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Abstract

This paper makes available the first experimental data on the fragmentation kinetics of hot liquid drops in
another liquid (coolant) under the influence of sustained pressure pulses. We observe the effect of “thermal” on
“hydrodynamic” fragmentation and micromixing mechanisms, as deduced by the rates and morphology of the
resulting particle “cloud”. We show how propagation can be quantified within the framework of a numerical model,
and on this basis some interesting interpretations of an experimentally-observed triggered “detonation” in the

KROTOS facility (in ISPRA) are offered.

1. Introduction

It is known that under certain conditions “hot”
liquid drops can violently interact (“explode”)
after coming in contact with a surrounding “cold”
and volatile liquid (the “coolant”). These thermal
interactions are the consequence of rapid and
fine fragmentation (of the drop) and the accom-
panying mixing with the surrounding coolant.
Such interactions are known to be initiated by the
contact of the two liquids; such contact can be
observed either spontaneously (for appropriate
combinations of temperatures) or it can be caused
by forcing the collapse of the intervening vapor
blanket, as for example, by a sharp pressure pulse.
It is also known that droplet fragmentation can
result from purely hydrodynamic causes (i.e. in

* Also with the Department of Mechanical and Environment
Engineering.

isothermal systems) in an induced rapid accelera-
tion environment, as the one that accompanies a
large pressure wave. In the detonation wave of a
steam explosion clearly both mechanisms are pre-
sent, yet their relative role, and hence the actual
kinetics that control the various stages of escala-
tion from the initiating trigger event to a “full-
strength” detonation, remain to be reconciled.

More specifically, while the very initial stages
of a spontaneously triggered explosion will be
dominated by thermally-induced fragmentation,
and while at the other extreme of a fully devel-
oped detonation into the supercritical pressure
region only hydrodynamic breakup is relevant,
nothing is known about the intermediate, escala-
tion, regime. This regime is crucial in that it deter-
mines whether the premixture conditions can sup-
port an escalation into a highly developed detona-
tion, and perhaps more importantly, whether this
escalation is possible within the physical constraints
of the practical system under investigation.
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This then is the main theme of this work, with
some more specific considerations including: the
details of micromixing environment around each
drop as it fragments, the dynamic aspects of the
pressure and velocity fields behind the shock
front (especially in the so-called reaction zone),
and the fundamentally non-one-dimensional
character of the process. Our experimental ap-
proach is based on the detailed observation of
droplets forced to interact with the coolant in a
simulated steam explosion environment — espe-
cially with regard to sustained pressure waves
that characterize the reaction zone. This is ac-
complished in a hydrodynamic shock tube. All
analytical interpretations are carried out with our
computer code, ESPROSE, already documented
by Medhekar et al. [1,2].

Previous related work can be briefly summa-
rized as follows.

1.1. Thermally-induced fragmentation

Most of the work in this area has been aimed
to delineate and interpret the so-called tempera-
ture interaction zone. No fragmentation rate data
exist, but inferences on fragmentation (and inter-
action) rates have been made from comparisons
of calculations with Nelson’s [3] data on the
growth and collapse cycles of vapor bubbles from
triggered single-drop melt-water interactions.
Such interpretations have been offered by Kim
and Corradini [4] and by Inoue et al. [5] among
others. In particular, the Kim—Corradini model is
intended to be predictive; in it the fragmentation
time is obtained from the penetration of the drop
by liquid coolant jets arising from the “spikes” of
Taylor waves at the interface upon collapse and
rebound of the vapor blanket. In a simple inter-
pretation [16] of this model the jet velocity is
obtained from

AP 172
o {pc(l +pd/pc)1/2} ’ M
which yields a fragmentation time ¢, of
Ry/U; <t, <Dy/U,. (2)

In the above, AP is the pressure rise across the
shock front. Note that this model makes no dis-
tinction for the duration of the pressure pulse or
of the droplet temperature, and it does not ex-
plain how these microscopic jets can survive the
intense heating environment, but rather pene-
trate the droplet all the way through. For exam-
ple, for a corium melt drop 10 mm in diameter,
and a shock pressure rise of 200 bar, the above
yields a fragmentation time of 50 to 100 us. Note
that this is short compared to the residence time
in the reaction zone, and too long regarding the
microjet’s potential response to the intense heat-
ing.

