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LIQUID- LIQUID CONTACT IN VAPOR EXPLOSION
by

Aryeh Segev

ABSTRACT

The contact of two liquid materials, one of which is at a temperature
substantially above the boiling point of the other, can lead to fast energy con-
version and a subsequent shock wave. This well-known phenomenon is called
a "vapor explosion." One method of producing intimate, liquid-liquid contact
(which is known to be a necessary condition for vapor explosion) is a shock
tube configuration. Such experiments in which water was impacted upon
molten aluminum showed that very high pressures, even larger than the
thermodynamic critical pressure, could occur. The mechanism by which such
sharp pressure pulses are generated is not yet clear.

In this experiment cold liquids (Freon-11, Freon-22, water, or butanol)
were impacted upon various hot materials (mineral oil, silicone oil, water,
mercury, moiten Wood's metal or molten salt mixture). Large pressures
were obtained for systems of water-Wood's metal, butanol-Wood's metal and
water-salt. With water-Wood's metal three separate regions were observed.
When the hot liquid temperature was below 210°C (which can be identified as
the spontanecus nucleation temperature Tgp) no thermal interaction occurred,

and the cold liquid column only bounced if vapor was present initially (region A).

When the hot liquid temperature was greater than thc spontaneous nucleation
temperature (T, > T4p) but the contact interface temperature was less than
this value (‘I‘I < Tgp): (region B) the low rate of vaporization results in bouncing
of the liquid column which in turn produced high pressures in the order of the
theoretical "water hammer," (P;}), which are larger than the vapor pressure
(Py) corresponding to the bulk temperature. The third region observed when
the hot liquid temperature was above the spontaneocus nucleation temperature
upon contact (T} > T,,) (region C) which resulted in fast production of vapor
and impulses larger than the theoretical impulse for stopping the liquid column,
The mechanism for producing the high pressures in region C is a combination
of hydrodynamic impact and thermal interaction. Since pressures produced

in region C are also in the order of impact pressures, the only indication for
thermal interaction is a considerable increase in the resulted impulse of
pressure pulses with short rise time (<1.0 msec).

When butanol was used as the cold liquid the same three regions were
observed, and in addition, a fourth region (region D) was observed when the
hot liquid temperature sxceeded the critical temperature upon contact
(T; > T¢y) In this region the maximum pressures are lower and the growth

15



and decay characteristics were much longer than in region C. Since the
measured impulses in region C are of the same order as the possible hydro-
dynarnic impulse it is highly suggestive that the pressures generated are a
result of water hammer action,

Experiments with water and molten salt at 410°C and 600°C {eutectic
mixture of LiCl-KC1) resulted in low yield thermal interactions.

When the initial pressure in the system was increased above 0.2 MPa
(by means of a thicker diaphragm), the bouncing behavior exhibited by water
and by butanol was suppressed. This was evident from the reduced number
of bourices (if at all), the low relative pressures and impulses, the temperature
history, and the shape of pressure pulses. The experiments conducted with
Freons and oils which did not result in any explosive type of interaction also
fall in such a high pressure category and are in agreement with pouring ex-
periments conducted by Henry and McUmber. By considering the theoretical
transition radius between inertially and thermally dominated bubble growth
as it relates to the "capture theory," good agreement was found between the
experimental results and theoretical predictions.

The main conclusion from the experimental study is that hydrodynamic
effects may be very significant in any shock tube analyses, especially when
multiple interactions are observed.

A theoretical study was performed to check the possibility of vapor
film squeezing (between a drop in film boiling and a surface) as a controlling
mechanism for making liquid-liquid contact. Using experimental data, the
film thickness was calculated and it was found to be too thick for any con-
ceivable film rupture mechanism. It was suggested that the coalescence is
a two-stage process, in which the controlling stage depends mainly on tem-
perature and surface properties and can be described as the ability of cold
liquid to spread on a hot surface,

1. INTRODUCTION

The contact of two liquid matcrials, one of which is at a temperature
substantially above the boiling point of the other, can lead to vaporization on a
time scale consistent with large shock wave formation, This well-known
phenomenon, which is sometimes called a "vapor explosion,"” is characterized
by sudden fragmentation of molten materials, fast energy conversion, and a
subsequent shock wave. The occurrence of a vapor explosion was f{irst reported
in 1864 when an explosion occurred in the steel industry during the development
of the Bessemer process.! In 1954, a titanium arc-melting furnace, which was
water-cooled, exploded at a plant in Ohio. It was believed to result from water
entering the melting crucible, and resulted in the death of four and $40,000
damage. Other explosions in the metal industry included the Reynolds
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Aluminum Incident in 1958 (46 injuries, including six fatalities, and approx-
imately $1,000,000 in property damage), Quebec Foundry Incident’ (one fatality
and $150,000 damage) and several others. These accidents, including those

in the paper industry (involving spillage of paper smelt on wet surfaces) have
been documented by Epstein’ and Witte et al.* Since the threat of an explosive
incident exists in situations where hot molten materials are present, the
subject is of concern in the safety analysis of nuclear reactors, such as the
Liquid Metal Fast Breeder Reactor (LMFBR) and light water reactors,

where molten core conditions are considered during the sequence of a hypo-
thetical accident.

In 1961, SL-1, a small experimental boiling water nuclear eactor,
was destroyed in an inadvertent transient, resulting in fuel-element failure
and violent interaction between molten metal and water. The postaccident
investigation® led to the conclusion that approximately 10-15% of the potential
thermal energy was released. This led to a series of tests on SPERT-1D, a
light water test reactor with aluminum-clad fuel elements. In this series of
tests, self-terminating power excursions were performed which resulted in a
destructive transient. In one particular test the power excursion was self-
terminating, but a sharp pressure pulse occurred about 15 msec after peak
power, destroying the core. It was calculated that about one-third of the core
was molten at the time that the destructive pressure pulse occurred, whereas
only slight melting had occurred in previous transients. It is not clear whether
there was chernical reaction between the molten aluminum and water, but fine
dispersal and rapid heat transfer contributed to the destructive pulse.

In each of the incidents described above a hot molten material fell,
dropped, or was injected into a mass of cooler liquid, resulting in a violent
explosion. From the evidence which has been accumulated over the past 20
years, one can identify a class of violent nonchemical explosions caused by
sudden generation of vapor. In these explosions a relatively large fraction of
the total heat energy stored in the hot liquid may be converted into destructive
mechanical energy. Sometimes, however, contacting of the two liquids merely
leads to extensive fragmentation without a shock wave, or solidification into
coarse masses with little fragmentation. A good deal of effort has therefore
gone into elucidating the necessary and sufficient conditions for vapor ex-
plosions, as contrasted to merely violent boiling without harmful pressure
shock waves. For a systematic tabulation of the large number of experiments
conducted up to 1975, the attention of the reader is directed to Ref. 6 and to a
number of specialized reviews. %78

I, VAPOR EXPLOSIONS--LITERATURE REVIEW

2.1 Experimental Studies

The experimental scale varies from laboratory experiments involving
single drops of hot or cold liquid entering a pool of the second liquid, to large
scale pouring experiments, in which thousands of kilograms of liquefied natural
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gas (LNG) have been poured onto water. Different modes of bringing the hot,
nonvolatile liquid into contact with the cold vaporizable liquid were examined
experimentally. The initial approach velocity of the two liquids may be large
(28 in shock tube experiments) or moderate (as in free-fall experiments).

2.1.1 Dropping and Injection Modes of Contact

The first large-scale pouring experiments were conducted by Long,’
motivated by the occurrence of vapor explosions in the aluminum industry.
The reference test, which always produced an explosion, involved the sudden
discharge of 22.7 kg (50 1lb) of commercially pure molten aluminum onto a
clean steel container partially filled with water at temperatures between 12,8
and 25,6°C. Contrary to chemical explosions, no flash or fire could be detected
during or after the explosions. The following parameters were changea:
discharge rate and mass, height of dropping, water depth, and temperatures.
Experiments were also conducted with different additives in the water and
different solid surfaces. From those experiments Long concluded that in
order to produce an aluminum/water explosion, three requirements must be
met:

l. Molten metal in considerable quantities must penetrate to the
bottom surface of the water container,

Z. A triggering action must take place on this bottom surface when
it is covered by the molten metal,

3. The water depth and temperature must lie within prescribed ranges.

A large number of experiments have been conducted Ly dropping small
quantities of molten samples into water and other liquids ("dropping experi-
ments"). Cho et al.!%!! conducted some of the earliest experiments in dropping
different molten materials (tin, bismuth, silver chloride, zinc, and lead) onto
a pool of water. The water temperature varied and the total projected area of
the resulting fragments was measured, It was found that fragmentation depende
on the initial drop temperature as well as on the water subcooling, the extent
of which decreases with water subcooling, and on the release height.

Small quantities (~4 ml) of liquid metals (tin, indium, aluminum, Wood's
metal, lead, and two lead-tin alloys) were dropped into water and aqueous
solutions by McCracken.!’ Some interesting results were obtained for frag-
mentation concerning surface and material property effects. The surface of
the liquid metal was wiped clean immediately before each test, and if this was
not done, inconsistent results were obtained. Those metals which have the
highest rate of oxidation had also the lowest percentage of disintegration (PD).
It was found that even small traces of oxide had an important effect. Ob-
servations with tap water (0-90°C) and tin at 600°C showed that at the higher
water temperatures the tin fell to the bottom and solidified without an ex-
plosion, but as the water temperature decreased a high PD was observed. This
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gradual transition took place over the temperature range of 20-50°C, However,
when oxide was removed before each test, the transition from a high to zero
PD was very sharp, occurring over a temperature interval of 3-5°C,

Various solutions were examined in order to determine whether sur-
face tension or viscosity of the cold liquid affects the interactions. For tin
at 600°C neither the use of a 40% sugar solution nor a 10% glycerol solution
affected the cutoff temperature of about 70°C, or the general shape of the curve
of PD versus solution temperature. Adding detergent to the water had no
effect on the metal/water interaction.

Tests with distilled water which had been degassed showed no appre-
ciable difference from the results for untreated water. However, when carbon
dioxide was dissolved in distilled water the critical temperature required for
fragmentation was decreased by about 30°C and the threshold range was
broadened.

It was thus concluded that the temperatures of the two liquids, the
presence of oxide, the wetting properties, or dissolved gas in the water are
important variables, while the viscosity and surface tension, together with
the presence of dissolved solids in the water and metal melting temperature
were relatively unimportant in determining the PD.

Another study of tin-water interactions in a dropping-mode of contact
was carried out by Reynolds et al,!’ Degassed and distilled water was used
in the pool, which was surrounded by a helium atmosphere in order to minimize
oxide formation. About 12 g of tin were melted and poured into the water, An
interaction was observed at a localized region on the drop after a penetration
distance of a few centimeters. There was a growing oscillation, with tin being
ejected from the bulk of the drop at each expansion, forming a cloud of small
tin particles. Sometimes after a few oscillations, one or two other sites be-
came active, but no correlation between the oscillations at neighboring sites
was observed. As in previous experiments, there is a definite range of tin
temperatures for a particular water temperature over which rapid fragmen-
tationoccurred, For example, for water at 65°C there is a sharp cutoff at
727°C, below which the PD is nearly complete and above which self-triggered
tin-water interactions never occur. A somewhat similar behavior was observed
when the water temperature was varied at a constant tin temperature. These
results are summarized in Fig. 2.1. Tin at 250°C (just above the melting tem-
perature of 232°C), and water at 65°C resulted in no fragmentation. As the tin
temperature increased the fraction of fine debris increased as the diagonal
boundary is approached. At the boundary there was an abrupt cutoff, after
which there was no fine debris, The delay time between the entrance into the
water and the start of fragmentation was shown to depend on the initial tin and
water temperatures. The sharp increase in dwell time as the diagonal of the
tin-water interaction zone was approached corresponded to the zone where
the most violent interactions occurred.
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Mizuta'* performed a series of 30 runs on the fragmentation of molten
UO, dropped (as drops of about 2.6 mm) onto a liquid sodium bath at 200-
300°C. Records were taken of the change in temperatures of the bath, together
with photographs at 500-2000 frames/sec. The temperature of the droplet
just before falling into the sodium was estimated to be 2840°C at the center
and 2200-2500°C at the surface. Sometimes the UO, fragmented and sometimes
it did not. In the cases where the UO, fragmented, the droplet first submerged
completely in the sodium, the sodium bath temperature was raised quite
abruptly and then cooled down slowly. A higher peak pressure was shown to be
correlated with fine particle size,

From particle distribution measurements it was found that variation
in the mean particle diameter between different runs are about an order of
magnitude. It was observed that the larger particles (~1 mm) were more or
less spherical and smooth with internal cracks which were mainly trans-
granular, the fracture appearing to have taken place well below the brittle-to-
ductile transition temperature (~1600°C). The smaller particles (~40 ) were
also smooth and spherical, and had appeared to freeze without further fragmen-
tation. Only feeble pressure pulses were generated in the liquid bath, and it
appeared that droplets whose surface had solidified during the free-fall could
still be extensively fragme . ed.

Dropping experiments with UO, and stainless steel into sodium were
conducted by Armstrong et al.'® The melt was poured from a crucible over a
period of 1/4 to |1 sec as streamlets and individual drops. It was estimated
tnot the cooling rate of the UQ, was about 100°C/sec. Several significant dif-
ferences between UQ; and stainless steel were noted. In the UO, experiments
a relatively long delay occurred between the first contact of the hot drop and
pressurization, while with stainless steel, pressurization occurred after a
lesser delay and before complete submergence. As a result of the delay, the
ejected UQ, fragments were always surrounded by sodium vapor, while a little



21

of the ejected stainless steel showed indications of having been in contact with
sodium. The UQ, runs showed much higher peak pressures, in accord with

a higher melt temperature. The delay times for the UQ; runs were in the
neighborhood of 50-200 msec, while those with the stainless steel 3-20 msec,

For the UO; runs the residue found inside was angular and rough-
surfaced while the particles collected outside the tank were rounded with
smooth surfaces, With stainless steel, all particles were smooth and rounded.
The implication is that fragmentation accompanying violent mixing occurred
in the liquid state for stainless steel and also for the UQO, particles, despite the
fact that solidification proceeds as soon as contact is made with liquid sodium.
The fragmentation of the UQ,; particles which remain in the vessel was at-
tributed to thermal stresses,

Experiments showing an injection mode of contact have been conducted
by Bradley and Witte.!® Several metals and alloys were injected horizontally
in a small diameter, 1.6 mm (1/16-in.) jet, into distilled water at 23,9°C.
Three types of jet injection were identified, depending on the injection tem-
perature, At low injection temperatures the jet material solidified into an
irregular billet that was generally nonporous. At higher temperatures, the
jet expanded into a "popcorn" appearance and solidified in that configuration.
At still higher temperatures for some metals the jet was actually fragmented;
i.e., much of the molten metal was separated into discrete globules and flakes,
and solidified into that configuration. In addition to the general behavior of
the jet, the diameter to which the jet expanded as the interaction occurred
was also dependent on injection temperature. The particles moved out into
a well-defined radii band that could be obtained from an analysis of the high-
speed films taken. For fragmented jets, the "effective" diameter included
~95% of the metal particles,

It was shown that vapor production is not necessary for fragmentation,
but the presence of vapor affects the jet-water interaction. In many cases,
the jet was surrounded by a thick vapor "shield" that was conical in shape and
behaved in a cyclic manner. As this shield was formed, the jet would pass
stably through, with explosive action occurring just as the jet encountered the
apex portion of the conical shield. Simultaneously, as the vapor collapsed on
the jet, explosive action occurred and another cycle began. Experiments with
tin at 600°C and different nozzle materials (copper and stainless steel) indicated
that the explosive reaction for a jet is highly dependent on the instantaneous
cooling rate of the jet, which depends on the jet surface temperature, i.e., with
a copper nozzle (highly conductive) the tin solidified as a "popcorn" strand
but with stainless steel, extensive fragmentation was observed.

