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Abstract—Thermal interactions of a molten tin drop with water were studied with a dropping contact
mode in a shock tube geometry. The interaction was triggered by collapsing the initial vapor/gas bubble
with a low-pressure (< 0.8 MPa) shock. The hollow, porous, shell-like debris indicates that violent boiling,
or homogeneous nucleation, of penetrated water, followed by turbulent mixing, might be a dominant
mechanism for fragmentation of tin drops. An empirical correlation was obtained for the fragmentation
time scale. The average heat transfer rate during the interaction was found to be in the range 1-10kW.
The conversion efficiency of thermal energy to mechanical energy of the water column above the tin drop
was found to be in the range 0.1-1.0%.

1. INTRODUCTION

IN A SEVERE light-water reactor accident, molten fuel
and steel could come into contact with the water in the
lower plenum and undergo an explosive interaction,
which might damage the reactor containment [1]. Te
provide the energy to escalate fuel-coolant interac-
tions and sustain the pressure wave, fuel-coolant heat
transfertis required immediately behind the front at
rates which imply a large enhancement of heat transfer
area. Two pressure-induced fragmentation mechan-
isms have been proposed: boiling fragmentation, and
purely hydrodynamic fragmentation, which depends
only on the relative velocity between fuel and coolant.
Since detonation calculations with hydrodynamic
fragmentation alone require a rather large escalation
length for the development of full detonations [2],
fragmentation mechanisms with shorter interaction
lengths will be operative during the escalation stage
and possibly longer. Generally, the mixing of fuel
drops with a volatile coolant results in stable film
boiling around the drops. Hence fragmentation mech-
anisms related to the boiling of the coolant, such as
nucleate or transition boiling [3], penetration of a
water jet [4], coolant entrapment [5], vapor blanket
collapse [6], or turbulent mixing, have received con-
siderable attention. These mechanisms are often non-
exclusive, and more than one may be operative at the
same time. In fact, cyclic processes have been observed
in several experiments [6-8].

In the present work attention is focused on boiling
fragmentation of fuel drops. To prevent hydrody-
namic fragmentation of fuel drops, fuel-coolant inter-
actions were triggered by generating a low-pressure
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(< 0.8 MPa) shock wave after a single drop of molten
tin was dropped into a column of water within a
vertical shock tube. Boiling fragmentation could thus
be observed at initial pressures of 0.1-0.5 MPa. Most
previous fragmentation experiments with tin and
other materials have been performed at atmospheric
pressure  without external triggering. However,
exploding wires, which generate a very sharp pressure
pulse and following rarefaction wave, have also been
used to trigger the interaction [9, 10]. In either case
the fragmentation proceeds under different conditions
than a vapor explosion, where the fragmentation
proceeds behind the detonation shock front at essen-
tially the shock pressure. This can strongly influence
the fragmentation rate and the mechanical work
output. Conducting the fragmentation study in a
shock tube has the advantage that fragmentation
takes place at the pressure behind the shock front. In
addition, single-drop experiments, while they can
be observed and modeled much more readily than
multiple-drop experiments, have the disadvantage of
excessive heat losses to the surrounding subcooled
water and weaker mechanical constraints on the
expanding mixture. The use of a liquid-column shock
tube in which to conduct the interaction has the
further advantage that the impulse imparted to the
overlying liquid can be rather precisely calculated
from the pressure traces, and the mechanical work
performed can be deduced therefrom.

In this work the time constant for the fragmen-
tation, the conversion efficiency of thermal energy to
mechanical energy, and the heat transfer rate, as well
as the fragmentation mechanism, were calculated,
based on the pressure—time history and the high-
speed photographs. In addition, the effects of par-
ameters, such as ambient pressure, shock pressure,
contact Weber number, water subcooling, and melt
temperature, were also studied.
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area
specific heat
D diameter

H enthalpy

h heat transfer coefficient
h,  heat of fusion

hy,  heat of vaporization

k thermal conductivity
Ja* thermal Jakob number
m mass

P pressure

P*  peak pressure

shock pressure
dimensionless shock pressure
q heat transfer rate

T temperature

T  dimensionless breakup time
t time

u velocity

We contact Weber number
thermal Weber number

X vapor film thickness or crust thickness
X* minimum film thickness.

