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PREFACE

This report represents one aspect of the research program “Safety

Considerations of Commercial Liquid MMetal Fast Breeder Reactors" (AT(04-3)

PA223 and AT(49-24)-0246) funded by the U. S. Nuclear Requlatory Commis-

sion, Division of Reactor Safety Research. 7The research program is

divided into the following tasks: a) transient analysis of fuel elements,

b) accident analysis, c) post accident heat removal, d) fuel-coolant

interactions and e) thermodynamic effects.
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ABSTRACT

Molten glass interacts explosively with water under certain contact
mode conditions. The contact mode found explosive is as follows: molten
glass enters the water bath in the film boiling regime (as predicted by
Henry's correlation) and soon after entry, the vapor film is perturbed
sufficiently by an external pressure pulse. The ensuing reaction proceeds
basically along the same lines as energetic tin/water interactions
observed by several investigators. In the absence of this pressure pulse,
the event is non-erergetic.

The present findings are for a combination ir w. ich the hot
material has a very low thermal diffusivity and the calculated interface
temperature is significantly (+175° C) b&low its melting temperature.

This is similar to the characteristics of the UOZ/sodium combination.

The observed expiosive glass/water interactions show growth times of the
order of a few milliseconds. The particulate size distribution from the
present tests was coarser than the particulate size distribution from some

in-pile and out-of-pile U02/sodium interaction tests.
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I. INTRODUCTION

Molten /uel/coolant, thermal interactions are an important aspect
in the analysis of whole core disruptive accidents for Liquid Metal Fast
Breeder Reactors (LMFBP's). To understand the true nature of fuel/coolant
interactions, several experimental and theoretical studies have been
initiated in many laboratories [1]. To date, the experimental results for
molten UOZ/sodium indicate two important trends. First, the U02/sodium
interaction is not of a violent or explosive nature. Second, post-
experimental examination of the fuel debris indicates a large degree of
fragmentation or surface enhancement. A similar degree of fragmentation
has been observed for molten metal/water te * : h wever, the thermal
interactions in these tests [2] have beer of violent or explosive nature.

The discrepancy noted, among others, may be as a result of com-
pletely differing thermal properties of both the fuel and coolant for
metal/water and UOz/soc 4n combinations. The differences are clear from
the - wmparison of thermal properties presented in Table 1.

The predicted minimum temperature for film boiling is based on
Henry's (4] correlation. Some of the predicted temperatures for various
fuel/coolant combinations are presented in Table 2. The liquid/liquid
con*act may take place as a result of the onset of transition boiling
under natural conditions or as a result of the forceful disturbance of
the vapor film by external means. In any event, the predicted interface
temperatures for reactor fuel/sodium combinations are considerably lower
than the melting temperatures of the fuels. On the other hand, for the
case of the tin/water combination, quite the contrary is true. The
predicted interface temperature is considerably above the melting temp-

erature of tin and it may be noted here that tin has b« :n used extensively

133 0D4



TABLE 1.

Thermal Properties of Some Fuels.

Cal?‘/cm4 sec deq2

Reactor materials

UO2 0.006
uc 0.05
UN 0.065
SS 0.091

Simuiant materials

Sn 0.036
Al 0.17

AgCl 0.001
Glass* 0.003

*Value is for molten 8203 [3]

¢

Cal/gm deg

.11
.0e4
.09
.159

.078
.259
.076

435

cmz/sec

0.056
0.066

0.0014




TABLE 2.

Thermal Characteristics of Some Fuel/Coolant Combinations.

