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TECHNICAL SUMMARY

A study was made to assess the possibility of a vapor explosion in a
liquid-fed glass melter and during off-standard conditions for other vitrifi-
cation processes. The glass melter considered is one designed for the vitri-
fication of high-level nuclear wastes and is comprised of a ceramic-lined
cavity with electrodes for joule heating and processing equipment required to
add feed and withdraw glass. Vapor explosions needed to be considered because
experience in other industrial processes has shown that violent interactions
can occur if a hot Tiquid is mixed with a cooler, vaporizable liquid.

Available experimental evidence and theoretical analyses indicate that
destructive glass/water interactions are low probability events, if they are
possible at all. Under standard conditions, aspects of liquid-fed melter
operation which work against explosive interactions include: 1) the aqueous
feed is near its boiling point, 2) the feed contains high concentrations of
suspended particles, 3) molten glass has high viscosity (greater than 20
poise), and 4) the glass solidifies before film boiling can collapse.

While it was concluded that vapor explosions are not expected in a
liquid-fed melter, available information does not allow them to be ruled out
altogether. Several precautionary measures which are easily incorporated into
melter operation procedures were identified and additional experiments were
recommended.
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INTRODUCTION

This report presents the results of an evaluation of postulated violent
interactions between water and molten glass in a waste vitrification process.
The vitrification process studied here involves feeding high-level radioactive
waste solution and glass-forming chemicals to a joule-heated ceramic melter.
Experience with simulated waste shows that this process is promising for con-
verting high-level liquid wastes to glass (Buelt et al. 1979).

On-going safety evaluations of the liquid-fed ceramic melter require
knowledge of conditions that foster steam explosions. This is also applicable
to other vitrification processes. The possibility of steam explosions must
be considered because aqueous solutions come into contact with hot, molten
glass during liquid-fed operations, and during some off-standard conditions
for other vitrification processes.

Vapor explosions are physical processes wherein a liquid is superheated
well above its normal boiling point at the prevailing pressure. If the super-
heating is high enough, spontaneous nucleation can occur, and the resulting
flashing of liquid to vapor can be rapid enough to generate shock waves and
overpressures which can disperse both the hot and cool fluids and possibly
damage the container. Steam explosions are one category of vapor explosions.
Such explosions have sometimes been referred to as "physical" explosions
because no chemical reactions need occur.

Considerable experience has accrued world-wide, involving waste glass
melters operated with 1iquid feed. No violent interactions have been
reported, showing that steam explosions are unlikely. However, because steam
explosions have occurred infrequently in other industrial processes, the
absence of violent interactions in previous melter operations may not guaran-
tee that violent interactions will not occur in future glass-making
operations.

In this study, we examined the conditions under which vapor explosions
can occur and then explored the possibility of such conditions existing in a
waste glass melter. This first study of violent interactions between molten



glass and high-level waste solutions is not expected to answer all the ques-
tions that might arise. Rather, it is intended to help determine whether this
topic deserves more attention or whether available experience is sufficient

to assure that violent interactions are of such low probability that they can
be discounted. If additional information is required, then the present study
should identify what is needed to place water/glass interactions in their
proper perspective.



OBJECTIVES OF THE ASSESSMENT

The primary objective of this study was to determine whether vapor explo-
sions need to be considered in the design and operation of joule-heated
melters fed with aqueous high-level radioactive wastes. A secondary objective
was to identify the scope of follow-on work, if any, required to evaluate the
safety implications of vapor explosions in liquid-fed melters.






SUMMARY AND CONCLUSIONS

A study of available information was made to evaluate the possibility of
a vapor explosion in a liquid-fed glass melter. In the nuclear waste vitrifi-
cation process considered herein, aqueous solutions of high-level radioactive
wastes are fed to a joule-heated ceramic melter. Water vapor and volatile
materials are driven off, and waste oxides react with glass-formers which
are also added to the melter to form glass. This vitrification process is
mechanically simple compared to alternatives and is therefore a leading
candidate for immobilizing defense and power wastes.

Vapor explosions (sometimes called violent glass/water interactions) need
to be considered in the liquid-fed melter operation because experience in
other industrial processes has shown that violent explosions can occur if a
hot 1iquid is mixed with a cooler, vaporizable liquid. Many necessary condi-
tions must be satisfied before a vapor explosion can occur, and the present
study was aimed at determining whether all of the necessary conditions could
be met in the liquid-fed melter operation.

Considerable experience has accrued world-wide in the operation of glass
melters fed with aqueous solutions. No violent interactions have occurred so
far. This experience and theoretical analyses indicate that destructive
water/glass interactions are low probability events, if they are possible at
all. However, the presently available information does not permit one to
totally rule out the possibility of a vapor explosion in a liquid-fed glass
melter. Additional experimental studies in which molten glass and aqueous
waste are purposely mixed are recommended to demonstrate that vapor explosions
are not possible within the range of conditions which could be obtained in the
melter.

Several precautions have been identified which will minimize the possibi-
lity of steam explosions during the time required to complete the follow-on
experiments. The four precautionary actions listed on the next page appear
to be practical, and will not adversely affect the operation of the existing

melters.



1. The aqueous feed should be preheated prior to entry into the melter.
Based on literature data which shows that vapor explosions do not
occur if the cool Tiquid is close to its boiling point, we conserva-
tively recommend that feed not be cooler than 10°C below its
boiling point.

2. Cooling water circuits used to cool the various parts of the melter
should be examined to verify that a rupture in the cooling water
conduits would not allow cool water to contact molten glass.

3. Feeding unheated process water to a hot melter should be avoided.

4. Glass product formulations should be designed to avoid the formation
of glasses of unusually Tow viscosity. As shown later in this
report, viscous dissipation inhibits vapor explosions. For typical
waste glasses which have viscosities greater than 50 poise at
1050°C, the viscous retardation effect is expected to prevent
violent interactions. However, if the glass viscosity were orders
of magnitude lower than typical values, the inhibiting effect of
viscosity might not alone be sufficient to prevent an interaction.

Other conclusions and summary statements supported by the work completed
are as follows:

e Vapor explosions occur when an appreciable volume of liquid becomes
superheated. If the superheat exceeds the spontaneous nucleation
temperature, then sudden flashing of liquid to vapor can generate
shock waves and potentially destructive pressure pulses. We have
concluded that such interactions are unlikely under standard opera-
ting conditions in a liquid-fed glass melter.

e In order to transfer enough heat to superheat a large volume of
liquid, the hot liquid must be disintegrated and dispersed into an
appreciable volume of the cold liquid. Experimental studies have
shown that the collapse of a vapor film can initiate the breakup
process. Several vapor collapse and growth cycles may occur in a
feedback process leading to pressure pulses large enough to disperse



the fluids. In the liquid-fed glass melter such disintegration is
prevented by stable film boiling and by the high viscosity of molten
glass.

Vapor explosions never occur when the hot material is solid. This is
because: 1) solids cannot be finely dispersed by collapsing vapor
films, and 2) solids act as nucleators, and it is not possible to
appreciably superheat a liquid in the presence of vapor-forming
nuclei. In the liquid-fed glass melter one predicts that a typical
waste/glass would be solidified before its temperature was low enough
to allow a collapse of film boiling. This behavior alone would
prevent vapor explosions under standard conditions.

Small-scale tests with molten glass have shown that vapor explosions
did not occur with glass under test conditions which produced explo-
sions when the hot fluid was a molten metal. This supports the
statement that the lTower thermal diffusivity and higher viscosity of
glass work against steam explosions.

A very large effort is currently underway throughout the world to
understand vapor explosions. However, to date, there is not an
agreed-upon single model which describes all the sufficient condi-
tions for a vapor explosion. Therefore, it is not possible to pre-
dict solely from theory whether a vapor explosion will occur for
glass and water under all specified thermal conditions.

Conditions in the waste glass melter which oppose vapor explosions
include: 1) the feed contains suspended solids which would aid
nucleation, thereby preventing high degrees of superheat; 2) the
feed is preheated (experience has shown that steam explosions do not
occur when water is hotter than 60°C); and 3) glass is highly vis-
cous, thus preventing breakup in the short time required for a vapor
explosion. ‘

Aqueous waste feeds containing powdered frit have a high solid-
particle concentration, which decreases the level of superheating
that could occur. If these particles acted as nucleating sites,



superheating-type vapor explosions would be impossible. However,
not enough data are available to allow one to totally discount
explosive interactions because of the suspended particles.

e Experience shows that dissolved gases, such as C02, can prevent
violent interactions altogether. Hypothetically, the concondensible
gases provide a cushion between the two liquids thus disallowing
vapor film collapse. This prevents fragmentation of hot liquid and
thus no violent interactions occur.

e Experiments involving the intentional mixing of tens of kilograms of
molten glass with waste solutions are needed to demonstrate that
violent water/glass interactions are not credible under conditions
which could be obtained in a liquid-fed melter operation.

Because of the findings of this report, research and development proce-
dures at PNL have been updated to eliminate even the very slight possibility
of steam explosions. Beforehand, a few liters of water with no suspended
solids have been introduced into the melter before the slurry to cool the noz-
zle and prevent caking and plugging of the nozzle. Now, a water-cooled feed
nozzle has been installed to eliminate the introduction of unheated process
water. Also, procedures have been changed to preheat the feed to 90°C which
will guarantee no explosions. However, because of process control problems,
engineering calculations are being performed to determine whether enough CO2
can be dissolved into the feed during the airlifting step. This report shows
that if the CO2 concentrations in water up to 80 ml kg'1 can be attained,
which is 10% of saturated conditions, explosions can be prevented.



PREVIOUS EXPERIENCE IN GLASS MELTER OPERATIONS

Previous experience in glass melters operating with aqueous feed was
reviewed to find out whether violent water/glass interactions had ever been
observed. Our review was based on available information; no doubt other
studies exist that are not considered here.

EXPERIENCE IN THE UNITED STATES

Liquid-fed glass melter operations in the U.S. comprise three major pro-
cesses: the phosphate-glass process, the rising-level glass process and the
joule~heated ceramic melter process. No violent interactions were observed
during any of these processes.

Phosphate Glass Process

The phosphate-glass process is a vitrification method developed at
Brookhaven National Laboratory in the late 1960's. Phosphoric acid is mixed
with high-level waste solutions, and the mixture is heated in a crucible.
Water is boiled out and solids are heated to 1100°C to 1200°C where they
form molten glass. Drager et al. (1968) have summarized the bench-scale and
pilot-scale development activities of about nine years, including two years
of pilot-plant operation.

Pilot-scale melter operations typically involved the feeding of an aque-
ous concentrate (20% solids) to a platinum crucible 0.2 m (8 in.) in dia and
0.61 m (24 in.) long. Glass was formed continuously and was drained from the
bottom of the crucible. The feed pipe terminated about 0.15 m (6 in.) above
the surface of the melt. While some splattering of feed solution was
observed, no violent interactions were ever reported.