Injection experiments in which water was injected into moiten NaCl
were conducted by Anderson and Bova.!” It was found that the H,0/NaCl system
is capable of producing thermal interactions with a time delay of 10-300 msec.
The degree of the interaction violence can be related to the delay observed:
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longer delay times yielded more violent interactions. As is discussed later,
those interactions are coherent and may be referred to as large scale ex-
plosions. The measured encrgy ranged up to 18% of the maximum theoretical
energy that could be produced by the injected quantity of water. For the
H,0/NaCl system, subsurface movies showed (within the framing rate
limitation) that:

a. The water mass was broken up into fine drops dispersed through-
out the salt continuum prior to the explosions.

b. There was no evidence of a salt crust freezing around the water
mass.

c. A gas and/or vapor layer formed between the two liquids during
the injection process. This was obviously true during the initial stage. The
resolution of the pictures was not fine enough to distinguish very localized
collapse of the gas layer and direct contact between the two interacting fluids.

d. The initiating interactions were always developed very rapidly
(within 77 psec).

Other injection experiments were conducted by Armstrong et al.'® in
which Na-UQ; was studied. In each experiment, a small quantity of sodium
was injected into a crucible filled with hot molten material. During some
tests, the coolant quietly boiled away; in other tests, the coolant was relatively
quiet for a delay period and then interacted. As is discussed later, those in-
teractions are incoherent and may be referred to as small scale explosions.

Subsurface injection experiments were conducted by Asher et al.!’
and Abbey et al.?? in which liquid sodium was injected beneath the surface of
molten steel, Two experiments were performed. In the firat one (Na-CS/1),
2 g of sodium at 380°C were injected into 54 g of steel at 1530°C. In the second
experiment (Na-55/1) ~1.5 g of sodium at 400-450°C was injected into ~80 g
of stainless steel at 1750-1800°C. A sharp pressure pulse was observed less
than 5 msec after the completion of the injection and 50-60 msec after the
start of the injection (dwell time). It was assumed that an explosion had
occurred, The magnitude of the pulses was less than that in Na-CS/1, even
though the steel temnperature was more than 200°C higher. It was noticed that
in this experiment the sodium vaporized, when in Na-CS/1 much of it was
recovered as droplets, and the steel was not so finely dispersed.

2.1.2 Experiments in Shock-Tubes

In an attempt to understand the pressure generation by the dispersal
of molten fuel into coolant, experiments were performed by Wright et al.?
using water impacting on molten aluminum. The aluminum was held in a l-in.
ID tapered crucible of molybdenum (TZM) and a thin stretched rubber served
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as a diaphragm. The volumes inside the crucible and on top of the water
column were evacuated. The inside of the crucible was also connected to an
evacuated water-filled flask at room temperature, so that the crucible volume
contained about 1 cm Hg of water vapor which condensed on the advancing
water column before impact. The presence of a noncondensible gas in the
crucible was found to produce a soft bounce rather than a sharp impact.
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Fig, 2.2, Presure Pulse from Water Impact on

950°C Aluminum (after Wright et al,21),

ANL Neg, No. 900-78-153.

The shape of a high pressure
pulse resulting from the impact of
water upon molten aluminum is
shown by the graph of Fig. 2.2. This
20 MPa (2900 psia) pressure pulse,
which resulted from water impact
upon 950°C aluminum had an 80usec
rise time and a time constant for
pressure decay of about 3 msec. The
notch after about 1 msec was the
passage of the rarefaction wave from
the top of the water column.

Some of the experiments
gave extraneously low values of
the peak pressure. In all these
"anomalously low pressure" shots
there was a "precursor" pressure
before the impact. It may be that
a slow diaphragm rupture occurred
in those cases such that a sizable
jet or stream of water sprayed

the molten aluminum pool before impact and made sufficient steam to
produce a soft impact, low dispersal, and low pressure,

The experimental data on peak pressure versus the molten metal
(aluminum and silver) temperature are shown in Fig. 2.3.

Fig. 2.3

Temperature Dependence of the Peak Pres-
sure from Water Impact upon Aluminum ot
Sliver (after Wright et al.31), ANL Neg.
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Experiments have been carried out by Darby et al.?? in a simple tube
geometry using water and aluminum as the cold and hot liquids, respectively.
The upper part consieted of a stainless steel tube, 91 cm (3 ft) long and of
2.54 cm (1-in.) bore, with up to eight pressure transducers mounted along the
tube, The water was supported by a stretched rubber diaphragm clamped be-
tween two flanges and the molten aluminum was held in either a steel crucible
or a gection of tranaparent quartz.

Water vapor was introduced to the space between the diaphragm and
aluminum just before firing, to prevent the water front from flashing off as it
moves down. By opening a solenoid valve, pressure was applied on the water
column, accelerating it downwards, rupturing the diaphragm and causing the
water to impact on the molten aluminum.

The pressure pulses produced by a series of experiments at an
aluminum temperature of 720°C and water at 20°C have usually produced
maximum pressures on the impact of the second bounce of the series in each
experiment, the highest pressure being in the range of 25.5-30.4 MPa (3700-
4400 psi). A pressure pulse of run WHAM-9 is shown in Fig. 2.4. It has a
srmall initial rise and plateau and then a rapid rise (200 usec) to its maximum
pressure, followed by a slow decay (~2 msec) back to ambient pressure. Here
also we notice the notch caused by the rarefaction wave travelling from the
top of the water column. This shape is the most frequent type observed.

39
1 ! A few experiments have been

so — performed using molten lead as the
hot liquid. The same volume of
molten material was used in both
cases, and the temperatures for the
lead shots were 473, 727, and 820°C.
The results are substantially different
from the aluminum-water interactions.
The lead experiments produced far
less fragmentation and the peak pres-
surcs measured were barely greater
than the theoretical impact pressure.
1 | However, those experiments comparec

-5 .

o as 10 s Wwell with similar experiments done
by Hilliary et al.?’ in which water was

TIME,
€ mosc impacted on molten lead or a molten
Fig. 2.4. Pressure History fot the Flrst Bounce in eutectic mixture of lithium and potas-
Round WHAMY (after Darby ct a1.2%), sium chlorides. The experimental
ANL Neg. No, 800-78-188, apparatus in the latter was essentially

the same as the other shock tube
systems discussed above. It is a Z.54 ¢cm nominal bore stainless stec’ tube,
160 cm long, with a 2.0 cm diameter transparent silica mixing tube, ''- ¢cmlong.
The cold fluid is contained in the upper tube and the hot fluid is normully 6 cm
deep, in the lower tube.
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Contact between the two liquids is achieved by the operation of a
pneumatic piston which drives a steel cutter tube through a horizontal steel
diaphragm, 0.13 mm thick. The diaphragm opens rapidly in about 1 msec, to
lie as a flap against the wall., A reservoir of helium provides a driving
pressure for accelerating the upper liquid. This accelerating force is applied
simultaneously with diaphragm failure but takes ~175 msec to reach its
maximum. The lower surface of the falling water column contacts the hot
surface and the mixing process is recorded by a high-speed camera and pres-
sure transducers. In experiments in which the water contacted molten material
at a temperature which was well above the boiling point of water (in the absence
of an inert noncondensible gas), the water was projected upwards after a brief
mixing pericd, This "bouncing" effect occurred at each successive contacting
until the process reached equilibrium or was terminated by consumption of
the molten material. A further important feature of this "bouncing" phenom-
enon is that only a limited depth of the molten material was involved in each
mixing stage. The mixing zone was approximately 15 mm deep, Its significance
lies in the limited amount of thermal energy which may be available in a single
contacting stage. On each subsequent contacting in the same experiment, a
further amount of molten lead was carried up the tube by the steam-driven
water. In a test in which water contacted a molten salt mixture, almost
identical behavior was observed, indicating a marginal effect of relative
densiiy on the depth of the mixing zone (density of molten lead at 470°C is
about six times larger than LiCl1/KCl density).

When a noncondensible gas (argon) was introduced between the two
liquids at a pressure of 13.3 kPa no bouncing was observed and the appearance
of the resolidified lead after the experiment was such that it was esscntially
in one piece with little deformation of the surface. This compares with the
much more fragmented appearance when the noncondensible gas was absent
and bouncing did occur. The elimination of bouncing and fragmentation by this
means was also noted when argon at a pressure of 1.33 kPa was introduced
below the diaphragm.

An attempt was made to examine the effect of deliberately varying the
hot lead temperature through the critical temperature of water (374°C). No
obvious effect on the pressure generated was noticed.

It was concluded from those experiments that, although in no case was
the observed pressure greater than that expected from simple impact, the
contacting of cold water with hot, molten lead or a salt mixture, resulted in
some additional mechanical energy being transferred to the water column
manifesting itself as a bouncing effect, This bouncing appeared to be eliminated
if an inert noncondensible gas was present in the space separating the two
liquids; deformation of the lead was also much reduced compared with the
extensive fragmentation noted when bouncing occurred. An important feature
of the contact appears to be the restricted mixing zone which limits the energy
that can be transferred to the water,
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2.2 The Contact Stage

The main objective in studying the vapor explosion phenomenon is to
develop a conservative model for predicting the pressure-time history re-
sulting from a liquid-liquid interaction. For a conservative analysis it may
be assumed that a given mass of molten liquid is suddenly released in small
particles which coarsely intermixed in the cold liquid but separated by a gas
and/or vapor film. In this initial configuration steady heat is transferred in
a film boiling mode through the vapor film surrounding the particles.

The initial configuration, which exists before the explosion, must be
stable for as long as it is necessary for the configuration to develop. This
stable period is the dwell time, which is the observed delay before interaction
occurs. In the case of large scale explosions in which the two materials are
initially separate and are brought together by pouring, this may be a long time
(~1 sec), though in other situations (e.g., in a shock tube geometry) the initial
configuration may be achieved in only a few msec.

Consideration of the requirements for the initial configuration indicates
that intermixing before the explosion such that the individual fuel and coolant
regions are small compared with the size of the exploding region, and close
enough together to give coupling for coherence, may be a necessary condition
for high efficieucy explosions. It seems likely that the initial mixing and break-
up occur because of the initial kinetic energy of the pouring, and hydrodynamic
breakup.?4:?*

After the initial stage has been developed, intimate contact between
the liquids is necessary., The contact stage allows a large amount of energy
to be rapidly transferred from the hot to the cold liquid. The necessity of
intimate contact has been demonstrated in several experimental works. Frag-
mentation occurred readily and reproducibly when contact was initiated by
rapid pressure increase. Board and Hall’*® conducted an experiment in which
50 g of molten tin at 800°C was placed in a shallow crucible located under water.
Rupturing a diaphragm resulted in a sudden pressure increase and an explosion,
A different way to initiate contact was demonstrated by the same authors.*
Waves were transmitted into the cold liquid from a hammer blow on a rod or
tapping on the tank resulting in an explosion. Zyszkowski’' reported on a set
of dropping experiments using several molten metals (silver, gold, copper,
lead, tin, sinc, and stainless steel) and water. He claimed that vapor explosions
occurred only when direct liquid-liquid contact was achieved and when the
metal temperature exceeded a certain value. The AVH,0 system is another
example that liquid-liquid contact is necessary in order to produce explosion.
Small scale dropping ox‘porimenu of aluminum have not resulted in explosions
or even {ragmentation.'’ However, by impacting the cold liquid onto the hot
metal as was done in the shock tube experiments'®'? or just by suddenly raising

the pressure, as was done in the tin experiments, explosions and large pres-
sures were produced,
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Dropping exrerimenu of tin (0.31 cm in radius) into water conducted
by Bjornard et al.,® suggested that fragmentation is linked to the dynamics

of the vapor film surrounding the drops. By measuring the pressures
generated, it was found that a period of high frequency, low amplitude pres-
sure oscillation followed by a lower frequency higher amplitude oscillation,
accompanied the fragmentation event. The duration, frequencies, and
magnitudes of the two distinct portions of the waveforms were influenced by
the initial tin and water temperatures. Thus, it was suggested that film boiling
is possibly followed by film collapse and fragmentation.

Evidence of momentary contact between liquid drops and solids at
temperatures well above the normal minimum film boiling temperature was
reported by Bradfield.?® The kind of contact (periodic or quasi-continuous)
depends on surface roughness, subcooling and heating surface thermal con-
ductivity. Explosive instabilities were observed under certain exceptional
combinations of these parameters.

In general, when a body at sufficiently high temperature is suddenly
immersed in a cool liquid, the body is at first surrounded by a shell of vapor,
which acts as a thermal insulator. At a specific temperature, determined by
the system characteristics, large-scale contact is made. Usually it is said
that film boiling ceases and transition boiling begins. The temperature at
which it occurs is called the "minimum heat flux point,"” "minimum film
boiling (MFB)" point, or "Leidenfrost temperature” when small drops are
concerned.

2.2.1 Minimum Film Boiling Point

Experiments to determine the parameters that govern drop collapse
are usually one of two types. In the first, a drop is placed on a surface kept
at constant temperature and the lifetime of the drop is measured. At a high
plate temperature a vapor film is formed under the drop, the contact is ran-
dom and evaporation is slow. At a particular plate temperature (" Leiden{rost
temperature”) the drop immediately makes contact, resulting in a short life-
time. In the second type of experiment a drop is established on a plate at
high temperature, and the plate tamperasture is then reduced gradually until
collapse occure. It was found that with this method drops may still exist with
an intact vapor layer even when the plate is almost at the liquid saturation
temperature.”® While the “collapse temperature” in this type of experiment
may span a wide range under apparently similar experimental conditions, it
is very noticeable that the stability of the drop with respect to mechanical
disturbances changes very markedly at about the same temperature as that
which causes rapid evaporation in the first type of experiment.

Calculations of MFB pointl can be based on two modsls; hydrodynamic
model™ or thermodynamic model. M
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Hydrodynamic Model

The minimum film boiling temperature can be derived from the expres-
sion given by Berenson® for pool boiling on a horizontal isothermal surface.
The model assumes that: (1) Vapor removal is governed by a Taylor instability.
(2) The vapor flow is radial and laminar, (3) Vapor film thickness is constant.
(4) Heat is transferred by conduction only across the film. (5) Vapor for a
given bubble is generated in an area of A%r/Z where L., is the critical wave-
length (that with the fastest growth rate)
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A prediction for the minimum temperature was given as
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where 8T, j = Ty j - Tgae and Ty, | is the minimum temperature to sustain
film boiling with an isothermal surface.

Good results were obtained for n-pentane and carbon tetrachloride.
However, it was found experimentally that this correlation is not accurate for
liquid metals, water, Freons, and cryogenic fluids, since it is applicable only
if the surface is isothermal, i.e., if thermal transients within the surface are
negligible. In order to improve the correlation and include the transient
effects, Henry?® suggested thut the occasional contact results from vapor
bubble departure from the hot surface, caused by liquid rushing toward the
surface which momentarily contacts portions of the solid surface. This short
contact results in rapid evaporation which pushes the liquid off the surface,
but a microlayer remains on the surface. If during contact the interface
temperature is below Ty, |, transition will occur.

The transient wetting process is analyzed as a transient conduction
process between two semi-infinite slabs (see Appendix A) and the microlayer
evaporation is characterized by \/Ch8Ty, ;. Using available solid-liquid data
a correlation was found in the form;

T -.T k.p.C 13 0.4
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where Ty, = the real minimum temperature.

Equation 2.3 was found to correlats the solid-liquid data fairly well
but since this model is based on wave behavior in pool boiling, it cannot be
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applied to single, small Leidenfrost drops. Calculated MFB points for some
molten metals and water which are of interest in the present discussion are

shown in Fig. 2.5,
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Fig. 2.5

Minimum Film Boiling Temperature
for Various Hot Materials and Water,
ANL Neg, No. 900-78-162.
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Thermodynamic Model

Speigler et al.? guggested that the wall temperature at the minimum
point corresponds to the maximum liquid superheat predicted by Van der Waal's
equation of state. For pressures well below critical, maximum superheat is
about (27/32)Tcy. It was shown that this prediction was in reasonable agree-
ment with nitrogen, and hydrocarbon pool boiling data. However, a large
discrepancy exists for liquid-metal data, carbon tetrachloride and water. The
main drawback in this theory (as in Berenson's theory) is not taking into ac-
count the thermal properties of the solid, which experimentally have been
proven to be important.