"oRC

it VU T T T

U02 (3,000° C)/Na (400° €) 0.334 2,800 1,051 12,000
uc (3,000° C)/Na (400° C) 1.07 2,530 1,744 7,765
UN (3,000° C)/Na (400° C) 1.23 2,860 1,834 6,960
SS (3,000° C)/Na (400° C) 1.45 1,427 1,940 4,810
Sn (800° C)/H20 (20° C) 6.0 231.9 688 506
Al (800° C)/HZO (20° C) 13.0 66U 745 265
AgCl (800° C)/HZO (20° C) 1.0 455 410 1,195
Glass (900° C)/H20 (20° C)| 1.7 750 570 : 425

Notes: Tmf is the melting temperatury of the fuel.
TI is the interface temperature.
Tmfb is the minimum temperature for film boiling from Yenry's

correlation.



as a simulant fuel for many experimental studies concerning ,.iel/coclant

interactions. In addition, experimental observations of tin/water inter-

actions have been the basis of a recently proposed hypotehsis [5, 6] for

fuel/coolant interaction and has received considerable attention. The

proposed model [5] involves the following stages for the development of

an explosive fuel/coolant interaction:

(a)

(b)

(c)

(d)

(e)

(€)

The use of

At the “stant of liquid/liquid contact a vapor bubble is
formed at the fuel surface which grows into the subcooled
region of the coolant.

Due to condensation, the vapor bubbl!: collapses; however,
the collapsc is asymmetric due to the pressure of the
liquid or solid fuel surface. This results in a high
velocity jet as predicted by Plesset and Chapman [7] for
cavitation bubble collapse.

The jet of coolant penctrates the fuel and due to its high
velocity disintegrates causing rapid increase in the fuel
coolant corntact area.

As the jet of coolant penetrates and breaks b, heat is
rapidly transferred from the hot surrounding fuel to the
coolant.

When the jet has been heated to a certain tempe-atuie it
suddenly vaporizes to form a high pressure vapor bubble.
The rapid expansion of this bubble results in the dispersal
of the fuel inte the coolant.

A new vapor bubble is fcrmed and the process repeats from
stage (a).

this model to predict U02/sodium behavior requires the




assumptions that a coolant jet is able to penetrate a solidified crust
at the surface and rapid heat transfer is possible from a hot surrounding
fuel of low thermal diffusivity to the coolant. Buchanan [8] has demon-
strated the possibility of coolant jet penetration of a solidified crust
theoretically; however, to the authors' knowledge, no experimental
cbservations of interactions involving simulant fuels which show the
possibility of crust formation upon liquid/liyuid contact have been made.
Therefore, the goal of this experimental work was to study the fuel/coolant
interaction by nsing a simulant fuel which has a low thermal diffusivity
and allows the possibility of crust formation based on interface temper-
ature calculations upon liquid/liguid contact. Examination of Tables 1
and 2 clearly show that molten glass* would be a very suitable simulant
fuel. The use of molten AgCl is also a possibility, but the predicted
interface temperature for the AgCl/water combination is only slightly
below that of the melting temperature of AgCl. Hence, the use of molten
giass over molten AgCl was preferred. In addition, it was decided to
study molien glass/water intzractions under both "natural" and "forced"
free fall conditions. This decision was based on the possibility that
molten glass nay sylidify significantly prior to the vapor fiim breakdown
under natura: v, ee fall condit ons because the predicted temperature for
fil= boiling by Henry's correlation (Table 2) is considerably lower than
the melting temperature of glass.

In Secuion 11, experimental methods will be described with emphasis
on the naking of the test glass for the present work and the use of an
exploding wire as a techniore of disturbing the vapor film surrounding

the hot molten material. In Section III, resul*s will be presented which

*Estimated homogenous crystallization temperature for glass based on the
method noted in Ref. [9] is only about 10° C below the melting point of glass.
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include the stu y of exploding wire phenomena underwater and the initial
tests which sihow the effectiveness of a wire explosion to trigger an
interaction for glass/water combinations. In Section IV, the findings are
discussed with particular emphasis on the meaning of present findings as
related to U02/sodium tests. Finally the conclusions based on present

findings are noted in Section V.




II. EXPFRIMENTAL PROCEDURE

A. General Description. The details of the test chamber utilized

for the present work may be found in Referei: ~ [2]. Basically the chamber
consists of two sections. The upper section contains the graphite
crucible in which the metal or glass is heated by two half-circular
electrical heaters. The lower section contair regular tap water which
acts as the coolant medium. The lower section also contains the glass
windows for light illumination and photographic purposes.