Nonradioactive and radioactive phosphate processing was demonstrated on
a prototype scale at Pacific Northwest Laboratory (PNL). McElroy et al.
(1970, 1971) described solidification operations in which simulated high-
level wastes were converted to glass by the phosphate process. Waste feed
containing 10% to 20% solids in phosphoric acid slurry was evaporated and
converted to molten glass in a platinum melter 0.25 m (10 in.) in dia and



0.61 m (24 in.) long. The feed was concentrated in an evaporation stage and
entered the melter at 120°C to 135°C, which was close to the boiling point.
Evaporating sludge and feed materials floated on top of phosphate glass, which
was maintained at temperatures ranging from 1090°C and 1200°c. During shutdown
operations, the feed was diluted with water and acid.

The radioactive runs made at PNL were conducted in two series. In the
first series, six runs were completed in a total operating time of about
700 h. The second test series involved five runs, with a total operating time
of about 200 h.

Excessive aqueous foaming was observed in the PNL phosphate glass runs
until an antifoam agent was added to the aqueous feed. The antifoam material
successfully controlled foaming, and no violent interactions were noted during
the 900 h of operation.

Rising-Level Glass Production

One run was made at PNL in which radiocactive waste was solidified in the
rising-level waste glass process (McElroy et al. 1972). The process involved
feeding an aqueous slurry to a stainless steel pot heated to a temperature
above the melting point of the glass being formed. In the run completed,
glass was formed at 900°C to 950°C. No violent interactions between aqueous
feed and hot glass were noted. Water feed was used after about 2.5 h of
operation due to solids bridging in the melting pot. The PNL experience is
considered to be an increment to the more extensive experience gained in the
United Kingdom with the rising-level glass process.

Joule-Heated Ceramic Melter Process

Several years of operating experience have been gained in converting
liquid waste solutions to a borosilicate glass in a joule-heated ceramic mel-
ter (Buelt et al. 1979). Experience has been obtained using two different
melters; the larger one had a melting cavity 0.86 m long, 1.22 m wide, and
0.48 m deep. Molten glass temperatures of up to 1150°C have been maintained
when agqueous feed (including glass-forming chemicals) was added to the top of
the melting chamber. To date, 10,000 L of simulated waste have been fed into
the large unit. During normal operations the evaporation/calcination/melting

10



process proceeded smoothly with no hint of violent interactions between the
feed and hot glass. Glass foaming and rapid boiling were noted under some

off-standard feeding situations, but no violent water/glass reactions took

place.

EXPERIENCE IN THE UNITED KINGDOM

The British FINGAL process is a rising-Tlevel glass production method in
which high-Tevel waste slurries are mixed with silica/borax powder and fed to
a metal canister 0.15 m (6 in.) in dia and 1.5 m (5 ft) long (Grover et al.
1966). Glass temperatures of 1000°C to 1100°C are generally maintained.
Davis (1967) reported that the aqueous feed is separated from molten glass by
layers of oxides and nitrates. Forty-one test runs were made using simulated
nonradioactive solutions; eight runs used radioactive materials. No violent
water/glass interactions were noted.

EXPERIENCE IN FRANCE

French experience in solidifying aqueous waste by means of a rising-Tlevel
glass process has been extensive (Bonniaud et al. 1972). The French PIVER
process, a rising-level glass method, was studied on a pilot scale over a
three-year period at Marcoule. Five runs involving 129 solidification opera-
tions produced 10 tons of glass and consumed 19 m3 of high-level waste con-
centrate. Glass temperatures of 1150°C were typically reached. No violent

water/glass interactions were reported.

EXPERIENCE IN ITALY

Small-scale, pilot-plant tests using nonradioactive waste simulants have
been performed in Italy in a program designed to perfect a phosphate glass
process (Bocola et al. 1972). The stainless steel melter used in the Italian
program and 60 mm in dia and 300 mm in height. Feed entered at 90°C, and
glass was in the 600°C to 800°C temperature range during the feeding period.
While foaming was sometimes observed to be a problem, no violent glass/solution

reactions were noted.
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EXPERIENCE IN THE SOVIET UNIGN

Konstantinovich et al. (1976) reviewed recent Russian studies on solidi-
fication of high-level wastes at a Vienna conference in 1976. This was the
only Russian paper studied in the present evaluation.

Russian researchers reported experience in making phosphate glass in a
joule-heated ceramic melter that was fed with aqueous waste. The melter was
divided into two zones (a making zone and a finishing zone) 2.4 m and 0.315 m
in length, respectively, and 0.8 m wide.

The presence of a layer of calcined feed covering the molten glass was
necessary to suppress entrainment of feed material in the off-gas circuit.
When the layer of feed was broken, pressure in the furnace sharply increased.

Russian experience with this large pilot melter is quite extensive. In

experimental studies, 1000 m3 of simulated solution were processed and 250

tons of phosphate glass (100 m3) were obtained. No serious safety problems
were uncovered in the development program, and the system was recommended for

experimental studies with actual radioactive wastes.

EXPERIENCE IN COMMERCIAL GLASS MAKING

Several aspects of commercial glass making involve the mixing of molten
glass and water and, therefore, provide supportive experience related to waste
water/glass interactions.

First, molten glass streams are drained into cool water in the commercial
production of pre-melted frit. The rapid quenching of the molten stream
causes the glass to solidify, and then fracture into particles which are
easily conveyable. To our knowledge, there has neber been a destructive vapor
explosion caused by this process. Personal contacts made by the authors with
several technical people in the frit industry indicate that when very fluid
(low viscosity) glasses are quenched, some violence can be generated unless
the glass stream is adequately dispersed in the water. The worst situations
are more like noisy boiling than the violent explosions which can be caused
by the quenching of molten metals in water.

12



Second, the water quench pits are commonly provided for the periodic
draining of glass melters. The water fractures the drained glass into con-
veyable particles. No violent destructive explosions have been reported,
indicating that water/glass interactions are typically nonviolent.

Third, water streams are often used to cool hot regions on the outside
of glass tanks and thereby prevent or terminate glass leaks. Water and glass
are intermixed in this process, and violent vapor explosions have not been
reported.

SUMMARY OF GLASS-MAKING EXPERIENCE

This review of glass making experience shows that water/glass interac-
tions are normally benign. Because violent explosions have apparently never
occurred, it is evident that steam explosions involving hot glass are low-
probability events, if they are possible at all. The focus of this study
should deal with special characteristics of waste glass which could enhance
the possibility of a steam explosion in waste vitrification processes.

13






DESCRIPTION OF REPRESENTATIVE STEAM EXPLOSION INCIDENTS

In this section several reported vapor explosion incidents will be
described to illustrate the circumstances which have led to past incidents,
the diverse nature of interacting fluids, and the magnitude of destructive
forces caused by vapor explosions.

METALS INDUSTRIES

Explosive accidents are infrequent in metals industries, but when they
do occur, they result in very damaging physical explosions.

Mallory-Sharon Incident

In this incident in 1954 (Witte et al. 1970), a titanium arc-melting
furnace, which was water-cooled, exploded at a plant in Ohio. There were nine
injuries, four of which were fatal, and property damage of $30,000. The
explosion was believed to be the result of water entering the melting cruci-
ble. The molten metal inside the melter was exposed to cool water, which sub-
sequently flashed explosively to steam.

Reynolds Aluminum Incident

In this 1958 incident (Witte et al. 1970), an aluminum-water explosion
occurred in I1linois involving some forty injuries, six fatalities and
approximately $1,000,000 in property damage. The explosion "rocked a 25-mile"
area. Wet scrap metal was being loaded into a furnace when the explosion was
triggered.

Quebec Foundry Incident

This incident (Witte et al. 1970) occurred in a foundry building having
a volume of approximately 18 million cubic feet. One hundred pounds of molten
steel fell into a shallow trough containing about 78 gal. of water. The
resulting explosion injured mill personnel (one fatality) and caused $150,000
damage to the foundry building including a 20-in. crack in a concrete floor,
6000 broken panes of glass, and structural damage to the walls and ceilings.
Another structure, some 75 yd from the foundry, also incurred damage.
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Western Foundries Incident

In this incident, which occurred in 1966 (Witte et al. 1970), a cable
broke while 3000 1b of molten steel was being poured from an electric furnace
into a tile-lined ladle. Hot steel dropped into a water-filled pit. The
result was a violent explosion, injuring three workers and tearing a 600-ft2

hole in the roof. The explosion was heard three miles away.

Armco Steel Incident

The Armco Steel incident occurred in 1967 (Witte et al. 1970). Molten

steel fell on "damp" ground, triggering an explosion. A ladle containing

30 tons of molten steel had been elevated 40 ft when it fell. Injuries were
sustained by 30 workers; six of those injuries were fatal. Evidently, suffi-
cient moisture was present in the porous ground to trigger small-scale explo-
sions that showered molten steel over a wide area. Although an explosion
accompanied the incident, the injuries were primarily attributed to burns
received from molten material.

East German Slag Incident

An East German article appearing in 1959 discusses a number of slag-water
explosions that have occurred in German open-hearth steel mills (Carbiener
et al. 1974). Two accidents were discussed in which explosions resulted from
spraying water on molten slag in open slag pits. One of the explosions
resulted in a fatality, a number of other injuries and severe structural
damage. The second explosion was less severe. Both explosions were attri-
buted to excess water on the slag, passing down into the cracks to the hot,
molten material below. Several other explosions, involving the contacting of
water and molten slag, were also described.

British Slag Incident

In 1964 an explosion occurred in a British steel mill when a ladle,
being used to tap a glass furnace, was sprayed with 1ime-water and returned
to service (Carbiener et al. 1974). The next time the ladle was used, it
exploded. The ladle was three-fourths full of slag (12 to 14 tons) at the
time. Damage to the structure and injuries to personnel were reported.
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Oregon Metallurgical Corporation Incident

In 1977 a series of explosions occurred in an Oregon reduction plant when
molten magnesium apparently leaked into a pit below a furnace ("Eight Injured
in Albany Plant Explosion." The Oregonian, 1977). It was concluded that

water had collected in the pit, and a steam explosion was triggered by the
contact of molten magnesium with the water. Roofing and siding on the build-
ing were stripped from the steel frame, the furnace was damaged and eight
people were injured. Several buildings nearby were slightly damaged, and
windows rattled in houses more than a mile from the plant.

