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Experiments on Thermal Interactions: Tests with Al,03-Droplets and Water

Within the analysis of severe highly hypothetical fast breeder accidents the conse-
quences of a fuel-coolant interaction have to be considered, i.e. the thermal in-
teraction between hot molten fuel and sodium. To improve principal knowledge
on the fragmentation process during the interaction of a hot droplet with a cold
fluid, a series of experiments was performed with single droplets of molten Al,0O3
as the hot liquid and water as the cold and easily volatile fluid. To initiate frag-
mentation of the droplet pressure pulses of up to 1 MPa were generated in the
water by a magnetic hammer. The events were filmed by a high speed camera
with up to 105 pictures per second. Details of the interactions can be deduced
from the films and from the pressure histories. The existence of a vapour trail in
all experiments indicates complex heat and mass transfer processes occurring in
the vapour film spontaneously formed between droplet and cold fluid. Fragmen-
tation was initiated by local events in the vapour trail area.

Experimentelle Arbeiten zur thermischen Wechselwirkung:
Versuche mit Al,03-Tropfen und Wasser

Bei der Analyse von schweren, hypothetischen Schnellbriaterstorfallen sind die
Auswirkungen einer thermischen Wechselwirkung des heiBen Brennstoffes mit
Natrium zu bericksichtigen. Um das allgemeine Verstandnis des entscheidenden
Reaktionsvorgangs bei der Wechselwirkung eines heiBen Tropfens mit einer kal-
ten Flussigkeit zu verbessern, wurde eine Versuchsreihe mit Einzeltropfen aus
schmelzflUssigem Al03 als heifle Flussigkeit und Wasser als kalte, leichtflichtige
Flassigkeit durchgefihrt. Die Fragmentation des Tropfens wurde Gber einen
Magnethammer eingeleitet, der Druckpulse im Wasser bis zu 1 MPa erzeugte.
Das Versuchsgeschehen wurde von einer Hochgeschwindigkeitskamera mit bis zu
10° Bildern pro Sekunde aufgenommen. Aus den Filmen und aus dem Druckver-
lauf lasser sich Einzelheiten der Wechselwirkungen ableiten. Die Existenz einer
Dampfschleppe in allen Versuchen weist auf komplexe Warme- und Stoff-
transportvorgange in dem zwischen Tropfen und kalter Flissigkeit spontan sich
bildenden Dampffilm hin. Die Fragmentation wurde durch lokale Vorgange im
Bereich der Dampfschleppe ausgeldst.
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1. Introduction

Studies on fast breeder safety comprise investigations of highly hypothetical acci-
dents in which fuel elements melt down and the melt contacts the sodium cool-
ant. The temperature of the melt is far higher than the coolant temperature, so
that a more or less violent thermal interaction, a so-called fuel/sodium interac-
tion, may take place. In certain conditions, this will lead to a vapour explosion, i.e.
a sudden evaporation of cold liquid at the interface as a result of rapid heat trans-
fer from the hot liquid. A vapour explosion can take place only if heat is trans-
ferred much faster than the mixture of the two liquids and the vapour produced
is capable of expanding. This is the only way in which a substantial part of the
thermal energy can be converted into mechanical energy. Several conditions must
be met forinitiating a violent interaction:

1. The cold and hot liquids mix without significant heat transfer. This is the
case, e.qg., if the molten fuel is dispersed into droplets and separated from
the coolant by a coherent vapour film around each droplet.

2. Aspontaneous or externally applied shock wave, i.e. a trigger, makes the va-
pour film around the droplet collapse, causing direct contact between the
coolant and the melt.

3.  Alldropletsin a mixing region are finely fragmented within a short time so
that a large contact surface is created required for fast heat transfer.

The experiments described in this report* were intended to investigate the pro-
cesses involved in the triggered fragmentation of single droplets, i.e. the pro-
cesses in conditions (1) and (2). This would have been highly difficult with the fast
breeder materials UO, and sodium, as the UO, would have to be heated beyond
its melting temperature of 3113 K and made to contact sodium of, say, 1073 K.
Apart from the extremely high apparative requirements, there is the further
problem that reaction processes cannot be filmed in sodium. For this reason, fun-
damental studies are carried out world-wide on systems of materials that are ea-
sier to handle and in which reaction processes can be filmed. For example, single

* This KfK report is regarded as a documentation. First results have previously
been reported in Ref. 1.



droplets are made to react in a transparent liquid, and the most varied systems of
materials are investigated.

After Ando /2/ had carried out experiments on hot Cu droplets in water at IRE, the
present study was to determine the influence of the physical parameters of a ce-
ramic material on the fragmentation process. Al,O; was chosen for this purpose;
its melting temperature is about 2300 K, so that fragmentation events can still be
expected in experiments with sodium at a later stage. The experimental findings
in the Al,O,/ water tests were expected to help in the interpretation of the
ALO, / sodium tests that have been carried out in the meantime; c.f. Ref. 3. In
these tests no X-ray cinematography was used.

With regard to the physical characteristics of this system, the following consider-
ations are important: A hot droplet is separated from the surrounding cold liquid
by a boiling film if the temperature difference between the two interfaces is
higher than the minimum film boiling temperature difference AT . . The latter,
also called minimum film boiling superheat, is defined as (cf. Ref. 4)

AT =T  -T

min = Tmin ~ Tsats (1)
where T . is the minimum wall temperature of the hot material prior to contact
and T, is the saturation temperature of the cold liquid. Based on analytical and
experimental results published in the literature, covering a wide range of thermal
properties and fluid subcooling, Henry /5/ established a correlation for T as a
function of the thermodynamic properties of both materials participating in the

interaction.

Ladisch /6/, who tested Al,O,-coated metallic cylinders under quasi steady condi-
tions, determined the surface temperature at which film boiling changed to bulk
boiling. In water of 303 K under standard atmospheric conditions, this tempera-
turewasT . = 983 K; using eq. (1) one obtains AT . =983 K-373K = 610K. It
should be mentioned that in Ladisch’s tests T_. decreased with increasing water
temperature. All experimental data were well above the values predicted by the
Henry correlation mentioned above. It is therefore concluded that in the tests
with Al,O, droplets (T, > T _.) and water the conditions for film boiling will cer-
tainly be reached at the first contact.

Fauske's model /7/ predicts particularly energetic interactions at contact tempera-
tures above the spontaneous nucleation temperature. For water under standard
atmospheric conditions the latter was found by Pavlov and Nikitin /8/to be T, =
586 5 K (for comparison, the critical temperature of water is 647 K). The contact



temperature between an Al,O, droplet at a temperature just above solidification
and water is much higher (2105 K; cf. Table 1), i.e. liquid-to-liquid contact be-
tween molten Al,O, and water will result in immediate evaporation. Experiments
involving a contact temperature below the spontaneous nucleation temperature
cannot be carried out with this system, as the droplet temperature is always high-
er than or equal to the melting temperature of Al,O,.

2. Experimental Goals and Parameters

The experiments were intended to determine the processes involved in triggered
fragmentation of single Al,O, droplets in water and to develop experimental
methods for similar tests with Al,O,droplets and sodium. The main preconditions
for this were the melting and superheating of Al,O,.

The experimental parameters were:

- Three different trigger pressure levels (0.95, 0.66, and 0.25 MPa)

- Droplet temperature (maximum possible superheating above the melting
temperature, in this case 260 K, was aimed at)

- Dropletdiameter4.9...59 mm
- Dropletmass0.2...0.3g

-  Woater of room temperature

3. Experimental Set-Up

Fig. 1is a schematic representation of the experimental set-up, while Fig. 2 shows
the photographic picture. The main features are the melting device, the experi-
mental vessel, the trigger pulse generating device, the measuring system, and the
film camera system.

3.1 Melting Device

The main problem of these experiments was the development of a method by
which single, hot droplets with a temperature as far above melting temperature
as possible could be melted off Al,O,. Direct inductive heating was impossible as
AlO; is an electrically non-conductive, ceramic material. A plasma torch ap-
peared to be a promising solution: it can be applied to non-conductive materials,



and the arc reaches temperatures of several 1000 K. Various types of plasma
torches were tested for the envisaged purpose. Overheating up to 400 K above
the melting temperature was possible with the system chosen of a total power of
22 kW, combined with a plasma torch generating a laminar arc. The torch is oper-
ated with an Ar/He mixture. It works with an enclosed plasma, i.e. both the anode
and the cathode are arranged inside the torch, with laminar blow-out of the arc
through the gas mixture. Turbulent plasma flow would blow the molten droplet
off and fragment it.

