial explosion sre therefore much less than the
theoretical maximum. In a large explosion involving many drops only a
portion of the available heat might be involved in the principal explosive
process.

In Nelson's and other experiments triggering is accomplished through an
explosive discharge that produces a strong pressure wave. What processes
produce the spontaneous triggering that is seen in large untriggered
experiments? Greene in his study of Li-Al alloy (100 g) in water, attempted
to trigger explosions with various me_',hanical shocks without success.
(L4G2) He observed natural pressure pulses in his system, resulting from
the boiling and quenching process, of one atmosphere or more, but no
explosions. Anderson et al. observed amplification of a pressure wave and
explosion triggering in a partially stratified system at the point where the
wave contacted the vessel wall. (AA1) Similar observations were made by
Briggs. (AB1) It is well known that amplifications of shock waves can occur
locally by reflection at walls, and particularly at corners. It is plausible
that the very violent boiling that occurred in the aluminum industry
experiments, in which the melt to water ratio is very high, can produce
pressure pulses of several atmospheres, and that these can be amplified
locally through reflections. In Greene's large scale aluminum-water
experiments, in which no explosion occurred, there was a large excess of
water and there were no walls near the pour point; the melt-water interface
never reached a wall. (GG1) The aluminum industry experiments were
performed with a rectangular basin of water. It would be interesting to
repeat these experiments in a round-bottomed container, in which there
are no corner reflections.

Berman and Beck have noted that pressure alone may not be a sufficient
measure of trigger strength, and have suggested that pressure x impulse is
a better one. (BB1) They also noted that stronger triggers may in some

• cases cause stronger explosions. Nelson's data support the premise that
trigger pressure alone does not determine the effectiveness of a trigger in
setting off a steam explosion.

Another possibilitysometimes suggestedis that steam explosionsare
triggeredwhen wateristrappedby themelt.Numerous observation:_show
thatwaterentrapmentdoesnotnecessarilyhave thisresult.For ex::nple,
quenched debrisfrom pours of aluminum intowater typicallycontains
many voidsfrom entrapmentofwater,even though no explosionoccurred.
Slabs of aluminum from Greene'sexperimentsshow depressionson the
bottom from the entrapmentand vaporizationofwater,but therewere no
explosions.Anderson and Armstrong injectedwaterintoaluminum melts
withoutobtainingexplosions.(AA2) Water entrapmentisevidentlynot

9
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enough of an initiator to cause an explosion unless some second process
breaks down the steam layer.

An interesting set of experiments was performed by Nelson et al., who
induced steam explosions in droplets that had been allowed to fall onto
various horizontal surfaces. (NEl) The explosive trigger used was
marginal for producing explosions under these circumstances; the
overpressure at the melt droplet was about 2 MPa. The geometry of this

• experiment is shown in Figure 3. The experimenters found that explosivity
increased qualitatively with the wettability of the surface, with no
explosions occurring on a water-repellent Grafoil surface, and vigorous
explosions occurring on oxidized steel or copper. They postulated that a
layer of trapped water underneath the drop was responsible for the
explosion: the pressure wave forces the droplet to contact this water.

This explanation seems unlikely in that it requires an appreciable amount
of water to remain in place for some period of time before the shock wave
reaches the drop. An alternative is suggested by the scheme shown in
Figures 4 and 5. The point of highest local pressure as the shock wace
approaches the droplet will be at the interface with the horizontal surface
where the shock is reflected. The molten aluminum will not wet most
surfaces, so the nature of the interface will be as shown in the two cases.
In the case of the wetted surface, the shock moving through the water
phase will be reflected in the water right up to and even underneath the
aluminum droplet. This could produce a higher local pressure and cause
direct melt-water contact at this interface.

An interesting speculation, for which there is only circumstantial
evidence, is that chemical reaction may be a trigger for steam explosions.
In the following section it is pointed out that certain aluminum alloys can
ignite spontaneously in water at high melt temperatures. However, the
aluminum-water reaction adds to the gas layer between melt and water, so
unless it produces a sudden strong pressure pulse it would not be a good
trigger. One possible way in which chemical reaction might act as a
trigger is by producing hydrogen. If air has been entrapped in the melt
during its fall, there is the possibility of a local hydrogen ignition that might

" initiate an explosion. This is a speculative idea, as there is no direct
evidence for such an occurrence.

Another reaction must be considered: oxidized iron surfaces are known to
be favorable for triggering spontaneous aluminum-water explosions, (GL1)
and iron oxides react exothermically with aluminum. (WL1, BS1) In most
cases in which such explosions occurred, there is no evidence that there
was substantial chemical reaction during the explosion, so that any
chemical reaction was quite localized. Also, rough surfaces that do not
react chemically with aluminum were found to be favorable for initiating
explosions. (GL1) Thus while chemical reactions can't be ruled out as
triggers, they are not the prime suspects in most cases.