Multiflash photographs of the event were obtained by using two
stroboscopes as light sources. The flashing rate and duration of the
stroboscopes was controlled externally so that 20 to 25 frames could be
recorded on a 10 cm by 12.7 cm sheet film rotating at the image plane.

The flashing of the stroboscopes was synchronized wiiun the arrival of the
molten hot material at the window level by the use of an external delay
circuit. Further details of the present photographic technique may also
be found in Reference [2]. It may, however, be noted here that the typical
rotation speed required to record about twenty frames (1.27 cm by 1.27 cm
size) at one thousand frames per second was 1,725 RPM.

The temperature of the hot material was measured with a chrome-
alumel thermocouple. Temperature of the water bath was measurad with a
single copper constantan thermocouple. To avoid temperature stratificaticn
in the coolant bath, water was stirred with the help of an external pump
a few minutes prior to the dropping of the hot material. Pressure measure-
ments were made with a Cebesco model LC-10 hydrophone. The sensivity,
with the cable, of this transducer is quoted by the manufacturer to be
2-78 volts per bar. The cutput of the transducer was photographed from a

dual trace oscilloscope.



B. Test Glass. The following two requirements were considered in

selecting the proper glass:

(a) relatively low melting temperature (~700° C), and

(b) relatively fluid at test temperature (~700° C).
Initially, glazing material, which is a lead-based glass and has a rela-
tively low melting temperature, was tried. However, at test temperature,
thi- glass was very sticky and great difficulties were encountered in
dropping the molten glass from the graphite crucible by pulling of the
shuttle. Similar difficulties were experienced when lead-based silica
glasses were tried. From further experimentation with various combina-
tions of base materials for the making of 2lass, it was found that the
combination of BZO3 and Pb0 would be suitable. High PbO content glass,
wich had a relatively low melting point, interacted with the graphite
crucible at high temperatures, turning fr,m an originally yellow color to
black. However, use of 60% 8203 and 40% Pb0 (by weight) proved to be a
very suitahle combination. The melting point of this combination was
found* to be about 750° C and at a temperature of 900° C the molten glass
was almost as fluid ac water at room temperature. In addition, this
combination of glasses did not interact with the graphite crucible to a
great extent and freely dropped from the crucible upon the pulling of
the shuttie.

The glass itself was prepared by thoroughly mixing pre-weighed
powdered forms of 8203 and Pb0 in a po elain crucible., This mixture was
fused by placing the crucible in an oven pre-heated to 1,000° C. The
mixture wes left in the oven for about ten minutes at this temperature.

Intermittently the cricitle was removed and turned around manually to

*See also Reference [3]. g




assure further mixing of the components in the molten state. After ten
minutes the resulting molten mass was poured onto a graphite biock for
ceoling. The final physical appearance of the molten mass was ir the form
of a milky to clear white g.assy mold. This solidified and cooled glass
was used as test spe-ime. for dropping experiments. Several batches of
this glass each weighing twenty-five grams were prepared separately at a
given time. However, from initi.] dropping tests it was found that only
the central core of the molten glass, weighing about 12 to 15 grams, fell
as a single drop immediately after pulling of the shuttle.

C. Pressure Pulse Generation. Some methods of pressure pulse

generation in the coolant are noted in Reference [10]. For the present
work, all of these were considered, but finally due to simplicity it was
found suitable to use the technigue of exploding a thin wire underwater
as a source of pressure pulse in the coolant. First the effectiveness of
the technique was tested on a tin/water combination (which is known to
produce explosive interactions even under naturai free fall conditions).
As will be shown later, the results were promising and it was felt that
the technique shr ~ be effective for glass/water combinations also.
Detailed stu s of the techniques of exploding a thin wire in air
have been conducted by several workers [11]. In principle similar tech-
nigues can also be utilized for exploding a thin wire underwater. 1n the
present experiments, the two electrical terminals were formed by bringing
two insulated copper wires (3.2 mm diameter) from the bottom of the test
chamber. The two terminals were placed 3.8 cm apart and were normally
brought up to the Tower level of the glass windows. For the purpose of
photograring the underwater explosion of a thin wire, the two terminals