A horizontal graphite rod of 20 mm diameter, with a vertically drilled hole of
7 mm diameter and with partial thermal insulation, prevents the droplet from fly-
ing away. The graphite rod is preheated in order to reduce the heat loss during
melting. A pyrometer whose measuring beam is directed at the lower edge of the
hole measures the temperature of the droplet during its crossing the beam.

3.2 Experimental Vessel

The geometry of the experimental vessel is similar to the one used by Ando/1/in
his experiments on Cu droplets in water in order to facilitate a comparison of the
findings. Instead of screwed walls of polymethylacrylic acid ester (plexiglass,
PMMA) with a thickness of 25 mm, a welded construction of austenitic material
with two screwed-on PMMA windows facing each other is used. The experimen-
tal vessel has a height of 300 mm, internal dimensions of 40 x 40 mm, and a wall
thickness of 5 mm. It is bolted onto a 25 mm Al slab. At 110 mm below the upper
edge of the vessel, there is a photocell whose slot aperture has a large horizontal
and only a narrow vertical field of vision. The falling droplet initiates a signal in
the photocell which releases the camera shutter, fires the flash, and starts, after a
preset delay, the trigger. A pressure transducer P1is arranged in the center of the
envisaged viewing section of the camera, i.e. at 122 mm from the upper edge of
the vessel, and a second pressure transducer, P2, at 80 mm below the first one.

The fragments produced in the experiments are collected in a pyramidal stainless
steel screen with a mesh of 0.1 mm and a wire diameter of 0.063 mm.

3.3 Generation of the Trigger Pulse

Fragmentation experiments in water usually rely on an exploding wire for gener-
ating the trigger pulse, but this method cannot be used in the experiments



planned with sodium. For this reason, a magnetic hammer was developed which
is triggered by an electronic pulse and hits the floor of the experimental vessel.

The magnetic hammer works as follows:
- A 100 pF condenser battery is charged with a voltage of up to 2000 V.
- The energy is transferred to a coil by an ignitron (electronic device).

- The 90-turn coil pushes off a short-circuiting ring which, via a tappet, impacts
on the bottom of a bellows.

- The bellows is flanged onto the bottom side of the experimental vessel; it has
arigid bottom from which the impact shock is transferred to the liquid.

This way, pressure pulses with a maximum pressure of 2 MPa and a duration of
0.4... 0.55 ms can be generated. Due to the characteristics of the system, rise times
cannot be shorter than 0.12 ms. The charging voltage U is 700, 1000, or 1350 V de-
pending on the experiment.

3.4 Measuring System and Data Acquisition

The temperature of the falling droplet is measured by a spectral pyrometer with a
response time of 0.1 ms and a measuring spot about Tmm in diameter.

The pressure curves are recorded by piezoelectric pressure transducers with a res-
onance frequency > 400 kHz. In order to prevent oscillations of the measuring
signal near this frequency, a low-pass filter of 100 kHz is installed in the charge
amplifier.

The photocell directly above the reaction site is placed there, in the first instance,
to release the camera shutter. In order to obtain a steep signal of the falling hot
droplet, the photocell is connected to the window of the experimental vessel only
via a narrow horizontal slot. Further steep signals are generated by the flashing
light and by the fragments dispersed after the reaction.

The data are recorded by a transient recorder capable of sliding recording of 4096
data per channel. The sliding recording process is stopped by a defined signal
(trigger), and the data stored can then be transferred to a floppy disk. The onset
of recording can be set in eight steps before or after the triggering event. The
measuring signals are recorded in paralle!l in two ways:



Survey:

(Frequency f, = 10 kHz, duration 410 ms, start at 358 ms before trigger onset)
Pyrometer
Photocell
Camera pulse

Pressure transducer P1

Detail:

(Frequence f. = 500 kHz, duration 8.2 ms, start at 1 ms before trigger onset)
Pressure transducer P1
Pressure transducer P2
Photocell

The triggering event for the transient recorder in both cases was the signal rise of
the pressure transducer P1 resulting from the trigger pulse.

3.5 Film Camera

The tests were recorded by a drum camera with a maximum framing rate of 10°
pictures/s, and with a film 70 mm wide and 1000 mm long producing 512 pictures.
The camera drum rotates at 12,000 rpm. The drum is connected to mirrors with a
higher rotational speed, which project the images onto the film in four parallel
tracks. The self-luminosity of a moiten Al,O, droplet is high enough to expose the
single frame even at the short exposure time of 0.005 ms chosen which is half the
time between two succeeding frames. The opening time of the shutter includes
the duration of the flash which is set to 4 ms (Fig. 3).

4. Experimental Procedure

Preliminary experiments were carried out in order to find out whether spontane-
ous fragmentation occurs after immersion in hot Al,O, droplets heated to up to
400 K above the melting temperature. No spontaneous fragmentation was found
to take place, neither during impact on the water nor during the fall through the
water down to the bottom of the vessel. An external trigger (produced by the
magnetic hammer) was required in all cases for initiating fragmentation.



Prior to each experiment, distilled water at room temperature was filled into the
vessel through a flexible siphon tube up to 5 mm below its upper edge, and air
bubbles were removed by applying several trigger pulses of the magnetic ham-
mer.

The graphite rod was preheated to 2300 K by the plasma torch, after which the
plasma jet was directed tangentially above the bore hole in the graphite rod, so
that part of the plasma was deflected downwards. An Al,O; rod with a diameter
of 3 mm was held into the plasma jet, so that a droplet with a diameter of 5-6 mm
was melted off and fell through the bore hole. Enveloped in plasma, the droplet
then fell through the air for about 20 mm until immersing in the water.

After a falling period of 240 - 260 ms (v =0.44 m/s) the droplet passed the photo
diode whose signal released the camera shutter. Fig. 3 shows the synchronisation
of the different events of the experiment. The "M" contact of the shutter is re-
leased 13 ms prior to the preset opening time of the shutter. Two electronic delay
elements connected to the "M" contact triggered the ignitron for the trigger and
the flash, one after the other.

The collected fragments were scanned by an image processing system and sized in
the range of 0.2 to 2.5 mm. Some fragments were also reproduced on different
(imaging) scales by an electron-beam scanning microscope.

5. Evaluation
5.1 Synchronisation of Pressure History and Film Records

The flashing light generates a signal in the photocell which is used for synchroniz-
ing the film records with the pressure curves. The onset of the signal is assigned to
the first film frame and the end of the signal to the last one.

In synchronizing the film frames with the pressure history, it is important to note
that a pressure event starting from the vessel floor arrives simultaneously at the
droplet and at the pressure transducer P1. If a pressure pulse is generated by a re-
action at the droplet, the distance between the pressure transducer and the dro-
plet must be taken into account. At a minimum pressure wave velocity evaluated
of 530 m/s, and a distance of 10 to 12 mm between reaction site and pressure



transducer, the transit time will be 0.02 ms, which corresponds to a shift of two
film frames at a framing rate of 105 pictures/s.

5.2 Correction of Optical Distortion

The boiling film around the droplet acts as a lens, i.e. it magnifies the vapour film
around the droplet in the camera images. To determine the real vapour film
thickness, we used the film frames of experiment AOW 11 (AOW = Aluminium
Oxide in Water) which were recorded prior to the impact of the trigger pulse. The
self-luminosity of the droplet is clearly visible; further, the droplet is not frag-
mented at the end of the experiment and can be used for a comparison of size
with the image on the film frames (Fig. 4). The diameter during film boiling can
be calculated from the mass and density. Assuming that the outer diameter of the
boiling film is represented correctly, the refractive index of the water vapour is
1.16, i.e. the vapour film is shown too thick by a factor of 1.4. This value is ac-
counted for in the vapour film thickness data following in the next section.