1.2. Hydrodynamically-induced fragmentation

Experimental work in this area, for the rele-
vant liquid-liquid system, is scarce and not well
documented; worse, it appears to be contradic-
tory. On the one hand Baines et al. [6] and Kim
et al. [7] working with mercury and gallium drops
in water have reported (visual determination)
fragmentation times consistent with old results
obtained in gas-liquid systems; namely, the
boundary layer stripping mechanisms and a di-
mensionless fragmentation time, ¢, of

t,U. 172
*= "D (fi) ~4t05. (3)
d \ P4

On the other hand, Theofanous, Saito and
Efthimiadis [8], using flash X-ray diagnostics re-
ported, for a mercury—water system, significantly
lower breakup times. These results were corre-
lated in terms of a Bo!/* dependence, motivated
by a Taylor instability mechanism, as

t* =10.3 Bo; /4, (4)

For example, for a Bond number of 10° this
yields a dimensionless breakup time of ~ 1, or
four to five times faster than boundary layer
stripping. For a Bond number of 103 the result is
~ 2 and still more than a factor of 2 faster. Both
the X-ray photos and the guantitative analysis of
them has been documented by Theofanous et al.

[91.
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1.3. Fragmentation in detonation models

Not surprisingly, the formulation of fragmenta-
tion in detonation modelling has been widely
varied. To start with, the formulation in the origi-
nal, steady-state, detonation model of Board and
Hall [10] made use of Eq. (4), with a coefficient of
22, known at the time from experiments with
gas-liquid systems. Modern transient detonation
models have also made use of hydrodynamic frag-
mentation; Thyagaraja and Fletcher [11] used a
uniform fragmentation rate based on Eq. (3), but,
for unknown reasons, with the constant set equal
to 1; Medhekar et al. [1,2] used the Reinecke-
Waldman fragmentation rate correlation [12] (de-
veloped also from gas-liquid work) with a dimen-
sionless fragmentation time of 1 (motivated from
Eq. (4)). It should be noted that all these (gas—
liquid) data were obtained with steady flow con-
ditions (by imposing an instantaneous accelera-
tion and thus a fixed free-stream velocity behind
the shock) while for liquid-liquid systems the
relative velocity changes during the fragmenta-
tion time is very significant. In a detonation cal-
culation this is further aggravated by the highly
variable pressure and velocity field histories be-
hind an escalating shock front. Finally, besides
the fragmentation Kinetics, another equally im-
portant aspect in detonation modelling is to prop-
erly reflect the micromixing between the finely
fragmented debris and the coolant available to
mix in the immediate proximity. This is particu-
larly important in fuel-dilute premixtures (as is
commonly the case) and also in interpreting ex-
periments that may not be truly one-dimensional.
As experienced by Biirger et al., [13] one-dimen-
sional simulations lead to considerable inconsis-
tencies — with the exception of ESPROSE, all
other published detonation models are restricted
to one dimension.

The presentation in this paper is made in
three parts. The first is concerned with the recast-
ing of Eq. (4) in differential form; that is, express-
ing the fragmentation rate in terms of the instan-
taneous Bond number. This is done with the help
of ESPROSE made to simulate the single-drop
response as observed in the shock-tube experi-
ments that formed the basis for Eq. (4). In the

second part we present new experimental data,
obtained in the same shock-tube facility but with
molten tin drops superheated by different
amounts and subjected to pressure waves of vari-
ous magnitudes, such as to span the potential
range of thermal vs. hydrodynamically controlled
mechanisms. A preliminary interpretation of these
data (hydrodynamic vs. thermal fragmentation
mechanisms) is also provided with the help of
ESPROSE and the instantaneous Bond number
formulation derived in the first part. Finally, in
the third part these fragmentation kinetics results
are supplemented with a non-equilibrium treat-
ment introduced in ESPROSE to “simulate” and
discuss a “detonation” observed in the KROTOS
facility at the European Joint Research Center in
ISPRA (Italy). This example also illustrates the
importance of two-dimensionality even for appar-
ently one-dimensional situations.

