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Abstract&Multiflash photography with extremely short duration exposure times per flash have been used 
to observe the interaction of molten tin dropped into a water bath. Detailed photographic evidence is 
presented which demonstrates that transition, or nucleate boiling, is a possible triggering mechanism 

for vapour explosions. It was also found that the thermal constraints required to produce vapour 
explosions could be relaxed by introducing a stable thermal stratification within the coolant. In the 
present work, the threshold value of the initial tin temperature required for vapour explosion was reduced 

from about 500 to 343 C. 

I. INTRODUCTION 

IN RECENT years [ 1,2] considerable attention has been 
given in understanding the consequences of molten fuel 
coming into contact with a coolant in the event of a 

hypothetical reactor core accident. In the past, accidents 
have been recorded [3] in non-nuclear industries where 
the mixing of two liquids at considerably different 
temperatures has produced “explosive” vapour forma- 
tion resulting in shock waves in the cold liquid causing 
mechanical damage and with added possibility of health 

hazards. The phenomenon of explosive vapour forma- 
tion causing shock waves is commonly termed a 
“vapour explosion” or a “thermal explosion” simply 

because the initial source of energy is of thermal 
origin rather than of chemical origin or of nuclear 
origin. The underwater explosions resulting in shock 

waves caused by energy sources which are of chemical 
origin are well documented [4]. In the case of chemical 

explosions the mechanism for efficient energy release 
tocauseshock waves is fairly well understood. However, 

efficient energy release mechanism in the cases of ther- 
mal energy sources is not all adequately understood. 
It is now known that the efficient release of energy 
within explosive time scales (order of milliseconds) is 
not possible through usual heat-transfer processes in- 

cluding nucleate boiling. In addition, it is known that 
explosive energy release is also not possible if the hot 
material is in solid form at the instant of contact with 
a coolant. In view of these observations and experi- 
mental evidence [5] of area enhancement of the hot 
material accompanying vapour explosions, one of the 
postulated mechanisms for efficient energy release is 
through rapid interfacial area enhancement by the rapid 
dispersal of the hot material into the coolant. The 
observed area enhancement of the hot material after 
completion of the interaction is commonly termed as 
“fragmentation”. 

Several mechanisms [6] have been proposed to ex- 
plain fragmentation observed in numerous experimental 
studies [7]. Most of these consider dispersal of the 
hot material as a single-stage process. However, from 

a recent experimental study Board er al. [S] note the 
possibility that the several mechanisms considered by 
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Cronenberg et ul. [6] may be a single-stage initiating 
process for mechanical mixing but the subsequent dis- 

persion is through spatial propagation via a feedback 
mechanism. Based on several experimental observa- 
tions the feedback mechanism is postulated to be 
successive growth and collapse of vapour regions. It is 

also pointed out that the physical process in spatial 
propagation is formation of a liquid jet [9] during 
collapse of a vapour region and which upon penetrating 

the hot molten material causes dispersal releasing 
thermal energy in time scales required for explosive 
vapour generation. 

A mechanism for explosive energy release without re- 
quiring dispersal of the hot meterial has been proposed 

by Katz et al. [lo]. The explanation is based on the 
hypothesis that the transition boiling regime in the 
classical boiling curve with solids [ 1 l] is not applicable 

due to lack of nucleation sites at liquid-liquid inter- 
faces. Thus, without nucleation sites the more volatile 
liquid is heated to superheat limits associated &th 

“homogeneous nucleation” upon which explosive va- 
pour formation takes place. A similar hypothesis has 
been utilized by Fauske [12] to explain the explosive 
interactions observed by Armstrong [13] when liquid 
sodium was injected into molten uranium dioxide. In 

a later study, Fauske [14] has indicated that vapour 
explosions when a hot liquid is mostly surrounded by 
a cold liquid are only possible if the calculated interface 

temperature is greater than the spontaneous nucleation 
temperature* of the cold liquid. From this condition 

one may expect a sharp lower threshold value for the 
initial temperature of the hot liquid for the occurrence 

of vapour explosions. This has been noted, for example, 
by Henry et al. [15] for mineral oil and freon system. 
Similar threshold observations have also been observed 
by Board et al. [S] for molten tin and water system. 

