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The influence of an ambient fluid flow on the fragmentation of hot molten tin
droplets (initially at 800°C) and cold low melting point alloy droplets (initially at
70°C) in water is investigated with high-speed photography and flash radiography.
The water is accelerated using a converging nozzle to a constant speed of up to
30m/s using a double piston arrangement designed to eliminate the formation of
a shock wave that is present in most earlier studies. At low flow velocities, the
fragmentation of hot droplets is governed by thermal effects and vapour
formation, growth, and collapse. At high flow velocities, vapour formation is
suppressed and the droplet fragmentation is determined by hydrodynamic
effects in which hydrodynamic instabilities (Rayleigh-Taylor and Kelvin-
Helmholtz) and wavecrest stripping all play a role in the droplet breakup. At
intermediate flow velocities, both thermal and hydrodynamic effects play a role.
Quantitative image analysis of the radiographs is used to determine the spatial
distribution of the droplet mass during the fragmentation process. Comparison
with earlier work in which the ambient flow is preceded by a strong shock wave
indicates that the transition from thermal to hydrodynamic breakup is strongly
dependent on the pressure field.
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1 Introduction

If a liquid droplet is suddenly accelerated by the differential velocity of an ambient fluid,
the droplet will deform and eventually break up into smaller droplets if the relative velocity is
sufficient. In the field of atomization, this is often denoted secondary atomization to
distinguish it from the primary breakup of a bulk liquid to form filaments and large
droplets [1]. The rate of droplet fragmentation is primarily governed by the Weber number,
or ratio of inertial to surface tension forces. If the Weber number is based on the original
droplet diameter d, it is defined as follows:

We � ρcU
2d

σ
,

where ρ is the density, U is the relative convective flow velocity between the droplet and the
ambient fluid, σ is the droplet surface tension, and the subscript c refers to the continuous
fluid phase. Alternatively, the droplet breakup can also be related to the Eötvös (or Bond)
number, or the ratio of acceleration to surface tension forces, which is given by

Eo � ρdad
2

σ
,
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where a is the droplet acceleration, and the subscript d refers to the
droplet. The Eötvös number can also be shown to be proportional to
the product of the Weber number and the droplet drag coefficient
[2]. For viscous fluids, the Ohnesorge number (Oh), or ratio of
viscous to surface tension forces, i.e.,

Oh � μd����
ρddσ

√ ,

where μ is the dynamic viscosity, may also influence the breakup
process.

There is a large body of literature on the aerodynamic breakup of
liquid drops suddenly introduced into a high-speed airstream or
accelerated by the passage of a shock wave in a shock tube (e.g.,
[1–7], among others). Of particular interest is determining the
droplet velocity history, the dependence of the morphology of
the droplet breakup on the Weber and Ohnesorge numbers, the
time for the droplet to break up, and the size distribution of the fine
droplets produced [3]. Various mechanisms play a role in the
droplet breakup, including interfacial instabilities and boundary
layer stripping. For example, the acceleration of the droplet leads
to surface perturbations developing on the upstream droplet surface
due to the Rayleigh-Taylor instability which may grow to a sufficient
size to penetrate the droplet and cause multiple smaller droplets to
form. As the droplet deforms, interfaces parallel to the flow direction
develop perturbations due to the Kelvin-Helmholtz instability. Fluid
near the surface of the droplet is convected to the droplet equator by
the ambient flow and may be stripped off the droplet surface
forming fluid filaments that further breakup downstream.

In contrast with droplet breakup in an airstream, there is
relatively less information on droplet breakup in liquid-liquid
systems comprised of a liquid droplet surrounded by an
immiscible liquid. Patel and Theofanous [8] studied the breakup
of mercury, gallium, and acetylene tetrabromide droplets accelerated
by a shock wave in a hydrodynamic shock tube. Ciccarelli and Frost
[9] investigated the breakup of both cold liquid metal droplets and
hot molten metal droplets in water accelerated with strong shock
waves generated with either an underwater exploding wire or high
explosive detonator. Some aspects of droplet breakup in liquid-
liquid systems are similar to liquid-gas systems, yet others are
different. Pilch and Erdman [3] reviewed previous work on the
breakup of mercury and gallium drops in water and concluded that
“. . .the magnitude of liquid-liquid system breakup times is
comparable to total breakup times for gas-liquid systems.” Gelfand
[2] carried out a thorough review of fragmentation in liquid-liquid
systems and found that the breakup behaviour in a liquid-liquid
system is similar to that of a liquid-gas system with a high initial
pressure. However, he also observed that some of the breakupmodes
observed in liquid-gas systems were not present in liquid-liquid
systems.

Much of the work on fragmentation of hot droplets dispersed in
a cold continuous fluid has been carried out with molten metal
droplets immersed in a coolant such as water. In this case, the
presence of vapour surrounding the hot droplet influences the
droplet fragmentation process. Destabilization of the vapour film
can also lead to an explosive production of vapour. The dynamics of
explosive melt-coolant interactions has largely been motivated by
the potential severe consequences of such an event following a
hypothetical loss-of-coolant accident in a nuclear reactor, although

such explosions (also referred to as fuel-coolant-interactions or FCIs
in this context, or more generally as vapour, or steam explosions) are
also a hazard in the metallurgical and pulp and paper industries and
can occur during magma-water interactions (see reviews [10, 11]).

In a typical accident scenario, fragments of melt are dispersed in
a coolant and a triggering event leads to the propagation of a
coherent interaction through the mixture. In a propagating melt-
coolant interaction, the fine fragmentation of the melt governs the
rapid increase of interfluid surface area and heat transfer. Previous
studies of propagating vapour explosions [12, 13] have shown that
the fragmentation mechanisms of single melt drops can be classified
into two main groups: thermally-induced mechanisms, driven by
vapour film collapse and subsequent bubble dynamics, or
hydrodynamic fragmentation mechanisms due to the relative
velocity between the melt and coolant. Although much is known
about each class of fragmentation mechanism, the transition from
thermal to hydrodynamic fragmentation as the ambient flow
velocity is increased, which is relevant to the developing phase of
a steam explosion, is poorly understood. In addition, the critical
ambient flow velocity for which thermal effects are negligible and its
dependence on pressure and fluid properties is not known. For melts
with small superheats, solidification of the melt may also influence
the fragmentation rate [14].

In previous studies on the effect of flow on the fragmentation
process, the flow was generated either by the motion of a piston
driven by an exploding wire [15], the underwater discharge of an
exploding wire or high explosive charge which produces an
expanding volume of gas [9], or by the flow behind a shock wave
propagating in a water shock tube [16]. In each case the coolant flow
is preceded by an underwater shock wave which disturbs the droplet
prior to the flow disturbance and may initiate a melt-coolant
interaction. The characteristic risetime of the pressure across the
shock front is considerably shorter than the risetime associated with
the pressure front in a propagating steam explosion in a confined
multiphase fuel-coolant mixture. For example, the risetime of the
propagating pressure wave in molten tin-water interactions in a
confined geometry is typically on the order of 0.1 ms [17]. Therefore,
the pressure and flow fields that occur in the above single droplet
studies are often not representative of those occurring in
propagating interactions in complex melt-coolant mixtures.
Hence, care must be taken in extrapolating the fragmentation
behaviour observed in single droplet studies to models of
propagating interactions.