NOMENCLATURE

Greek symbols

o thermal diffusivity

A crust growth constant

i1 viscosity

¢ fractional heat loss to the surrounding
water

p density
surface tension

T time constant.

Superscripts
b breakup
¢ characteristic
f fuel or final
g gas
1 liquid
m melting
s solid
sat saturated
0 initial
oo terminal.

2. EXPERIMENT

2.1. Shock tube

As shown in Fig. 1, the shock tube [11] consists of
a driven section constructed of thin-walled 50 mm
O.D. stainless steel tubing surmounted by a driver
section. The thin mylar diaphragm between the two
sections is ruptured by a plunger attached to a piston.
This is actuated by a solenoid valve (MV1) with a
pre-set time delay, in order to locate the tin drop near
the top of the window when the pressure shock
arrives. The piston cylinder is connected to the driver
section via a check valve (CV1) to equalize pressures
during pressurization of the driver section. The press-
ure in the driver section is controlled by a regulating
valve (RV1) connected to a nitrogen gas cylinder, and
is measured by a precision pressure gauge. Air is
removed from the driven section by a vacuum pump
protected by a trap, and is then replaced with nitrogen
gas to prevent oxidation of tin. The initial system
pressure is controlled by a regulating valve (RV2) for
pressures above atmospheric. Pressure variations in
the driven section are measured by two quartz press-
ure transducers (PT1, PT2), one in the water and the
other in the overlying gas. A third pressure transducer
(PT3) s placed 70 mm below the diaphragm to initiate
data sampling by a microcomputer. The resonant
frequency and the rise time of the pressure transducer
are 250kHz and 2 ps, respectively. A melting crucible
made of stainless steel, 12mm diameter x 20mm, is
supported by a 3 mm steel rod and heated by a high
watt density (160 kW m ™ 2) electric heater of diameter

1.25mm wound on the outside wall of the crucible.
The molten tin is dropped into water by turning the
rod. A light source and a photo-detector are placed
10mm below the crucible. The light beam is broken
by the falling tin drop, which then actuates the
solenoid valve (MV1) with a pre-set time delay. The
temperature of the molten tin in the crucible is
measured by a thermocouple. The location of the
fragmenting drop relative to PT2 is determined from
the high-speed photographs.

2.2. Experimental conditions

Spontaneous interaction of tin and water at
atmospheric pressure can be avoided in a certain
range of tin and water temperatures. However, it
appears that the spontaneous interaction zone is
dependent upon the contact mode of fuel and coolant.
In experiments by Dullforce et al. [12] 12 g of molten
tin were dropped into water 3cm below the tin
crucible, while single water drops were released 5cm
above the molten tin surface in experiments by Wey
et al. [7]. In addition, Reynolds et al. [13] found that
the extent of the spontaneous interaction zone was
slightly dependent on the mass of tin. Since molten
tin drops were dropped into water in the present
experiments, the conditions mentioned above can be
reduced to a contact Weber number We*, based on
the drop velocity upon entering the water. In the
Dullforce experiments the contact Weber number was
approximately 13, which is very close to the critical
value for Weber breakup [14].
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F1G. 1. Schematic description of the low-pressure shock tube.

100 Wey et al. (1980)
W
S 8o E Jwe=78
o ; XY Wwe=05
o = 4 l
£ 6o 4
8 L °
a "
8 40 e
@ o\ -
5 ol € by S
= 5| | oultforce et at usre)
o (NN !
100 200 300 400 500 600 700

Initial tin temperature (°C)

F1G. 2. Spontaneous temperature-interaction zone for tin
and water as a function of the contact Weber number at
atmospheric pressure.

Hence, a series of spontaneous interaction exper-
iments was conducted to determine the spontaneous
interaction zone for contact Weber numbers less than
13. Figure 2 shows the spontaneous temperature-
interaction zone as a function of the contact Weber
number at atmospheric pressure. It is seen that a
shift of the spontaneous temperature-interaction zone

occurs, depending on the contact Weber number.
When We* = 7.8, the temperature-interaction zone is
close to the region found by Wey et al. [7]. This
means the effect of air entrainment is not very
significant. However, the reason for a shift of the
interaction zone at We* = (.5 is not clear. A contact
Weber number of 7.8 was chosen for the present
experiments, owing to the limitation imposed by the
high-watt-density heater. The maximum tin tempera-
ture which could be obtained from the heater was
about 650°C. At pressures above 0.2 MPa, spon-
taneous interactions were completely suppressed for
the same range of tin and water temperatures. The
ambient pressure is thus an important parameter for
fragmentation.