PAPER INDUSTRY

Steam explosions occur in the Kraft process in the quench tank used to
receive molten salt, which is a chemical ash from the recovery furnace
(Sallack 1955; Nelson and Kennedy 1956a, 1956b). While the operation of the
"smelt" (molten NaZS + Na2C03) quench tank may produce explosions more
frequently than in other industries, the explosions are not highly destructive
and plant operations have been designed to minimize their effect. The follow-
ing description by Nelson and Kennedy (1956b) typifies the more violent explo-
sions which can occur when smelt is quenched in water:

"On occasion the sound became a deep, powerful rumble or an earthquake-
1ike detonation which occurred far below the surface of quench Tiquor in the
tank. These muffled explosions sometimes caused the unit or even the entire
building to tremble. Deep explosions in rare instances have been powerful
enough to blow a tank top and metal grating upward more than six feet. Tanks
have been split along welded side seams and displaced from foundations by
particularly bad underwater explosions."

In comparison to molten metals, molten salts evidently lead to much less
violent steam explosions, demonstrating that the physical properties of the
hot fluid have an important effect on the explosion process.

17



NUCLEAR REACTOR INDUSTRY

Explosive fuel/coolant interactions have occurred when power excursions
in small nuclear reactors caused molten metal fuel elements to mix with
coolant water. Experience (Carbiener et al. 1974) in the reactor industry is
summarized below.

Canadian NRX Reactor

In 1952 at Chalk River, Ontario, during a low-power experiment, a nuclear
excursion was experienced (Carbiener et al. 1974). Although the duration of
the incident was less than 62 s, the damage was sufficient to result in con-
tamination of the facility. The reaction between uranium and steam (or water)
was the principle cause of damage.

Borax I Reactor

In 1954 at the National Reactor Testing Station in Idaho, the Borax I
reactor was deliberately subjected to a potentially damaging power excursion
in reactor safety studies (Carbiener et al. 1974). A power excursion lasting
approximately 30 ms produced a peak power of 19,000 MW with a total energy
release of 135 MWs. The power excursion melted most of the fuel elements.
The reaction tank (1/2-in. steel) was ruptured by the pressure (probably in
excess of 10,000 psi) which resulted from the reaction between the molten
metal and the water. The sound of the explosion at the control station
(1/2 mi away) was comparable to the detonation of 1 to 2 1b of 40% dynamite.

Spert 1-D Reactor

During the final phase of the destructive test program with the SPERT
1-D core, damaging pressure generation was observed (Carbiener et al. 1974).
Pressure transducers recorded the generation of a pressure pulse larger than
3000 psi which caused the destruction of the core. The pressure pulse
occurred some 15 ms after initiation of the power excursion. The power excur-
sion rapidly overheated the fuel plates; the increased temperature melted the
metal and the cladding of the fuel plates. After the transient, much of the
fuel that had been molten was found dispersed in the coolant.
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SL-1 Reactor

In January 1961 a nuclear excursion occurred in the SL-1 reactor in Idaho
(Carbiener et al. 1974). The total energy released in the excursion was
approximately 130 MWs and was produced in the outer fuel elements in the core.
This portion of the energy was slowly transferred to the water coolant over a
two-second period, and no melting (uranium-aluminum alloy fuel) of the outer
fuel occurred. About 50 to 60 MWs of the total energy was released in less
than 30 ms by 12 heavily damaged inner fuel elements to the water coolant.
This prompt energy release resulted in rapid steam formation in the core which
accelerated the water above the core and produced a water hammer that hit the
pressure vessel 1id. The vessel, weighing about 30,000 1b with its internals,
sheared its connecting piping and was lifted approximately 9 ft into the air
by the momentum transferred from the water hammer. Calculations of the
mechanical deformation of the vessel indicate that about 12% of the prompt
energy release or 4.7% of the total nuclear release was converted into
mechanical energy.

The possibility of vapor explosions in nuclear accidents has prompted an
extensive study of vapor explosions related to nuclear safety. Most of the
current work on vapor explosions is devoted to understanding possible fuel/
coolant interactions which could affect the safety of reactor cores. At
present, most attention is being focused on sodium coolant and UO2 fuel
because this fuel coolant pair is presently proposed for use in liquid-metal
fast-breeder reactors (LMFBR).

LIQUIFIED NATURAL GAS INDUSTRY

Vapor explosions have been observed when Tow-boiling hydrocarbons are
spilled as subcooled 1iquids onto water (Nakanishi and Reid 1971; Katz and
Sliepcevich 1971; Drake and Reid 1977). In this case, the hydrocarbon floats
on top of the water and is the substance which vapor explodes. The density
regime for the hot and cool liquids is similar to that which would be obtained
in a glass melter where water floats on top of hot glass. While no major
industrial accidents have been attributed to vapor explosions of liquified
hydrocarbons, several sizeable explosions have occurred in tests (Nakanishi
and Reid 1971).
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Memphis Light, Gas and Water Division Test

This firm built an earthen reservoir, 5 ft in dia by 1 ft deep, into
which liquified natural gas (LNG) was periodically poured and ignited to give
operators experience in extinguishing fires. On one occasion (Nakanishi and
Reid 1971), there was approximately 1 in. of water in the bottom of the reser-
voir when some 50 gal. of LNG was poured into it. The LNG was successively
ignited and extinguished approximately ten times after which time there was
about 1 in. of LNG remaining on top of the ice. The LNG residue was left to
boil off when a loud explosion apparently occurred without ignition. Dirt
and ice chunks were thrown 30 to 50 ft from the hole. The violent reaction
occurred about 5 min after the last extinguishment.

U.S. Bureau of Mines Test

Under contract to the U.S. Coast Guard, the U.S. Bureau of Mines
conducted a number of tests to study the heat transfer between LNG and water
(Nakanishi and Reid 1971). To accomplish this, LNG was poured onto the sur-
face of water contained in a small aquarium tank. In conducting tests with
salt water, the first LNG experiment was conducted without incident. In the
second test, there was an explosion which destroyed the apparatus. This event
occurred in the fifty-sixth test of the series. There had been no indication
of a violent reaction in any of the preceeding tests.

These experiments show that vapor explosions between water and low-
boiling hydrocarbons are possible, but have much lower probabilities of
occurrence and lower violence measurements than metal-water explosions.

Lava-Water Interactions

Molten lava can apparently react explosively with sea water (Colgate and
Sigurgeirsson 1973). Colgate and Sigurgeirsson discuss (p. 20) instability
mechanisms which could lead to breakup of lava in contact with water. Their
calculations support the postulate that steam explosions are responsible for
volcanic explosions. The Krakatoa volcanic explosion, one example cited by
these authors, apparently distributed millions of tons of micron-sized parti-
cles into the atmosphere. This explosion was extremely powerful, and indi-
cates that some of the largest and most powerful explosions ever to occur on
earth may have been vapor explosions.
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By way of recounting, all examples of vapor explosions have involved the
intermixing of a hot liquid with a cooler vaporizable liquid. Somehow, the
cooler fluid is heated well above its boiling point before vapor formation
begins. When vapor formation is triggered, vapor forms at a rate too rapid
to be relieved without shock waves, and an explosion takes place. The fact
that vapor explosions occur so seldomly indicates that the necessary condi-
tions are quite restrictive.
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VAPOR EXPLOSION MECHANISMS

In order to assess the possibility of a vapor explosion occurring in a
glass melter, it is necessary that the physical processes which lead to rapid
vapor formation be understood. In this report section, the various explosion
mechanisms will be reviewed, and those which seem most plausible in the 1light
of experimental data will be identified.

ENTRAPMENT

In the entrapment theory (Witte et al. 1970; Witte and Cox 1978; Flory,
Paoli and Mesler 1969; Long 1957; Hess and Brondyke 1969), it is postulated
that the cooler vaporizable fluid somehow becomes entrapped by the hot fluid
which solidifies and thus forms a pressure barrier to inhibit the escape of
the cool fluid and its vapor. The cool fluid then becomes heated by conduc-
tion, and finally the contained pressure bursts the solid barrier, resulting
in Tiquid-liquid dispersion and a subsequent vapor explosion.

Evidence in favor of the entrapment theory is ambivalent at best, and
this theory has been largely discredited.

The entrapment theory apparently evolved from Long's experiments (1957)
in which molten aluminum was dropped into water. Long observed photographi-
cally that explosions did not occur until the aluminum had reached the bottom
of the water container and had spread out. The hypothesis of the entrapment
theory is that the spread aluminum solidified and thus trapped some water
beneath it; it was this trapped water that became heated to high pressure and
ruptured the metal seal explosively. Entrapment by solids is not a necessary
condition for a vapor explosion as evidenced by work where the hot fluid is
always above its melting point. Examples of explosive interactions where both
1iquids remained fluids are mercury and water (Bradley and Witte 1972), and
freon and mineral o0il (Henry et al. 1974). The entrapment theory is further
discredited by the observation that solid boundaries are not required to cause
explosive interactions between a hot and cold liquid. Bradley and Witte
(1972, p. 25), for example, was able to obtain explosive interactions between
a low-melting lead-tin alloy and water when the hot alloy was injected into
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the water as a horizontal jet. The explosive interactions occurred in the
bulk of the water, well away from the tank walls.

Based on the experimental evidence available, it is certain that entrap-
ment of liquid by a solid is not a necessary condition for a vapor explosion.
Therefore, glass/water interactions in a liquid-fed melter cannot be dealt
with by merely avoiding the mixing of molten glass and water where entrapment
of water by solid glass could occur.

FREEZING SHELL THEQORY

Two different mechanisms have been postulated to result from the freez-
ing of an outer layer of hot globule. One is a variation of the entrapment
theory. It is postulated that when the outer surface of the globule freezes,
cracks and fissures develop (Witte et al. 1970, Nelson and Kennedy 1956b,
Brauer, Green and Mesler 1968) into which liquid penetrates, vapor then forms
in these cracks with explosive violence, causing segments of the shell "to
spall off much like shrapnel." This picture of vapor explosions can be dis-
missed for the same reason as the entrapment mechanism: namely, vapor explo-
sions can occur when no solids are present.

A second freezing shell mechanism involves the creation of a jet of mol-
ten metal by the shrinking of the solid shell (Colgate and Sigurgeirsson 1973;
Zyszkowski 1976). The molten metal jet is envisioned to penetrate a vapor
film blanket which separates the main bulk of hot and cool materials. Direct
liquid-1iquid contact leads to superheating of the cool fluid, resulting in a
vapor explosion. While it is conceivable that this jet formation may play a
role in some vapor explosions, it is clearly not a condition necessary for
vapor explosions, because explosions can occur without the formation of solid
shells.

The elimination of the freezing shell mechanism as a necessary condition
means that the shrinkage of solid glass and surface crack formation probably
have little relation to the possibility of vapor explosion in a liquid-fed
ceramic melter.
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WEBER NUMBER BREAKUP OF DISCONTINUOUS FLUID PHASE

In this proposed mechanism, one liquid stream entering the second is dis-
persed into small particles by aerodynamic forces (Witte et al. 1970). Due
to the enhanced surface area, heat transfer becomes so fast that vapor is
explosively generated.