10
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The conclusion of the above is that generally a steam explosion trigger will
be a pressure wave, amplified perhaps by reflection from a surface. It
follows that to decrease the likelihood of triggering, reflections should be
minimized, as should the wetting of the surface. The Tarset_ paints used
in the aluminum industry address the latter aspect.

d

E. Chemical Reoction

" Aluminum reactswithwater as follows:

2Al+ 3H20 => A1203+ 3 H2

In most cases thischemicalreactionbetween aluminum and water is
insignificant,even in substantialsteam explosionsinwhich largeareasof
fresh aluminum surfaceare generated. This resultsfrom the rapid
coolingofsmallaluminum particlesin contactwith water,and the rapid
formationof a protectiveoxidelayer on the surfaceof the aluminum
droplet.Nonetheless,finelydividedaluminum, ifignited,burns brightlyin
airorsteam,and itisused as a pyrotechnicmaterialinflaresand similar
devices,and alsoas an additivetohighexplosives.Thereisample evidence
that such burning can alsooccurin steam explosions,especiallyifthe
aluminum isata temperatureof1000°C ormore.

The aluminum oxidelayerthatinhibitschemicalreactionisevidentlyvery
importantin determiningthe chemicalinvolvementin aluminum-water
explosions.At hightemperaturesthe oxidelayerformed spontaneouslyin
steam is about 200 A in thickness.Initiallyamorphous,the oxidelayer
crystallizesas itgrows toitsfullthickness.(BG1) Epsteinhas proposed
that steam explosionsinvolvingsignificantamounts of aluminum-water
reactioncan occurbecausethe oxidationofaluminum isfastcompared to
thecrystallizationtimeoftheoxideproduct,sothatrapidchemicalreaction
can occur.(ME1) This oxidelayerhas considerablestrength;unpublished
meltingstudiesperformedby P. R. Monson at SRS have shown the oxide
layerretainingitsintegrityaboutmoltenone-inchcouponsofaluminum or
uranium-aluminum fuel,even though the molten metal has sagged and
deformed.An interestingobservationisthatathighertemperatures,above

" 1050° C, Al203 in contactwith Al metal isunstablewith respectto the
volatilespeciesAl20 and AIO;(RR1)itisatthesetemperaturesthatsteam

• explosionswith chemicalreactionbecome much more probable.(RB1)
Baker and Simms have speculatedthattheformationofthesuboxidesmay
be a reasonforthedelayedignitionofaluminum at1600°C.(BS1)

The availabledata on aluminum-water and aluminum-airreactionshave
recentlybeen reviewedby Baker and Simms. (BS1) The ignitionpointfor
largerquantitiesof materialis reportedas about 1750° C forcre-size
particles,although delayed ignitionoccurredat temperatures down to
1600°C.The burning processmay involveburning of aluminum vapor.
_BI)

II
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Reaction of steam with a fresh aluminum surface in the temperature
range of 800 ° to 1200°C has been quantitatively measured. The reaction rate
initially follows a curve as follows: (LBl)

W3 = 4 x 109 t e-(73500/RT)
d

where t is time in rain, T absolute temperature, R the gas constant (1.987
. cal/mole °K), and W is the reaction rate in mg/cm 2. After 2.3 mg/cm2 has

reacted, the reaction rate is fitted by the equation

W = 2.5 x 108 t e(73500/RT).

Experiments have been performed in which small pieces of aluminum
were ignited under water through laser heating. Burning time for a 0.36
mm A1 particle in water was about 213 msec. (LM1) This particle size is on
the upper end of particle sizes encountered in steam explosions, but this is
a very long burning time. Material velocities in steam explosions typically
reach hundreds of meters per second, so that the system is dispersed in a
few milliseconds.