The pressure rise time constant may play an import-
ant role in the triggering of interactions. However, it
was found by Sharon and Bankoff [8], in their fuel-
coolant interaction experiments in a shock tube with
initially-established film boiling, that the pressure
time constant had no effect on the triggering of
interactions when the time constant was less than
4 ms. Therefore, the pressure rise time constant was
excluded from the experimental parameters.

The ranges of the experimental parameters were
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Pressure (MPa)

Time (ms)

Fi1G. 3. Time history of pressures for strong interactions: AP = 0.54 MPa, P, = 0.1 MPa, T; = 565°C,
T, = 66°C.

thus determined as follows:

initial tin temperature = 500~-600°C
initial water subcooling =10-60°C
initial pressure =0.1-0.5MPa
shock pressure =0.2-0.75MPa
contact Weber number =178.

3. EXPERIMENTAL RESULTS

3.1. Time history of pressures

A representative time history of pressures in the
water and in the gas phase above the water for strong
interactions is shown in Fig. 3. The gas phase pressure
shows the characteristics of the pressure shock gener-
ated, and the water pressure shows three strong peaks
during the first 3 ms. Since the drop is initially in a
film boiling mode, the first peak is believed to be due
to the collapse of the initial vapor bubble, while
the second and third peaks are associated with the
collapse of the vapor bubbles generated during the
interaction. This coincides with the observations from
the high-speed photographs, which show three con-
secutive collapse and growth periods of the vapor/gas
region during the first 3ms. The water pressure
remains a little below the gas phase pressure between
the pressure peaks, as would be associated with the
decelerating growth and accelerating collapse of a
vapor bubble. The reflected wave causes additional
interaction at about 8 ms. More details are given by
Han [15].

3.2. High-speed photographs

Figure 4 shows a typical deformation of a tin drop
behind a pressure shock for strong interactions. The
drop is initially ellipsoidal, and seems to entrain non-
condensable gas as it enters into the water. Since the

tin drop cannot be clearly identified due to the
presence of vapor during the deformation, only the
boundaries of the interaction region are shown. It is
seen that, since most of the entrained gas plus vapor
was located near the top of the drop, cyclic bubble
growth and collapse occurs only in this region. Water
penetrates into the drop after the bubble is collapsed,
resulting in the expansion of the lower boundary
in all directions. During the expansion phase the
boundary becomes very wavy. Some of the fragments
are believed to be ejected from the interaction region,
which is confirmed by the presence of very fine
particles in the debris. Such a fragmentation mechan-
ism may be explained by boiling of the penetrated
water or by an impulsive motion of coolant and
splash of fuel {16], or a combination of both. As
shown in Fig. 4 (Frames 4-6), the penetration of water
causes a local swell of the bottom surface of a tin
drop. After the tenth frame no significant changes in
the boundary are observed, and smooth boiling of
the entrapped water inside the tin drop or surrounding
water occurs after the tenth frame. The vapor/gas
mixture eventually separates from the drop as it cools
and rises. The elapsed time to the tenth frame is about
2.7ms. For the mild interactions, a large vapor/gas
bubble is always observed to be present at the top of
the drop throughout the interactions, while the top
boundary undergoes little expansion even after the
initial bubble has ceased to collapse.

3.3. Effect of the shock pressure

Spontaneous interactions can be suppressed either
at ambient pressures greater than 0.1 MPa or at
high tin and water temperature conditions, even at
atmospheric pressure. However, violent interactions
can be initiated under these conditions if an external
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F1G. 4. Deformation of a tin drop for strong interactions:
AP =031 MPa, P, = 0.1 MPa, T; = 78°C, T; = 593°C (delay
time = 120 ms, speed = 0.274 ms per frame).

trigger is applied. Figure 5 shows the shock pressures
required for strong interactions at various initial
pressures. The shock pressure is defined as the differ-
ence between the final pressure and the initial pressure,
where the final pressure is the average water pressure
measured near the drop during 1-3ms after shock
arrival. It is seen that a sudden increase in the shock
pressure occurs for initial pressures greater than
0.3 MPa. However, a decrease in the required shock
pressure as the initial pressure increases in the neigh-
borhood of atmospheric pressure, observed by

08
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F1G. 5. Triggered pressure-interaction zone for tin and water:
T, = 80°C, T; = 550-570°C.