Baumeister and Simon** modified this model by assuming that local
contact between liquid and solid will occur, lowering, consequently, the solid
temperature sufficiently to permit spreading of the contact. The following
correlation was developed for the minimum temperature:
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where

A atomic number

(pCk)™' of solid in cgs units
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In the case of liquid-liquid systems the question of predicting the MFB
point seems more complicated. Boiling between two liquids is different in
nature than between liquid and solid surfaces. The normal nucleate boiling
regime is absent in a pure liquid-liquid systemn because of lack of preexisting
nucleation sites resulting from surface cavities and gas bubbles, To achieve
the ideal experimental conditions for conducting minimum film boiling ex-
periments purified surfaces such as oils or other pure liquids were used be-
cause of their excellent wetting properties. When using mercury as a surface
2ven with great care, a clean liquid-liquid interface was never achieved,?®

Film boiling experiments were conducted by Henry et al.®® for liquid-
liquid systems: drops of ¥Freon-11, Freon-22, ethanol, and water on mercury,
Minimum film boiling calculations based on the solid-liquid correlation
predicted much greater temperatures than were measured experimentally.

It was proposed that since the liquids do not wet mercury very well the micro-
layer evaporation does not apply thus, only the transient wetting was considered
which results in:

Tm- Tm,i _ kepoCo (2.5)
Trm.i = Tsat kpprCp

Minimum {ilm boiling temperatures calculated from this equation and from
the correlation given in Refs. 31 and 33 were compared to both visual assess-
ments and evaluations via the experimentally minimum heat flux, The most
significant point from the comparison is the large differences between the data
and the correlation recommended by Henry which has demonstrated good
agreement with the available liquid-solid film boiling results,

It is interesting to note that for water the visual mechanism of assessing
the minimum temperature gave a lower value than the surface temperature at
the minimum heat flux, At surface temperatures much less than the minimum
heat flux point the liquid drop was clearly in film boiling, i.e., the edges
demonstrated an unwetted curvature, the liquid easily glided over the mercury
surface and no nucleate boiling type sounds were observed. Contact measure-
ments between the boiling liquids (water and ethanol) and mercury showed
continuous intimate contact. Such contact was further evidenced by surface
waves on the mercury which appeared to be generated following the bubble
breakthrough in the boiling liquid.
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Another experiment was conducted with a Freon-22/water system.
Berenson's prediction for such a system is 20° and Eq. 2.5 yields a value
of 33°C, but film boiling could not be sustained at water temperatures as high
as 45°C, because of ice formaticn resulting in nucleate boiling. For water
temperatures greater than 45°C small vapor explosions occurred.

The difference between the theoretical predictions and the experimental
results was attributed to different buoyancy and wetting characteristics.

2.2.2, Mechanisms of Liquid-Liquid Contact

One of the problems in the formulation of vapor explosion is figuring
out the conditions in which intimate contact is made between hot and cold
liquids in connection with the triggering and propagation of the explosion, The
problem is complicated and we suffer from a lack of knowledge about the
exact mechanism which causes collapse, wetting, and nucleation characteristics
in the different systems. One would expect to gain some knowledge and ideas
about contact in relatively simple systems where no external velocities are
present (Leidenfrost drop) but as we showed, even in those systems the prob-
lem is not yet resolved. However, it seems that hydrodynamic motion, in-
stabilities, wetting characteristics, and thermal conditions are all involved
in the process.

One may assume that the governing process for making contact is the
squeezing of the vapor film (see Chapter IlI). It may be due to random
"tongues" of liquid or large liquid area pushed toward the surface by mechanical
forces or disturbances (Taylor and Helmholtz instabilities). Another way for
solving the problem is to assume that contact always exists and to study the
thermal and hydrodynamic conditions for sustaining the contact,.

In a study on vapor explosion mechanism Henry and Fauske?®’ developed
a model predicting the sizes of drops, as a function of surface temperature,
which will result in liquid-liquid contact ("capture theory"). Based on ex-
perimental observations they assume that initial contact is always made and
boiling is described by the spontaneous nucleation theory (see Appendix A).
Upon this contact the interface temperature is established according to Eq, A.2
in Appendix A and the thermal boundary layer develops. The time for develop-
ing the boundary layer consists of: relief time necessitated by single-phase
constant volume heating (~10~7 sec), the waiting time for the first nuclei
(=1/JV), and the acoustic relief time required before that vapor bubble can
grow {t; = 24/c), As illustrated in Fig. 2.6, this establishes not only the
inception criterion for the vapor bubble but also the maximum diameter to
which it can grow in a stable manner. Once this change in radius is evaluated,
the time required for the growth can be evaluated from the inertial growth
equation [ty = AR/(28P/3p,)''?]. On the other hand, if the boundary layer
growth time is so short it cannot support a vapor bubble of the critical
diameter, embryos will collapse before reaching the critical size (such con-
ditions are shown in Fig. 2.6 for 1077 and 107% sec).
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Fig. 2.6, Thermal Boundary Layer Development and Critical Cavity
Size for Freon-22 (after Henry and Fauske37). ANL Neg.
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The number of bubbles that can exist simultaneously is obtained by
the product of the nucleation frequency determined by the temperature at
point A in Fig. 2.6, the volume per unit surface area between the interface
and point A, and the growth time of a single bubble (=JV tg). Because of
mutual pressurization effects, the number of simultaneous nuclei is less than
a predetermined number (in the case of Freon-22 it is 10’ sites per sq cm of
contact), If the number of nucleation sites that exist simultaneously result
in interference at the maximum stable bubble diameter {point B in Fig. 2.6},
the interface between the two liquids will be vapor blanketed and the energy
transfer will be terminated for all practical purposes. This interference sites
density (N) can be evaluated from the maximum stable diameter at point B

(Dg) by

1

N = B, (2.6)

where
N s 107 sites/cm?.

A schematic representation of the drop behavior for film boiling and capture
is shown in Fig. 2.7,

Given the above information, the stability of a specified drop size, in
terms of wetting and capture by the hot liquid or sustained film boiling, can
be evaluated as a function of interface temperature. {On the stability line
see Appendix B,)
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interactions).

An experiment was con-
ducted to determine the viability
of the above drop stability
criteria. In this experiment,
small drops of Freon-12 were
inpinged upon a mineral oil
surface and high speed movies
(5,000 pps) were taken of the
resulting interactions. For
interface temperatures less than
the homogeneous nucleation
value, all sized drops wet the
surface and proceeded to vapor-
ize in thin film vaporization or
by entrapment and incoherent
nucleation (small scale exploaive

For interface temperatures greater than the homogeneous

nucleation value large sized drops penetrated the surface and developed their
own protective vapor film, which was clearly evident when the drops returned

to the surface as drops floating in their own protective vapor pockets.

these large drops either fragmented or va-
porized to a small enough size, they would
become trapped on the surface and vaporize
completely within 1 to 2 msec. This requires
aheat flux whichis approximately two orders
of magnitude greater than the critical heat
flux for the Freon. A summation of all these
experimental results is shown in Fig. 2.8
along with the stability criteria for Freon-12
as a function of interface temperature. It is
seen that the experimental results arein ex-
cellent agreement with the stability predic-
tions arising from spontaneous nucleation
and thermal boundary layer considerations.

Another theory suggested by Ochiai
and Bankoff’® is related to the last one. It
assumes also that random contact is made
by a tongue of cold liquid and the interface
temperature is above the homogeneous nu-
cleation temperature. In addition to thermal
conditions, this model applies hydrodynamic
consideration, After relieving the pres-
sure, explosive growth and coalescence of
the vapor bubbles results in ahigh pressure
vapor layer at the liquid-liquid contactarea,
This amounts to an impact pressure applied
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to the free surface of the hot liquid, producing a "splash" with a resulting
velocity distribution obtained from potential flow theory. If the average
Weber number in this "splash" is larger than some critical value (found from
dropping experiments), contact will be sustained.

2.3 Mechanisms for Vapor Explosion

There have been many mechanisms proposed to describe the frag-
mentation process. Among them are

(1) Violent Boiling--Transition boiling between the two liquids may
be violent enough to account for observed fragmentation.?®

(2) The liquid entrapment model proposes that quenching liquid is
drawn into the drop's interior or trapped between the drop and the container
surface. The evaporation of that liquid is rapid, resulting in an explosion.*

(3) The solid shell model proposed that the drop solidifies on the sur-
face upon contact. The solid shell thus formed shrinks, which consequently
increases the pressure in the drop. This pressure increase causes an ex-
plosive rupture of the solidified shell.*

(4) Bubble Growth and Collapse--Microjets resulting from asymmet-
rical bubble growth and collapse at the liquid interface may produce a self-
propagation formation of new interfacial area.®

(5) Violent Gas Release--Dissolved gases can precipitate out as the
hot liquid cools and solidifies, resulting in rapid fragmentation.”

Among the models which have been proposed to describe the vapor
explosion mechanisms, are the detonation model and spontaneous nucleation
maodel.

Detonation Model--The possibility of a steady-state Chapman-Jouguet
thermal detonation wave propagating through an initially coarse mixture of
hot and cold liquids has been proposed by Board and Hall* as a mechanism
for vapor explosion, The postulated mechanism is the breakup of single drops
of hot liquid immersed in a vaporizable cold liquid (tin-water, or UQ,-sodium)
due to passage of a shock wave, This fragmentation is accompanied by rapid
mixing and heat transfer which sustains the shock wave. Very large peak
pressures (~1500 MPa) were thus calculated for the initiation of such an event.
For the LMFBR these pressures are in the neighborhood of the constant-
volume temperature-equilibration pressure (Hicks and Menzies*), and hence,
might conceivably be attained by a rapid local mixing with strong inertial and
structural constraints., However, detailed calculations made by Bankoff et al.*¢
show that an additional order-of-magnitude increase in peak pressures is
required, making the possibility of such an event in a reactor accident even
more remote,




Spontaneous Nucleation Model--From the LNG-water study done by
Enger and Hartman”' it was found that two physical phenomena are determin-
ing the conditions producing explosions: the boiling behavior in the interface
region between the liquids and the maximum degree of superheating in the cold
liquid (spontaneous nucleation). They suggested that explosions occur when
the hot liquid temperature exceeds the cold liquid homogeneous nucleation
temperature, i.e., T 2 Tp,. The results obtained by Enger and Hartman,
Nakanishi and Reid*® and Porteous and Reid*’ were shown to be in close
proximity with that temperature threshold. Fauske® suggested that explosions
occur if the interface temperature upon contact is equal to or above the spon-
taneous nucleation temperature of the cold liquid, i.e., Ty = Tg,. He also
suggested that three main stages exist in developing an explosion, In the first
stage the two liquids coarsely intermix when the cold liquid is in film boiling.
The second stage involves intimate contact between the liquids which results
in vapor production in a short time scale and pressure, which should propagate
(the third stage) through the system.
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In the case of intermixing, when the hot liquid temperature is above
the spontaneous nucleation temperature, but is not hot enough for resulting
in an interface temperature above the spontaneocus nucleation temperature,
a possibility of entrapment and superheating of the cold liquid drops exists.
In this case, the superheated drops explode like the classical physics ex-
periments® but the result is an incoherent explosion, or a small scale event®
in which the energy is transferred during a longer time than the explosion
time scale. The difference between small scale and large scale explosions is
described in Fig. 2.9. That explains some experimental cbservations, as the

NO STABLE FILM BOILING, STABLE FWLM BOILING,
INCOHERENT NUCLEATION, COHERENT NUCLEATION,
ONLY OBTAINED FOR OBTAINED FOR COLD
COLD LIQUID ENTRAINED INTO HOT OR HOT
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Fig. 2.9. Characterization of Temperature Requirements and Experimental Observations
for Small and Latge Scale Vapor Explosive Events (#fter Henry and Chosz).
ANL Neg. No, 900-77=451.
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possibility of fragmentation occurrence which is not a consequence of an ex-
plosion and some of the observations which lead to the entrapment model,*
Thus, when analyzing experimental results, one should be careful in deciding
what scale of events has occurred. In some of the small-scale dropping ex-
periments, this distinction may be somewhat difficult to observe experimentally
because the small amount of thermal energy available, so that even if a large-
scale event would be possible with large masses the observation is similar to
the occurrence of a small-scale event.

As an example, large-scale explosive interactions, conducted by
Henry et al.,® with saturated Freon-22 and saturated propane and mineral
oil demonstrated excellent agreement with the model prediction of homogeneous
nucleation temperature threshold as shown in Fig, 2,10 which is consistent
with the fact that both systems

30 are known to exhibit excellent
» | o FREON-22 INTO MINERAL OLL wetting. On the other hand,
2 251 & MINERAL OIL INTO FREON-22 for Freons using water as the
i host fluid, a definite threshold
2 ool was found, and it corresponds
& A to an interface temperature
z 5| considerably lower than the
& homogeneous nucleation
= 0 ° limit.%%% Thie is again con-
E 10| a sistent with the wetting char-
= OA o? a acteristics of these systems
z S A (Freons and water are poorly
3 o0 wetted systems) resulting in
0 ! L 1 I heterogeneous nucleation

80 100 120 140 160 180 200 220 240 characteristics, In an effort
INITIAL QIL TEMPERATURE, °C to validate the interface
criteria, Board et al.* con-

Fig. 2.10. Pressure Generation as a Function of Oll Tem- . .
ducted dropping experiments

perature for the Freon-22-Mineral Oil Systemn .
(after Henry et al.53), ANL Neg. No. 900-75-121, ~ for Freon-22 into water. The

Freon subcooling was varied
and the conclusion was that the threshold temperature did not change with
increasing Freon subcooling and hence with changing interface temperature.
The disadvantage when dealing with a poorly wetted system {(as Freon-22-water)
is that the wetting characteristics can be altered by changing the interface
temperature which consequently changes the spontaneous nucleation temper-
ature. Note that uncertainties in the initial Freon temperature are always
inherent when dropping subcooled Freon, which is the method used by
Board et al.> On the other hand, the resolution for the initial Freon temper-
ature is much better when hot cil is dropped onto the subcooled Freon, a
method used by Henry et al.5® In a well-wetted system, which also has a
greater sensitivity to Freon subcooling, Freon-22 and mineral oil did demon-
strate a dependence on subcooling which is in good agreement with the interface
temperature model (Fig. 2.11).
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Henry et al.5%), ANL Neg. No. 900~75-289, formed, particularly, in the
inertially dominated period of
the bubble growth. During that period the pressure in the bubble is the vapor
pressure corresponding to the superheat. In the second growth period (the
thermally dominated stage) the bubble pressure is essentially the same as the
ambient pressure (see Appendix B). Thus, a possible way to sustain propaga-
tion in an explosive event is by internal fragmentation of liquid drops during
the inertially dominated period. That leads us to the other related requirement
which discusses the sizes of the cold liquid drops (the "capture theory")} and
the relative size of bubble formed in those drops, since pressure relief will
not occur before the bubble becomes comparable to the drop in size.

INITIAL MINERAL OIL TEMPERATURE, *C

In the intermixing stage a coarse mixing of cold and hot liquids is
produced when the cold liquid is in film boiling. Since the minimum f{ilm
boiling temperature for clean, nonsolidifying liquid-liquid systems (where no
nucleation sites exist) is a contact temperature equal to the spontaneous
nucleation temperature (at least for drop sizes usually formed by the dropping
mode of contact), the hot liquid should be at a temperature such that the tem-
perature upon contact is above the spontanecus nucleation temperature. During
the intermixing stage, thedrops evaporate and fragment slowly until contact
occurs. If the temperature at the interface and the system pressure are such
that bubbles are capable of growing inertially up to the point they rupture the
drop, the droplet is fragmented, and the high pressure is released®’ in the
form of a small shock wave (Fig. 2.12). A possible propagation mechanism
suggests that as a result of the drop rupture a fine spray of liquid is produced.
Since the spray droplets size is much smaller than the parent droplet, they
are capable of being "captured" and the bubbles will grow inertially even in
a pressure field considerably higher than the initial pressure, which results
in successive pressure release in a very short time scale. This process of
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nucleation, inertial growth and liquid
fragmentation is terminated when the
pressure in the system is such that
the inertially dominated growth is
essentially terminated at the bubble
critical size.