In actual steam explosions, chemical reaction of the Al with water,
inferred from fast spectral measurements of A1 emissions in an apparent
hot flame, is ignited on a time scale of 10-4 seconds. The flame temperature
is 3500 ° to 3600°K. The steam volume around the reacting area was
observed to expand by tens of cm in 1 msec. (AL1)

The presence of alloying materials, as for example the 1% of magnesium
present in 6061 alloy, can affect aluminum ignition. Nelson et al. observed
transient ignition in small droplets of this alloy in water at 1000 ° C. (NEl)
Hyder observed ignition of a small pellet of uranium-aluminum alloy at
about 1500°C. (MH2) The emission of bright white light has been observed
in steam explosion experiments at much lower temperatures; it was
spectroscopically identified as an A10 emission spectrum, corresponding to
chemical reaction and a very high temperature. (AL1) Rightley and Beck
observed extremely violent steam explosions with light emission at

. temperatures above 1000 ° C, and concluded that chemical energy was the
dominant source of energy. Some of these experiments, including the only
experiment that was not artificially triggered, were performed with the

. more reactive 6061 alloy, and it is possible that the chemical reaction could
have triggered the explosion. (RB1)

Addition of lithium to aluminum has been found to increase the energetics
of molten metal-water explosions; this increased energy is attributed to the
chemical reaction of lithium and aluminum. (PC1) Nelson has found that
significant lithium-water reaction can occur in the quenching of lithium-
aluminum melts, even without the fine subdivision associated with a steam
explosion. The amount of reaction was fairly reproducible as a function of
temperature. At temperatures to 1000°C, ignition did not occur despite
significant amounts of chemical reaction. (ND3, DA1) Nelson saw no
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explosions in untriggered experiments at the 10 g level, and Page et al.
found it necessary to use a trigger explosion to initiate steam explosions in
1-kg masses of Al-Li alloy• (PC 1)

Any hydrogen generated by chemical reaction may also contribute to the net
• explosive energy through its own oxidation. Hydrogen generated by a

steam explosion with chemical reaction is likely to deflagrate as soon as it
encounters air; it may be hot, and there will be plenty of hot metal
fragmentspresenttocauseignition.

Chemical reactionhas alsobeen observedin vapor explosionsinvolving
othermaterials.FITS testsquantifiedthegenerationofhydrogeniniron-
water steam explosions.(BM1) Hydrogen was alsoobservedinironoxide-
watersystems.(ND 1)

F. Exolosion Efficiency

The efficiency of steam explosions is of great interest and has sometimes
been the stuff of controversy. The efficiency is here defined as the
conversion of heat energy to mechanical work, further broken down as
follows:

Ef = (Wk + Wp) / (Qm ° - Qmf)

Where Ef is efficiency, Wk is the kinetic energy of exploding material, Wp is
the work done in compressing gas, Qm ° is the heat content of the melt, _nd
Qmf is the final heat content of the formerly molten material once it has
cooled to ambient conditions. It is apparent that in an open system Wp
must go to zero as no overpressure will remain at the end of the event. The
expanding gas therefore does work only to the extent that it is able to create
kinetic energy in other materials. This will be higher in a tamped system
like a gun barrel or the pipe used by Rightley and Beck in one of their
experiments. (RB 1)

Calculated efficiencies using idealized conditions can range to 40% or
more. (MC1) Real efficiencies are usually of the order of a few per cent or
less. (FA5,AH2,NF1) Some of the differences can be accounted for
straightforwardly in thermodynamic terms: by including the response of
fluids surrounding the exploding mixture, Hall has shown that efficiencies
of a few per cent are obtained, in good agreement with Winfrith
experiments. (AH2) If some of the melt is not involved effectively in the
explosion, the efficiency would be even less. Of course, in experiments in
which chemical energy is added to the system, the _pp_rent efficiency
calculated by this equation without explicity considering the chemical
energy can be very high, even exceeding 100%. (RB1)

Efficiencies are further considered in the illustrative calculations section
below.
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G. Scale Effects

The effect of increasing mass on the probability and consequences of a
steam explosion is a matter of great interest. For reactor accidents in
which much of the core melts and relocates, there is a possibility of steam

- explosions involving many kg of material. Such explosions could do great
damage, either through blast or by generating missiles. Evaluation of the
likelihood of such explosions and their consequences involves

" considerations both of probability and of the scaling of the blast with melt
mass.

There is clearly a scale effect on the probability of triggering a steam
explosion. For molten aluminum falling through water, Nelson has shown
that with tens of grams of aluminum, natural triggering rarely or never
occurs. On the 1-kg level, even with lithium present, the available data
indicate that spontaneous triggering of a steam explosion is still a rare
event. The aluminum industry experiments have shown that spontaneous
triggering is more likely for tens of kilograms of melt falling into a confined
volume. One of the Sandia tests of about 7 kg apparently self-triggered.
Greene's experimental data previously cited suggest that self-triggering at
these scales is less likely in a less confined volume. Above the level of 25 kg
of melt, the data base is sparse, and consists largely of diagnostic studies of
industrial accidents. Nonetheless, from the work in the aluminum
industry, it is clear that for such large masses there is a substantial
probability of spontaneous triggering.