This proposed mechanism has little experimental basis and, indeed, does
not agree with visual and photographic evidence of 1iquid globules prior to a
vapor explosion. The observations (Nelson and Kennedy 1956a; Long 1957;
Zyszkowski 1976; Bjorkquist 1975) show that the metal globules typically
remain largely intact prior to explosive fragmentation. Also, the fact that
fragmentation of a molten salt (Nelson and Kennedy 1956a) or aluminum stream
(Long 1957) reduces vapor explosion violence shows that fragmentation of the
hot 1iquid leads to results which are opposite those predicted by this pro-
posed mechanism.

When applied to the liquid-fed melter, the failure of the Weber Number
fragmentation theory shows that one could not eliminate vapor explosions by
designing the liquid feed system to avoid water jets from entering molten
glass.

SPONTANEQUS NUCLEATION OF SUPERHEATED LIQUID

In this postulated mechanism (Nakanishi and Reid 1971; Katz and
Sliepcevich 1971; Fauske 1973, 1974), the cool liquid is heated by direct
liquid-Tiquid contact with the hot liquid. Because of the absence of a vapor
phase and nucleation sites, the cool liquid becomes highly superheated.
Finally, spontaneous nucleation forms vapor bubbles in the body of the super-
heated 1iquid and, once vapor bubbles appear, flashing occurs very rapidly,
leading to vapor explosions.

The spontaneous nucleation of superheated liquid mechanisms is supported
by a substantial body of theoretical and experimental information. A few
examples of supportive data follow.

First, the phenomenon of superheated liquids is well proven in experi-
ments (Reid 1976; Wismer 1922; Skripov 1974). A simple way to demonstrate
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liquid superheat is to inject water drops into oil that is hotter than the
boiling point of water at the prevailing pressure. Briggs (1950) quotes Clerk
Maxwell's 1871 edition of Theory of Heat: "In an experiment due to Defour,
the water...is dropped into a mixture of linseed o0il and o0il of cloves, which

has nearly the same density as itself...Drops of liquid may sometimes be
observed swimming in the mixture at a temperature of 180°%¢ (356°F)." Liquid-
liquid heating may be done without the presence of a vapor phase, and since no
vapor phase is present, the transition from liquid to vapor which would nor-
mally occur at the boiling point does not occur unless a vapor phase is formed
spontaneously in the liquid.

Second, nucleation theory has been applied to spontaneous nucleation of
superheated liquids, and it has been shown that the nucleation rate is pre-
dicted to increase by several orders of magnitude per degree Centigrade
(Skripov 1974; Blander and Katz 1975). Thus, until a critical temperature
level is reached, the vapor nucleation rate is negligibly small. Above the
critical temperature, the nucleation rate is so large that explosive boiling
is expected. Thus, if a liquid is heated by another liquid in the absence of
nucleation sites to the "spontaneous nucleation temperature" an explosive
flashing to vapor is expected.

Third, experiments in which liquids are heated by immersion in a hot
liquid show that explosive boiling occurs if the interface temperature exceeds
the spontaneous nucleation temperature. This has been observed in single-drop
temperature-gradient columns (Reid 1976; Blander and Katz 1975) and in large-
scale mixing experiments (Henry et al. 1974).

Major questions remain which apply the spontaneous nucleation model to
the water/glass interaction. These questions center on how much water can be
superheated to which degree prior to flashing. As will be discussed later in
this report, phenomena which severely constrain superheating are: 1) vapor
films associated with film boiling, 2) solidification of the glass before
1iquid-1iquid contact and 3) nucleation by solids in the liquid.
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DETONATION MODEL

A detonation model of vapor explosions was formulated in 1975 by Board,
Hall and Hall (1975). This model is based on detonation phenomena known to
occur in chemical explosions. In this model, it is first assumed that a
coarse intermixing of the two fluids takes place by an unspecified process.
Then, due to some initiating mechanism, a shock wave is initiated. The shock
wave sets up an acceleration of the two fluids which causes fine fragmentation
of the hot material. Due to the extremely fine fragmentation hypothesized,
heat transfer occurs so fast that the shock is self-propagating.

The plausibility of the detonation model has been questioned by Williams
(1976) and by Bankoff, Jo and Ganguli (1976) on the grounds that disintegration
of the hot liquid would not occur rapidly enough or to the fineness required
to support a detonation. However, other experiments (Patel and Theofanous
1978) tend to support the plausibility of the detonation model. At present
it is not possible to state with certainty whether a self-sustaining detona-
tion, water/glass interaction is possible.

Because high degrees of liquid superheat are not required in the detona-
tion model, the solids content of high-level waste feed would not prevent a
vapor explosion in a glass melter if a detonation-type interaction were pos-
sible. However, the time required for breakup of molten glass globules
increases as viscosity increases (Bellman and Pennington 1954), so detonation
would be impossible for glass viscosities higher than some critical value.

COOLANT JET PENETRATION MODEL

In this model advanced by Buchanan (1974), a fluid mechanical model is
pictured which allows cool liquid to be dispersed into the hot fuel. Rapid
heat transfer between the cool and hot fluid then causes very rapid vaporiza-
tion of the cool fluid, with subsequent disintegration of the hot fluid. A
cyclic process is thus envisioned which causes disintegration and intermixing
of two fluids.
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The liquid jet which penetrates the hot material is attributed to the
collapse of a vapor bubble. It has been shown (Plesset and Chapman 1971) that
a so-called "Plesset Jet" is formed by the collapse of a spherical cavity in
a liquid.

If this model is correct, then vapor explosions in a glass melter could
be prevented by always feeding the waste at the saturation temperature. A
rapid collapse of the vapor bubble is impossible unless the cool liquid is
sub-cooled. High viscosity would also work against break-up by the Plesset
Jet,

DISCUSSION OF PLAUSIBLE VAPOR EXPLOSION MECHANISMS

0f the mechanisms which have been proposed, several which involve frag-
mentation of the hot fluid remain as credible possibilities. The process
sequence (Witte and Cox 1978; Board, Farmer and Poole 1974) which describes
vapor explosions is pictured in Figure 1. As indicated in the figure, an
initiating mechanism leads to mechanical energy or motion between the two
liquids. The relative motion produces fragmentation of at least one of the
fluids, and this greatly enhances the heat transfer area. Rapid heat transfer
causes the vapor pressure formation of the cool fluid, and expansion of this
vapor causes the observed explosion. A feedback process may be involved to
enhance the interphase heat transfer rate.

Several details of the explosion process are not well known at present.
Chief among these is the initiating mechanism which leads to fragmentation.

A1l of the initiating mechanisms indicated in Figure 1 have experimental
and theoretical support, as will be described later in this report. The fact
that the initiating mechanism is not known to be unique means that an accepted
theory to predict the necessary and sufficient conditions for a vapor explo-
sion is not presently available.
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RECENT STUDIES OF VAPOR EXPLOSIONS

In this section, selected studies of vapor explosions will be reviewed
to show the circumstances under which violent interactions have occurred, and
to show how the conceptual models described herein explain the experimental
findings.

EXPERIMENTAL STUDIES

Aluminum-Water Interactions

Many large-scale experiments have been carried out by researchers at the
Aluminum Company of America (Long 1957; Hess and Brondyke 1969) in which mol-
ten aluminum was dropped into open pans of water. The apparatus used is
described in Figure 2.

In a typical test, 50 1b of molten aluminum was suddenly discharged
through a 3 1/4-in.-dia hole into a steel container of water. Long (1957)
carried out a total of 880 tests of this type and studied the effect of metal
stream quality, water depth and temperature, water additives and types of
coating in the steel container. Hess and Brondyke (1969) carried out another
108 of these tests, and focussed on coatings that could be used to prevent
explosions.

Explosions of varying intensity were produced in many of the tests. The
relatively nonviolent interactions scattered water and molten metal but did
not rupture the container. The most violent explosions broke the container
and hurled pieces several hundred feet. Phenomenological observations of
greatest significance are given in the following subsections.

Water Temperature

In 34 tests conducted under metal stream conditions which favored explo-
sions, explosions occurred in 18 tests when the water temperature was 0% to
50°C. No explosion occurred in water which was 60°C to 100°C. These observa-
tions are consistent with an initiating mechanism based on a collapsing vapor
film, because highly subcooled water favors the transition from film to transi-
tional boiling.

31



WEIGHT
TRIP

PREERSW e I PO S
&S AP ONTE D0, s S0 o
5098220 B

o

o
LA
o7

9,
J
g .

[
[

Vode s o 2 S0
> ..m%oww%o.o.%mm.oom.o
222850
A rQiﬂ:lC. m ol pXstex) -JQ
0.0 £y o o (s 9¢1) 0:00 o
WQUﬁomuo..mq. 036050, %DocmeWwQO .o%o.o%o.o &

2 FT THICK
05'&?
Xt
00
&9 O
3 Q
3%
%
(o
o3
9
4
O
0

OQ
o

STEEL REINFORCED
CONCRETE WALL

039 S o 00 L Ol AN LY e

0 2+0,9: 260 5626020805020, 29 5 2O8 o
A, o > DD 5 AR I3 oot
$e S S oo RSP A S GRS S0 e

POURING

CRUCIBLE

STOPPER
SQUARE

I

’
™
i
it
"
1
.
[
(RS
.4

TAP HOLE

\
\

These observations

and the gases would also cushion any
salts would aid wetting of metals by

32

]

Sketch of Apparatus for Study of Aluminum-

Water Interactions (Long 1957; Hess

and Brondyke 1969)

On the other hand
water and wetting favors vapor film collapse and superheating of the liquid.

FIGURE 2.
Organic material touching the metal would decompose into gases,

It was found that the addition of soluble organic materials (0.5%) pre-

Additives in Water
are consistent with initiating mechanisms based on the breakdown of film

vented explosions, and that salts enhanced explosions.
providing nucleation sites for boiling,

vapor-film collapse.

boiling.



Water Depth and Metal Temperature

The metal temperature and the water depth required to produce explosions
were found to be inversely related, with a pool depth of less than 6 in. metal
at 670°C (just slightly above the melting point of 660°C) producing an explo-
sion. However, as water depth increased to 30 in., no explosions occurred
even with metal at 900°C. These observations suggest that the metal must be
at a minimum temperature by the time it spreads on the bottom of the pool.
Deeper water requires a high initial temperature of the metal.

Coatings on the Water Tank

It was found that explosions could be prevented by covering the water
tank with organic coatings, but that explosions were enhanced when oxide or
hydroxide coatings were used. These findings were consistent with expecta-
tions based on the model pictured in Figure 1. The organic materials appar-
ently decomposed when contacted by hot metal, providing gases which would
cushion vapor film collapse and provide nucleation sites to avoid super-
heating. As expected, the coatings lost their effectiveness after several
expoéures to hot metal, when volatiles had been largely driven off. The
enhancement due to inorganic oxides and hydroxides lies in enhanced wetting
which would favor vapor-film breakdown and, more importantly for oxides,
exothermic chemical reactions (thermite-type) which would add to the heat
energy available.