The present work addresses the breakup of both hot and cold
liquid metal droplets in water. The hot molten metal droplets have
the added complication of the presence of vapour surrounding the
droplets. In this case, the use of flash X-ray radiography is necessary
to distinguish the metal droplet from the vapour bubble and to
directly visualize the droplet breakup process. The apparatus in the
present investigation was designed to eliminate the leading strong
shock wave during the acceleration of the coolant. In this way, the
role of the ambient flow velocity on the fragmentation process can be
studied without the interference of shock wave effects. The present
results are particularly relevant to the fragmentation behaviour that
occurs during the triggering and escalation phase of a steam
explosion. The objective of the present work was to determine
how the fragmentation of a single melt droplet changes as the
relative velocity between the coolant and melt increases and to
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identify the possible reasons for the discrepancies between the
results of previous work. This was carried out by experimentally
studying the breakup of hot tin drops at different coolant velocities
and comparing the breakup to that of isothermal liquid metal drops
(i.e., at the same temperature as the coolant) at the same velocities,
while keeping all other variables constant. A measure of the melt
distribution during the fragmentation process was obtained using a
quantitative analysis of the radiographs taken at various stages of the
process.

2 Experimental

The experimental facility, shown in Figure 1, is designed to
investigate the melt-coolant interaction of a single melt droplet
initiated by the relative motion between the melt and coolant. The
apparatus consists of a test section attached to a water “cannon” used
to accelerate the water, and a dump tank containing the melt oven.
Inside the oven, which consists of a ceramic crucible and electrical
resistive heater, the melt droplet is heated to the desired temperature
in an argon gas environment to avoid oxidation. The test droplet is
then released from the oven by raising a boron nitride ceramic rod
which blocks the central hole in the crucible. When the droplet has
reached the viewing windows of the test section, the water cannon
rapidly accelerates the water in the test section and drives it at a
constant velocity, initiating the melt-coolant interaction. The
interaction is recorded using either high-speed photography or
flash radiography.

Tin and a low melting point eutectic alloy commercially called
Cerrolow-117 (having a composition of 44.7% bismuth, 22.6% lead,
19.1% indium, 8.3% tin, and 5.3% cadmium) were used as melts for
all of the experiments. Cerrolow-117 has a melting point of 47°C,
which with a water temperature of 70°C gives test conditions in
which the melt remains a liquid throughout the interaction and only
hydrodynamic fragmentation is possible.

The test section consists of an aluminum block with a circular
inner cross-section 50.8 mm in diameter. Two plane Lexan windows
(38 mm wide, 127 mm long, and 25.4 mm thick), are mounted on
opposite sides of the test section to provide viewing access. Two light
tubes are mounted above the window section to allow a helium-neon
laser beam to pass through the test section and across the path of the
falling melt drop. A photodiode mounted opposite the laser is used
to detect a change in the intensity of the laser light caused by the
passage of the drop, providing a signal for triggering the water
cannon. A piezoelectric pressure transducer, flush mounted in the
test section wall at approximately the location of the melt-coolant
interaction, records the transient pressure pulse generated when the
flow is accelerated. Two transducers (PCB Piezotronics, NY) with
different ranges were used due to the large range in transient
pressures generated by the cannon at different velocities (PCB
109A, 10.15 mV/MPa; PCB 113A, 0.716 mV/MPa).

The water cannon was designed to accelerate the water rapidly to
a nearly constant velocity. The cannon consists of water and high-
pressure gas reservoirs separated by a double piston. The primary
piston, with a “T”-shaped cross section, is held in place at its base
with a Mylar or steel diaphragm. The diaphragm and piston form a
small secondary volume that is sealed off from the gas reservoir
using O-rings. Before triggering, only the base of the piston is
exposed to the high-pressure reservoir so that the stress on the
diaphragm is initially 60%–80% of that required to rupture the
diaphragm. Upon triggering, a valve connecting the secondary
volume to the gas reservoir is opened, doubling the force on the
piston, rupturing the diaphragm and the piston and water are then
driven upwards by the high-pressure gas. The water is accelerated
into the test section through a conical nozzle, with an inlet:outlet
area ratio of 9:1. The use of a double piston separated with foam
accelerates the water rapidly and reduces the magnitude of the
pressure pulse generated by the firing of the cannon.

Since the velocity in the test section could not be measured
during an experiment, it was calibrated against the pressure in the
gas reservoir by observing the motion of a neutrally-buoyant piston
placed in the test section using high-speed photography. Velocities
of 9, 15, 22, and 28 m/s were used. The variability in the velocity
calibration was found to be less than 10%. The calibration trials
showed that the velocity reached a constant value within a time of
between 50 and 150 µs, depending on velocity, which corresponds to
approximately 5% of the droplet breakup time. The point at which
the velocity reached a constant level was taken as time t = 0, and the
coolant velocities were constant over the duration of the droplet
breakup.

A Cordin Dynafax rotating-drum 16 mm camera was used to
take back-lit photographs at 20,000 frames per second for a
maximum duration of 224 frames (~11 ms). A Scandiflash
(Uppsala, Sweden) Model 150 kV flash X-ray system was used to
take radiographs of the melt-coolant interactions. The X-ray unit
delivered 25 mREM of soft X-rays in a 35 ns pulse. Kodak XAR-5

FIGURE 1
Schematic of experimental apparatus.
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high-speed X-ray film was used with a Kodak Min-R intensifying
screen and cassette. The X-ray head was positioned 50 cm in front of
the droplet and the film 6 cm behind the drop. These positions for
the head and film gave the best combination of contrast and
penetration of the melt. As only one X-ray image could be taken
per trial, a number of trials had to be conducted with different time
delays in order to obtain a time resolved sequence of radiographs for
a given set of initial conditions.

The radiographs were quantitatively analyzed to extract
thickness and mass distribution data of the fragmenting
drop. The X-ray absorption was calibrated against material
thickness by placing a gauge of varying thickness in the field of
view of each radiograph. Image analysis was performed on the
radiographs to correct for 1) spatial variations in the X-ray intensity,
2) X-ray scattering (the fragmenting droplet and calibration gauges
were not located in the same plane and hence their images were
affected by different amounts of scattering), and 3) the presence of
vapour bubbles. A detailed description of the analysis procedure is
given in [18]. Typical results of the analysis are shown in Figure 2,
which shows an original X-ray radiograph A), and a contour plot of
mass distribution B), in which each of the 5 contours corresponds to
20% of the droplet mass calculated with the lightest and darkest
shades corresponding to the mass with the lowest and greatest
thickness, respectively. The wavelength of the perturbations that
develop on the upstream side of the droplet is indicated by the lines

on the radiograph, and corresponds to a value of about 2.5 mm. Also
shown in Figure 2 is a plot of the cumulative mass with thickness,
calculated after applying the various correction factors. In this
example, the mass from the fragmented droplet is distributed
over an area such that the thickness of the tin at any point in
the image was less than about 1.5 mm.