The effect of melt mass on explosive energy is less well defined. The
accepted steam explosion model assumes good mixing of melt and water,
and this is less and less likely as the melt mass increases. This effect
might decrease the explosive yield per kg of melt. On the other hand,
Berman and Beck (BB1) have modeled steam explosions by analogy with
chemical explosions, and predicted that maximum propagation rates and
energy releases require large mixed volumes on the scale of meters in size.
This is likely to remain a speculative premise, as the experiments that
might confirm or refute it would be very difficult and expensive. In
addition, few real systems would reach this magnitude.

IV. Modeling and Calculation

A. Steam Exvlosion Models.

Numerical modeling of steam explosions has been attempted in order to
gain insights into the processes occurring in the explosions, and to predict
explosion efficiencies. Such models can be extremely complex. A rigorous
model would have to keep track of heat transfer, phase changes, and
momenta for a system consisting of at least three different phases which
are being blown apart at different rates. (The velocity of a shock wave in the
liquid phases is much higher than its velocity in steam.) Despite these
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demanding requirements, several numerical models of steam explosion
phenomena have been attempted. The status of these efforts is contained in
a recent review by Fletcher and Anderson. (FA1). These authors
emphasize the difficulties in this process, noting in their summary that:

- "We note that many of the physical features of a vapour explosion are not
well understood and conclude that the current generation of mathematical
models do not address many of the complexities of a real explosion."

In the body of the review the authors identify some of these complexities:
the first is that the premixing process as described in the first part of this
document generally is absent or at most incomplete in real explosions; the
second is that little consideration has been given to modeling explosions in
the stratified mode; another is that temperature gradients exist throughout
the system and are very hard to quantify. All these points are cogent, and
make quantitative modeling of a steam explosion very difficult. Still, it is
useful to undertake numerical modeling of explosions to gain
understanding of how various factors affect the steam explosion process.
Several recent efforts are described in the following section.

An alternative sort of modeling was proposed by Berman and Beck (BB1)
who treat steam explosions in terms of chemical explosion theory and
found numerous analogies. They have suggested alternative modeling
methods which appear to be unexplored, so far.

B. Computer Models.

Several computer models have been developed; this discussion covers the
most recent. In general these models assume that a sufficient trigger
occurs after melt has entered water; the triggering process itself is not
modeled. Additionally, they are in general models for distributions of melt
in water rather than for stratified systems.

Corradini and his co-workers have developed a steam explosion model
which has been used to analyze steam explosions in SRS reactors. It is an
extension of a previously published model. (OC1) A description of the

" model and its operation is here excerpted from its code manual. (CB1)

"This is a computer simulation model for predicting the behavior of a
large scale vapor explosion within the open system. The system consists
of five different constituents: (1) initially molten fuel, (2) fragmented fuel
with a final debris size, (3) vapor coolant interacting with a coolant
liquid, (4) (missing in the manual), (5) a coolant slug above the explosion
zone.

"The code -- starts by using an assumed value of the global
fragmentation time --. This time determines the fuel fragmentation size
based on complete fragment quenching and the transient heat
conduction theory--.
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"Then the codecalculatesthethermalpropertiesand theinitialsurface
temperatureofthefuel.Againthecodecallsthesubroutine--togetthe
specificvolume ofvaporcoolant.The initialmass,energy,and volume
ofeach component iscalculatedand theinitialvoidfraction,theinitial

• positionofslug,and theinitialthermalpenetrationdepthoftheliquid
coolantare calculated.The totalmass and the energytobe conserved
duringthe calculationarecalculatedatthe same time."

Provisionismade fortestingand adjustingofparametersbased on hand
calculationsor experimentaldata.The Corradinicodehas been compared
to data from the Sandia EXO-FITS experimentalseries. Qualitative
agreement with trends was observed.

Theofanous and his co-workers have developed a model for predicting the
effects of a steam explosion within a LWR reactor vessel. Their model
treats premixing using the K-FIX computer code. Two-fluid calculations
are done to obtain qualitative results for a corium-water system. (AT1)
Calculations of the resulting explosions were done parametrically
assuming various explosion volumes and magnitudes, and
thermodynamically ideal energy conversion. (AT2) It is recognized that the
latter may give high values, but the purpose of the study was to calculate
conservative values of the stress imposed on a reactor vessel by an internal
explosion. This treatment has proven unusually controversial, and gave
rise to a heated correspondence regarding its validity.
(MB1,MC2,BM2,TT1)

The IFCI computer code, developed at Sandia National Laboratory, (MY1)
is similar to the Corradini model in attempting to account for heat and
momentum in the several phases. It is based on the MELPROG code,
which is designed to calculate the events occurring during core melting in
a LWR. MELPROG contains a phase change model, a heat transfer and
boiling model, a water equation of state, and elaborate flow models. IFCI
has added to this extensions that include fuel fragmentation, and a
convection model for melt surface area. It also extends the equation of state
into the supercritical region, and describes the interactions of molten fuel
with the other constituents of the system. The author found that this model
gave a good comparison with mixing phenomena occurring in non-
explosive FITS tests at Sandia. However, the boiling model obtained from
MELPROG did not correspond well to the observed FCI phenomena. The
published version of IFCI appears, therefore, to be incomplete for
describing FCI phenomena in detail.