However, it is not at all convincing that the threshold 
observations for the occurrence of vapour explosions 
in all liquid-liquid systems are associated with either 

* For perfectly wetting systems the spontaneous nucleation 
temperature is equal to the homogenous nucleation tem- 
perature. 
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homogeneous or spontaneous nucleation characteris- 
tics of the more bolatilc liquid. In particular this is 
so, since detailed photographic observations suitable 

for resolving transient events characteristic of vapour 
explosions are not available. For this reason. it was 
decided to study molten tin and water interaction by 

the multi-flash photographic technique made possible 
by readily available light sources* with exposure times 

per flash of the order of I ps. It was believed that 

photographsobtainedwithsuchduration flashes should 
be able to show considerably more details of the inter- 

action than possible with conventional high speed 
photographic techniques [S]. 

During the course of the photographic study it was 

found that temperature stratification within the coolant 

had a significant effect on the occurrence of vapour 
explosions. In particular, it was discovered that ex- 
plosive interactions could take place for lower initial 

tin temperatures in a thermally stratified water bath 
than was possible in a uniform temperature water bath. 
Thus, the investigation was extended to see if vapour 

explosions would be possible when the initial tin tem- 
perature is low enough such that the cdicuiated inter- 

face temperature is lower than the homogeneous nuc- 

leation temperature of water. 

2. EXPERIMENT 

A test chamber fabricated with four aluminium panels 
and divided into two sections was utilized for the 
present experimental work. Each panel was 0.635cm 
in thickness and about 65cm in height. The upper 
section of the test chamber contained a graphite cru- 
cible in which the metal was heated by two half 
circular electrical heaters (each rated at 250 W). The 
lower section of the test chamber contained about 

35.01 of water which acted as the coolant medium for 
the present tests. In addition, each panel in the lower 

section was equipped with a 7.62cm x 10.16cm glass 
window for photographic purposes. Further details of 

the test chamber may be found in reference [ 161. 
Pressure measurements were made with a Celesco-b 

model LC-10 hydrophone. The hydrophone was located 
in the lower section of the test chamber about 25cm 
away from the center of the water bath. The hydro- 
phone used in the present experiments had essentially 
a flat response up to about 2OOkHz and the sensi- 
tivity with the cable was 2.78 V bar ‘. 

The light sources for multiflash photography were 
two General Radio stroboscopes (model 1538). These 
were capable of flashing at a maximum rate of 2500 

flashes per second (fps) with quoted exposure time per 
flashofabout 0.3 11s. At lower flashing rates of the order 
of 200 fps the exposure time per flash increases to 
about l@. Twenty-five to thirty lnulti~~~sh photo- 
graphs of the event were recorded on a 10 cm x 12.7 cm 
sheet film rotating at the image plane. Typical rotation 
speed required at a framing rate of one thousand 
photographs per second was about 1725 revmin. 

* General Radio stroboscopes. 
t Celesco Industries. Canoga Park. CA 

In order to record only one set of multiflash photo- 
graphs per film, the flashing of the strohoscopcs IO ;I 
limited number offlasheswas achieved externally. First. 

the motion of the shuttle to drop the molten metal 
from the crucible was sensed with a photo clcctric 
pick-up and the signal was amplified and delayed 

through a delay circuit. Then, the output from the delay 

circuit was used to trigger a scope which produced :I 
negative gate. This gate was fed into an on--o0 or ;I co- 

incidence circuit which also had a signal from a signal 
generator as a second input. The output of the on- oH 
circuit contained the signal from the signal generator 
only for the limited time period when the gate from 

one scope had negative going voltage. This output 
signal from the on-off circuit was used to drive the 
stroboscopes. The circuitry associated with this method 
of sychronizing the multiflash photography with the 
event is shown in the form of a schematic diagratn in 
Fig. 1. It may be noted here that the stroboscopes 

provided considerably more light at lower flashing rates 
of the order of 2OOfps than at the highest possible 
flashing rate of 25OOfps. This additional light at lower 

flashing rates enabled one to photograph some details 
of the boiling mode existing on the molten metal sur- 
face as it traversed through the coolant. For this reason 
a majority of the photographs were recorded at a rate 
of 200 fps. 