Nelson and Duda [17], was not found. In the Nelson
and Duda experiments the initial temperature
(2000° C) of the molten iron oxide drops was about
1200 ° C above the minimum film boiling temperature
of water, so that the stability of the initial vapor film
decreased as the initial pressure increased at constant
water temperature, owing to the increase in the liquid
subcooling, at initial pressures less than 0.2 MPa. On
the other hand, the sharp increase observed by Nelson
and Duda in the required pressure pulse above
0.8 MPa may be related to the increased vapor density,
which inhibits complete collapse of the vapor film
and also results in slower bubble growth. In the
present experiment the initial tin temperature (550—
560° C) was only about 200°C above the minimum
film boiling temperature with 80°C water, and the
required shock strength was much less than with
molten iron oxide. This may be related to the absence
of a decrease in the required shock pressure as the
initial pressure increases. Besides, the triggers were
quite different, as noted above.

3.4. Effects of initial pressure and water subcooling
Figure 6 shows the triggered-interaction zone for
various water temperatures and initial pressures. The
shock pressure was kept constant at 0.41 MPa. The
degree of water subcooling necessary for strong inter-
actions rose sharply when the initial pressure was
increased to 0.3MPa. This may be interpreted in
terms of the increased vapor density at high initial
pressures. As the initial pressure increases at constant
water subcooling, the higher vapor density inhibits
complete collapse of the vapor film. Hence an initially
less stable vapor film, which is obtainable at larger
water subcoolings, is required in order to initiate
strong interactions at the same shock pressure. Since
the trigger mechanism is quite different, it is difficult
to make a direct comparison of these results with the
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F16. 6. Effect of water subcooling on triggering interactions at
various initial pressures: T; = 560—580°C, AP = 0.41 MPa.

Nelson and Duda results. A theoretical comparison
will, however, be made, based on the vapor film
collapse calculation, in Section 4.5.

4. ANALYSIS AND DISCUSSION

4.1. Fragmentation of single tin drops

The high-speed photographs and the debris show
incomplete fragmentation of tin drops, although the
initial superheat of the melts was maintained greater
than 300° C. It appears that freezing of the tin drop
surface becomes dominant at this temperature range
and inhibits further progress of the fragmentation in
the later period, giving rise to a porous shell-like
debris. A similar type of debris was also obtained by
Bradley and Witte [18] in the molten metal jet—water
interaction experiments. The jet was found to be
expanded into a popcorn appearance and solidified
in that configuration when the superheating of the
melt was less than 100°C.

If the surface freezing is competitive with fragmen-
tation of fuel drops, the fragmentation time should
be less than the freezing time, during which crust on
the surface grows to a thickness comparable to the
minimum particle size, for extensive fragmentation of
fuel drops.

The crust growth is given by [19]

X(t) = 22(e)'? (n
where 4 is given by
kw"‘s1 ? exp(—417)
kat* + kol erf(d)
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kot (T, — T)erfe [4(a/%)"” ]
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m
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For fuel temperatures close to the melting point, the
second term on the left-hand side becomes negligible.
Then, the constant A is 0.2 for water at 50°C, and a
crust of thickness 0.2mm will be developed on the
surface in about 1 ms. If the cooling time scale of the
thermal boundary layer on the surface is less than
1 ms, fragmentation into particles of diameters much
less than 0.2 mm will not be possible,

4.2. Empirical correlation for the fragmentation time

The fragmentation time scale can be estimated from
the time intervals between pressure peaks. The high-
speed photographs (Fig. 4) show that the maximum
expansion of the boundary occurs after the third
collapse of the vapor/gas region, and no significant
change in the boundary occurs after that. Hence, the
time intervals between the first and third pressure
peaks would be a good approximation of the fragmen-
tation time scale.