Abdel-Khalik and his co-workers have extended the K-FIX code to three
dimensions to model the course of steam explosions. (FA2,FA3) In their
treatment the processes occurring at the beginning of an explosion are not
modeled, but the initial explosion parameters are specified, and the
subsequent course of the explosion is then calculated. The results can be
used with structural response codes to predict the effects of an explosion on
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surroundingbuildingsand equipment• A sample calculationhas been
made to predictthe courseofan explosionon the floorofa SRS reactor.
(FA4)

C. Illustrative Calculations

a. Introduction

• In this section a number of scoping calculations on individual aspects of
heat transfer, chemical reaction, etc., are made and compared to values
obtained from experiments in the literature. The purpose of these
calculations is to gain a quantitative understanding of phenomena
occurring in a steam explosion. The results are used in the following
section to interpret some of the recent experiments performed under the
Severe Accident Analysis Program. The assumption is again made that
SRP fuels, which contain a few mole % uranium, can be approximated by
pure aluminum.

b. Dpta an_] Experimental Results

The following physical constants are used in the calculations in this
section:
Specific heat of water: 1.0 cal/g °K (HC1)
Density of water: 1.0 kg/liter (HC1)
Specific heat of aluminum: 0.215 cal/g °K (MH3)
Density of aluminum: 2.70 kg/liter (HC1)
Heat of fusion of aluminum: 94.5 cal/g (MH3)
Heat of vaporization of water: 540 caYg (HC1)
Heat of reaction (AF°) of water with aluminum: 103.35 kcal/mole A1 or 3.83
kcal/g Al at 25°C, 104.9 kcal/mole Al or 3.89 kcal/g Al at 100°C. (WL1)
Thermal conductivity of water, 100°C: 0.0016 cal/cm sec °K (BS2)
Thermal conductivity of aluminum, 700°C: 0.247 cal/cm sec °K (BS2)

c. Calculations of Heat Transfer

The following calculations assume that a steam explosion is the result of
" direct thermal contact between melt and water. This premise is not

universally accepted; for example, the Corradini model presumes that heat
transfer can occur through rapid heating of steam by dispersed particles.
However, as the direct contact premise lends itself to calculation and gives
interesting correlations with experimental data, it is adopted here. The
purpose of the calcuation is to compare the implications of heat transfer
calculations for particle size with size distributions actually observed. They
are found to be consistent.

The time scale for heat transfer from melt to water can be estimated from
experimental observation. Makino and Michiyoshi conducted experiments
on the nucleation of steam bubbles following contact between water and a
heated surface. (MM1) Their results, extrapolated, would indicate that
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steam formation will occur within 10-4 sec or less following contact. Steam
formation would therefore occur within this short time and would separate
melt and liquid water. This is consistent with high speed motion pictures
such as those made by Nelson, which show that the initiation of steam
explosions appears to occur in much less than a millisecond. (LN1)

i

Observation of explosions shows a similar time scale. Water and
fragments typically are blown apart at rates of hundreds of meters per
second. As the initial scale of the system is typically of the order of tens of
cre, the maximum time of contact for effective heat transfer is less than a
millisecond. This requires intimate mixing on a very small scale, as
shown by the following calculation.

Note first that if it is assumed that the aluminum and water phases are in
good thermal contact, heat transfer is limited by the heat flow through the
water phase. As the data in the previous section show, the heat transfer by
conduction through liquid aluminum is more than two orders of.
magnitude faster than through water. Thus to a first approximation the
aluminum can be assumed to be at a uniform temperature throughout, and
water offers the principal resistance to heat flow.

The heat available to the water during the period of intimate contact can be
calculated on the basis of the contact time. Equilibrium is not reached, but
the thermal conductivity equation can be used to estimate heat flows (and
therefore superheating) as a function of distance from the liquid metal
surface.

The equation for heat flow from a hot surface across a given thickness (y) of
a medium to a colder area is given by the following equation:

Q=KAt AW/y

Where Q is heat in calories, K is the thermal conductivity of the medium, A
is the area of the surface, t is time in seconds, AT is the temperature
differential across the medium in Kelvin degrees, and y is the thickness.