In the dropping experiments
of UQO, and stainless steel into sodium
conducted by Armstrong et al., and in
the injection experiments of Na-UQ;
and Na-steel, the interface temperature
is well below the homogeneous nuclea-
tion temperature of sodium. For
homogeneous nucleation at the interface,
the UO, and stainless steel temperature
should be about 7000 and 3000°C, re-
spectively, for sodium at ~-400°C. In
order to explain the interactions with
sodium let us recall first that violent
interaction has occurred only when
the cold liquid (Na) was injected into
the hot liquid (UO,) and not when UO,
or stainless steel were dropped into
sodium. To explain the UQO,;-Na ex-
periments, Fauske®® suggested an
entrainment-wetting-superheat mech-
anism in which the liquid sodium
globules can be entrained and wet the

liquid UQ,; surface. The lack of nucieation sites in the liquid-liquid system
results in an overheating of the liquid sodium unti! spontaneous nucleation
occurs. The proposed mechanism is summarized in Fig. 2.13. Point 1
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indicates roughly the initial temperature established upon contact. If the
sodium is injected into the liquid UQ,, i.e., a limited amount of cold fluid is
imbedded in the hot fluid, sodium can be heated to its superheat limit (Fig. 2.13,
point 1I), which results in explosive vapor formation. The validity of the
proposed mechanism has been demonstrated by above-surface injection of
liquid Freon-11 (normal boiling point 23.8°C) into hot water (up to 90°C).

This mechanism describes the "small-scale event" mode of interaction where
incoherent interactions occur. Indeed, to date, no large-scale explosions have
been reported when the predicted interface temperature was below the spon-
taneous nucleation temperature.

Considering the possibility that a small sodiurm drop becomes super-
heated up to its homogeneous nucleation temperature, the saturation pressure
corresponding to this temperature is ~-11 MPa (see Table A.5) which is the
maximum pressure in the bubble while it is inertially dominated. However,
even a preferred site can result in nucleation and significant pressures in a
highly superheated liquid even if the temperature of the hot material is below
the spontaneous nucleation limit. The incoherent, small-scale event may also
be an explanation for the Na-steel injection experimental observations discussed
in Section 2.1.1.

The "capture theory" by Henry and Fauske also predicts that for non-
chemically reacting systems in the free contacting mode the critical temper-
ature at the interface, is an upper threshold for explosions. Excellent
experimental agreement for the upper temperature threshold is shown to exist
in Freon-o0il and most of the LNG experiments. Liquid metals--water systems
experience explosions well above an instantaneous contact temperature equal
to the thermodynamic critical temperature, e.g., Fe/H,0, Al/H,0, and Ag/H;D
in shock tubes and industrial explosions. Henry and Fauske pointed out 1a«
near the critical point strong variations in thermal conductivity, density, and
specific heat must be accounted for. The thermal conductivity and specific
heat can both increase by an order of magnitude resulting in an additional
capability of the cold liquid to transfer and store energy. That means that the
initial temperature of the hot liquid has to be greater than would be expected
from constant parameters considerations. Also, oxide layer formation, which
may account for a decrease in the hot liquid thermal conductivity by at least
an order of magnitude, reduces, as a result, the interface temperature. How-
ever, as discussed by Corradini et al.,’ those arguments may account for
some experimental results but not for all of them, As a result, it was sug-
gested that a small projection from the molten metal acts as a cooling fin
which can be cooled down more rapidly during the dwell time than the hulk
liquid. It cools down below the critical point, makes contact, and initiates an
interaction,
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1Il. A MODEL FOR LIQUID-LIQUID CONTACT--SQUEEZING
OF VAPOR BETWEEN A DROP AND A SURFACE

Dropping experiments have been conducted by Waldram et al.’® and
Ochiai and Bankoff*® in which low boiling droplets were dropped onto a hot
liquid. They investigated the conditions under which liquid-liquid contact was
made as a function of physical properties, temperature difference, drop diam-
eter, and drop release height. Drop diameters and heights were 0.24-0.32 cm
and <18 ¢cm, respectively.

Three heat transfer modes were observed:

(1) film boiling (Leidenfrost boiling)--the droplet floats on the
surface and evaporates smoothly, which implies that a vapor
film separates the two liquids.

(2) wetting --coalescence occurs between the liquids.

(3) spattering--explosive vaporization following coalescence.

A sharp threshold for spattering occurs at the homogeneous tempera-
ture of pentane, while for alcohols it occurs at surface temperatures 10-35°C
higher. It was found that the critical height (the maximum height which results
in film boiling) and the drop Weber number depend strongly on surface tem-
perature and is smaller for acetone and the lower alcohols than for pentane by
a factor of about two, indicating better wetting by the oxygen-containing organic
compounds of silicone oil than by hydrocarbons.

In modeling the dropping experiments, the assumption that the inter-
vening film, between the drop and the surface, controls the coalescence -rebound
process, can be applied, as is usually done in isothermal liquid-liquid sys-
tems.** Because the inertia of the drop and the appreciable evaporation from
the approaching drop have to be taken into account, it is reasonable to expect
that the film thickness may exhibit a minimum with respect to time. One might
hope that this minimum would correspond to some critical thickness for a film
instablility due to the combined effects of London-van der Waals forces, inertial
and viscous forces® or free molecule heat conduction.* which might be then
related to the existence of a critical release height for coalescence or rebound
as a function of the system parameters.

3.1 Model Formuiation

A cold drop of a volatile liquid at its saturation temperature falle from
initial height hyunder gravity, towards the surface of a pool of a hot nonvolatile
liquid. Initially the drop motion is governed entirely by gravity, but as the drop
begins to penetrate the pool surface, a thin gas film of thickness h(t) forms,
which governs the further approach of the two liquid surfaces. When the film
thickness is equal to the thickness of the preexisting thermal boundary layer
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above the pool surface, evaporation commaences. The film is here assumed
to be flat, so that the drop takes the shape of a spherical zone (Fig. 3.1). One
might expect that the film thickness would be a function of radial position
under impact conditions, but to avoid a detailed solution of the flow fields in
the three regions, a uniform film thickness is assumed. Evaporation takes
uniformly from the flat drop surface into the fiim with the normal velocity v,.
Mass and heat transfer from the remainder of the drop are considered to be
negligible. Us'ng cylindrical coordinates, the equations describing the motion
of the {ilm are:

du . 1 d A(uv) . dfdu dv

Brrnd e S8 = Seva(S - 5) (3.1)
dv d vt ) d u oV
s'i*s;"'“"’*r."'sﬁ";'z?.['@—.'s?)] (3:2)
1 3(ru) , ¥v

roar T ! (3.3)

where u, v are velocity components in the r, z directions, respectively, and
¢ = P/p for imcompressible flow. We assume that inertial and gravitational
forces are small compared to viscous and pressure forces within the gas film,
so that:

= * a3 .4
R Yl ) o

MNg. 8.1. A Madel o Squessing & Vaper Pl bowvess & Felliag
Deop snd & Yot Liguid Surfass. ANL Neg. No. 000-70-344.
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The boundary conditions are:

0, v

z =h; u vo: T = T¢ (3.7)
=0 u=0 vs-vy; T=Ty (3.8)

where vy and v, are the velocities at the film upper and lower surfaces,
respectively, and T, and Ty, are temperatures of the cold and hot surfaces,
respectively. It is acceptable to assume zero tangential velocity at both edges
of the film in view of the low gas velocity and viscosity. We thus look for a
solution of the form:

v = <f(z), (3.9)
upon substituting Eq. 3.9 into Eq. 3.6 and integrating:
u = {ef'(z) (3.10)

After substituting Eq. 3.10 into Eqs. 3.4 and 3.5 we get:

%’; = $r{"(z) (3.11)

%E = -vi%(e) (3.12)
Integration of Eq. 3.12 leads to:

¢ = -vl'(z) + glr) {3.13)
whence:

%!: = g'(r) (3.14)

Comparing Eq. 3.11 to 3.14:

!-'-(;'-’ . %f"'(s) » Cq (3.1%)

where C,, i0 a constant to be determined. Integrating Eq. 3.15 three times
leads to:

C ]
°' + C|!: + C.l + C. (3-'6)



where C, = 2C,. From Eqs. 3.9 and 3.10 it then follows that
u = dr(dCzt +C1z + Cy) (3.17)
v = -QCOZ’ + -}Clz‘ + ng +C,) (3.18)

Introducing the boundary conditions one obtains:

3o, rz
u = : 1 %) (3.19)
v _z¢
- o_(%z _
v 2329 (3.20)

The velocity ¥, is equal to:
Vo = vd + Ve - Vg (3.21)

where vg is the drop velocity

vg = -3 v, (3.22)

Ve = . (3.23)

Substitution of f'(z) and g(r) (the latter from integration of Eq. 3.15) into
Eq. 3.13 results in the pressure in the film;

Wouv L r}
p‘P°'Tz‘(K")'?] (3.24)
The force due to pressure acting on the drop is;

F = 2n f" (P - P)r dr (3.25)
o

where X, le the flat surface radius given by:

\a
xc a [% (.!.d..c::_)'] R R‘ (3.26,
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and geq is given by:

odd * O
= 3.
Integrating Eq. 3.25 one obtains:
= 4
3 "VouyXc
F = PR (3.28)
The force balance on the drop takes the form:
dvyq
F -mg + mpyviX: = -m—— (3.29)

where m is the drop mass, and London forces have been neglected.

Upon substituting Eqs. 3.22 and 3.28 into Eq. 3.29, one obtains the non-
linear ordinary differential equation:

th KZ( dh ) 2 de _
ag " w\Ta tVe) " Kiveteg- g =0 (3.30)
where
X 30 X%
Kzsgﬁ—‘;; , = p"3° (3.31)
8 pq R 4R%pq

Here pq and R are the drop density and radius, respectively.

We now assume the gas temperature to be a function of axial position
only, in view of the requirements that the film thickness be less than the
thermal boundary layer thickness and the uniform constant temperatures at
both surfaces of the film. With the above assumptions the energy equation

becomes:
dT _ 4T

where v, from Eqs. 3.20-3.23 is given by

2l f2z k, dT ) (3.33)
z=h

FERON-1
The surface acceleration term in Eq. 3.30 has to be obtained by the use of
another differential equation describing the surface motion upon impact. The




main problem arising in formulating such an equation is the unknown amount
of energy transferred from the drop to the surface and what is the energy dis-
tribution to kinetic, potential, and surface energies. For high surface tension
materials, such as liquid metals, the surface acceleration term can be ignored.
Thus, Eq. 3.30 becomes:

a@h K/ dh
E - I;(-E +Ve)-K1Vze+g =0 (3.34)

Two important special cases can be derived from Eq. 3.34. For iso-
thermal system and negligible drop inertia we get:

1 dh g

-;5 T Ez (3.35)

which is the known Stefan-Reynolds equation®® used frequently in lubrication
theory, for which an explicit solution can be found.

For a nonisothermal system with negligible drop inertia, Eq. 3.34
becomes:

K dh
h—i( -EE +Ve) = g - Klvze (3'36)
Th - T
If it is assumed that - et - -h- "¢ and g>> K;v%, this becomes:
dz h e
z=h
K; .
rrd Y (3.37)

where:

Ky(Th - Te) K, =-E

K, = o ; X, (3.38)
B8
For large times this gives the result:
o [ ZerlTh - TelyXE K\ (3.39)
8pypd) gR? K4 ’

which agrees with the expression derived for stable Leidenfrost bailing,* when
X. = R.

3.2 Results

Equations 3.32 and 3,34 were numerically integrated for the experi-
mental critical release height for droplets to rebound. It can be seen from
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the form of Eq. 3.34, which corresponds to a strongly nonlinear oscillator,
that the film thickness goes through a minimum. There is a relatively slow
approach to this minimum thickness, followed by a rapid jump in the film
thickness once the critical thickness, 8§, has been reached. If this corresponds
to the neutral stability thickness for the gas film, this should be nearly inde-
pendent of the drop diameter. However, the computations indicate that the
minimum film thickness for droplets originating at the critical release height
is nearly proportional to the diameter. As might be expected, this would indi-
cate that short-range attractive forces are not sufficiently strong at the calcu-
lated minimum thickness (~10% A) to result in coalescence in a time scale
shorter than that for rebound. A similar dependency was found by Jayaratne
and Mason®® although for entirely different reasons, since their analysis took
into account mechanical energy transfer in the rebound phase, which has not
been considered here.

A dimensionless correlation for the data was found in the form

8

£ = = g (3.40)
where:
Ov 0.472
S‘b = ES[-OZ(E_;) Nw’glN?'agl (3.41)

In this equation the dimensionless critical release height and temperature
difference, as well as the droplet Weber number, are given by:

hy = by/R; Ny = C(Ty, -~ Te)/A; Nyyo = pgghoR/og. (3.42)
From Fig. 3.2 we see that the experimental results collapse into a straight
line, for silicone oil serving as the surface and sy, is given in Eq. 3.41., For
the same sy, the thickness calculated for the glycerol surface data differs from
the thickness calculated for the silicone oil data but also collapses into one

line (Fig. 3.3). This difference is attributed to the difference in the wetting
and thermal properties of the two liquids. If a least-squares procedure is
applied to both liquids, sy is given now as:

Py 0.556
= 1 "~0.9 . .
sp = Bq 57(;1) 0,72 g 258 (3.43)

and the results, shown in Fig. 3.4, yield more scatter of data. However, the
differences between the corresponding powers in Eqs. 3.41 and 3.43 are
relatively small.
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The experimental correlation indicates that the minirnumn thickness of
the film does not acquire a constant value, depending on the system properties,
as in free, stationary isothermal thin films. The combined effects of velocity
and mass transfer are of considerable importance, and are nonlinear with
respect to the calculated minimum thickness. Thus, a coalescence mechanism
depending solely on acquiring the neutral thickness of the film is not suitable.
Thus, random drop surface motion, high local hydrodynamic acceleration in
the liquid surface, drop oscillations inducing disturbances in the film and
roughness of surfaces (when applied to solid surfaces), may all be part of the
coalescence mechanism resulting in thinner films. In the computation process
a thinner film may result if X, is about 1% of the calculated one. Obviously,’
in reality X, changes as a function of time during the film drainage; however,
it does not seem likely that the equivalent X, will be so low.

Even if the experimental correlations do not predict the exact film
thickness values, they describe the relative effect of temperature and inertia
and may be used in predicting the critical system parameters, such as critical
release height, surface temperature or drop diameter. Note that even though
the creeping flow assumption is applicable only for a small range of the drop
motion, the equations can be applied for larger ranges with a fairly good ac-
curacy because of the very weak dependency on h,,.

3.3 Discussion

Using experimental data, the minimum thickness of the film at which
coalescence occurs was determined by applying the slow viscous flow equations.
In the limiting cases, the analysis reduced to those for droplet coalescence in
isothermal liquid-liquid systems and stable Leidenfrost boiling of droplets on
a hot surface. It has been shown that the critical film thickness increases with
temperature, drop diameter, and kinetic energy and it is at least one order of
magnitude larger than those required for any conceivable coalescence mecha-
nisms. Since for a specific system no critical film thickness was found, it is
suggested that coalescence is a two-stage process. In the first stage, the vapor
film is squeezed and the process depends mainly on Weber number. Due to
thermal and mechanical instabilities, small tongues of liquid reach the surface.
The leading edge radlua of these tongues is in order of ~10 . (to permit squeez-
ing of film up to ~1000 A) The second stage, the controlling one, depends
mainly on temperature and surface properties and can be described as the
ability of cold liquid to wet a hot surface. So, in modeling the MFB phenomenon
one has to find what are the conditions for a smalil contact to be sustained and
spread on the surface.

IV. EXPERIMENTAL INVESTIGATION --LIQUID -LIQUID CONTACT
IN SHOCK TUBE CONFIGURATION

As discussed in Section 2.1.2 the impaction of cold liquid onto hot
liquid surface in a shock tube configuration has resulted in pressures greater
than the cold liquid critical pressure. To date, all shock tube experiments



involve hot liquids at temperatures well above the boiling point of the cold
liquid. Also, there has not been a systematic work which analyzes the effects
of some of the major variables, as the liquid physical and chemical properties,
temperatures of liquids, and hydrodynamic effects.

It is the purpose of the present experimental work to contribute to the
present knowledge by using different pairs of liquids and to analyze the effects
of temperature variations of the hot liquid and the initial system pressure on
the thermal and hydrodynamic behavior.

4.1 Description of Experimental Setup

The experimental setup constructed is shown schematically in Fig. 4.1.
The apparatus is similar to those described in Chapter II and it consists of
three 25.4-mm ID stainless steel tubes {(6.35-mm wall thickness) where the
middle section {compression chamber), 1406 mm long, holds the cold liquid,
and the lower tube (interaction chamber), 117 mm long, contains the hot liquid.
The upper tube, 143 mm long, serves as a volume in which gas is introduced
to compress the cold liquid column. A diaphragm, which is clamped between
two flanges and sealed by an O-ring separates the compression and interaction
chambers. The entire assembly is supported below the lower flange by two
unistrut beamns.