The quantitative analysis of the radiographs showed that the
computed total droplet mass was most reliable for tin thicknesses
below about 0.5 mm. Above this thickness, the exponential nature of
the absorption of X-rays with material thickness, combined with the
lack of penetrating power of the X-rays resulted in a small error in
the optical density of the image translating into a large error in
material thickness. Therefore, at early times where a substantial
portion of the droplet had a thickness greater than 0.5 mm, only
~20% of the original mass could be recovered from the image
analysis. At later times when the drops were extensively
fragmented, ~80% of the mass was recovered.

3 Results

Many single droplet experiments were carried out using tin
drops initially at 800°C and Cerrolow-117 drops at 70°C. In all cases,
the droplet mass was 0.50 ± 0.01 g, the coolant temperature was
70°C ± 2°C, and the temperature of the tin at the time of the
interaction was estimated to be ~700°C, due to cooling of the droplet
during free-fall. Experiments were conducted to visualize the droplet
fragmentation using high-speed photography for both hot and cold
drops with coolant velocities of 9, 15, 22, and 28 m/s. The
experiments were then repeated using flash radiography at
nondimensional time intervals of ΔT = 0.4 to closely examine the
breakup of the droplet with the nondimensional time T given by:

T � ρc
ρd

( )1/2
Ut

d

where ρ = density, U = convective flow velocity, t = time, d = droplet
diameter, and the subscripts c and d refer to coolant and droplet
quantities, respectively. A nondimensional time of one corresponds
physically to the time for a droplet to move one droplet diameter
when accelerated by the drag force acting on the droplet due to a
constant relative flow velocity between the coolant and the
drop. With the surface tension for molten tin taken to be
0.524 N/m, the coolant velocities of 9, 15, 22, and 28 m/s tested
correspond to Weber numbers of 786, 2184, 4697, and 7609,
respectively. The corresponding Weber numbers for the
experiments with Cerrolow-117 drops were estimated to be about
4% higher, based on the mass-weighted average surface tension of
0.455 N/m.

3.1 Pressure field

The pressures measured at the time of the interaction at the
approximate location of the droplet for the four velocities are shown
in Figure 3. For any given velocity, the peak pressures were very
consistent, with a variation of only ±15% from trial to trial. In all
cases the risetime of the pressure was relatively long and a shock did

FIGURE 2
Original radiograph of fragmenting tin droplet (A) and contour
image (B), with each gray-level corresponding to 20% of mass, after
quantitative corrections applied. Plot shows cumulative mass
determined from contour image as a function of tin thickness.
The wavelength of the perturbations on the upstream surface of the
droplet is indicated by the lines in the radiograph and corresponds to a
value of about 2.5 mm.
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not form. The shape of the traces was also similar for the four
velocity cases, but the magnitudes differed greatly. For trials at 9, 15,
and 22 m/s the pressure always remained below the critical pressure
of water (i.e., below 22.1 MPa), but at 28 m/s the peak pressure was
well above the critical pressure for a duration of T = 0.3. The most
significant difference between the trials is that the nondimensional

duration of the pressure pulse is greater at the higher velocities than
at the lower velocities. This results in the pressure being at elevated
levels for almost the complete droplet breakup at 28 m/s, but only for
the initial 25% of the breakup time for trials at 9 m/s.

3.2 Isothermal droplet breakup

For the range of Weber numbers investigated (820–7920), the
isothermal Cerrolow-117 drops displayed a similar breakup
mechanism at all coolant velocities. Figure 4 shows a selection of
radiographs of the breakup of Cerrolow-117 drops for a coolant
velocity of 15 m/s (Figures 4A–D) together with several radiographs
at higher velocities at later times (Figures 4E, F). Since only one
radiograph can be taken at a time, each radiograph in Figure 4
corresponds to a different trial. Overall, the morphology of the
droplet breakup was essentially identical at 9 and 15 m/s and at
22 and 28 m/s.

As the drops free-fall through the test section prior to triggering
of the water cannon, the pressure distribution on the surface causes
the drops to assume an initially ellipsoidal shape. Upon initiation of
the flow, small fragments are stripped from the droplet surface to
create a cloud of fine particles at the leeward side of the droplet (see
Figure 4A). These fine fragments are probably created by the

FIGURE 3
Pressure recorded at wall of test section as a function of
nondimensional time, T, for four different coolant velocities tested.
Dimensional time is indicated on the top axis of each plot.

FIGURE 4
Radiographs of fragmenting liquid metal alloy (Cerrolow-117)
drops at the same temperature as the surrounding water (70°C) for
3 different water flow velocities. Nondimensional and dimensional
times are noted for each radiograph.
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stripping of wave crests of small-scale instabilities on the front and
side surfaces of the drop. After the initial period of fine
fragmentation, larger scale perturbations, with a wavelength on
the order of millimeters, form on the front surface of the droplet
and are convected towards the equator (see Figures 4B, C). As these
surface perturbations are torn away from the parent drop, they form
filaments downstream of the droplet in addition to the micromist of
fine fragments. As the fragmentation process progresses, the
filaments break up into fine fragments and more filaments are
drawn off until the parent droplet effectively ceases to exist and
all the droplet material is contained in the fragment cloud
(Figure 4D). For coolant velocities of 22 and 28 m/s, at late times
(T > 1.5), a recirculating flow is evident at the back of the fragmented
droplet (see Figures 4E, F) that is not present at the lower velocities.

There is no evidence from the radiographs that the parent
droplet experiences the so-called “catastrophic” breakup defined
by Pilch and Erdman [3] as the penetration of the droplet by large-
amplitude surface waves, which can occur during the breakup of
liquid droplets in air at large Weber numbers. The primary
fragmentation mechanism is associated with the formation of
surface perturbations that are convected to the droplet equator
and stripped off. The wavelengths of the perturbations range
from 1–4 mm. The physical mechanism for the growth of the
perturbations will be addressed later with reference to linearized
instability theory.

3.3 Hot droplet breakup

For hot drops, the formation, growth, and, in some cases, the
collapse of a vapour bubble play a significant role in the breakup
of the melt drop. Figure 5 shows the effect of ambient flow
velocity on the bubble growth history for hot tin drops, as
determined from high-speed film records. For no ambient
flow, the droplet breakup process, after the melt coolant

interaction is initiated by a weak shock wave, is dominated by
a cycle of bubble growth and collapse [9]. With an ambient flow
velocity of 9 m/s, bubble growth and collapse still occurs, but a
second bubble growth cycle does not occur. For velocities of
15 m/s and 22 m/s, a vapour bubble forms and grows, but does
not collapse. In these cases, the vapour region eventually
condenses and disappears. For a flow velocity of 28 m/s, a
negligible amount of vapour is formed.