2. The instantaneous Bond number formulation

The operation of the hydrodynamic shock tube
(the SIGMA facility) was simulated with ES-
PROSE by introducing a small enough mercury
mass in one computational shell to correspond to
the one drop used in the experiments. The facility
and experimental technique have been described
previously [14]. Briefly, a prescored diaphragm is
ruptured, to suddenly release the pressure from
the 1.2 m long driver section into the water-filled
3 m long expansion section. The tube is designed
for pressures up to 1000 bar. In the particular
experiments considered here (isothermal at room
temperature) the mercury drops were initially
stationary (resting on a thin teflon piece) and the
fragmentation states were determined from flash
X-ray radiograph obtained for different delay
times after the arrival of the shock. The fragmen-
tated mass on these X-ray films was determined
[9] from the mass found in the “particle cloud”
by quantitative image analysis. (This method is
demonstrated for tin drops in the next section).
The driver pressures in this set of experiments
were set at 200, 333 or 466 bar. We could match
the data well with an instantaneous fragmenta-
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Fig. 1. Computed fragmented mass (O, O, X) in comparison
to experimental data in the mercury/water system (isother-
mal). The solid line is 13.7 #, Bol/4.

tion rate given by
dM, 7D§(1) |Uy(t) — U(2) |

with a dimensionless breakup time given in terms
of the instantaneous Bond number by

t# =13.7 Boy /4. (6)

Note that in the implementation of Egs. (5) and
(6), all fluid properties and flow velocities are
evaluated at their instantaneous values. The re-
sults are shown against the experimental data in
Fig. 1.

The detailed results from the 200 bar simula-
tion are summarized in Fig. 2. In particular, we
can observe the changes in relative velocity, parti-
cle diameter, and the resulting variation of the
Bond number. The evolution of the debris vol-
ume fraction distributions is also shown - this is
of significance in gaining some perspective on
local mixing obtained and resulting pressure
feedback effects responsible for sustaining a
propagation. The computed liquid and droplet
velocities are in good agreement with the data.
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Fig. 2. Detailed results from an ESPROSE simulation of a mercury drop subjected to a 200 bar shock in water. The distance x is
along the length of the shock tube starting at the top of the driver section. The position of the diaphragm is at x = 250 cm (in this
simulation a longer tube, than in the experimental one, was chosen to allow a longer evolution of the transient before reflected
waves arrive back at the drop). The pressure front is given in time increments of 0.2 ms. In the debris volume fraction plot, the time
increment is 0.4 ms. In the time plots, the origin is at the shock arrival time to the droplet position.
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this computation was 1 cm and the time step, 0.01
ms.

Similar calculations were carried out for the
boundary layer stripping and the Reinecke-
Waldman correlations discussed above. In these
calculations the correlations were used in their
differentiated form and with the instantaneous
flow/ drop parameters during the transient. The
results for different combinations of pressures
and fragmentation time are collected in Fig. 3.
We observe that
(a) the Reinecke—-Waldman formulation cannot

be made to agree for any choice of ¢, and
(b) although for particular conditions there are

particular choices of #¥ to produce reason-
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able agreement, no single choice can cover

the whole range of the conditions of interest.
Further testing of the presently proposed formu-
lation under more extreme conditions of Bond
number variation during the transient (for exam-
ple, by shaping the pressure pulse — this can be
done by inserts in the driver section) is deemed
desirable.

3. Fragmentation of molten tin drops

For these experiments the SIGMA facility was
equipped with a melt generator, a device that
could produce and release a single (occasionally
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Fig. 3. Comparison of the Boundary Layer Stripping and the Reinecke~Waldman correlations (for various choices of ¢*) with the

experimental data in a mercury/ water system.
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split into two equal parts) drop of molten tin at
required temperatures of up to 1000°C (at this
time). Data were obtained at low (360°C), inter-
mediate (670°C), and high (1000°C) temperatures,
and at two shock (pressure) levels, 66 and 200
bar. The drop temperature (quoted at the time of
shock impact) was reproducible with +20°C. In
all experiments the drop mass was fixed at 1 g
and the water pressure and temperature at 1 bar
and 85°C (to prevent spontaneous interactions),
respectively. The shock was timed to hit the drop

while it is within view of the shock tube window.
This timing could be adjusted so that the drop
remained in view for times up to 2 ms following
impact. In the present configuration, the pres-
sure / flow conditions of the water in the viscinity
of the droplet remain unchanged for up to 2.5
milliseconds, at which time the reflected shock
travelling back from the bottom of the tube ar-
rives. As noted already, however, by appropriate
modifications in the driver section a wide range
of pressure pulse shapes can be obtained. Also, a

T104/0

Fig. 4. X-ray snapshots from the runs with 66 bar shocks. Tin temperatures of 1000°C and 670°C for the top and bottom rows,
respectively. Times (in ms) following shock arrival: T109-1, T110-1.5, T114-1.5, T105-2, T101-0.5, T103-1, T104-2, T104 /0-2.
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two-phase flow environment around the drop can
be generated by means of steam injection at the
bottom of the tube. Such experiments are cur-
rently in progress. Also, the initial pressure (in
the expansion section) can be varied — such ex-
periments are now planned for the future.

