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Abstract

This thesis investigates two multiphase flow phenomena experimentally: the collapse of gas
bubbles in a liquid surrounding and the breakup of liquid metal droplets in a gas flow. Both
topics are defined by the interaction of a gaseous and a liquid phase, and both topics are
studied using the shock tube facility at the Chair of Aerodynamics and Fluid Mechanics at the
Technical University of Munich. This shock tube facility and related experimental methods
are introduced in this thesis along with a summary of background and literature of the two
topics. In addition, the results of the experimental investigations are presented by including
three first-author publications, which have been published in international, peer-reviewed
journals. They constitute this publication-based thesis.

The first publication investigates the collapse of gas bubbles in a gelatinous, water-like
liquid. A novel experimental setup is used that exploits the capability of the shock tube
to generate an instantaneous pressure rise through shock wave impact and reflection. The
bubbles react to the high-pressure surrounding by contracting and deforming. Image record-
ings and data processing show that the collapse of the bubbles is not significantly influenced
by the gelatin, even when changing the gelatin strength. Reference calculations with the
Rayleigh-Plesset equation highlight that the collapse in gelatin is comparable to a collapse in
water. In addition to single bubble collapse, also the interaction of collapsing bubble pairs is
investigated. Four types of bubble interactions are observed that depend on the size ratio of
the bubbles and the normalized bubble distance. Some types show aspherical collapse fea-
tures and develop liquid jets. Such jets can be used as transport or destruction mechanisms
and thus are of interest for example in microfluidics or in medical applications.

The second and third publications investigate the breakup of single liquid metal droplets
in a high-speed gas flow. This process plays an essential role for a variety of applications
ranging from spray forming to metal powder production. Nevertheless, data on the influ-
ence of the specific properties of metals on the breakup remain rare. Therefore, the shock
tube is used to study this topic. A well-defined, constant free stream flow is generated over
a wide range of conditions and interacts with single droplets of Galinstan and Field’s metal
- two metals with low melting points that are apt to form surface oxide layers. Using im-
age sequences and deformation data, it is shown that metal droplet breakup has the same
breakup modes as other liquids. The transition between the modes is a continuous process
with gradual changes that is in accordance with the concept of the Rayleigh-Taylor instability.
However, metal droplets also show characteristic differences like an earlier breakup, a differ-
ent rupture mechanism that is reminiscent of solid mechanics, and larger, irregularly-shaped
fragments. These aspects clearly distinguish the breakup of metal droplets from that of com-
mon, water-like liquids. The reason for the differences is found in the surface oxidation. To
generalize the observations, breakup data of the two metals are summarized in Weber num-
ber dependent fits of droplet deformation and breakup timing. In addition, a time-dependent
fit of the cross-stream deformation is provided. The data fits can be used directly, for example
in numerical simulations, or help adapt breakup models to account for the influence of the
oxide layer. Lastly, the fits can represent other oxide-forming metals like aluminum, where
no breakup data are currently available.
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Chapter 1

Introduction and background

The work presented in this thesis is based on experiments that were conducted using the
shock tube facility at the Chair of Aerodynamics and Fluid Mechanics (AER) at the Technical
University of Munich (TUM). Shock tubes are experimental facilities that are ideally suited
to study different flow phenomena due to the unique features of the generated shock waves.
Studies on shock waves have a long history and many related works are available in the
literature. A selection of topics and representative references includes investigations on pro-
ducing stronger shocks [145, 161], on shock reflection, e.g. in [14, 62, 69, 70], on shock
interaction with boundary layers or gas inhomogeneities, e.g. in [38, 118] and [55], re-
spectively, and on wave propagation in gas-liquid mixtures, e.g. in [16, 99]. Shock waves
also provide a step-change in fluid properties like pressure, density, and temperature, and
they induce a sudden change in flow velocity. This discontinuity can be exploited to achieve
very defined and controlled experimental conditions that drive key findings in experimental
fluid mechanics. The sudden change to high temperatures can for example be used to study
relaxation times of heated gases [18, 86], reaction kinetics [50, 109], or flame propagation
[124]. Following the shock wave is a region of uniform flow [19, 49] that can be used to
study a variety of flow phenomena, for example the transonic flow around airfoils [34] or the
determination of drag coefficients in transient flows [75].

This doctoral thesis exploits the features of shock tube to study two multiphase flow
phenomena experimentally: bubble collapse and droplet breakup of liquid metals. Both
topics are defined by the interaction of a gaseous and a liquid phase. For bubble collapse the
focus lies on the gas phase, which is surrounded by a liquid phase that is at a shock-induced,
high pressure. For droplet breakup, the phases are reversed and the focus lies on the liquid
phase, which is affected by a shock-induced, surrounding gas flow. Both investigations build
on previous work in the literature but also show novelties in the experimental methods and
in the observation of physical mechanisms. It is the purpose of this thesis to introduce the
work and present the obtained results in a complete and insightful manner.

1.1 Overview

This doctoral thesis is composed of three first-author publications in international, peer-
reviewed journals. As noted, the publications present results of experimental work on multi-
phase flow phenomena that are investigated at the shock tube facility at AER.

The first publication studies gas bubbles which are positioned in a gelatinous, water-like
liquid. The mixture is exposed to a high pressure by means of shock impact and reflection,
which in turn drives the dynamic response of the bubbles. We study how bubbles react to
the change in pressure by contracting and deforming, analyze the influence of the properties
of the gelatin on the deformation, and study the interaction of bubble pairs. If two bubbles
are placed next to each other they interact depending on the size ratio and distance and
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2 1 Introduction and background

show distinct collapse features. An example showing the interaction of two differently sized
bubbles in close proximity is presented in fig. 1.1. Especially the aspherical collapse behavior
with the development of a liquid jet is of interest for applications ranging from microfluidics
to the medical field. An introduction into the topic is presented in section 1.3, while the
problem-specific experimental methods are presented in section 2.2. Further details of the
work can be found in the corresponding publication [68]

• Thomas Hopfes, Zhaoguang Wang, Marcus Giglmaier, and Nikolaus A. Adams: "Col-
lapse dynamics of bubble pairs in gelatinous fluids". In: Experimental Thermal and Fluid
Science 108 (2019), p.104-114. [68]
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Figure 1.1: Collapse and interaction of two gas bubbles in a gelatinous surrounding exposed to a shock-induced
rise in pressure. The interframe time is 16µs, and white arrows highlight the detachment of a small bubble due to
aspherical collapse and jet formation. The image series is taken from [68].

The second and third publications take advantage of the well-defined, shock-induced,
constant freestream flow that can be generated in the shock tube for a wide range of condi-
tions. Both studies investigate how the gas flow behind the shock interacts with liquid metal
droplets, and how the aerodynamic force of the flow deforms the drops and breaks them into
fragments.

The first publication on metal droplet breakup focuses on the characteristic features that
distinguish the breakup of liquid metal droplets from that of water droplets or similar com-
mon liquids. Therefore, the breakup of metal Galinstan droplets is presented for a wide
range of flow conditions. Results show the typical breakup modes that are also observed for
other liquids and the continuous transition between the modes is discussed in detail. Then,
we compare the Galinstan data to water experiments qualitatively, using image series, and
quantitatively, using representative breakup parameters. Results show an earlier breakup for
metal droplets, a different breakup mechanism that is reminiscent of solid mechanics, and
larger, irregularly-shaped fragments. We conclude that the reactive surface oxidation of the
liquid metal plays an essential role in causing the observed differences. An example for rup-
turing Galinstan and water droplets at similar non-dimensional flow conditions is shown in
figure 1.2. An introduction into the topic of droplet breakup is presented in section 1.4, while
the problem-specific experimental methods are presented in section 2.3. Further details of
the work can be found in the corresponding publication [65]

• Thomas Hopfes, Julia Petersen, Zhaoguang Wang, Marcus Giglmaier, and Nikolaus A.
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Adams: "Secondary Atomization of Liquid Metal Droplets at Moderate Weber Numbers".
In: International Journal of Multiphase Flow 143 (2021) 103723.

5mm

Figure 1.2: Fragmenting Galinstan metal drop (left) and water drop (right). Flow is from left to right in both images.
A bar shows a reference length of 5mm.

The second publication on metal droplet breakup expands previous data by studying the
breakup of Field’s metal (FM) droplets. FM droplets melt at a higher temperature, and show
slight differences in details of the breakup that are expected to be related to a different oxi-
dation rate. For example, they break into a larger number of smaller fragments. However, in
general the similarities in breakup behavior to Galinstan droplets are high. Thus, we summa-
rize the collective breakup data and provide Weber number dependent fits that describe the
droplet deformation and the timing of the breakup. In addition, a time-dependent empirical
fit of the droplet cross-stream deformation is derived and evaluated against models from the
literature. The fits represent the data accurately and can be used directly, for example in
numerical simulations. In addition, we propose that they also represent other oxide-forming
metals like aluminum. Further details of the work are presented in the corresponding publi-
cation [66]

• Thomas Hopfes, Zhaoguang Wang, Marcus Giglmaier, and Nikolaus A. Adams: "Exper-
imental investigation of droplet breakup of oxide-forming liquid metals". In: Physics of
Fluids 33 (2021), 102114.

In addition to presenting the publications in appendix A, this thesis features several addi-
tional sections. The following section 1.2 introduces the theory of shock tubes, while sections
1.3 and 1.4 summarize background, theory, and literature for droplet breakup and bubble col-
lapse, respectively. A detailed overview of the shock tube facility is presented in section 2.1,
while sections 2.2 and 2.3 discuss the problem-specific setups and methods of investigation
for experiments on bubble collapse and droplet breakup. A summary of the publications is
presented in chapter 3 along with a list of the publications in chapter 4. To conclude the
thesis, the collective work is discussed with respect to the literature and main findings in
chapter 5.

1.2 Shock tube theory

A sketch of a simplified shock tube is presented in fig. 1.3 (a). As shown, a shock tube consists
of two main tube parts: a driver section, and a driven section. Initially, at time t < 0, the
two sections are separated by a diaphragm and can feature different initial conditions, such
as different pressures, temperatures, or gas contents. In this work, only experiments using
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air at surrounding temperature are presented. In addition, the pressure in the driven section
is kept at atmospheric level for all experiments, while the pressure in the driver section is
increased to higher values. This simplification is included in the following considerations.
The initial conditions before diaphragm rupture in the driver and driven section are labeled
as regions 4 and 1 , respectively. A graph for the pressure and velocity distribution in the
two parts is presented below the sketch. Subscripts for the variables are associated with the
region number.

diaphragmdriver section driven section

high pressure low pressure (atmosphere)t < 0

distance

p
re

ss
u

re
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Figure 1.3: Simplified sketch of a shock tube.

A shock tube experiment starts when the diaphragm breaks and wave motions are ini-
tiated. Figure 1.3 (b) shows a time instant t > 0 sometime after the diaphragm rupture.
Starting from the position of the ruptured diaphragm, an incident shock wave travels to-
wards the right side of the tube, and a fan of expansion waves to the left. Thus, we now
distinguish four separate regions of different flow conditions. Regions 4 and 1 still repre-
sent the initial conditions, while the region behind the shock is labeled as region 2 , and the
region right of the expansion waves as region 3 . As shown in the corresponding graph, the
expansions accelerate the gas from the driver section, while continuously lowering tempera-
ture, pressure, and density. Important for this work are, however, the changes induced by the
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shock wave. A detailed view of it is presented in fig. 1.3 (c). It shows the stagnant gas ahead
of the shock wave which travels at shock Mach number Ms. The shock wave is a natural step
function that leads to a step change in pressure (p2 > p1), and induces a mass motion of
velocity u2 in the direction of the shock. This change of flow conditions is also presented in
the graph in fig. 1.3 (b). A similar increase in temperature T and density ρ occurs, but is not
displayed here. Regions 2 and 3 are separated by a contact surface. It separates shocked
gas of the driven section and expanded gas of the driver section. As shown in the graph,
pressure and velocity are equal on both sides of the interface, but density and temperature
vary.

Relevant for this work are two effects related to the shock wave, the stepwise increase
in pressure and the induced freestream flow. Both changes can be calculated using moving
shock relations [5]. Apart from the ratio of specific heats of the gas, κ, it is only required
to know the conditions in front of the shock (p1, T1, or ρ1) and the shock Mach number, Ms.
The pressure increase over the shock wave can be calculated as

p2

p1
= 1+

2κ
κ+ 1

(M2
s − 1). (1.1)

The induced velocity over the shock wave is

u2 = a1
2M2

s − 2

(κ+ 1)Ms
. (1.2)

Here, the speed of sound in the driven section, a1, can be calculated from initial conditions.
The change in temperature and density over the shock wave can also be calculated, but is not
further discussed here. Details can be found, for example, in the book of Anderson [5].

stagnant gas behind the 

reflected shock 

➢ high pressure

flow properties 

of region 2

Mr

u2’ = 0

p2’ > p2

2 2’ so
li

d
 w

al
l

Figure 1.4: Shock reflection at a solid wall.

When the shock wave hits a solid wall, for example at the end of the tube, the shock
is reflected. The strength of this reflected shock is such that the induced mass motion with
velocity u2 is stopped and that the boundary condition of zero wall-normal velocity is fulfilled.
A sketch of a time instant shortly after the shock reflection is sketched in fig. 1.4. The fluid
flow is stopped, but a high-pressure region of stagnant gas results. For an ideal reflection at
the boundary, the reflected shock Mach number Mr can be calculated as [5]

Mr

M2
r − 1

=
Ms

M2
s − 1

√

√

√

1+
2(κ− 1)
(κ+ 1)2

(M2
s − 1)

�

κ+
1

M2
s

�

. (1.3)

Fluid properties in region 2’ behind the reflected shock wave, for example the pressure, can
be calculated with the moving shock relations shown for the pressure in eq. (1.1) by using p2
and the calculated Mr as input values.
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1.3 Bubble collapse

1.3.1 Background

Studying bubble dynamics is subject to a long history in fluid mechanics and goes back to
the work of Rayleigh [143] in 1917 who is considered the first to theoretically analyze cav-
itation bubbles. Ever since, the topic has been investigated by many researchers. For some
applications, the collapse of spherical bubbles is interesting. In targeted drug delivery, coated
microbubbles are excited by ultrasound fields to break apart and release the drug at the target
location [93, 104, 132]. In addition, high temperatures and pressures are encountered inside
collapsing bubbles [20, 39, 151], which can be used in sonochemistry and is even considered
in relation to thermonuclear fusion [104].