As discussed by Wright et al.?! a diaphragm rupture by a needle gen-
erally does not produce a good diaphragm opening and this results in many
precursor jets which contact the lower surface, which provide vaporization,
and cushion the impact. A scoring method (i.e., scoring an x shape in the dia-
phragm by a die) was used, but with aluminum, copper, stainless steel, and
Mylar this technique did not prove satisfactory because the rupture pressure
was not reproducible. The simplest, and usually the best, rupture method is
to burst the diaphragm by overpressure. This method was used in the present
experiments, with a Kapton diaphragm, made from a polyimide film (its oper-
able temperature range is -73 to 260°C and its elongation is 70-100%). The
diaphragm ruptured at a specific and repeatable pressure depending on its
thickness. The diaphragms used were 0.0127, 0.0254, 0.0508, or 0.0762 mm
in thickness (0.0005, 0.001, 0.002 or 0.003 in., respectively) which result in
rupture pressures of 0.2, 0.55, 1.1, or 1.7 MPa, respectively. The accuracy
in rupture pressure was ~*15%, Since most of the runs were performed with
the 0.0127 and 0,0254 mm thick diaphragms, we will term them as the "thin"
and "thick" diaphragms, respectively, throughout the text. As will be discussed
later, the advancing liquid interface following the rupture was not completely
flat and usually jets or drops impacted the surface before the main column.

Three piezoelectric pressure transducers {(PCB #112A05) with a
2.0 usec rise time were flush-mounted in the test chambers, two in the cold
liquid (PT-2 and PT-3) and one in the hot liquid pool (PT-1). The pertinent
dimensiona for these transducers are given in Fig. 4.1. For series of tests
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in which the hot liquid temperature exceeded the 315°C operation limit, the
transducer in the hot liquid was removed. The transducers were calibrated
in a separate pressure calibration apparatus where steady pressures {in the
range of 0-3.5 MPa) and transient pressures (steps of 0-1.0 MPa in 5 msec
rise time) were applied. The transient calibration was performed in a dy-
namic pressure calibrator, PCB model 303A02. The scales on the charge
amplifiers (PCB model 462A) were adjusted so 1 mv output was equivalent o
6.9 KPa (1 psia). The discharge time constant of the charge amplifier, which
establish the low frequency response, was set on "long," i.e., at least 500 sec.

Three chromel -alumel thermocouples were used to monitor the system
temperatures, two thermocouples are located at different elevations (see
Fig. 4.1} in the cold liquid (TC-2 and TC-3), to assure that there is no appre-
ciable stratification throughout the liquid and the third thermocouple was lo-
cated ~10 mm below the surface of the hot liquid. When it was physically
possible, the hot liquid was thoroughly stirred by a magnetic stirrer prior to
each run.

A tube surrounding the compression chamber served as a cooling
jacket. When below ambient temperatures were desired, a mixture of dry ice
and Freon-11 is introduced into the cooling jacket resulting in cold liquid tem-
perature of about -80°C which was maintained reasonably uniform (<5°C differ-
ence between TC2 and TC3). Even when no cooling was required, Freon-11
was poured into the cooling jacket to serve as a heat sink, so that the cold
liquid remains at room temperature.

4.2 Experimental Procedure

The test procedure was as follows: the lower tube was carefully
cleaned and filled with liquid which was then heated after the diaphragm and
the compression chamber had been assembled. During the heating period the
cold liquid is poured into the upper tube and is supported by the diaphragm.
The volume below the diaphragm is evacuated through a cold trap after seal -
ing the system. When using metal or salt as the hot liquid, it was melted first
in the lower tube, after which the apparatus was assembled and sealed and the
space ahove the hot liquid was evacuated. The molten metal or salt was then
heated to the desired temperature under vacuum, which also minimized oxida-
tion of the metallic melts. The resulting vacuum is measured by a mercury
manometer and a Hastings vacuum gauge (0-133 Pa). If the vapor of the cold
liquid was desired in the interaction chamber, it was introduced through a two-
way valve which was connected to the vacuum gauge line and a flask containing
the cold liquid (in case of Freon-22 it was connected to a Freon-22 cylinder).
All lines were evacuated beforshand, so that no noncondensible gases were
present. Once the initial conditions are achieved, the valves leading to the
vacuum pump and vacuum gauge are turned off, the pressure transducers are
set (by ungrounding them) and the test is conducted by opening a valve (SV-2)
connected to gas supply (argon). The gas pressurizes the cold liquid and, at
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a specific pressure depending on the diaphragm thickness, the diaphragm
ruptures. No significant differences were observed for rapid or slow pressur-
ization. The pressure history resulting from the impact and the thermal
interaction (if any) were recorded on a multichannel FM tape recorder having
a frequency response of 20 kHz. These signals were then played back through
a visicorder. Since the response time of the thermocouples was too long com-
pared to the interaction time scale, the fast time response of the tape recorder
was not required. Hence, the thermocouples output was recorded on a
Honeywell strip chart, with paper velocity of 2.5 cm/sec (1 in./sec).

Two hundred thirty -nine runs were performed with the following cold/
hot liquid combinations:

o

. water-solid surface
water -water
Freon-22 -mineral oil
Freon-22 -silicone oil
Freon-11 -silicone oil
Freon-22 -mercury
Freon-11 -mercury

Freon-22 -water

v 0 - e W

water-Wood's metal

—
o

n-butanol -Wood's metal

11. water -eutectic mixture of LiCl + KCI.

For a given system the primary variables investigated were the initial
temperature of the hot liquid and the initial driving pressure.
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V. EXPERIMENTAL RESULTS

5.1 Hydrodynamic Behavior

A number of runs were conducted to study the hydrodynamic behavior
of the cold liquid column upon diaphragm rupture and the consequent impact.
Theoretically, following the diaphragm rupture at t = 0 a rarefaction wave
from the bottom is transmitted along the liquid column. As the wave travels
vertically upward through the liquid, it initiates a downward motion with a
velocity u given by (see Fig. 5.1a).

AP
u = ‘? (5.1)
LABORATORY WWE FRAME
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£ e ‘ Po ~Pioh o
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.' ) ve 2y
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o ]
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P
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= e

7ig. 5.1, Hydodynamic Behavior (n Shook Tubs, ANL Neg. No. 900=T8-180.

When the rarefaction wave reaches the upper liquid/gas interface it
is reflected as a compression wave with a pressure essentially equal to the
pressure in the gas volume. At the time of this reflection, the pressure along
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the liquid column is essentially the interaction chamber pressure and all

liquid particles are moving at velocity u. When the compression wave moves
down through the liquid it increases the liquid velocity by an increment u, i.e.,
the liquid velocity relative to the tube is 2u (Fig. 5.1b). When the wave reaches
the lower surface of the liquid column, the compression wave is reflected as

a rarefaction wave which increases the downward velocity by another interval
of u. Therefore, the lower surface of the column moves with du = 2u velocity
increments, each of them lasting a relief time period given by:

ta

2L
c

(5.2)

The acoustic acceleration of the liquid column is illustrated in Fig. 5.2. The
overall behavior can be approximated by an inertial formulation, in which the
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acceleration is assumed to be
constant and uniform along the
column and is given by:

AP

as= a!: (5. 3)
The relationship between the
acoustic and inertial accelerations
is shown in Fig. 5.3. The inertial
form describes the average col-
umn behavior and after several
reflections, the system velocities
predicted by both representations
will be in close agresment,

Assuming that there is no
compression of gas and/or vapor
as the column approaches a rigid
boundary, the column will be
brought to rest by a compression
wave developed at impact. This
"water bammer"” pressure is
given by (Fig. 8.1c)

P » "Lc“i + P, (5.4)
where u, is the impact velocity
and P, ie the liquid pressure.

Using the inertial ap-
proximation u, is given by

y fm (5.5)



where t, is the time from diaphragm rupture to impact. Substituting u; into
Eq. 5.4 the "water hammer" pressure for an ideal instantaneous impact is
pgiven by

_ ¢cAP
INERTIAL APPROXIMATION
apPY,
us=
i pL
E
g EXACT SOLUTION
3u
]
0 e 2ip TIME

Fig. 5.3. Relationship between Acoustic and Inertial
Accelerations, ANL Neg. No. 800-78-161.

After the column has been stopped, the impact pressure is relieved

from the upper interface and the column moves upward at the veiocity of
u; (Fig. 5.14).

The experimental impulse per unit area (lexp) measured by a pressure
transducer is given by:

p
l""fo P dt (5.7)

where time t, is the pulse duration. If that pressure transducer is located at
the bottom of the liquid column, tp is essentially the relief time t;. Since the
process of stopping the column is happening during the time the water hammer
pressure travels, i.0., t./Z. the measured inpulse per unit area at the bottom
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T0PP is twice the impulse I required
sTo .,,,',';'3,_22'—”"“” to stop the column (Fig. 5.4).
IMPULSE DURING  Thus, we define I;}, as
P [~——--- ¥ " PRESSURE RELIEF
// \< Iy, = 2I (5.8)
&
3 / \ or
0 |
y "/ AN
| [
1 I - . . .
120 te21, TIME Substltutm.g Eq. 5.5 into Eq.‘5.9
taly and replacing tj by an experi-
mentally measured value, texp,
Fig. 5.4. Pressure Pulse Generated upon Instantaneous yields:
Stoppage of Column Measured at the Bottom,
ANL Neg. No. 900-78-169. Ith = 28Pteyp. (5.10)

After the rarefaction wave reaches the lower surface it reflects. If
the surface is free from nucleation sites, the liquid behind this reflected wave
is at rest and negative pressures are developed.“ Thus, no bouncing will oc-
cur and only oscillations due to liquid compressibility are possible. However,
if nucleation sites do exist, the liquid will flash and bouncing of the column
occurs. Bouncing also may occur when a significant amount of vapor is ini-
tially introduced into the interaction chamber since the vapor collapse may
not be completed in the time scale we are concerned with.

5.2 Water-Solid Surface Contacts

In runs 71-86 water was impacted on the lower tube surface where both
media were at room temperature, and the distance between the diaphragm and
the solid surface was 10 cm. Runs 71-74 were performed when the volume
below the diaphragm was evacuated to below 66 Pa, and for runs 75-76,

18 mm Hg (2394 Pa) of water vapor was introduced into the lower tube prior
to rupturing the diaphragm (18 mm Hg is water vapor pressure at room
temperature). This eliminated flashing of the water column following diaphragm
rupture. In runs 77-86 controlled amounts of noncondensible gas (air) were
introduced in order to study any changes of the pressure pulse shape, magni-
tude, and frequency. The initial conditions and the results of all those runs,
as well as the preasure histories, are given in Appendix C,

Figure 5.5 shows the pressure history of run 71. In Fig. 5.5a the
diaphragm rupture is noticed in P.T.-2 where a sharp dip in pressure occurs,
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After 26.0 msec from diaphragm rupture the first impact is shown, which is
followed by many bounces with progressively lower maximum pressure and
longer pulse duration. Thedetails of the firstthree bounces are shownin Fig. 5.5b.
The rise time of the first pulse is very short (~0.2 msec) and it has a com-
posite shape; after a first plateau the pressure wave travels along the column
until it is relieved from the upper water/air interface. This is followed by

a rarefaction wave traveling down the column relieving the pressure. A second
pulse, larger than the first, is experienced and it exhibits the same
compression-expansion behavior as before. Calculating the sound velocity
yields a value of 1450 m/sec which is in good agreement with reported values.
The maximum pressure is 46% of the theoretical instantaneous impact value,
and the total impulse is 62.5% of the theoretical impulse to stop and rebound
the column. The composite shape of the pressure pulse indicates that the
impact behavior is complicated and it does not consist of the single pulse
which was described theoretically (see discussion in Section 6.2). Note that
when a small precursor jet impacts on a surface, only a sharp and short pres-
sure pulse would be seen in P.T.-1 since it would be relieved very quickly by
the surrounding gas space. A pressure pulse originated by a small jet is

seen in P.T.-1 of Fig. 5.5 about 2.5 msec before the main impact.

Introducing vapor pressure below the diaphragm eliminates the pres-
sure relief after the first pulse, as is the case in run 77 where 33 mm Hg of
water vapor was introduced (Fig. 5.6). The general shape and characteristics
of this run are similar to those in run 71,
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Fig. 6.6a. Pressute History of Run 71. ANL Neg. No. 800-77-2020,
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By introducing noncondensible gases, the relief pressure was also
eliminated. See for example run 86 with 270 mm Hg of air {Fig. 5.7). As is
shown in the figures in Appendix C and in Table C-1, when more gas is placed
below the diaphragm, the duration of the pressure pulses and their rise time
are longer, and the frequency of bouncing and the maximum pressure are
reduced.
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Fig. 5.7, Pressure History of Run 886,
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All the impact characteristics discussed are also evident when water
impacts water or mercury (Figs., 5.8-5.11).

RUN 142
WATER - WATER
Ry *0.2 MPo
2 pr-a3
_A-.L P
0 N I 1 1 PR | PR 1 1 X | S | 1 [ o
w o L_,_/\__
§ | 1 | 1 1 1 Lt " 1 1 1 L | L | 1 | " ] 1
"
[
£

RT.-t
o J&—'_-’M

I 1 | 1 L I | 1 | i | i Lo | 1 | | . | i
20 28 30 33 40 45 50 83 60 65 T0

TIME , masc

Fig. 5.8. Pressure History of Run 142, ANL Neg. No. 800-77-1991,

61



62

PRESSURE , MPq

RUN 141
4 WATER - WATER
Py *0.67
M P | L l 1 | 1 | 1 | 1 | 1 | i |
o 44—
E
- | em-2
w 2
[+ .
»
n O
w ] | 1 | ] 1 | | 1 1 | 1 | |
E _|__,/\(1 1 1 1 i L 1
G_-
41—
2k PT- —M
Et/\I.I.l.l.lulllll.l.llll_L
15 20 25 30 35 40 45 50 55 €0 65
TiME , msec
Fig. 5.9. Pressure History of Run 141. ANL Neg. No. 900-77-1996.
RUN 6B
WATER - MERCURY
T, =25°
P, =0.67
4r— @
:- %MMW\—A
0 e
l__l__l_. | | o 1 | 4 | a1 s 1
6 —
4.._
21—
Ol—
,‘.__..__L._.__.__,L___f,lﬁ____,,l___ l__, ' l 1 I 1 ] 1 l i l
6—
4|
2
B P.T.—|
Q
l 1 I 1 4[ L I " I i ] 1 I i l
0 0 20 30 40 50 60 70
TIME , msec

Fig. 5.10, Pressure History of Run 68. ANL Neg. No. 800-77-2031,



63

RUN 113
WATER - MERCURY
T, " 287
R, "0.2 MPa

PRESSURE , MPg
_ o N »
o

4
2
P~ _’__J‘-'Lﬁ_v____/-\_u
[v]
i L | I | o ] f N 1 PR 1 | A 1 i )
0 10 20 30 40 50 60 T0 B8O 90
TIME , msac

Fig. 5.11. Pressure History of Run 113. ANL Neg. No. 900-77-2034,

5.3 Contacts with Freons

A set of experiments was conducted with Freon-11 (23.8°C b.p.) and
Freon-22 (-40.75°C b.p.) as cold liquids and oils {mineral oil or silicone o0il),
water and mercury as the hot liquids. Freon 1l-mineral 0il, Freon 22-mineral
oil, and Freon 22-water are known consistently to produce large-scale vapor
explosions in a free mode of contact (i.e., dropping experiments) when the
interface temperature is in a specific range.®:5® However, it was shown that
when the mechanical constraint in the system is increased, e.g., smaller relief
ports, the explosive yield decreases,’” or is zero when the initial pressure in
the system is increased from 0.1 MPa to 0.2 MPa (Freon 22-mineral oil).%

