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ABSTRACT

Seventeen steam explosion expenments were performed with 2 to 10 g drops of molten hlgh-punty Al Seven
were successfully initiated with underwater exploding bridgewires. ‘At melt release temperatures up to 1400°C
(1673 K) only moderate thermal-type explosions-occurred that produced bubbles with volumes up to
approximately 1 L. Bubble growth intensified in the melt temperature range 1400-1525°C (1673-1798 K) as
threshold ignition of Al set in. In this range, one of the explosions emitfed a flash of light and generated a

‘bubble that grew very rapidly to approximately 14 L, broke through the water surface, and destroyed the test

chamber. We attribute the behavior of this latter bubble, which grew as fast as-one produced by the underwater
firing of a 0 6g exploswe detonator to an 1gmt10n type steam explosion. .

Alummum oxides could not be detected v1sually in the debﬂs recovered from either typical thermal- -type or the
1gmuon type explosions, and only traces:could be detected by X-ray diffraction. In the ignition-type explosion,
it is possible however that some oxidic matena] probably the smaller particles, was lost during the flooding
that occurred as the chamber failed. ' , v

.Both bubble analyses and the absence of appremable oxide in the debris suggest that the ignition- type steam

explosion was not very efficient, probably mvolvmg the combusuon of only a small fraction of the ongmaj
molten alummum globule. ,
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' EXECUTIVE SUMMARY

'The objective of this research was to understand the mechanism of steam
explosions with metallic aluminum- based melts. Such explosions are \
possible in several hypothetical meltdown scenarios in nonpower production’
reactors. In the laboratory we demonstrated that rapid exothermic
‘metal-water reactions (ignition) can accompany steam explosions of drops
 of pure aluminum resulting in rapid chemical reaction and enhanced energy

_release. The melt temperature threshold for ignition was about 1500°C
(1773 K) for our experimental conditions

,Aluminum drops were prepared by melting 10 g of high purity (99.999
percent) metal under argon in a bottom-drain alumina crucible heated by a
radio-frequency furnace. After release into the water, single drops of
aluminum normally would fall through the water and freeze benignly at the:
bottom surface of the chamber, unless a pressure disturbance (trigger) was
applied to the water during the fall of the drop. A pressure disturbance
was produced by the discharge of ‘a capacitor through an underwater ’
exploding bridgewire that was activated as the drop fell past a
photodetector. Typical discharges were produced at 3 kV and 63 uF at a
horizontal distance of 57 mm from the fall path of the drop. Peak
pressures of approximately-3 MPa were produced at this location by the
bridgewire explosions, impulses were approximately 4 Pa-s.

The steam explosions of the melts initiated with the pressure disturbances
were recorded both by real time VHS video recording and by high-speed,
16-mm _photography. Debris was analyzed by sieving and by optical _
microscopy and X-ray diffraction. The photographic images of the bubbles
produced during the interactions were analyzed as a function of time with
an automatic video digitizing system

/ ‘The\parameter’varied in these'experimentS'was melt release temperature,
which was increased in several 100 degree steps from 1000°C (1273 K). to
nominally 1500°C (1773 K). Water temperature was nominally 25°C (298 K).
The masses of melt released were 2 to 10 g. .

At melt release temperatures up to 1400°C (1673 K), only moderate

‘explosions occurred. Each interaction produced a small (approximately

0.2 L) first bubble that collapsed within 5 to 8 ms. After collapse, each
of these bubbles was followed by a second that produced a combined volume
that did not exceed approximately 1 L. We interpreted these interactions
to have been thermal- type steam explosions

In the melt . temperature range 1400- 1525°C (1673~ 1798 K), however bubble

~ growth became more vigorous, due to threshold aluminum-water ignition
phenomena. In three experiments in this threshold temperature range, the
interaction initially produced a larger (0.3 to 0.5 L) first bubble which
collapsed at approximately 8 ms. In one experiment, the collapse was
followed by a second somewhat larger (approximately 1 L) bubble. In a
second experiment in this the temperature range, the melt globule was
observed to glow dull red as it fell through the water and to liberate a
small hydrogen bubble prior to the trigger. The interaction also produced
a larger (approximately 0.5 L) first bubble; its collapse was followed by
the formation of a much smaller (approximately 0.1 L) second bubble.

4



In a thlrd experiment performed in this' elevated ‘temperature range fat
 nominally 1500°C (1773 K)], the larger (approximately 0.3 L) first bubble
formed and collapsed at approximately 8 ms. Just as the second bubble
began to form, however, the interaction emitted a flash of light and
génerated a: bubble that grew very rapidly to approximately 14 L in )
approximately 4 ms. At this point, the growing bubble broke through the

- water surface and destroyed the test chamber. We attribute the behavior
of this very energetic bubble to ‘an ignition type steam explosion.-:

Aluminum ox1des could not be detected visually in the debris’ recovered
from typical thermal - -type or ignition- type explosions, and only traces
could be detected in either type by X-ray diffraction. However, in the
ignition-type explosion it is possible that some oxidic material, probably"
‘the small particles, was lost during the flooding that occurred as the
test chamber failed »

We compared the bubble growth in  the 1gn1tion type alumlnum water
explosion up to chamber failure with comparable bubbles produced by the
~“underwater explosions of two high- explosive (HE) detonators that contained
" 0.6 and 0.06 g of PETN/RDX. The explosions of the nominally 10 g of
molten aluminum and 0.6 g of HE produced similar bubble growth rates. ~ The
nature of the debris and reported rates of the combustion, however,
strongly suggest that the amount of aluminum that actually had
participated in the ignition was small and that the energy released per.
gram of metal actually may have been considerably greater.

We believe this to be the first clear observation of an 1gnition type
“steam explosion of ‘a drop of molten aluminum in the laboratory. Moreover,
~ the threshold temperature for our ignition-type interaction falls along a
smooth curve through previously reported threshold ignition temperatures
plotted agalnst the mass of molten Al released into liquid water. These
temperatures appear to gradually decrease from near the b0111ng tempera-
ture of aluminum (2700°C, 2973 K) to the melting temperature of aluminum -
(660°C, 933 K) as melt mass increases from 10'7,to lO+5 g = 12 orders of
magnltude' : -

Wlth proper theoretical interpretation this and similar experiments at .
modest scales should help us understand the very energetic and damaging

" steam explosions accompanied by flashes of light that are observed when -

many kg of molten aluminum comes in contact with water

New bubble analyses seem to confirm that only a few percent of the
original molten aluminum globule actually burned during the ignition-type
steam explosion.  This information is included in an appendlx added after
.this report wds completed : :




1. INTRODUCTION

-'In 1988, at the request of the Savannah River . Laboratory, Sandia National
- Laboratories began a program designed to study the steam-explosion-
_behavior of single drops of molten aluminum-based alloys. As part of this
program, we report here the effects of elevated melt temperatures on steam
explosions of pure aluminum. Our program forms part of the Severe
Accident Analysis Program for the Savannah River nuclear production
»reactors (Hyder 1991)

One obJective of our work was to compare our laboratory scale ‘experiments

- using single drops of molten pure aluminum with other laboratory-'

intermediate-, and large-scale experiments, particularly those in which
metal/water combustion is known or suspected to have ‘accompanied the more
- common thermal type explosions .

During a steam explosion of'molten aluminum, the melt can ignite,
_accompanied by the emission of bright light and the generation of ,
hydrogen. This effect has been reported by a number of authors, including
Higgins and Schultz (1957), Hess and Brondyke (1969), Lemmon (1980),
Anderson and Armstrong (1981), and -Beck and Rightley. 1 It was shown

later by Rightley et al. (1993) that for a given set of experimental
conditions and a given melt mass, there is a threshold temperature below
which only thermal-type explosxons occur, and -above which ignition- type S
explosions occur. The ignition-type explosions are about an order of
magnitude more energetic than the thermal-type and probably account for
most of the serious "Force 3" explosive incidents observed in the aluminum
industry (Epstein and Miller 1987). To our knowledge, the ignition-type
explosion had never been observed clearly in laboratory-scale experiments,
~although Anderson and Armstrong (1981) reported several experiments in a
‘small tank in which the exploding aluminum emitted both a "ruddy glow and
llght of color temperature between 2600 and 3000 K.

In the work ‘described in thls report, we progressively lncreased the -
release temperatures of nominally 10 g of molten aluminum in 100 degree
"steps from 1000°C (1273 K) to nominally 1500°C (1770 K). until an

1gn1t10n type steam explosion occurred. Even when the ignition-type steam
explosion occurred, it was still necessary to ‘apply a triggering pressure
transient to the surrounding water to initiate the explosion. Each
interaction involved the growth of a small first bubble, attributed to

- steam generated during "coarse breakup" of the molten mass, followed by
the collapse of the first bubble and. then the growth of a larger second
bubble, attributed to water vaporized during the further breakup of the
coarse mixture of melt and water. For the thermal-type interactions, the
maximum volumé. of the second bubble was only several times larger than the
first bubble; for the ignltlon type interaction, however, the maximum
volume of the second bubble was many times larger

In the ignltlon type . experiment the flash of light lasted about 1 ms and
caused considerable "blooming" (overexposure) of the photographic image.

lBeck, D. F., and nghtley, M. J ' FCI Test NPR-1: Preliminary Report,.
SAND90- 2715 Sandia Natlonal Laboratorles Albuquerque NM. In

preparation.



After: the light emission terminated the second bubble grew steadily for
about 4 ms until it broke through the water surface and the chamber
.failed. In the subsequent flooding, a small amount of the debris from the '
interaction may have been lost.

We compared the bubble produced by the ignition- type steam explosion with
the bubbles formed when high-explosive detonators were fired underwater..
The bubble growth rates were approximately the same for the ignition-type
steam explosion and the explosion of a commercial detonator that contained
0.6 g of high explosive. From this comparison and the assumption that
both the HE and Al bubbles grow to the same maximum volumes we estimate
the ignition-type interaction released 1 to 2 percent of the thermal ‘and
chemlcal energy available in the Al globule

- (In an appendix added after this report was completed new bubble. analyses
- seem to confirm that only a few percent of the original molten aluminum -
globule actually burned during the ignition-type steam explosion.).




| 2. EXPERIMENTAL
2.1 Melt Delivery

“The apparatus used here was derived from that used in earlier baseline
~ experiments with pure aluminum and 6061 alloy drops. 1l We used the same
. bottom drain crucible and release procedures ,

' The maJor difference between the apparatus of the previous lower

" melt-temperature experiments and these higher melt-temperature experiments
was the replacement of the resistance furnace with a Westinghouse 450-kHz,
20-kW, radio-frequency (RF) generator to heat the coaxial high-alumina

"cruc1ble and plunger tubes. We used a five-turn coil of 1/2-inch copper.