Metal Stream Quality

The ability to produce an explosion was found to depend on the size of
the molten metal stream which entered the water. No explosions occurred when
the metal was discharged through 3/4-in., 1-1/2-in. and 2-1/2-in.-dia holes.
Increasing the hole size to 2-3/4 in., 3-1/4 in. and 4 in., respectively,
resulted in explosions.

In addition to the drain hole size, it was found that the distance the
metal fell prior to contacting the bottom of the water container was important.
For example, explosions occurred when the distance the metal fell was less than
4 ft, but no explosions occurred in 19 tests using a 10-ft drop.
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Long (1957) tentatively concluded that fall height had an effect on stream
breakup and tested the hypothesis by placing a steel grid with l-in.2 openings
over the water container. This grid prevented explosions in 13 tests under

conditions that without the grid produced explosions.

Several interpretations of the metal stream characteristics are possi-
ble. First, there may be a size scale effect in vapor explosions, as would
be expected in the detonation model of Board, Hall and Hall (1975). It may
be that when the metal is broken into smaller globules, that a small explo-
sion by the first metal globules provides a steam phase, preventing super-
heating of water by metal entering later. A third possibility is that smaller
metal globules are not susceptible to fragmentation, although other experi-
ments discount this possibility.

Physical Properties of Molten Metal

In order to evaluate the effect of the hot stream properties, Long (1957)
carried out 19 tests using molten magnesium and an unspecified number of tests
with molten salt made from equimolar amounts of sodium chloride and potassium
chloride.

Results obtained for molten magnesium were indistinguishable from those
for molten aluminum. However, for the molten salt several differences were
observed: the salt explosion was less intense than metal-induced explosions;
the salt explosions were not prevented by the 20-in. water depth, by the
grease coating or by the soluble oil.

The differences between metal and molten salt explosions can be attributed
to differences in the thermal properties of these fluids. The much lower ther-
mal conductivity of the salt would yield lower interface temperatures with
water. This lower interface temperature would reduce heat transfer, explaining
the lower explosive yields and the greater water depths which permit explo-
sions. Also, the organic coatings would decompose much less rapidly and the
noncondensable gas, which inhibits vapor film collapse and superheating, would
not be generated in time to prevent the explosion.

34



Tin-Water Interactions

Following the very extensive large-scale tests on aluminum-water inter-
actions by Long (1957) and by Hess and Brondyke (1969), a number of research-
ers have carried out small-scale tests using many different molten metals.
Molten tin apparently has been studied more extensively than any metal except
aluminum, so selected results of available studies will be noted.

Fragmentation Study of Flory, Paoli and Mesler (1969)

These authors reported tests in which molten metals (Pb, Sn, Bi, Al, Cu,
Hg and low melting alloys) were dropped into water baths. High-speed photo-
graphy was used to record the fragmentation process. Also, the solidified
fragments were studied to obtain a measure of the degree of fragmentation.
Several interesting observations included the following:

e larger drops fragmented more violently than smaller ones;

e Jlowering the surface tension of aluminum by adding bismuth enhanced
the degree of fragmentation;

e the addition of powdered carboxymethylcellulose to the water had a
marked effect on reducing or preventing fragmentation (carboxymethyl-
cellulose would increase the viscosity of water and also decompose
into gases when heated by molten metal; both of these factors would
reduce fragmentation, so the observed effect is expected);

e fragmentation decreased when the water-batch temperature was above
25°C, and no fragmentation occurred with water-batch temperatures
of 90°C to 100°C.

Explosive Interactions of Molten Metals Injected into Water

Bradley and Witte (1972) injected molten metals into water using a hori-
zontally positioned nozzle. The metal entered the water as a jet, and inter-
actions which occurred were far from any wall or solid interface. Metals
tested included tin, mercury and alloys of Pb/Sn and Bi/Pb/Sn/Cd. These four
metals had different melting points, allowing melting point effects to be
demonstrated.
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In a typical experiment, the temperature of the molten metal was
increased in steps, and water/metal interactions were studied by monitoring
the noise produced, the extent of fragmentation in cooled metal and the flow-
rate of metal through the injection nozzle. Explosive interactions were
characterized by audible "blasts," by extensive fragmentation of cooled metal
and by flow reversal in the nozzle caused by pressure pulses in the water at
the nozzle exit.

Explosive interactions were obtained for all four metals when a thresh-
old metal temperature was exceeded. For mercury, tin, and the lead/tin alloy,
expolosive interactions were apparent for metal temperatures above about
290°C. For the Bi/Pb/Sn/Cd alloy, explosive interactions occurred at tem-
peratures about 200°C.

These experiments are particularly informative because they demonstrate
conclusively the following:

e solidification of the metal is not necessary to cause an explosive
interaction, as shown by the mercury results.

e the presence of a solid interface is not required to obtain an explo-
sive interaction.

e large globules of hot materials are not required to obtain explosive
interactions.

These experiments are consistent with the explosive processes listed in
Figure 1 and allow us to remove the shrinking shell mechanism and the solid
entrapment mechanism from those processes necessary in vapor explosions.

Molten Tin Dropped into Water

While we will not attempt to review all studies involving molten tin
dropped into water, three studies by different investigators will be described
because they add insight into the mechanisms that cause vapor explosions.

Arakeri et al. (1975) dropped 25-g globules of molten tin into water and
studied the interaction photographically, by fast-response pressure measure-
ments, and also examined the solidified fragments of tin after the drop.
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Both water temperature and tin temperature varied as parameters. Consis-
tent vapor explosions were observed only at the two highest tin temperatures
of 787°C and 676°C and when the water batch temperature was uniform and below
52°¢C (lowest bath temperature was 8°C). Only occasional vapor explosions were
observed at initial tin temperatures of 537°C, and no vapor explosions were
detected at initial tin temperatures of 426°C and 343°. The intensity of the
explosions that occurred appeared to be unrelated to the water temperature
provided it was below 52°C.

The degree of fragmentation was directly related to the magnitude of the
peak pressure pulse., When the tin solidified as nonporous, sizeable frag-
ments, no explosions occurred. The highest peak pressure pulses were asso-
ciated with solidified tin particles described as "fine porous fragmentation
with final product split up." These observations are consistent with the
expectation that the amount of vapor produced would increase with the heat
transfer rate. The heat transfer rate would, of course, increase as the hot
material became more finely subdivided.

Photographic observations of the falling tin globule showed that, typi-
cally, three or four Tocal interactions occurred before the whole globule was
involved in interaction. The interactions, evident as distortions in the metal
surface, were apparently due to the collapse of vapor films which separated
water and hot metal. When total fragmentation occurred, a vapor explosion
occurred. The estimated time from the beginning of the first interaction to
the maximum growth of the last interaction was 10 ms.

The metal and water temperature 1limits when explosions occurred fit rea-
sonably with Fauske's (1973) spontaneous nucleation model. It postulated that
vapor explosions can occur without delay only if the instantaneous interface
temperature of the cool fluid is higher than the spontaneous nucleation tem-
perature.

Arakeri's (Arakeri et al. 1975) results are consistent with other metal-
water interaction experiments and with the vapor explosion process diagram
pictured in Figure 1.
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Board, Farmer and Poole (1974), at the Berkeley Nuclear Laboratories in
England, dropped a few grams of molten tin into water and measured pressure
pulses as well as obtaining high-speed photographs of the tin-water inter-
action. The experimental arrangement was quite similar to that employed by
Arakeri et al. (1975).

In the first type of experiment, a few grams of tin were dropped into an
open tank of water. It was found that explosions occurred only if both the
tin was above 400°C and the water was below 60°C. The high-speed photographs
revealed that multiple interactions of increasing violence occurred prior to
whole drop involvement. Vapor films (or bubbles) grew and then collapsed.

The growth and collapse of the preliminary interaction could be observed from
the pressure trace. It was this observed growth and collapse cycle, with sub-
sequent cycles being more violent, that leads these researchers to postulate

a feedback mechanism as pictured in Figure 1.

A second type of experiment carried out by Board, Farmer and Poole (1974)
involved the dropping of molten tin into water at ~40°C maintained at a low
pressure (~0.1 bar). Under these conditions the water was subcooled less than
the critical value, and no explosions occurred unless the pressure on the
system was suddenly increased. The increased pressure apparently caused the
vapor film to collapse, triggering an explosion.

In a third type of experiment, Board, Farmer and Poole (1974) applied a
mechanical disturbance to a tin drop supported on a crucible under water at
80°c. Although no interactions occurred at this temperature under quiescent
conditions, a light hammer blow was found to trigger multiple thermal inter-
actions. No such interactions could be triggered at a water temperature of
95°C.

The experiments of Board, Farmer and Poole (1974) lend support to the
importance of vapor film collapse, at high velocity, as a prime triggering
process in vapor explosions. This postulate is consistent with the other
experimental work discussed in this report. The collapse phenomenon appar-
ently explains the fact that vapor explosions apparently cannot be triggered
if the cool 1iquid is at or near its boiling point. This is important in the
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ceramic melter as it shows that vapor explosions would be impossible if the
aqueous feed were close to its boiling point, a condition nearly always
obtained in melter operation.

G.M. Bjorkquist (1975) at MIT, dropped tin and bismuth drops (6 to 10 g
each) into water and studied the interaction photographically with a fast-
responding pressure transducer, and evaluated the fragmentation of the cooled
metal. The apparatus was similar to those employed by Arakeri et al. (1975)
and by Board, Farmer and Poole (1974).

An interesting aspect of Bjorkquist's (1975) experiment was the pressure
curve found to characterize metal drop fragmentation. The pressure curve is
pictured schematically in Figure 3.

1. The initial high frequency period corresponds to film boiling. Film
boiling persists until the metal cools to the Leidenfrost point,
which is where transitional boiling begins.

2. When the film boiling stops, liquid-liquid contact occurs and the
cool fluid undergoes superheating. The quiescent period of Figure 3
corresponds to the initial superheating period.

3. Once the cool fluid is superheated to the spontaneous nucleation
temperature, there is localized flashing to vapor. If the cool
liquid is cool enough, the vapor is condensed, allowing bubble
collapse. This cycle is repeated a number of times in a "prebang
high frequency cycle."

4. The bubble collapse and liquid flashing cycles escalate in severity
and cause a "big bang" when the metal drop is broken into small frag-
ments which can rapidly transfer heat to the liquid. Photographs
verified that catastrophic fragmentation occurred at the time of the
"big bang."

This four-step picture of a thermal explosion appears to be consistent
with the experiments we are aware of and the processes described in Figure 1.
Other interesting phenomena observed by Bjorkquist (1975) follow.