5.3 Determination of the Vapour Film Thickness

The thickness of the vapour film is determined from the pictures of experiment
AOW 4 (Fig. 5), filmed at 45,000 pictures/s. The resulting longer exposure time
clearly shows the self-luminosity of the droplet. Four horizontal orbital surface
waves are visible which cause an optical distortion of the image of the droplet
surface, giving it a torn look. In the short recording time (1.8 ms = 72 pictures)
prior to the impact of the trigger, there is no long-wave motion of the surface
waves. The corrected film thickness (see section 5.2) is 0.7 mm at the front side of
the droplet, about 0.6 mm at the wave crests of the water projecting into the va-
pour film, and 0.9 m at the wave troughs.

5.4 Determination of the Normalized Droplet Projection Area A*

For a simpler representation of the experimental dynamics, the droplet projec-
tion areas in the film pictures were determined by planimetrisation of the pro-
jected areas defined by the water/vapour boundary and then normalized by the
area prior to the impact of the trigger:

A¥(t) = A(t)/A(0) (2)

However, this method is applicable only as long as the whole contour is still visi-
ble on the film frame. An attempt to establish two different relationships, i.e. one



for the top section of the droplet and one for the bottom section, failed as there
is no clearly defined boundary between them. In most cases, vapour bubbles were
scarcely present in the bottom section, so that A* will mostly show the dynamics
of the reaction events in the top section.

5.5 Description of the Three Trigger Pressure Levels Applied

Apart from initiating the reaction between the hot droplet and the water, the
trigger also influences the pressure level throughout the reaction. The following
sequence of events is typical of vessels with a free liquid surface:

Fig. 6 shows a trigger initiated with 700 V. There is a pressure pulse with an ampli-
tude of 0.25 MPa at the pressure transducer P1 and with a rise of 1300 MPa/s, fol-
lowed by decreasing pressure oscillations of about 750 Hz resulting from the vi-
bration of the water column.

Things are different at and above a voltage of 1000 V (Fig. 7): After a pressure
pulse with an amplitude of 0.66 MPa at P1, a rise of 2300 MPa/s and a duration of
0.5 ms, the pressure drops below the initial system pressure because of a slowing-
down effect on the water column accelerated in the upward direction.-A tensile
stress in the water is observed for a certain period of time, during which the pres-
sure level is at absolute zero or even slightly below. Cavitation bubbles start to
form in the water which are visible on the film records. The duration of this phase
is the longer the heigher the preceding pressure pulse is. With the experimental
geometry and with the experimental pressure pulse, it lasted for about 3.5 ms.
After this, the cavitation bubbles will condense and recompression occurs result-
ing in a second pressure pulse. The amplitude of recompression is half as high as
the amplitude of the first pressure pulse. This is followed by new events of nega-
tive pressure and recompression, until the impulse has faded away. In Fig. 7, pres-
sure peaks are visible in the signal of transducer P2 in the rise phase of the second
and third pulse, which may be due to condensation shocks of cavitation bubbles
directly in front of the transducer membrane.

The courses of the pressures P1 and P2 are compared. The pressure signal at P2
consists of two successive pulses, while P1 (located 80 mm higher) registers only a
single pulse which is shorter by 0.1 ms. The time difference of the onsets of the
pressure rise at P2 (time t1) and P1 (time t2), respectively, yields a sound velocity
of 680 m/s. The shock wave hits the water surface 0.16 ms later (time t3), from
which it is reflected as an expansion wave and is back at P1 after another 0.16 ms
(time t4). There, the negative reflection wave superposes on the second pulse



coming from below, making the pressure curve at P2 half-sinusoidal. As soon as
the reflection wave reaches P2 (time t5), the pressure drop will become steeper.

The sound velocity of 680 m/s in the water of the test vessel is far below the theo-
retical sound velocity in water, i.e. 1440 m/s. However, this can be explained by
the fact that the sound velocity is determined not only by the compressibility of
the water but also, and very strongly, by the elasticity of the vessel walls. The two
opposite PMMA plates at the level of the pressure transducers appear to have
their effect here.

If a hot droplet enveloped by a vapour film is inside the vessel, the velocity is still
lower. Fig. 8 shows a trigger pulse of the third trigger pressure level generated
with U = 1350 V (maximum pressure 0.95 MPa at P1, pressure rise 5500 MPa/s).
The picture is of a preliminary experiment, in which a solifidied Al,O, droplet of
about 1900 K was in the reaction site. A sound velocity of 595 m/s was deter-
mined. In experiment AOW 6, with the highest droplet temperature, it was only
530 m/s.

At voltages higher than 1000 V, the condenser discharge used to disturb the pres-
sure records 0.8 ms prior to the onset of the pressure pulse at P1. The amplitude
of this disturbance is less than 0.1 MPa. In consequence, in most tests the zero
point of the pressure record seems to be located in the negative range.

6. Experimental Findings

6.1 Experimental Data; General Remarks
Table 1 lists the experiments from which evaluable film records were obtained.

The droplet temperatures could not be chosen exactly at will but were deter-
mined by the melting process. The interface temperatures at the first contact
were calculated as described in Annex A. The temperature at the time of the reac-
tion was calculated from the measured initial temperature and the time of fall in
the water, assuming a mean total heat transfer coefficient of 800 W/cm? K during
film boiling on ceramic surfaces as proposed by Ladisch /2/. In three experiments,
the calculation yieldes droplets at solidification temperature (2313 K) with part of
the mass solidified.

10



The images of the drum camera are identified by the number of the experiment
and the consecutive number of the film frame, e.g. 6.48: Experiment AOW 6,
frame No. 48. For each of the experiments described in the following, an equa-
tion will be presented by which a given film frame can be matched to the corre-
sponding time of the experiment.

The time of the experiment was generally set at zero at the onset of the trigger
pressure rise at pressure transducer P1.

6.2 Experiments with High Trigger-Induced Pressure
6.2.1 Experiment AOW 6

Experimental parameters:

Droplet diameter 53 mm
Starting temperature 2670 K
Reaction temperature 2565 K
Trigger pressure 0.95 MPa
Framing rate 1-10°  f/s

A frame n of the drum camera can be matched to the time t in this experiment as
follows:

t = 0.0101 n-0.36; tinms

In Figs. 9, 10 and 11, the pressure recorded during the test is presented in differ-
ent time scales.

Short Description of the Experiment:

The falling droplet is enveloped in a boiling film which is deformed by projections
of horizontal, orbital surface waves of the water. A vapour trail has formed in the
wake region on top of the droplet. Both the boiling film and the vapour trail are
compressed by the trigger pressure. Initial reactions start to occur on the horizon-
tal orbital surface waves of the water and in the stagnation point of the falling
droplet. This is followed by a short-term pressure rise to 1.2 MPa above the trig-
ger pressure, during which the vapour trail disappears almost completely. The
boiling film then re-expands, and vapour clouds start to form on top of the dro-
plet. While the pressure drops back to the initial system pressure, the vapour

11



clouds are observed to shrink. For a period of 6.5 ms, the pressure remains below
the initial system pressure. At the onset of this period, cavitation bubbles are ob-
served in the water (Fig. 11). The droplet is enveloped in vapour bubbles mainly in
its top section and is also widened and fragmented from above. After this, there
are three further pressure pulses with decreasing amplitudes.

In order to enable a comparison between experiments, the reaction process is di-
vided tentatively into six stages:

I Film boiling

l Compression

Il Thermal reaction

IV Transition

\Y Deformation and coarse fragmentation

VI  Recompression and fragmentation
These observations will be discussed in more detail in the following sections.

Phase !: Film boiling
Time: -034-00 ms
Frames: 6.1-6.36

Fig. 13, frame 6.28 shows the outline and the surface of the vapour film surround-
ing the AlLLO, droplet in the film boiling state. Indentations observed at the left
and right edge are caused by horizontal orbital surface waves of the water pro-
jecting into the boiling film. The droplet itself is not observable; neither is the
thickness of the vapour film. Section 5.3 showed that at a droplet temperature
around 2313 K the vapour film will have a thickness of 0.6 to 0.9 mm (wave crest
and wave trough of the water). The droplet temperature in this experiment was
higher by 270 K, i.e. 2570 K, so that the vapour film should be somewhat thicker
than that evaluated in Section 5.3.