This calculation is applied to calculate the heat flowing through water in
contact with a flat surface of melt on unit area at various distances from the
melt surface. It is assumed that the two liquids remain in contact for 0.1
milliseconds before being separated by steam formation. In the above
equation, K = 0.0016 cal/cm sec °K, t = 10-4 sec, A is taken to be 1 cm 2, and
AT is typically 600°K (corresponding to 700°C at the metal-water interface).
The results are shown in the following table. (Note that this is an
approximate calculation, which does not take into account the rapid change
of temperature through the water layer. More rigorous calculations are
planned. However, it was felt that these simple calculations would help the
reader understand the constraints placed on the system by heat transfer
limitations.)
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Water thickness, cm Heat flow, cal Heat, cal/cm 3

0.0001 0.96 9600
0.0003 0.32 1070
0.0005 _.192 384
0.001 0.096 96
0.01 3.0096 0.96
0.I 0.0O096 0.0O96

From these values, and the specific heat and density of water, it can be seen
that the water within a few micrometers of the metal surface comes to near
thermal equilibrium with the metal during this time, and is strongly
superheated. (Any effects that superheating may have on the flow of heat
are, of course, neglected in thi- illustrative calculation.) lt is interesting to
compare these calculations _v,_h the observed heat transfer rates of 107
W/m 2 measured by Makino and Michiyoshi at a AT of 260 ° K. (MM1) The
heat flow at 0.001 cm calculated above is about 4 x 107 W/m 2. This
comparison suggests that the sort of calculation done here is reasonable.

The heat flow just calculated is sufficient to vaporize all the water in contact
with the metal surface to a distance of around 5 micrometers. This is a
fairly trivial amount of steam production for massive metal, because the
contact surface is limited, but steam production is much greater should the
metal be broken up into very small drops that are intimately mixed with
water. For drops smaller than a millimeter in size, the heat flow into a
layer 0.0005 cm thick can be a substantial part of the heat content of the
drop, as indicated in the following table. Once again a metal temperature
(and contact temperature) of 700°C and a contact time of 0.0001 seconds are

J assumed. (The table is calculated on the basis of a constant melt
temperature, and the decrease of heat flow with decreasing melt
temperature is ignored. The actual contact temperature will be somewhat
below the melt temperature. These factors could be corrected in a rigorous
calculation, but for illustration the approximations made are close
enough.)

Drop Diameter Heat Content Heat Flow to Water, cal
cm cal (0.0005 cm water thickness)

. 0.002 2.53 x 10-6 2.41 x 10-6
0.02 2.53 x 10-3 2.41 x 10-4
0.06 6.83 x 10-2 2.17 x 10-3
0.2 2.53 2.41 x 10-2

This table shows that most heat is lost from drops 20 micrometers in
radius, as might be expected; but for drops 0.6 mm in diameter, only
around 3% of the heat is transferred to the water during the contact time
considered. These calculations help define conditions necessary for a
damaging steam explosion: contact between the metal and the water must
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be on the scale of 0.02 eta, or smaller, for a major fraction of the heat to be
converted efficiently into steam, and thus into mechanical energy.

These results can be compared with the results obtained by Nelson on the
particles sizes of aluminum fragments from steam explosions. (Figure 6)
(NF1) The mass median size was slightly over 0.04 cm; more than 90% was
larger than 0.01 cre, and only a few per cent exceeded 0.1 cm. The breakup
into droplets of sub-mm size, which the above calculations suggest is
required for a steam explosion to occur, clearly is occurring in the course of
the initial contact between melt and water. The implications of this will be
discussed later.

d. Steam Explosion Efficiencies and Their Implications

As discussed previously, although ideal calculations have suggested that as
much as 40% of the heat energy of the melt undergoing a steam explosion
might be converted to work, investigators have found that steam explosions
are generally much less than 10% efficient. This value, in connection with
other information, tells something about steam explosion mechanisms,
and about the expansion phase of the explosion.

Consider, for example, the system described in Reference (AL1).
Approximately 20 kg of metal at 800°C is dropped into 55 kg of water at
ambient temperature. The available thermal energy for vaporizing water is
the heat given off by the aluminum in cooling from 800 ° to 100 °, which is
2.05 x 107 Joules. If the explosion is 20% efficient, the kinetic energy of the
system is 4.10 x 106 Joules. Assuming that the whole system is accelerated,
the average velocity of the components can be calculated from

V = (2E/M)O.5 = (8.20 x 106 / 75)o.5 = 331 m/sec.