Present tests were conducted with 25 g of molten tin 

initially at temperatures of 787.676,537.426 and 343 C 
dropped into a tank of uniform temper~iture Nrater bath 
of various temperatures within a range of 8-- 52 C. The 

nominal drop height for these tests was I 1.25 cm. 
Additional tests were conducted with the same initial 

tin temperatures mentioned above but with a tempera- 
ture stratified water bath. One method of obtaining 
temperature stratification within the coolant was by 

filling the lower section of the test chamber with water 
and turning on the crucible heater. Some typical tem- 
perature stratifications obtained by this technique after 
a time lapse of about 2 h and a crucible temperature 

of 760°C are shown in Figs. 2(a) and (b). Another 
method used to obtain temperature stratification was 
the insertion of a 100 W calrod heater through the 
crucible into the water to a depth of about 15 cm. With 
this technique it was possible to obtain sharper tcm- 
perature gradients at the top as may be seen by com- 
paring the temperature profile shown in Fig. 2(c) with 
that shown in Fig. 2(a). In the present experiments tin 

was melted in the crucible with the presence of air and 
also in the presence of a constant supply of argon gas 
fed through the top of the test chamber. No noticeable 
able differences in the experimental results were noted 
due to the above mentioned difference in the environ- 
ment of tin melting. 

With the present photographic technique, it was 
possible to observe some new details of the interaction 
between molten tin and water. From the photographs, 
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FIG. 1. Schematic diagram illustrating the technique of synchronizing the multiflash photography with 
the event. 

DROP HEIQHT DROP HElGHl 

TIN m. 

-135GOFANO 

DROP HEIGHl 
. 1.826 in 

TIN TEMP. 

.65G°F 
I 043.3%) 

EorroM t67b6% AND 11”‘1 
m 60 66 106 110 130 m 60 60 100 ii0 120 m 60 60 ioo HO 120 

TEMPERANRE, “F 

FIG. 2. Measured temperature variation in the water bath for stratified coolant bath tests for different 
initial tin temperatures. 

it was noted that the molten tin initially in the shape 
of a cylinder distorts to an irregular shape as it traverses 
through the coolant. In addition, in most cases the 
interaction leading to vapour explosion was observed 
to begin locally at the distortions. An example of this 

is illustrated in the sequence of photographs obtained 
at 25OOfps and shown in Fig. 3. Four distinct inter- 
actions are observed to lead to a vapour explosion 
within a time period of about 10ms. It may, however, 
be noted that the growth of the fourth interaction which 
presumably resulted in the peak pressure pulse (pres- 
sure record from the transducer is also shown in Fig. 3) 
is complete within a time period of approximately 2 ms. 
These findings are in excellent agreement with the 
observations of Board et al. [S] from similar experi- 
ments. However, present photographic studies could 
not support their proposed model of successive growth 

and collapse of vapour regions leading to a thermal 

explosion. In addition, the sequence of photographs 
recorded at 25OOfps did not reveal the triggering 
mechanism leading to the first interaction and sub- 
sequently the vapour explosion. The primary difficulty 
at this framing rate was the limited amount of light 
available for front illumination of the molten metal 
surface. However, a sequence of photographs obtained 
at 200 fps did indicate additional details regarding the 
triggering mechanism of an explosive interaction, as 
described below. 

3.2. Transition or nucleate boiling as a triggering 

mechanism 
In the first frame of Fig. 4, a smooth and glossy 

surface at the molten metal front is apparent which 
strongly suggests the presence of film boiling. In about 
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the third frame, a small portion of the molten metal 
is observed to form a finger-like protrusion at the front. 
Initially, both the finger and the bulk of the molten 
metal is observed to be in the film boiling regime. This 
state of affairs is seen to persist LIP to the tenth frame. 
However, in the eleventh frame, t~lnsition boiling is 

indicated at the tip of the finger-like protrusion. In the 
twelfth frame, nucleate boiling is clearly visible at the 

tip and in the fourteenth frame, the finger-like protru- 
sion is observed to expand suddenly indicating the 
beginningofan explosive interaction. In the same frame. 