However, most applications relate to bubbles that show aspherical collapse behavior. Bub-
bles collapse aspherically when they are next to interfaces such as solid walls or free surfaces
[15, 128, 137], when they are subject to strong shock loading [132, 136], or when they
are subject to external force fields such as gravity [15, 130]. In all cases, the reason is a
non-uniform pressure field in the surrounding liquid. In the case of a bubble collapse next
to a solid wall, the collapse is directed towards the wall. The bubble side close to the wall
does not move significantly, while the opposite side shows a hollow that rapidly develops into
a liquid jet with increasing velocity towards the wall. This jet enters the bubble and often
drives through it to strike the opposite bubble side or the solid wall. Its impact causes high
pressure, can emit strong shock waves, and has a strong damage potential that can cause
erosion even on the surface of hard materials [46, 139]. This is a problem, for example for
rotating ship propellers where the violent collapse of cavitation bubbles can lead to surface
erosion [104]. It is often tried to avoid such adverse effects, but the potential of the bubble
collapse can also be exploited for beneficial effects in microfluidics [41, 107, 185], ultra-
sound cleaning [119], or medical applications [93, 104, 121]. For example, extracorporeal
shock wave lithotripsy [27, 33] is a non-invasive medical procedure where shock waves are
focused on urinary stones or gallstones in the human body. The shock waves and the collapse
of cavitation bubbles near the target area disintegrate the stones. Remaining pieces can then
be removed naturally by the body.

1.3.2 Bubble pair interaction

Bubbles often appear in clouds or clusters in many practical applications. Therefore, the
effect of bubble interaction needs to be considered. The simplest type of interaction - that of
two bubbles - is investigated in the literature by many researchers [29, 35, 45, 57, 91, 103,
113, 116, 159, 177]. The works show that bubble pairs have different types of interactions
like collapsing towards each other or away from each other. In addition, bubbles modify
the surrounding pressure and screen each other [23]. To describe and predict the behavior
and the interaction type, important non-dimensional parameters are the normalized bubble
distance, γ, and the size ratio of the two bubbles, S. The definition of the parameters along
with a sketch is presented in table 1.1. Note that RL constitutes the radius of the larger of
the two bubbles, and RS that of the smaller one. A third parameter is often considered to
account for inception time differences of the bubbles. It is formulated as a relative initiation
time [57] or a phase difference, ∆Θ [29, 45]. For this work, the phase difference is used in
a modified form to describe gas bubbles that are initially at rest. It can be reduced to a form
solely depending on the initial bubble size ratio as shown in table 1.1.

Ultimately, the idea is to extrapolate from bubble pair interaction to larger clusters and
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bubble clouds. Such clusters are investigated experimentally [22, 23] and numerically [142,
157], but the complex, large-scale interactions are difficult to analyze and generalize. Thus,
additional work on multi-bubble arrangements is required.

Table 1.1: Non-dimensional parameters describing the interaction of bubble pairs. The phase difference is modi-
fied from literature for the experimental setup in this work [68].

Normalized bubble distance

Size ratio

Phase difference

γ=∆x/(RL + RS)

S = RL/RS

∆Θ = 1− 1/S RL
RS

∆x

1.3.3 Methods of investigation

Due to the interesting effects and the relevant applications, bubble collapse is studied exten-
sively in the literature. While numerical investigations provide great insight [12, 81, 89, 94,
131, 142, 146, 162–164], the summary in this work focuses on experimental investigations.

There are several established methods to investigate bubble collapse experimentally. The
most common method is to focus a laser into a liquid and trigger optical breakdown [57,
102, 103, 116, 130, 137, 159, 177]. The focused laser creates a plasma region that expands
and grows into a bubble. The dynamic behavior of the bubble during the ensuing collapse
can then be investigated. This setup has the advantage of providing high temporal and
spatial independence, repeatability, and perfectly spherical bubble shapes. However, the
initial state in the plasma cannot easily be assessed, the gas content cannot be changed, and
the initial growth of the bubble can affect the surrounding pressure and flow field. Hence,
these experiments are suitable only to a limited extent for numerical test cases.

Spark generation is a related method, where instead of the laser, a high voltage is dis-
charged in the liquid at the point of two connecting wires. Again, plasma forms and expands
into a bubble. The method is applied in slightly different variations by many researchers [45,
107, 116, 128, 158, 181]. It provides similar advantages and disadvantages as the method
of laser-production, but additional advantages are that it can be operated at lower costs and
that it allows production of larger bubbles. On the other hand, another disadvantage is that
the electrodes remain in the flow field and can affect the bubble collapse.

There are investigations that target air and gas bubbles. However, to initiate a collapse,
the bubbles are often exposed to strong pressure pulses. These pulses are generated by laser
focussing [92], spark discharge [158, 160], lithotripters [132, 136], or explosive pellets [91].
Peak pressures of up to 100M Pa can be achieved for a very short time, but the pressure does
not stay constant. An additional way to study other gases is to create bubbles from gas nuclei
by controlled expansion [15, 22]. However, due to the expansion, the gas pressure in the
bubble is low.
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1.4 Droplet breakup

1.4.1 Background

Gas atomization processes play an important role in a variety of applications ranging from
fuel injections to pharmaceutical applications [9, 144]. Regarding metal atomization, also
the fields of spray coating and powder metallurgy are of increasing importance [9, 63, 166],
while other applications like the printing of electronics are emerging [80, 180].

Atomization processes can be separated into two core mechanisms: primary and sec-
ondary atomization. Primary breakup describes the breakup of bulk liquid into ligaments
and large drops due to surface instabilities that are induced, for example, by high-velocity,
relative gas flows. Secondary breakup, or secondary atomization, ensues, and describes the
breakup of single droplets by aerodynamic forces. It is well understood, that this second
stage of the breakup defines the final fragment size distributions of atomization processes
more than the first stage [44, 120, 165, 178], which highlights its importance for many
applications. Studies of the full atomization process or of the two stages individually are
numerous in the literature, but the focus of this work lies on secondary atomization.

Droplet breakup is investigated in the literature numerically [42, 58, 59, 77–79, 84, 85,
87, 122, 174], theoretically and in terms of modelling [76, 83, 97, 148, 150, 154, 167], and
experimentally. Experimental studies are typically conducted either in shock tubes [17, 30,
37, 48, 64, 72–74, 82, 83, 141, 154–156, 172] or continuous wind tunnels [26, 77, 97, 105,
115, 133, 140, 175, 182–184]. Some setups also use falling drops accelerated by gravity
[101, 117, 167]. Continuous wind tunnel experiments can be operated at a high experiment
rate, but the droplet must pass the boundary flow of the free jet before entering defined flow
conditions of the core jet. In contrast, shock tube experiments are more time-consuming and
complex to set up. However, they are considered superior from a scientific perspective, due
to the well-defined initial and boundary conditions [53]. In addition, the step-change in flow
conditions makes the results more suitable to validate theoretical and numerical studies.

1.4.2 Non-dimensional parameters

Independent of the method of investigation, it is well-established that secondary atomization
can be classified by a set of non-dimensional parameters. Two parameters, the Weber number
(We) and the Ohnesorge number (Oh) are considered as having the most significant influence
on the breakup morphology [53, 64, 72, 138]. The Weber number provides the ratio of the
aerodynamic forces onto the droplet to the opposing surface tension forces. It is written as

We = ρgu2d0/σ. (1.4)

The density and flow velocity of the freestream gas flow is expressed as ρg and u, respectively.
The initial droplet diameter is expressed by d0, while σ represents the surface tension of the
liquid. The Ohnesorge number relates the relative importance of liquid viscous forces to the
surface tension forces and is written as

Oh= µl/
Æ

ρld0σ. (1.5)

Here, µl and ρl represent the viscosity and the density of the liquid drop, respectively. For
Oh< 0.1, numerous experiments have shown that the influence of the Ohnesorge number on
the breakup morphology is negligible [53]. However, it can still affect details of the breakup.
For example, Chou et al. [31] find that even below this threshold, higher Oh values cause
longer ligaments during the breakup that lead to larger fragments.
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Also other non-dimensional parameters can have an influence on the breakup behavior,
but the effect typically remains small. Aalburg et al. [1] state that the effect of the freestream
Reynolds number (Re = ρgud0/µg) on the breakup is negligible for Re > 100. Lee et al. [105]
confirm that the breakup does not depend on the Reynolds number for their investigation
at Re = 990 − 8088, as do Liu an Reitz [115] in their experimental investigation at Re =
509−2488. Guildenbecher et al. [53] conclude in their review of secondary atomization that
droplet breakup is relatively independent of Re. Han and Tryggvason [58, 59] study droplet
breakup at low density ratios of ε = 1.15 and ε = 10 numerically and observe a significant
change in critical Weber number and breakup morphologies. However, this rather represents
liquid-liquid systems. At the higher values found in liquid-gas systems, the density ratio has
a negligible effect on droplet breakup when above a certain threshold. Aalburg et al. [1]
determine a value of ε = ρl/ρg > 32, while Jain et al. [78] propose ε > 150. The freestream
Mach number (M∞) can also influence the breakup. When reaching transonic and supersonic
flow conditions, changes in the morphology are observed [154, 169], as well as a delayed
initial deformation time [174] and time of onset of breakup [169].

A summary of the non-dimensional parameters for experiments in this thesis is shown in
table 1.2. The table shows that apart from the Weber number, all other considered parameters
fall in ranges where they are not expected to influence the breakup behavior.

Table 1.2: Range of non-dimensional parameters for presented experiments.

Liquid We Oh Re ε M∞

Galinstan 11− 104 < 0.001 5.9−28.5 ·103 4.0− 4.7 · 103 0.19−0.35

Field’s metal 10− 78 < 0.008 5.7−18.0 ·103 4.7− 5.8 · 103 0.14−0.33

Water 25− 151 < 0.003 3.4− 9.6 · 103 7.3− 8.2 · 102 0.06−0.17

While the mentioned parameters define the flow properties or relate the two phases,
a very important parameter is the temporal evolution. To enhance comparability between
studies, the work of Ranger and Nicholls [141] introduces a non-dimensional time (τ) for
droplet breakup. It follows the assumption of a constant acceleration of a spherical droplet
and can be written as

τ=
u
d0

√

√ρg

ρl
t. (1.6)

1.4.3 Breakup modes

Droplet fragmentation is characterized by different modes of breakup. The different modes
are correlated to different ranges of the non-dimensional numbers. As discussed in the previ-
ous section 1.4.2, the classification can be reduced to be dependent solely on the Weber num-
ber for a wide range of conditions. An overview of the different breakup modes is presented
in table 1.3. The table follows the typical sequence of bag, bag-and-stamen, multimode, and
shear stripping breakup. Corresponding transition Weber numbers are adopted after Dai and
Faeth [37] and Guildenbecher et al. [53] as We∼15, We∼35, and We∼80, respectively. How-
ever, depending on the literature, different values are found, and the names of the modes can
vary [26, 31, 37, 73, 77, 78, 96, 138].

Table 1.3 also shows sketches of each mode that highlight representative and notable
features. In the bag mode, the droplet first deforms into a flat disk before a hollow bag
structure inflates in the downstream direction. This structure consists of a thicker toroidal
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Table 1.3: Droplet breakup modes with Weber number range and sketch of the morphology of the deformation.
Mode names and ranges are adopted from references [37, 53].

Mode Range Sketch

Bag We = 10− 15

Bag-and-stamen We = 15− 35

Multimode We = 35− 80

Stripping We = 80+

rim (also called ring) at the upstream edge to which a thin sheet of liquid is attached that
forms the bag [30]. The bag-and-stamen mode is related to the bag mode but develops an
additional element in the stamen. The initial deformation remains similar to the bag mode,
but a bulge on the disk can appear, especially at higher We. Surrounded by the inflating
bag, this bulge develops into a cylindrical stamen that is parallel to the flow direction [78,
183]. With increasing Weber number, the stamen develops earlier, is thicker, and wider [26,
37, 182]. In contrast, the bag structure inflation is reduced [37, 65]. Two examples of the
bag-and-stamen mode are presented in table 1.3 at lower and higher Weber number that
highlight the mentioned changes throughout the regime. The multimode breakup regime is
a transition regime that displays aspects of different breakup modes. With increasing We,
the stamen becomes increasingly shorter and thicker until it is more appropriate to speak
of a core droplet and sheets instead of a stamen and rim. During breakup, small bags form
as multiple lobes on the sheets and break up continuously [77] in a more asymmetric and
chaotic fashion than in the bag-and-stamen mode [26, 96]. After the inflation and rupture of
multiple bags, only a core droplet is left. At lower We, this core droplet can break up again
in a two-stage breakup process [138, 173] that Cao et al. [26] term dual-bag breakup mode.
At higher We the core droplet is continuously eroded at the periphery similar to the stripping
breakup. The stripping breakup is characterized by a thin peripheral sheet that develops
around the droplet equator, bends downstream and decomposes into ligaments. As shown in
table 1.3, micro fragments are stripped off directly at the droplet periphery and are entrained
in the flow continuously. This process continues until the entire droplet is eroded [72].

The description of the breakup modes and the presented sketches highlight that the transi-
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tion between the modes cannot be separated by a single value of We. Instead, it should rather
be understood as a continuous process [53]. Aspects of different breakup modes overlap and
show up more or less dominantly depending on the Weber number. This partly explains why
the mode descriptions and transition values in the literature deviate between researchers.

1.4.4 Physical mechanisms

The physical mechanisms causing the different breakup modes are discussed controversially
in the literature. Jackiw and Ashgriz [76] state that there are three main modelling ap-
proaches that provide insight into physical mechanism of droplet breakup: mass-spring-
damper analogies, instability models, and internal flow models.

Mass-spring-damper models like the Taylor analogy breakup (TAB) model simplify droplet
deformation to a one-dimensional (1D) problem where the surface tension acts as a spring
and viscosity as a damper that interact with the aerodynamic forces of the gas flow. The TAB
model was originally proposed by O’Rourke and Amsden [129], and has been developed and
improved continuously. It is one of the most widely used droplet breakup models in numerical
simulations [53, 178]. While it is performant in simulations, it is not a sophisticated model
and typically not considered when focusing solely on secondary atomization.

Instability models are common approaches to describe single droplet breakup. Theo-
fanous et al. [153–156] state two competing instabilities: the Rayleigh Taylor instabil-
ity (RTI) and the Kelvin-Helmholtz instability (KHI). The RTI is the first criticality and af-
fects breakup at low We [156]. Surface waves develop at the flattening windward side of
the droplet, which leads to piercing of gas into the liquid mass and the inflation of bags. An
increasing Weber number corresponds to a higher number of critical waves across the diam-
eter. This explains the different breakup modes where the morphology changes form a single
bag, to the development of the stamen at a wave peak of the instability [183], to the inflation
of multiple bags [53, 154, 182]. The theory of the RTI is supported in the literature, e.g. in
references [77, 78, 82, 83, 134, 182, 183].