* tubing, 16. 5-cm ID and l4-cm tall to couple power to the susceptors. As
_susceptors, we used two size 0000 *Plumbago” graphite crucibles,
approximately 60-mm OD at the top and 75-mm tall. These crucibles were
_-placed in the coil of the RF generator, one inverted on top of the other
on a graphite base plate. Holes were drilled in the bottoms of the
graphite cruc1b1es to admit. the alumlnum oxide crucible.

We placed a 11.5-cm OD by 24 2-cm tall transparent fused- quartz sheath-
tube around the graphite for atmosphere control. The quartz sheath-tube
also rested on the graphite base plate and had a loose fitting
graphite-disk cover resting on the top of it. Gaseous argon was flushed
through the quartz sheath-tube from bottom to top by means of a 6-mm
diameter, transparent, fused-quartz tube passed through a hole in the

~ ‘upper graphite cover. The argon flow was monitored with a floating-ball
. flow meter. . For insulation and reduction of radiant emission, silica
cloth was wrapped around the sheath- tube The apparatus is shown in
Figures 1 and 2. ' o

A Pyro Photomatic, automatic, optical pyrometer, Serial No. Al27
(Pyrometer Instrument Co., Bergenfield, NJ), was used to measure
- temperatures. With a windowless sight path through a 13-mm diameter hole
drilled in the sheath-tube, ‘the pyrometer viewed a hohlraum formed by
drilling a second 13-mm diameter hole in the upper graphite susceptor.
Within their respective temperature ranges, it was also possible to use
'both Type R and Type K thermocouples inside the central alumina tube of
the crucible assembly. The Type R thermocouple operated .in essential
agreement with the optical pyrometer up to a temperature of 1497°C
o (1770 K), almost 600 K higher than‘the hiéhest melt temperature studied in
the baseline experiments by Nelson et al. : v _

" INelson, L. S., Fuketa, T., Eatough, M. J., Vigil, F. J., and Duda, P. M
The Triggering of Steam Explosions of Single Drops of Eure and
Alloyed Molten Aluminum, SAND90-0131, Sandia National Laboratories, _
lbuquerque NM. 1In preparation :




Figure 1.

Apparatus used to produce drops of molten aluminum at elevated
temperatures.  The radio-frequency heater coil surrounds a
transparent, fused-quartz sheath-tube- which in turn surrounds
two graphite crucibles used as susceptors to heat the central

alumina crucible arrangement. The argon inlet quartz tube is
shown to the right of the crucible.




Figure 2.

Another view of the apparatus used to produce drops of molten

aluminum at elevated temperatures. The transparent, fused-
quartz shegth-tube has been wrapped with silica cloth for
insulation. The argon inlet tube has been moved to the left
of the crucible ‘tube.’ A water chamber different from that

shown in-the flgure was used for the actual experiments (see
Section 2. 4) 4



’~2 2. Haterials

vxThe alumlnum water and argon were the same as those used by Nelson

et al.l The aluminum was Marz grade of purity 99.999 percent Al,
 obtained from the Materials Research Corporation, Orangeburg, NY. ‘
Deéeionized water was obtained in bottles from a local supplier. Argon-was
taken from cylinders of commercial high-purity gas .

2.3 Diagnostics
The diagnostics were the same as those used by Nelson et al. 1

Images of the aluminum water interactions were’ recorded by high- speed
photography [Hycam 16-mm camera, 4000 frames per second (Redlake Corp.,
Morgan Hill, CA)] and standard video tape on 1/2" VHS format. Four, 1l-kw,
;quartz halogen photographic lights prov1ded illumination

Selected frames from the 16 -mm films were analyzed with a Jandel (Corte
Madera, CA) JAVA automatic digitizing video ‘analysis system that used
hand-tracings from projected Hycam frames. Bubble volumes were estimated
by assuming the images could be represented as the sum of many right-
cifcular cylindrical: slices at all positions along the vertical axis of
the bubble. Plots were prepared using a Harvard Graphics Software packagef
(Software Publishing Corp., Mountain View, CA). .

- The fragmented aluminum debris produced during. the interactions was _
separated from the water by filtration and after drying was divided into
‘logarithmic fractions with a stack of sieves. The sieving was performed
by %and welghts were determined w1th an analytical balance accurate to
1077 g.

2.4f Water Chamber - ]

The water chamber used here was constructed of 12.7-mm thick Lexan sheet
instead of the polymethylmethacrylate used by Nelson et al. 1 The chamber
had the dimensions of 30-cm front-to-back by 60-cm wide by 30-cm tall
(volume was 0.06 m3) The melt fall path was located approximately 15 cm '
“from the back and one side of the chamber (that is, centered in one half
of the chamber). The top of the ‘chamber was not covered.

2.5 Triggering

- Undexrwater gold bridgewire exp10510ns were used to initiate the
interactions, as in Nelson et al. 1 ‘The bridgewire was always exploded
with a 63 uF capacitor charged to 3 kV. The face of the bridgewire was
placed a horizontal distance of 57 mm- from the fall path of the aluminum

~

1Nelson, L. S., Fuketa, T., Eatough, M. J., Vigil, F. J., and Duda, P. M.,

" The Triggering of Steam Ex21051ons of Single Drops of Pure and Alloyed
-Molten Aluminum, SAND90- 0131, Sandia National Laboratories, Albuquerque,
NM. In preparation . »




kdrop "The bridgewire explosions produced transients in the water with
peak pressures of approximately 3 MPa and impulses of approx1mate1y 4 Pa-s
at the location of the drop. , e

Unlike some'ofvthe eXperiments of Neleon et al. (1992), shock Wave
" - reflectors were not used in the experiments described in this report.

2 6"Safety Shielding.

The entlre experiment was performed in a manned laboratory. For safety, a

- three-sided shield made of vertical 25-mm thick Lexan plates was o

~ positioned around the experimental setup via a mobile carriage just before
‘each experiment ;



3, RESULTS

During this work we performed 17 new experiments with s1ngle 2 to: 10 g
drops of molten high-purity aluminum with the melt released at tempera-
tures between 1200°C (1473 K) and nominally 1500°C (1773 K). Bridgewire
triggers were. applied in eight of these experiments; seven of these

" -produced steam explosions. The experiments are summarized in Table 1.

Two earlier experiments (numbered 38-3-1 and 38-6-1) with melt release
temperatures of 1000°C and 1200°C (1273 K and 1473 K) are also included in
- Table 1. Although these experiments are reported elsewhere,” they form a
natural extension of the experiments reported here because their
trlggering and other experimental parameters were essentlally 1dent1cal

3.1 Video and Photographic Images

The video and Hycam images recorded during these experiments showed the
. complete path of the molten aluminum globule as it fell through the water.
No bubbles were released from the falling globule prior to triggering
(e.g., Hy bubbles). After triggering, some bubbles attributable to Hjp
were seen (see Section 3.6) and provided considerable qualitative and .
, quantltative 1nformat10n about the nature of the interactions.

In Figure 3 we show selected frames from the Hycam record of a .
~ thermal-type explosive interaction (experiment 30-78-1). This 1nteraction .
was triggered with a br1dgew1re fired underwater at 3 kV and 63 uF at a '
distance of 57 mm from the drop’s fall path. The melt release temperature

was 1400°C (1673 K). The images shown in Figure 3 are typical of the

explosions initiated with melt release temperatures at or below 1400°C
(1673 K). -

In Figure 4 ‘we reproduce Hycam frames for the experiment analogous to
that shown in Figure 3, except that.the melt temperature had been raised
to a nominal 1500°C (1773 K). Note in Frame 33 of Figure 4 that a
‘brilliant flash of light is present which is absent in all frames in
Figure 3. Notice also that after the flash of light, bublle growth was .
very rapid and reached a large volume that ultimately excéeded the chamber
dimensions and led to the fallure of the water chamber

~

3. 2 Bubble Behavior

In Flgures 5 through 14, we show the bubble growth history as a function
of time recorded during nine triggered steam explosions produced with
single drops of pure aluminum released at melt temperatures increasing

. from 970°C (1243 K) to 1525°C (1798 K). Other than variations between
melt masses, ‘the triggering and other experimental parameters were held
essentially constant. (The data in Figures 5 and 6 were taken from our
earlier work. 1) These plots were obtained from the Hycam film images with
the automatic video digitizing system. Each figure is comprised of

(a) the bubble volume (left ordinate scale) and (b) the pressure -volume

lNelson, L. S., Fuketa, T., Eatough, M. J., Vigil, 'F. J. and Duda, P. M.,
The Triggering of Steam Explosions of Sin le Drops o Pure and

Alloved Molten Aluminum, SAND90-0131, Sandia Nat10na1 Laboratorles

" Albuquerque, NM. In preparation
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"Frame -1; -0.249 ms. = Melt dfop'félls ;hrough water. -

Frame 3; 0.747 ms. Bridgewire has fired. :Bbth bridgewire aﬁd interaction
_bubbles grow. - o ’ '

Figure 3. SelectedAframes,reprdduced frbm’the’high—speed ﬁhotographs of
experiment 30-78-1, Temperature of the melt was 1400°C
(1673 K) at time of release. .. . ) '
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Frame 8; 1.992 ms. Bridgewife,aﬁd interaction bubbles begin toycollapse(

‘Figﬁre 3

(coﬁtinued){‘ Selected ffames reproduced from the high-speed
photographs of experiment 30-78-1. Temperature of -the melt was

1400°C (1673kK)Vat time of release.
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N
'

Frame 25; 6.225 ms. Bridgewire and interaction bubbles are about to
collapse completely. : : : ‘

Frame 27;'6.723 ms. Bridgéwire and ‘interaction bubbles have collapsed.
Cavitation bubbles have formed. T

Figure 3 (continued),“Selécted frames reproduéed from the high—speed
. ‘ "fphotographsrof‘experiment 30-78-1. Temperature of the melt was
’ 1400°C (1673 K) at time of release..
s



Frame 30; 7.470 ms, Interaction bubble grows again.