in the latter position are shown in the first frame of Figure 1(.'). Also
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seen in the same frame is a thin copper wire of U.254 mn diamter sol ared
acruss the two terminals. This thin wire was exploded b, diccharging three
twenty-five microfarad capacitors connected ‘- naraliel, and nominally
charged to two kilo-volts. The discharge acress the terminals wsas ini-
tiated by closing a four pole relay switch, The reluy swit:h was closed
by activation of a regenerat.ve circuit which could be triggered with a
small amplitude voltaye pulse. The time period betweer triggering of the
regenarative circuit and initiation of the flashing of the strobuscopes
could be controlled with an external delay circuit. Thus, with this
arrangement it was possible to photograph the events prior to and after
the explosion of the thin wire.

Multiflash photographs of the "bubble" created irn water by the
explosion of the wire were recordad at 1.500 frames per second by the
photographic technique noted earlier. Pressure pulse measurements were
made with the LC-10 hydrophone and the oscilloscope u<ed to observe and
record the output of the hydrophone was triggered with a pho.ocell which
was activated by the light emitted from the exploding wire. With this
method of triggering the oscilloscope it was possible to study the initial
pressure pulse generated by the exploding wire in some detail.

D. Test Conditi~ns. All of the molten glass/water tests were
conducted with initial gla<s temperature of 880° C and uniform water bath
temperacure of 22° C. The mclten tin/water tests were conducted with
initial tin temperature of 785° C and uniform water bat: Lemperature of
27° C. Both molten tin and glass were dropped from a height of 11.25 cm
into the water bath, which was about 25 cm in depth. In order to minimize
oxidation, the melting of the glass and tin was done in the presence of a %

constant supply of arqon gas.
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ITI. EXPERIMENTAL RESULTS

A. Pressure Pulse Generation by Exploding Wire. From the trans-

ducer measurements, it was observed that wire explosion: resulted in more
than one pressure pulse within the coolant bath. Typically three pressure
pulses with decreasing amplitudes and with time delays of the order of
milliseconds were noted. From the dimensions of the test chamber it is
clear that the multiple pressure pulses were not a result of reflections
from either the free surface o~ the solid surfaces of the test chamber.
Photographic studies of the wire explosion indicated that the multiple
pressure pulses were a result of growtn and collapse cycles of the
"bubble" created by the final products. A sequence of photographs
illustrating the presence of growth and collapse cycles is shown in
Figure 1(A).

From Figure 1(A), it may be seen that the bubble growth is not
quite spherically symmetric; however, no instabilities are evident at the
boundaries are quite evident, especially in the final stages. The first
collapse appears to be complete within about 5 msec of wire explosion and
regrowth of the bubble takc; place for about 1.5 msec; the second collapse
is not quite so evident as the first one. Additional growth and collapse
cycles, if existing, were not apparent from the photographs.

Pressure pulse recordings with a transducer located di-ectly
above the exploding wire and at a distance of 4.3 cm are shown in the
photographs of Figure 1(B). It may be seen from the first photograph of
Figure 1(B) that the peak of the first pulse occurs about 32 usec after
the emission of the light from the exploding wire. However the arrival
time of the pressure pulse to the transducer, from the wire, is estimated

to be about 20 usec. Therefore, the first pulse must be emitted only a

13 733 015
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few microseconds after the instant of light emission from the exnloding
wire. The magnitude of the €irst pulse is seen to be about 50 bars and
time duration of the pulse to be about 10 microseconds. The magnitude
of the first pulse was observea to fall off as the trarsducer was moved
away from the eaploding wire. Measurements with the transducer located
at four different distances of 2.54 cm, 4.3 cm, 7.6 cm, and 10.2 cm are
shown in Figure 2. The plot shows peak pressure amplitude versus the
inverse of the distance from the exploding wire to the transducer tip.
For the distances of interast in the present experimental work, the
peak pressure amplitude of the first pulse may be taken to be proportional
to 1/k and the constant of proportionality to be 265 (Figure Z) with
pressure in bars and % in cn. It wmay be expected that similar behavior
will be true for peak pressure amplitudes of the secondary pulses. The
constant of proportionality miy be estimated from the magnitudes of the
secondary pulses measured at cne distance of 4.3 c¢cm from the exploding
wire to the transducer (Figure 3).