The peak pressure generated by the interaction was found to depend on
the initial drop temperature. Essentially no over-pressure was generated for
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FIGURE 3. Characteristic Pressure Behavior Found To Describe Molten
Metal Fragmentation in Water (Bjorkquist 1975)

tin temperatures of 400°C and below. Between 500°C and 700°C the peak pres-
sure increased to 250 psi. As the tin temperature increased beyond 700°C, the
peak pressure dropped markedly. At 1000°C, no significant pressure pulses were
generated even though the metal drop was fragmented. The fact that hot-metal
drops fragmented without producing a violent interaction demonstrates that a
coherent disintegration process, under high-heat transfer conditions, is

required to generate an explosion. If an incoherent disintegration occurs,
then only noisy boiling ensues.

Measurements and calculations carried out by Bjorkquist (1975) showed that
the tin cooled by film.-boiling until a temperature of about 600°C was reached
before fragmentation occurred. Thus, film boiling must cease before a vapor
explosion can be triggered. This may be important for water/glass interations
because for many glasses the viscosity at a temperature where film boiling
broke down would be too high to allow fragmentation by vapor-film collapse.
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U0,-Sodium Interactions

A great deal of experimental work has been carried out with molten UO2
and sodium because of the importance of these materials in the LMFBR program.
Much of this work has been done at Argonne National Laboratory. A recent
review by Board and Caldarola (1977) described many of the studies carried
out. Only two representative works will be discussed here.

Small-scale vapor explosions were observed by Armstrong (1972) when
sodium at 400°C was injected into molten U02 at 3000°C. These results are in
contrast to experiments wherein moiten U02 was injected into 1iquid sodium
under similar thermal conditions. These test results led Fauske (1973) to
propose a heat transfer model wherein a drop of sodium became entrapped in
molten U02 and, due to a lack of nucleation sites, became superheated. At
the spontaneous nucleation temperature, the sodium flashed to vapor, causing
the observed explosion.

These experiments of Armstrong are mirror images of most other water/
metal tests which involved hot drops surrounded by a cool fluid. When the
cool drop is surrounded by the hot fluid, there is no requirement for frag-
mentation. Rather, all that is needed is to wait for the hottest part of the
cool fluid to exceed the spontaneous nucleation temperature. This mode of
producing a vapor explosion is similar to that used in single drop temperature
gradient columns (Reid 1976). Such an explosion mode is possible only under
quite restrictive thermal conditions. As shown later in this report, such a
mechanism is probably impossible for water and glass because film boiling
would prevent liquid-liquid contact of a water drop surrounded by glass.

Johnson, Baker and Pavlik (1976) dropped comparatively large quantities
(1.4 to 6.8 1b) of molten UO2 (3200°C) into a sodium pool maintained at 290°¢C
and 630°C. While some rapid boiling and pressure pulses in the liquid pool
were caused by the contact of the hot material, there was no vapor explosion in
any of the three tests. These results are in agreement with Fauske's (1973)
view that a coherent vapor explosion between massive quantities of UO2 and
sodium is probably impossible. However, from a purely phenomenological view-
point, these tests are in consonance with Long's (1957) aluminum/water drop
tests where he found that vapor explosions did not occur for shallow pools or
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for small quantities of molten metal. Since explosions did occur when larger
quantities of aluminum were dropped into deeper pools, one can not be certain
that larger-scale tests employing U02 and sodijum would not lead to
explosions.

Vapor Explosions with Simulated Fluids

Extensive testing has been done with simulated fluids to gain a better
understanding of vapor explosion mechanisms. A few typical studies will be
described to typify the information gained.

Henry et al. (1974, 1976) at Argonne National Laboratory completed a
series of tests using Freon/water and Freon/mineral oil systems. Contact
configurations tested were:

e Freon dumped into hot liquid;

e hot Tiquid dumped into Freon;

e a sub-surface injection of water into Freon 22;

e an above-surface injection of water into Freon 22.

The interaction vessel was a 10-in. long segment of 4-in.-dia stainless
steel pipe.

Explosive interactions occurred under temperature conditions where the
calculated interfacial temperature exceeded the spontaneous nucleation tem-
perature of the Freon.

Typical results obtained by Henry et al. (1976) are shown in Figure 4.
The dividing line between explosive and nonexplosive regions appears to be
reasonably described by the interface temperature of 60°C which is the pre-
dicted homogeneous nucleation temperature of Freon (Henry et al. 1976).
Another important finding was that the maximum explosive pressure measured
was the saturation pressure of the working fluid corresponding to the homo-
geneous nucleation temperature.

When the interactions were carried out at ambient pressures of 2.2 bar and
8.0 bar, no explosive interactions occurred. This finding is shown graphically
in Figure 5. The data shows the explosions can be entirely suppressed by
imposing an ambient pressure above a certain value. Henry et al. (1976) sug-
gest that this cessation of explosive events with increasing ambient pressure
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is closely related to the bubble growth characteristics (inertially versus
thermally controlled growth) of the system. It is postulated that extensive
inertially controlled growth will provide further fragmentation of liquid
droplets and an incipient shock wave, whereas thermally controlled growth
should provide little fragmentation and no incipient shock waves.

These experiments with simulated fluids appear to be consistent with
results of water/metal interactions and with the explosion process diagram of
Figure 1. Two observations which may have an impact on the evaluation of
glass/water interactions are:

1. Explosive interactions can be suppressed by increasing the ambient
pressure.

2. Freon can vapor-explode even when it is at its saturation tempera-
ture.

The second of these observations is unexpected on the basis of previous
studies where it was invariably found that the exploding 1iquid had to be
appreciably subcooled to trigger an explosion. This is a negative factor in
the waste melter evaluation because it implies that vapor explosions cannot be
prevented by keeping the aqueous feed at or near the boiling point. Additional
work appears to be warranted to verify the possibility of vapor explosions with
a cool fluid which is initially at its saturation temperature.

Water/Glass Interactions Under Natural and Forced Conditions

Arakeri, Catton and Kastenburg (1978) carried out an experimental study
of water/glass interactions wherein 25-g quantities of special glass (at
800°C) were dropped into water at room temperature (22°C). These experiments
by UCLA researchers were a sequel to molten tin/water tests (Arakeri et al.
1975) and used glass to more closely simulate the thermal properties of molten
nuclear fuel (U02). Under so-called "natural" conditions, the glass fell into
a tank of water about 25 cm deep without external disturbances. "Forced"
interactions were those in which an exploding wire (Chace and Moore 1959)
imposed a pressure pulse on the falling globule of glass after it entered the
water.
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The glass used in these experiments was made of 60% 8203 and 40% Pb0
(by weight) and was selected because it could be discharged rapidly from the
melting crucible. The melt reportedly had a melting point of 750°¢ and, at
a temperature of 900°C "the molten glass was almost as fluid as water at
room temperature." Based on this qualitative description, the glass used was
much less viscous than typical silica waste glasses.

Under natural conditions, the glass mass cooled and solidified in the
water without appreciable fragmentation. The solidified mass was quite
friable, as expected, but the cracks developed subsequent to solidification.
For the "natural" fall conditions, no vapor explosions were observed.

When a shock wave was impressed on the falling globule by the exploding
wire, weak vapor explosions were observed. The interactions which occurred
appeared to follow the often observed vapor film collapse and buildup cycle
indicated in Figure 1. This was apparent from high-speed photographs and
pressure measurements obtained.

Particles of glass which resulted from the "forced" interaction were
comparatively large in size, having a mass median diameter of approximately
2 mm. This is a comparatively large particle size and, due to heat transfer
limitations, the vapor explosions caused by molten glass under "forced" condi-
tions were of low energy.

These tests with water and glass are consistent with expectations based
on the model pictured in Figure 1. Under natural fall conditions, a vapor
film prevents water and highly fluid glass from contacting each other. By
the time the glass cools to the Leidenfrost temperature, the viscosity has
increased to the point where the collapsing vapor film is unable to cause
fragmentation. If the vapor film is collapsed prematurely by a pressure
pulse, liquid-liquid contact can occur, and resulting vapor film collapse and
growth cycles can cause fragmentation. Surface area enhancement can improve
heat transfer to the point where vapor is produced explosively.

Due to the higher viscosity of waste glasses, one can take the water/
glass results of Arakeri, Catton and Kastenburg (1978) as worst cases for
waste glass. Therefore, water/glass interactions would be nonviolent except
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under unusual circumstances where a very low viscosity glass was involved or
where energetic, vapor-collapsing triggers, like a shock wave, were impressed.

Effect of Dissolved Gases on Vapor Explosions

Asher, Davies and Jones (1976) at Harwell in England dropped molten tin
globules (6 g at 800°C) into water of different temperatures containing vary-
ing amounts of dissolved gases (02, N2, CO2 and N20). Both water temperature
and the quantity of dissolved gases were found to play a critical role in
determining whether a vapor explosion occurred.

With degassed water, explosions invaribly took place for water tempera-
tures up to 53°C. When the initial water temperature was higher than 53°C,
violent interactions ceased altogether, and the molten tin solidified without
being fragmented. No change in behavior was observed when the water was satu-
rated with nitrogen (solubility of 9 ml kg"1 at 53°¢).

When the water was saturated with oxygen, the cut-off temperature was
reduced from 53°C to 41°C. The solubility of oxygen at 41°C is 23 m kg'l,
which is appreciably higher than that of nitrogen at 53°C. Explosions could

be completely suppressed by dissolved CO, and N20. A certain concentration

2

of dissolved gas (80 ml kg'1 and 60 ml kg'1 for CO2 and N20, respectively)
was required to totally suppress violent interaction at any water temperature.
These concentrations are only about 10% of the saturated concentrations of

these two gases at 20%C at 1 atm partial pressure.

The fact that dissolved gases can prevent violent interactions is consis-
tent with the vapor explosion processes pictured in Figure 1. Mechanistically,
one can visualize vapor film collapse cushioned by the presence of nonconden-
sable gases. This would prevent fragmentation of the metal. The nonconden-
sable gases would also provide gas nucleation sites and would reduce the degree
of superheating which could be achieved. Both effects would act to prevent
violent interactions.

The effect of dissolved gases is in marked contrast to the presence of
gas bubbles. For example, Henry et al. (1976) found that explosive interac-
tions between Freon-22 and water were only mildly influenced by the presence
of gas bubbles in the water. This difference is explained when viewed on a
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local scale: The explosion is triggered when the vapor film, separating the
hot and cool fluids, collapses. Whether or not fragmentation will occur
depends on the cushioning effect of dissolved gases in the vapor bubble. The
presence of a large gas bubble at some distance from the liquid-liquid inter-
action site would have little effect on the fragmentation process. Therefore,
at least for small guantities of hot or cool fluids, the observed effect of
noncondensable gases is understandable.

These observed effects of dissolved gases have potentially important
implications for the liquid-fed melter, because a simple method for preventing
vapor explosions, if such prevention were necessary, is suggested. The pre-
vention method would involve the addition of CO2 or N20 to the motive air used
to air-1ift the aqueous waste into the melter. Carbon dioxide (or another
soluble gas) would dissolve into the aqueous phase, and its presence would
prevent explosive interactions, even if other conditions favored glass-feed
steam explosions.