Figures 6–8 show X-ray radiographs of the breakup of 0.5 g tin
drops at an initial temperature of 800°C for water flow velocities of 9,
15 and 28 m/s, respectively (the results at 22 m/s are not shown since
they are similar to those at 28 m/s). Also included in the figures are
mass contour plots of the drops developed using the X-ray analysis
technique. The contour plots give the mass distribution within the

FIGURE 5
Growth of vapour bubble with time for four different coolant
velocities. Curve fits for flow velocities of 9 and 15 m/s are second
order polynomials whereas curve fits for flow velocities of 0 and 22 m/
s are smooth fits through the data points.

FIGURE 6
Radiographs (left) and corresponding mass contours (right) at
various times for tin drops subjected to a 9 m/s water flow.
Nondimensional time T is indicated for each image pair. Each image
pair is identified with a letter to facilitate reference to a particular
image within the text.
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droplet and fragment cloud and reveal details of the droplet breakup
not as visible in the original radiographs.

It is evident from the figures that for the different velocities, the
droplet breakup mechanisms are similar at early times. Up to T =
1.0 the breakup process over the range of velocities is very similar in
each case and resembles that of the isothermal droplet trials, i.e., fine
fragmentation with the formation of a micromist downstream of the
drop. However, at later times the fragmentation mechanisms at the
different velocities differ significantly.

Figure 6 shows that for an ambient flow velocity of 9 m/s, after
the initial fine fragmentation, a vapour bubble forms downstream of
the droplet and reaches a maximum diameter at about T ~ 1.7
(Figure 6C). The vapour bubble is visible on the high-speed
photographs and appears on the radiographs as a lighter region
due to the lower X-ray absorption of the water vapour in comparison
with liquid water (see Figure 6C). With the expansion of the bubble,
the fragments in the cloud are dispersed over a large area and the
parent droplet is stretched and elongated. The bubble then collapses,
completely fragmenting the remaining coherent pieces of melt and

forming a symmetrical fragment cloud (Figure 6E). By T ~ 3.2
(Figure 6F), the mass contour plot shows that the mass is nearly
uniformly distributed throughout the fragment cloud. There is no
evidence of the growth of a second bubble from the radiographs or
high-speed photographs.

When the coolant velocity is increased to 15 m/s (see Figure 7),
after the initial fine hydrodynamic stripping, a bubble also grows in
the wake of the droplet (visible, e.g., in Figure 7E) but does not
subsequently collapse. As the bubble expands, the fragments in the
cloud are dispersed and the remainder of the parent drop, located
just upstream of the bubble, is stretched and distorted. Perturbations
on the droplet surface grow and break off, forming long horizontal
filaments (Figure 7E) which are convected downstream and
breakup. This formation of liquid “threads” during droplet
fragmentation has been observed by previous investigators [5].
This process continues until the parent droplet is completely
broken up. The vapour bubble formed does not collapse and at
later times (T > 5), from high-speed photographs, droplet fragments
are visible in the water upstream of the front surface of the bubble as
the bubble begins to condense. The bubble eventually completely
condenses due to the convective cooling from the ambient flow. No

FIGURE 7
Radiographs (left) and corresponding mass contours (right) at
various times for tin drops subjected to a 15 m/s water flow.
Nondimensional time T is indicated for each image pair. Each image
pair is identified with a letter to facilitate reference to a particular
image within the text.

FIGURE 8
Radiographs (left) and corresponding mass contours (right) at
various times for tin drops subjected to a 28 m/s water flow.
Nondimensional time T is indicated for each image pair. Each image
pair is identified with a letter to facilitate reference to a particular
image within the text.
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further vapour is formed indicating that the majority of the thermal
energy of the melt has been transferred to the coolant at this point.

At higher ambient flow velocities, the amount of vapour formed
is reduced and at the highest velocity (28 m/s), a negligible amount
of vapour forms. In this case (see Figure 8) the breakup mechanism
is similar to that for an isothermal drop, although the intense
recirculation pattern visible in the droplet wake for cold drops
(e.g., Figure 4F) is not evident for the hot drops. The

perturbations visible on the upstream surface of the droplet (see
Figure 8C) may be evidence of local coolant/melt contacts leading to
the ejection of fine melt fragments. In general, for high coolant
velocities, a large number of fine fragments are stripped off the
parent droplet causing the mass distribution within the fragment
zone to be more uniform than at lower velocities (e.g., compare
Figure 8D with Figure 7D).

3.4 Fragment distribution: hot drop

The distribution of the melt fragments during the fragmentation
of the droplet is strongly dependent on the type of breakup that the
melt droplet undergoes. The thickness of the fragmenting drops
along the streamwise centre line, shown in Figure 9, illustrates how,
over time, the fragmented mass is distributed. Although the
thicknesses shown are determined from the analysis of the
radiographs and are not numerically accurate for thicknesses
above 0.5 mm, the general trends are still valid since the
thickness calibration follows the exponential trend of X-ray
absorption. The droplet thicknesses have been normalized with
the maximum thickness found in each profile to account for any
calibration variations between trials.

Figure 9 shows that at 9 m/s a long thin fragment cloud forms at
the back of the droplet due to the initial hydrodynamic stripping of
fine fragments. At T ~ 2.4 the fragments become more evenly
distributed due to the collapse of the vapour bubble and
symmetrical dispersion of the droplet fragments. A thin fragment
cloud also forms initially for the tests at 15 m/s. However, even at
late times, there is a large concentration of fragments at the front of
the drop. The parent droplet at the front of the bubble is stretched
and breaks up due to the growth of surface perturbations, but the
droplet mass is not distributed throughout the bubble. Therefore,
even though the projected area of the fragment cloud at 15 m/s has a
value four times that at 9 m/s, the fragments are not as well
distributed. For coolant velocities of 22 and 28 m/s, fragments
are stripped off the parent droplet forming a fragment cloud at
the rear of the drop, the thickness of which decreases as it moves
away from the drop. This gives a more even distribution of
fragments than in the 15 m/s case, but there is still a significant
concentration of fragments at the front of the drop, unlike the drops
at 9 m/s.

4 Discussion

4.1 Droplet trajectories

Tracking the trajectory of a droplet with high-speed
photography can be used to estimate the effective drag coefficient
for the drop. The droplet drag influences the acceleration of the
droplet and drop/coolant heat transfer and is an important
parameter that is required for models of propagating melt-
coolant interactions. Figures 10, 11 give the trajectories of
isothermal (Cerrolow-117) drops and hot tin drops, respectively,
for four different coolant velocities. The droplet displacement (the
forward stagnation point is chosen as the reference point),
nondimensionalized with the initial droplet diameter, is plotted