An unsymmetrical vapour trail has formed in the upper section which is also fed
by the vapour generated in the bottom section. The vapour is transported to the
upper section due to the pressure difference (which also includes buoyancy ef-
fects) arising between the lower and upper stagnation points. The presence of
entrained air can be excluded as the vapour trail condenses almost completely
shortly after the pressure peak (frame 6.49).
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Phase ll: Compression
Time: 0.0-0.145 ms
Frames: 6.36-6.50

In order to determine inhowfar a thermal reaction will cause a deviation from the
trigger-induced pressure history alone, the pressure at P1 of experiment AOW 6
and a reference trigger pressure (P17199¢) are shown in Fig. 11. The latter was re-
corded during a preliminary test with a solidified droplet whose temperature was
just below the melting temperature. The droplet did not fragmentate, so the
pressure history was not changed in any significant degree; instead of a sinusoi-
dal trigger pressure peak as in Fig. 7, we find a pressure peak superposed by four
oscillations asin Fig. 8.

The vapour film enveloping the droplet is compressed parallel to the rise of the
trigger-induced pressure. This is clearly seen in the size of the normalized area A*,
which decreases continuously from 1to 0.7 (Fig.11).

Detailed observations show that shortly after the onset of the trigger-induced
pressure rise, a short pressure pulse occurs which is not observed in the reference
trigger. The corresponding frames (39, 40) show no noticeable changes. In the
matching of the frames, the shifting of the pressure signals by two frames as ex-
plained in Section 5.1 has already been taken into account. Immediately after
this, there is another pressure rise which later continues up to 1.2 MPa above the
reference trigger. In frame 6.42 the first visible change is a thin white line below
the droplet equator. Level with this line, the picture of Phase | (frame 6.28) shows
a wave crest of the water projecting into the vapour film at the right edge of the
contour. This first line has disappeared in the next frame (6.43). Instead, thereis a
new, clearer line at the droplet equator with a wave crest on its right end directly
at the droplet contour. As the further evaluation shows, the white lines have no
influence on the fragmentation process. At the same time, an evaporation bubble
forms in the stagnation point, which indicates initial interactions between dro-
plet surface and water. The resulting pressure rise propagates in the water and
superposes on the trigger pressure (Fig. 11). This first reaction pressure follows
the arrival of the external trigger pressure wave with a delay of only about
100 ps. The process can thus be considered as a prompt reaction. This reaction
which was not expected because of the large difference between contact tem-
perature and critical temperature of the water was observed only in the tests
with high trigger pressures. As the reaction pressure propagates as a spherical
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wave it is evident that the local peak pressure was higher than the peak measured
in P1 at the vessel wall. In P2, the superposed pressure increase due to the reac-
tion cannot be quantified as it coincides with the second trigger pressure pulse
(see Section 5.5).

Starting from the droplet equator, the vapour trail collapses within the next 0.04
ms, during which a circumferential bright zone is observable in frames 6.44 to
6.47. This suggests formation of a different structure of the water/vapour inter-
face during shrinkage of the vapour volume resulting in a more diffuse reflection
of the impinging light. Due to the higher pressure, the saturation temperature of
the water increases, so that the vapour is not only compressed but also partly con-
densed. During the collapse the water is accelerated towards the droplet. The ve-
locity of the interface in the droplet direction was determined from frames 6.44
and 6.48, whose contours are presented in Fig. 12. The velocity is about 4 m/s in
the bottom section and 10 to 17 m/s in the vapour trail.

In frame 6.48, the minimum volume of the vapour film is determined: A* = 0.7.
The point of time at which the recorded pressure reaches its peak (1.9 MPa) is
about 0.02 ms later (Fig. 11). The two events coincide if the transit time of the
pressure wave from the droplet to the transducer is taken into account.

Phase lll: Thermal Reaction
Time: 0.15-0.25 ms
Frames: 6.51-6.61

At the onset of this phase, the reaction pressure decreases to the level of the ref-
erence trigger pressure within a time of 0.03 ms. This causes the saturation tem-
perature of the water to decrease by about 45 K, and additional evaporation will
occur as a result of overheating of the water boundary layer. In addition, the va-
pour compressed during Phase Il will reexpand. As the size of the normalized area
A* increases from 0.7 to far beyond 1, there must be still another cause for the
enhanced evaporation.

In the stagnation point, the vapour bubble which was almost invisible in frame
No.6.48 begins to grow again. Irregular vapour clouds form in the upper hemi-
sphere of the droplet, whose outlines move away from the droplet at a speed of
up to 55 m/s (Fig. 13, frames 6.52, 6.56, 6.60, Fig. 12). In the preceding Phase I, this
was the region where the water/vapour interface reached its maximum velocity
moving towards the droplet. It is therefore assumed that the enhanced evapora-
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tion in the region of the original vapour trail is caused by intensive contact be-
tween droplet and water. The film frames give no indication of whether this con-
tact is due to the water/vapour interface approaching the hot droplet, by imping-
ing or penetrating water droplets, or by jets.

Phase IV: Transition
Time: 0.26-043 ms
Frames: 6.62-6.78

Although the pressure decreases by 0.6 MPa to the initial system pressure, there is
no further expansion of the vapour clouds (Pictures 6.64 and 6.72); instead, the
normalized area A* decreases from 1.7 to 1.6. One possible explanation is that
enhanced vapour formation on top of the droplet during Phase Ill had a slowing-
down effect on the water front moving towards the droplet, and that the water s
separated again from the hot droplet by restoration of the boiling film. There is
more vapour condensing on the cold water surface than is being produced.

The pressure integral over time, [p,dt, up to the end of this phase (see Table 1)
amounts to 240 Pa s, i.e. it is higher by 15% than the pressure integral of the trig-
ger alone (208 Pas).

Phase V: Deformation and Coarse Fragmentation
Time: 044-7 ms
Frames: 6.79-6.400 (End of film at3.68 ms)

During this whole phase, the pressure is below the initial system pressure. The ref-
erence trigger pressure curve is similar, only its time to recompression is shorter
by 3 ms. During the first 0.3 ms (Fig. 14, frame No0.6.88), cavitation bubbles form
in the water, due to tensile stresses induced in the water by the slowing-down of
the water column in its upward movement (see Section 5.5).

The droplet widens from the top, accompanied by continuously growing vapour
clouds in this region. At the end of the film record, the equatorial diameter of the
droplet has increased to 3.5 times its initial size. Fig. 10 shows the growth of the
diameter. In Fig. 14, frame 6.404, the flash of light has faded almost completely,
and the self-luminosity of the fragments is visible through the vapour film. The
top region of the droplet is distorted in a cup-like geometry, and a rim of coher-
ent fragments has formed. In the bottom section, only isolated spherules are visi-
ble which were ejected from the droplet.
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Phase VI: Recompression

During this phase the following recompression peaks are observed:
Time: 7.2 11.7 13.6 ms
Pressure peak: 0.5 0.4 0.23 MPa

As explained in the description of the trigger pressure curve, a pressure pulse
generated at the bottom of a vessel with a free liquid surface will accelerate the
liquid column in the upward direction. It will take some time for the liquid col-
umn to return to its original position in a so-called recompression process which is
accompanied by another pressure pulse. The time interval between the pulses de-
pends on the magnitude of the first pressure pulse. Between the two, the pres-
sure drops below the initial system pressure. In the pressure curve of Fig. 9, three
further pressure peaks with decreasing amplitudes are visible. As the recording
frequency was only 1/50 of the detail record, the pressure peaks usually are not
recorded; for example, the reaction pressure peak was registered at only half its
amplitude.

The signal of the photocell (Fig. 9) suggests that the fragments are still luminous
during the second and third pulse, possibly accompanied by further fragmenta-
tions.

Description of the Fragments

The histogram of Fig. 16 shows that more than half of the 500 fragments collect-
ed were smaller than 0.4 mm, and only 8 fragments were bigger than 2.5 mm. The
applied scanning with a minimum fragment size of 0.2 mm is sufficient as no
smaller fragments were found in this experiment. Most of the fragments are mol-
ten spheroids; some are agglomerates, and a small fraction is of oblong shape.
Their surfaces are smooth and crossed by partly fused crystal boundaries (see Fig.
15).

6.2.2 Experiment AOW 4

Experimental parameters:

Droplet diameter 49 mm
Starting temperature 2350 K
Reaction temperature 2313 K
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Trigger pressure 095 MPa
Framing rate 4.510%  fss

A frame n of the drum camera can be matched to the time tin this experiment by:
t=0.22n-1.6; tinms

The transient recorder was not available for experiment AOW 4, so the pressure
curve is presented only in a photographic image of a storage oscilloscope screen
(Figs. 17,18), whose scanning frequency was only 1/10 of that of the transient re-
corder. The framing rate was only half as high as in the later experiments.