For higher We, the breakup mechanism is discussed controversially. As mentioned, Theo-
fanous et al. [153–156] consider that the KHI causes a second criticality and a breakup type
termed shear induced entrainment (SIE). This second instability competes with the RTI in a
transition range of We = 100−1000 but becomes dominant at higher We values. The mecha-
nism of SIE starts with developing KHIs that lead to a peripheral sheet that is peeled off at the
droplet equator due to viscous shearing. The sheet then breaks locally due to capillary effects.
However, other authors propose other mechanisms to describe the breakup at higher Weber
numbers. Ranger and Nicholls [141] suggest that the ambient shear flow induces a liquid
boundary layer which becomes unstable and sheds fragments at the droplet periphery. This
mechanism is typically termed ’shear stripping’ and is adopted, for example, in references
[31, 72–74, 96, 172]. Liu and Reitz [115] propose another alternative mechanism termed
’sheet-thinning’. Here, the inertia of the ambient flow causes sheets at the droplet periphery
to deflect downstream. These sheets then break into ligaments and fragments. Guildenbecher
et al. [53] conclude that the stripping breakup mode is an effect of ’sheet-thinning’, and that
the ’shear stripping’ model is incorrect. This is further supported by numerical simulations
of droplet breakup that observe the forming sheets and the independence from shear effects
[42, 58, 79, 84, 87, 122]. However, the origin of the sheet and its rupture mechanism remain
controversial.

A different approach to describe droplet breakup is presented by internal flow models.
They model the flow that goes from the poles to the equator inside the droplet. At low We,
the relatively high surface tension resists this flow which leads to the formation of the toroidal
ring in bag breakup. At higher We, the surface tension is insufficient and the elongated rim
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is carried away by the ambient flow and breaks [53]. This approach has led to several quan-
titative modeling efforts. For example, Villermaux and Bossa [167] solve the axisymmetric
Euler equations for the 1D radial flow in a droplet by assuming a stagnation-point flow on
its windward face. The solution is used to predict the droplet deformation and bag growth.
Although it is the least studied model approach, it has found some traction recently [76, 97,
150].

1.4.5 Metal droplet breakup

Metal atomization is an important feature in a variety of emerging applications like spray
forming, spray coating, or metal powder production for additive manufacturing [10, 51, 63,
100, 166]. Those applications rely on having metal melt or metal powder of well-controlled
size and shape. However, poor quality remains an issue and leads to deficiencies in the final
products, while low efficiencies in the processes lead to high costs [4]. To evolve the applica-
tions further, details of the atomization process need to be understood better by conducting
more fundamental research [4].

Reference work on secondary atomization of liquid metals is often carried out in liquid-
liquid systems. There are several experimental [32, 61, 95, 135], numerical [152], or analyt-
ical [61] studies. However, the findings in these works are not representative for the behavior
in gas-liquid systems due to much lower density ratios (see section 1.4.2), different orders of
magnitude in heat transfer, and different interface mechanisms like the generation of vapor
bubbles [95].

With respect to metal droplet breakup in gas, there are single experiments available for
mercury [72, 173], but the data are insufficient to draw conclusions. More recent works
use Galinstan, an oxide-forming metal, to study metal column breakup in a cross-flow [8,
28], and some interesting phenomena can be observed. In general, Galinstan columns
show breakup morphologies similar to that of water with similar breakup modes. However,
breakup occurs earlier in non-dimensional time, and rupture occurs more violently with frac-
ture lines that remind of solid mechanics. In addition, sharp-edged, non-spherical fragments
appear after breakup. The authors attribute the differences to the oxide layer that Galinstan
forms on the surface when in contact with oxygen [8, 28].

Despite these efforts, additional data on the breakup of metal droplets in gas are much
needed. This thesis provides such data, investigates the different breakup behavior of oxide-
forming metals, and generalizes the findings. The details of the experimental methods are
presented in section 2.3, while the achievements are summarized in chapter 3 and attached
in appendix A.



Chapter 2

Experimental methods

This section describes the experimental methods that are used in the three publications that
constitute this doctoral thesis. The shock tube facility and key additional systems are pre-
sented along with a practical guideline to the shock tube operation in section 2.1. In addition,
the problem-specific experimental setups and procedures for the two topics of this thesis are
presented in sections 2.2 and 2.3, respectively.

2.1 Shock tube facility

Compared to the simplified considerations of section 1.2, the actual shock tube facility at AER
consists of more than the two tube parts. A sketch of the facility that includes additional,
connected systems is presented in figure 2.1, while table 2.1 provides an overview of the
dimensions of the facility. Both the figure and table give an overview of additional systems,
which are discussed individually in the following. The discussion includes systems to clamp
and rupture diaphragms, to control valves and measurement equipment, and to visualize
experiments. In addition, the design and setup of the test sections and the measurement of
experiment conditions are key aspects of the operation.

Driver section Driven section Test section

Cookie cutters

Light source

Diaphragm clamping

Tube extension

Camera and 

visualizationGas supply

Control and data acquisition

PCB transient pressure sensors

Pressure and temperature sensors

Figure 2.1: Sketch of the shock tube facility and connected systems.

2.1.1 Diaphragm clamping and rupture

A hydraulic system is installed to open and close the intersection between driver and driven
sections. It allows to replace diaphragms in between experiments and clamps the tube parts
together at up to 200bars during experiments. The cross-section of the clamping is square
at 190x190mm2. This reduced cross-section compared to the d = 290mm round tubes is not

13
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Table 2.1: Main tube parts and corresponding dimensions of the inner cross-section and length. The last column
provides additional information.

Tube part Cross-section Length Comment

Driver section d = 290mm 3m
All main tube parts are made
of 17mm-thick solid steel

Driven section d = 290mm 19.5m -

Tube extension d = 290mm 1.5m
Replaced by solid end-wall for
bubble collapse experiments

Diaphragm clamping 190x190mm2 - Includes a hydraulic system

Cylindrical test section 190x190mm2 0.4m d = 100mm glass windows

Multi-purpose test section 190x190mm2 0.6m 240x190mm2 glass windows

Cookie-cutter upstream 190x190mm2 0.4/0.8m
0.4/0.8m depending on ex-
periments

Cookie-cutter downstream 190x190mm2 0.4m
sometimes not used, depend-
ing on experiments

ideal regarding the performance, but it facilitates operation and lessens the strain on the
diaphragms.

For the shock tube at AER, several different options can be employed to break the di-
aphragms. One option, applied for aluminum diaphragms, is to use the pressure difference
between the driver and driven section to press the diaphragms against an X-shaped blade,
which is similar to other setups that use mechanical plungers [3, 13, 101, 154]. As an alter-
native, we use diaphragms that are scored in an X-shape. Due to the scoring, they break in a
defined way without the need for a blade [71, 161]. The defined breaking in both methods
helps to avoid that fragments detach from the diaphragms and damage the tube. Unscored
diaphragms of 0.1mm and 0.5mm were used with the X-shaped blade and 1mm diaphragms
scored between 0.4 − 0.6mm deep were used without blade for the experiments of the first
publication. Depending on the thickness, pressure differences of up to 7bar were achieved.
A disadvantage of this setup is that the time of diaphragm rupture cannot be controlled accu-
rately. The pressure in the driver section is continuously increased until diaphragms rupture,
which happens approximately at the same pressure differences. However, differences in blade
sharpness, material properties or manufacturing inaccuracies lead to a variance that does not
allow precise timing.

Another option overcomes the timing disadvantage by employing soft plastic membranes
that are melted by heating wires. This is also a common method to break diaphragms [16,
72, 123]. For typical droplet breakup studies, mylar sheets of 0.05− 0.15mm, or 0.2mm PVC
sheets are employed depending on the desired pressure ratios across driver and driven sec-
tions. Diaphragms are placed next to a pair of 0.1mm-thick, nichrome heating wires that are
spanned in an X-shape across the rectangular cross-section. The wires are attached to a 55V
power supply and are subject to an electric current of 3A when a trigger signal activates the
apparatus. Due to the current, the wires heat up and melt the diaphragms locally, which
then break in a controlled fashion. The time from signal to shock arrival in the test section
depends on the applied diaphragm material and initial pressure difference between the sec-
tions, but it is highly repeatable for experiments under the same conditions. For a standard
case of 0.1mm mylar diaphragms at 1bar pressure difference, the timing lies at approximately
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100ms. Approximately half of the time is taken up by the diaphragm rupture, while the other
half is required for the shock wave to travel to the test section. The high repeatability of the
timing of this method ensures that the deformation of droplets can be captured in mid-flight.

2.1.2 Measurement equipment and control system

As highlighted earlier, the initial conditions are defining for the resulting experimental con-
ditions. Therefore, several sensors are installed along the tube. To measure the pressure
in the driver section, an absolute capacitance manometer by Setra (model 730) is used. In
the driven section, an AccuSense high accuracy pressure transducer is installed, and the
hydraulic pressure is monitored with a Compact OEM pressure transmitter by Gems (3100-
3200 series). The temperature can be measured inside both tube parts with two Omega
transition joint copper-constantan thermocouples (model TJ10-CPSS-IM15E). In addition,
the surrounding pressure and temperature is measured by several sensors outside the tube
for additional reference.

Data of the installed sensors are collected by a National Instruments cDAQ data acquisi-
tion system and several data points per second are saved continuously in a LabVIEW program.
The program also serves to control experiments. It leads through all steps of an experiment
with an interactive user interface. The program controls valve settings, fills the tube parts
to desired pressure values, monitors acquired data to provide adequate updates or warnings,
and documents the experiments. Details of the control system can be found in in a term
project report by Hopfes [67].

The actual bubble collapse or droplet breakup experiments take place in a time span of
milliseconds, which exceeds the data frequency of the mentioned sensors. Therefore, several
transient ICP® pressure sensors (model 113B21) by PCB Piezotronics are installed along the
tube and in the test section. Their data are recorded by an LTT transient recorder and multi-
functional data acquisition device, typically at a sample rate of 1 million samples per second.
The transient recorder saves the data once the shock wave forms and a trigger value is ex-
ceeded in one of the pressure sensors. The trigger also serves to start the camera recordings
of the experiments for which the setup is further discussed in the following section 2.1.4.

2.1.3 Test section

A notable difference to the theoretical shock tube is the designated area for the test section. It
is placed at the end of the driven part of the shock tube and offers two different configurations
for which the specifications are presented in table 2.1. In the first configuration, a thick-
walled, cylindrical test section is used that it is closed with a solid end wall on the downstream
side. This setup is used to conduct bubble collapse experiments. A second configuration
allows to conduct experiments that require constant free stream flow. A multi-purpose test
section is used and an additional extension tube after the test section is installed. This tube
part provides sufficient space for the flow to continue after passing the test section. As the
end wall of the tube is moved further downstream, the shock reflection is delayed and does
not affect the flow conditions during experiments.

Another difference is indicated in table 2.1. In contrast to the round tubes, the test
sections are of a rectangular cross-section of 190x190mm2. This design follows pragmatic
reasons, as a rectangular test section facilitates installation of experiment and measurement
equipment and allows to install planar glass windows for optical access. However, a direct
change of cross-section from tube to test section or test section to extension tube would lead
to reflections of the incident shock wave, which in turn affects the constant flow conditions
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of region 2 . To avoid this, or rather to delay it, a so-called cookie-cutter (CC) is installed. It
is a square steel frame of the same cross-section as the test section but features sharp-edged
fronts. It cuts out the incident shock and the following freestream flow, thus providing a
clean transition of the cross-section change. Effectively, it prolongs the square test section
and helps to avoid unwanted wave reflections. The longer the CC, the longer do the flow
conditions remain steady. Several options are available, a shorter version of 0.4m and a
longer of 0.8m. For bubble collapse experiments, the 0.4m version was used upstream of the
test section. Apart from providing an ideal incident shock, it supported the gelatine in the
test section. More details on this setup are provided in section 2.2. Early droplet breakup
studies also used the 0.4m version upstream. However, installing the 0.8m CC upstream and
the 0.4m CC downstream doubled the time of constant flow conditions. This is discussed
further in section 2.3.2.

2.1.4 Visualization

A Shimadzu HyperVision HPV-X high speed camera is used to capture the experiments. It
records 128 images at a resolution of 400x250 pixels at up to 5 million frames per second
(fps). For the bubble collapse and droplet breakup experiments in this work, it was operated
at a rate of 25− 350kfps.

Camera

Lens system (2)

Lens system (1)

Parabolic 

mirror (1)

Parabolic 

mirror (2)

Knife edge

Test section

Glass 

windows

Xenon light source

Pinhole aperture

LED light

source

Camera

Lens and 

focus

(b)(a)

Ground glass

diffuser

Figure 2.2: Z-type Schlieren and focused shadowgraph setup (a), and background light setup (b).

The camera is used in two optical configurations. The first is a Z-type Schlieren system for
which a sketch is shown in fig. 2.2 (a). It consists of a 150W Xenon lamp, and a set of lenses
and mirrors. The parallel light from the light source is focused by a first lens on a pinhole
aperture, which is positioned in the focal point of an aluminum-coated parabolic mirror of
26cm diameter and 2.5m focal length. Due to limited space in the experimental hall, the light
path is redirected by a planar mirror in between. A parallel light beam is reflected at the first
parabolic mirror, passes through the test section, and hits the second parabolic mirror. This
mirror focuses the parallel light beam onto the second focal point, in which a knife edge can
be positioned to cut a part of the light. The light beam after the focal point passes through
additional lenses which focus a sharp image of the observed objects on the focal plane of the
camera.

Schlieren objects in the test section cause refractive differences and bend the light rays,
which are partially cut at the knife edge. This causes areas of different illumination on the
final image which correlate with the first spatial derivative of the refractive index ∂ n/∂ x .
The refractive index can be correlated directly to the density in the case of gases and liquids.
Thus, the Schlieren setup can visualize the density gradient of the flow, which is especially
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useful to visualize shock waves. If no light is cut, a focused shadowgraph setup results, which
visualizes the second spatial derivative of the refractive index ∂ 2n/∂ 2 x . This latter setup is
applied for most of the experiments presented in this thesis. Shocks are still visualized in the
focused shadowgraph, and the setup produces a sharp and accurate image of the target of
the observation. [149]

A second optical setup is shown in fig. 2.2 (b). It consists of a LED light panel and a
ground glass diffuser that illuminate the test section with a uniform background light. The
camera is positioned on the other side of the test section perpendicular to the flow direction.
An Irix Dragonfly macro lens is mounted on the camera and used to focus on the plane
of interest. This background light setup was only used for some experiments investigating
droplet breakup. It captures sharp images at a good resolution but does not visualize the
shock wave and flow field.