Also shown in Figure 3 are times corresponding to the presence of
the secondary pressure pulses w thin the water bath due to the wire ex-
plosion. Comparison of these times with the estimated time (shown in
Figure 3) of the maxima and minima of the bubble growth from the photo-
graphs of Figure 1(A) strongly indicates that the secondary pulses are
emitted at the time of the firal stages of the bubble collapse. The first
collapse being intense, results in a strong second pulse (40 to 50 bars),
whereas the second collapse, being not so intense, results in a relatively
weak third pulse (12 bars). The reflection of a strong second pulse
from the free surface is seen to produce cavitation bubbles within the

water. This is shown in one of the trames of Figure 1(A).

14
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It may be noted here, that sin-e the transducer was located directly
above the exploding wire, the measurements shown in Figures 2 and 3 are
pressure pulse magnitudes and times as seen by the molten glass or metal
under free fal conditions.

B. Forced Tin/Water Interaction. Multiflash photographs of the

interaction of molten tin dropped into water are presented in Figures

4(A) and 4(B). The first four frames in each sequence of photographs were
taken prior to the explosion of the wire. At the instant of wire explc-
sion, a bright blue flash of l1ight was emitted which illuminated the
entire test chamber. The exposure of a frame from this light could easily
be distinguished from the exposure of the remaining frames by the light
from the stroboscopes. From this, it was possible to estimate the time

at which the wire explosion took place. These times are marked on the
sequence of photographs of Figures 4(A) and 4(B).

[t is clear from Figure 4(A) that the disturbance v:rom the first
pressure pulse is sufficient to trigger a strong interaction between
molten tin and wate: within one millisecond of wire explosion. Growth
and collapse cycle of this interaction region is observed to continue for
the next three frames. Similarly, in Figure 4(B) an interaction between
molten tin and water is triggered within two milliseconds of the instant
of wire explosion. In both cases the final debris was scattered at the
bottom of the test chamber in powder form with fine porous fragmentation.
It may be noted here that similar fr mentation with a spontaneous (with-
out external disturbance) tin/water interaction was also observed pre-
viously [2]. Further, in the same study it was noted that fragmentation
of the above nature was accompanied with strong pressure pulses within

the coolant bath. In the present study, however, it was difficult to

17
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sort out the pressure pulses measured from the tin/water interaction frcm
those of the wire explosion itself.

The only possible method of sorting out was by comparing the
pressure pulse photograph obtained with just the wire explosion, with the
pressure pulse photograph obtained with the wire explosion and the tin/
water interaction, such as the comparison for the test conditions of
Figure 4(B) as shown in Figure 4(C). The left photograph shows that the
pressure pulses due to wire explosion only are damped out within a time
period of 10 msec (see also Figure 3). In the right photograph the pres-
sure pulses from the exploding wire are again present; but a delayed
(> 10 msec) strong pressure pulse is also seen which is interpreted to be
due to the tin/water interaction. If the pressure pulse due to a tin/water
interaction is emitted within a time period of 10 msec of wire exyicsion,
then it would be difficult to distinguish it from the pressure pulses
recorded from the wire explosion. Such was the case for the test condi-
tions shown in Figure 4(A).

In any case, even through the sorting out of pressure pulses poses
a difficulty, the wire explosion is an effective means of disturbing the
existing vapor film to trigger an interaction.