The pictures of Phase | have already been described in detail in Section 5.3. Details
of the fragmentation process are not clearly visible on the film frames (Fig. 19).
The reaction process differs somewhat from experiment AOW 6, in that evapora-
tion clouds are formed not only on top of the droplet but on all sides. Fragmenta-
tion starts from the top as well, but not in a cup geometry but rather in the man-
ner of an inflated balloon.

The droplet is completely fragmented although the calculated reaction tempera-
ture (Table 1) is just at melting temperature. Fig. 20 shows that all fragments are
molten spheroids. The histogram of fragments in Fig. 16 shows that about 750
fragments have been produced, i.e. about 250 more than in experiment AOW 6.

6.3 Experiments with Medium Trigger-Induced Pressure
6.3.1 Experiment AOW 8

Experimental parameters:

Droplet diameter 57 mm
Starting temperature 2580 K
Reaction temperature 2470 K
Trigger pressure 0.66 MPa

A frame n of the drum camera can be matched to the time t in this experiment as
follows:

t=0.01n-0.51; tinms
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Figs. 21, 22, 23 present the pressure history of this experiment in different time
scales.

Short Description of the Experiment

The boiling film around the droplet, as well as the vapour trail on top of the dro-
plet, are compressed by the trigger pressure. Initial changes are observed only in
the horizontal orbital waves of the water towards the boiling film (not in the
stagnation point). The pressure does not rise above the given trigger pressure but
oscillates around it. The vapour trail does not collapse completely and expands to
its original size after the pressure peak. After this, the shape of the vapour trail
changes as if by vapour expansion from the center of the upper droplet hemi-
sphere. While the pressure drops to the initial system pressure, the area defined
by the water/vapour interface remains constant. The pressure then drops below
the initial system pressure, and cavitation bubbles start to form in the water
(0.12 ms). Starting from the upper droplet section, a vapour bulging progagates
whose diameter has doubled at the level of the droplet equator after 5.5 ms. The
final pictures show the droplet deformed to a cup-like geometry. This is followed
by a violent thermal reaction with a pressure far beyond 2 MPa. After this, six fur-
ther pressure pulses of decreasing amplitudes are registered.

In the following, the experimental phases will be described as in Experiment
AOW 6.
Phase I: Film boiling

Time: -049-00 ms

Frames: 8.1-8.50
The boiling film around the falling droplet (Fig. 25, frame No. 8.50) looks similar
to experiment AOW 6, except that the vapour trail has a plane, symmetrical up-
per edge. This may be due to the fact that the droplet temperature in this experi-
ment was lower by about 100 K.
Phase Il: Compression

Time: 0.0-0.22 ms

Frames: 8.51-8.73
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In Fig. 23, apart from the pressure P1 and the normalized area A*, the course of a
reference trigger pressure is shown which was recorded shortly before the experi-
ment (no hot droplet in the experimental vessel).

The first significant changes in the droplet are observed after 0.07 ms (frame
8.58): A thin, horizontal line appears in the bottom quarter of the droplet, at
whose level there is a wave crest of the water at the vapour outline . During the
next 0.03 ms, the white line moves upwards from frame to frame, i.e. while the
trigger pressure rises, certain changes of the vapour state are induced in the re-
gion of the wave crests, due to their shorter distances from the droplet surface.
From the framing sequence and the spacing of the lines, the white lines are found
to move at a speed of 55 m/s, i.e. about 1/10 of the measured propagation veloc-
ity rate of the trigger-induced pressure pulse between the two pressure transduc-
ers.

In contrast to experiment AOW 6, there is no permanent pressure rise beyond the
trigger pressure, i.e. no autocatalytic effect. Indeed, the pressure rise is slower
than for the trigger alone; an overshoot of 0.19 MPa is observed only at the end
of this phase. In this case, the vapour trail is not compressed completely, and the
normalized area A* remains at a constant minimum value of 0.7 for a period of
0.04 ms. The velocity of the water front moving towards the droplet (Fig.24) is
about 2 m/s in the lower section of the droplet and about 12 m/s in its upper sec-
tion. Atthe starting point of the vapour trail, the condensation front moves tan-
gentially to the droplet surface at a speed of 25 to 30 m/s. In this phase, there is
no change in the stagnation point; the sickle-shaped reflection of the flashing
lightis undisturbed.

Phase lll: Thermal reaction
Time: 0.22-0.31 ms
Frames: 8.73-8.82

In this phase, the pressure drops below the trigger pressure by the same amount
as it was above the trigger pressure and then returns to the trigger pressure at
the end of this phase. The saturation temperature of the water therefore drops
only by 10 K, so that no high overheating energy is available for enhanced evapo-
ration. Compared with experiment AOW 6, the vapour clouds on top of the dro-
plet expand more slowly and to a smaller volume; the normalized area A* in-
creases only to 1 and not to 1.7. The expansion velocity of the vapour/water inter-
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face is about 2 m/s in the bottom section of the droplet and about 22 m/sin its top
section (Fig. 24).

Directly above the droplet equator, there is a zone of small, slowly growing bub-
bles indicating reactions in this region which may be caused by the tangential
movement of the water boundary layer in the preceding phase.

Phase IV: Transition
Time: 0.31-0.46 ms
Frames: 8.82-8.97

During this phase, the normalized area A* remains constant at 1 although the
pressure drops by 0.5 MPa to nearly the initial system pressure. The evaporation
at the droplet equals the condensation at the water/vapour interface. The shape
of the vapour trail changes as if by vapour propagation from the "north pole" of
the sphere.

In the lower stagnation point, a vapour bubble about 1 mm in diameter has
formed which does not expand further. The rest of the bottom section of the dro-
plet has a more or less smooth surface.

The pressure integrated over time from the onset of the trigger to the end of this
phase (see Table 1) amounts to 164 Pa s, i.e. the same value as for the trigger
alone. This indicates that no significant energetic reactions have occurred, so far.

Phase V: Fragmentation

Time: 0.46-6 ms

Frame: 8.97-8.406 (filmends after 3.56 ms)
Once the pressure has dropped below system pressure, it remains at this lower
level during the whole of Phase V (see Fig. 22). Continuously growing vapour

bubbles are formed in the bottom section of the droplet, and the vapour trail
now starts to expand beyond its initial dimensions. '

Compared with experiment AOW 6, frames 8.104 to 8.116 show only a few cavita-
tion bubblesin the water; these remain stable for only 0.12 ms, as the pressure in-
creases to system pressure for a short period of time.

The droplet with the surrounding vapour bubbles starts to widen. Isolated vapour
eruptions occur but no fragments are visible (see Fig. 26). On the last frames, the
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droplet diameter can be seen to have grown to 2.5 times its initial size. Due to its
self-luminosity the droplet is visible through the vapour film; it is deformed to a
cup geometry with a smooth surface.

Phase VI: Recompression

Time: | 6.6 | 23.8 } 28.2 ‘ 32.4 ! 36.1 ] 39.2 ‘ 41.9 ] 44.9 ; ms
|

Pressure peak:

Induced by the recompression of the water column, a reaction occurs after 6.6 ms
which makes the pressure at P1 and P2 rise far above the measuring range of
2 MPa, owing to the fact that the droplet now deformed to a cup geometry offers
a large coherent contact surface for the reaction. Possibly, the droplet has given
off so much energy that it is already partly solidified. However, an estimate of the
heat losses occurring during the time period of 6.6 ms between trigger incidence
and recompression assuming both, a surface three times larger than in the pic-
tures, and a heat transfer three times higher corresponding to film boiling condi-
tions yields a temperature drop of only about 20 K.

Until the next pressure pulse after 17 ms, i.e. outside the film window (Fig. 21),
the photocell signal indicates intensive self-luminosity of fragments in its record-
ing field. The further pressure pulses again follow at certain intervals depending
on the heights of the preceding pressure pulses.

Description of Fragments

Of the fragments collected in this experiment, the number of fine fragments was
several times larger than in the other experiments as shown in the histogram of
Fig. 28. The total number of 2500 fragments in Fig. 28 was determined by count-
ing an estimated sub-fraction.