the bulk of the molten metal is still intact with some 

nucleate boiling apparent at the base. in the fifteenth 
frame, the bulk is also observed to expand suddenly 
and the maximum expansion is reached by the six- 
teenth frame. Thus. the sequence of photographs just 
described show that explosive interaction began on the 
finger-like protrusion after transition or nucleate boil- 
ing had been reached and either this local interaction 
propagated through the rest of the molten metal or 
was responsible in triggering further interactions on 
the rest of the molten metal surface to result in a 
vapour explosion. 

Another sequence of photographs presented in Fig. 5 
shows the presence of nucleate boiling on the bulk of 
the molten metal prior to the occurence of explosive 
interaction resulting in a pressure pulse within the 
coolant medium. In this case. nucleate boiling is ob- 

served to persist for more than Nms on most of the 
molten metal surface prior to the eventual occurence 
of a vapour explosion. Again. this sequence of photo- 
graphsshows that transition or nucleate boiling appears 
to he a triggering mechanism for an explosive inter- 
action. 

In addition, the persistence of nucleate boiling for 

about 50 ms prior to the occurcncu of explosive inter- 
action indicates that apparently the explosion noted 
was not as a consequence of superheating of the coolant 
to a limiting threshold value associated with homo- 
genous nucleation [lo- 121. A more likely explanation 
for the observed explosion in Fig. S is the dispersal of 

hot material into the coolant since the final debris did 
indicate significant porous type of fragmentation. The 
above observation based on photographic evidence is 
supported further from the noted ef%ct of stratif~~tion 
in the coolant on the occurrence of vapour explosions 
as described below. 

The measured peak pressure magnitudes with and 
without thermally stratified water bath at various initial 
tin temperatures are shown in Fig. 6. The measured 
temperature profiles within the coolant for most of the 
thermally stratified water bath tests are shown in Fig. 2. 
Therequired temperatures distribution within the water 
bath to produce vapour explosions at the lower tin 
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FIG. 4. Sequence of photographs illustrating the development of nucleate boiling prior to explosive 
interaction on portion of the molten metal surface. 
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FIG. 5. Sequence of photographs illustrate the presence of nucleate boiling on the molten metal surface 
for up to 50 ms prior to the occurrence of vapor explosion. 
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temperatures of 537, 426 and 343-C were determined 
by trial and error. It was found that vapour explosions 
at these initial tin temperatures were possible only if 
the temperatures at the top and bottom of the water 
bath were within 5°C of those shown in Fig. 2. Gener- 
ally, ifon the plus side the molten metal would solidify 
with little fragmentation and if on the minus side, 
fragmentation would be observed with no detectable 
interaction taking place. 

It is clear from the comparison afforded in Fig. 6 
that the threshold initial tin temperature required to 
produce pressure pulse within the coolant is consider- 
ably reduced by introducing a stable thermal stratifi- 
cation in the water bath. With uniform temperature 
water bath, no vapour explosions were detected and 
initial tin temperatures of 426°C or lower. However, 

photogr~tpl~ic evidence of persistent nuclcatc boiling 
on the molten tin surface prior to the occurrence 01 
explosive interaction as noted earlier (Fig. 5). 

The effect of thermal stratification in the dcvelop- 
ment of vapour explosions may be likend to the 
collapse of cavitation bubbles as they pass from low 
pressure regions to high pressure regions. Thus. the 
thermal stratification may facilitate destabilization of 
an existing vapour film to promote transition or nuc- 
leate boiling. Some evidence for such a happening is 
presented in the sequence of photographs in Fig. 4. 
In the first frame of Fig. 4. a smooth and glossy surface 
at the front is indicated strongly suggesting the presence 
of film boiling. In about the third frame a small portion 
of the molten metal is observed to form a finger-like 
protrusion at the front. Initially. both the finger and 
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FIG. 6. Peak pressure YS initial tin temperature with and without thermal stratification in the water bath. 
For uniform temperature water bath tests maximum value of the peak pressure measured for a coolant 

temperature range of a-52.C are shown. 