€. Natural Glass/Water Interaction. Multiflash photographs of

molten glass initially at a temperature of 880° C dropped into water at
22° C are shown in Figure 5(A). The photographs clearly show that no
interaction takes place between the two under these contact conditions.
The photograph of the final debris confirms this observation. Very little
fragmentation of the final debris is observed. However, if a small
portion ef the final product was pressed between the fingertips, the
tendency was to crumble i.to several smaller pieces, strongly indicating

extensive internal cracking.
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D. Forced Glass/Water Interaction. A sequence of multiflash

photographs for identical initial cond.tions as for Figure 5(A) is shown
in Figi~e 5(B). However, in the latter case a wire was exploded by the
time the molten glasc —~ached the middle level of the window. The frame
‘1luminated by the light from the wire explosion is marked on the sequence

. photographs. The next recorded frame (apprc.imately 15 msec after the
w' ‘e explosion) shows a strong interaction between molten glass and water.
Photographs of the final debris confirm this observation in *%C sense that
significant fragmentation tus resulted from the interaction. A more
detailed photograph of the same debris is shown in Figure 5(C). It is
clear from this photograph that fragmentation with a broad particle size
distribution has taken place.

Further details of the glass/water interaction triggered by the
wire explosion are shown in the sequence of multiflash photographs
presented in Figure 6. These photographs were taken at 950 frames per
second as compared to only 100 frames per second for the photographs
presented in Figure 5(B). The first frame shows the state of molten glass
dropped into water prior to the application of external disturbance. The
second frame shows the molten glass as illuminated by the light from the
wire explosion. The third frame shows the state of molten glass with a
surrounding vapor film after it has been disturbed by the first pressure
pulse from the wire explosicn. Clearly no singie large interaction is
triggered immediately by the first pulse; however, the vapor interface is
not ouite as smooth as that observed in the first frame. In the 7ifth
frame, a small interaction is observed in the lower right hand corner.
Collapse of this interaction, indicated in the sixth frame and perhaps

coupled with the arrival of the second pulse from the wire explesion, -~ ~ j
d e
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seems to trigger a strong interaction )y the seventh frame.

This interaction first grows and then collapses, as is evident from
the next four :ubsequent frames. After the collapse, a second interaction
is indicated in the twelfth frame and the collapse of this second inter-
action seems to result in a third interaction by the fifteenth frame. The
growth of the third interaction is quite prominent in the top upper portion
of the initial interaction region. No further interactions were evident
in the subsequent frames after the growth and collapse of the third inter-
action. The final debris showed significant fragmentation and the appear-
ance of the final product was very similar in nature to that shown in
Figure 5(C).

R pressure transducer trace for the event jus® described is shown
in the lTower right photograph of Figure 6. The trace shcws pressure
pulses from both the wire explosion and the glass/water interaction.

This can be inferred by comparing the right photograph with the left one,
which shows a pressure pulse recording from just the wire explosion. The
two additional pulses in the right photograph can b. further identified
with the second and third interactions noted in tne multiflash photograph
sequence of Figure 6. The pressure pulse resulting from the first inter-
action could not be isolated, since the interaction occurred within the
tir  .eriod of the damping of pressure pulses resulting from the wire
explosion.

Another sequence of multiflash photographs sho ing the glass/water
interaction triggered by wire explosion is illustrate. in Figure 7(A).

As may be seen from the second frame, the molten glass is closer to the
source of wire explosion (2 ¢m) than was the case (3.5 cm) for the

sequence of photographs shown in Figure 6. For this reason, perhaps,

(]
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FIGURE 6. Sequence of Multiflash Photographs Illustrating the Growth and
Collapse Cycles of the Class/Water Interaction. Also Shown
Are Pressure Recordings of Wire Explosion with and withou ne
Glass/Water Interaction.
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the first pressure pulse from *he wire explosion itself is able to trigger
a relatively strong irteraclion between glass and water, as miay be seen
from the thira frame. The collapse of the first interaction region is
seen to take place in the sixth frame. This results in a second inter-
action by the next frame. In subsequent frames only a small third inter-
action in the upper right-hand corner could be identified. The pressure
pulses resulting from the second and third interactions could again be
distinguished from the pressure pulses resulting from the wire esp osion,
and this %5 shown in Figure 7(C).