Many fragments were much smaller than 0.2 mm, so another method was applied
for determining the per cent fragment size distribution for fragments with dia-
meters between 0.001 and 0.2 mm. For this purpose, part of the fragments were
dispersed in water and sized using a laser. The largest fraction, i.e. 31.4%, was in
the range between 0.096 and 0.128 mm. The smallest fragments were 0.02 mm in
diameter, with a fraction of 4.2%. The result was not entered in the histogram as
this second technique yields only per cent fractions.
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The picture of several fragments in Fig. 27 shows that only few fragments are
spherical. Most of the fragments are of irregular shape, partly with a surface hav-
ing a coarse crystalline structure.

6.3.2 ExperimentAOW?7

Experimental parameters:

Droplet diameter 58 mm
Starting temperature 2570 K
Reaction temperature 2460 K
Trigger pressure 0.66 MPa

A frame n of the drum camera can be matched to the time t in this experiment by:
t =0.0098n-0.50; tinms

Figs. 29, 30, 31 show the pressure curves of this experiment in different time
scales.

Short Description of the Experiment

Both the boiling film around the droplet and the vapour trail in the wake region
above the droplet are compressed by the trigger pressure. Initial changes are ob-
servable only in the horizontal orbital surface waves of the water at the boiling
film (not in the stagnation point). The pressure does not rise above the given trig-
ger pressure but oscillates around it. During pressure rise, the vapour trail con-
denses almost completely. During pressure drop, a three-part vapour cloud is
formed on top of the droplet and then condenses partly. While the pressure
drops back to system pressure, the normalized area A* first remains constant and
then increases continuously in size. Cavitation bubbles are visible in the water al-
most during the whole time of 3 ms during which the pressure remains below the
initial system pressure. The droplet is enveloped in vapour clouds on all sides. The
final frames coincide with the recompression of the water column. During this
pressure rise, the vapour clouds around the droplet condense. After this, the dro-
plet is seen to have been broken up irregularly, among others into bigger or
smaller spherical, molten droplets. The reaction pressure caused by recompres-
sion reaches the amplitude of the trigger pressure pulse. This is followed by 15
further pressure pulses of 0.15 to 0.1 MPa at intervals of about 3 ms.
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Phase |: Film boiling
Time: -0.51-00 ms
Frames: 7.1-7.51

The boiling film around the falling droplet is deformed by four horizontal orbital
surface waves of the water projecting into the boiling film (Fig. 33, frame 7.44).
The vapour trail is of conical shape.

Phase ll: Compression
Time: 00-0.19 ms
Frames: 7.51-7.71

Apart from the pressure P1 and the normalized area A*, Fig. 31 shows also the
pressure history of a reference trigger recorded shortly before the experiment
(no hot droplet in the experimental vessel). It takes 0.09 ms for the first visible
changes in the droplet to occur in frame 7.61: A thin, horizontal white line is visi-
ble in the bottom quarter of the droplet at whose level there is a wave crest of
the water at the vapour outline. During the next 0.03 ms, the white line moves
upward from frame to frame. This again suggests changes of the vapour state in
the region of the wave crests protruding into the boiling film. There is no marked
pressure rise beyond the trigger pressure until 0.17 ms after the onset of the trig-
ger (Ap = 0.2 MPa). Frame 7.71 shows how the vapour trail is condensed resp.
compressed except for a small part. The normalized area A* has its lowest value
here, i.e. 0.7. From frame No.7.65, there are irregularities in the boiling film in the
lower stagnation point which, however, are found to have disappeared after 0.06
ms. The velocity of the water front moving towards the droplet (Fig. 32) is about
2.5 m/sin the bottom section of the droplet and about 15 m/s in its top section. At
the starting point of the vapour trail, the condensation front has a velocity of 22
to 25 m/s.

Phase lll: Thermal reaction

Time: 0.19-0.27 ms

Frames: 7.71-7.79

In this phase, the pressure (Fig. 31) drops below the trigger pressure by the same
amount it had risen before and then rises again to meet the reference trigger

pressure at the end of this phase. The saturation temperature of the water is re-
duced by only about 11K, so that there is no high overheating energy available
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for enhanced evaporation as in experiment AOW 6. The volume of the vapour
trail expands only slightly, so that A* increases to only 0.85. The boiling film
around the top half of the droplet is not as smooth as in Phase |, which possibly
suggests a reaction in this region. The expansion rate of the vapour film is about
2.5 m/s in the bottom section of the droplet and up to 38 m/s in the center of the
vapour trail (see Fig. 32).No widening of the droplet is observed in this phase.

Phase IV: Transition
Time: 0.27-046 ms
Frames: 7.79-7.98

The pressure (Fig. 31) continues to oscillate remaining on average below the ref-
erence trigger pressure; at the end of this phase, it drops to the initial system
pressure. The pressure integrated over time from the onset of the trigger to zero
crossing was found to be 162 Pa's, i.e. almost as much as for the trigger alone (see
Table 1). This means that the reactions so far were not accompanied by any highly
energetic reaction.

There is hardly any visible change of the droplet surface in the film frames. At the
end of this phase, the vapour cloud on the droplet surface expands, so that A* re-
turnsto 1in anirregular course.

Phase V: Deformation and Coarse Fragmentation
Time: 0.46-35 ms
Frames: 7.98-7.405 (end of film at3.53 ms)

Almost during the whole of Phase V, the pressure remains below system pressure
by about 0.1 MPa, i.e. at absolute zero (see Fig. 30). Cavitation bubbles are visible
in the water more or less clearly from frame 7.104 to frame 7.360 in Fig. 34. The
cavitation bubbles do not collapse after 0.35 ms at the latest as in the other ex-
periments but remain stable for nearly 3 ms; this is interpreted as being due to
the pressure remaining at absolute zero without any oscillations.

The whole droplet is enveloped in continuously growing vapour bubbles. After
about 1 ms, the vapour clouds are partly broken up in the upper section of the
droplet (frame 7.160). From frame 7.200, there is no further expansion of the va-
pour bubbles, and from frame 7.280 there are reddish, luminous film boiling bub-
bles around single fragments. The pressure increases again at the end of this
phase. The vapour bubbles condense, and the fragments formed in the meantime
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are enveloped in transparent boiling films, which can be seen in flashlight reflec-
tions at the bottom outline.

Phase VI: Recompression

Time: | 3.7 | 6.6 | 9.0 ; 12.0 | 14.5 | 17.1 l 20.1 ] 235 | ms
Pressure peak: l 0.9 | 0.14 | 0.17 l'0.18 | 0.13 ] 0.11 ]

The recompression induces another reaction in the coarsely fragmented droplet.
A pressure rise is initiated which is in the same order of magnitude as the first,
trigger-induced pressure pulse. It is assumed that this is the point of fragmenta-
tion proper into more than 500 fragments. The signal of the photocell is rather
weak in this phase, suggesting a small size or low luminosity of the fragments.
The further pressure pulses follow at intervals determined by the heights of the
preceding pressure pulses. |

Description of the Fragments Collected

The histogram of the fragments collected in this experiment (Fig. 28) has a similar
characteristic as the histogram of experiment AOW 6, but there are some incrus-
tations which probably were not further fragmented during the second fragmen-
tation event. A picture of some fragments (Fig. 35) shows partly spheroidal frag-
ments and some smaller fragments, most of which have smooth-molten surfaces.

6.4 Experiments with Low Trigger-Induced Pressure

At low pressures, the course of the trigger pressure is not as well reproducible as
at medium and higher pressures. Both the height and the shape of the pressure
pulse may vary due to friction in the magnetic hammer.

6.4.1 Experiment AOW 9

Experimental parameters:

Droplet diameter 59 mm
Starting temperature 2380 K
Reaction temperature 2313 K
Trigger pressure 0.25 MPa
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The approximated reaction temperature showed that the droplet had already
cooled down to melting temperature. As it was fragmented during this experi-
ment, it is to be assumed that it was still in the liquid phase at least in its interior.

In this experiment, a frame n of the drum camera can be matched to the time t by
t=0.01n-0.96; tinms

Figs. 36, 37, 38 show the pressure history of this experiment on different time
scales.