On the other hand, the observed phenomena indicate that air alone would
not dissolve to an extent which would be great enough to totally suppress
explosive interactions. Also, the existence of gas bubbles in either the
glass or the aqueous feed cannot be cited as strong evidence against the pos-
sibility of vapor explosion.
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ASSESSMENT OF THE POTENTIAL OF A VAPOR EXPLOSION
IN A LIQUID-FED GLASS MELTER

GLASS SOLIDIFICATION PRIOR TO FILM-BOILING COLLAPSE

One important constraint on violent glass/water interactions is the
apparent requirement that transitional boiling begin prior to freezing of the
hot glass. This requirement is consistent with the vapor explosion sequence
pictured in Figure 1, where the collapse of a vapor film is required before
fragmentation can take place. If the glass has solidified by the time the
vapor film collapses, then fragmentation into suffjcient]y small particles is
impossible and a vapor explosion is averted.

Three modes of boiling, depicted in Figure 6, are known to occur in the
quenching of a hot solid in a liquid (Katz and Sliepcevich 1971). At high
temperatures, film boiling is the mode of heat transfer, and a thin vapor
film separates the two phases. After the hot material has cooled to point B,
the so-called Leidenfrost point, the vapor film collapses, and a transition
region is encountered.

This boiling mode is characterized by periodic superheating of 1liquid,
flashing to vapor and vapor-film collapse. When the hot material is a solid,
the boiling is unstable and noisy. With a hot liquid, the hydrodynamic vio-
lence can fragment the hot liquid and lead to a vapor explosion. Therefore,
if the glass is sufficiently viscous at the Leidenfrost point, fragmentation
will be minimal and a vapor explosion will not occur.

A theoretical model, based on Taylor instabilities caused by vapor film
flow over a horizontal plate, was developed by Berenson (1961) to predict the
temperature difference at the Leidenfrost point. Berenson's (1961) equation
for the minimum temperature difference is

1 1 2
T ooy e \I[_%° LS R
min = 0 Tk T gleg - e T | (9lpg e Lty )
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where

o = surface tension
AT_. = minimum temperature difference required to maintain
film boiling,
= density of vapor film,

Pvf
Ah = latent heat of vaporization of liquid,
kvf = thermal conductivity of vapor film,

He = viscosity of vapor film,
gravitational acceleration,

(Y]
i

= density of liquid,
Py = density of vapor,
9 = gravitational conversion constant.

This equation was shown (Berenson 1961) to accurately predict the minimum
temperature difference for film boiling of n-pentane and carbon tetrachloride
at 1 atm pressure. However, for water and liquid metals, Equation (1) has
been shown (Henry 1974) to greatly underpredict the minimum temperature
difference. This discrepancy led Henry (1974) to modify Berenson's equation
to account for transient wetting of the hot wall. Henry's correlation for
the minimum temperature of film boiling is expressed as

1 ( 1 0.5 0.6
Tmin - \T min) 1 . .42 Kepcle . Ah , (2)
1 .
min’l ~ ‘¢ min
(Tin); = T KiyPhCy Cy(AT 2 )1
where
Tlmin = minimum temperature to give film boiling
(T1 . ); = minimum temperature for an isothermal surface,
min’I . : .
as given in Equation (1)
Tc = bulk temperature of cold liquid
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H

oKy thermal conductivity of cold and hot materials

PesPH = density of cold and hot materials

(o]
(]
1]

heat capacity of cold and hot materials

c’"H
(ATmin)I = minimum temperature difference to give film boiling
for an isothermal surface.
1 . . .
(T min)I can be computed from the value of (ATm.n)I given in Equation (1)
using
1 -
(Tnind1 = Tsat * @Tnin) , (3)
where
TSat = saturation temperature at prevailing pressure.

Henry's correlation, Equation (2), accounts for subcooling in the boiling
liquid and for temperature gradients in the hot material. It was shown by
Henry (1974) to agree much better with film boiling data for water and liquid
metals than Berenson's model, Equation (1).

More recently, Dhir and Purohit (1977) conducted experiments in which
steel, copper and silver spheres of 19 and 25 mm dia were quenched in water
at 0 to 45 cm/s and 0°C to 50°C subcooling. They found the minimum film-
boiling-temperature difference to be correlated by

AT .
min

101 + smsub’ (4)

where

AT

minimum temperature difference needed to support

min film boiling,
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= (i . 0
ATSub liquid subcooling, OK.

In Equation (4), AT can be expressed as

min

ATmin = Tsurface ~ Tsat, (5)
where
Tsurface = surface temperature of sphere,
TSat = saturation temperature of water at prevailing
pressure.
The degree of subcooling, ATgyp is defined as
BTsub = Tsat = Thuik, (6)
where
Tbu]k = bulk temperature of water.

The experiments of Dhir and Purohit (1977) agreed only fairly with
Henry's correlation, but agreed well with Equation (4).

Calculated, minimum surface temperatures, based on the Dhir and Purohit
model are shown as a function of ambient pressure in Figure 7. The minimum
temperature rapidly decreases as water temperature increases. At 1 atm of
pressure, and for a glass having a softening point of 600°C, film boiling
would prevent water and glass from contacting for water temperatures in excess
of 50°C.

For aluminum, with a melting point of 660°C, this graph indicates that
vapor explosions should be impossible for water temperatures above 42°C,
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which is supported by Long's results where the warmest water which would pro-
duce a vapor explosion was 50°C. The pressure in the bottom of the aluminum/
water tests was slightly higher than 1 atm, and this increased pressure may
account for the slight underprediction of the film breakdown temperature.

For molten tin, the film-boiling collapse would not prevent vapor explo-
sions unless the water temperature exceeded about 96°C. However, as shown
later, the interfacial temperatures obtained with tin below 300°C are lower
than the spontaneous nucleation temperature of water.

Similar calculations carried out using Henry's (1974) correlation,
Equation (2), are illustrated in Figure 8. As indicated, film boiling is
predicted to prevent direct contact between water and surfaces hotter than
650°C. Thus, one would be led to conclude that aluminum/water interactions
should be impossible at 1 atm pressure, and that water/glass interactions
should be impossible for water temperatures above 20°C. These limits are
more restrictive than those predicted by the Dhir and Purohit (1977) correla-
tion displayed in Figure 7. These differences mainly reflected the differences
in geometry for the two models (plane versus sphere for Figures 8 and 7,
respectively).

The film-boiling limit predicted by the Dhir and Purohit (1977) correla-
tion appears to be the most applicable to water/glass interactions because of
geometry considerations. The most important conclusion to be reached from
film-boiling limits is that violent water/glass interactions should be impos-
sible for water temperatures above 60°C. Therefore, if the melter were
operated with aqueous feed above 60°C, violent water/giass interactions
should be prevented by film-boiling considerations alone. Direct liquid-
Tiquid contact would be prevented by the vapor film, and the glass would be
solid by the time the film collapsed.

SPONTANEOUS NUCLEATION TEMPERATURE AT A LIQUID-LIQUID INTERFACE

As discussed earlier in this report, upon sudden contact between hot and
cool liquids, the interface temperature must exceed the spontaneous nucleation
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temperature if a vapor explosion is to be triggered. When two substances are
brought into sudden contact, mainly heat transfer occurs initially by
conduction.

When two infinite slabs, initially at uniform temperatures TH and TC,
are suddenly brought into contact, the interface temperature may be computed
by solving the transient heat conduction equation in both slabs. Assuming the
temperature to be continuous at the interface, the temperature is computed
to be (Carslaw and Jaeger 1959)

N —

Ti o Te = [ %uPrCy (7)
TH - Tc Kcpccc
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where

T. = temperature of interface
T, = bulk temperature of hot liquid
T. = bulk temperature of cold liquid

= thermal conductivity

= density

= heat capacity

= subscript referring to cold liquid

T 0 O p XN O
|

= subscript referring to hot liquid.

Equation (7) was numerically evaluated for glass and water and for alumi-
num and water and the results are shown in Figure 9. For water at 100°C
(typical of water interface in film boiling at one atm pressure) the data of
Figure 7 indicates that the spontaneous nucleation temperature is exceeded for
glass hotter than 360°C. For the coolest water likely to be encountered,
20°C, the spontaneous nucleation temperature is reached at a glass tempera-
ture of 430°C. Both of these temperatures are below the softening point of
waste glasses. Therefore, the spontaneous-nucleation temperature of water
would be exceeded for any contact between water and molten glass.

From this calculation, we conclude that the spontaneous-nucleation crite-
ria is met for water and molten glass, and the prevention of vapor explosions
for the water/glass pair is due to other factors.

Also shown in Figure 9 is the interface temperature for the aluminum/water
pair. The spontaneous-nucleation temperature of water is exceeded for all
aluminum temperatures above the melting point. Thus, the spontaneous-nuclea-
tion criteria for aluminum and water is consistent with Long's (1957) tests
which demonstrated that vapor explosions could be produced for aluminum tem-
peratures above the melting point.
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NUCLEATION BY SUSPENDED PARTICLES
High-level waste feeds entering the melter would normally contain a high

concentration of suspended particles, which could act as nucleation centers.
If the particles nucleated a gas phase at a small degree of superheat, then
superheat-type vapor explosions should be impossible. Two necessary conditions
required for preventing superheating by suspended particles are the following:
e Particles cause nucleation at low superheats.
e Particle concentration is sufficiently high.
Classical nucleation theory (Blander and Katz 1975) leads to the following
expression for the homogeneous nucleation rate in a superheated liquid

_1670° i (8)
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where

J = nucleation rate

o = surface tension

m = mass of molecules in liquid

B = a numerical factor, ~2/3

Kk = Boltzmann constant

T = absolute temperature,
Pv = vapor pressure in nucleated vapor bubble,
PL = ambient pressure in liquid.

As shown by Blander and Katz (1975), the pressure inside the critical
bubble is different than the equilibrium vapor pressure, and the pressure
difference may be estimated by:

where now Pe is the equilibrium vapor pressure.

The value of 8§ may be approximated as follows:

2
P P
§=1--3 + 1/2(—51) (10)
P P
where
Pg = density of gas in bubbles,
p = density of liquid.
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If Equations (9) and (10) are used in Equation (8), the resulting expres-
sion, using common laboratory units, is:

5= 393 5 105 Qgg exp [ -1.182 x 12533 (11)
MB T(Pe ) PL) §
where the units are J (cm'3s'1), p(g/cm'3), o(erg/cm'3), M(g mo]e'l), 7(%),
and PL(atm).