FIGURE 9
Variation of droplet fragment thickness along streamwise
centerline from radiographs as a function of time for four ambient flow
velocities.
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as a function of nondimensional time. Also shown in Figure 10 are
the theoretical displacements for a sphere with drag coefficients of
2.0, 2.5 and 3.0. These trajectories were plotted assuming that the
drag force dominates all other forces on the droplet and that the
droplet has constant projected area. With these assumptions, the
trajectory of the droplet can be determined by integrating a force
balance on the droplet giving

x � Uct − ln βUct + 1( )
β

; β � 3ρdCd

4ρcDo
,

where Cd is the drag coefficient andDo is the initial droplet diameter.
Although there is some scatter in the results in Figure 10, the average
drag coefficient is about 2.5. There is more scatter in the trajectory

data for the hot droplet trials. Figure 11 shows that the hot drops
initially follow trajectories corresponding to a drag coefficient of
about 2, but after T = 2, the effective drag coefficient is closer to
unity. This effect is more pronounced at lower velocities, suggesting
that the presence of vapour has an influence on the drag coefficient.
For the isothermal alloy drops, the average effective drag coefficient
of 2.5 is consistent with values reported by earlier investigators [8,
19]. The reduction in drag for the hot drops is analogous to the
reduction in drag observed in [20] for hot spheres falling through
water while undergoing film boiling as compared to unheated
spheres. The reduction in drag is most likely due to the
generation of vapour around the droplet which encapsulates the
droplet and lowers the shear force on the ambient fluid and hence
the droplet drag. Lowering the droplet drag increases the time
required for the droplet to be accelerated to the velocity of the
ambient liquid. For example, if the drag coefficient is reduced from
2.5 to 1, this time is increased by a factor of 2.5.

4.2 Hydrodynamic instabilities

With the exception of pure thermal fragmentation, the
hydrodynamic forces exerted on the melt droplet due to the
relative velocity of the melt and coolant play a major role in the
breakup of the drop. The hydrodynamic forces not only strip melt
fragments from the drop, but also affect the heat transfer from the
melt through the formation of fragments and generation of new
surface area. The formation and stripping of small- and large-scale
perturbations on the droplet surface due to the relative motion
between the melt and coolant is the main mechanism for
hydrodynamic breakup.

In the initial stages of fragmentation (T ~ 0–1) for both hot and
cold drops, fine particles are produced by wave-crest stripping of
small perturbations, forming a cloud of fine fragments behind the
drop. These surface perturbations cannot be resolved in the
radiographs, but are most likely due to Kelvin-Helmholtz
instabilities resulting from the relative flow between the coolant
and the drop. From linearized theory, the most rapidly growing
wavelength of the Kelvin-Helmholtz instability is on the order of
10−4 m, too small to be resolved visually but consistent with the very
fine fragments produced.

After the initial period of fine fragmentation, larger scale
perturbations develop on the front surface of the drop. These
develop in a similar manner for both the hot and cold drops and at
all velocities. Even at later times when vapour bubbles form, since they
are located at the back of the droplet their presence does not significantly
affect the formation and growth of instabilities. The perturbations are
convected along the surface of the droplet towards the equator where
they are stripped off, generating large fragments that are subsequently
broken up. These large-scale instabilities are due to the Rayleigh-Taylor
instability since they first develop on the front surface of the droplet
where there is an acceleration from light to heavy fluid. The Rayleigh-
Taylor instability of a droplet surface accelerated in an airstreamhas been
extensively documented [5]. In the present liquid/liquid system, it is
instructive to consider the predictions of the linear instability theory. If
the original analysis of Taylor [21] is modified to include surface tension,
then it can be shown that the instability wavelength with the maximum
growth rate, λ* is given by (e.g., [22]):

FIGURE 10
Trajectories, normalized with initial droplet diameter Do, of front
droplet stagnation point for isothermal Cerrolow-117 drops as a
function of nondimensional time.

FIGURE 11
Droplet trajectories for hot tin drops as a function of
nondimensional time.
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λ*
2π

� 3σ
ρd − ρc( )a[ ]1/2

where a is the acceleration of the interface. The above relation
applies for instabilities in only one horizontal direction. If both
horizontal directions are taken into account, the most dominant
wavelength increases by a factor of 2.5 [12].

From the experimental droplet trajectories, the droplet
acceleration and hence the most rapidly growing Rayleigh-Taylor
wavelengths at the tin-water interface may be estimated for the four
coolant velocities studied. Figure 12 compares the predicted
instability wavelengths to the estimated wavelengths observed in
the radiographs. Figure 2 shows an estimate of the wavelength (in
this case about 2.5 mm) of one of the perturbations that develop on
the upstream surface of a droplet. There is some subjectivity in the
estimate of the wavelengths since radiographs provide a line-of-sight
integration of the density field, as well as the resolution of the X-ray
film, which is reflected in the error bars in the estimated values. The
theoretically dominant wavelength increases with T since, as the
droplet is accelerated, the relative velocity between the coolant and
melt decreases and hence the acceleration force also decreases.

There is no trend of increasing wavelength with decreasing
velocity in the experimental data, as predicted by theory. Since at the
lower velocities the predicted dominant wavelengths are on the
order of the droplet diameter, they cannot develop, and the
wavelengths observed will be lower than predicted. At velocities
of 22 and 28 m/s the theoretical instability wavelengths are smaller
than the droplet diameter and are close to the observed values. In
addition, the observed values of the wavelength increase with time in
a manner similar to that predicted by the linearized theory. This
agreement between theoretical estimates of wavelengths and the
observed values provides evidence that the perturbations do grow
initially as Rayleigh-Taylor instabilities.

As the perturbations are convected towards the equator, they
grow in amplitude and wavelength. The predicted e-folding time

(time in which the amplitude grows by a factor of e) for a 1.6 mm
perturbation is T = 0.2 and for a 4 mm perturbation is T = 0.46. The
high-speed photographs show that it takes T ~ 1 for a perturbation
on the front surface to be convected to the equator, and that the
amplitude grows by a factor of two, less than the predicted factor of
e2 ~ 7.4 for a 4 mm perturbation. This will be partly due to the fact
that as the perturbations are convected to the side of the drop, they
are exposed only to a small component of the acceleration normal to
the interface. Secondly, as the wavelengths and amplitudes become
large, the perturbations depart from the ideal assumptions of a semi-
infinite fluid. Finally, once the perturbations are convected to the
side of the drop, effects due to the relative velocity may be stronger
than the acceleration forces, making the perturbations subject to the
Kelvin-Helmholtz instability.

In the case of hydrodynamic fragmentation, the formation and
stripping of surface perturbations continues until the droplet is
essentially completely broken up. This mode of fragmentation
accounts for a large part of the droplet break-up, while the
remainder of the droplet is broken up due to small-scale wave
crest stripping that occurs during the entire fragmentation period. In
the transition regime, the stripping continues until the effects of the
vapour bubble growth and collapse dominate the fragmentation
process.

This mechanism of instabilities developing and being stripped at
the equator is similar in concept to the model proposed in [13] in
which wave rings around the axis of the droplet in the flow direction,
are stripped as they travel towards the equator of the drop. The main
difference between the model and the experimental observations is
the type of instability that is dominant. The model assumes that the
wavelengths of the instabilities are based on modified Kelvin-
Helmholtz theory while the experiments show that the
instabilities, initiated at the front surface, have wavelengths closer
to those predicted by Rayleigh-Taylor theory. Therefore, a model
which uses the methods of Burger et al. [13] but estimates the initial
wavelengths of the disturbances using Rayleigh-Taylor theory would
be closer to the observations.