2.2 Bubble collapse in gelatinous fluids

For the bubble collapse experiments in this thesis, a novel experimental approach was em-
ployed that can be distinguished from experiment setups that were highlighted in section
1.3.3. The new approach relies on two main aspects: a planar shock wave to provide an in-
stantaneous pressure jump, and a gelatinous mixture as a water-like carrier medium for gas
bubbles. Combining the two aspects expands the methodology in bubble dynamics research
although both aspects – using shock tube facilities and producing bubbles in gelatin – have
been used individually in previous studies (e.g. in [47, 168] and [20, 39, 151], respectively).
The combination of both aspects allows to investigate gas bubbles in a constant high-pressure
surrounding with well-defined boundary conditions.

2.2.1 Experimental setup and procedure

For bubble collapse experiments, aluminum diaphragms are used to separate driver and
driven sections (section 2.1.1). In addition, the thick-walled, cylindrical test section is in-
stalled and closed with a solid end wall (section 2.1.3). A sketch of the test section filled with
gelatin is shown in fig. 2.3 (a).

To form the gelatin, we mix Gelrite™ Gellan Gum with demineralized water, heat up the
mixture, and add magnesium sulfate (M gSO4). After stirring until everything is dissolved, the
warm mixture is poured into the test section, which is closed and sealed with a 30mm-thick
back wall and turned vertically. After cooling down, the resulting gelatin is clear and behaves
solid when only low pressure is applied. A thin plastic foil is placed on top of the gelatin and
fixed by mounting the cookie-cutter. This helps keeping the gelatin block in place when the
test section is flipped back horizontally and mounted to the end of the driven section of the
shock tube.

To produce bubbles, a needle attached to a syringe is inserted through a small, closeable
hole in the back wall. A defined amount of gelatin is extracted first, before the needle is re-
moved, filled with air, and carefully inserted again. The air is then released to form spherical
bubbles of up to 1.5mm radius. Figure 2.3 shows a direct photograph (c) and shadowgraph
recording (d) of two bubbles surrounded by the gelatin in the test section.

The bubbles are at rest until the experiment starts with the arrival of the shock wave.
Starting with the incident shock wave, the ideal wave motion in air and gelatin is presented in
fig. 2.3 (b) in an x−t diagram. It shows that due to the high difference in acoustic impedance,
the incident shock wave reflects at the gelatin interface like at a solid wall [21]. Thus,
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Figure 2.3: Sketch of the gelatin-filled test section with end wall and cookie cutter (a). The wave motion and
pressure change during an experiment after shock arrival is presented in a wave diagram (b). A bubble pair in
gelatin is depicted as a direct photograph (c) and as a shadowgraph image (d).

eq. (1.3) for the reflected shock Mach number can be used to calculate the pressure behind
the reflected shock as p′2. To maintain an equal pressure at the interface, a compression wave
propagates into the gelatin. This wave reflects at the solid end wall and further increases the
pressure to p′′2 . This pressure stays constant until a reflected expansion wave returns. The
time-window of constant pressure is approximately 0.4ms long, which is sufficient to conduct
bubble collapse experiments.

However, conducted experiments have shown that the theory of ideal wave motion does
not allow to calculate the pressure accurately. Therefore, several PCB pressure sensors are
distributed along the test section and the end wall to monitor the pressure in the gelatin dur-
ing all experiments. While the wave motion can be tracked as expected, the actual pressure
is lower due to deformation of the test section and due to inclusion of gas in the gelatin.
Nevertheless, the pressure increases step wise with the arrival of the compression wave and
stays at a constant, high level throughout the collapse.

The present method features two main advantages. First, it allows to study gas bubbles in
contrast to cavitation bubbles. This can provide a more realistic setting for some applications
and also allows to study how different gases affect the collapse. For example, it is interesting
to compare the behavior of condensable gases or vapor in contrast to gases that do not
condense under the experiment conditions. Second, the setup guarantees stable initial and
boundary conditions. The highly dynamic process of other bubble production methods with
rapid energy deposition and complex plasma formation is avoided. In the current setup, the
gas bubbles are at rest before the pressure rise, and they are exposed to a constant high
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pressure during the collapse. A positive side effect of placing the bubbles in the gelatin is that
bubbles of different sizes and at various distances can be produced without much additional
effort. This allows to better reproduce application scenarios, where bubbles appear in clusters
and interact during the collapse.

In this work, the setup is used to study the influence of the non-Newtonian properties of
the gelatin on the collapse behavior by varying the gelatin concentration. In addition, the
interaction of gas bubble pairs is investigated. A summary of the findings is presented in
chapter 3, and the corresponding publication is attached in appendix A.1.

2.2.2 Data processing

Conducted experiments provide video recordings and pressure signals for further analysis.
Videos are processed in an automated Matlab script to extract data of the time-dependent
equivalent bubble radius. First, pixels that constitute the bubble are identified and summed
up. The sum of the pixels is then converted into a bubble area A using a reference length.
Then, the equivalent radius R is calculated from the area as

R= (A/π)0.5. (2.1)

This method is exact for spherical bubbles but also provides a good representation for slightly
deformed bubbles. The data are used to provide time-dependent radius plots, to derive
collapse times, and to identify the minimum radii of the bubble collapse.

Recorded pressure data are used mainly for two aspects. An average of the measured
pressure over the collapse time is used to summarize the collapse behavior, for example in
terms of minimum radii or collapse times. In addition, the transient pressure signal measured
at the end wall close to the bubbles is used as an input for reference calculations with the
Rayleigh-Plesset (RP) equation. The RP equation describes the collapse of a spherical bubble
with a time dependent radius R(t) in an infinite liquid domain of pressure p∞(t) far from
the bubble. Some simplifications are considered in its derivation. The liquid is considered
incompressible, the gas content in the bubble is constant, external forces like gravity are
neglected, and the process is considered adiabatic [46]. In this work, it is used in the form of
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Here, pv is the vapor pressure, pg,0 represents the initial gas pressure in the bubble, R0 is
the initial bubble radius, and σ the surface tension. We use material properties of water for
the liquid density, ρl, and viscosity, µl, and properties of air for κ in order to have a general
reference. The calculations provide a valuable tool, especially as they use input values from
the experiments for p∞(t) and R0. Thus, a direct comparison of experiment and theory is
enabled, which allows to check for differences of the applied setup and to detect potential
effects of the gelatin.

Regarding the accuracy of the data analysis, both the spatial and temporal resolutions
have to be considered. Typically, images are recorded at 30− 63µm/pixel, and with around
40− 80 pixels per initial diameter [68]. Assuming an error within one pixel, an inaccuracy
for the radius, ∆R, in a range of ±1.25% to ±2.5% results. However, this should represent
the upper limit of the error, because calculating R(t) with eq. (2.1) is a very robust method.
The collapse of the bubbles is usually captured with 20− 40 images, giving an inaccuracy for
the collapse time, ∆t, in a range of ±1.25% to ±2.5% when assuming an error within half an
interframe time.
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This estimate shows that the error from the spatial and temporal resolution has only a
limited influence. More difficult is assessing how a potentially inhomogeneous gelatin sur-
rounding influences the bubble collapse. Such inhomogeneities can arise from non-uniform
cooling of the gelatin or from inserting the needle. They can cause disturbances and af-
fect the sphericity of the initial bubble or the shape during collapse. To minimize the risk,
the sphericity of the bubble, also in the direction normal to the image plane, is inspected
carefully before each experiment. Nevertheless, some uncertainty remains.

2.3 Droplet breakup of liquid metals

The previous overview in section 1.4 has shown that droplet breakup is a complex phe-
nomenon with relevance in a number of applications. Despite the number of studies avail-
able in the literature, additional work is needed, especially regarding the breakup of metal
droplets. This section provides an overview over the experimental work that was conducted
as part of this thesis to advance this topic. The section highlights adjustments of the experi-
mental setup and presents the methods of the investigation.

2.3.1 Experimental setup and procedure

To investigate metal droplet breakup, the shock tube setup as discussed in section 2.1 is
applied. The multi-purpose test section and the tube extension are used, and mylar or PVC
diaphragms separate driver and driven section. However, some additional aspects need to be
discussed.

Materials

Three different liquids are used for the droplet breakup experiments in this thesis: water,
Galinstan, and Field’s metal. Fluid properties of the materials are summarized in table 2.2.

Galinstan is a non-toxic metal alloy of 68.5% gallium, 21.5% indium, and 10.0% tin and
retains a liquid state at temperatures as low as −19°C [28, 114]. Similar to other metals like
aluminum [106], it reacts with oxygen and forms an oxide layer on the surface. This layer
has a thickness in the order of nanometers [40], but it imparts non-Newtonian rheological
properties to the metal [36]. Dickey [40] finds that the oxide skin of gallium alloys is elastic
and provides mechanical stabilization until a critical yield stress of approximately 0.500 −
0.600N/m. This presence affects the effective surface tension of the metal. A value of σGal =
0.718N/m is measured for Galinstan when exposed to oxygen in its surrounding [28, 90], but
it drops to 0.535N/m when the oxygen trace is below 1ppm [114]. The present experiments
were conducted under atmospheric conditions and thus the higher surface tension under the
effect of oxidation is used.

Field’s metal is another non-toxic alloy that oxidizes [95, 111]. It has component percent-
ages by weight of 32.5% bismuth, 51% indium, and 16.5% tin, and has a melting point of
62°C [56]. The density is temperature dependent and follows the relation [112]

ρFM = 10.6555− 0.0085T. (2.3)

Here, the density of FM is in g/cm3, and the temperature T in Kelvin is considered unitless.
The viscosity shows shear thinning behavior and measurements provide values of µFM = 10−
30mPas for the current temperature range [56, 110, 112]. An intermediate value of µFM =
21mPas is used in this work [110]. Only a few reference values are provided in the literature
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Table 2.2: Material properties of water, Galinstan and Field’s metal. Listed are values for the liquid density (ρl),
surface tension (σ), viscosity (µl), and the freezing temperature (Tfreeze). Values for Galinstan are taken from
Kocourek et al. [90]. *The density of FM is temperature dependent and calculated with eq. (2.3).

Liquid ρl[kg/m3] σ[N/m] µl[mPa · s] Oxidation Tfreeze

Water 998 0.072 1 non-oxidizing 0°C

Galinstan 6440 0.718 2.4 oxidizing −19°C

Field’s metal 7570− 7700∗ 0.565 21 oxidizing 62°C

for the surface tension of FM. Hadj-Achour et al. [56] use a value of σFM = 0.410N/m
without source, while a corresponding work states a value of 0.500N/m [43]. Kouraytem et
al. [95] obtain theoretical and experimental values of σFM = 0.400N/m and 0.410N/m at
108°C, respectively. However, in their measurement, they note a rapid succession of a few
drops to minimize oxide formation. This is critical for the applied pendant drop method [6,
171], and it is not representative for the present experiments as drops are exposed at least
for some seconds to the ambient air before atomization. Thus, oxidation effects need to be
taken into account.

Due to the uncertainty, the surface tension was assessed experimentally for this work.
It is measured for all three liquids using the pendant drop method [6, 60]. For Galinstan
and water, the average of the measurements confirm the literature values, as provided in
table 2.2, within 2.5% and 1%, respectively. For FM, a mean value and standard deviation of
σFM = 0.565± 0.067N/m is obtained at 90°C. This value is higher than the reference values,
but this is an expected effect of the surface oxidation. The mean of σFM = 0.565N/m is used
for this work and provides a good estimate of the breakup behavior.

The gallium content in Galinstan reacts strongly with aluminum and also wets to glass
surfaces [125]. As the test section is made of an aluminum alloy frame and includes large
glass windows, it was necessary to protect it. Thus, a thin film of rubber spray by mibenco®

covered the inner surfaces of the test section during experiments, and the glass windows were
cleaned carefully with water after experiments. The same approach was used for experiments
with FM. While there is no reaction with aluminum, the rubber spray helped to avoid that
FM melt or solid particles could damage parts of the section or the glass window.

Droplet generation

A droplet generator is installed on top of the test section to produce single droplets. De-
pending on the desired liquid, its design changes. For experiments with water and Galinstan,
a syringe with an attached needle is mounted on an aluminum profile. The syringe can be
moved vertically to insert the needle into the test section through a 1mm bore hole. To gener-
ate the droplet, the syringe plunger can be advanced with a linear actuator in the micrometer
range. This actuator can be controlled manually or with a step motor. It allows to precisely
generate one single droplet. Depending on the needle width, droplets of different sizes can
be produced. Best results in terms of sphericity of the drop, and avoiding droplet oscillation
were achieved with needle diameters of 0.4− 0.6mm.

Generating a FM drop requires a different setup that is shown in fig. 2.4. It consists of
a furnace that is mounted to the top wall of the test section. To heat up the furnace, two
heating cartridges are installed along with a temperature sensor and a temperature control.
The furnace temperature is held within ±2°C of the target temperature, which was set to 90°C
for the majority of the experiments. This temperature allowed smooth, repeatable droplet
generation. The fluid chamber inside the furnace has a funnel shape that connects to a luer
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lock needle adapter and steel capillaries, mainly of size G30 (outer diameter of 0.3mm). To
generate a droplet, a pressure puls is created in the fluid chamber that pushes the metal melt
through the needle into the test section.

Adapter and needle 

Pressure pulse

Cartridge heater (x2)

Temperature sensor

Fluid chamber

Molten metal drop

Figure 2.4: Droplet generator for Field’s metal. A sketch highlighting the different parts is on the left, and a picture
of the droplet generator mounted on the test section is to the right. Adopted from Hopfes et al. [66].

Workflow

Generated droplets in experiments fall through a laser beam that is spanned directly under
the needle tip by an aligned pair of laser emitter and receiver. The interruption of the laser
signal is captured by an Arduino micro controller. After a set delay, the controller connects
a 55V power supply to the heating wires that are adjacent to the plastic diaphragm between
driver and driven section (see section 2.1.1). After the diaphragm ruptures, the shock wave
forms and propagates downstream to the test section. Image recording is started after the
pressure sensor in the test section detects the shock arrival.

Delicate timing is required to match the shock arrival and falling droplet within the fixed
frame of video recording. Experience values for the time of shock formation are required and
pre-tests for the timing of the falling droplet must be conducted. However, the repeatability
of all processes allows to capture the deforming drop consistently.

2.3.2 Data processing

Flow conditions

To analyze a conducted experiment, the exact flow conditions in the region behind the shock
wave are required. For this thesis, these flow conditions are calculated with the moving shock
relations as discussed in section 1.2. In order to do this accurately, exact knowledge of the
initial conditions before shock formation is required. This was discussed in section 2.1.2. In
addition, the shock Mach number of the incident shock wave must be captured. To determine
it accurately, we first calculate the shock velocity us by dividing the spatial separation (∆x)
of two pressure sensors directly upstream of the test section by the time-lag (∆t) of the
measurement of the shock passage.

us =∆x/∆t (2.4)

Ms then follows as

Ms = us/a1. (2.5)
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With this information, all other flow conditions like the induced flow velocity or the pressure
can be calculated. This method is very accurate and has been evaluated, for example, by
conducting total pressure measurements of the flow [170].