Framev40;,9l960 ms. Interaction bubble hasngrbwn to maximum volume.

Figure 3 (concluded). Selected frames‘reproduced from the high-speed
photographs of experiment 30-78-1. Temperature of the melt was
1400°C (1673 K) at time of release.

- : : - ‘ : s




N ~ Frame 9; 2.268 ms. Bridgewire has fired. Bubbles from‘bridgewife, drop,
o and streamer grow. ' o : : : . ~

_Figuré 4. Selected frames reproduced from the high—speed photographs of
' ~ experiment 30-80-1. Temperature of the melt was nominally
'+ 1500°C (1773 K) at time of release. '

.7 ‘ :




'
N

Frame 25; 6.300 ms. BubBle?”from bridgeWire, drop,’ and Streamer'aré
‘collapsing. S o S - L .

kFrame 32; 8.064 ms.' Bubb1es from drop and streamer coalesce, are about to
collapse completely. : ‘ ' '

Figure 4 (continued). Selected ffa@es reproduced from~the high—speed -
' photographs of experiment 30-80-1. Temperature of the melt was
nominally 1500°C (1773 K) at time of release. :

18




/Frame'33;'8.316 ms. Ignition indicated by bright flash of light.

Frame 37; 9.324 ms. Luminosity has déqayed; interaction bubble grows.

vFiguré 4‘7(continued); ‘Selected frames reproduced from the high-speed
photographs of experiment 30-80-1. Temperature of the melt was
nominally 1500°C (1773 K) at time of release. '

19




Ftamé 45; 11.340 ms. Bubble grows, patches of debrls appear on its - .
surface. Spurious reflectlon, left. Sl : . . .

Frame 56;‘14\112 ms. Bubble grows, is about to burst through water,
surface.- Spurlous reflectlons.

Figure 4 (coﬁcludéd) Selected frames reproduce& from the high-speed
' ‘photographs of experiment 30-80-1. Temperature of the melt was
d . nominally 1500°C (1773 K) at time of release..
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'VOLUME (liters) | .. PV Proddctleram (Joules/g)

1.2 —- — ' 16
- 14
412
- 10
L g
+ 4
T2
o s 10 B 20
| " ~ TIME (milliseconds)
BARE BRIDGE WIRE: 3kV AT 63uF&57mm : o

DEBRIS WT. 6. G4g

Figuréf\S. Bubble volume and PV product: per gram of melt that part1c1pated
© . in the triggered steam explosion of a drop of- molten aluminum
‘released. at 970°C (1243 K) as a function of time. (38- 3 -1).
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VOLUME (iiters) . PV Product/Qram (Joules/g)

1.2 |
’ T 22
""7 20
1+ ‘v e |
" _~ - -+ 18 )
0.8 T
-t 14
06— ‘ - F : TR
BN 10
0.4+ T8
—T— 6
0.2 | \ T4
N -1—2
—_— | S P
0 5 10 5 20

TIME (milliseconds)

BARE BRIDGE WIRE: 3kV AT 63uF & 57mm
DEBRlS WT. 4. 609 :

.Figure 6. Bubble volume and PV product per gram of melt that partic1pated
' in the triggered steam explosion of a drop of molten aluminum
released at 1195°C (1468 K) as a function of time. (38 6-1).
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 VOLUME (itters) PV Product/Gram (Joules/q)
0.8 — - s B _ , |
+12
06 BE R N + 10
+8
0.4+ ‘
4 Le
+4
0.2 +
—_ 2
- 0 \\\ ; ‘- = o | ¥ x ", 5

o 8 10 1B 20 25
C TIME (mllllseconds) ’

'BARE BRIDGE ‘WIRE 3kV AT 63ufF & 57mm ,
DEBRIS WT 6 229

Figure 7. Bubble volume and PV product per gram of melt that participated
, ~ in the triggered steam explosion of a drop of molten aluminum
released at 1200°C (1473 K) as a function of time. (30-73-1).

-

23



 VOLUME (liters) " PV Product/Gram (Joules/q)
+5
0.25 ;-_-‘\
ot 4 |
0.2 +
T3
- 0.18 1+ ‘
+ 2
01T | :
0.05 + T1
B R A et
o 85 1 15
| TlME..(mimsecqnds‘) ; | |
BARE BRIDGE ‘WIRE 3kV AT GauF & 67 mm |
DEBRIS WT 4699

- Figure 8. Bubble volume and PV pfod;xct per gram of melt that participated
o ~ in the triggered steam explosion of a drop of molten aluminum
released at 1400 c (1673 K) as a function of - t1me (30-78-1).
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0.8 VO‘LUME‘.(IIt_elrs) B PV\Prod‘uc't"/Gram (Jouleslg')
; T8
, n T 4
0.2+ ‘
R + 3
. 0.15 -1
- _;'2'
0.1
0.05 T | . ; . T | N | : | T 1
oFH—t— —Lo

0o 5 10 15
TIME: (mllllseconds) | |

BARE BR!DGE WIRE 3kV AT 63uF & 67 mm
DEBRIS WT 4.699 '

Figure 9. ‘Bubble volume and PV product per gi‘am of melt that perticipated
in the triggered steam explosion of a drop of molten aluminum
released at 1410°C (1683 K) as a function of tlme (30-87-1).
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VOLUME (liters) = PV Product/Gram (Joules/g)

. —;_7'
__'6.
0.6 +
+5
0.4 . T4
__“3
..._1‘
oF—+ +—t—t+—+—10
] 5 10 15 20 25

TIME (mllllseconds)

BARE BR!DGE WIRE 3kV AT 63uF & §7mm
DEBRIS WT. 9. 0989

Figure 10. Bubble volume and PV product per gram of melt that
participated in:the triggered steam explosion of 'a drop of
\molten aluminum released at 1400°C (1673 K) as a function of
time.- (30-93- 1)
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B VOLUME (liters) PV Product/Gram (Joules/g)
+10
08
la
0.6
0.4+ ‘
, T4
0.2+ #
| ’ T2
o+—o +—— -+ 1o
0 5 1. 15 20

TIME (mllliseconds)

BARE BRIDGE’ WIRE 3kV AT GSUF & s7mm
‘DEBRIS WT. 7.69 ¢

Figure 11. Bubble volume and PV product per gram of melt that
part1c:1pated in the triggered steam explosion of a drop of
molten aluminum released at.1500° C (1773 K) as a function of
time. (41-5-1).. :
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VOLUME (llters) - - PV Product/Gram (Joules/g)

0.5
. T 16
SR A o T2
0.3 +10
+8
0.2+
+6
’ La
0.1+
T2
oF——+———+————f+——+—10
0 2 4 6 8 10

TlME (mnllseconds)

BARE BRIDGE WIRE 3kV AT 63uF & 67mm
" DEBRIS WT. 2.64g

Figurer12. Bubble volume and PV product per gram of melt that .
: particlpated in the triggered steam explosion of a drop of
molten aluminum released at 1525°C (1798 K) as a function of
- time (30-91-1). After collapse of- the first bubble at
approximately 8 ms, a poorly defined “second bubble formed.
This bubble could not be measured easily and was not 1nc1uded
in this figure,
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_ VOLUME (liters) PV Product/Gram (Joules/q)

14 + 120
121+ I
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‘BARE BRIDGE WIRE 3kv AT 63uF & 67mm N
" DEBRIS WT. approx. 10 g : .
IGNITION at 8.3 mlllioeconds '

Figure 13.

Bubble volume and PV, product per gram of melt that

_participated in the triggered steam explosion of a drop of

molten aluminum released at nominally 1500 C (1773 K) as a

function of t1me (30-80- 1)




 VOLUME (liters) S PV Prdductleram (Joules/g)

+18
2—_~
T 16
Lo \.*‘-:1'4
151 o
| 12
. .\ Lo
1+ |
._...’8
0.5 T4
T2
0o - . o

" TIME (mliliseconds)

. BARE BRIDGE WIRE 3kV AT 63uF a.57mm
DEBRIS WT. approx. 10 g - '
IGNITION at 8.3 milliseconds

- Figure 14. Bubble volume and PV product per gram of melt that
o - participated in the triggered steam explosions of drops of
: molten aluminum released at nominally 1500°C (1773 K) as a
. function of time. (30-80-1). The data for the first 10 ms
of Figure 13 are shown here at enlarged scale. ' ‘
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product per gram of melt (right ordinate scale), plotted as a function of
time. We have normalized the bubble volume plots point-by-point to the

- amount of melt that participated in the interaction (assumed equal to the
weight of debris retrieved after the interaction and neglecting.
oxidation), and converted bubble volumes ‘in liters to pressure- volume
product 1n joules by the equation

BV (joul‘e‘s) = 1013 (Pacn (MPa)) (V (liters)),

where Patm = 0.085 MPa, the sverege,local‘atmospheric préssure.

* The plots in Figures 5 through 1l are essentially similar, showing the
formation of an initial small bubble that collapses in about 8 ms,
followed by the growth of a second larger bubble to a maximum volume at 10
to 12 ms. However, the plot in Figure 12 differs from those in the’

' previous figures because only one fairly large bubble formed and then

" collapsed. A second small bubble formed but was difficult to see clearly
and was not measured. The plot for experiment 30-80-1 in Figure 13 shows
the growth and collapse of a small first bubble during approximately the
first 8 ms (similar to those in Figures 5 through 11), and then shows a
small inflection about l-ms wide followed by a steep linear rise in volume:
for about 4 ms more, after which the images were lost. The initial :
behavior of the bubble during the first 10 ms of the interaction is shown
more clearly in the enlarged plot in Figure 14. The last observed volume
‘in Figure 13 was about 14 L, with no indication of the bubble growth
"tapering off"; its ultimate volume would have been much larger if the
chamber had been large enough to hold-a sufficient volume of water to

’r\accommodate the bubble’s complete growth.