On the other hand, it was reported®’ that explosions can be produced under
high impact velocities at temperatures which under gentle mode of contact
(dropping) no explosions occur (ethane-water and methane-water). Thus, the
objective in performing this set of experiments was to study the possibility of
explosions occurring under large mechanical constraint, i.e., a pressurized
system, and high driving velocities, when noncondensible gases are not present,
The thin (0.0127 mm) and thick (0.0259 mm) diaphragms were used which
ruptured at ~0.2 and ~0.6 MPa, respectively. In these experiments a pressure
transducer (P. T.-1) was located at the interaction chamber and a magnetic
stirrer was used to stir the hot liquid. The distance between the diaphragm
and the hot liquid upper interface was ~5.0 cm, In all runs, the Freons were
subcooled by a mixture of dry ice and Freon-11 in the cooling jacket. Thus,
their initial temperature was maintained at -80°C. The pressure was reduced
to <103 Pa before heating the bottom liquid. At high temperatures vapor had
to be introduced to minimize evaporation of the hot liquid (since Freon vapor
readily dissolved in mineral oil, no vapor was introduced in that system). A
tabulated list of experiments performed using Freons as cold liquid is given
in Appendix D.
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For these systems the thin diaphragm frequently resulted in a premature
rupture. Thus, the majority of the runs were performed with the thick dia-
phragm. In these runs the wave pattern ("ringing") in the cold liquid following
diaphragm rupture is usually shown clearly in the pressure history of P,T.-2
and P.T.-3 pressure. As an example, the theoretical and experimental wave
behavior is shown in Fig, 5.12. The sound velocity in the Freon-22 was taken
as 1100 m/sec and the agreement is excellent. The same wave pattern is also
noticed in all the other liquids used, when the driving pressure is sufficiently
large (see Section 5.7).
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Fig. 5.12. Theoretical and Experimental Wave Behavior ("ringing")
during Acceleration Stage. ANL Neg. No, 900~78-165,

Representative results from Freon 22-mineral oil impacts are shown
in Figs. 5.13 and 5.14. No sharp impacts are observed, but rather small
pressurizations lasting about 20 msec, which indicates a vapor compression
by the liquid column. In Fig. 5.13 it is clear that the vapor is compressed by
the moving liquid column, The compression is evident from the pressure rise,
both in P.T.-1 and P,T.-2, and the "ringing" observed in P.T.-2 and P.T.-3
indicates that the column is still moving down. An even lower pressure is
shown in Fig. 5.15 when the thin diaphragm was used and the cold liquid amount
was reduced to 100 cm?® (from the normal amount of ~700 cm®). It was hypothe-
sized that in addition to vaporization of Freon droplets and precursor jets
which may reach the oil before the column, flashing from Freon-22 and the
high vapor pressure of oil inhibit the possibility of impact. However, by in-
creasing the impact velocity by using a thick diaphragm and a reduced amount
(100 ecm?), an impact was achieved as shown in Fig. 5.16. The boiling behavior



is also evident from the temperature history of T.C.-1 (Fig. 5.17). Assuming
the oil to be homogeneous and space-wise isothermal the heat transfer coef-
ficient (h, ) was calculated for Freon 22-mineral oil and was found to be in the
order of ~0 3 W/cm? °C which is well in the film boiling region. Since the
resultant impulses were always lower than the theoretical hydrodynamic
impulse for instantaneous stoppage of the cold liquid column, one concludes
that no significant explosive thermal interaction has occurred and the pres-
sure developed is due to water-hammer pressure (see discussioninSection 6.1).
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Fig. 5.13. Pressure History of Run 155,
ANL Neg. No, 900-72-2022,
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Fig. 6.14. Peensure Histoty of Run 156, ANL Neg. No. 900~77=2038.
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Fig. 5.17. Temperature History v.’ Several Freon-22-Mineral Oil Runs. ANL Neg. No. 900-78-166,
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To minimize the effect of the hot liquid vapor pressure silicone oil
(Dow Corning 710) was used with Freon-22 and Freon-11. No detectable pres-
sure events were obtained when these fluids were used in a large-scale ex-
periment® which may be due to the large amount of dissolved air in the oil.
In the present apparatus, the amount of dissolved gases was considerably
reduced by evacuating the interaction chamber prior to, and during, the heat-up
period, The evacuation procedure was performed initially by using the thin
diaphragm which was pressed by hand against the lower flange. The evacuation
was continued in that manner until the frothy look of the oil disappeared. After
assembling the apparatus, the oil was heated up to ~300°C and the regular
evacuation procedure was applied, until the pressure was reduced to <103 Pa,
Freon-11 experiments with hot surface temperatures ranging from 30°C to
300°C {30 < T}, £ 300°C) and Freon-22 (25 s Ty, £ 272°C), using the thin and the
thick diaphragms produced no explosions. Only the firstimpact was observed as
shown in Fig, 5.18 which represents the data in those systems, using the thick
diaphragm. The results are very similar to those obtained from Freon-22-
water contacts (Fig. 5.19). When using the thin diaphragm with oil or water,
the impact was observed at low temperatures but only slow vaporization at
higher temperatures {Fig. 5.20).
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Fig. 5.18. Pressure History of Run 148, ANL Neg. No. $00-77-2003,
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Fig. 5.19. Pressure History of Run 137. ANL Neg. No. 900-77-2000.
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71g. 5.20. Pressure History of Rum 125. ANL Neg. No. 900-71-1008,



The first impact and the consecutive bounces were shown very clearly
when the Freons were impacted upon mercury (10 € T}, £ 230 for Freon-22
and 11 £ Ty, € 249 for Freon-11). Typical pressure measurements are given
in Figs. 5.21-5,23,

run o3

FREON 22 - MERCURY
T,28%
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e
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40 80 88 60

Fig. 5.21. Pressure History of Run 63. ANL Neg. No. 500-77-2017.

RUN 11D
FREON 22 - MERCURY
T, 2128%

o *0.!15 MR

2 ] 1 i
(1] 30 1) &0 48 ) [ ] ]

TINE, meee

Pig. 5.22. Premure History of Run 118, ANL Neg, No. 900-77-2004.
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RUN 107
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Fig. 5.23. Pressure History of Run 107, ANL Neg. No. §00-77-2003.

5.4 Water-Wood's Metal Interactions

Twenty -nine runs were performed with water at room temperature
interacting with 250 g of Wood's metal (50% Bi, 25% Pb, 12.5% Cd, and
12.5% Sn) over the temperature range of 90-551°C. Wood's metal melts at
70°C and at higher temperatures (~150°C) it tends to oxidize very quickly,
forming a black layer of oxide. At temperatures higher than ~350°C some
fine metallic powder was collected in the cold trap after evacuating to about
103 Pa, which indicates a significant vapor pressure. Hence, to reduce the
metal vapor pressure above the Wood's metal, water vapor was always intro-
duced when Th > 350°C. This is similar to the procedure employed in pre-
vious shock tube experiments (see Section 2.1.2).

The majority of the runs were performed with the thin diaphragm
which burst at about 0.2 MPa t 15% differential pressure. The theoretical
impulse per unit area required to instantaneously stop the water column for
this absolute pressure with complete vacuum below the diaphragm lis
10.5 KPa'sec and the theoretical water hammer pressure for instantaneous
stoppage of the column is 6.20 MPa. The experimental results are tabulated
in Appendix E.

In Fig. 524 the impulses of all pulses for each run are shown, whers
in Fig. 5.25 only the maximum impulse is shown. The maximum preassure
obtained in each run is shown in Fig. 5.26. In general, when no multiple
interaction occurred, only a low level "boom" could be heard which was prob-
ably the sound of dlaphragm rupture or first impact, the thermocouples (T.C.-1
and T.C.-2) did not exhibit rapid changes, the resulting pressures were
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relatively low and no fragments were found in the pipes and the valves leading
to the vacuum pump and vacuum gauge, or on the diaphragm. However, when
multiple interactions occurred, definite multiple "booms" were heard which
could be correlated with the existence of numerous pressure pulses. The
thermocouples indicated a significant energy transfer as shown in Fig. 5.27
for run 216. T.C.-1 dropped rapidly to about 120°C and after a few seconds
increased to a new level, and T.C.-2 rose sharply to about 80°C, oscillated
strongly and maintained a level of about 70°C after a few seconds. The pres-
sures were high with a very short rise time and many fragments were found
on the diaphragm and on the flange surface (this surface was below the dia-
phragm since the diaphragm résted on an O-ring mounted on the flange
surface). The valves and pipes to the vacuum pump and gauge were always
blocked by frozen fragments.

360 150
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Fig. 5.27. Temperature History of Run 216. ANL Neg. No. 900-78-168,

From the impulse graph (Fig. 5.25), it can be seen that up to 210°C
("region A"), the maximum impulse is less than the theoretical one and it
always occurs on the first impact. Any subsequent bounce has an impulse
less than the first one. The magnitude of the maximum impulses is similar
to the impulse at 90°C and to the isothermal water-solid surface runs, sug-
gesting that no additional energy is transferred. However, the maximum
pressure magnitude exhibits a rather unexpected behavior with the addition
of water vapor below the diaphragm. One would assume that if no thermal
interaction occurred and no thermal energy has been transferred, the water
coisecutive bounces would be smaller in their impulse and pressure, as was
rhown in the isothermal water-solid surface experiments. However at tem-
peratures 174°C (run 192), 188°C (run 189) {Fig. 5.28), and 207°C (run 188),
where water vapor (~2.5 cm Hg) had been introduced prior to the interaction,
the system exhibited bouncing with large and sharp pressure pulses, contrary
to runs 163 (150°C) and 164 (200°C) (Fig. 5.29) where no water vapor was present
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and no boun
runs with w

cing was noticed. Also, the impact pressure (the first pulse) in
ater vapor was considerably less than the impact pressures ob-

tained in those runs without preexisting vapor (see discussion in Section 6.2).
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Fig. 5.28. Pressure History of Run 189. ANL Neg. Nos, 900-77-2009 and ~1997,

& 1 1 i )
= = Y
w
[
]
73]
7] ‘
i
o 4

3

-]

PT.-2
I i //\/V\/
QF
_|,_¢ ] | l
180 185 190 240 245

TIME, maec

Fig. 5.28 (Contd.)



RUN {64
WATER-WOODS METAL
T, = 200%
A3 R, * 0.2 MPo
{ I At 1 1 | 1 L 1 1 ] 1 | .
y Fig. 5.29
- ig. 5.
wl
5 Pressure History of Run 164,
noa ANL Neg. No, 800-77-2035,
«
e 3
2 P.T.-2
I -
0 AL L a1 a1 ]

TIME, msec

In the temperature range from ~210 to 305°C ("region B") the maximum
impulse magnitude is close to the theoretical value based on the initial driving
pressure and column displacement. A typical result is shown in Fig. 5.30 for
run 187 (220°C). The maximum impulse in some of the runs occurs on the
first impact, for other tests it is on the second bounce (e.g., runs 187 and 202),
and for still others on the third bounce (run 186). The maximum pressures in
each run are higher in this temperature range than the lower temperature
range (<210°C), except the abnormally low pressures in three runs around
300°C. The maximum pressure of a run never occurred on the first impact
but rather on the second, third, or fourth bounce. The maximum pressure
magnitude of some of the runs in this temperature range was higher than the
cold liquid vapor pressure correspcnding to the hot liquid temperature.
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'Fig. 5.30. Pressure History of Run 187. ANL Neg. Nos. 900-77-2005 and ~2029.
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The third temperature range which can be observed is temperatures
above ~305°C ("region C"). A typical result is shown in Fig. 5.31 for run 204
(325°C). In this range the maximum impulse is significantly higher than the
theoretical one, and never occurs on the first impact. The same temperature
threshold is observed also in the pressure graph. Above 305°C the pressures
obtained are high, ~7.0 MPa, through the whole temperature range. At 400°C
two runs were performed, run 169 where no prior vapor pressure was present
and run 198 where vapor pressure was present, and the results of these two
runs are very similar in maximum impulse and pressure produced. Thus, it
seems that a preexisting oxide layer (which is likely formed on the surface
tefore run 198) did not change the general system behavior,
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Fig. 5.31. Pressure History of Run 204, ANL Neg, Nos. 900-77-2023, -2016, and -2030,
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5.5 Butanol-Wood's Metal Interactions

Butanol was also used as a cold liquid. The objective in using butanol
was to Investigate the poseibility of interactions with an organic liquid, which
has lower oxidation potential than water. The normal bolling point of butanol
(117.5°C) and the critical temperature (288°C) are comparable to the respective
water temperatures (100 and 374°C) and it also results in a rather wide tem-
perature range. However, the butanol thermal properties differ from those
of water, as is shown in Appendix A.

The experimental procedure for the butanol interactions was the same
as for water (butanol vapor was introduced below the diaphragm prior to the
runs in which Tp, > 350°C), and the complete experimental results are tabulated
in Appendix E. The Wood's metal temperature range covered is 113-505'C,
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and the impulses and maximum pressures of each run, as a function of tem-
perature are given in Figs. 5.32 and 5.33, respectively.
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Fig. 5.32. Impulse of Butanol-Wood's Metal Interactions. ANL Neg. No. 900=77~2015.
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Up to ~215°C, this fluid pair did not exhibit bouncing, and only first
impacts were recorded (region A) which is similar to the behavior exhibited
by water, when no vapor was present initially. The impulses and the impact
pressures in this region were ~0.5 and 0.3 of the theoretical respective values
for instantaneous stoppage of the column. In the range from ~215 to ~325°C,
there is an increase in the impulse magnitude and only one experiment
(run 233, Fig. 5.34) produced an impulse greater than the theoretical impact
value. There is a definite sharp increase in pressure on the lower boundary
of the temperature range, and a sharp decrease on the other end. It is difficult
to distinguish between low yield and high yield thermal interaction, which is
obvious in the case of water. However, with some uncertainty one can sepa-
rate the range of 215-235°C ("region B") from "region C" (235-325°C). In
region B the pressures are somewhat lower than in region C (the maximum
pressure in region B is 3.6 MPa compared to 4.5 MPa in region C) and the
impulses of the "bouncing" pulses (not the impact pulse) are lower in region B
than the impulses in region C.

Above 325°C another region is observed ("region D") which is not ob-
served in the water interactions. In this region the pressures are much
lower than in region C and the impulses are somewhat lower, but the most
significant difference between regions C and D is the shape of pulses. When
in region C the preassure pulse is sharp with short rise time, the pulses in
region D are more gradual in growth and decay as is shown in run 185
(Fig. 5.35).
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Fig. 5.34. Pressure History of Run 233, ANL Neg.
Nos, 800-77-2027, -1983, and -1890,
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5.6 Water-Molten Salt (LiC1/KCl) Interactions

In this set of experiments, 50 g of an eutectic mixture of LICl and
KCl was used as the hot liquid. The eutectic mixture is 44.2 wt % LIC] and
55.8 wt % KCl with a melting point of 352°C and it was kept in a glove box
under an argon atmosphere.

The usual procedure of melting, assembling, and heating under vacuum
to the desired temperature, resulted in premature rupture of the thin dia-
phragm. This most likely resulted from corrosion which weakened the dia-
phragm. To minimize corrosion, the salt was melted in the lower tube and
was heated to the desired temperature. Only then the setup was assembled,
vacuaum was pulled, and the run was conducted.

Since the major interest was not to find the threshold temperatures,
but rather the possibility of depressing an interaction under pressure (see
Section 5.7), only four experiments were conducted with the thin diaphragm.
The results of those runs are also tabulated in Appendix E. One run was
conducted at a salt temperature of 410°C (run 220) and resulted in low yield
thermal interaction. At 600°C, three runs were conducted, which resulted in
thermal interaction. The shapes of all those pulses are given in Fig. 5.36.
In all the runs the interactions had a considerable delay time after the firet
impact and produced a sharp pulse with ~0.2 msec rise time and duration of
~0.3 msec which is considerably less than the acoustic relief time of the
system. The temperature history of two runs (226 and 228) is shown in
Flg. 5.37. In run 224 (Th = 600°C) the volume below the diaphragm was
evacuated only to ~0.5 Bar, which resulted in a very long delay time before
interaction was observed (1108.75 maec), but here also the pulse was very
sharp and short. The pressures produced by these Interactions were rela-
tively very low (0.86-1.93 MPa).
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Fig. 5.36a. Pressure History of Run 230. ANL Neg. No. §00~78~311.
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Fig. 5.38b. Premure History of Run 394, ANL Neg, No. 900-77~2018.
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Fig. 5.36c. Pressure History of Run 226. ANL Neg. No. 900-77-1992.
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Fig. 6,36d, Pressure History of Run 228, ANL Neg. No. 800-77-1689.
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WATER-MOLTEN SALT INTERACTIONS

ssof— ' 1 ITJ_' R D e =p
600 — 250
T —
540 — T.C.—-l - — 225
480 — [‘ — 200
S T.C.-2 N\ °
W o4200— ' \ 175 i
=
E 360 — j - —  — - TN e e 1 150 E
L P W Y &
a —

3 300 ' a\f" Yee \\ 125 %
FoeaoRY N 00
180 —— - — RUN-226 -_“-'—.._ 5

RUN-228
120 —{ 50
60 T ST NN U UV RTINS BT B! 25
o 2 4 6 8 10 12 4 16
TIME , sec

Fig. 5.37. Temperature History of Runs 226 and 228. ANL Neg. No. 900-78-172,

5.7 Experiments at Elevated Pressures

-

Experiments were conducted using different diaphragm thicknesses
which resulted in various initial pressures in the system (driving pressure).
Experiments were conducted with water-Wood's metal, n-butanol-Wood's
metal, and water-molten salt (LiCl + KCl) and their results are given in
Appendix F.