with thermal stratification vapour explosions were de- 
tected at initial tin temperature* of as low as 343°C. 
It is important to point out here that the calculated 
interface temperature based on the observed threshold 
temperature for uniform temperature water bath 
(>426”C) is at Ieast 40°C above the estimated tem- 
peraturefor~omogenousnucleation( + 3 14°C) in water; 
whereas, the calculated interface temperature based on 
the threshold temperature with thermally stratified 
water bath tests (N 343”C)t is about 20°C below the 
temperature for homogenous nucleation in water. Thus, 
the uniform temperature water bath tests (which are 
also in fairIy ciose agreement with the observations of 
Board et al. [g]) may tend to support the hypothesis 
that vapour explosion is a phenomenon associated with 
homogenous nucleation in the more volatile liquid 
supporting other similar experimental observations 
[ll, 151. However, present findings with thermally 
stratified water bath tests certainly show that vapour 
explosions are possible without heating the coolant to 
superheat limit associated with homogenous nuclea- 
tion. This observation is also consistent with the present 
._~ --... -_____ ---.__- . . 

*Melting temperature of tin is about 230°C. 
*The tin temperature will be below the instantaneous 

interface temperature due to cooling during the film boiling 
regime. 

the bulk of the metal are observed to be in the film 
boiling regime. This state of affairs is seen to persist 
up to the tenth frame. However. in the eleventh frame. 
transition boiling is indicated at the tip of the finger-like 
protrusion. In the next (twelfth) frame nucleate boiling 
is clearly visible at the tip and to a lesser extent boiling 
is also visible in the thirteenth frame again the same 
area. In the fourteenth frame, the tip and finger are 
observed to expand suddenly indicating the beginning 
of an explosive interaction. It may be noted that, in 
the same frame. the bulk of the molten metal is still 
intact but, with some nucleate boiling now apparent 
at the base. In the fifteenth frame, the bulk is also 
observed to expand suddenly and the maximum expan- 
sion is reached by the sixteenth frame. Thus. the se 
quence of photog~phs~ust described clearly show that 
interaction began on the tip after transition or nucleate 
boiling had been reached and either this local inter- 
action propagated through the rest of the molten metal 
or was responsible in triggering further inter~~ct~~~ns in 
the rest of the molten metal to result in a vapour 
explosion. 

3.4. Nature ~~~~~7g~~~~ari~~~l 

It is apparent from the illustrated pressure pulse 
recordings that considerable variation in the observed 
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magnitude of the peak pressure exists. Exam~ation of 
the final product indicate that the extent of frag- 
mentation was directly related to the measured peak 
pressure pulse for tests with or without stratified water 
bath. Basically three types of fragmentation were ob- 
served as follows: (i) fine porous fragmentation, 
(ii) coarse porous fragmentation and (iii) non-porous 
solidified distorted fragmentation. It was not possible 
to ascribe any quantitative information with respect to 
the area enhancement due to various types of frag- 
mentation. However, qualitatively the area enhance- 
ment decreased gradually by going from type fi) to 
type (iii). 

In most cases the final product with dominant frag- 
mentation of the types (ii) and (iii) stayed intact. With 
fragmentation of type(i), in some cases the final product 
was intact but in other cases the final product was 
split further. In extreme cases, the final product was 
scattered at the bottom in line powder form. This 
type of final debris was generally observed for tests 
with initial tin temperature of 787 and 676°C and 
stratified water bath. In addition, these tests were 
accompanied by the presence of a strong pressure pulse 
(greater than 1 bar) as detected by the pressure trans- 
ducer. Typically, fine porous type of fragmentation was 
observed for tests with initial tin temperatures of 787 
and 676°C and uniform temperature water bath. These 
tests were accompanied with pressure pulses on the 
order of 1 bar. Even lower magnitude pressure pulses 
were detected for the cases when the dominant frag- 
mentation was of a coarse porous nature. It may be 
pointed out here that for fixed initial tin temperature 
the extent of fragmentation was always greater for tests 
with stratified temperature water bath than for tests 
with uniform temperature water bath. At the lowest 
initial tin temperatures of 426 and 343°C very little or 
no fragmentation was observed for tests with uniform 
temperature water bath whereas significant fragment- 
ation was observed for tests with stratified temperature 
water bath with the same initial tin temperatures. In 
any case, it was clear that for tests with or without 
stratified water bath, the magnitude of pressure pulse 