‘»'We 1nterpret Flgures 5. through 14 as. follows

. For all experiments except 30- 91 1 (Figure 12), an initial small
bubble grew and collapsed during approximately the first 8 ms. We
~attribute this to prefragmentation of the melt on the basis of the
. baseline experiments with focused shockwave triggering

e For the experiments at melt release temperatures up to- and
‘ including 1500°C (1763 K), except experiments 30-91-1 and . _
1 30:80-1, a second moderate bubble grew to 0.2 to 1.1 L, which we
attribute to mostly thermal- type explosions.

c. Experiment 30 91-1 in Figure 12 is probably a transition-type
.interaction at a melt release temperature of 1525°C (1798 K),
perhaps ‘a precursor of the ignition-type experiment shown in
Figures 13 and .14. (Note: One of the experimenters observed the
‘melt to have a reddish glow as it fell between the crucible and
the water surface in experiment 30-91-1. This glow was also

lNelson, L. S., Fuketa, T., Eatough, M. J., Vigil, F. J., and Duda, P. M.,
The Triggering of Steam Explosions of Single Drops of Pure and Alloyed
Molten Aluminum, SAND90-0131, Sandia National Laboratories, Albuquerque,‘
'~ NM. 1In preparation.
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tapparent on the hlgh speed film after the drop entered the water,
, prior to triggering.)

. After the initial 8-ms long bubble growth and collapse, the film
from experiment 30-80-1 showed a small upward deviation (inflec-
tion) that lasted about 1 ms (Figures 13 and 14). This deviation
corresponds to three overexposed Hycam images of the bright flash

of light emitted by the interaction (apparent increase in image '
size [blooming] normally accompanies overexposed film). One of
the photographic images that corresponds to this flash is .

- reproduced in Figure 4, Frame 33. We interpret this. flash of
light to be the ignition and combustion of aluminum vapor and the

, generation of high temperature gaseous reaction products within .

© the bubble ~

+ The expansion of the gaseous combustion products at high
temperature caused the bubble to grow to about 14 L before the
chamber failed and the bubble broke through the surface of the ,

. water (an approximately 3l-cm diameter bubble formed just as the
30-cm wide and 30-cm deep chamber was failing)

~ « At the final bubble volume in the ignition type steam explosion, ,
‘ the pressure- -volume product had increased to about 124 Joules per .-
gram of melt. At this point, the bubble had achleved roughly half . -
the Hicks-Menzies (HM) value for maximum conversion of thermal o
. energy for molten pure aluminum (Anderson and Armstrong 1981;
~ Rightley et al. 1993). To our knowledge, this is the first time.
an energy conversion anywhere near this large has ever been
‘measured in a laboratory -scale experiment with a single drop of.
melt falling freely in water; the conversions usually have been no
greater than 1 or 2 percent of HM, Moreover, because there was no
apparent tendency toward "tapering off" when the bubble burst, the
actual conversion probably was much higher than the value reported
above. : ~ .

o An interesting trend was observed in PVmax/g, the maximum,
pressure-volume product per gram of aluminum that particlpated in .
the interactions.  In Table 2, those experiments from Table 1 in
which steam explosions occurred (the experiments-that correspond v
to Figures 5 through 14) are arranged in order of increasing melt
release temperature. We note a dip in the PV ,./g values when the
‘nelt release temperature was nominally 1400°C (1673 K). Neither

- the significance of the dip nor its validity (because of the sma11~
’number of experiments) 1s known at this time.

In Figure 15 we have placed the bubble volume time plots.of a
_representative thermal-type explosion (30-93- 1, melt release temperature :
of 1400°C [1673 K]) on the same ordinate scale as the ignition-type '
explosion (30-80-1, melt release temperature of approximately 1500°C
[1773 K]). With a linear regression, we have determined the slope of the
linear portion (a-b) of the plot in Figure .15 to be approximately
26 joules per millisecond per gram, that is, 26 kW per gram of melt.

7 (This should be compared with a max1mum slope observed for the triggered
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VOLUME (liters) PV Product/Gram (Joules/q)
-©- 30-80-1 |

14 —e— 30—93-1
Slope a-b = 26kW/g

bl :
+ 120

12

o 2 4 6 8 10 .12 14
| | TIME (milliseconds) |
BARE BRIDGE WIRE: 3kV at 63uF and 67mm

Figure 15. Comparison of the volume and pressure-volume product per gram
: of melt that participated in the triggered ignition-type
© (30-80-1) and thermal-type (30 -93-1) steam explosions of
j.51ng1e drops of molten aluminum. ‘The upper curve is for
~aluminum at a nominal temperature of 1773 K; the lower curve
is for a nominal temperature of 1673 K.  The blooming caused
by the ‘flash of light is indicated at about 8 ms. The slope
of the curve between points (a) and (b) is indicated. =
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steam explosion of an aluminized thermite dtop oftapproximately 6 kW per
gram [Nelson et al., 1992], the largest slope previously observed in our °
‘ 1aboratory.) ' . : ‘

3. 3 Damage to the Chamber

' The damage to the chamber’ during the ignition type steam explosion
experiment 30-80-1, is shown- in Figures 1le and 17.

'The chamber was made from 12. 7 -mm thick Lexan held together by 2.5-cm
_long, 10-24 machine screws and silicone adhesive. In the high-speed films
the chamber was observed to bulge significantly and to crack in two

~, places: on the end of the chamber farthest from the explosion and at a

steel cross truss, part of the framework on which the chamber rested.

This truss was located roughly midway between the ends of the chamber
Also, the bottom corners of the chamber separated and the machine screws
either tore from their threads or pulled chunks of Lexan from the chamber
walls. In addition to the damage to the chamber, the steel framework
below the chamber was significantly tilted because of the torque produced-
by the explosion, which occurred approx1mate1y 15 cm from the left side of
the chamber (as viewed by the camera)

3.4 Temperature Heasurements

The melt release temperatures were measured with an optical pyrometer that
viewed an unobstructed (i.e., windowless) sight path through the walls of
_‘the sheath tube and the susceptors into a hohlraum created between the
susceptors and the alumina tube used as the crucible. For all experiments
except 30-80-1 there was good agreement between the pyrometer readings ‘and
the readings of the Type K or Type R thermocouples inserted in the inner
alumina plunger tube of the crucible arrangement. The temperature '
measurement during experiment 30-80-1 is uncertain because some vapor and
aerosols were being ejected from the RF-heated susceptor at approximately

'h'lSOO °C (1773 K). The actual release temperature that would have ‘been

recorded with a clear view path might have been somewhat in excess of
1500°C (1773 K). :

3.5 Debrisb

The debris produced in the ignition-type steam explosion of pure aluminum,
experiment 30-80-1, was recovered as carefully as possible after the
flooding had been stabilized. Instead of the" quantitative recovery
accomplishéd in each of the thermal-type explosions, ‘a small portion of
the ‘'debris was probably lost when the chamber failed. - We recovered about
8 g of the injtial 12 g of the aluminum charge in the crucible. To
account for the lost debris, we conservatively estimated the mass that
"participated in the interaction to be approx1mate1y 10 g (the value
entered-in Table 1). ,

In both the thermal- and ignition-type experiments, the debris was
transferred from the interaction chamber’ by repeated rinsing with streams
of deionized water to a fluted filter paper held in a large funnel. After
the debris was separated from the water by filtration, it was dried and

}5



v

Lexan water chamber damaged in experiment 30~ 80- . Note the ..
~2.5 cm-long, 10-24 machine screws that pulled from threads in
the Lexan (1) and pulled off chunks of Lexan (2). Note also

the fractured end of the chamber (3) and the crack in bottom
of the chamber (4)

Figure 16,




igt:xfé 17 Enlarged view of the upper right corner of the damaged Lei_an'
chamber shown in Figure 16. The numbering is the same as in
Figure 16. ’ ' ‘
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sieved ‘as in the baseline experiments.1 The sieve analysis for the
. ignition- type steam explosion, experiment 30-80-1, is presented in

Table 3a.  These results should be compared with those for a typical. .
thermal-type explosion (experiment 38-6-1, melt release temperature 1200°C.
(1473 K]) reported earlier™ and reproduced in Table 3b. . Both sieve
analyses are plotted in Figure 18. It should be noted that there is
apparently little differeénce between: the particle size drstrlbutlons
obtalned in the .two experlments ~ \

We also performed‘careful (blind) stereomicroscopic comparisons of the
debris retrieved from experiment 30-80-1 and that retrieved from
experlment 38-6-1. With up to 10X magnification, we were unable to
‘visually observe any ‘differences (e. g., oxide coatings) between the debris
retrieved from the ignition-type steam explosion and the thermal-type
steam explosion with molten high purity aluminum. We concluded that
11tt1e combustlon of aluminum occurred in either experlment ‘

X-ray diffraction analyses were performed on portions of the sieved .
samples of debris shown in Flgure 18. Three sieve fractions (#14
[coarse], #80 [fine] ‘and pan [finest]) were submitted for each sample for
the analysés. The analyst’s report is quoted here:

"The predominant phase in each fraction of both samples is aluminum .
metal. The trace phases for each are listed below. :
30-80-1: #14 Gamma-alumina
' #80; Gamma-alumina with lesser alpha- -alumina
. Pan; Mostly alpha -alumina with gamma-alumina and quartz or
graphlte :
38-6-1: #14 and 80; Gamma-alumina is the only additional phase
" . Pan; Gamma-alumina was detected plus other phases which I~
suspect are quartz and feldspars but are otherw1se
unidentlfled " :

Both the stable alpha -alumina and the metastable gamma-alumina have been
observed previously in trlggered steam exp1051ons of melt drops generated
by the thermite reaction of two mixtures of iron oxide and aluminum
powders (Nelson et al. 1992). 1In the thermite mixtures before ignition,
the aluminum powder was present at either 25 w/o (the. normal stoichio-

. metric composition) or 50 w/o (a mixture SLgnlflcantly enriched in
aluminum). After the interactions, the alpha-alumina was found in both
mixtures, while the gamma-alumina was detected mostly in ‘the finest debris
" from the most vigorous explosions, that is, the colloid-like fines that
remained suspénded in the water after the interaction. Since vapor-phase
 combustion of excess aluminum is presumed to have occurred with the.
aluminum-enriched thermite, it is possible that both’ alpha- and -

%Nelson,,L. S., Fuketa, T. Eatough M. J. ; Vigil, F. J., and Duda, P. M.,

The Triggering of Steam Ex21051ons of Single Drops of Pure and Alloyed
Molten Aluminum, SAND90 0131 Sandia National Laboratorles Albuquerque,

NM. In preparat1on
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gamma- alumina are produced during vapor phase combustion in the
ignition-type explosions while only the stable alpha-alumina is formed