The variables involved in fragmentation are i,
fragmentation time, T;,, the initial tin drop tempera-
ture, T;,, the initial water temperature, AP, the shock
pressure, D, the drop diameter, and P, the initial
pressure. Here the same form of dimensionless time
as in the hydrodynamic fragmentation is defined

T = t_b&(&)m 3)
D \ps

where u_ is the characteristic velocity for vapor film
collapse, which can be expressed as [4]

APV
={—1 . 4
e (Pl) “

The thermal effects of coolant and fuel drops can
also be taken into consideration. Since the Jakob
number is an important parameter in the thermally-
controlled bubble growth, which is believed to come
into play in multi-step fragmentation, a similar form
of a thermal Jakob number is defined for fuel and
coolant as

(1 — ) pCHATH, hy
Jat =— 2R AT, = Ty — Thp + =2
phes £ f0 10 Ce

{(5)

where ¢ is the fraction of heat transferred from the
fuel drop which is lost to the surrounding water.

On the other hand, the thermal Weber number is
defined as

2
We+ — p!X(;Ouc (6)
f

where X, is the initial film thickness, given by [20]

174
Xy = B[exp {4.35 (@?31—!) } ~ IJ )
2 hDpyo

hiy = ey + 0.95C,(T; ~ T,o). ®)
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F1G. 7. Conversion efficiency vs initial water temperature at
various initial pressures: AP = 0.41 MPa, T; = 550-580°C.

When these variables are correlated, based on the
experimental data, in an equation of the form

T =ada* "We*" 1)

one obtains a = 9.6, m = — 042, n= — 023 with
variances of 7.1 x 1072, 74 x 1072 57 x 10" 3 fora
one-step process, and a=13, m= — 03, n= 021
with variances of 2.2 x 1072, 23 x 1073, 1.8 x 10™3
for a multi-step process, where ¢ was taken as 0.9.
For £ = 0.75, only the value for a varies slightly, while
the values for m and n are still the same as for & = 0.9;
a = 14.1 with variance of 8.9 x 1072 for a single-step
process, and a = 1.7 with variance of 2.8 x 1072 for
a multi-step process.

4.3. Conversion of thermal energy

The initial calculation of the mechanical work
available from a molten fuel/coolant interaction was
made purely on thermodynamic grounds by Hicks
and Menzies [21]. The calculation gives the thermo-
dynamic upper limit on the potential work, which
could be as much as 30 % of the total thermal energy
in the molten fuel. Taking into account the heat loss
in this case to the surrounding water which ranges
from 75 to 90% of the heat transfer from the
fuel surface [22, 23], the conversion efficiency is
significantly reduced. Experimental values of the con-
version efficiency are usually much less than 10%
[24-26].

We take the mechanical work done by the water
column above the interaction region as the main
output from the thermal energy release process. If the
compression of the water below the interaction region
is negligible, the kinetic energy of the water column
can be estimated by the pressure impulse, which is
calculated from the measured pressure history in
water and the gas phase above the water.

The calculated conversion efficiencies of the kinetic
energy are shown in Figs. 7 and 8. Here, the upper
limit of the integration time for the maximum pressure
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impulse was taken as the time for the third pressure
peak, because the high-speed photographs (Fig. 4)
show a maximum expansion of the boundary immedi-
ately after the third collapse of the vapor/gas region.
It is seen that the wide scatter in calculated efficiency
makes it difficult to separate parametric effects. In
general, the efficiencies are in the range of 0.1-1 %.

4.4. Heat transfer during fuel-coolant interactions

Duffey et al. [22] measured the transient heat
transfer and vapor generation rates in water under
conditions of acoustic and. high-pressure loading
They found that near the nucleate boiling region the
peak flux was 5-10 x 10" Wm™? and only about
10% of the thermal energy contributes to generate a
vapor phase. Inoue and Bankoff [11] also measured
the peak heat flux in Freon-113 in a study of destabiliz-
ation of film boiling due to arrival of a pressure shock,
and reported a value of the order of 10°Wm ™2

Since the heat transfer rate in film boiling is much
less than that in nucleate boiling, a sudden increase
in the heat transfer rate is expected when the vapor
bubble collapses. Hence, it is very difficult to estimate
exactly the heat transfer rate during fragmentation.
Instead, the average heat transfer rate during fuel-
coolant interaction can be estimated as