The water-Wood's metal runs were performed in region C (T}, > 305°C)
where large-scale interactions had occurred for a low system pressure
(0.2 MPa). As is clearly evident from Table F.1, the number of bounces is
reduced to two or three only, and the pressure pulses corresponding to these
bounces have a much longer rise time than was observed in the low pressure
data, e.g., Fig. 5.38. Plotting Pp,x/Pj and Igyp/Ith as a function of bulk
temperature for water-Wood's metal (Figs. 5.39-5.40) show that the elevated
driving pressure experiments yield lower pressures and impulses than those
performed with a 0.2 MPa driviry pressure. Experiments at elevated pres-
sures with butanol-Wood's metal resulted in similar features as with water,
i.e., the number of bounces was reduced, and the pressure magnitude and
pulse duration indicated that no thermal interaction had occurred (Figs. 5.41-
5.43). However, when plotting the relative pressures and impulses (Figs. 5.44-
5.45) the result is not as clear-cut as for water, which is what was expected
recalling the relatively low pressures and impulses obtained for butanol with
0.2 MPa driving pressure. Considering the temperature history of runs 229
and 231 shown in Fig. 5.46 and comparing the pressure shapes to the one ob-
tained at T = 110°C (Fig. 5.47) it is highly suggestive that no explosive
thermal interactions have occurred with butanol at elevated pressures.
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With water-molten salt it is clear that no explosive thermal interaction
occurred, but rather slow vaporization, as is shown in Figs. 5.48-5.49. The
results obtained with this system at elevated pressures (Table F.3 in Appen-
dix F) are a good example of a large impulse production which does not indi-
cate an explosive thermal interaction.

In the elevated pressure experiments we can notice the "ringing"
process in the water and butanol. As is shown in Figs. 5.47, 5.49, and 5.50,
the pressure magnitude of the expansion waves {shown in P.T.3), which are
traveling from the lower column interface, are increasing on each consecutive
reflection. The compression waves (shown in P.T.2) which are traveling from
the upper column interface, are decreasing on each consecutive reflection.
Thus, after few reflections the pressure profile in the column is almost linear,
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as was assumed by the inertial representation of the column acceleration be-
havior (Section 5.1). The rapid decay of the acoustic waves explains why the
"ringing" process was not noticed in experiments with low driving pressures,
i.e., Py, = 0.2 MPa. The wave attenuation is probably because of dissipation
in bubbles nucleated from previously dissolved air, wall friction and/or inter-
ferences by the liquid boundary layer, instrurmentation, and vacuum lines.

Note that the wave attenuation is not due to pressure changes in the interaction
and upper chambers (during most of the liquid motion the pressures remain
constant as is evident from the pressure output). However, in the last stage
of the liquid motion in some of the runs the pressure in the interaction chamber
increases, which is due to exlsting vapor compression (see discussion in
Section 6.2).
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VI. DISCUSSION

In this chapter we will discuss the present experimental results in
regard to possible mechanisms, temperature thresholds, and system pressure
dependency.

6.1 Pressure Magnitude

Consider that a volume of coolant is intermixed with the hot liquid re-
sulting in an equilibrium temperature, Tgq, which is given by:

T = M (¢t 1)
eq = 1 +y '
where
0.1.C
ohth Ch

where 4. and 4}, are the length of the intermixed coolant and hot liquid columns,
respectively. Due to the temperature change of the coolant it expands, result-
ing in compression of the entire coolant column ("single-phase pressurization"
or "constant volume heating"). The expansion process is described by:

dv v
dv = (—) dP + (—) dT (6.3)
BPT aTP
or
dt
— = -Bp dP + opdT (6.4)
C
where
_ lfav
),
1 {dv
*p = ;(‘ﬁ)P (6.6)

To evaluate the maximum pressure which can be developed by constant volume
heating we assume that the hot liquid contraction is negligible compated to the
expansion of the coolant. From Eq. 6.3 the coolant column compression is

given by:

d(L - L) = -Bq(L - L.)dP (6.7)



where L is the initial column length. If the compression is made in constant

volume, i.e., dL, = 0, the pressure in the liquid can be found from Eqs. 6.4
and 6.7:

t""P‘t‘t:
= 6.
AP BTL AT (6.8)

where AT = Teq - Te.
For water-Wood's metal, Teq is given as:

L71Ty, + 4.T,
Teq = 171+ 1, (6.9)

where 4}, is taken as the entire length of the Wood's metal, i.e., 4y, = 5.0 cm.
({’c and temperatures are in centimeters and °C, respectively.) The pressure
was thus calculated, assuming T_. = 20°C, ET = 4.8+ 10"° 1/bar, and ap =
op(Tgq). The results are shown in Table 6.1 for different values of L., at

Th = 220°C and 400°C. It is shown that even assuming all the hot material
instantaneously intermixes results in a pressure magnitude at Ty, = 220°C
that is significantly less than that observed experimentally. Consequently
the measured pressures in region B are greater than the maximum possible
pressure that could be generated by constant volume heating.

TABLE 6.1, Single-Phase Pressurization of Water Contacting
Wood's Metal

Th' lc' Teq. dp,
°c cm °c MPa
220 0.25 194 0.93
1.25 135 2,27
2.5 101 2.5
5.0 71 2,45
10 48 2.1
20 35 1.72
50 27 1.38
75 24 1.29
100 21.5 1.30
400 0.25 351 6.48
1.25 240 7.82
2.5 174 1.44
117 6.58
10 75.5 5.33
20 50 4.41
50 32.5 3,22
) 28.5 2,86

100 26 4.66
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In Figs. 5.26 and 5.33 the maximum interaction pressure is shown as
a function of the hot liquid temperature for water and butanol. Also shown is
the vapor pressure of the cold liquid at the bulk and interface temperatures.
In the case of water, the vapor pressure for both temperatures in the lower
part of the region B is lower than the interaction pressure. For butanol, al-
most up to the critical point, the vapor pressure is lower than the interaction
pressure. Since the maximum pressure which can be achieved, when vapor
is regarded as the pressure source, is the vapor pressure, vaporization can-
not be the source for these experimental measurements. So, the large pres-
sures in region B for the water-Wood's metal system cannot be explained by
vapor pressure or single-phase pressurization. This suggests that the hydro-
dynamic component is very important in this region, i.e., the observed pres-
aures are impact pressures due to reentry. This conclusion is similar to the
computer model developed by Goldammer and Kottowski®"*” in which they in-
troduced the hydrodynamic component for describing the interaction pattern,
i.e., bouncing behavior, and the pressure magnitude. This model is based on
the assumption that the first pulse is a result of constant volume heating and
vaporization proceeds when the resulting wave is reflected from the upper
interface and reaches the interaction zone. The vapor sets the column into
motion, which is controlled by the vapor pressure at the coolant lower inter-
face, which in turn depends on the heat flux from the hot material, vaporiza-
tion or condensation. When the column reenters it is stopped by the hot liquid
if condensation is complete, or by a vapor layer. So, the pressure developed
is a result of water-hammer pressure or vapor pressure whichever is larger.
Good agrcement between the theory and experimental results was found con-
cerning the interaction pattern, but the calculated pressure was much larger
than the experimental pressure.

A simple model was suggested by Board et al.”' in which the pressure
developed is a result of energy transfer to a nonequilibrium two-phase cool-
ant, expanding against the acoustic loading of the coolant column. The pres-
sure is given by:

P = ch§s-(uv+u£)+ P_ (6.10)
o
where
S = debris area
So = shock tube area
u,, = growth rate of vapor

expansion rate of heated water
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An agreement with Wright's experiment was found, but the pressure calculated
is very sensitive to the assumed initial distribution of energy between the va-
por and liquid phases. This model and the computer codes which are based on
it (e.g., Ref. 72) are concerned only with the energy transfer phase and the con-
sequent pressure developed.

In the present experiments the impulse and pressure graphs for the
water-Wood's metal system show that all pulses which produced pressures
higher than the vapor pressure have approximately the theoretical hydrody-
namic pressure and impulse (region B), based on initial conditions, which in-
dicate that the hydrodynamic component is the important one in this region.
Pulses which produced pressures lower than the vapor pressure acquired
larger impulses than theoretically expected from initial hydrodynamic con-
siderations (region C). Those results as well as the composite shape of the
pulses in region C suggest that both hydrodynamic and thermal interactions
are involv-' 4 in each pulse at the high temperature runs ut it is difficult to
differentiaie between them. Since the pressures prod { are the same order
as impact pressures, the only indication for significai. 1ermal interaction is
a large .icrease in the resultant impulse.

For butanol-Wood's metal system the impulses and pressures are
close to the theoretical values expected from hydrodynamic considerations
which suggest that hydrodynamic effects are significant. However, some of
the runs produced pressures which were lower than the vapor pressure cor-
responding to the hot liquid temperature, and are close to the vapor pressure
corresponding to the interface temperature.

From the discussion above, one would expect that the pressure pulses
would be amplified since any impact produces more vapor resulting in higher
pressures for accelerating the liquid column. This is true so long as the hot
liquid surface remains at the same temperature. Actually, the hot liquid tem-
perature decreases during the entire interaction {especially during the multi-
ple mixing stage) so that the pressure amplification is limited and eventually
the pressure decreases. Also, especially at high temperatures, the amount of
vapor in the system after several bounces becomes so large that condensation
cannot be completed and the column is stopped due to vapor compression, a
process which is relatively long (e.g., region D in the butanol-Wood's metal
system and the water-salt experiments). Thus, impact is eliminated and the
pressure magnitude decreases. The pressure magnitudes of consecutive
bounces in a specific run are shown in Fig. 6.1. We can see the pressure
magnitude increase in the early bounces, presumably because of larger im-
pact velocities, and afterwards decreases due to the cooling effect or to in-
complete condensation.
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The present experimental results have shown that by increasing the
column velocity impact may be achieved in cases where no impact was ob-
served under low velocities. Those results are consistent with dropping ex-
periments discussed in Chapter III. For example, in the Freon-22-mineral
oil system impact was achieved when the driving pressure was P_ = 0.66 MPa
(Fig. 5.14), whereas in run 158 (Fig. 5.15) where no impact was obaserved when
P_ = 0.2 MPa. Large pressure pulses are also generated with water and bu-
tanol impacting Wood's metal when P_ ~ 1.65 MDa (e.g., run 207 in Fig. 5.38)
or P_~ 0.62 (e.g., run 184 in Fig. 5.43). It indicates that the vapor layer,
which is produced initially by precursor jets, small drops or flashing, is
broken down, which enables the column to impact the surface. The breakup
of the vapor film may be a result of rapid condensation or vapor entrainment
through Taylor instability "pockets" existing on the lower liquid column
interface. (Taylor instability may exist when the liquid column decelerates,
since the acceleration is from the light fluid to the more dense fluid.) When
the velocity is relatively low {corresponds to lower driving pressure) and the
amount of vapor is relatively large, the vapor layer is atable and cushions the
downcoming column, generating long and low pressure pulses as seen in re-
gion D of the butanol-Wood's metal system.

In the nonisothermal experiments, the liquid column approach on the
first impact is cushioned by the vapor generated from precursor jets and
small drops reaching the surface before the main column. The pressure thus
developed is due to vapor compression, and the observed pulse is of a long
duration and is considerably less than P;. When the column accelerates up-

wards, depressurization and flashing occur, which produces a mixture of



vapor and small liquid drops. Also, liquid drops are generated from the
Taylor instability of the lower liquid interface. Those drops enhance the rate
of condensation as a result of surface area incresse when the column reen-
ters and compresses the two-phase mixture. In many cases the condensation
is complete as is evident from the sharp impact pressures of the "bouncing
pulses," develop~d from stopping the liquid column. Higher reentry velocities
of the column yield larger vapor compression which in turn produce better
condensation. Thus, even if the first pulse indicates that no impact had oc-
curred, the vapor generated may cause the column to bounce and reach high
velocities, whicn enables it to condense the film and impact the surface.

6.2 Hydrodynamic Behavior

As was shown in Section 5.2, the impact behavior in the isothermal
water -solid surface is complicated. It does not consist of a single pressure
pulse as would be expected from the simple theory of instantaneous velocity
reduction to ze o at impact. In the process of developing the model of impact
and stopping the column, no vapor was assumed to exist between the liquid
and the surface. Taking into consideration the vapor (or air evolved from
the coolant) which does exist in reality, because of flashing upon diaphragm
rupture or because it was introduced initially, a mechanism for stopping the
column may be suggested. As the liquid column moves down it compresses
the vapor, which initially was saturated {in the case of the isothermal water-
solid surface experiments the saturation pressure is 2.37 KPa). The shape
of the interface may be flat, wavy or any other shape, e.g., parabolic. The
small amount of vapor will be pressurized in a very short time when the av-
erage vapor film is ~0.5 mm in thickness resulting in a short rise time pres-
sure pulse which propagates along the column. The pressure developed (P')
as well as the rarefaction wave from the upper interface decelerates the
downcoming liquid, each by a velocity increment of

Ay = % (6.11)
A

(The deceleration by the compression and rarefaction waves is shown in

Fig. 6.2.) The liquid column may still move down during the compression
stage if condensation takes place on the vapor/liquid interface. This process
of condensation (m.) and liquid motion (described by the volumetric flow

rate my) is self limiting. If m; > rh  the resultant pressure will increase
(line "a" in Fig. 6.3) resulting in more condensation. If m. > my the resul-

tant pressure will decrease (line "b" in Fig. 6.3) resulting inless condensation.

Thus, the end result of these procesees is that the two rates (condensation
and volumetric flow) will tend to equalize and the pressure remains approx-
imately constant (line "c" in Fig. 6.3) until all the vapor has been condensed.
The process of vapor pressurization and subsequent condensation may ex-
plain the pressure pulse developed during the first relief time. An illustra-
tion of the proposed mechanism is shown in Fig. 6.4. In step (a) the liquid
is coming down and no pressure is observed on the pressure curve.
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Pressurization commences in step (b) and P' is developed, decelerating the
column as does the rarefaction wave in step (d). Steps (e) and (f) illustrate
one of the possible mechanisms which results in fast condensation. Due to

the arrival of the rarefaction wave to the vapor/liquid interface the pressure
in the liquid is the system pressure (P_) while the pressure in the vapor is P'.
This pressure difference decelerates the liquid (step (e)) and produces Taylor
instability (if it did not exist beforehand). The most dangerous wavelength
growth rate parameter can be calculated approximately by:

1/2
ep - P
b= |22 "). a (6.12)
3\0g *0y/ Aer
A typical deceleration can be calculated to be 20,000 g's assuming that the
pressure difference (P' - Pm) is ~2.0 MPa and the length of liquid which is

subject to this deceleration is about 1.0 cm. Thus, the resultant critical
wavelength (A__) is calculated to be 0.13 mm, the number of bubbles is (N =

A
SO/?\cr") 30,000, the vapor volumeis 3.45 - 1072 e¢m? (V = N %Tl %) and the

time for instability growth is 4 usec. Since the vapor is assumed to be
compressed adiabatically, its temperature is high (= 281°C if the compres-
sion was from 0.1 MPa to 3,0 MPa). The large increase in surface area due
to the instability will increase the condensation rate in a very short time (1/b)
resulting in complete condensation by the subcooled liquid (step (f)) followed
by water-hammer impact (step (g)). The increase in surface area may also
be calculated from Rayleigh's equation (Eq. B.1) assuming bubbles are formed
and grow inertially. For example, during a period of 0.1 msec bubbles can
grow to ~3 mm in radius which yield a considerable increase in surface area
in view of the initial vapor thickness (~0.5 mm). This kind of process is evi-
dent in many experiments, such as the isothermal water-water (Fig. 5.9),
water-mercury (Fig. 5.10), and water-solid surface runs (Fig. 5.5) and in the
low temperature runs with Wood's metal (e.g., Figs. 5.47 and 5.50), where

the pressure P' is sustained during the relief time period.