" during the lower' temperature thermal-type explosions. (Rightley et al.
[1993] also detected both alpha- and gamma-alumina. in the debris recovered
from their ignition-type steam explosions of approximately 10 kg of molten
~aluminum. They did not report similar analyses for the debris recovered

' from their thermal-type interactions, however.) Unfortunately the finest
debris from our ignition- type. explosion of aluminum was lost and did not
appear in the pan sample as it did in the thermal-type explosion. The
relationships of alpha- and gamma-alumina to the nature of the explosions
of aluminum drops merit further study

Note, however that only trace amounts of either form of alumina were .
found by the X-ray diffraction analyses (normal levels of detectability by
X-ray diffraction are usually about 5 percent). This is consistent with
the limited extent of the metal/water reaction, as will be discussed .
‘further below. It is also consistent with our inability to visually

- detect differences between the debris from the thermal- type (38-6-1) and
ignition-type (30-80-1) steam explosions of pure aluminum. A possible
explanation for this inability is that if the ignition and combustion had
been only 1 ms ‘long (as indicated in Figures 13 and 14) and had occurred
in the vapor phase (as suggested by Baker [1965]), there might not have
been sufficient time for the deposition of appreciable amounts ‘of oxidic
material on the debris particles as observed in the underwater ignition of -
aluminum by laser heating (Liebowitz and. Mishler 1967). Moreover, the
products of the gas phase combustion probably would preferentially
condense in the water phase as fine suspended material. (Products
suspended in the water were not observed by Liebowitz and Mishler [1967],
but were observed in aluminum drop ignition experiments. ‘described by Baker
[1965]; suspended products have also been observed in both aluminized and
stoichiometric thermite steam explosions by Nelson et al. [1992].) It is
likely that this suspended material would not form at all in the

' thermal-type explosions, and if it had formed in our ignition-type

. exploslon it probably would have been lost during the floodlng

‘3 6 Hetal/Water Reaction

We explored the possibility that metal/water reactions had occurred. during
thermal-type steam explosions with molten aluminum drops. By examining
our Hycam films carefully we discovered a single bubble that remained long
after the steam explosion bubble had collapsed and disappeared. This
appeared to be a bubble of noncondensible gas, presumably -hydrogen. By
measuring this bubble we were able to estimate approximately the extent of
metal/water reaction in the thermal -type 1aboratory explosions

In Figure 19 ‘we show an image ‘reproduced from the’ Hycam high- speed film
:of the 1nteraction that occurred in experiment 38-3-1, in which the molten
aluminum release temperature was 1000°C (1273 K). The arrow in the figure
points to the bubble that was eJected from the interaction center about
100 ms after the interaction was initiated. (In single drop studies,
thermal-type steam. explosion bubbles normally collapse and disappear by
about 20 ms after the interactions are initiated [cf. Figures 3 through
11}.) We have estlmated the volume of this bubble to be 80 cm
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_In Figure 20, we show a comparable photograph reproduced from the Hycam
high-speed film from experiment 38-6-1 in which the melt release
temperature was 200 K higher, namely, 1200°C (1473 K). Again the arrow -
indicates the bubble. This image was recorded about 160 ms after the

| ;lnteragtion was initiated. The volume of ‘this bubble was estimated to be
.. 267 cm”. * - ' P

if we assume the bubbles contained only hydrogen, we can estimate both the
‘total amount of hydrogen and the amount produced per gram of aluminum
particlpating in the interaction, if we also assume a temperature for the
gas. Upper and lower limits can be placed on the gas temperature, namely,
the release temperature of the melt (assumes negliglble heating from
combustion) and the temperature of the water. The corresponding limiting o
values of the extent of metal/water reaction are compared for experiments
38-6-1 and 38-3-1 in Table 4. These values are based on the assumption
that the aluminum in the debris was not oxidized appreciably. Note that
the estimated maximum extents of . metal/water reaction are less than

1 percent for the 970°C (1243 K) aluminum and less than 4 percent for the
© 1195°C (1468 K) aluminum.

In recent related work (Nelson et al 1993 Hyder et al. 1993 Nelson

et al. 1994), the amounts of hydrogen were estimated ‘similarly from Hycam
bubble images recorded during the untriggered (non- exploding) interactions
of molten Al-Li drops as they fell through water with the assumption that
the gas was at the temperature of the water. These amounts have been ’

. shown to be about twice those measured after equ111br1um with the water

was achieved. The equllibrlum volumes were measured by a: volumetrlc/mass
spectrometric procedure. By analogy, then, the actual extent of
metal/water reaction shown in Table 4 might be about half those indicated
for gas temperatures assumed to be equal to the temperature of the water.

.(The extent of aluminum/water reaction in the 1gnition type explosion,
experiment 30-80-1, could not be estimated this way because of the failure
of the water chamber ) . -

- b4
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Table 4. Hetal-water Reaction for Steam Explosions of Pure Aluminum

Drops Determined From Hycam Bubble. Images

38-6-1

Expt. No. N o 38-3-1
T 1. CC/R) - 9701243 | 119'5/1468
V. % (cmd) , 80 267
H - ‘ i
2 _
_Debris Weight (g) 6.54 4,50
| VH2*~. 3 12,32 59.42
—2 |em” .
MAl»f g
. o o ob b
% Reaction- 0f8c ’3.8c‘
: 0.8

0.2

*Volume at local atmpsphéric'pressufe of 0.085 MPa
aASsumes”aluminum is not oxidized
bAssUmeskHZ'is at‘TH20 (298 K)

cAssumes}lz»is at Tmélt,K
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4.0 DISCUSSION

4.1 Competisons With Earlier Vork

, The thermal - -type steam exp1051ons of 2 to 10 g drops of molten aluminum

" observed in this work resembled those observed in earlier studies, both by
other experimenters (for example Anderson and Armstrong 1981) and by usl
(see also Nelson et al. 1989). Without applying a trigger, spontaneous
explosions did not occur, in contrast to drops of molten tin and other
low-melting metals released into water at similar melt temperatures (for
example, Dullforce et al. 1976, Flory et al. 1969, Shoji and Takagi 1983).
When triggered, the interactions of the aluminum drops normally would
initially form a small bubble that collapsed after a few milliseconds,
followed by a moderate second bubble, the volume of which did not exceed
about 1 L. Sometimes a third or even a fourth smaller bubble formed after
the second and largest bubble collapsed. (Similar multi-bubble
 interactions were observed in other thermal-type explosions [Nelson and
Duda 1981].) Overall, the interactions with drops of molten aluminum were -
relatively mild, with only small conversions of the thermal energy to
‘mechanical work. These conversions were seldom over one percent

Thefone ignition-type eXplosion reported in this work, however, differed
.significantly (and unexpectedly) from the many thermal-type explosions .

. produced earlier in our laboratory. The interaction began similarly to . .

the thermal-type explosion by initially forming a small bubble that
collapsed 8 ms after the bridgewire trigger was fired. The maximum volume
of this 1n1t1a1 bubble was about 0. 3 L (see Figures 13 and 14)

After the collapse of the initial bubble, however, the interaction was
very different. There was a brilliant flash of light that lasted about
1 ms, followed by the very rapid grdwth of a large bubble that achieved a
- volume of about 14 L after about 5 ms, at which time the chamber failed.
.The - increase 'in volume was linear with time, with no apparent slowing of
the growth during the 4 ms period after the flash ended. This suggests
that the bubble possibly would have grown at least several times larger :
before it began to collapse

The . unfortunate failure of the interaction chamber lost 1mportant :
information.  The flooding that resulted probably carried away the finest
of the particles, perhaps those with the most information about the
combustion reaction. And finally, if the chamber had been larger and had '
not failed, we would have been able to follow the bubble growth further,
and also might have obtained information about both the total thermal
energy released and the amount of hydrogen generated in the explosion.

* lNelson, L. S., Fuketa, T., Eatough, M. J., Vigil, F. J., and Duda, P. M.,

The Triggering of Steam Explosions of Single Drops of Pure and Alloyed
Molten Aluminum, SAND90-0131, Sandia Natlonal Laboratories, Albuquerque,‘

NM. 1In preparation
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(Severe damage caused by the unexpected vigor of 1gn1t10n type steam

explosions of molten aluminum has also been reported by others’ [Higgins
and Schultz 1957; Hess and. Brondyke 1969; Lemmon 1980; Anderson and
Armstrong 1981 Beck and Rightley ; and Rightley et al. 1993] )

-Desplte the experlmental difficulties descrlbed here, we believe we have
. obtained the’ clearest images and the best, albeit incomplete, information’
- reported to date about the debris produced during an 1gn1tion type steam

explosion of molten alumlnum
4 2 Comparisons With High Explosives
The v1gor of the ignition type steam explosion and the 'damage it produced

(e.g., the cracking of 12.7-mm thick Lexan [Figures 16 and 171)
qualitatively resembles the action associated with the underwater

"detonation of high explosives. Therefore, we compared the initial few

milliseconds of growth of our bubble with the growth of bubbles produced
by firing two types of commercial detonators about 50 cm beneath the

‘surface in approximately 100 cm-deep water. The information for the

comparisons was obtained from bubble growth films provided by D. F. Beck?

. for his experlments DET 55 and LASER DEMO#3

5 The two types of commerc1a1 hlgh explosive detonators are shown in

Figures 21 and 22. The detonators are designated Types RP-1 and RP-2,
respectively. Type RP-1 contains 606 milligrams and Type RP-2 contains
64 milligrams of PETN/RDX. explosive. The detonators were obtained from
Reynolds Industries Systems, Inc., San Ramon, CA.

The bubble volume-time plots for the two types of detonators (Type RP-1

- from film DET 55; Type RP-2 from film LASER DEMO#3) and the ignition-type
- aluminum explosion (30-80-1) for about 5 ms are compared in Figure 23.

Using Equation (1), these volumes have been converted to the corresponding
pressure-volume products in joules as indicated by the right-hand -
ordinate. In this figure, we have taken zero time to be the start of the

 flash of light (the "blooming"” of the image) for the ignition-type

explosion (cf. Figures 13, 14, and 15). It can be seen in Figure 23 that
the initial rate of bubble growth is essentially identical for the

-aluminum 1gnition and the Type RP-1 high explosive detonator. A

considerably smaller initial bubble growth rate was observed with the Type .