When Equation (11) is evaluated as a function of temperature, it is found
that the nucleation rate is negligibly small until the value of T approaches
90% of the critical temperature. At that temperature, the argument of the
exponential factor decreases rapidly, and the overall nucleation rate increases
by several orders of magnitude per degree Kelvin. For water, the nucleation
4 to 10° cm':)'s'1 at a temperature of about 300°C. Thus, the
calculated spontaneous nucleation temperature is approximately 300°C for water.

rate becomes 10

The presence of a solid surface can lower the spontaneous nucleation
temperature by reducing the work required to form a critical bubble. Instead
of forming a spherical, critical bubble, the bubble forms a spherical cap on
a solid surface as shown in Figure 10.

For the heterogenous nucleation process shown schematically in Figure
10, classical nucleation theory leads to the following equation (Blander and
Katz 1975) for the nucleation rate per unit area

N =

3
mmeF TP, - P )
v L

where the terms are as defined in Equation (8) except S = (1 + Cos®)/2 and
F= (2+3Cos@-Cos3@)/4 where © is the contact angle between liquid, solid, and
gas as shown in Figure 10. For water, taking surface area equal to 1 cm'2
per cm3 of liquid, Equation (12) can be written in terms of common laboratory

units as:
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The spontaneous nucleation temperature was evaluated as a function of
using Equation (13), by setting J = 106cm'3s'1, and the result is shown graphi-

cally in Figure 11.

From Figure 11 it is evident that the spontaneous nucleation temperature
is not reduced significantly until contact angles, larger than about 1020,
are encountered. Only for contact angles near 180° is the nucleating effect
of solid surfaces dominant.

If suspended particles were nonsmooth on a miscroscopic scale and con-
tained pockets of gas, nucleation per se would not be required. Rather, vapor
would form on pre-existing pockets of gas at low degrees of superheat.

An estimate of the particle-number concentration, which would be required
to prevent significant superheating, assuming that they possessed a contact
angle of 1800, was made by calculating the spacing between particles
arranged in a cubic array. Results are shown in Table 1.
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TABLE 1. Particle Spacing Versus Number Con-
centration for a Cubic Array

Number Spacing,
Per cm3 cm

1 1.0

8 0.5
103 0.1
8 x 10° 0.05
1 x 10° 0.01

While we have no firm data, we judge that a spacing of at least 0.1 cm
would be required to prevent superheating-type explosions. Based on this judg-

ment, 1000 particles per cm3 would be required. This particle concentration
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is small compared to that calculated for waste feed containing 20% by weight
of -200 mesh frit. The commonly used frit, premixed with feed, results in
particle concentrations of more than 106/cm3. Thus, for this feed material,
the only question is the contact angle, or nucleating properties of the

dispersed particles.

In summary, susbended particles will prevent superheating if they are
both nonwetting and present in number concentrations larger than approximately
1000/cm3. For cases where a powdered frit is premixed with the aqueous
feed, the number concentration is sufficiently high and superheating type
explosions would be possible only if the contact angles were appreciably
greater than 120°. Unfortunately, data on the nucleating properties of
waste feed particles are not available; therefore, their presence cannot be
counted on to prevent violent glass/water interactions.

VISCOUS RETARDATION OF GLASS FRAGMENTATION

One of the phenomena required for an energetic vapor explosion is atomi-
zation of the hot fluid. Such fragmentation is required to transfer suffi-
cient heat to transfer from hot to cool fluids during the few milliseconds of
time available.

For a sufficiently viscous hot fluid, atomization should be impossible
within the time available, and thus one would expect the existence of a glass
viscosity above which vapor explosions would be impossible. In this section,
we examine the relationship between viscosity and drop shattering.

Several mechanisms are known to cause the breakup of fluid globules sus-

pended in a second fluid. Well known splitting processes include:

® shear stresses

e impact pressure (Weber number type breakup)

e instability growth (Taylor instabilization)
While all of these processes could theoretically aid the breakup of glass in
a ceramic melter, only the latter (Taylor instabilities) appears to be capa-
ble of causing breakup in the short times required for a coherent vapor
explosion (Patel and Theofanous 1978). Therefore, the discussion which
follows applies to globule breakup due to Taylor instability.
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If we consider a two-dimensional system of fluids of two densities as
pictured in Figure 12, the interface between fluids is stable or unstable
depending on whether the upper fluid is more or less dense than the lower
fluid.

Taylor (1955) showed that if the more dense fluid is accelerated by the
less dense fluid, a perturbation of the interface grows as e"t, where n is
the growth rate constant and t is time. For inviscid fluids, Taylor (1955)

showed that n was related to disturbance wave number, K, by

J—

9(92 - pl)K 2

n=—4——=— (14)
Pa ™ Py

where

g = imposed acceleration,
p = fluid density,
K = wave number = 27/),
A = wavelength of disturbance,
1, 2 = subscripts referring to upper and lower fluids,
respectively.
_______ g ————
ACCELERATION UPPER FLUID !
p =09 INTERFACE
FORCE Ho=Hy \x
S ~— > X

LOWER FLUID

b0y -~

Mozu] (i

FIGURE 12. Motion at an Interface Between Two
Fluids Experiencing Acceleration
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Equation (14) predicts the growth rate to increase as the wavelength of a
disturbance decreases. For real fluids, viscosity and surface tension limit
the growth rate of short wavelength disturbances. Bellman and Pennington
(1954) analyzed the linearized equations of motion which accounted for both
viscosity and surface tension. Numerical results presented by Bellman and
Pennington for air and glycerine, for an imposed acceleration of
2 X 104 cm/sz, are shown in Figure 13.

As expected, surface tension and viscosity have 1ittle influence on long
wavelength disturbances, but have a dominating effect on short wavelength dis-
turbances. Perhaps the most significant phenomenon displayed in Figure 13
is the existence of a fairly sharp maximum in the growth rate versus wave num-
ber curve. The maximum indicates that interfacial breakup will be dominated
by disturbances having the wavelength corresponding to the maximum n.

If surface tension is ignored, the dominant wavelength, A may be
related to physical parameters by

2/3
N I : ; (15)
m- 173, 2 2,1/3 °
where
A_ = wavelength of fastly growing disturbance

m
MpsHy = viscosity of lighter and heavier fluids, respectively

P1sPp = density of lighter and heavier fluids, respectively

g = acceleration of interface.

Equation (15) was first presented by Bellman and Pennington (1954) and
later by Hide (1955) who simplified a more exact treatment by Chandrasekhar
(1955).
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The growth rate constant of this disturbance is given by Bellman and
Pennington (1954) as

_ g2/3 (92 '91)2/3

. » (16)

n
2[(uy + up) oy + )11/

nt
and the interface disturbance initially grows as e m,

~—NEITHER SURFACE TENSION NOR
VISCOSITY

320 —
~«—SURFACE TENSION ONLY

GROWTH RATE CONSTANT, n, sec L
N
3

160
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Y
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FIGURE 13. Effect of Viscosity and Surface Tension on
Growth Rate of Interfacial Disturbance
(Beliman and Pennington 1954)

Equation (15) was evaluated for glass and water using Py = 3.0 g/cm'3,

Pp = 1.0 g/cﬁ3, and neglecting Hes compared to My the glass viscosity.
A Was assigned a value of

= 0.14 cm

>

based on Huggins' experiments as described by Witte et al. (1970).
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Huggins found that vapor explosions did not occur unless hot metal was
dispersed into particles smaller than about 1400 um. Using these numerical
parameters, the viscosity for breakup into the required particles can be
related to imposed acceleration by

u=0.29 672, (17)
where

W = viscosity in poise.

G = acceleration in G's whereas G corresponds to 980 cm sec™3.

Equation (17) is shown graphically in Figure 14.
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FIGURE 14. Effect of Viscosity on Acceleration Required to
Disperse Water/Glass into 1400-um Globules
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As indicated, viscosities above the 1line would prevent glass fragmentation
of particles as small as 0.14 cm; therefore, vapor explosions should be impos-
sible.

. An upper 1imit to acceleration which might be encountered in a glass
melter was estimated by applying Newton's law of acceleration to a glass layer
0.14 cm thick under the influence of a pressure of 63 atm, the vapor pressure
of water at 280°C. Based on this upper limit prediction, G is estimated to
be 1.5 x 105 G's and the corresponding viscosity is 100 poise.

At the moment of vapor-film collapse, glass should be nondispersible if
its viscosity if higher than 100 poise. Referring to Figure 7, vapor film
collapses at a temperature which depends on the aqueous temperature and the
ambient pressure. For water at 20%C and an ambient pressure of 1 atm, glass
temperature is predicted to be 840°C when film boiling collapses. At this
temperature, typical waste glasses have viscosities of about 1000 poise;
therefore, we conclude that viscous effects would prevent vapor explosions
under ordinary conditions. However, if the glass had unusually low viscosity,
or the aqueous waste was very cool, or a pressure pulse caused premature col-
lapse of the vapor film, then glass viscosity at the moment of liquid-liquid
contact could be too low to prevent fragmentation.

In summary, water/glass interactions have been shown to be nonviolent
compared to metal/water interactions due to viscous retardation of the frag-
mentation process. Indeed, under normal melter operating conditions viscous
effects alone are expected to prevent violent vapor explosions. Only under
off-standard conditions where liquid-liquid contact occurs between water and
a low-viscosity glass does it appear possible to have a violent water/glass
interaction.
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POTENTIAL FOLLOW-ON EXPERIMENTS

Based on the work completed in this study, it was concluded that violent
glass/water interactions are highly improbable under normal conditions in a
liquid-fed glass melter. Thus, we would not expect to observe damaging vapor
explosions in this melter. Unfortunately, however, the mechanisms which cause
vapor explosions are not well enough understood to allow one to totally dis-
miss them. Therefore, experiments will be needed to confirm the predictions
made herein, Important aspects of an experimental effort are briefly noted
as follows.

EXPERIMENTAL CONFIGURATION

Following the example of Long (1957), it is suggested that dropping
experiments be conducted in which molten glass is dropped into an aqueous
phase. Such experiments would have to be carried out at a site which could
accommodate an explosion and scattered molten glass.

SIZE SCALE

Large-scale experiments would be required because experience has shown
that while small quantities of molten aluminum caused no explosions, larger
quantities produced explosions under otherwise similar conditions. Based on
the results of Long (1957) we recommend tests employing a few tens of kilo-
grams of glass per test.

VARIABLES TO BE EXPLORED

The analyses presented in this study idehtified several factors which
are expected to play a key role in preventing vapor explosions. Among those
parameters which should be studied are the following:

e aqueous phase temperature
e glass temperature

e glass viscosity

e ambient pressure pulses
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e solids content of aqueous feed
e dissolved gas content of aqueous feed.

Some of these variables could probably be eliminated on the basis of
positive experimental results or by design assessments. For example, if vapor
explosions proved to be impossible with plain water, there would be no need
to explore the effects of suspended solids or dissolved gases because both of
these would diminish the probability of a vapor explosion.

A detailed experimental program will be developed to cover these para-
meters, including those which would apply to liquid-fed melter operation.
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