Short Description of the Experiment

The vapour trail of the droplet is particularly long in this experiment. The increas-
ing trigger pressure causes only a single change in form of a line running around
the droplet at the level of the droplet equator, from which the vapour trail is
compressed. A reaction in the region of the upper hemisphere of the droplet is
observable even before it becomes visible after collapse of the vapour trail. A cy-
lindrical, opaque vapour space is formed which remains below the diminishing
vapour trail. The pressure curve is irregular, with four pressure peaks. During the
third peak, A* reaches its minimum value, and the remainder of the vapour trail is
cut off from the droplet. Until the fourth pressure peak, both the boiling film and
the vapour trail re-expand and remain constant until the initial system pressure is
reached again. No cavitation bubbles are observed in the water during the subse-
quent phase of negative pressure. As in the other experiments, the droplet is en-
veloped in vapour clouds. After about 2 ms, the pressure rises again, and the va-
pour bubbles recondense. The final frames show that part of the droplet is cut off
in the upper droplet hemisphere. After this, there is another 2 ms phase of nega-
tive pressure, and then the pressure returns to the initial system pressure. The
droplet was broken up into two fragments of unequal size in this experiment.

Phase I: Film boiling
Time: -096-00 ms
Frames: 9.1-9.95
In the colour frames, the droplet is visible through the boiling film. In the wake

region on its top, there is a rather long, nearly symmetrical vapour trail with two
radial contractions.
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Phase ll: Compression
Time: 00-0.26 ms
Frames: 9.95-9.122

Fig. 38 shows the pressure P1 and the normalized area A*. At 0.08 ms after the
trigger pressure rise, the first change is visible in an inclined annular zone at the
level of the droplet equator (Fig. 40, frame 9.104). In contrast to the experiments
with higher trigger pressures, there are no further reactions in other annular
zones; instead, from the next picture the condensation of the vapour trail starts
from this annular zone.

No velocity of the water/vapour interface towards the droplet is observed in the
bottom section of the droplet (see Fig. 39). At the top of the vapour trail, the ve-
locity was 14 m/s, and at the periphery of the vapour trail about 20 m/s.

Phase lll: Thermal Reaction
Time: 0.16-0.34 ms
Frames: 9.112-9.130

In this experiment, Phases Il and Ill interfere, i.e. initial thermal reactions are ob-
served in the upper hemisphere of the droplet even while the boiling film is still
in the compression resp. condensation stage. In frame 9.112, light spots are ob-
served in the upper hemisphere from which a cylindrical vapour volume starts to
form. As this vapour volume continues to expand in the axial direction also during
the pressure rise, it is assumed to be caused by a thermal reaction. A similar phe-
nomenon was observed in experiment AOW 8, while the upper droplet hemi-
sphere remained completely smooth during experiment AOW 7. The vapour trail
does not condense completely but is separated from the droplet. During the pres-
sure drop from the third pressure peak until the rise to the fourth pressure peak,
A* increases from 0.63 to 0.84. At the same time, the contour of the vapour trail
expands at a rate 0f 9...23 m/s (see Fig. 39).

Phase |V: Transition
Time: 034-0.48 ms
Frames: 9.130-9.144
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During this phase, the pressure drops to the initial system pressure. The film
frames show only a slight growth of the vapour/water interface in the radial di-
rection. The axial growth has reached the upper edge of the frame, so that A* is
no longer clearly defined.

Phase V: Deformation

Time: 0.48-275 ms

Frames: 9.144-9.371
Once the pressure has fallen below system pressure, it remains at this level for
2.25 ms (Fig. 37). The vapour clouds enveloping the droplet (diameter 7.5 mm) do
not expand at the droplet equator; instead, there is a radial expansion of the va-
pour contour from 5.2 mm to 13 mm on top of the droplet. The deformation of
the droplet is not yet visible in these pictures on account of the vapour clouds.
Phase VI: Recompression

Time: 2.75-3.25 ms

Frames: 9.371-9.406 (film endsat 3.1 ms)
The pressure rise due to recompression causes recondensation of the the vapour
clouds. Fig. 40, frame 9.406 shows the self-luminosity of the fragmented droplet

through the remainder of the boiling film. The bottom part remains a compact
hemisphere, and the upper part is cut off and flattened.

The last frame in Fig. 40 shows the two fragments; the bigger fragment has a
half-cylindrical shape while the smaller one is an irregular, hollow fragment.

6.4.2 Experiment AOW 11

Experimental parameters:

Droplet diameter 56 mm
Starting temperature 2300 K
Reaction temperature 2313 K
Trigger pressure 0.25 MPa
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The measurement of the droplet surface temperature prior to immersion in the
water yielded a value below the melting temperature of Al,O,. The droplet was
deformed during the experiment, so it must be assumed that it was still liquid in-
side.

A frame n of the drum camera can be matched to the time t as follows:
t=001Tn-0.21; tinms

Figs. 41, 42, 43 present the pressure history of this experiment in different time
scales.

Short Description of the Experiment

In the film frames of this test, the droplet is displayed close to the top edge of the
frame (Fig. 45). It has a clearly visible, relatively small vapour trail. There are four
indentations of the water into the boiling film. Asin experiment AOW 9, the only
change observed during the trigger-induced pressure rise is on an annular zone.
The vapour trail is not completely compressed resp. condensed in this experiment
and thus not separated completely from the droplet. Although there is a reaction
on the upper hemisphere, it is not as marked as in experiment AOW 9. The minu-
mum value of A* isreached 0.13 ms before the peak pressure. While the pressure
drops to the initial system pressure, there are no changes in the droplet. In the
following negative pressure phase of 1.5 ms, there are no cavitation bubbles in
the water. The vapour clouds around the droplet widen by only 20%; an annular
bulging is formed in the upper droplet hemisphere. After this, the pressure rises
to 0.03 MPa, and the vapour clouds slightly decrease in size. After another period
of negative pressure, the vapour zone re-expands. On the final frames, the self-
luminosity of the droplet is visible as an irregular shape through the vapour film.
The collected droplet proves that only deformation took place during this experi-
ment: The droplet was widened and distorted into a cup geometry.

Phase |: Film boiling
Time: -0.21-00 ms
Frames: 11.1-11.21
The droplet is enveloped in a vapour film which is deformed by four indentations

at the water/vapour interface. The vapour trail is rather small and non-
symmetrical.
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Phase ll: Compression

Time: 0.0-0.28 ms

Frames: 11.21-11.49
Fig. 43 shows the pressure P1 and the normalized area A*. At 0.12 ms after the
trigger pressure rise, the first change is observed along an annular zone just be-
low the droplet equator. There, on the left and right edges of the contour, there
are indentations of the water into the boiling film (Fig. 45, frame 11.33). The next
frame shows a similar zone at the level of the droplet equator, which remains sta-
ble during the next frame; after this, the vapour trail is compressed from this re-
gion. The water front moves towards the droplet at a velocity of 10...22 m/s (see
Fig. 44).
Phase lll: Thermal Reaction

Time: 0.28-0.41 ms

Frames: 11.49-11.62
In this experiment, too, there is a thermal reaction while the trigger pressure is

still rising. No change is observed in the droplet itself, as in contrast to experiment
AOW 9. The only evidence of a reaction is the expansion of the vapour trail.

The expansion rate of the vapour trail is only 8 m/s (see Fig. 44).

Phase IV: Transition

Time: 0.41-0 ms

Frames: 11.62-11.81
The outline of the expanding vapour trail has reached the upper edge of the film
frames. No further expansion is observed in the visible region while the pressure
drops to the initial system pressure.
Phase V: Deformation

Time: 0.60-2.1 ms

Frames: 11.81-11.231
While the pressure remains below system pressure, there is a linear expansion

(about 20%) of the vapour clouds around the droplet and an annular ring of va-
pour bubbles formsin the upperdroplet hemisphere.
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Phase VI: Recompression
Time: 2.1-29 ms
Frames: 11.231-11.311 (film ends at 3.87 ms)

The recompression amplitude is small (about 0.04 MPa). There is another linear
expansion of the vapour clouds by 5% as referred to the onset of Phase V.

After recompression, the pressure oscillates below the system pressure more than
ten times with decreasing amplitudes. Frame 11.408 in Fig. 45 shows the self-
luminosity of the droplet. The irregularly formed vapour bubbles around the dro-
plet cause a noncircular, striated distortion of the droplet image.