E. Particle Size Distribution. The interaction shown the

photographs of Figure 7("" resulted in extensive fragmentation of glass.
The final debris, separated into various sized particles, is shown in the
photographs of Figure 7(B). The separation was carried out by using hand.
held sieves of different mesh size. This process had to be carried cut
very gently since the fragmeried particles were extremely fragile. Similar
particle size separations were carried out for final debris collected from
three additiona: runs. The fragmented particlies in each size group were
then weighed separatély and the results are shown in Table 3.

The results from Table 3 are shown graphically in Figure 8. Alsc
shown in the same Figure is the range of data from some in-pile and
out-of-pile tests conducted with molten UO2 and sodium. The data is
taken from Reference [2], and present results are close to the coarse range
of particle size distribution for UOzlsodium tests.

F. Particle Characteristics. Further analysis of particles shown

in Figure 7(B) was conducted using scanning electron microscope photography.
Magnified photographs of particles in three ranges of sizes are shown in

Figure 9. In Figure 9(a) it may be seen that the particles from 7,362 u
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FIGURE 8. Compar 'son of Particle Size Distribution from Present Glass/Water
Interactions with the Range of Particle Size Distribution from
some UD,/Sodium Interactions.
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833 . range are of two types; one is sulidified shell type with smooth
surfaces whereas the other type shows extreme porosity. The 833 u to
246 u particles are also seen to be of similar nature. Further examin-
ation indicated that the majority of the particles in the size range of
2,362 1 to 246 . are of the porous type. The particles below 246  size
range are seen in Figure 9(c) and a magnified photograph of some of the
particles is shown in Figure 10(a). The particles are found to be non-
spherical and also of non-porous type. The central particle in Figure
10(a) was photographed with further magnification and is seen in Figure
10(t). Cracking on this particle is quite evident and was found to be
a general characteristic of many particles which made them very fragile.
Details of the porous structure of the particle in the upper left
corne= of Figure 9(2) are shown in Figure 11. It is clear that the

porosity is of extremely fine scale.
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FIGURE 11. Details of the Porous Structure of the Particle in the
Upper Left Corner of Figure 9(a).
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Iv. DISCUSSION OF RESULTS

From Table 2, it may be seen that for the molten glass/water combi-
nation, the predicted temperature for film boiling (~420° C) is consider-
ably lower than the melting temperature of glass (~750° C)}y Thus, it may
be expected that prior to breakdown of the vapor film, molten aglass would
begin to solidify, thus preveniing an energetic interactiun. This ex-
plains, perhaps, the little breakup of observed of molten glass dropped
into water under "natural" free fall conditions as seer in Figure 5(A).
However, the final product was extremely fragile owing to extensive
internal cracking and if not handled carefully, the final product would
have crumbled into smaller pieces. The internal cracking may have
occurred as a result of slowly cooled solidificacion in the film boiling
regime or as a result of rapid cooling of the solidified glass subsequent
to the film breakdown. It is of interest to point out here, that
Cronenberg et al. [13], have shown that behavior of the thermal stress
phenomenon in a solidifying sphere is considerably different for low
thermal diffusivity materials such as U07 as compared to this behavior
for higher thermal diffusivity materials such as metals. Present
results seem to support the! calculations in the sense that molten glass
which tends to freeze in the film boiling regime does show intensive
internal cracking; whereas molten aluminum, which also tends to solidify
in the film boiling regime under natural free fall conditions, does not
show internal cracking.

Under forced contact, conditions, on the other hand, molten glass
does energetically interact with water, resulting in extensive frag-
mentation (Figures 5(C) and 7(B)). Present observations of the glass/
water interaction show many similarities with experimental observations

W

i -
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of tin/water interaction bt several investigators [2, 5, 6]. Some of the

similarities are noted below:

(a) A single event is observed to consist of multiple interactions
with growth and collapse cycles (Figures 6 and 7(A)).