For an explosion that is 10% efficient, the corresponding velocity is about
234 m/sec. Velocities of this magnitude are in fact observed in steam
explosions, although they may involve only a portion of the water-steam
mixture. Note that the aluminum industry experiments are likely to show
relatively high efficiencies, because they are done in a steel box which can
have a tamping effect.

e. Chemical Reaction of Aluminum and Water

As previously indicated, there is experimental evidence of rapid reaction
(burning) of A1 by water on a time scale of 10 -4 to 10 -3 seconds. This is
partially substantiated by recovery of aluminum oxide following the
experiment, although some or most of this may be the result of oxidation of
hot aluminum particles by air during the explosion. There is, in fact, good
evidence that only aluminum-air burning occurred in some explosions
where the characteristic bright light of a violent explosion was observed.
(AB1) However, Nelsoi_'s experiment, in which aluminum ignition
occurred in an artificially triggered small drop explosion, makes it clear
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that aluminum-water chemical reaction can occur during a steam
explosion. (ND2) The reaction adds to the violence of the explosion by
generating both heat and hydrogen gas. Nelson's experiment is the only
well-controlled experiment in which ignition was observed during a steam
explosion, and his results are important for interpretation.

An estimate of the energy released by burning can be made from the
previously cited studies (LM1) in which aluminum particles 0.36 mm in
diameter burned to completion underwater in 213 msec. If it is assumed
that burning is linear, i. e. that the reaction proceeds inward at a constant
rate, then this rate is about 8.5 x 10-4 mm/msec. From this the fraction of
aluminum reacted may be calculated for various small drop sizes as
follows:

Drop Diameter V Reacted V Reacted Fraction Fraction
cm 0.1 msec 1 msec Reacted Reacted

cubiccm cubiccm 0.1 msec 1 msec
0.04 4.27E-08 4.27E-07 0.001 275 0.01275
0.02 1.07E-08 1.07E-07 0.00255 0.0255
0.01 2.67E-09 2.67E-08 0.0051 0.051

0.005 6.68E-10 6.68E-09 0.0102 0.102

Nelson's data (ND2) showed that .04 cm was a typical drop size in a steam
explosion, but they suggested that in an explosion with chemical reaction
the small drops may have been burned preferentially. (Figure 6) This is in
accordance with the above calculation. The fraction of these drops that will
burn is much higher. (In actuality, the burning rate is probably not linear,
so this sort of calculation should only be regarded as illustrative of the
trend.)

The energy produced by burning may be compared with the energy content
of the aluminum. This is defined as the heat required to raise the
aluminum from 100°C to the temperature of the melt, and includes the heat
of fusion. It is the heat available to boil water. At ll00°C the heat content of
the melt, as calculated from the data previously given, is approximately
1312 Joules per gram of aluminum. The heat of reaction of the aluminum
at this temperature is about 596,000 Joules per mole, on the basis of the
values in Latimer's book. (WL1) The following table compares the heat
available from the two sources:

Drop Diameter E Reaction E Reaction Chem/Phy Chem/Phy
s s

cm Joules Joules Heat Heat
0.1 msec 1 msec 0.1 msec 1 msec

0.04 0.002546 0.025464 0.021452 0.214516
0.02 0.000637 0.006366 0.042903 0.429031
0.01 0.000159 0.001592 0.085806 0.858062

0.005 3.98E-05 0.000398 0.171612 1.716125
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These values indicate that for the typical droplet of aluminum, 0.04 cm in
diameter, the heat available from aluminum burning will be only a fraction
of the total available heat for making steam, but for the smaller range of
droplets the heat of reaction becomes very important. Also, these values
probably underestimate the initial rate of aluminum reaction, which may

• be very fast when there is newly formed aluminum surface.

This calculation can be compared with the results obtained by Nelson in his
• experiment in which a steam explosion ignited a 10 g A1 droplet at 1500 ° C.

An expanding bubble with a volume of at least 14 liters was produced, and
the associated shock wave broke the viewing window of the apparatus. It
can be calculated that the heat required to produce this much steam
exceeds the heat content of the molten droplet by about a factor of two.
Consequently the chemical reaction energy was at least as large as the
available heat energy. This requires reaction of at least 7% of the
aluminum drop with water. The actual reaction was probably greater, but
the reaction is bounded by the observation that at least 2/3, and probably 4/5,
of the original aluminum was recovered unreacted. The time required for
the bubble to expand to the maximum observed size was about 5 msec.
However, the luminosity, indicating chemical reaction, had significantly
decreased after the first msec following ignition. Presumably most of the
reaction occurred within a millisecond or so.