The last frame of Fig. 45 shows the solidified droplet. It has a cup geometry, its
surface is smooth. Droplets falling through the water in preliminary experiments
without external trigger as a rule also had a hole in their surface but were not as
deformed as in this experiment.

7. Summary Description of the Observed Reaction Processes

Boundary Conditions
Coolant: Water of room temperature in an open vessel
Hotdroplet: Al,O, heated above melting temperature by up to 260 K; mass

of0.2 g t0 0.3 g; diameter between 4.9 mm and 5.9 mm;

Triggerlevels: Low pressure pulse of 0.25 MPa, medium pressure pulse of
0.66 MPa, high pressure pulse of 0.95 MPa.

Phase I: Film Boiling

The hot droplet falls through the water enveloped in a vapour film. The boiling
film is about 0.7 mm thick in the lower droplet section and is deformed by hori-
zontal orbital surface waves of the water with amplitudes of = 0.1 mm. In the
wake region on top of the droplet there is a normally irregularly shaped vapour
trail whose thickness in the radial direction isup to 1.5t0 2.5 mm.

Phase Il: Compression

A low or medium trigger pressure pulse induces compression and condensation
of the boiling film and vapour trail but no direct reaction between droplet and
water. The water front is accelerated towards the droplet to a velocity of about
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3 m/s in the bottom section and about 8 m/s in the top section. There is no pres-
sure increase; the pressure only oscillates around the given trigger pressure ap-
plied.

A higher trigger pressure pulse causes liquid-to-liquid contact in the rear stagna-
tion point of the droplet which results in flash evaporation and a superposed
pressure rise. This event occurring shortly after trigger pressure rise is referred to
as a prompt reaction. The water front moving from the top towards the droplet
reaches velocities of 10 to 17 m/s.

Phase lll: Thermal Reaction

While the pressure drops, reactions take place in the regions where the water
front was strongly accelerated towards the droplet. Vapour clouds form and ex-
pand at a rate of up to 50 m/s in the upper hemisphere. The enhanced local va-
pour formation slows down the velocity of the water front in the other regions
moving towards the droplet and even reverses it. The expansion rates were up to
4 m/s in the lower hemisphere. Water/droplet contacts are cut off by the restored
vapour film later.

Phase IV: Transition

In this phase, the pressure drops to the initial system pressure. The outline of boil-
ing film and vapour clouds does not expand further. On the contrary, the vapour
volume condensed at the cold vapour/water interface is larger than the new va-
pour volume generated.

Phase V: Deformation and Coarse Fragmentation

During this phase, the pressure is near absolute zero. After a medium or high trig-
ger pressure pulse, cavitation bubbles form in the water which may remain stable
for up to 3ms.

The droplet is enveloped in vapour clouds, first in its upper hemisphere and then
throughout. At low trigger pressures the droplet is deformed into a cup geome-
try; at higher pressures, a rim of fragments is formed. If the initial droplet tem-
perature was near the melting temperature, the droplet may also be fragmented
into a small number of spherules.

Phase VI: Recompression

Recompression of the water causes another pressure rise. The vapour bubbles
condense, and the boiling film around the droplet fragments is visible again. Big-
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ger fragments may be fragmented again by another acceleration of the water
front towards the fragment surface. Even after partial solidification, coherent
large-surface fragments may react more violently than smaller molten fragments.
This is followed by several further phases of negative pressure and recompression
in the water depending on the violence of the reaction.

8. Concluding Remarks

The reaction process is determined not only by the trigger magnitude of the pres-
sure peak and the integral of the trigger pulse but also by the subsequent pres-
sure oscillations in the water. Because of the large difference between contact
temperature and critical temperature of the water, prompt reactions were ob-
served in the tests with high trigger pressure. Deleayed reactions occurred locally,
preferably in the region of the vapour trail.

After the first reaction and the following transition period the pressure in the wa-
ter becomes negative leading to a certain degree of separation of the water from
the hotdroplet. The subsequent recompression accelerates the water again in the
direction of the droplet.

The existence of the vapour trail in all experiments shows that it would be inap-
propriate to assume spherically symmetrical conditions in the vapour film. The
non-symmetrical conditions govern the break-down process of the film in the
case of an external trigger pressure.
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9.

Nomenclature

Symbols and Abbreviations

—

RO P < C

area within the vapour film contour on the film pictures
normalized area

heat capacity at constant pressure, resp. constant volume
recording frequency

heat of fusion

number

upper pressure transducer

lower pressure transducer

time

temperature

minimum wall temperature

spontaneous nucleation temperature

minimum film boiling temperature difference

contact temperature

melting temperature

charging voltage of the condenser for the magnetic hammer
velocity

ratio defined by eqs. (A-3) + (A-4)

thermal conductivity

density

ratio defined by eq. (A-5)

Subscripts

C
H
I

Liq

sat

cold

hot
interface
liquid
salid
saturation
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Annex

Calculation of the Contact Temperature

At sudden contact between a hot and a cold liquid assumed to take place in the
form of two semi-infinite slabs (cf. Ref. 9) - the contact temperature T, will be estab-
lished instantaneously according to the equation

Tmelt + BC,S TC erf(p (A-1)

T =
! 1 + BC,S erfd
where ¢ is the root of
2 _4)21(
- SH
& = cpS (Tmelt - TC) € _ BH,S (TH - Tmelt) € (A—Z)
hf\/;; llﬁcs+erf¢ 1——6"}“((1)\/1_{-8—';;)
with
v (pCpMH (A-3)
PCP g
V (pc ))
Bog = v C (A-4)
’ % (pcp)\)s
/ pcp)s
K = A-5)
S.H o/ pcp)H (

The contact temperatures listed in Table 1 are calculated using eqgs. (A-2)
and (A-3) and the physical properties for water and Al,O, compiled in Table 2.

36



Table 1:

Experimental Data

Droplet temperatures,
K

Reference trigger

First reaction

Interface
temperature Post examination
'ESI\JN . at first Max.he‘rlfassure, | Max.helr::sure, of fragments,
Start Estimated contact, fPidt, fP1.dt, number / size
(Pyrometer) | ust before K Pa-s Pa-s
y reaction P1 | P2 P1 | P2
4 2350 23131 2125 095 | 1.14 260 1.25 | 1.23 280 some/1-2 mm
many/ < 0.5mm
6 2670 2565 2245 095 | 1.14 208 1.90 | 1.41 240 some/1-2mm
many/ < 0.5mm
7 2570 2460 2205 0.66 | 0.90 164 0.86 | 0.90 162 crusts
many/ < 0.5 mm
8 2580 2470 2210 0.66 | 0.90 164 0.85 | 0.74 165 some/1-2mm
many/ < 0.5mm
9 2380 23131 2135 0.25 | 0.35 63 0.32 | 0.52 77 two fragments only
1 2313 23131 2105 0.25 | 0.35 63 0.23 | 0.30 63 no fragmentation,
only deformation

Tabout 4 %, 8 %, and 12 % of the mass solidified in tests 9, 4, and 11, respectively




Table 2: Thermal-physical Properties of the Test Materials Used for the

Determination of T

(Al203)s (A1203)Liq H20

Melting point (K) 2313

Boiling point (K) 3260 373
Critical temperature (K) 647
Thermal conductivity (W/m K) 6 8 0.6
Specific heat (/kg) 1300 1320 4184
Density (kg/m3) 3600 3400 1000
Heat of fusion (J/kg) 1.067-106
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Fig. 33 Test AOW7, Sequence of
Pictures (Phases | ... IV)
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. 34 Test AOW7, Sequence of
Pictures (Phase V)
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Fig. 35 Test AOW7, Photomicrographs
of some Fragments
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Fig. 36 Survey of Test AOWY, (fg = 10 kHz)
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Fig. 37 Test AOW9, Course of Pressures
(U= 700 V; fR 500 kHz)
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Fig. 39 Test AOW9, Velocity of
Water-Vapour Interface



 [Smm

0.26ms

19130 034ms

IRE8712110

Fig. 40 Test AOW9, Sequence of Pictures
and View of Fragments
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Fig. 41 Survey of Test AOW11 (fz= 10 kHz)
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Fig. 42 Test AOW11, Course of Pressures
(U=700 V; fg=500 kHz)
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Fig. 43 Test AOW11, Sequence of

Events
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Fig. 45 Test AOW11, Sequence of Pictures
and View of deformed Droplet