Table 1. Qualitative r~~atioxlship between nature of frag- 
mentation and magnitude of peak pressure pulse 

____~_ 

Type of fr~gmenfation 
_._.--_. __“_“_ 

__ “-,-- 
Range of peak 
pressure pulse 

-_.~.- 

(4 

04 

(4 

(4 

(4 

(0 

Fine porous fragmentation with > 1 
final product split up 
Dominant fine porous fragmenta- 1.0-0.7s 
tion with final product intact 
Coarse porous fragmentation with 0.75.-0.4 
some fine porous fragmentation 
Dominant coarse porous fragmen- 0.4-O-2 
tation 
Dominant non-porous solidified 0.2-0.0 
distorted fragmentation with local 
fine porous fragmentation 
Dominant non-porous solidified 0.0 
distorted fragmentation with or 
without local coarse porous frag- 
mentation 

detected was directly related to the extent of frag- 
mentation observed from the final product. In par- 
ticular, it was found that tests with dominant fine 
porous tyw of fragmentation were always accomp- 
anied by a detactable pressure pulse. However, tests 
with local ~~e~orousfragmentatio~ or dominant coarse 
porous fragmentation were not always accompanied by 
a detectable pressure pulse. A summary of the general 
qualitativerelationshipobserved in present experiments 
between the type and extent of fragmentation with the 
detected pressure pulse is presented in Table 1. 

4. REPARKS ON THE OCC~IRRE~C~ OF 

VAPOUR EXPLOSIONS 

Thereisstron~evidencefrom thephoto~ra~hs(Fig.4) 
that the effect of stratification in the coolant is to induce 
transition or nucleate boiling locally which initiates an 
explosive interaction. Similar local initiation of an ex- 
plosive interaction without thermal stmtifi~ation in the 
coolant is possible if the molten metal distorts sig- 
nificantly to produce finger-like protrusions at the 
surface (Fig. 3). In either case, the local interaction 
then propagates spatially within the rest of the molten 
metal to result in a coherent vapour explosion. A pos- 
sible mechanism for spatial propagation of a local 
explosive interaction has been proposed by Board ef al. 
[IS]. On the other hand, if transition or nucleate boiling 
sets in on most of the molten metal surface prior to 
development of significant distortions at the surface, 
then the possibilities For multiple incoherent explosive 
interactions are increased without resulting in a vapour 
explosion. The chances of this occurring are great if 
the coolant at uniform temperature is highly subcooled 
or if the initiai tin temperature is low. Thus, present 
experimental findings suggests that the threshold tem- 
perature is associated with whether transition or nuc- 
leate boiling can set-in locally or on the bulk of the 
surface rather than with the interface criterion required 
for homogenous nucleation in the coolant. It is perhaps 
this mechanism which is responsible for the observed 
threshold initial tin temperature for the occurrence of 
vapour explosions in uniform temperature water bath 
(Fig. 6). A possible chain of physicai processes required 
for the development of a vapour explosion based on 
present photographic observations is shown in Fig. 7. 

The spatial propagation of a local interaction which 
is required to produce extensive fm~mentat~on and 
vapour explosion may itself be characterized in two 
different categories; namely, (i) surface spatial propa- 
gation, and (ii) internal spatial propagation. In (i), the 
propagation takes place by a local interaction inducing 
further interactions on the surface of the molten metal. 
In (ii), the propagation takes place internally as an 
interaction or fragmentation front much like a deton- 
ation wave in the case of chemical explosives. Of course, 
in large mass systems, the combined propagation due 
to both types cannot be ruled out. 