AH,

o

AH; =m[Co (T — T) + hy]  (10)
where the final temperature of the tin drop was
assumed to be equal to the initial water temperature
and ¢, is the total elapsed time for the vapor to leave
the drop as it cools. Since the initial thermal energy
of the tin drops is in the range of 150-200 J and ¢,
is about 100 ms from the high-speed photographs, the
average heat transfer of 1.5-2 x 10°> W is obtained.
For unfragmented single tin drops of diameter 1 cm,
the heat transfer area is about 3 x 10~ * m2. If surface
area increases by a factor of 10 after fragmentation,
the average heat flux during the interaction becomes
5-6.7 x 10> kW m ™2, In the Nelson and Duda exper-
iment [9], the total elapsed time for complete fragmen-
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tation was less than 10ms. Since the initial tempera-
ture of fuel (iron oxide) was about 2000° C and the
initial water temperature about 20°C, the average
heat transfer rate becomes at least 10* W, using a
specific heat of 800 Jkg~!°C~!.

In order to scale the heat transfer time constant,
during which most of the thermal energy is released,
a simple calculation is performed.

If the diameter of the fuel particles during fragmen-
tation is given by

— Dy = Deoexp(—t/ty) (11)

or

A = Agoexp( + t/ty) (12)

where 1, is the fragmentation time constant and A, is
the total heat transfer area. Here the assumption is
made that the fuel drops are fragmented into smaller
particles with a uniform size each time. Then the
energy balance for the fuel drops becomes

dT;
- mfcpf——t£ =hA{T; - T)

q (13)

where m; is the total mass of fuel, h; is the average
heat transfer coefficient and A, is the total heat
transfer area.

From equations (12) and (13), the change of fuel
temperature is given by

Ti—-T\_ hiAsots —
(=) - - (S rp o0 - 1109

Since fragmentation ceases as the fuel temperature
decreases to the melting point, heat transfer without
area enhancement will ensue after the time ¢, which
is given by

fm ln[l - ( e Cpr )m(T"' = T‘)] (15)
To heAgoTs, To— T,
For the tin—water system, this time t,, is 3ms if a
water temperature of 50 °C, tin temperature of 600 °C
and fragmentation time of 1 ms are assumed. For a
fragmentation time of 0.1ms, ¢, is 0.8 ms. Here the
film boiling heat transfer coefficient in a saturated

liquid is taken from Bromley [27].
The heat transfer rate is then given by

ql = exp {i - ("‘—Aﬂ> [exp(t/t) — 1]} (16)

0 To mfcpf

Figure 9 shows the dimensionless heat transfer rate
as a function of the fragmentation time. It is seen that
the fragmentation time should be of the order of 1 ms
for explosive interactions. Otherwise, area enhance-
ment will be overwhelmed by the cooling of fuel
drops. When the fragmentation time is 10 ms, the heat
transfer rate shows a maximum and decreases sharply.
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4.5. Vapor film collapse and initiation of fuel—coolant
interactions

As shown in Fig. 5, the required trigger pressure
for strong interactions decreases at initial pressures of
less than 0.2 MPa in the Nelson and Duda experiment
[17], while the present results show a constant trigger
pressure at initial pressures of less than 0.3 MPa. This
may be related to the vapor film collapse as well as
the difference in the triggering mechanism; that is, a
pressure shock vs a pressure pulse.

In order to examine the role of initial vapor film
collapse in triggering fuel-coolant interactions, the
simplified model for destabilization of film boiling
[28] was recalculated for the present experimental
conditions, and also the Nelson and Duda conditions.

Figure 10 shows the minimum film thickness vs
dimensionless shock pressure for the present exper-
iment. The ambient pressure was varied according to
a first-order response of the form

P(t) — Py = (P; — Po)[1 —exp(— t/1,)]

with the time constant 7, = 0.5 ms. The minimum film
thickness, X*, at the threshold shock pressure is