4.3 Breakup time

Although the development of perturbations on the front surface
of the droplet is governed by the Rayleigh-Taylor instability, and
which are then convected laterally and stripped off the droplet, it is
not possible to determine analytically the total time for the droplet to
break up. In the past, different definitions have been used to
determine the breakup time for the droplet from experimental
data due to the difficulty in interpreting visual images. Breakup
time has often been estimated from shadowgraph images, although
this can be misleading since the mist of fine particles that is
generated and swept downstream can appear opaque causing the
droplet to appear larger than in reality.

In the present investigation, three criteria were used to define at
what point the melt drops were broken up: 1) quadrupling of the
initial projected area, 2) doubling of the initial diameter
perpendicular to the flow direction and 3) a visual interpretation
of the radiographs. The reference area and diameter were taken to be
that of an initially spherical droplet. The breakup times based on the
area and diameter criteria were determined by plotting the area and

FIGURE 12
Predicted fastest growing wavelengths from linearized Rayleigh-
Taylor instability theory (lines) in comparison with the scale of the
droplet surface perturbations observed from radiographs (points) as a
function of nondimensional time.
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diameter of the cloud of droplets and then linearly interpolating to
the times corresponding to a quadrupling of the area and doubling
of the diameter, respectively. Although radiographs provide a more
quantitative visualization of the spatial distribution of the mass
stripped from the droplet in comparison with a shadowgraph image,
there is still some subjectivity in determining the total breakup time
from the radiographs. As the droplet is accelerated to the same
velocity as the water, a portion of the original droplet may survive
the fragmentation process. The visual breakup times are an estimate
of when the parent droplet largely ceases to exist based on a visual
inspection of the radiographs, or only a small amount (less than
10%) of the original droplet mass remains intact. Figure 13 shows
the nondimensional breakup time (Tb) as a function of Weber
number for the cold droplet tests using the various criteria. The
average breakup times were 1.8 for the diameter criterion and 1.0 for
the area criterion. The area criterion appears to underpredict the
breakup time since the radiographs show that at T = 1.0 a parent
droplet is still present. The visual breakup times vary from about
1.5 to 3.5.

In previous work, Ciccarelli and Frost [9] reported a breakup
time of 2 for Cerrolow-117 droplets and Kim et al. [23] gave a
range of 3.5 < Tb < 6.6 for the breakup of gallium drops based on
the interpretation of high-speed photographs and Tb ~ 2 for the
quadrupling of the projected area. Considering the large amount
of subjectivity in determining the complete breakup time, the
values determined in the present investigation are consistent with
those reported previously. In the past, some researchers have
found a weak dependence of breakup time on Weber number
(although Kim et al. [23] found no dependence on We). If the
fragmentation mechanism is dominated by Rayleigh-Taylor
instabilities, Patel and Theofanous [8] have shown that the
breakup time should scale with We−1/4. Given the error in
estimating the total breakup time from visual inspection of the
radiographs shown in Figure 13, the present results cannot be
used to support the validity of this scaling law. Furthermore, the
change in the flow pattern at higher water velocities (i.e., the
presence of a recirculation zone downstream of the droplet at

water velocities of 22 and 28 m/s), further complicates the
dependence of breakup time on Weber number.

The breakup times for hot tin drops are shown in Figure 14. The
average breakup times are Tb = 1.3 and 1.8, for the area and diameter
criteria, respectively, whereas the breakup time visually varies
between about 2 and 4. As for the cold droplets, the area
criterion underpredicts the breakup time, and both the area and
diameter criteria yield breakup times lower than the visual values.
These values of breakup time agree with Tb = 1.5–2 reported by
Ciccarelli and Frost [9] for tin drops in water with coolant velocities
of up to 40 m/s. Overall, the breakup times show little dependence
onWe. In fact, correlating the breakup time withWe−1/4 over the full
range of We has no theoretical basis since it is evident from the
radiographs that at the lower Weber numbers, the breakup
mechanism for hot droplets is not due solely to Rayleigh-Taylor
instabilities. For example, at a water speed of 9 m/s, from Figures 5, 6
it is clear that complete breakup of the droplet occurs shortly after
the collapse of the vapour bubble and the initiation of a thermal
interaction. Considering that the area and diameter breakup criteria
effectively measure the geometrical dispersion of droplet fragments,
rather than the degree of disintegration of the parent drop, the
breakup criterion based on the visual inspection of the radiographs
is considered to be the most reliable measure of the complete
breakup time of the droplet.

4.4 Effect of pressure pulse characteristics
on fragmentation

Some observations about the effect of the characteristics of the
pressure pulse passing over the droplet can be made by comparing
the present results to previous studies. The pressure field influences
the manner in which the initially stable vapour film surrounding the
droplet compresses and collapses. This is important since it is the
rapid rate of heat transfer associated with direct liquid-liquid contact
that allows the rapid conversion of thermal to mechanical energy.

FIGURE 13
Variation of breakup times as a function of Weber number for
isothermal Cerrolow-117 drops with various breakup time criteria.

FIGURE 14
Variation of breakup times as a function of Weber number for hot
tin drops with various breakup time criteria.
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In the current tests, at 9 m/s the water cannon produced a
pressure pulse with a peak pressure of 1.3 MPa and a rise time of
2 ms. From the radiographs and high-speed photographs of the
current tests it is not possible to determine if this causes the initial
vapour film to collapse or just compress. Although this peak
pressure is well above the minimum shock pressure of 0.4 MPa
that was found to be required to collapse the vapour film in
experiments by Nelson and Duda [24], the risetime is two orders
of magnitude greater than that reported by Nelson and Duda. Inoue
et al. [25] experimentally and analytically studied the effect of
pressure pulse magnitude and risetime on the collapse of a
vapour film on a heated platinum ribbon. They showed
analytically that the vapour layer does not collapse completely for
pressure pulses with a long risetime. Therefore, due to the long
risetime and the relatively lowmagnitude of the pressure pulse in the
current work, it is unlikely that complete vapour film collapse
occurred. As a result, without direct liquid-liquid contact, a layer
of coolant did not superheat and flash to vapour and form a
symmetrical bubble around the droplet as in the case of zero
ambient flow velocity.

However, even without film collapse, high rates of heat transfer
are still possible. Inoue et al. [25] found analytically that when a
compressed vapour film was at its minimum thickness, the rate of
heat transfer was up to 20 times that of steady-state film boiling due
to the very thin minimum thickness of the vapour layer and the high
conductivity in the vapour layer resulting from the high pressure
generated in the vapour during the collapse (over 10 MPa for a
vapour thickness below 10 μm). By comparison, they estimated that
for direct liquid-solid contact, the heat transfer rate was at least
80 times greater than for steady-state heat transfer. If direct melt-
coolant contact does not occur, the generation of vapour will depend
on the competition between the heat transfer rate from the droplet to
the coolant and the residence time of the coolant in the close vicinity
of the drop. As the coolant velocity increases, the rate of convective
heat transfer to the coolant will increase, but the residence time will
decrease. The convective heat transfer for flow over a sphere scales
on the order of U1/2 (e.g., Vliet and Leppert [26]) whereas the
residence time will be proportional to D/U. Therefore, the decrease
in the residence time with increasing velocity will dominate and
vapour production will be reduced as the ambient flow velocity
increases. At some critical velocity the convective flow rate will be so
large that the heat transfer to the coolant will not be sufficient to heat
the coolant to the saturation point and overcome the latent heat of
vaporization and thermal effects will be suppressed altogether.