The surface propagation may actually take place by 
local interaction promoting further transition or nuc- 
leate boiling if the rest of the molten metal is under 
film boiling regime. Some evidence for this mechanism 
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FIG. 7. Chainofphysical processes involved in the dcvelop- 
ment of a vapor explosion. The possible role of thermal 

stratification in the coolant is also illustrated. 

of propagation is apparent in the sequence of photo- 
graphs shown in Fig. 4 and discussed earlier. However. 

if the bulk is already under nucieatc or transition 
boiling regime, then the propag~~t~on may take place 

by promoting collapse of vapour bubbles in additionai 
areas. The surface propagation will probably be very 
effective in the presence of a vapor film which can act 

as an excellent communicating medium resulting in 
extensive fragmentation and a vapor explosion. In the 
absence of a vapor film. inefficient propagation may 
take place which produces incoherent multiple inter- 
actions resulting in fragmentati~~ll but not necessarily 
a vapor explosion. 

One of the conditions for efficient internal propa- 
gation will be that the molten metal remain intact 
without predispersing at the instant of the initiation 
of a local interaction. A mechanism for such propa- 
gation through dispersal of hot material into coolant 
toproduceextensivefragmentationand vapor explosion 
has been proposed by Board rf (II. [S] as discussed 
previously. However, neither the work of Board er uf. 
nor the present work suggests exact conditions required 
for rapid dispersal of hot material to produce vapor 

explosions. Most of the present observations do. how- 
ever, bring out the point that vapor explosions are 
apparently due to rapid area enhancement of the hot 
material rather than achievement of limiting superheats 
in the coolant. This coniention is supported from the 
following two important observations. 

(i) In Fig. 5 the persistence of nucleate boiling for 
about 50ms prior to the occurrence of an ex- 
plosive interaction indicates that apparently the 

explosion was not as a consequence of super- 
heating of the coolant due to lack of nucleation 
sites at the liquid-liquid intorfacc. 

(ii) In Fig. 6 the effect of thermal stratification in 
the coolant is to reduce the threshold temperature 
required to cause explosive interaction between 
molten tin and water. 

It is not certain as to how nucleate boiling may 
trigger the initial interaction. However, it may bc 

suspected that the vapor bubble at the molten metal 
surface under transient heat conditions may behave 
similarly to a cavitation bubble including the collapse 
stages. Thus. a coolant jet [9] penetrating the molten 
metal may trigger an interaction. This local interaction 

will be expected to propagate efficiently if film boiling 
regime exists on bulk ofthe molten metal surface, since 
the vapor film can act as an excellent communic~~t~ng 

medium for spatial propagation. This will not be the 
case ifmost of the molten metal surface is under nucleate 

boiling regime, due to the repeated acoustic impedance 
mismatching at vapor-liquid interfaces. In addition, 
the molten metal will cool rapidly if most of the surface 
is under nucleate boiling regime iosing its initial avaii- 

able thermal energy. Thus, for the ahovc two reasons 
it is contended that if nucleate boiling occurs on most 
of the sur&ce then the likelihood of ;I vapor explosion 

is considerably reduced even though inter-facial area 

enhancement may still take place. 

5. CONCLLSIONS 

Thermal interaction of molten tin dropped into a 
water bath has been observed by the use of multj~ash 
photographic techniques developed for this purpose. 
In one sequence of photographs, a portion of the bulk 
molten metal is observed to go into transition or nuc- 
leate boiling after which an explosive interaction is 

initiated. In another sequence of photographs, nucleate 
boiling on bulk of the molten metal surface is nb- 
served to persist up to 5Oms after which a vapor expio- 
sion is developed. These observations show that the 
presence of transition or nucleate boiling is a possible 

triggering mechanism for the occurrence of vapor ex- 
plosions in present experiments. In addition, these same 
observations show that vapor explosions are not just 
caused by superheating of the coolant upon contact 
with hot liquid as a result of ;I lack of nucleation sites. 

The threshold value of the initial molten tin tempcra- 
ture required for the occurrence of a \ apor expiosion 
was found to be considerably reduced by il~tr~~dLicillg it 
stable thermal stratification in the water bath. In present 
tests, the reduction was sufficient to show that vapor 

explosions are possible even if the calculated interface 
temperature is below the homogcnous nucleation tem- 
peraturcofwater; thus. indicating that vapor explosions 
are possible without achievin, 17 the limiting superheats 
in the coolant associated with homogeneous nucleation. 