As in the mercury/water experiments dis-
cussed above, data were obtained from single
flash X-ray exposures at different times along the

fragmentation process. Since all conditions are
highly reproducible, these data provide the time-
wise evolution of a “representative” drop as well.
In these older experiments, the unfragmented
portion of the drop could not be adequately pen-
etrated, even with hard X-rays (30 kV in the
Hewlett-Packard generator). Thus, only the frag-
mented mass (debris cloud) could be quantified.
In the present experiments with tin, the whole

Fig. 5. X-ray snapshots from the runs with 200 bar shocks. Tin temperatures of 1000°C and 670°C for the top and bottom rows,
respectively. Times (in ms) following shock arrival: T314-0.75, T316-0.85, T312-1, T313-1.5, T306-0.75, T303-1, T307-1.5,

T304-2.
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T1X1/0

T1X2/0

Fig. 6. X-ray snapshots from the low temperature (360°C) runs with 66 bar shocks. Times (in ms) following shock arrival:

T1X1,/0-0.25, T1X2/0-1.5, T1X3/0-2.

drop can be penetrated, even with soft X-rays (24
kV, using the soft X-ray tube), and the whole
image, including the unfragmented part, could be
quantified. The procedure involved the use of a
calibration curve obtained from exposing a tin
stepwedge and two (later three) “witness” pieces
to allow for variability in the exposure (small) and
film development (quite significant). The X-ray

image was digitized by a scanner creating a two-
dimensional array of light intensities. These data
were then processed by the computer using the
calibration curve (with appropriate normaliza-
tions, based on the witness pieces) to obtain a
two-dimensional array representing the spatial
distribution of tin mass. A test of the accuracy of
the procedure is the extent to which these calcu-

7104/0'

Fig. 7. Snapshots from miscellaneous runs. Shock pressures of 66 and 200 bar for the 100- and 300-series, respectively. Tin
temperature 1000°C for T113 and 670°C for all others. Times (in ms) following shock arrival: T307 /0-1.5, T304 /0-2, T104 /0'-2,

T113-1.5.
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lated masses add up to the known total drop mass
(1 g, or 0.5 g for the case of split drops). From the
results obtained so far (discussed below) this test
was met beyond our expectations. Because of the
non-linearities involved, visual inspection of such
films can be quite misleading, and such quantita-
tive results are essential to understanding the
fragmentation process.

Additional information about the extent and
intensity of the interaction, in an overall sense, is
available from the debris which is collected with
an especially constructed plastic “pan” located
some 10 cm below the interacting drop. These
data have not been analyzed in detail yet, but
typically they are composed of two groups of
masses — one highly fragmented at micron-size
round spheres and the other highly porous, but
macroscopic in dimension, particles. In the 1000°C
runs, for which these data are available, this
macroscopically fragmented mass amounted to
50% and 40% of the drop mass for the 66 and
200 bar runs, respectively. Thus, as a first indirect
measure it appears that at 1000°C about one-half
of the drop is finely fragmented, with a bias for
more fragmentation at the higher shock pres-
sures.

All the X-ray results obtained so far can be
found in Figures 4 through 7. The 100-series runs
in Fig. 4 were obtained with shock pressures of 66
bar (1000 psi), while the 300-series results ob-
tained with shock pressures of 200 bar (3000 psi)
are in Fig. 5. In these figures the top line is for
tin drop temperatures of 1000°C while the bottom
line for 670°C. In Figs. 6 and 7 we have collected
certain “older” experimental data obtained dur-
ing the development of the experimental tech-
niques. As such the conditions for these “old”
data are not very reliable, but they are included
here because of certain interesting features in the
fragmentation morphology they exhibit.

Before discussing these data, it is useful to
have in mind Fig. 8, which shows in real time the
expected fragmentation of a tin drop according to
the hydrodynamic fragmentation model (the in-
stantaneous Bond number formulation discussed
in the previous section). Also, it is useful to
consider the digital X-ray “reconstructions” (i.e.,
mass distribution) for runs T109, T312 and T313

as shown in Fig. 9. The total mass computed for

T109 and T312 was 0.98 g and 0.89 g, respec-

tively, while for runs T113, which was apparently

a split drop, the mass adds up to 0.49 g.