In comparison to the present results, earlier work on the effect of
flow on droplet breakup resulted in a different droplet morphology
during the breakup process. This is largely due to differences in the
risetime and amplitude of the pressure field experienced by the
droplets in the previous studies. For example, for similar velocity
and melt conditions, the mechanics of the droplet breakup in the
work of Ciccarelli and Frost [9] were significantly different than the
present work. They observed that significant thermal effects (i.e., the
formation of a vapour bubble that surrounded the drop) were still
evident for experiments with single tin droplets in water at coolant
velocities of 40 m/s. In this case, the flow was generated by a blasting
cap or exploding wire which produced a high magnitude pressure
pulse (typically 40 MPa with a blasting cap) with a duration of 20 µs?
For a given velocity, the magnitudes of the pressure pulses were

higher, and the risetimes at least an order of magnitude smaller than
the current tests. Using a blasting cap or exploding wire, the shock
from the explosion propagated through the coolant imparting a
particle velocity of about U = P/ρ c for the duration of the pressure
pulse, assuming the underwater shock wave can be treated as an
acoustic wave. The bulk of the coolant was then accelerated after a
finite delay by the expansion of the vapour bubble formed by the
explosion. Due to the high magnitude and short risetime of the
pressure pulse, it is likely that there were significant areas of
complete film collapse, allowing direct liquid-liquid contact.
During the delay between the arrival of the shock at the droplet
and the onset of the bulk velocity, the water superheated during the
direct liquid-liquid contact would have time to vaporize, generating
a symmetrical bubble around the drop, isolating the droplet from the
effects of the flow. For lower velocities (20 m/s), the vapour bubble
was displaced downstream, but the droplet was still protected from
the hydrodynamic forces and convective cooling of the coolant flow,
and typical bubble growth and collapse cycles were observed. At
40 m/s the bubble was displaced downstream enough to change the
fragmentation mechanism to one bubble cycle with significant
fragmentation occurring within the bubble. This comparison
indicates that the fragmentation mechanism is strongly
influenced by the collapse of the stable vapour film around the
drop. With the complete collapse of the vapour layer, rapid heat
transfer leads to vapour formation, the presence of which
significantly affects the remainder of the breakup process.
Without the collapse of the vapour film, the heat transfer rates
are significantly lower and there is a delay in, or complete
suppression of, the contribution of the thermal energy.

Yuen et al. [27], and Chen et. al [16]. Studied the fragmentation
of single melt drops in water accelerated by a shock wave. Chen et. al
[16]. Accounted for thermal effects on fragmentation in their model
by adjusting the hydrodynamic fragmentation time, tf, by a thermal
augmentation factor, γt, i.e., t’f = tf/γt where t’f is the time for thermal
fragmentation. To match their model results to experimental data
for mass stripping rate and microinteraction volume (i.e., the
volume over which the particles interact thermally with the
water), they found that values of γt = 2 and γt = 4.2 were
required for pressures of 204 bar and of 68 bar, respectively, and
predicted that for very high pressures, γt would approach 1. This
indicates that the breakup times at low pressures were up to four
times faster than for purely hydrodynamic breakup. This is in
contrast with Ciccarelli [28], Burger et al. [15] and the present
work which found that the breakup times for hot drops were
approximately the same as that for cold drops. The differences
may be resolved by noting that in the tests of Chen et. al. [16],
although the droplet experiences a strong shock wave similar to that
in the work of Ciccarelli [28], the coolant velocity is lower. If it is
again assumed that the underwater shock wave can be treated as an
acoustic wave, the shock would impart coolant velocities of 4.5 m/s
and 13.6 m/s for pressures of 68 bar and 204 bar, respectively. With
these relatively low coolant velocities and the strength of the initial
shock, one would expect thermal effects to dominate over
hydrodynamic effects.

Using regular photography, Burger et al. [15] studied the
breakup of hot gallium drops (550°C) in water (20°C) with high-
speed photography and the results are in general agreement with the
present work, i.e., initial hydrodynamic stripping followed by vapour
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formation. They found that at a fluid velocity of 3 m/s the droplet
underwent the bubble growth-collapse-growth cycles typical of
thermal fragmentation; at 7 m/s, hydrodynamic stripping initially
occurred before the bubble growth; at 17 m/s, stripping dominated
before bubble growth occurred; and at 40 m/s, no bubble growth
occurred at all, with the breakup being due to hydrodynamic
stripping and resembling that of the “cold” drops. In these
experiments the flow was generated using a piston driven by an
exploding wire. Although few details are given, one would expect the
pressure characteristics to be similar to those in the present tests,
hence the similar results.

Insight into what other parameters might affect the
fragmentation of a droplet can be gained from studies on the
collapse of layers of stable film boiling. In addition to the effects
of the pressure rise time on the collapse of stable film boiling
layers, Inoue et al. [25] found that the vapour layer collapsed
more easily with increased shock pressure and decreased ambient
pressure. They also found experimentally that the heat transfer
rate reached a maximum at a wall temperature of 400°C–500°C
after which it decreased. This was attributed to the greater
difficulty in collapsing the vapour layer at higher wall
temperatures, and in the event of liquid-solid contact, the
rapid re-establishment of the vapour layer.

These studies and the current work suggest that melt
temperature and the pressure magnitude, risetime, and impulse
all strongly affect the fragmentation mechanism through the
behaviour of the film collapse. Possible effects are.

1. An increase in the melt temperature may actually inhibit
fragmentation by the growth and collapse of a vapour bubble
by preventing complete film collapse and direct liquid-liquid
contact. This would reduce the heat transfer rate and prevent the
formation of a vapour bubble.

2. For a given temperature the velocity range in which thermal
energy participates in the fragmentation may be increased by
pressure pulses with higher magnitudes and shorter rise times.
Under these pressure conditions, complete film collapse is more
likely and the rapid generation of vapour would create a
protective vapour layer around the droplet preventing direct
hydrodynamic fragmentation.