To complement the calculation, we measure the transient pressure during experiments
with high-frequency pressure transducers (see section 2.1.2). At least two pressure sensors
are installed directly upstream of the test section and at least one transducer is installed
close to the droplet position. It is ideally suited to evaluate the calculated flow conditions
by comparing the measured value to the calculated value. A graph of two pressure measure-
ments that are normalized by the respective calculated values is presented in fig. 2.5. The
figure shows an instant increase to a value ∼1 after shock passage at t = 0 for both signals,
confirming that measured and calculated values are matching.

Figure 2.5: Measured pressure signal normalized by the pressure calculated with eqs. 2.5 and 1.1. The dotted,
orange line represents an experiment with the 0.4m cookie-cutter installed upstream of the test section. The blue
line represents an experiment with the 0.8m CC installed upstream and the 0.4m CC installed downstream of the
test section. Both experiments feature 3bar in the driver section, and atmospheric pressure in the driven section.

In addition to validating the calculation of the flow properties, the shown pressure signals
help evaluate the time-window of constant flow conditions. Figure 2.5 shows measurements
for two different setups. The dotted, orange line represents an experiment where the short
0.4m CC is installed upstream of the test section and no CC is installed at the transition from
test section to tube extension. It shows that the pressure, and the general flow conditions,
remain constant for approximately 2ms. A second, blue signal represents an experiment with
the 0.8m CC installed upstream and the 0.4m CC installed downstream of the test section.
The time of constant flow conditions is now extended to 4ms, which allows to study metal
droplet breakup under a wider range of conditions.

Image processing

Raw images from the HPV-X camera are processed in Matlab with self-developed programs.
The first step is to subtract the background of the image using an image recorded shortly
before the experiment. This eliminates areas of different brightness and removes visible
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stains that are, for example, on the glass windows. To brighten and sharpen the images,
contrast stretching is applied at different levels depending on the recording. The resolution
of these images is then doubled using the super-resolution capability of Matlab’s Very Deep
Super-Resolution convolutional neural network [88].

The processed images are analyzed using automated Matlab scripts. They use a fixed
reference length to determine values for the equivalent diameter of the drop d, the cross-
stream diameter dc, the streamwise diameter dx, and the position of the mass center xmc.
Figure 2.6 shows three time instants of a deforming drop and the corresponding analysis. A
’0’ subscript denotes initial conditions, while dc,max denotes the cross-stream diameter at the
end of the initial deformation time τini. The collected data are used and processed further
depending on the goal of the investigation.

dx,0

dc,0 dc,max

xmc,0

dx

dc
xmc

𝜏 = 0 𝜏 = 𝜏ini

flow from left to right

Figure 2.6: Data analysis from image processing. Provided are three time instants of droplet deformation: the
start of the experiment (left, with subscript ’0’), during the deformation phase (middle), and at the end of initial
deformation (right). Captured variables include the cross-stream diameter dc, the streamwise diameter dx, and
the position of the mass center xmc. Flow direction is from left to right. Taken from Hopfes et al. [66]

A comment on the accuracy

The accuracy of test results is a very important aspect of experimental work, but it is com-
monly accepted in engineering that all measurements are subject to errors [2]. Consequently,
this section provides an overview regarding the accuracy of the droplet breakup experiments
of this thesis.

A typical droplet breakup experiment is subject to several uncertainties. First, the flow
conditions need to be assessed. The previous section 2.3.2 has shown that an accurate cal-
culation of flow conditions depends on an accurate measurement of initial conditions in the
driven section and of the shock Mach number. Regarding the initial conditions, we regularly
re-calibrate the sensors in the tube and check the surrounding ambient sensors for reference.
In addition, the accuracy of, for example, the pressure transducer in the driven section is on
the level of a few Pascal. Overall, the error cannot be assessed in detail, but it is reasonable
to assume it is negligible. The calculation of Ms depends on an accurate measurement of the
time-lag ∆t. Transient pressure measurements are typically conducted at 1MHz, providing a
time-resolution of 1µs. Assuming a shock velocity of 400m/s for the distance between the two
sensors of 0.75m, a time lag of ∆t = 1875µs results. With a measurement uncertainty of one
data point (1µs), only a minor variation of the shock Mach number would result. While the
shock Mach number affects all following calculations of the flow conditions, the overall error
remains low. For an experiment similar to the example case, the effect on the calculation of
the Weber number would be < 1%.

In addition to the flow conditions, the video processing is a source of uncertainty. The
initial droplet diameter d0 is calculated from the area A of the drop as d0 =

p

4A/π. This is
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a robust method that provides a good accuracy. Great care is taken to record the droplets
with well-adjusted, sharp video settings, but the resolution remains as the limiting factor.
Final images typically resolve the initial droplets at a minimum of 30 pixels per diameter.
The average, for example, in the first droplet breakup study [65] is ∼ 43. Assuming an
error within one pixel at the resolution of 30 pixels per diameter results in an uncertainty
of ∆d = ±3.3%. This value changes throughout the deformation for the cross-stream and
stream-wise diameter, as they increase and decrease during the experiment.

The sources of uncertainty for this work remain small overall and do not influence the
results significantly. There are some limitations to the accuracy that should be considered,
but they are well understood and continuously monitored.





Chapter 3

Summary of the publications

In this chapter, the three first-author, peer-reviewed publications, on which this dissertation
is based, are summarized.

3.1 Collapse dynamics of bubble pairs in gelatinous fluids

Thomas Hopfes, Zhaoguang Wang, Marcus Giglmaier, Nikolaus A. Adams

3.1.1 Summary of the publication

In this publication, we study the collapse of gas bubbles in a gelatinous surrounding, as well
as the interaction of collapsing bubble pairs. The experiments are conducted using a novel
experimental setup. It uses the shock tube at AER to generate a stepwise increase in pressure
through shock wave impact and reflection at a gelatin interface. The gelatin fills the whole
test section and is formed by dissolving Gelrite™ Gellan Gum in demineralized water under
the addition of magnesium sulfate (MgSO4). Placed within the gelatin are millimeter-sized
air bubbles. Their deformation and collapse is recorded with a high-speed camera.

We study single air bubbles that collapse spherically to evaluate the setup and to deter-
mine the influence of the gelatin. We apply four different gelatin mixtures. The standard
mixture contains 0.6g of Gelrite™ and 0.5g of MgSO4 per liter of demineralized water, while
the other mixtures are scaled at 70%,130%, and 160%. For all experiments, we compare
image sequences of the bubble oscillations and provide normalized collapse times and min-
imum radii. The results show that changing the gelatin strength does not influence bubble
dynamics significantly. Moreover, we show that all four applied mixtures lead to a bubble col-
lapse that is very similar to a bubble collapse in water by using normalized data and reference
calculations with the Rayleigh-Plesset equation [24].

In addition to evaluating the methodology and the influence of the gelatin, the setup is
used to study the interaction of bubble pairs in the free field. We identify four types of bubble
pair interaction, which can be characterized using non-dimensional parameters similarly to
previous works [29, 45, 57]. Those parameters are the normalized bubble distance γ and the
phase difference ∆Θ, which can be calculated from the size ratio of the two bubbles S.

A γ−∆Θ map of the four types of bubble pair interaction is presented in fig. 3.1, along
with exemplary image series representing two interaction types. The first image series depicts
two bubbles in very close proximity (γ∼1) and of very different size ratio, and thus high phase
difference (∆Θ = 0.76). We can see that the big bubble slowly collapses spherically while the
small bubble quickly collapses towards the big bubble until the two bubbles merge (frames
1-3). While the remaining bubble maintains a spherical shape initially, we see that a funnel-
shaped protrusion develops at the side opposite to the original position of the small bubble

27
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Figure 3.1: Overview of bubble pair interaction depending on the relative distance of the bubbles γ and the phase
difference ∆Θ. Weak interaction (orange plus icon), shooting through (gray diamond), reversing collapse (black
cross), collapse towards (red star), and mixed type behavior (black dot in red circle and black square surrounded by
an orange line). The dashed and dotted lines present the critical∆Θcrit value after Chew et al. [29] that separates
the types of ‘jet away’ (∆Θ > ∆Θcrit) and ‘jet towards’ (∆Θ < ∆Θcrit) for bubbles of similar and different size,
respectively. Example image sequences of shooting through and reversing collapse are presented on the right.
Adapted from Hopfes et al. [68]

(frames 4-5). It is caused by a liquid jet that ’shoots through’ the big bubble and penetrates
the surface on the far side. The second image series shows an example for a ’reversing
collapse’ with bubbles at γ = 1.24 and ∆Θ = 0.42. Here, the medium-sized bubble collapses
aspherically and shows a jetting behavior towards the big bubble (frames 2-3). After the
collapse, the motion reverses and the medium-sized bubble expands in the opposite direction
(frames 4-5). The large bubble collapses spherically, but shows a jet away from the medium-
sized bubble upon rebound (frame 4). A small satellite bubble detaches from the jet and
continues to move to the right (frame 5).

The characteristic bubble interactions shown in 3.1 have similarities and differences com-
pared to the classification in the literature. The type of jetting towards each other is well
known [35, 45, 57] and for the ’weak interaction’ only the larger bubble dominates the be-
havior. However, the ’shooting through’ behavior is, as such, not presented in the literature.
The ’reversing collapse’ has some similarities to previous observations of a ’catapult’ type
[29] and anti-phase bubble pairs [57] but also shows different aspects. As shown, several
interaction types generate a controlled and directed liquid jet, which can be exploited for ap-
plications ranging from microfluidics and ultrasound cleaning to medical applications [104].

3.1.2 Individual contributions of the candidate

This article [68] was published in the peer-reviewed journal Experimental Thermal and Fluid
Science. My contributions to this publication include the conceptualization and the design
of the experimental methodology that allows to study gas bubble collapse in a gelatinous
surrounding. I conducted the investigation by performing the experiments, processing and
analyzing the study data, and visualizing the results. The original manuscript of the publica-
tion was written by me.
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3.2 Secondary atomization of liquid metal droplets at moderate Weber
numbers

Thomas Hopfes, Julia Petersen, Zhaoguang Wang, Marcus Giglmaier, Nikolaus A. Adams

3.2.1 Summary of the publication

A main part of all atomization process is the breakup of single droplets, termed secondary
atomization. This topic is widely investigated in the literature for common liquids like water
or ethanol [42, 76, 77, 84, 97, 184]. However, data on the breakup of metal droplets are
scarce, even though metals feature significantly different fluid properties. They have higher
ranges of density and surface tension [28], can be subject to the formation of an oxide layer
[176], and temperature effects typically play a more significant role due to high melting
points. It stands to reason that findings obtained in experiments with liquids like water
cannot be transferred on molten metals without further investigation [10]. Therefore, this
publication investigates this topic experimentally by exposing single droplets of the liquid
metal Galinstan to a shock-induced crossflow. Galinstan is liquid at room temperature and
oxidizes strongly.
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Figure 3.2: Comparison of a bag rupture of a Galinstan droplet at We = 13.2 and a water droplet at We = 15.
Images of the water droplet are taken from Dai and Faeth [37] with permission from Elsevier, and the figure is
adapted from Hopfes et al. [65].

The first part of this publication focusses on the breakup morphology of Galinstan droplets
over different flow conditions covering a Weber number range of 11-104. Results confirm the
known breakup mode sequence of bag, bag-and-stamen, multimode, and shear stripping
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breakup also for liquid metal droplets. We identify corresponding transition Weber numbers
between the modes of ∼15, ∼35, and ∼80, respectively. The transition between modes is
a continuous process with gradual changes, and it is in accordance with the theory of the
Rayleigh-Taylor instability. This is shown by focusing on the initial deformation and on the
appearance and evolution of the stamen as the most dominant breakup feature for We =
15− 50.

The second part of this publication compares the droplet breakup of Galinstan to that of
common, water-like liquids. A comparison is conducted qualitatively using image series and
quantitatively using summaries of representative breakup parameters. Figure 3.2 summarizes
the findings and highlights the observed similarities and differences on the example of a
Galinstan droplet at We = 13.2 compared to the breakup of a water droplet at We = 15. The
figure and the general analysis show that the initial deformation is very similar with respect
to the shape and timing of the breakup. Own reference experiments are matched, and the
data compares well with correlations from the literature for the initial deformation time τini
and the maximum cross-stream diameter dc,max. Neither different fluid properties, nor the
presence of the oxide layer noticeably influence the initial drop deformation. In contrast, we
observe significant differences in the breakup behavior at later stages. Those differences are
highlighted in figure 3.2 and can be summarized as:

• Galinstan droplets break up significantly earlier compared to other liquids. This is
confirmed for the full range of investigated Weber number by comparing to own water
experiments and data of water and ethanol experiments in the literature.

• Bags burst open suddenly and show sharp-edged rupture lines that are reminiscent of
solid mechanics.

• Deformation of Galinstan droplets appears limited. This is visible, for example, at the
smaller bag extension and at the straight frontal side of the drop.

• Coarse, irregularly shaped fragments result from the breakup.

These observations along with previous studies [8, 28] suggest the oxide layer forming on
Galinstan as the main cause for the different behavior. This finding is an important step to
better understand, and ultimately control, metal atomization processes.

3.2.2 Individual contributions of the candidate

This article [65] was published in the peer-reviewed International Journal of Multiphase Flow.
My contribution to this publication includes conceiving the idea for the study and adapting
the experimental setup to allow to study liquid metal droplet breakup. I conducted the inves-
tigation by performing experiments, processing and analyzing the study data, and presenting
the results. The original manuscript of the publication was written by me.
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3.3 Experimental investigation of droplet breakup of oxide-forming liq-
uid metals

Thomas Hopfes, Zhaoguang Wang, Marcus Giglmaier, Nikolaus A. Adams

3.3.1 Summary of the publication

This publication continues our previous work [65] and investigates the breakup of liquid
metal droplets experimentally in the shock tube. A special focus lies on generalizing the
effect of surface oxidation on the breakup behavior.

In the literature, investigations of breakup of metal droplets in gas are scarce. There
are some studies using mercury [72, 173], but only single experiments are presented and
mercury does not form an oxide layer when exposed to atmosphere [108]. In more recent
studies, the oxide-forming metal Galinstan is used to study column breakup [8, 28] and
droplet breakup [65]. However, additional data are required to estimate how the observed
effects can be generalized and whether the findings are representative also for other oxide-
forming liquid metals. Therefore, this work employs Field’s metal, a low melting point,
eutectic metal alloy that also is subject to oxidation [95, 111].