The observed effect of thermal str~~t~~~catit~I1 on the 
phenomenon of vapor explosions is of particular sig- 
nificance in predicting the possible occurrence of vapor 
explosionsinareactorenvironment based on laboratory 
studies. Thermal stratification within a reactor core 
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does exist and most similutude laboratory tests, to date, Nucl. Engng Dept. Rep. No. MIT NE-155, MIT, 

have been conducted in uniform temperature coolant Cambridge (1973). 

mediums. 8. S. J. Board, C. L. Farmer and D. H. Poole, Fragmen- 
tation in thermal explosions, Int. J. Heat Mass Transfer 
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INTERACTION THERMIQUE POUR L’ETAIN FONDU PLONGE DANS L’EAU 

R&sum&On a utilisC la photographie B plusieurs flashes, avec des temps d’exposition g trBs courte dur& 
par flash, pour observer l’itain fondu tombant dans un bain d’eau. Une observation d&tail& des photo- 
graphies montre que la transition, ou l’ibullition nucl&, est un mkanisme de dtilanchement des 
explosions de vapeur. On trouve aussi que les contraintes thermiques n&cessaires pour la production des 
explosions de vapeur peuvent Ctre supprim& en introduisant une stratification thermique stable dans 
le rkfrigtrant. La valeur de seuil de la temptrature initiale de I’Ctain n&cessaire g l’explosion de vapeur a 

&ttt abaissk de 500°C g 343°C. 

UNTERSUCHUNG DER THERMISCHEN REAKTION ZWISCHEN ZINN UND 
WASSER, WENN FLijSSIGES ZINN IN WASSER TROPFT 

Zusammenfassung-Zur Sichtbarmachung der thermischen Reaktion, welche durch in Wasser tropfendes 
fliissiges Zinn hervorgerufen wird, bediente man sich der Mehrfachblitz-Fotoprafie mit extrem kurzen 
Belichtungszeiten pro Blitz. Die Fotografien zeigen, dal3 Blasen- oder instabiles Filmsieden mijgliche 
Auslasemechanismen fiir die Dampfexplosionen sind. Durch Erzeugung einer stabilen thermischen 
Schichtung im Wasser konnten die thermischen Bedingungen zur Erzeugung von Dampfexplosionen 
gemildert werden. Der Grenzwert der Zinn-Anfangstemperatur, die fiir die Dampfexplosion erforderlich 

ist, konnte von ungeftir 500°C auf 343°C gesenkt werden. 

TEfUIOBOE AEfiCTBME PACnJIABJIEHHOl-0 OJIOBA, 6POIIIEHHOTO B BODY 

AHHoTauHn - ,&s Ha6nionemis 3a noBeAeHHeM pacnnaBneHHoro OnoBa, 6pomeHnoro B Bamiy 

c BOAOii, IIpMMeHflnOCb uMnynbcHoe +oTorpa@poBamie c Ype3BbIYatiHO K~POTKHM BpeMeHeM 

SKCnOSAUHH. nOJIy'IeHHble CHIiMKIi nOKa3bIBaIOT, 'IT0 +a3OBbIii IIepeXOA AJIEi ny3bIpbKOBOe KHneHUe 

RBJlfleTCIl nOTeHUWaJIbHbIM MeXaHR3MOM BO3IWKHOBeHWII IIapOBbIX BSlJbIBOB. HaifAeHO TaKH(e, 'IT0 

TenJIOBblc OrpaHH’teHHR, HeO6XOAHMbIe PJIlI B03HMKHOBeHWI IIapOBbIX B3pbIBOB, MOmHO OCna6HTb 

nyTeM c03naHHII CTa6WIbHOR TennOBOii CTpaT&&iKaUEi&i B TennOHOCWTene. B HaCTO5ILUei pa6oTe 

IIOpOrOBOe 3HaYeHne HaYaJIbHOfi TeMnepaTypbI OJIOBa, Heo6xoAnMoe AJIll IlapOBbIX B3lJbIBOB, 

CHnxanocb npnMepH0 OT 500°C A0 343°C. 