The following observations can now be made:

(a) At low tin temperatures (360°C), even at 2
ms, the fragmentation observed under a 66
bar shock is negligible. This is consistent with
Fig. 8.

(b) At intermediate tin temperatures (670°C)
fragmentation is again negligible (up to 2 ms)
under a 66 bar shock, but a catastrophic
breakup is seen to occur at just before 1 ms
under a 200 bar shock. This is clearly ther-
mally driven as it is far faster than that ex-
pected from the hydrodynamic mechanism
(see Fig. 8) and is also suggested by the
morphology (see Fig. 5). As seen by the result
of T304, by 2 ms “there is nothing left.”

(c) At high tin temperatures (1000°C) thermally
driven fragmentation seems to set in already
at 66 bar (it is essentially complete by ~ 1.5
ms) but, again, it is faster at 200 bar (see
T312 in Figs. 5 and 9).

(d) In both T101 and T109, both taken at 1 ms, it
appears that something is already beginning
at the interface — see also T109 in Fig. 9.
However, it is also clear that there is a signifi-
cant delay time before thermal fragmentation
can be seen to be clearly in progress. This

0.8 | .
S 06 - ]

o 3 200 Bar
= r h
= 0.4 136 Bar 7]
0.2 i

0

0 1 2 3 4

time (msec)

Fig. 8. Hydrodynamic fragmentation in tin /water system. ES-
PROSE with the instantaneous Bond number formulation.



142 W.W. Yuen et al. / Nuclear Engineering and Design 146 (1994) 133-146

delay time seems to be decreasing as shock
pressure and/ or tin temperature increase.

(e) Finally, attention is directed to the interesting
and varying morphologies seen in tests T114
and T303 (seeming to have caught the very
early stages of a fully developing event) and
in tests T105 and T304 (showing the final,
highly dispersed stage). Also very interesting
is test T104 /0’ showing an upward-directed
fragmentation event with quite a lot of detail
on the interfacial structure.

It is clear from these results that neither Eq.
(1) nor Eq. (6) capture the essential physics in-
volved in the thermal or combined thermal-hy-
drodynamic regimes of fragmentation. Moreover,
the various interdependencies on shock pressures
and melt temperatures seem to be rather com-
plex. Based on this, it can be expected that even
the pressure pulse duration (in fact shape) will
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play an important role in the process. Clearly,
more such data are necessary if this key ingredi-
ent to predicting the escalation and potential
intensity of detonations in explosive premixtures
is to be adequately pinned down.

4. Discussion of an experimentally observed deto-
nation

In this section we apply ESPROSE to perhaps
the only reasonably characterized detonation ob-
served experimentally. It was run in the KRO-
TOS facility in ISPRA [15]. In it, 7 kg of molten
tin at 1075°C was dropped (in the form of a jet)
into a vertical pipe (9.5 cm in diameter, 1.09 m
long) full of 85°C water. When the first melt
arrived at the bottom, an explosion was triggered
by rupturing a diaphragm and thus releasing 15
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Fig. 9. Digital reproductions of the X-ray films for runs T109 (above), T312 (top next column) and T313 (bottom next column). The
numbers in the shade-scale are in cm. Note that the diameter of a 1 g spherical tin drop is 0.66 cm.
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Fig. 9 (continued).

cc of compressed nitrogen at 120 bar into the
lower end of the tube. The explosion was recorded
by pressure transducers found all along the tube.
We used the term ‘“reasonably” rather than
“well” characterized, above, because an impor-
tant quantity, the steam volume fraction along
the tube during the premixing, was not measured.
However, this can roughly be estimated from the
shock wave trajectories measured experimentally.
[15] Such a void fraction distribution is used in
the present calculations, but with the void con-
centrated in the inner radial node. The molten
tin ~1 ¢t was distributed evenly along the cen-
ter of the tube.

The object of this numerical exercise is to
show the importance of local non-equilibrium
(within the coolant), of fragmentation Kkinetics,
and of their interplay in the development of
triggered explosions. Thus, the ESPROSE code

(model fully specified in Medhekar et al. [1,2])

was used with the following changes.

(a) In place of the original phase change model
used to drive the system to equilibrium
through a relaxation time constant, we put in
a phase change rate obtained from the differ-
ence in heat flux transported through each
phase to the interface. The constitutive laws
for these fluxes are as in the original model.

(b) The fragmentation kinetics were based on the
hydrodynamic fragmentation correlation de-
scribed in this paper (based on the instanta-
neous Bond number). This choice was made
because, as shown above, a formulation for
thermally-driven fragmentation under the
conditions of interest is still lacking, and also
because of the particular purpose of the illus-
tration intended here.