(17
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shown by a broken line. It is seen that as the initial
pressure increases at constant AP, AP* decreases,
and X* increases. At the initial pressure of 0.3 MPa,
the increase in the shock pressure does not make
much difference in the minimum film thickness. The
increased vapor density at higher initial pressure
comes into play to impede collapse of the vapor film.
Since it was found that the reproducibility of the
trigger pressure pulses using an exploding wire is not
very good [29], the effect of the duration time was
examined for the Nelson and Duda results. Here the
pressure pulse was approximated as a square wave
with an amplitude AP and a duration time in the
range of 10 us. Figure 11 shows that the minimum
film thickness is very sensitive to the duration time
at atmospheric pressure, while the minimum film
thickness varies little at initial pressures greater than
0.2 MPa. As the duration time decreases, the minimum
film thickness approaches the values at higher initial
pressures. If the fuel-coolant interaction can be
initiated as soon as the vapor film thickness reduces
to a certain critical value, for example 2 x 10™*m in
the Nelson and Duda experiment, strong interactions
would be triggered by a pressure pulse as low as
0.1 MPa with a duration time of 20 us. Thus, it may
be concluded that, since the behavior of the vapor
film collapse is very much dependent upon the dur-
ation time of the pressure pulse, especially at 0.1 MPa,
a more careful examination should be performed of
the triggering phenomenon at low initial pressures.

5. CONCLUSIONS

(1) Thermal interactions of a tin drop with water
have been studied with a dropping-contact mode in
a shock tube geometry. The interaction was triggered
by collapsing the initial vapor/gas bubble with a
pressure shock, giving rise to a hollow, porous, shell-
like debris. It appears that freezing of the drop surface
suppresses the fragmentation process and inhibits
complete fragmentation of tin drops into fine particles.
Hence, only the intermediate stage of the fragmen-
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tation process was observed. The debris indicates
that violent boiling, or homogeneous nucleation, of
penetrated water seems to be a dominant mechanism
for fragmentation of tin drops. The porous state of
the shell also indicates strong turbulence and mixing
in this region. Flows of 10ms~! past 100 um bubbles
will easily satisfy a turbulent Reynolds number cri-
terion as high as 103, If the characteristic length is
taken to be the thickness of the foamed layer, the
required velocities are at least an order of magnitude
lower. However, further studies on this area should
be performed to develop a more deterministic model.

(2) A decrease in the threshold trigger pressure at
initial pressures less than 0.2 MPa, as observed in
the Nelson and Duda experiment [17], was not found
in the present experiment. This may be related to a
more stable vapor film, owing to higher iron oxide
temperatures. Hence, a stronger trigger pulse was
necessary in the Nelson and Duda experiment.
Besides, the triggers were quite different; a pressure
shock, instead of a pressure pulse, was used in
the present experiment. Hence, the ambient pressure
remained at a higher pressure than the initial pressure
during the interaction, while the ambient pressure
returned nearly instantaneously to the initial pressure
in the Nelson and Duda experiment. Since the repro-
ducibility of the trigger pulse using an exploding wire
is not very good, the effect of the duration time for
the trigger pulse on the vapor film collapse was
examined, based on a simplified model for destabiliz-
ation of film boiling. It was found that the minimum
film thickness at the cutoff conditions is strongly
dependent upon the duration time, which varied
between 10 and 50 us, at atmospheric pressure, but
not at higher initial pressures greater than 0.2 MPa.
Therefore, a more careful examination is needed of
the ‘easier triggering’ range.

(3) The average heat transfer rate during the interac-
tion was found to be in the range 1-10kW. When a
surface area increase by a factor of 10 is assumed for
a drop of initial diameter 1cm, the average heat flux
was at least one order of magnitude less than the peak
heat flux measured by Duffey ez al. (5-10kWcm™2).
Furthermore, if an exponential increase in the surface
area is assumed during the interaction, it was found
that the fragmentation time should be of the order of
1ms for strong interactions. Otherwise, the area
increase will be overwhelmed by cooling of fuel drops,
resulting in early onset of freezing.

(4) If fragmentation is a multi-step process, as
observed in the Nelson and Duda experiment, the
fragmentation time scale may be approximated as the
time intervals between the first and third pressure
peaks. The dimensionless breakup time was corre-
lated, in terms of a modified Jakob number, and a
thermal Weber number, in an equation of the form

T* =aJa*"We*"
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where m = — 0.3 and n = 0.21 were obtained, while
a varies in the range 1.3-1.7, depending on the heat
loss to the surrounding water.