The vapor may also be condensed if my (and consequently m_) is large
enough to condense all available vapor before the arrival of the rarefaction
wave. In this case the condensation ir 80 rapid that a pressure spike is mea-
sured before the main pressure pulse which brings the liquid to rest. Those
pressure spikes are evident in many "bouncing pulses" in the nonisothermal
runs, since in those experiments large surface areas exist as a result of
bouncing (see Section 6.1) which yields rapid condensation.

After condensing the vapor, the column impacts on the surface with
velocity uj and the column is stopped. The impact velocity can be calculated
from the initial velocity u,, which is reduced by the compression and the
rarefaction waves, such as Au. Thues,

up = ug - 28u (6.13)
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where u, is given by

u. = J2az_ (6.14)

and the acceleration a is evaluated from Eq. 5.3 (zo is the initial distance
between the surfaces). The calculated values of Au, ug, uj, Pj, and I for three
different runs are given in Table 6.2. Pj is calculated by Eq. 5.4 and I is the
impulse per unit area calculated by:

I = pLLui (6-15)

To compare the theoretical results with the experimental values, Py, Was
taken as the experimental water hammer and Iéxp wasg taken as the impulse
per unit area required to stop the column after the compression stage as is
shown in Fig. 6.3. Good agreement between the experimental and theoretical
values is shown in Table 6.2.

TABLE 6.2. Hydrodynamic Impact of Cold Liquid

[} [}
Run Th P Au uo ui Pi 1 Pmaxlpi IEXPII
(system) °C MrPa m/sec mnfsec m/sec MPa KPa.sec
71
(water-solid
surface) 20 2.8 1.8 8.8 5.2 7.8 6.76 0.84 0.64
230
(butanol-
Wood's metal) 110 2.25 1.5 7.3 4.3 4.73 5.6 0.85 0.85
239
(water-
Wood's metal) 125 4.4 2.93 11.5 5.63 8.45 7.32 0.90 0.68

When the driving pressure is relatively low, e.g., P, = 0.19 MPa in
run 78, or when appreciable amount of gas/vapor exist below the liquid col-
umn (run 86) the deceleration process resulting from the gas/vapor compres-
sion is relatively slow. Thus, the column is stopped in a continuous manner
and no "water-hainmer" pressure (a result of discontinuity in liquid velocity)
ls developed.

Note that the discussion above was not limited to two plane surfaces
approaching each other or any particular configuration. It can be assumed
that the liquid interface is deformed according to Taylor instability in regard
to the large deceleration acting on the column by the pressure in the vapor,
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or the column may come as a liquid bulb. In any case, as long as a compress-
ible volume exists in the system the basic features of the mechanism described
are still applicable.

To analyze the hydrodynamic behavior in the nonisothermal runs, let
us assume that on the first impact vapor is produced which acts on the coolant

column. Assuming negligible effects of friction, the upward movement of the
coolant column in the tube is given by:

s — 2. g (6.16)

with the initial conditions:

z(0)

0

z(0) = U (6.17)

¢}

where U, is the initial velocity of the column due to the momentum transferred
to it during the expansion phase (the time in which the rarefaction wave travels
along the column and sets it into motion). Thus:

Il
- =Xp
U, Pl (6.18)

For a rough estimation let us assume that no additional pressure is acting at
the bottom (i.e., P, = 0) the column is subjected to gravity and the system
pressure. Hence the period between two consecutive bounces is given by:

2U
At = =2 (6.19)
a
or:
2Ly
p
A s ———— (6.20)
P, +go L

A typlcal result is (e.g., run 187 where I,,, = 3.88 KPa.sec and P, = 0.2 MPa)
4t = 36 msec. The measured momentum on the next impact (assuming the col-
umn is stopped by one compression wave) is the same as before because of mo-
tion symmetry if no energy is transferred or dissipated. Actually, P, is not
equal to zero during the liquid motion up. The pressure in the vapor is shown
experimentally as a "tall" following the main impact (e.g., run 187) of the
"bouncing pulses." The pressure of the tall as a function of time can be ap-
proximated by the linear relation:
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P, = Po( 'ft;) (6.21)

where t  is the "tail" duration and P, is the initial pressure of the "tail."
The equation of motion can be written as:

2 P,-P Pt
dz /0 = _o (6.22)
dt prL pg Lty
Introducing new variables given as:
= Z
n s T (6.23)
re—=t (6.24)
\/O{,LZ?P‘”
we get:
2
g—_:} = P¥ . THt (6.25)
where
P
o
X = e— .
P B_ 1 (6.26)

P pg L2
t = :’ / (6.27)
Pa: (o] P@

The initial conditions are:

(o) = 0

g_:fr](o) = Un (6.28)
where

Us = U, ;—{‘ (6.29)



The solution obtained is:

P12 txrd

. ot U (6.30)

7 =

The maximum height the column reaches can be obtained from

dan _

ol 0 {6.31)
or.:

txT2 - 2P%T - 20 = 0 (6.32)

For Igxp = 3.88 1'17a-ce 1 Pg = 1.LOMPa; P, = 0.2 MPa and tg =
10 msec, which are the vilucs of the first impact of run 187, we get:

Tmax = 0. 23,

or

Zmax = 10 em; tpay = 20 msec.

Assuming the mc:ion down is controlled by the upper plenum pressure
and all vapor is condc¢ .sed (Pv = (), then the lower bound for time down is:

2z,

tdo = o/ Tax (6.33)
/22,0 L

tdo = ?— (6.34)

or

The lower bound for the total time is

Ayl = tmax t tdo = 55 msec compared to the experimental value of
Otexp = 82.5 msec. Also, It = 14.0 KPa-sec (Iexp = 10.08 KPa-sec) and
P = 8.25MPa (Pgyp = 5.17 MPa).

Plotting the time between bounces for water and Wood's metal as a
function of bulk temperature (Fig. 6.5) reveals that 50 s at £ 100 msec

exp
which is the same order as Aty

107
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Fig. 6.5. Time betwcen Bounces as Function of Hot Liquid
Temperature. ANL Neg. No, 900-78-154,

6.3 Temperature Thresholds of Interactions

In the systems which exhibit an interaction potential (water-Wood's
metal and butanol-Wood's metal), different modes of interaction were ob-
served, depending on the hot liquid temperature. (The water-salt system will
be discussed later since experiments covered only a small temperature range.)

In the water-Wood's metal system the upper bound of region B is at

305°, which corresponds to an interface temperature of Ty ~ 210°C when
T, = 20°C, which agrees with the lower bound of region B (Ty, ~ 210°C) taking
into account the uncertainties in the Wood's metal properties. If one assumes
that the spontaneous nucleation temperature of the system is T, = 210°C
then the temperature thresholds for regions B and C are Ty, = Ty, and T} =
Tgn: respectively. Those results agree with the spontaneous nucleation model
prediction if the low rate of vaporization observed in region B is described as
small scale events (in which a thin layer of coolant is heated up to T,,, during
the intermixing stage which lasts 2L/c sec), and the fast vapor production in
region C is described as large scale events in which instantaneous vaporiza-
tion occurs upon contact,

Ty

For butanol-Wood's metal system, the homogeneous nucleation tem-
perature is Ty, = 240°C. The hot liquid temperature which results in an
interface temperature Ty = Ty, is T, = 260°C. Experimentally. the temper-
ature thresholds are 25°C lower than those predicted by the homogeneous nu-
cleation model. It seems likely that this system as with water is also not
perfectly wetted but with a smaller wetting angle than the water-Wood's metal
system,
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In this particular system, region D is observed in which multiple
bounces are still obtained but significantly weaker interactions than in re-
gion C. The temperature threshold for region D is Ty, = 325°C which corre-
sponds to Ty = 290°C. This high temperature cutoff FTI = T.p) is in
agreement with the experimental observations for the free contacting mode
(Freon-oil system) and the capture theory which predicts that the upper tem-
perature threshold for explosions corresponds to an interface temperature
which is approximately the thermodynamic critical point. On the other hand.
in water-Wood's metal system, even at interface temperatures above the
critical point interactions do occur. The difference between those systems
is in the thermal properties (especially the heat of evaporation). the wetting
characteristicas, and the oxidation potential (which was found to play an im-
portant role in determining an explosion occurrence in the dropping
experiments).

Calculating the interface temperature for the water-salt (LiC1-KCl)
interactions yields Ty = 270°C for Ty, = 600°C and Ty = 190°C for T}, = 410°C
(see Appendix A for molten salt properties). In view of the large affinity of
these liquids to each other, we assume that the wetting in this system is per-
fect, 80 Tgn = Thp = 305°C. Thus, TR ® Tgp but Ty < Tgy,. and the expected
result is a small scale event, which was confirmed experimentally (Fig. 5.36).

6.4 System Pressure Dependency

Increasing the initial system pressure, i.e., the driving pressure, re-
sulted in suppression of thermal interaction for water and butanol with Wood's
metal as well as for water with molten salt. No thermal interactions were
observed when P_ = 0.56 MPa for all these systems. The same phenomenon
was shown to occur with Freon-22 and mineral oil in dropping experiments,®’
when P_ = 0.2 MPa. The present experiments with Freons, which were per-
formed when P, = 0.2 MPa and did not result in any energetic events, are in
this category, i.e., explosions were suppressed.

The suppression of Freon-22 interactions was predicted in Ref. 57 by
plotting the transition diameter and comparing it to the predicted drop stabil-
ity line (Appendix B). Even though the capture theory was developed for free
contact mode and should be regarded as an order of magnitude estimation, it
is interesting to compare the present results to the capture theory prediction.
Following the approximate method for predicting the stability line given in
Appendix B, for water, assuming N = 10° sites/cm (Dg = 3160 A and T* =
145°C), we get:

2
M) (6.35)

t, = 1.497 - -7
n 97 - 10 (Tl-145

where o, was taken as 1.67 - 107" m?/sec. The stability line as well as the
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transition diameter for P_ = 0.1, 0.21, 0.56 and 1.0 MPa is shown in Fig. 6.6,
For P, = 0.1 and 0,21 MPa, the bubbles in the captured drop are inertially
dominated, resulting in explosions.

L I e T ar v At P_ = 0.56 and 1.0 MPa, the bub-
| bles are thermally controlled at cap-

__,/'I"/— ture time: thus, no explosion can

Ten * 230°C occur at those or higher pressures

without a specific external trigger.

There is a good agreement between

the theoretical prediction and the

\ experimental results in this case,

|
|
: 0, 10.21 MPo)
|

; . . For butanol (°'c =
o D10 M 1.01 - 107" m?/sec) assuming N =
g 10° &litesl/crn2 (Dg = 3160 A, T* =
D, (0,56 MPa) o Cie Tio s .
152°C) the stability line is predicted
0% — ] by:
0, (L0 MPg) 10-7 Ty - 117.5§
o = . = ——
h th 2.47 0 ( T; - 152
(6.36)
and for N = 10" sites/cm? (Dg =
" 1 | 1000 A, T* = 174°C),
210 250 300 350
INTERFACE TEMPERATURE, *C
Ty - 117.5Y
Fig. 6.6. Stability Line and Transition Diameters t, = 2.5 10-8 (W (6.37)

for Water, ANL Neg. No. 900-78-157,

The predictions of the stability lines for butanol are given in Fig. 6.7 as well
as the transition diameter for P, = 0.1 and 0.2 MPa. For N = 107 sites/cm?
it is predicted that explosions may occur for P, = 0.1 since the transition
diameter and the stability line are of the same order of magnitude. For N =
10'° sit«.as/cmz explosions are possible at P, = 0.2 MPa but are impossible
for P, = 0.56 MPa, It should be noted for butanol that its Jakob number,
which mainly affecta the transition diameter, is similar to that of Freons
and all organic liquids. On the other hand, the stability line for N =

10° sites/cm’ depends essentially on the thermal diffusivity which is much
larger for butanol than Freons but is similar to water,

The experimental observations of depressing interaction by increasing
the pressure is a major argument against the assumed mechanism of single-
phase pressurization (constant volume heating). The fact that no explosions
were produced with Freons in the present experiments, which is similar to
the behavior observed in pouring experiments, suggest that the same neces-
sary condition for explosion is missing in both experimental modes.
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290

6.5 Mixing and Heat Transfer
Considerations

Contrary to most experimen-
tal results of shock tube experiments,
reported here and in the literature,
the maximum interaction pressures
reported by Wright et al.?! occurred
on the first impact. It is most prob-
able that the pressure generated in
Wright's experiment was not due to
hydrodynamic impact in view of the
low driving pressure and impact ex-
periments on solid aluminum. In
this section, we will show from
mixing and heat transfer consider-
ations, that the enerpgy stored in the
aluminurn was sufficient to pressur-
ize the whole column via energy
transfer to the cold liquid in contact
with the hot surface.

Consider a mixing process
in which volume V of hot liquid is
intermixed with an equal volume of
coolant. Assume that all the kinetic
ensrgy of the coolant (Ek) is im-
parted to the hot liquid as mixing

As discussed by Cho et al.,”? in practical situations the mixing

energy is due mainly to the frictional dissipation and other contributions, as
surface and kinetic energies, may be ignored. Thus,

Ek(coolant) = E,

(6.38)

The mixing is assumed to be a one-step mixing process, thus, E  is the max-
imum mixing energy, which yields the largest particle size, and is given by:

Em = NhCD"Rtl(§Pc‘1:n)Lm

(6.39)

where the mixing zone (Lm) and the number of hot liquid particles (Nh) are:

Lm = untm

\i

TR
'Ry

(6.40)

(6.41)
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Fig. 6.8. Onc-dimensional Description of Mixing
Process. ANl Neg. No. 200-78-150.

Assuming a one-dimensional
description (see Fig. 6.8) the volumes
of hot liquid and coolant which inter-
mixed are given by:

V = LS, (6.42)

The kinetic energy lost by the
coclant at any point in time is;

Ek = %pL L'Sou% (6.43)

where L' is the distance a wave
moved through the cooclant with sonic
velocity (c¢) during the intermixing
period (t.,):
L' =

cty (6.44)

Substituting into and rearrang-
ing Eq. 6.39 yields

Ry, =2Cplm
Taking the upper bound for the particle size we assume that u, = ug thus
3 uf

Calculating the particle radius in the present apparatus for water-Wood's

metal system (uiﬂs 4 m/sec) assuming ty =

1 msec and CD = 50, which is

a typical value for equal volume systems,

Rh ~ 0.4 mim

Lp = 4 mm

This mixing length is an order of magnitude less than that used in
calculating the single-phase pressurization values listed in Table. 6.1. Thcre-
fore, the pressures listed in that table are approximately an order of magni-
tude greut~r than those which could be obtained from mixing considerations.
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'the new surface area is given by

S - (6.47)

or, the increase in heat transfer area is

3uitem

S
= . (6.48)
So Rh

In this case, i = 30,
Se

Note that by considering a one-step mixing process and by assuming that

Uy, = u;, We evaluated the maximum mixing energy. Thus. the increase in
area given by Eq. 6.48 is the lower bound, and evaluating the interfacial area
from the minimum mixing method of Ref. 73 would increase the heat transfer
area.

For Wright's experiments, t, = 0.2 msec (mixing time as observed
in Fig. 2.2) and u, = 1.36 m/sec (calculated from the known impact pressure
and corresponds closely to free fall behavior) we get:

RL~9%u
L = 0.27 mm

and
S
é: = 90

Assuming the liquid is saturated at the maximum pressure shown in Wright's

experimental trace {Fig. 2.2) i.e., Tc ~ 350°C, the energy stored in the inter-
mixed aluminum

Q = pRLLMSoCh(TH - T¢) {6.49)

and is evaluated to be 49 cal for an initial temperature of 950°C (p].l = 2.3 g/
em® and Cp, = 0.26 cal/g °C). If vapor is produced in Wright's experiment and
it is saturated at 350°C, the displacement required to pressurize the whole
column is d¢, = 6.76 mm calculated from Eq. 6.7 assuming 4. << L and Bp =
4,83 - 107° 1/bar (L is krown to be 0.9 m). The heat required to vaporize that
amount of vapor is evaluated from
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