3. As the ambient pressure is increased, the film becomes harder to
collapse, again inhibiting thermal fragmentation.

4.5 Suppression of thermal effects

As noted above, if a short risetime, high amplitude pressure
pulse is not present to ensure bubble collapse and direct liquid-
liquid contact, the formation of vapour and hence the influence of
thermal effects on the fragmentation process will be reduced as
the coolant velocity increases. At some critical coolant velocity,
the generation of vapour will no longer occur, and thermal effects
will be suppressed altogether. The critical flow velocity at which
the transition from thermal to hydrodynamic fragmentation
mechanisms occurs will depend on the rate of heat transfer to
the coolant and the residence time of the coolant in the vicinity of
the drop. The rate of convective heat transfer to the coolant will
be a function of the thermodynamic properties of the melt and

coolant. Although an accurate estimate of the amount of heat
transfer to the coolant is difficult to make due to the complexity
of the droplet morphology during the breakup process, a
qualitative estimate of the dependence of the heat transfer on
the ambient velocity can be made for the following simplified
situation. Consider the convective cooling of the melt droplet
surface with no vapour present. The heat transfer to the coolant
will induce a thin thermal boundary layer in the melt. If we
assume that the thickness of the thermal boundary layer is small
compared to the droplet radius (this is validated in the results
below), and neglect convection within the melt droplet itself, then
the heat transfer from the droplet can be estimated by modelling
the droplet surface as a semi-infinite solid. This will represent a
conservative estimate of the heat transfer since the growth and
motion of perturbations at the droplet surface will enhance the
energy transfer. The temperature distribution for conduction in a
semi-infinite solid exposed to convective heat transfer on its
surface is given by [29]:

T − Ti

Ti − T∞
� erfc

x

2
��
αt

√[ ] − exp
hx

k
+ h2αt

k2
[ ]erfc x

2
��
αt

√ + h
��
αt

√
k

[ ],

where T is the temperature in the solid at depth x and time t, Ti is the
initial temperature of the solid, T∞ is the temperature of the coolant,
k = thermal conductivity, α = k/ρ cp is the thermal diffusivity of the
solid, and h is the convective heat transfer coefficient that was
evaluated using the correlation for spheres in liquids or oils [26]:
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where µ is the viscosity of the fluid. If the residence time t for the
fluid flowing over the droplet is taken to be D/U, then the two
equations above can be solved to determine the amount of heat
transferred from the melt to the coolant and the thickness of the
thermal boundary layer, or penetration depth, which refers to the
depth at the droplet surface at which the temperature change is very
slight, i.e., (Ti—T)/(Ti—T∞) = 0.01.

Figure 15 shows the dependence of the energy transfer from the
droplet and the penetration depth for a tin droplet for the characteristic
residence time, with initial conditions corresponding to those of the
experiments, as a function of coolant velocity. The values of the
material constants used were as follows: k = 38.4W/m°C, cp =
222.5 J/kg°C, α = 2.6 × 10−5 m2/s, Pr = 2.5, and µc/µ = 5. The
magnitude of the thermal energy transfer is the same order as
estimated by Ciccarelli and Frost [9] for the explosion of a tin
droplet with negligible flow. They estimated a total energy transfer
from a hot tin droplet to the water during the interaction of about 2.5 J,
based on the dynamics of the vapour bubble. Both the energy transfer
and the penetration depth decrease with increasing ambient flow
velocity. This is consistent with the experimental observation that
as the ambient flow velocity increases, the thermal effects become
relatively less important in comparison to hydrodynamic effects. There
will exist a critical flow velocity, which will depend on the
thermodynamic properties of the droplet and coolant, for which
the heat transfer to the coolant is not sufficient to produce
additional vapour. Hence above this velocity, thermal effects (except
near the front surface of the drop) will be suppressed. From the present
experiments with tin drops, this critical velocity lies between 22 and
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28 m/s. This corresponds to a critical Weber number range between
4697 and 7609 for the suppression of thermal effects, based on the
experimental conditions. It should be noted that the droplet surface
tension (and hence the Weber number) is a function of droplet
temperature which will depend on the droplet cooling rate which
in turn depends on the convective velocity. However, this dependence
is relatively weak. The change in surface tension for liquid tin as a
function of temperature is calculated to be −0.14 mNm-1K−1 by Iida
and Guthrie [30]. The initial tin droplet temperature was 800°C and, as
noted earlier, the temperature at the time of the interaction was about
700°C due to cooling during free-fall. With a temperature change of
100°C, for example, the surface tension is estimated to drop by less than
3%. Solidification effects may also influence the breakup of the parent
droplet, but given the low melting point of tin (232°C) relative to the
temperature at the time of the interaction, solidification effects are
expected to be minimal.

It is of interest to determine how the droplet material
properties, such as thermal conductivity and heat capacity,
influence the estimate of the energy transfer from the droplet
and penetration depth calculated above. The sensitivity to these
parameters was explored by increasing and decreasing k and cp by
a factor of 2 and also doing a similar calculation for molten
aluminum and bismuth droplets, and comparing the results to
the baseline case of a molten tin droplet with a coolant velocity of
9 m/s [18]. It was found that the changes in the material
properties had little effect on the results. Although k affects
the thermal diffusivity, its inclusion in the convection
correction term counters this effect. Heat capacity also affects
the diffusivity, however when cp is increased, the diffusivity
decreases so that the penetration depth of the droplet
decreases and hence a lower percentage of the total energy is
released. When the increase in thermal content is considered, due
to the increase in cp, the total energy transferred is approximately
the same. Even for the case of similar increase in both cp and k,
the energy released does not increase by a large factor. Therefore,
the heat released by bismuth and aluminum drops, which have

values of cp and k different from tin, is not significantly different
from that of tin, and in fact varied by less than 10% for all the
different cases considered. Therefore, one would expect that the
heat transfer from the melt to the coolant would not change
considerably from that of tin for a droplet of aluminum or
bismuth. If this is the case, the dynamics of the droplet
breakup over a range of velocities will be similar for tin,
aluminum, and bismuth.

5 Conclusion

The goal of the present study was to determine how changes in
the coolant velocity affected the transition from thermal to
hydrodynamic fragmentation, i.e., the relative contributions of
thermal and kinetic energy to the droplet breakup process.
Experiments showed that when the hot melt drops were
suddenly subjected to an ambient coolant flow, in the absence of
a strong shock wave, fine fragmentation of the droplet was initiated
by the hydrodynamic forces acting on the droplet due to the relative
coolant velocity. After a short delay, the thermal energy in the melt
contributed to the droplet breakup process through the formation of
a vapour bubble. The motion of the vapour within the bubble and, at
low velocities, the collapse of the bubble, played a dominant role in
the breakup of the remainder of the drop. The delay increased with
increasing velocity until at high velocities the complete
fragmentation of the droplet occurred solely due to the
hydrodynamic forces acting on the droplet with a negligible
amount of vapour formed.

Comparison with previous studies suggests that the magnitude
and risetime of the pressure pulse passing over the melt droplet
significantly influences the melt droplet fragmentation process.
High magnitude, short risetime pressure pulses increase the
contribution of the thermal energy in the melt to the breakup
of the droplet via the collapse of the initially stable vapour film
surrounding the droplet and subsequent formation of vapour.
Thermal effects may play a role even if the droplet experiences
supercritical pressure levels if the initial pressure rise is sufficiently
rapid to induce the collapse of the initial vapour film and high rates
of heat transfer to the coolant. Alternatively, thermal effects may be
suppressed if a sufficiently high ambient flow velocity is generated
irrespective of the magnitude of the ambient pressure level
experienced by the drop.
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