‘RP-2 detonator with its order-of-magnitude smaller mass of high explosive.

1Beek D. F., and Rightley, M. J., " c1 Test NPR- 1, Prelimina;y Report
SAND90- 2715 Sandia National Laboratories, Albuquerque, NM. In

preparatlon

2Beck, D. F., personalicommunication,k1991.
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_ TIME (milliseconds)

© AL: Aprox. 10 grams debris
RP1: 606 mg HE :
RP2: 64 mg HE

Figure 23.

Comparison of bubble volumes (left ordinate) and pressure-
volume products (right ordinate) versus time for an ignition-
type steam explosion of molten pure aluminum (30-80-1) and
exploding bridgewire detonators Types RP-1 and RP-2. The
release temperature of the molten aluminum was nominally .
1500°C (1773 K). -
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In Figure 24, we have replotted the bubble growth data from Figure 23 on a
per-gram-of-exploding—matetiél basis. Here it can be seen that the two
amounts of high explosive produce similar bubble pressure-volume growth
rates on per-gram bases (310 and 450 . kW/g) that are more than an order of
magnitude greater than the pressure-volume growth rate per gram of
;aluminum (26 kW/g). This slope was calculated assuming that all metal
released into the water participated in the millisecond-long ignition and
combustion reaction. The amount of aluminum involved was conservatively
‘estimated to be 10 g, with uncertainty due to the flooding loss (the true
" value lies between the 12 g initial charge in the crucible and the 8 g :
weight of recovered material). ‘ ’ : '

. -However, we believé'the émount of .aluminum that actually oxidized to

produce the flash of light shown in Figure 4, Frame 33, and the blooming
indicated in Figures 13, 14, and’15 was much less than the 10 g cited -

- above. ‘We base our conclusion primarily upon the visual examination and

' X-ray diffraction and sieve analyses of the debris recovered from the
interaction, and the likelihood that the light-emitting reaction involved
_vapor-phase combustion of the aluminum (Baker 1965).

' The absence of significant amounts of oxidized aluminum in the debris
suggests that little metal had burned. This absence was first noted

visually by comparing debris recovered from our ignition-type explosion  *

with photographs of debris recovered from a known ignition-type explosion ’
reproduced in the paper by Leibowitz and Mishler (1967). Their - =

photographs showed significant coatings of oxide ‘on debris recovered from
laser-initiated ignition of .aluminum particles underwater. The virtual
absence of .oxide from our debris was confirmed later by X-ray diffraction ...
analyses that indicated only trace amounts of aluminum oxide in the debris.
samples recovered from either the thermal- or ignition-type interactions.

Moreover, the similarity between the particle size distributions of the

. ignition- and thermal-type explosions determined by sieve analyses as
shown in Figure 18 is, in our,opinioh,‘another indicator that there was mno:
significant alteration of the fragmented metal by chemical or other high-
temperature processes during the energetic portion of the ignition-type
.explosion., ' I o , ’

The absence of appreciable oxidized aluminum in the debris is also

- consistent with the self-sustained burning rate of aluminum of

‘0.96 g/min/cm> at temperatures above 1750°C (2023 K) reported by Baker
'(1965). If we assume the nominal 10° g of aluminum recovered from
experiment 30-80-1 consisted entirely of spherical particles 400 um in
diameter (the mass median taken from Figure 18), the amount of aluminum
‘burned in the vapor phase during the l-ms-long flash of light would have
been approximately 8 x 107° g. (This corresponds to a volume of Hy of
approximately 10 cm3 [STP]; cf. Table 4.) ' '

Returning, then, to the PV-product-per-gram-of-aluminum plots shown in

~ Figures 14, 15, and 24, it seems likely. that the linear portion of these
plots was generated by the ignition and combustion of one or two orders of
magnitude less metal than the 10 grams assumed originally. Thus the slope
- of the PV-product curve of 26 kW/g might more realistically be
~approximately 103akW/gf»which is comparable to the slopes of 450 and =~
310 kW/g for the bubbles generated by the Types RP-1 and RP-2 detonators.
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*2500

PV Product/Gram (Joules/g)

2000 + 9~ RP2HE
1500 +
1000 +

500 1

AL: Aprox. 10 g

 +%-.AtchenncaL'

O~ RP1HE

1 2 8 4 & &
" TIME (milliseconds) ' |

"RP1: 606 mg HE

~ RP2: 64 mg HE

Figure 24.

Comparison of pressure-volume product per gram of aluminum or -
explosive versus time for an ignition-type steam explosion of
molten pure aluminum (30-80-1) and exploding bridgewire
- detonators Types RP-1 and RP-2. The release temperature of
the molten aluminum was nominally 1500°C (1773 K). ’
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This is consistent with estimates of the total energy of about 17 kJ/g ‘
‘that can be released in theory from molten aluminum steam explosions with
complete metal/water reactions (Chase et al. 1985), and about 4 kl/g for‘
conventional high explosives (Rightley et al 1993).

(In Appendix C, added after this report was completed new bubble analyses
seem to confirm that only a few percent of the original molten aluminum
globule actually burned durlng the ignltion type steam explosion in'
‘experiment 30-80-1. )

4, 3 Calculations for Future Ignition- Type Experiments .

If»future ignition-type steam explosion experiments are to be performed
with aluminum, it is important to calculate the maximum dimensions of -
‘fully contained bubbles expected from ignition-type steam explosions of
the sort observed in experiment 30-80-1. We have estimated the bubble
‘diameters and volumes that might be produced during experiments with 10 g
of high-purity -aluminum at elevated melt temperatures undergoing a steam
explosion where combustion occurs along with the transfer of enthalpy of
the melt to the water. These values are presented in Table 5. The
volumes and diameters are estimated from the maximum chemical plus thermal
_ energy obtainable (Chase et al. '1985) and also empirically on the basis of .
. recent intermediate-scale field tests (Rightley et al. 1993), assuming the, -
best estimate of explosive energy release (about 30 percent overall '
conversion) and the lower ‘and upper limits of the 95 percent confidence
levels. »

Table 5 shows that for 10 g of molten aluminum a bubble with a maximum
diameter as large as 1.5 m might form for 100 percent conversion, and.
perhaps a meter in diameter for an experiment with the estimated
efficiency of the Beck and Rightley tests. . This indicates the need for a
significant redesign of our experimental apparatus to have at least a l-m
diameter chamber compared to the nominally 0.3 m dimensions of our current
_ water chamber (The mass of water in this larger chamber would be on the’
- order of 103 kg') ' : - :

In the" fifth‘line of Table 5, we have entered values of the maximum bubble
‘volume and diameter calculated for the underwater explosion of the Type
RP-1 detonator containing 0.6 g of high explosive, using the energy
release of 4 kJ/g cited by Rightley et al. (1993). For comparison, we
have entered in the last line of Table 5 the corresponding experimental
values for this detonator taken from. the extended plot of bubble volume
vs. time shown in Figure 25. Figure 25 was prepared from the high-speed
film of .experiment DET 55 supplied by D. F. Beck. 1 The horizontal line
’1nd1cates ‘the- portion of the plot used to. prepare Figures 23 and 24,

1Beck, D. F., personal communication, 1991.
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~ Table 5. COmparison of Estimated Maximum Bubble Volumes and Diameters for
» - Ignition-Type Steam Explosions of Molten Aluminum and for
nUndervater Explosions of the Type RP -1 High Explosive Detonator

Maximum - Maximum

\ Interaction ; , ~ Bubble @ Bubble
Energy ‘ Energy o Taken © Volume : Diameter
Source - (kl/g) -~ - From (liters)e - = (em)f
~Al (10 g) 17.1 ) a,b R 1986 156
- Al (10 g) 3.2 b (best) - 372 - : 89
Al (10 g) 1.3 b (low) - - 151 R 66
Al (10.g) 6.5 b (high) 755 o113
Det (606 mg HE) ~ 4.0¢ b - ' 28¢ . . 38¢
Det (606 mg HE) - -

- T Fig. 25 = . 324 o 39d

aChase et al. (1985).
leghtley et al. (1993).

cValues calculated for Type RP-1, hlgh explosive detonator with 600 mg of
- ~high explosive.

dExperimental valoes for Type RP-1 detonator.

Energy‘release (joules)

(1013) Pyrtjent (MPa)

fa = Max. diaﬁetet (cm) = E;.V - (cm3) 1/3
max , \ Il max

= 0.085 MPa]

ey = Max volume (liters) =
max - -

[Local average Paphient

4.4‘ Tempefature Thresholds for Ignition-Type Explosions“

It is interesting to compare data from the literature for the temperatures:
at the onset of ignition-type steam explosions of molten aluminum as a :
function of metal mass. Nine ignition temperature thresholds are shown as
a function of metal mass in Figure 26.' (These data points are taken from
reports by Bakerp[1965],_Hess and Brondyke [1969], Higgins and Schultz
[1957], Lemmon [1980], Rengstorff et al. [1969], Rightley et al. [1993]
Tao et al. [1989], and from thls work Each data point is discussed
further in Appendix A.) \ -

It can be seen from this figure that as melt mass’ 1ncreases, the threshold
ignition temperature decreases, until at approximately 102 g (and
presumably above) it approaches the melting temperature of aluminum. This
plot may - have great s1gn1f1cance for the metalworking industries, where
‘large quantities of molten aluminum are often handled just above their

. meltlng temperature in close’ proximity to liquld water.