A difficulty with one-dimensional models, as en-
countered by Biirger et al. [15] in an attempt to
interpret this same KROTOS test, is that even in
apparently 1-D geometries (as the present one)
they are forced to mix the debris with too much
water — thus “quenching” the escalation. On the
other hand, by using less water (in each axial
node) the actual compressibility of the system is
distorted. In the present calculation, this can be
partly overcome by using two radial nodes (the
inner one of radius 2.375 cm).

Even with the above description, some of the
phase change dynamics early on cannot be cap-
tured, as very small quantities of fragmenting fuel
contact very small quantities of the adjacent wa-
ter thus leading to very high local non-equi-
librium in the coolant/ debris field. To generate a
perspective on this, several calculations were run
with different specified fractions of the fragment-
ing debris energy given directly to vapor produc-
tion — the rest of the energy is supplied to the
coolant in the node to which the debris is re-
leased. For this fraction, set at 10%, a very strong
escalation was calculated in less than 0.25 ms.
Similarly, for this fraction at 5%, the calculated
explosion was much stronger than observed ex-
perimentally in just 0.5 ms. A fraction of only
2.5% was necessary to match the observed propa-
gation. In this case, the total fragmented mass in
the 3.75 milliseconds of the calculation was only
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354 g (out of a total of 6.5 kg), certainly a very
weak explosion. The total mass used in the direct
vaporization process was only 8.85 g. With no
direct vaporization, the propagation fizzled out.

This calculation is contrasted to the one that

produced agreement with the data in Fig. 10. The

comparison with the measured pressure traces in

KROTOS is shown in Fig. 11.

Several points can now be made.

(a) The KROTOS test discussed involved a very
mild thermal interaction; however, it was ade-
quate to maintain the imposed trigger pulse.

(b) Unless the constitutive law used for conden-
sation in this calculation is very inaccurate, it
appears that only slight thermal interactions
are needed to maintain the pulse in strongly
triggered experiments. This raises the ques-
tion of what is the relationship to a full deto-
nation. Regarding the adequacy of the con-
densation laws, the possibility of shattering
the gas/liquid interface and its effect on heat
transfer remains to be examined.

The issue of local micromixing and vapor

production/ condensation in the pressure

field within the “reaction” zone needs further

©
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study, in conjunction with the fragmentation
kinetics. Toward this purpose, future studies
besides X-ray diagnostics will employ direct
visualization.

5. Concluding remarks

This study makes available the first experimen-
tal data on exploding drops in an environment
that simulates that of a propagating steam explo-
sion. It also shows that fragmentation kinetics,
and the micromixing behavior with the surround-
ing coolant, can be quantitatively derived by an
X-ray imaging technique. The results show very
interesting interplay(s) between thermal and hy-
drodynamic-in-origin fragmentation mechanisms.
However, additional data are required before the
necessary clues for theoretical developments can
be discerned.

Further examination of hydrodynamic frag-
mentation kinetics supports the quantification
proposed earlier by Theofanous et al. [8]. Using
this correlation, and a non-equilibrium phase
change treatment in a 2-D simulation of a KRO-
TOS test by ESPROSE, we conclude that it de-
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Fig. 10. ESPROSE simulations of the KROTOS test with (bottom) and without (top) direct vaporization from the debris—coolant
interaction. The first and second figures in each row are for the inner and outer radial nodes, respectively. Print interval 0.25 ms.
The third figures in each row show the void fraction in the inner radial node.
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picts a barely sustainable propagation (involving phenomena in conjunction with fragmentation ki-
very small quantities of melt). Suggestions for netics in simulated steam explosion “reaction”
further investigation of local non-equilibrium zones are made.
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Fig. 11. Comparison of the pressure traces taken in the KROTOS test with ESPROSE results (outer radial cell). Top two rows
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7. Nomenclature

Bo  =3/16[Cpp Dy, ~ Up*/o],
Cp drag coefficient,

D diameter,

g density,

M mass,

R radius,

t* dimensionless time,

ty time required for breakup,

¥ dimensionless breakup time, and
U velocity.

7.1. Greek

AP pressure rise across shock front,
p density,
o surface tension.

7.2. Subscripts

coolant microjet,

continuous phase, or coolant,
dispersed phase, or droplet,

fr fragmented,

initial value just after passage of shock,
droplet-to-coolant relative value.

a6 -

= O
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