We compare the breakup of Galinstan and FM droplets by means of image sequences
and deformation data. Small differences are identified. FM bags inflate slightly more and
show a slightly delayed rupture. In addition, FM droplets break into a larger number of
smaller and more uniform fragments, especially at low Weber numbers. We expect this to be
related to a higher oxidation rate of Galinstan compared to FM. However, apart from these
small differences regarding details of the breakup, we identify a strong overall similarity
of the two metals with respect to the breakup morphology, transition between modes, and
timing and extent of droplet deformation. In addition, Field’s metal, like Galinstan, shows
distinct breakup features such as sharp-edged rupture lines and an earlier breakup, which
distinguishes both metals from other liquids like water.

a) b)

Figure 3.3: Initial deformation time τini (a) and time of onset of breakup τb (b) for droplet breakup experiments
with Galinstan and Field’s metal. The data fits to the experiments are shown as a solid and broken gray line,
respectively. The box inlet in (b) provides a zoom-in to data points in the range of We = 10− 30. It highlights the
slightly delayed rupture for FM droplets. Adapted from Hopfes et al. [66].

Based on the similarities and the distinction from other liquids, we use the collective data
of Galinstan and FM droplet breakup to provide Weber number dependent fits for the initial
deformation time τini and the time of the onset of breakup τb as presented in figure 3.3 (a)
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and (b), respectively. Experiment data are displayed along with the derived data fits. The
corresponding equations to the fits are presented in the figure legends. The graphs show
the high accordance between the data points and the empirical fits and confirm previous
observations that oxide-forming metals show a similar initial deformation time, but an earlier
onset of breakup compared to more common, water-like liquids.

Regarding the droplet deformation, we summarize the normalized cross-stream deforma-
tion dc/d0 taken at τini across the studied Weber number range. The derived empirical fit
compares favorably with a correlation derived from experiments with water and ethanol by
Zhao et al. [182]. However, we observe some differences for higher We. We also provide
an empirical fit of the time-dependent cross-stream deformation of the droplets. The fit is
validated against experimental data for different Weber numbers and compared to models
from the literature that are based on droplet breakup of more common liquids [76, 150].
While our empirical fit describes the time-dependent droplet deformation accurately, models
from the literature tend to underestimate the deformation consistently at later stages of the
droplet deformation.

Providing an accurate representation of the data, the presented fits can be used directly, or
can help adapt other breakup models to account for the different behavior of oxide-forming
metals. In addition, we propose to use the fits as a representation also for other oxide-forming
metals like titanium alloys [54] or the chemically very similar aluminum [52, 106].

3.3.2 Individual contributions of the candidate

This article [66] was published in the peer-reviewed journal Physics of Fluids. My contribu-
tions to this publication include adapting the experimental methodology to allow to study
metals with higher melting points. In addition, I conducted the experiments, processed and
analyzed the study data, performed data fitting to derive empirical models, and visualized
the results. The original manuscript of the publication was written by me.
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Chapter 5

Discussion

As highlighted in the introduction and throughout this work, the publications constituting
this thesis are based on experiments conducted with the shock tube facility of AER at TUM.
The features of this facility are exploited to investigate two multiphase flow phenomena that
are defined by the interaction of a gas and a liquid phase. A shock wave generated in the
shock tube provides a step-change in pressure, which is used to study the collapse of air
bubbles in a gelatinous surrounding. Generated shock waves also induce a high-speed gas
flow. This aspect is used to investigate the deformation and breakup of single metal droplets.

There are several key achievements related to the bubble collapse investigation presented
in this thesis [68]. They are summarized in section 3.1 and presented in detail in appendix
A.1. The experimental setup features some novelties, although aspects like the use of shock
tubes [47, 168], or the application of gelatin [20, 39, 151] have been shown previously. Their
combination into the setup of this work is promising, but has to be developed further to reach
the reliability and precision of other experimental setups like laser focus [57, 102, 103, 116,
130, 137, 159, 177], or spark discharge [45, 107, 116, 128, 158, 181]. Nevertheless, in
contrast to those established methods, the new setup opens up interesting possibilities and
provides several advantages:

• Bubbles are at rest until the impinging shock wave provides an instant change to a
constant, high pressure in the surrounding gelatin.

• The setup allows the investigation of bubbles filled with gases, e.g. air, instead of
cavitation bubbles that are filled with vapor.

• It is possible to study single bubbles or multi-bubble configurations with well-defined
positions, either in the free field or next to a solid wall.

These advantages are used in this work to investigate two different aspects. First, the in-
fluence of a gelatinous surrounding on the collapse behavior is evaluated, which extends
previous works that investigate the influence of non-Newtonian fluid properties on bubble
collapse, e.g. [11, 25]. However, in the present work, this influence is marginal and the bub-
ble collapse is similar to a collapse in water. Second, the advantage of the setup to produce
multiple bubbles is used to investigate bubble pair interaction. Compared to the interaction
of cavitation bubbles, similarities and differences are observed. Interaction types like the
’collapse towards’ are well known [35, 45, 57], but due to using gas bubbles at rest in the
free field, also new aspects of bubble interaction are found. Notable is for example the type
of ’shooting through’, which is not observed in the same way in the literature. Apart from im-
proving the general understanding of bubble interaction, the findings are especially valuable
for applications where gas bubbles and not vapor bubbles are present.

A well-defined, constant flow can be generated in the shock tube for a wide range of flow
conditions. Owing to this advantage, two publications presented in this thesis investigate
metal droplet breakup. The findings are summarized in sections 3.2 and 3.3, and presented
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in detail in appendix A.2 and appendix A.3. The main achievement lies in the fact that much
needed experimental breakup data is provided. A variety of emerging applications like spray
forming, spray coating, or metal powder production [10, 51, 63, 166] rely on such data to
better understand the physical mechanisms of the atomization process. A key aspect in all
atomization processes is the breakup of single droplets, as it defines the final size and shape
of fragments [44, 120, 165, 178]. Controlling this atomization step can help to overcome
issues like poor quality, low efficiencies, or high costs that are observed in many applications
[4, 100]. However, experimental data on the breakup of single metal droplets in gas flow
are limited to a few data points with mercury [72, 173] and related investigations of column
breakup with the liquid metal Galinstan [8, 28], which is not sufficient. Therefore, this thesis
investigates this topic in detail.

Results of this investigation include a detailed description of the influence of oxidation
effects on the breakup of the investigated metal droplets. The formation of an oxide layer
on the surface leads to a different breakup mechanism with droplets bursting open in a way
that reminds of the rupture of solid shells [126, 127]. This behavior has been observed for
metal columns [8, 28], but it is shown here for the first time for metal droplets. On a more
general level, the first droplet breakup study [65] investigates continuous transition between
breakup modes and the evolution within a mode at increasing Weber number. A continuous
transition has been identified previously, e.g. by [53], but it is shown here in great detail
for a wide range of Weber numbers. A special focus is put on the appearance and evolution
of the stamen structure. How it is formed, and how it changes in length and width with
changing We is put in relation with the theory of Rayleigh-Taylor instability. It is shown that
the predicted wave patterns of the RTI match the observed bag formations. This adds to the
discussion in the literature on the physical breakup mechanisms, and supports the works that
identify the RTI as the dominant mechanism [77, 78, 82, 83, 134, 153–156, 182, 183].

The second droplet breakup study [66] employs two oxidizing liquid metals in an effort to
generalized the observed behavior. The generated data are summarized in empirical fits, and
it is proposed that the findings are representative also for other oxide-forming liquid metals.
A similar behavior is especially plausible for aluminum, because it is in the same group in
periodic table of elements as gallium and indium, which are the main components, respec-
tively, of the applied metals Galinstan and FM [52]. Generalized fits provide a large benefit
for other works. For example, holistic approaches to simulate gas atomization processes of
liquid metals are very complex. They require to simulate the high-speed, compressible gas
flow, the interaction of liquid and gas phases, and primary and secondary atomization, which
results in a demanding, multi-scale problem. To reduce the complexity, secondary breakup
is often not simulated directly, but instead modelled, e.g. in [7, 44, 98, 147, 178, 179].
The present work can help such models to better account for oxidation effects, especially
regarding breakup times and the droplet deformation.

In conclusion, this thesis shows that a shock tube facility can be used in various, flexible se-
tups and that different features can be exploited to investigate different topics and effects. In
addition, a shock tube features a wide range of operating conditions, and the shock-induced
step-change of fluid properties allows to conduct experiments that are an ideal reference for
numerical or analytical considerations. These advantages highlight once more that shock
tubes are a valuable tool to investigate fluid mechanics problems, and that the work with
the facility at AER should be continued. Besides the opportunity to use the existing setup
to investigate new flow problems, also the present work provides additional potential for
follow-up projects. Bubbles of different gas content can be investigated, which is especially
interesting if gases are applied that condense under increased pressure. Other options are
to investigate bubble collapse next to a solid wall or near soft materials, or to continue the
work on multi-bubble interaction. The background light setup as in section 2.1.4 can provide
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direct visual insight into the collapsing bubbles. For metal droplet breakup, future work can
use metals with higher melting points to target the influence of temperature change or solid-
ification on secondary atomization. Another option is to change the gas content in the tube,
for example to nitrogen, in an effort to reduce or inhibit oxidation effects.





Appendix A

Original peer-reviewed publications

The three peer-reviewed journal articles presented in this thesis are attached here.
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A.1 Collapse dynamics of bubble pairs in gelatinous fluids

Thomas Hopfes, Zhaoguang Wang, Marcus Giglmaier, Nikolaus A. Adams

In: Experimental Thermal and Fluid Science 108 (2019), p.104-114.
https://doi.org/10.1016/j.expthermflusci.2019.05.023.

Contributions: My contributions to this publication include the conceptualization and the
design of the experimental methodology that allows to study gas bubble collapse in a gelati-
nous surrounding. I conducted the investigation by performing the experiments, processing
and analyzing the study data, and visualizing the results. The original manuscript of the
publication was written by me.
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A B S T R A C T

Bubble dynamics is relevant in a variety of research fields that range from material science to medical appli-
cations. It is studied extensively, and researchers apply very established and reliable experimental methods.
Although these methods provide many advantages and are constantly modified and adapted, there are also some
limitations on which aspects can be analyzed. Thus, we present in this study a novel experimental setup that uses
a shock tube and applies a gelatinous mixture as a water-like carrier medium. Millimeter-sized air bubbles,
placed in the gelatin and exposed to an instantaneous pressure increase, are analyzed under two different as-
pects. First, we show that single bubbles in the gelatin behave very similarly to bubbles in water during the
collapse and that different gelatin concentrations do not significantly affect the behavior. In a second part, we
study interacting bubble pairs and differentiate four main types of interaction that can also be characterized by
non-dimensional parameters. A well-known type, jetting towards each other, is reproduced and a type termed
‘reversing collapse’ shows similarities to previous work as well as new aspects. The interaction of bubbles of
large size ratios is either dominated by the large bubble if bubbles are far apart or leads to a pronounced liquid
jet if the bubbles are close to each other. The presented results demonstrate that the applied experimental setup
can provide insight into bubble interaction and jet formation. This could help, for example, to establish con-
trolled and directed jetting of microbubbles in targeted drug delivery, which would play a major role in anti-
cancer research.

1. Introduction

Research on bubble dynamics has a long history in fluid mechanics.
Initially, cavitation and related phenomena were noticed due to their
destructive potential, for example in the surface erosion on ship pro-
pellers [3]. However, there are not only adverse, but also beneficial
aspects. Medical procedures, such as lithotripsy and targeted drug de-
livery, try not only to understand and avoid, but rather to exploit
bubble dynamics. Lithotripsy, for example, is an established medical
procedure for non-invasive destruction of gallstones in the human body
by focusing extracorporeally generated shock waves on the target [4].
Cavitation bubbles are formed in the liquid surrounding the gallstone
by a focused tensile wave that follows the preceding shock wave. These
bubbles then interact with following shock waves and an aspherical
collapse can lead to strong erosive effects through liquid jets and shock
wave emission. Thus, transient cavitation is a dominant mechanism
that strongly determines the overall effectiveness of the treatment [5].
One major idea behind targeted drug delivery is to use coated micro-
bubbles as drug carriers in the human body. Ligands on the bubble

surface target specific cells before ultrasound pressure pulses, generated
outside the body, break the bubbles apart and release the carried drug
at the targeted location [6].
To improve the mentioned applications, bubble dynamics has been

studied extensively. Fong et al. [7] speak of three widely used experi-
mental methods to generate oscillating cavitation bubbles under rea-
sonably controlled conditions: laser-focus, spark discharge and acoustic
waves. They mention, however, that acoustic waves do not allow a
high-level of accuracy for bubble positioning. In contrast, laser-gener-
ated cavitation is a very prominent method that is favored for its re-
producibility and the ability to create nearly perfect spheres [8]. Cav-
ities are created by focusing strong light pulses into a liquid, which
creates a plasma at the focus point. The related phenomenon is called
dielectric breakdown or, in the context of bubble generation, also optic
cavitation [9]. Generating cavities with a laser has several major ad-
vantages. Cavities can be produced at any given time and at any ac-
cessible position in a liquid. It is therefore possible to produce cavities
right before the impact of a shock wave [10], to change the distance of
the bubble from a solid wall continuously [11] or to produce the bubble
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next to a spherical particle [12]. This technique can produce bubbles
that are perfectly spherical, so that Obreschkow et al. [13] can even
study the small effect of gravity-induced pressure gradients on bubble
collapse during parabolic flights. Spark generation is an alternative
method that has been widely used for bubble dynamic experiments by
many researchers [14–17]. It uses wires to discharge electric energy,
which again leads to the formation of a plasma point that then expands
to form the cavitation bubble. In general, both methods are well es-
tablished and provide similar advantages and restrictions. The pro-
cesses work repeatedly, reliably and offer a high level of precision in
respect to the bubble shape and position. However, the mentioned
methods can only study vapor bubbles. Research on pure, non-con-
densable gas bubbles is rarer and often has other drawbacks. The ap-
plied bubbles are, for example, rising [18], attached to a solid surface
[19–21] or have to be kept in position by other means (e.g. a plastic foil
[22]). In addition, often very strong pressure pulses are used to collapse
the bubbles in such setups. The pulses are created by micro-explosives
[18,19,21], optical breakdown [20] or a lithotripter [22,23], which
results in very short term pressure peaks, rather than a constant sur-
rounding pressure.
A constant surrounding pressure and well-defined boundary condi-

tions are, however, desirable. To achieve that, a novel experimental
method is used for the present study. The approach relies on two as-
pects. First, a shock tube generates a planar shock front which provides
an instantaneous pressure jump to a constant high pressure. Second, a
gelatinous mixture is used as a water-like carrier medium to contain
pure gas bubbles rather than vapor bubbles. This distinguishes the setup
from experiments with gas bubbles under strong shock-loading and
from research that uses vapor bubbles. The combination expands the
methodology in bubble dynamics research, although both aspects –
using a shock tube and placing bubbles in gelatin – have been used
individually in previous studies (e.g. [24,25] and [26,27] respectively).
Some advantages can be achieved with the present setup. The initial

configuration shows the bubble and surrounding gelatin completely at
rest at atmospheric pressure. In addition, the gelatin is enclosed by rigid
boundaries on all sides except at the interface to the air within the
driven section of the shock tube. This creates a well-defined sur-
rounding and conditions that are favorable when the experiments serve
as a reference for numerical simulations. Another positive aspect is that
multiple bubbles of different sizes and at various distances can be
produced without additional effort. This allows a much better re-
presentation of application scenarios, where bubbles often are present
in clusters and interact with each other.
The paper is structured so that Section 2 presents the general ex-

perimental setup. On a side note, Section 2.2 shows aspects of the dif-
ferent applied test sections and highlights the impact of fluid-structure
interaction in experimental work on bubble dynamics. In Section 3, we
discuss advantages and restrictions of the setup and analyze to what
extent an increasing gelatin concentration affects bubble oscillation by
comparing the results to the case of bubbles in water. First results of
experiments on interacting bubble pairs are presented in Section 4,
while Section 5 summarizes and concludes the present work.