55



VOLUME (L)
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25 +

20 +

16 +

10 -

1 ! 1 . } i 1
Rl

0 -+~ i i f T :
0 5 10 15 20 25 30  : 35,
TIME (mHliseconds) | ' '

—

260 mg PETN. initiating exploslve &
356 mg RDX w/binder high density explos

Figure 25. Extended bubble volume as a function of time for the Type RP-1
high-explosive detonator fired underwater. - The horizontal ,
line indicates the portion of the plot used to prepare Figures
23 and 24
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It is- poss1b1e that the failure to produce 1gn1t10n type steam explosions
of two of three experiments performed at nominally 1500°C (1773 K) .
(30-91-1 and 41-5-1 did not produce ignition while 30-80-1 did) is

: explalned by the trend shown in Figure 26. In the two experiments where
ignition did not occur, the mass of melt released was ‘significantly
smaller than in the experiment where ignition ‘occurred (cf. Tables 1
and 2). :
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5. CONCLUSIONS

We have investigated the effect upon triggered steam explosions of
progressively increasing the melt release temperature of 2- to 10-g drops
of molten pure aluminum. At a melt release temperature of nominally
1500°C (1773 K), we performed a single experiment in which there was a
very vigorous explosien accompanied by a flash of light; the explosion

~seriously damaged the water chamber of our test apparatus. This explosion*

was at least an order-of-magnitude more vigorous than the hundred or more -
 triggered explosions of aluminum performed earlier in this chamber or
similar apparatus. We conclude.that the milder explosions were :
“thermal-type explosions driven primarily by enthalpy transfer, while the .
‘very vigorous explosion was an ignition- type explosion that involved both

" . enthalpy transfer and metal- water combustion

ngh speed films showed the flash of 1ight ‘to be 1 ms long, followed by

~ the very rapid growth of a bubble for about 4 ms more before the chamber
failed. Its growth rate was equivalent to that of a bubble génerated by

the underwater detonation of 0.6 g of high explosive. Moreover, examining

. the debris indicated that very little metal had oxidized, suggestirg that

the energy released per gram of metal that actually had participated in

~ the interaction may have been very large.

‘We believe this to be the first clear observation of an ignition-type
steam exp1031on of molten aluminum in'the laboratory. With proper
analyses and theoretical extrapolation, this and other similar experiments
should help us understand the very violent steam explosions with flashes
of . llﬁht observed with masses of molten alumlnum greater than about

1In Appendix G, added after this report was completed new bubble analyses
seem to confirm that only a few percent of the original molten aluminum -
globule actually burned during the ignition- type steam explosion in
experiment 30-80-1.

\2Recently, Epstein (l99l) theoretlcally analyzed the underwater vapor
phase ignition and combustion of molten aluminum observed in this and
earlier work : » :

3After completing our experlments and preparing this report, we became
aware of the work of Ciccarelli (1991). His research seems to explain
the bubble dynamics presented in Figures 3 through 15 of this- report We
fregret not having been able to use his work to interpret our

' bservations
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'Hegs'and Brondyke (1969)

APPENDIX A

' Threshold Temperatures for Ignition-Type
Steam Explosions of Molten Aluminum:
. -Discussion‘of Individual Data Points

In this appendix we discuss each of the nine ignition threshold

temperatures presented in Figure 26, because it was necessary to appljfé
degree of interpretation during the preparation of this figure. The data
points are discussed according to literature citation. ’ :

Baker (19635)

The classic work bf B&ker/and his co-workers describes the release of

" nominally 0.34 g drops of molten aluminum into liquid water. The drops .

were prepared by melting them while they were levitated in a
radio-frequency field. When the drop temperatures were 1750°C. (2023 K)
and above, the drops ignited and burned vigorously in the water, -

'generating light, hydrogen, and a milky deposit of aluminum oxide. There -

were no triggers applied in this work, nor were there steam explosions.

A

These authors are not completely clear when they discuss the threshold

temperatures for experiments in which flashes of light are observed. We
have selected a typical experiment from their Table III. In this table:.

‘the authors describe thermocouple readings near the bottom surface or

directly at the interface between the molten aluminum and a clean steel
tank that contained the water. The melt release tempeérature was stated to

- be 768°C (1041 K) and the amount of incoming metal, 50 1bs (22.7 kg).. Ve
. take as evidence that a chemical reaction occurred their observation that
 the ‘thermocouples at the interface between the molten aluminum and the -

steel tank rose at 1east<2007c (200-K) above the'melt release temperature
when the metal/water explosive interaction occurred. '

Higginé ang-Sphulgz 51952!

The threshold ignition temperature of 1399°C (1672 K) was taken from -
Table IV of Higgins and Schultz (1957). In this table, the authors
present the results of tests with molten aluminum sprayed into liquid
water using the Aerojet explosion dynamometer. We have chosen the onset
of ignition to occur at run 56-77 where they report the percentage of
reaction to change from nil to 60 percent, the total-impulse to increase

. about six-fold, the work to increase nearly forty-fold, and the efficiency

of the reaction to increase twenty-four-fold. This is an abrupt change as
melt-release temperature increases, similar to those observed when
ignition occurs. Although they did not report a flash of light (probably
because the apparatus blocked it), in our opinion the sudden increase in
the output parameters justifies assigning 1399°C (1672 'K) as the
temperature where a significant chemical component was added to the
aluminum-water thermal interaction. o ‘ : '
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" Lemmon: ( 9

.This author cites numerous experiments in which ignition-type aluminum-
j water explosions occured. From his Table II, we have chosen:

'.};kExperiment C-50 in which 10 1bs (4.5 kg).of melt produced”a "very
. violent" explosion. The melt.temperature‘was 1038°C (1311 K).

-‘1Experiment C-10 in which 40 1bs.(18 2 kg) of uelt produced a very
violent" explosionf~ The melt temperature was: 971 c (1244 K).

‘,These explosions occurred in a water containing, cubical, steel tank with
a rusted interior . '

.Rengstorff et a Y 969

- We cite here an example of a very forceful explosion in a casting
foperation, in which 350 to 380 1lbs (159 to 173 kg) of aluminum
participated. - We believe this to be a chemical 1gnition type explosion
because of the statement by Rengstroff et al. that "a cloud of dust
(powder), princ1pally alumina, filled the enclosure" when the plant was
entered about one minute after the explosive event. The melt release

temperature was not specified, but it was reported that a large partially-.

- solidified ingot "broke out". early in the casting process. This suggests

that the metal was freezing at the interface between the outer solid shell

of the ingot and the molten metal within. We assume, then, that the’
temperature of release was close to the melting temperature of aluminum as
- we have indicated in Figure 26. :

_ ightlex al, 11993}

iThe threshold. of 10 kg and 1150 K is taken directly from Tables 1 and 9 of
: Rightley et al. (1993) ,

E Tao et al, (1989

The behavior of approximately 50- pm diameter molten aluminum drops

generated underwater by passing a capacitor discharge through 25- to 76-um

diameter, 23-mm long aluminum wires, was studied by high-.speed streak

_f“photography. Tao et.al. (1989) observed the generation of a vapor film

around the drops that collapsed, followed by a second generation of vapor.
Above a threshold temperature of 2600 K (calculated from their electrical
discharge parameters) this second: event became very vigorous and emitted
intense light. (There is a striking similarity to our first bubble
collapse followed by rapid second bubble. growth and light emission for .
approximately 10 g drops shown in.our Figures 4, 13, 14, 15, 23, and 24.)
~Tao et al. (1989) saw no analogous behavior . when gold drops were generated
at 51milar temperatures under comparable conditions. We conclude,
therefore, that their observed very energetic behavior ‘and light emission
.~ were caused by ignition of the molten aluminum drops.

This wogg’

We cite the's1ng1e experiment (30 80:1) in which approximately 10 g of
~molten, high- purity aluminum was relea ed into liquid water at nominally
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.298 K. The ignition was seen on high-speed film as a brilliant flash of
light that lasted approximately 1 ms, followed by a rapid bubble volume

increase. There was some uncertainty in the measured temperature because
there was some vaporization of aerosols in the vicinity of the alumina

“crucible and the graphite susceptor into the windowless sight path viewed
by the optical pyrometer. There is also uncertainty in the actual

temperature of the melt at that time of the interaction. Thus the

, pyrometric,temperature'ac 1500°C (1773 K) measured at the time of release

was probably lower than the actual release temperature. On the other .
hand, the temperature of the globule of aluminum at the time of triggering
was probably lower than the actual release temperature because of cooling -

-of the drop_during1the‘fall/thrdugh the ambient atmosphere and the liquid -

water prior to triggering. Thus, there are two sources of temperature
uncertainty that may tend to offset each other when determining the actual

threshold temperature at which ignition occurred.

_Another source of uncertainﬁy in our data point is the amouﬁt of melt
‘actually released during the experiment. ‘A small amount of debris was

probably lost due to.the uncontrolled flooding caused by the failure of
the chamber. We have conservatively.estimated the loss to be about 2 g of
the original 12 g charge leading to the value of 10 g of molten aluminum
that was used for the abscissa in Figure 26. ’

64




REFERENCES FOR APPENDIX A

Bekef, L. W, Jr.,‘1965, "MeﬁalrWater”Reactions;" Nuclear Safety, 7,
'25-34, S S ‘ ) ' :

Hess, P. D., and Brondyke K. J., 1969, "Causes of Molten Aluminum-Water
Explosions and Their- Prevention," Metal Progress, 95, 93- 100 ) :

| Higgins, ‘H. M. , ‘and Schultz, R. D. 1957 The Rgaction of Metals With
Water and Oxidizing Gases at High Iemperatu;eg, ID0-28000, Aerojet -General

*‘Corporation Azusa, CA.

Lemmon, A. W., Jr., 1980. "Explosions of Molten Aluminum and Water,f Light
Metals 1980, C. J. McMinn, -ed., -The Metallurgical Society of AIME,
" Warrendale, PA, 817~836

Rengstorff, G. W. Lemmon A. W., Jr. , and Hoffman, A, 0., 1969, Review
of Knowledge on Explosiogg getween Molten Aluminum and Wateg, Battelle

Memorial Instituteé, Columbus, OH. Report to the Aluminum Association,
“April 11. ‘ s '

 Rightley, M. J., Beck, D. F., and Berman, M., 1993, NPR/FCI EXO-FITS O
Experiment Series Report, SAND91-1544, Sandia National Laboratories, e
Albuquerque, NM, January 1993. .

Tao, W. C., Frank, A. M., Shepherd, J. E., and Clements, R. E., 1989, "The
Fundamentals of Metal Combustion in Composite Explosives Revealed by High
- Speed Microphotography," Proceedings of the Ninth (International)
-Symposium on Detonation, Portland, OR, August 28- -September 1.