Hydrogen production during reaction would add to the volume of expanding
gas. However, this is a minor effect. Calculations show that the volume of
hydrogen produced from aluminum burning underwater is about one-
eighth the volume of the steam produced from the heat released to the
surrounding water.

It is interesting to note that in the SPERT-I and SL-1 reactor incidents it
was estimated that the chemical reaction in the steam explosion involved of
the order of 5 to 10 per cent of the molten material. (SZl) This suggests that
Nelson's results may be scalable to a much larger size range. This would
be a very useful conclusion in setting an upper limit to the involvement of
chemical energy in the steam explosion.

V. Conclusions and Rccomm¢ndations

Conclusions:

The interaction of molten aluminum (or aluminum-based reactor fuel)
with water can .lead to a steam explosion if a triggering shock occurs to
bring the two fluids into intimate contact. Ordinary shocks produced by
boiling processes are about an order of magnitude too low to cause an
explosion, but reflections off surfaces and corners can increase the local
shock pressure, and may be responsible for many of the experimentally
observed "spontaneous" triggering incidents. The magnitude of the
triggering shock may be directly related to the magnitude of the explosion,
because a shock that is effective over a large volume can bring many water-
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meltsurfacesintocontactina timethatisshortcompared tothetimeofthe
explosion.The efficiencyofthe resultingexplosionin doingwork on its
surroundingswilldepend on theirgeometry.

Chemical reactioncan occurwhen the melt issignificaDqysuperheated,
" and the resultingchemicalenergy can augment the heat energy of the

melt.Experimentaldatasuggestthatchemicalreactionmay involve5-10%
ofthe fuel;itislimitedby the rateofreactionofaluminum with steam.

" This generatesa significantamount ofheat,however,which may exceed
theheatenergyofthemelt.Metal-waterreactionsalsogeneratehydrogen,
which can be a safetyconcernunder some conditions.

Many usefuldata regardingsteam explosionshave been obtainedfrom
small-scale,relativelywell instrumentedexperiments. The illustrative
calculationsgivenabovesuggestthatthesecan providethebasicdatathat
helpexplainlargersteam explosions.

Prototypicsteam explosionstudieshave been possiblein some casesof
concern,as inthe controlrodmeltingstudiesconductedinsupportofSRS
K-Reactorrestart.Well-instrumentedprototypicstudiescan be valuablein
evaluatingthelikelihoodofa steamexplosion.

Recommendations:

There are two typesofprototypicexperimentsthat would be usefulfor
estimatingthelikelihoodofsteamexplosionsinSRS reactorincidents.One
would involvemelt-waterreactionsin fuelend fittings.A few kg ofmelt
couldbe allowed to contactwater in end fittinggeometry. If steam
explosion3occurredthey couldbe measured;ifnot,pressurepulsescould
be observedby transducerstoseewhetherboilinginthisgeometryislikely
toproducestrongpressurepulses.A secondwould involvea pour ofvery
hot aluminum melt intoa shallowtank ofwater broad enough to avoid
melt-waterinteractionsat the walls.This would simulateflowtothe -40
footlevelin SRS reactors.Again,the localconditionscouldbe carefully
monitored.Both theseexperimentshave thepotentialtobe veryenergetic,
and wouldhave tobe done remotelyina safelocation.

The otherexperimentofgreatinterestwould be the comparisonofsteam
explosionsin uranium-aluminum melts with thosein aluminum alone.

" Such experiments were intended at Sandia National Laboratory,but
becauseofvariousexperimentaland administrativeproblemswere never
achieved.They arestillverydesirableinterms :_t"establishingthat"allthe
otheraluminum-water experimentsare validforpredictingmolten fuel-
water interactions.

Existingcomputermodelsofsteam explosionsareprobablygoodenough for
modelingthe expansionphase ofthe explosion.More good experimental

-: data on triggering are needed to be able to predict the triggering phase of
the explosion and the extent of involvement of the melt mass in the
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explosion.Relativelysmall-scaleexperimentswould be most usefultothis
end.
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Figure 2. "Alternate Mode" or "Stratified"
Contact of melt and water. Film boiling
occurs at the liquid interface. A steam
explosion triggered at the interface will
propagate along the interface, mixing
only to a limited depth in each phase.



Figure 3: Nelson's experiment on surface effects on
steam explosions. A molten aluminum drop is allowed
to come to rest on a horizontal underwater surface
before a pressure pulse is imposed by a small nearby
explosion.



Figure 4. Melt-Water Interface on a Wetted
Surface. A shock wave in the water will
tend to drive the two fluids together at the
interface.
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Figure 5. Hypothetical Melt-Water Interface
at an Unwetted Surface. A pressure wave in
the water must compress a thick layer of
steam at the interface.
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