2. Methods

2.1. Experiment

Fig. 2-1 shows a sketch of the experimental setup used in the present
study. Main parts are the shock tube, the test section filled with the
gelatin and the measurement equipment, such as pressure transducers
and the optical system. The shock tube, with an overall length of 22.5m
and an inner diameter of 290mm, consists of three parts: the driver, the
driven and the test section. A diaphragm separates the high-pressure
driver section (used in this study at pressures of up to 8 bar) from the
driven section at atmospheric pressure (p1). Upon diaphragm rupture, a
shock wave is created which propagates towards the test section at

shock Mach number MS. It induces an instantaneous pressure and
temperature rise as well as a flow velocity in the driven gas. The
pressure behind the shock, p2 can be calculated after [28] as

= +
+

p p M1 2
1

( 1)s2 1
2

(1)

with the heat capacity ratio of air, κ, taken at a value of κ=1.4.
Fig. 2-2(a) shows the shock wave propagating into the test section of

a cross section of 190×190mm2 that is partially filled with gelatin. A
sketch shows the corresponding wave motion. When the shock wave
arrives at the air-gelatin interface, it reflects almost ideally due to the
high difference in acoustic impedance of the two materials and travels
upstream at a shock Mach numberMR that can be calculated solely from
MS. The reflected shock causes the gas flow to halt and increases the
pressure to p2′ which can be calculated with Eq. (1) by substituting MS
with MR and p1 with p2. Since the pressure must be equal at the inter-
face, a compression wave propagates into the gelatin and increases the
pressure to the value behind the reflected shock (p2′). The compression
wave reflects at the solid end wall of the test section, which further
increases the pressure (p2″). Assuming ideal wave motion and acoustic
theory, the pressure increase over the reflected compression wave is
equal to the increase over the initial compression wave, calculated as
Δp12′ = p2′ − p1, to lead to an ideal pressure increase at the back wall of
Δpideal = 2Δp12′. The pressure stays constant in the liquid and the
bubbles, shown exemplarily in Fig. 2-2(b–c), collapse and oscillate. The
constant conditions last until the reflected compression wave reaches
the air-gelatin interface and reflects as an expansion wave that induces
a pressure reduction. Consequently, the test time is limited to about
0.4 ms for a gelatin-filled test section of 300mm length and a speed of
sound in gelatin of agel = 1500m/s. However, Section 2.2 will show
that this ideal wave motion does not predict the measured pressure
accurately. The pressure is affected by the type and rigidity of the used
test section.
To create the gelatin, we dissolved Gelrite™ Gellan Gum within

demineralized water and added magnesium sulfate (MgSO4) after
heating. The mixture was poured into the test section, cooled off and
formed a clear, agar-like gelatin. In contrast to the ideal setup depicted
in Fig. 2-2, a thin plastic foil was placed between gelatin and air since it
significantly facilitates the handling of the gelatin without noticeable
influencing the experiment. Bubbles were produced by first inserting
the needle of a syringe through a small closable hole in the back wall
and extracting a small amount of gelatin. The needle was removed and
carefully inserted again to then release a defined amount of air. We
found that bubbles of up to 1.5mm radius could be produced in a very
spherical shape, whereas bigger radii tended to enhance non-spherical
deviations. After production, the bubbles rested under well-defined
initial conditions such as constant pressure (p1), constant temperature,
and zero initial velocity until the experiment started. Bubbles were
positioned near the centerline of the test section and thus were far from
the side walls to avoid any interaction. To take advantage of the ideal
pressure rise Δpideal, bubbles were positioned towards the end of the test
section. However, the distance of the bubbles to the back wall was kept
at around 10 times the bubble diameter to minimize wall effects [29].
For visualization, we applied a Z-type schlieren system without

cutting light at the second focal point to create ‘focused shadowgraph’
images [30]. Powered by a 150W constant Xenon light source, the
optical system projected the visualized section along the line-of-sight on
the camera focal plane. This gave a two-dimensional representation of
the three-dimensional bubble. The collapse was recorded by a Shi-
madzu HyperVision HPV-X ultra-high-speed camera that produces vi-
deos of 128 consecutive frames with a resolution of 400× 250 pixels at
up to 5 million frames per second. Simultaneously, PCB Piezotronics
ICP® fast-response pressure sensors, connected to an LTT transient re-
corder, monitored and recorded the pressure during the experiment at
six locations at a frequency of 1MHz per channel. Two sensors along
the tube were always connected to allow accurate measurement of the
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shock speed in front of the test section. Typically, three sensors mon-
itored the pressure in the gelatin at the side of the test section and one
sensor at the back wall of the test section.

2.2. Influence of the test section

To conduct the experiments, three different types of setups were
available:

• Acrylic glass box: a box, made of 10mm thick acrylic glass plates
that was placed inside the test sections and exposed to the shock
wave.
• Test section 1 (TS1): A test section formed out of a solid aluminum
alloy cylinder with a wall thickness of up to 130mm.
• Test section 2 (TS2): A multi-purpose test section that featured side
walls made of 40mm thick aluminum alloy plates.

One main objective of the experiments is to establish a high and
constant surrounding pressure after a short rise time to initiate the
bubble collapse. However, rise time and evolution of the pressure were
strongly dependent on the applied setup. Fig. 2-3 shows the transient
pressure signals at the back wall for all three cases. The measured
pressure change Δp(t)= p(t)− p1 is normalized by the expected ideal
pressure change after the reflected compression wave Δpideal. The figure
shows an instantaneous pressure rise in all three signals after the arrival
of the compression wave. Apart from this instantaneous rise, the ideal

one-dimensional wave motion with constant post shock conditions is
poorly reproduced and the expected pressure value Δp(t)/Δpideal = 1 is
not reached. In addition, only the pressure in TS1 stays at a compara-
tively constant high level, whereas the pressure drops rapidly after the
initial peak in the other cases. The short pressure peaks for the acrylic
glass box and TS 2 are insufficient in this setup to initiate the bubble
collapse and neither is the sustainable but slow pressure rise that occurs
after more than 0.1 ms. However, good results were achieved with TS1.
The pressure signal shows a significant increase and a constant value
within the range of 0.4 < Δp(t)/Δpideal < 0.6. Bubbles react to the fast
rise time and the constant, high driving pressure and collapse strongly.
Consequently, TS1 was used for all experiments that are presented in
this work.
The reason for the untypical pressure signals was found to be the

deformation of the structure that surrounds the liquid. A high pressure
in the test section is reached behind the compression wave. This applies
a strong load on the solid structure, which reacts by outward de-
formation. Since water, or gelatin in this case, is an almost in-
compressible liquid, a small expansion results in an immediate and
strong decrease of pressure. Overall, the pressure only increases slowly,
which prevents the bubbles from collapsing strongly. While a de-
formation of the acrylic glass box was expected, a relevant deformation
of metal came as a surprise.
However, at this point the authors would like to point out that the

value Δpideal, cannot be achieved even with infinitely thick sidewalls.
Taking the compressibility of the metal back wall into account, a part of
the shock is transmitted into the metal and the maximum pressure rise
Δpmax can be calculated from one-dimensional acoustic theory (e.g.
Brekhovskikh [31]) by

= +p R p1
2max ideal (2)

Fig. 2-1. Sketch of the shock tube and connected systems that were used for bubble experiments.

Fig. 2-2. Sketch of the test section filled with gelatin (a). Two bubbles in gelatin
are depicted as a direct photograph (b) and as a shadowgraph image (c). The
wave motion and pressure change during the experiment is presented in a wave
diagram.

Fig. 2-3. Comparison of the pressure signal at the back wall of test section 1,
test section 2, and of the acrylic glass box.
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Taking the speed of sound a and the density ρ of water and alu-
minum, this results in Δpmax≈ 0.9 Δpideal. The estimation can be ex-
tended from a 1D to a 3D problem, by taking the compressibility of the
side walls into account. Doing this, the value is expected to be even
lower. Consequently, the actual pressure rise is strongly limited in all
experimental works that apply similar setups. For the present work, it
results in a pressure signal that is not perfect but provides a sharp
pressure jump followed by a high-pressure plateau.

3. Influence of the gelatin

Gelatinous fluids are used occasionally to study bubble dynamics.
Dear et al. [26,32] produce arrays of two-dimensional cavities in ge-
latin and induce the collapse with a strong shock wave to investigate
the liquid jet development. A similar setup is employed by Bourne and
Field [33,34] to study the collapse of differently shaped cavities and the
associated luminescence. Another work by Swantek and Austin [27]
examines the interaction of voids in gel with a stress wave and mea-
sures the surrounding velocity field. For such experiments and the
corresponding high pressures, it is usually stated that the gelatin be-
haves as a liquid (e.g. [32]). The shear-thinning property of the gelatin
may affect bubble dynamics, especially in the present study with only
moderate pressure levels of less than 1MPa. Therefore, we compare the
results using gelatin with the standard case of bubbles in water. Dif-
ferent gelatin mixtures are used and compared at different pressure
levels.

3.1. Rayleigh-Plesset equation

A well-known formula, often serving as the standard reference to
describe spherical cavitation bubbles, is the Rayleigh-Plesset equation.
We use the general form of the equation after Brennen [3] but modify it
to describe bubbles filled with non-condensable gas. We expect that
only air at atmospheric pressure is present at the collapse initiation.
Furthermore, we assume that the gas compresses and expands adiaba-
tically, i.e. without heat transfer between bubble and surrounding li-
quid. The time-dependent gas pressure pG(t) within the bubble can then
be written as [3]:

=p p R
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0
3
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with pG0 as the initial pressure in the gas bubble, R0 as the initial radius
and R as the time-dependent radius of the bubble. The mentioned as-
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with t as the time, p∞(t) as the pressure in the fluid, ρL and υL as the
density and kinematic viscosity of the liquid respectively and S as the
surface tension of the liquid. Along with the measured initial radius
from the images and the recorded pressure p(t) at the end wall, this
formula provides a valuable tool. It allows to calculate a reference for
each experiment individually. The properties of water are taken to
describe the liquid to further assure a general and well-known re-
ference. Comparing results of the theory with experiments can show
differences and thus the influence of the gelatin.

3.2. Experiments

The influence of the gelatin on the bubble collapse was evaluated
for Gelrite™ concentrations between 0.42 and 0.96 g/l mixed with

0.35–0.8 g/l MgSO4, respectively. Table 3-1 presents an overview of the
tested mixtures. Mixture 1 represents a lower limit below which bub-
bles start to rise. Mixture 4 represents an upper limit for which the
gelatin is very solid, and bubbles tend to be of an aspherical shape. To
allow additional insight, experiments with the four mixtures were
conducted at different pressures. The pressure rise p̄, averaged over
the collapse time, reached values between p̄=0.36 bar as a lower
limit and up to p̄=3.38 bar as a higher limit.

3.2.1. High-speed imaging
Essential qualitative features of the bubble oscillation are presented

with exemplary photographic sequences. Note that for all presented
images, the compression wave arrives from the left but is reflected at
the back wall, which is to the right of the images but out of the view.
Fig. 3-1 shows bubble compression and expansion for a high-pressure
increase of p̄=2.82–3.38 bar for different gelatin mixtures. Fig. 3-
1(a) shows the oscillation for gelatin of mixture 1 and a bubble of
R0= 1.27mm. The gelatin is very clear, and the bubble shape appears
perfectly spherical. After the passage of the compression wave, the
bubble starts to contract spherically (frames 1–6) until it reaches a
minimum value (frame 7). The spherical shape is disturbed along the
equator of the bubble during the rebound (frames 8–14). An extrusion
develops and stays pronounced, while the shape stays symmetric
otherwise. The bubble collapses and rebounds a second time in the
following frames. Here, the shape changes significantly and the bubble
shows aspherical behavior.
Fig. 3-1(b) shows results with mixture 2. The bubble of

R0= 1.28mm is of almost spherical shape, but surrounding gelatin is
not completely clear due to scattered dirt particles. Comparable to the
previous case, the bubble remains spherical during the collapse (frames
1–7) and develops a small extrusion along the equator at the beginning
of the rebound (frame 8). This deformation remains visible during the
rebound (frames 9–14) and the second collapse (frames 15–19). Again,
the bubble starts to deform stronger during the second oscillation.
Different phenomena can be observed, when the Gelrite™ con-

centration is further increased. A bubble of R0= 1.23mm, placed in
gelatin of mixture 3, is presented in Fig. 3-1(c). The initial shape is not
completely spherical but slightly elongated horizontally. In addition,
the gelatin shows a non-uniform structure at the bottom of the images.
Nevertheless, the dynamic response is similar as before with a uniform
collapse (frames 1–7), a slightly deformed rebound (frames 8–13) and
an enhanced deformation afterwards (frames 14–20).
Fig. 3-1(d) shows an experiment with mixture 4, the densest gelatin.

The figure shows a bubble with an initial radius of R0= 1.42mm that
appears slightly deformed. As in the previous case, a structure in the
gelatin is visible around the bottom half of the bubble. The bubble in-
itially collapses uniformly (frames 1–8) but develops an indentation on
the left side during the rebound (frames 9–16). The larger size and the
lower driving pressure of that case prolong the collapse and the re-
bound phase.
One example for a collapse under a lower pressure is presented in

Fig. 3-2. The sequence shows a very spherical bubble of R0= 1.27mm
in a gelatin of mixture 2. After the pressure increase follows an oscil-
lating motion with a contraction (frames 1–11) and an expansion
(frames 12–20). In contrast to the previously shown experiments, only a

Table 3-1
Test matrix to evaluate gelatin influence, providing the respective Gelrite and
MgSO4 concentrations as cGelrite and cMgSO4, a ratio to the standard case c2 and
the number of conducted experiments nexp.