" 65



APPENDIX B
Authors’ Note

" This report is part of a study of the steam explosion behavior of drops of
aluminum-based melts at Sandia National Laboratories and was supported by
the Reactor Safety Group; Savannah River Laboratory, Westinghouse Savannah
River Company, Aiken, SC, and its predecessor, E. I. DuPont de Nemours,’
Co., Aiken, SC. The experimental work began in 1988 and was concluded in
1991 Documentation of this work includes the following:"

e ..-"Steam Explosions of Single Drops of Molten Aluminum and 6061
Alloy," by L. S. Nelson, T. Fuketa, M. J. Eatough, and F. J.
Vigil. Paper presented at the 27th National Heat Transfer
Symposium of Japan, May 30 June 1, 1990, Nagoya Japan,

'+ "The Triggering of Steam Explosions of Single Drops of Pure and.
Alloyed Molten Aluminum," by L. S. Nelson, T. Fuketa,
M. J. Eatough, and F. J. Vigil. Paper presented at the American
"Nuclear Society Meeting, Nashville, TN, June 10 14 1990,
Transections of the AmerzcanﬁNucleer Soczoty, +458-9 (1990).

(XY

‘ i_;;_xgg_ugl;_g_ﬂlgmingm SAND90 0131, by L. S. Nelson, T. Fuketa,
M. J. Eatough, F. J. Vigil and P. M. Duda, Sandia National

Laboratories, Albuquerque, NM. In preparation.

+ "Steam Explosions of Single Drops of Core- Melt Simulants:

' Triggering, Work Output and Hydrogen Generation," by L. S. Nelson, -
D. A. Hyndman, and P. M. Duda. Paper presented at the
International Topical Meeting on Safety of Thermal Reactors,
Portland, OR, July 21-25, 1991. Proceedings published by the
American Nuclear Society, LaGrange Park, IL 324-330.

(Partial support by the sponsors )

. m"Oxidation of Molten Fuel Simulant Drops Under Film Boiling
Conditions,” by M. F. Young and L. S. Nelson. Paper presented at
the Internmational Topical Meeting on Safety of Thermal Reactors,
Portland, OR, July 21-25, 1991." Proceedings published by the.
American Nuclear Society, LaGrange Park, IL, 319-323.

(Partial support by the sponsors ) ,

. "Thermsl- and Ignition Type Steam EXplosions of " Single Drops of
Molten Aluminum," by L. S. Nelson, P. M.-Duda, and D. A. Hyndman.
Paper presented at the American Nuclear Society Meeting, San

© Francisco, CA, November 10-14, 1991, Transactions of the Amerzcan
Nucloar 80czoty, 64, 378 9 (1991)

+ . "Interactions. Between Drops of Molten Al Li Alloys and Liquid
Water,"” by L. S. Nelson, P. M. Duda, and D. A. Hyndman. Paper
presented at the American Nuclear Society/European Nuclear Society

1992 International Conference, Chicago, IL, November 15-20, 1992,
’Transact;ons of the Ame:icen Nuclear Soczety, 66, 331-2 (1992).
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Interact on“ gtween'Dro s of Molten Al-Li. lloys and Liquid
‘Water, SAND91-2191, by L. S. Nelson, -P. M. Duda, and D. A.
‘Hyndman Sandia National Laboratories, Albuquerque NM, January
’1993 o T

Interactions Between Drops. of Molten Al- lloys and Liquj
Water, WSRC-TR-93-0178, by M. L. Hyder, L. S. Nelson, P. M. Duda,
- and D. A. Hyndman, Westinghouse Savannah River Company, Aiken, SC
‘August 1993. ‘ , . _ ’

‘"Interactions Between Drops of a Molten Aluminum-Lithium Alloy and
Liquid Water," by L. S. Nelson, P. M. Duda, and D. A. Hyndman,.

- paper accepted for publication in Metallurgical and Materials
Transactions, in press, 1994, .

B“Steam Explosions of Single Drops of Pure and Alloyed Molten

~ Aluminum,” by L. S. Nelson, paper presented at the Specialist
Meeting on Fuel-Coolant Interactions, Committee on the Safety of
Nuclear Installations, Santa Barbara, CA, January 5 to 8, 1993; to
be published in a special issue of Nuclear Engineering and Design,
in press, 1994,

Ten informal letter,reports.to:the‘sponsofifor the months of
September 1990 through May 1991, and for June and July 1991.

67



D

*

" APPENDIX C

Mass of Aluminum That Participated in Laboratory -Scale
Steam Explosion of Molten Aluminum '

After this report was completed new bubble analyses seem to confirm that
only a few percent of the molten aluminum globule actually burned during
the ignition-type steam explosion in experiment 30-80-1. These analyses

were reported in a memorandum from L. S. Nelson to distribution, dated

October 14, 1992, Because these analyses support several conclusions
reached in this work, the memorandum is reproduced here as Appendix C.
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date:

tos

from:

subjects:

) flooding. probably the finer particles

Sandia National Laboratories

Albuguerque, New Mexico 87185

September 2, 1992 °

Distribution
L. S. Nelson, SMIS, 6423

Mass of Aluminum that Particxpated in a: Laboratory Scale Steam
Explosion of Molten Aluminum

" The purpose of this memorandum is to offer some new thoughts on

experiment 30-80-1 performed in FY91 for the Westinghouse Savannah River
Company. To our .knowledge, this is the only laboratory .experiment in
which a clear. photographic image of an ignition-type steam explosion of

molten aluminum has been recorded. This experiment is described in
. References 1 and 2.

In this experiment; approximately 10 g of molten, high 'purity aluminum

was released into deionized water at room temperature; melt temperature -

was nominally 1500°C (1773 K). . The explosion was initiated by a

‘capacitor discharge through an underwater exploding bridgewire located

57 mm to one side of the drop at triggering time. This transient
produced a peak pressure of about 3 MPa at the drop. The ekperiment was

recorded with 16-mm, high-speed photography at 4000 fps.

The experiment was accompanied by a flash of light, excessive throwing
of water and failure of a 9.5 mm-thick Lexan chamber. About 8 g of
fragmented metallic material was recovered after the interaction. Some
of the debris was assumed to have been lost durlng the resultlng

T

The high-speed film indicated a bubble that began to form at trigger:

time and reached a maximum volume of about 0.3 liters in the first 4 ms.

This bubble collapsed over the next 4 ms, after which there was a 1 ms- -

long flash of light followed by the very rapid growth of a second bubble
to about 14 liters in another 4 ms. At this point, the bubble exceeded

the dimenslons of the chamber, broke the water surface and destroyed the -
‘apparatus. - A plot of the bubble volume as a functl.on of time taken from
the filn is shown in Figure 1.

Subsequently, ,we compared’ this film with similarly photographed bubbles

produced by the underwater explosion of two different commercial

~detonators (Reynolds Industries Systems, Inc., San Ramon, CA), Type RP-1
" and Type RP-2 containing 606 and 60 mg of high explosive, respectively.
“We found that the bubble produced in the aluminum interaction grew at

essentially the same raté as the RP-1 detonator bubble until our chamber

failed, -A plot of the growth of the three bubbles is presented in

Figure 2.
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Figure 1. Plot of bubble volume vs. time for the ignitionftypé;stéamrexplosionﬂ
o of ‘a drop of molten aluminum. Release temperature was nominally )

1500°C- (1773 K)'\,(30;807l)' :
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Comparison of bﬁbble volumes versus time produced by an ignition-type
steam explosion of a drop of molten pure aluminum (30-80-1) and

exploding bridgewire detonators Types RP-1 and RP-2. The release .

temperature of the molten aluminum'wasvnominally 1500°C (1773 K).
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As a result of our prellminary analyses of the NPR FY92 sxngle drop steam

explosion studies at Sandia, we have been able to extend our understandlng of
what occurred during experiment 30- 80-1. Our new understanding is based on the

fo’low1ng two observatlons

‘e Bubbles that grow with the same 1n1t1al rates (i.e., same dV/dt

: slopes) ultimately appear to achieve the same maximum volumes. ‘This
has been demonstrated for various capacitor discharge-produced bubbles
that have grown,alﬁost as large as. 1l liter.  The correlation of V.,
with dv/de | for these bubbles is shown in Figure 3.

. f'The light emitting combustlon of aluminum in water seems to liberate

bubble (pressure-volume) energies of 6 to 12 J/mg. - This range of
values  has been determined from several underwater capacitor
discharges through strips of aluminum f011 of krown weight (up to
14 mg). Our work follows the lead of Lee,? who obtained about 15 J/mg

with carefully tuned electrical discharge c1rcu1ts (Conventional

high explosives generate about 4 J/mg. ) -

- To utilize-these preliminary relationshxps, we present the complete bubble
‘volume-time plot for the RP-1 detonator in Figure 4. The line at the left, about
halfway in the growth curve, indicates the time at which the aluminum-generatéd-.
bubble destroyed the chamber (see Figure 2). Note that the complete bubble from ’
‘the detonator achieves a maximum volume of about 31 liters.  If we can assume, -

from the first observetion, that the maximum bubble volume for experiment 30-80-1
also would have been 31 liters the maximum pressure-volume energy release would

_ have been 2670 J

Using the'second observation, .that the energy’release:for aluminum in an:
.ignition-type event underwater lies in the range 6 to 12-J/g, we estimate that
the total amount of aluminum that participated in .the ignition type steam

explosion was 0.22 to 0.44 g. This is only 3 to 6% of the 8 g of debris
recovered after the experiment and after the failure of the apparatus. If the

value of 15 J/g reported by Lee® is a more accurate value, then the total amount
of aluminum that reacted according to this analysis would have been only 0. 18 g -

or about 2% of the 8 g.

The estimaCe that only a few percent of the‘metal participated in the ignition-

type steam explosion is consistent with the virtual absence of oxidized aluminum-
in the debris recovered from experiment 30-80-1. Aluminum oxide could not be
‘observed visually and was detected only in trace amounts by X-ray diffraction.

There was no appreciable difference from the debris recovered from comparable
therm;l -type steam explosions

The thoughts ptesented here, while presently based on preliminary data and
analyses, provide important insights  into the upcoming *experimental and
theoretical studies of explosive molten aluminum- water interactions for the NPR
Program.
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Figure’3." Plbt‘ of maximum \.lolumes achi'ev“ed‘,,Vm‘“,‘ as a functioh‘ of the initial.

" slopes, dV/dt, of various bubbles ‘formed by underwater capacitor
’discharges . Line was determined by a linear regression analysis.
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Figure 4.° ﬁxténded plot of bubble volume’as'a function of time for the Type RP-
1 high-explosive detonator fired underwater. The horizontal line
indicates the portion of the plot used to prepare Figure 2.
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