(b) Successive new interactions are triggered upon collapse of

the preceding interaction (Figure 6).
(c) Growth times of a single interaction are observed to be of
the order of two to three milliseconds (Figures 6 and 7(A}).
(d) Final debris shows extensive fragmentation with many particles
ir the middle size range (2,362 . - 246 ) having porous
structure (Figures 9 and 11).

These similarities show that many physical characteristics of »
fuel/coolant interaction, as proposed in the cyclic growth model of
Buchanan et al. [5], ars 27so present for a fuel/coolant combination in
which fuel is a low thermal diffusivity material and commencement of
solidification of the fuel is predicted upon liquid/liquid contact. The
similarities, in addition, show that the fragmentation mechanism for
molten glass contacting water is essentially the same as the fragmentation
mechanism for molten tin contacting water. Since the fragmentation of
tin in water cannot be of a thermal stress origin, one may conclude on
the basis or present findings, that fragmentation originating from a
thermal stress mechanism plays only a minor role in fragmentation of
glass in wa.er.

Thus, we have observed an energetic intaraction (growth times of
the order of a few milliseconds) with a fuel/coolant combination which
simulates the thermal characteristics of U02/sodium mbination guite

well. In addition, the particle size distribution of the firal debris
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from glass/water interactions are observed to be coarser than the Uozfsodium
interactions (Figure 8). From the above findings we may expect UOZ/sodium
interactions to be energetic in nature with the appropriate contact con-
ditions, contrary to some experimental observations.
The contradiction may show either of the following:
(i) The particle size distribution curve for the glass/water
interaction shown in Figure 8 *ould be shifted to the right
t. ompensate for the porosity of many fragmented particles,
or
(ii) The particle size distribution -ange for U02/sod1um inter-
actions shown in Figure 8 should be moved to the left to
compensate for additional break-up of particles which may
have occurred during the retrieval and analysi: phases for
the fragmented UO2 particles.
It nas been observed [12] that fragmented UO2 particles are
extremc:y fragile, as also observed for fragmented glass particles.
However ., analysis of fragmented UO2 particles present in a sodium bath

requires elaborate procedures [14], whereas it was a relatively easy

procedure for the measurement of glass particles present in a water bath.
In any case, present glass/water interaction findings coupled

with the comparison shown in Figure 8, suggests that basic mechanisms for

002 fragmentation in sodium are the same as those for glass fragmentation

in watar. However, the contuct ccnditions tested to date may not be

favorable for an energetic UOZ/sodium interaction.
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V. CONCLUSIONS

Experimental results are presented for the thermal interaction of
molten glass with water under both natural and forced free fall conditions.
Extensive fragmentation was observed for forced contact conditions. Muylti-
flash photographs of the event indicated interactions to be of an energetic
nature, with growth times to be of the order of a few milliseconds. In
addition, multiple interactions were observed to exist within a single
event and a new interaction was triggered upon the collapse of the previous
one. These findings are very similar to tin/water interaction observations
and lend support to the cyclic theory of bubble growth and collapse pro-
posed by Buchanan et al. [5] for fuel/coolant interactions.

Contrary to tk~ tin/water interaction studies, present observations
are for a fuel/coolant combination with simulates thermal characteristics
of U02/sodium considerably more accurately. The thermal diffu. ity of

molten glass is on the same orcer as the thermal diffusivity of UO2 and

for the molten glass/water combination the predicted interface tempera-
ture is considerably lower (.175° C) tha:. the melting temperature of glass.
The latte- orediction is also true for the U0,/sodium combination.
Particle size distributions of the final debris from the glass/
water interaction was found to be on the coarse side when compared to the
partic)- Lize distributics for the final debris from some in-p.i.e and
out-of-pile UOZ/sodium interactions. The discrepancy raises questions
concerning whether all of the possible contact modes between Uozlsodium
are covered in tne experiments to date. In particular, the mode of
contact not tested is where molten UO2 enters a sodium bath in the film
boiling regime (at least as predicted by Henry's correlation) and soon
after entry a forcible collapse of vapor is achieved between UO2 and

sodium by external means.
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