(5) The conversion efficiency of thermal energy to
mechanical energy of the water column above the
interaction region was also calculated, based on
the incompressible liquid momentum equation. Even
though wide scatter in the calculated conversion
efficiencies makes it difficult to separate parametric
effects, the efficiencies are in the range of 0.1-1%,
which is much less than the Hicks and Menzies values.
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INTERACTIONS D'UNE GOUTTE D'ETAIN FONDU AVEC L'EAU, DECLENCHEES
PAR UN CHOC BASSE-PRESSION

Résumé—Les interactions thermiques d'une goutte d’étain fondu avec de 'eau sont étudiées avec un mode
de contact obtenu dans une géométrie de tube & choc. L'interaction est déclenchée en faisant disparaitre
la bulle initiale vapeur/gaz par un choc a basse pression ( <0.8 MPa). Le débris creux, poreux en forme de
coquille montre que la violente ébullition (ou la nucléation homogéne) d’eau qui a pénétré, suivie par un
mélange turbulent, peut étre un mécanisme dominant pour la fragmentation des gouttes d’¢tain. On obtient
une formule empirique pour I'échelle de temps de fragmentation. Le flux moyen de chaleur transféré
pendant l'interaction est compris entre 1 et 10kW. Le rendement de la conversion de I'énergie thermique
en énergie mécanique de la colonne d’equ au-dessus de la goutte d'étain est situé dans le domaine 0,1~

1,0%.



Thermal interactions of a molten tin drop with water triggered by a low-pressure shock

THERMISCHE WECHSELWIRKUNGEN EINES GESCHMOLZENEN ZINNTROPFENS
MIT WASSER, AUSGELOST DURCH EINEN UNTERDRUCKSTOSS

Zusammenfassung—Die thermischen Wechselwirkungen eines geschmolzenen Zinntropfens mit Wasser
wurden in einem StoBrohr untersucht. Die Wechselwirkung wurde durch den Zusammenbruch einer
anfanglich vorhandenen Dampf-/Gasblase infolge eines Druck-StoBes ausgeldst (< 0,8 MPa). Das hohle,
pordse, schalenférmige Bruchstiick 148t vermuten, daB heftiges Sieden—oder homogene Keimbildung—
in Wasser, gefolgt von turbulenter Vermischung, der Hauptmechanismus bei der Zertrimmerung von
Zinntropfen ist. Fiir den ZeitmaBstab der Zertriimmerung wurde eine empirische Korrelation gefunden.
Der mittlere Wirmeaustausch wihrend der Wechselwirkungen bewegt sich in einem Bereich von | bis
10 kW. Der Konversionsfaktor von thermischer in mechanische Energie der Wassersdule iber dem
Zinntropfen betragt 0,1-1,0%.

TETUIOBOE B3AMMOJENCTBUE KAIUIM PACIUIABJIEHHOI'O OJIOBA C BOJON INPU
MMPOXOXIEHWUU VIAPHON BOJIHBI MAJIO UHTEHCHBHOCTHU

AntoTaums—TennoBoe B3aUMOACHCTBHE KAl PaclIaBJICHHOTO OJIOBA C BOAOH HCCIENOBaNoCh Ha
YCTaHOBKE THNA yaapHOH TpyObl. BaanmoneiicTBHe HMHHIHMPOBAJIOCh MPH Pa3pylICHHH Mapo-ra3oBoro
ny3bpipbKa yAapHOH BOJIHOH Masioit nHTeHcHBHOCTH ( < 0,8 MIla). AHanH3 mycTOTENbIX, NOPHCTHIX, CKOP-
Nynoo6Gpa3HbIX OCTATKOB IIOKa3bIBaeT, YTO HaHOosiee BEPOATHBIM MEXaHH3MOM pa3pylleHus Kaleib
0J10Ba ABJAETCH OypHOE KHMIIEHHE MPOHMKAIOLIEH B MOBEPXHOCTL KallJIH BOObI MJIH OQHOpoAHoe 06paso-
BaHME My3bIPbKOB C NOCIEAYIOIUHM TYpOyJIeHTHBIM nepeMelunbaHueM. [TonydeHO aMmUpHYECKoe COOT-
HOLLIEHHE [UIS ONpeAeNIeHHs LIKaIbl BpEMEHH pa3pyiueHHs nys3sipskos. Haiigeno, yto 3naveHue cpeanei
MOILHOCTH TEMJIOBOTO MOTOKa JexuT B mpenenax 1-10 kBr. IlokazaHo, yto a0as npeoGpasoBaHus
TENJIOBOH 3HEPrHM B MEXAHHYECKYIO JHEPIrHro BoIasHOro cronba Hax kamiedl onosa cocrasaseTr 0,1-
1,0%.
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