Mixture cGelrite [g/l] cMgSO4 [g/l] c/c2 nexp

1 0.42 0.35 70% 9
2 0.6 0.5 100% 14
3 0.78 0.65 130% 5
4 0.96 0.8 160% 14
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weak oscillation amplitude is observed, and the bubble always stays in
a very spherical shape. We omit here image sequences for other mix-
tures, as they show a similar weak, and spherical oscillation.

3.2.2. Radius data
To allow a quantitative analysis, we deduce a time-dependent

equivalent bubble radius from all image sequences. Pixels that are part
of the bubble were counted and a pixel size was provided with a re-
ference length. An area A was calculated, and the equivalent radius R

was taken as R=(A/π)0.5. This method is exact only for bubbles of
perfect sphericity, but it also provides a good representation for bubbles
that are only slightly deformed.
As an example, Fig. 3-3 shows the equivalent radius along with the

calculated reference for the experiment that was shown in Fig. 3-1(a).
The reference calculation is based on Eq. (5) and uses the measured
pressure p(t) as an input. The result is plotted as a solid blue line while
data points for each of the 128 frames of the captured video are de-
picted as black crosses. An initial time of t=0 is assigned to the first

Fig. 3-1. Oscillation of air bubbles in gelatins of different mixtures. The frame size is 4.0× 4.0mm2 and the interframe time is 12 µs. (a) mixture 1 (70% c2),
R0= 1.27mm, p̄=3.25 bar; (b) mixture 2 (standard mixture), R0= 1.28mm, p̄=3.26 bar; (c) mixture 3 (130% c2), R0= 1.23mm, p̄=3.38 bar; (d) mixture 4
(160% c2), R0= 1.42mm, p̄=2.82 bar.

Fig. 3-2. Oscillation of an air bubble in gelatin of mixture 2 (standard mixture) after a low-pressure increase ( p̄=0.44 bar). The interframe time is 16 µs, the frame
size 4.00×4.00mm2 and the initial radius is R0= 1.27mm.
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frame, while the pressure increase that starts the oscillation occurs
later. There is a good agreement between the two curves during the first
collapse and rebound. For both curves the value and the time of the
minimum radius match almost perfectly. Notably, the calculation in-
itially shows a small increase of the radius. This increase reflects the
pressure drop before the arrival of the compression wave (compare
Fig. 2-3), whereas no visibly growth was detected for this experiment.
After the first oscillation, the two curves show a different behavior. The
experimental result shows a lower oscillation amplitude at a higher
frequency. Both effects are even more pronounced during the following
motion until the recording of the video ends.
A comparable behavior, from a qualitative point of view, is visible

for experiments at a lower pressure. Fig. 3-4 shows the radius data that
corresponds to the experiment presented in Fig. 3-2. The oscillation is
much slower and of a much lower amplitude than for higher pressures,
but still exhibits the same overall behavior. The curves match very well
during the initial phase and during the beginning of the collapse. To-
wards the end, the curves deviate and the experimentally observed
bubble oscillation in gelatin is dampened stronger than the calculated
reference in water.

3.2.3. Non-dimensional parameters
Several non-dimensional parameters can be deduced from the ra-

dius data to describe the collapse behavior. A first overview is shown in
Fig. 3-5 and presents the ratio between the minimum radius Rm,exp and
the initial radius R0 for each experiment over a normalized driving
pressure p . Here, p is calculated as the ratio between the average
pressure during the collapse p̄c and the initial pressure in the driven
section p1. Different gelatin concentrations are indicated by different
symbols according to the legend. In addition, a reference calculation is
plotted that, in this case, uses a constant Δp as the input for the cal-
culation. The figure shows that a smaller radius is reached for an in-
creasing driving pressure. The slope of this trend is steep at the be-
ginning but starts to flatten out at a higher pressure. In general, the
experimental results are very close to the theory. At a higher pressure, a
difference starts to appear, and the experimental data indicates higher
values of the ratio than the theory. Although indicated in the figure,
different Gelrite™ concentrations do not show a different behavior.
To investigate the behavior in more detail, we can normalize each

experiment with the corresponding calculation. The normalized
minimum radius, R*, is then defined as

=R
R
R

* m exp
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,
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with Rm,RP as the minimum radius from the case-specific calculation
with the Rayleigh-Plesset equation. In addition, we calculate a collapse
time to provide a temporal reference. The collapse time is defined as the
time from the arrival of the compression wave at the bubble position
until the moment when the minimum radius is reached. The collapse
time of the experiment tc,exp is normalized by the collapse time of the
reference calculation tc,RP to give
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Fig. 3-6 gives an overview of R* plotted with respect to p . Due to the
normalization, the differences appear enhanced. The experimental re-
sults match the calculated reference value very accurately for a low-
pressure increase. All data points are in a range between R*= 0.99 and
R*= 1.015. For increasing pressure, the figure shows a wider range of
R* with data points spread out at a higher level of R*= 1–1.15. Again,
the data points for different gelatin concentrations do not show any
tendencies but appear randomly distributed.
The corresponding overview for the collapse time is presented in

Fig. 3-7. In contrast to the previous case, the data points are not only
spread around for the higher, but also for the lower pressure. The value
of t* ranges between t*= 0.91 and t*= 1.11 and data points are well-
distributed in between. Calculating the average gives a value of
t*= 1.01, which verifies the general similarity to water. However, the
evaluation of the impact of the gelatin concentration is difficult since a

Fig. 3-3. Time-dependent equivalent radius for a single bubble in gelatin of
mixture 2 under a high pressure. The corresponding image sequence is dis-
played in Fig. 3-1 (b). The reference calculation uses the presented Rayleigh-
Plesset equation with the case-specific pressure signal p(t) and the properties of
water for the liquid.

Fig. 3-4. Time-dependent equivalent radius for a single bubble in gelatin of
mixture 2 under a lower pressure. The corresponding image sequence is dis-
played in Fig. 3-2. The reference calculation uses the presented Rayleigh-Plesset
equation with the case-specific pressure signal p(t) and the properties of water
for the liquid.

Fig. 3-5. Minimum radius Rm,exp, normalized by the initial radius R0 in de-
pendency of the normalized driving pressure during the collapse phase p .
Different gelatin mixtures are highlighted according to the legend.
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clear statement is not possible. At first glance, it looks like increasing
the gelatin concentration leads to decreased collapse times. But some
data points clearly contradict this impression. Thus, we expect that this
is an effect of general uncertainty and the limited number of experi-
ments. Especially, no corresponding effect is observed with respect to
R*, and comparable work with cavitation bubbles shows that adding
polymer additives to water for non-Newtonian behavior does not sig-
nificantly affect the growth and collapse of a bubble [35,36].

3.3. Discussion

3.3.1. A comment on the accuracy
Before assessing the bubble behavior in detail, it is worth high-

lighting some uncertainties and inaccuracies of the presented method.

• Resolution: The experimental setup limits the accuracy of the optical
measurement data. Both a spatial and a temporal limit results di-
rectly from the camera system. Typically, the bubble is resolved at a
resolution of 30–63 µm pixel−1 with around 40–80 pixels per dia-
meter. This results in a spatial inaccuracy for the radii of
Δr= ±1.25–2.5% when assuming an error within one pixel. The
temporal evolution of the collapse is typically captured between 20
and 40 images, which gives a temporal inaccuracy for the collapse
time of Δtc= ±1.25–2.5% when considering an error of half the
interframe time.
• Minimum radius: The temporal inaccuracy includes an additional
drawback onto the spatial error. Due to the limited number of
frames, it cannot be assured that the minimum radius is always
captured. This directly results in a systematic error that over-
estimates the minimum radius. The error depends on the curvature
of r(t) close to the minimum. For example, the minimum radius

rm,exp is overestimated up to Δr=0.77% for the experiment pre-
sented in Fig. 3-3 and up to Δr=0.016% for the experiment of
Fig. 3-4.
• Bubble shape: The application of gelatin in this setup leads to in-
homogeneities in the liquid surrounding the bubble, whether
through a non-uniform cool-down or the insertion of the needle for
bubble production. These disturbances affect the symmetry of the
bubble collapse and introduce an error when calculating the
equivalent radius. Special care was taken to maximize the level of
sphericity of the initial bubble and minimize deformation during the
oscillation. To account for a potential deformation in the direction
normal to the image plane, we inspected the bubbles carefully be-
fore the experiments. Nevertheless, some uncertainty with respect to
the bubble shape remains and is difficult to assess.

3.3.2. Assessment of the gelatin influence
One main aspect of this study was to compare the behavior of the

bubbles in gelatin with the reference case of bubbles in water. Overall,
it was shown that bubbles in both cases behave similarly, especially
during the first collapse. Representative image sequences show that
bubbles initially collapse in a spherical shape, and the corresponding
radius plots agree well with the theory (see Figs. 3-3 and 3-4). Fur-
thermore, non-dimensional parameters shown in Figs. 3-5–3-7 confirm
the overall similarity, but also highlight some differences. Overall, two
main aspects stand out.

• Despite qualitatively very different gelatin mixtures, the results
show that the gelatin concentration does not influence the bubble
behavior noticeably. This indicates that non-Newtonian properties
play a minor role. Although it is difficult to compare to previous
work, this result agrees with other research on non-Newtonian li-
quids. Brujan and Williams [35] investigate for example the effect of
polymer additives on cavitation bubbles and note that no different
behavior is noticed when bubbles of a radius larger than 0.5 mm are
studied. Further support stems from measurements of fluid proper-
ties. Deasy et al. [37] provide a yield (shear) stress of 1150 Pa for a
Gelrite™ mixture similar to mixture 2. This value is small compared
to the driving pressure levels of 0.36–3.38 bar, which supports the
reduced influence.
• At lower driving pressures, the bubbles in gelatin behave similarly
to water. Applying a higher driving pressure leads to larger devia-
tions between experiment and theory with respect to the minimum
radius (Figs. 3-5 and 3-6). As afore mentioned, non-Newtonian be-
havior is expected to be minor, but the discrepancy can be explained
by the aspherical behavior of the bubble during the collapse. De-
formation is enhanced for higher driving pressures and often starts
to appear when the minimum radius is reached. For example, often a
deformation along the equator of the bubble appears directly after
the first collapse (compare Fig. 3-1(a–b)). This makes it difficult to
identify the minimum radius accurately and in general leads to an
overestimation of the calculated equivalent radius, which explains
the observed trend.

The presented conclusions apply for the first collapse, while sub-
sequent oscillations differ significantly from the performed reference
calculation. Besides the mentioned increased asymmetry of the bubble
in time, the higher viscosity of the gelatin lowers the oscillation am-
plitude and affects the oscillation frequency.
In summary, the shown cases demonstrate that gelatin is a suitable

surrogate for water and can be utilized for studies of bubble dynamics
that focus on the initial bubble collapse. Care must be taken to assure a
spherical bubble shape, but the obtained results for collapse time and
minimum radius show no dependency with respect to the gelatin con-
centration.

Fig. 3-6. Normalized minimum radius R* plotted in dependency of the nor-
malized driving pressure during the collapse phase p . Different gelatin mixtures
are highlighted according to the legend.

Fig. 3-7. Normalized collapse time t* plotted in dependency of the normalized
driving pressure during the collapse phase p . Different gelatin mixtures are
highlighted according to the legend.
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4. Bubble pairs

A conclusion of the previous section is that limitations of the setup
do not limit the possibility to conduct research on a more general level.
Thus, we use the experimental setup to produce multiple bubbles and
study the interaction of gas bubble pairs.

4.1. Non-dimensional parameters

Typically, three non-dimensional parameters are defined to char-
acterize bubble pairs: a relative distance, a size ratio and a phase dif-
ference. Chew et al. [38] define the relative initial bubble distance as

=
+
d

R R1 2 (8)

where d is the distance between the bubble centers and R1 and R2 are
the maximum radii of the two interacting bubbles. Furthermore, the
size difference is defined as
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with RL and RS as the maximum radius of the large and the small bubble
respectively. The third parameter, Δθ, indicates the phase difference of
the two bubbles, but the definition in the literature cannot be easily
applied here, due to the different experimental setups. Experiments in
related literature produce vapor cavities by means of laser-focus or
electric discharge, while in this study, gas bubbles are present in an
initially stationary setup. This leads, for example, to the problem that
no well-defined time difference Δt of bubble initiation exists. Thus, the
definition of Chew et al. [38]
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where tosc gives an oscillation period, taken here as the time from
maximum to minimum bubble radius in contrast to the duration from
bubble nucleation to bubble collapse in the original definition. With the
oscillation time of the smaller bubble, tosc,S, being shorter than the os-
cillation time of the bigger bubble, tosc,L, always a positive value for the
phase difference results. Consequently, a value of Δθ=0 results as the
minimum for equally sized and equally oscillating bubbles. A value of
Δθ close to 1 represents bubbles of largely different sizes. Han et al.
[39] note that Δθ, in its original definition, is not independent of S.
Instead, they propose a different parameter, τ, as a relative initiation
time difference. Applied to the present setup, this parameter would
always give a value of τ=0, as bubbles are initially present. However,
following their initial reasoning, we can assume a linear relation be-
tween radius and collapse time that can be justified by the Rayleigh
collapse time for single bubbles [3]. This results in the phase difference
solely depending on the size ratio, and Eq. (11) transforming to:

= =R
R S

1 1 1S
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It should be noted, that the normalized distance γ is calculated from
the two-dimensional image, so the value is only accurate if the centers
of the two bubbles are in the same plane normal to the light path. The
distance can be underestimated if one bubble is displaced along the
light path.

4.2. Types of interaction

The behavior of bubble pairs was investigated for differently sized

bubbles of S=1.0–7.36 (Δθ=0.0–0.87) at various distances of
γ=0.99–1.97. All experiments were conducted in the high-pressure
range and, except for two cases, only gelatin of mixture 2 was used. In
general, the bubble interaction can be observed clearly during the first
oscillation, whereas bubbles often show an irregular shape after the
second collapse. This is in accordance to results of the previous section.
In addition, liquid jets are not observed directly in the presented image
sequences, but there are clear indications for them. Identifying the jets
serves as a main feature to separate different bubble behavior and helps
to define four types of bubble pair interaction that are presented in the
following.

4.2.1. Weak interaction
The first type describes a bubble pair that does not interact strongly

due to the large size ratio and relative distance. Fig. 4-1 presents a
corresponding example with a big bubble and a small bubble (S=3.86)
that are a certain distance apart (γ=1.74). The small bubble on the left
collapses immediately after the pressure increase (frame 2) and oscil-
lates at a high frequency. It follows the motion of the collapse of the big
bubble (frames 1–4) and starts to elongate once the big bubble re-
bounds (frames 5–8). As soon as the big bubble contracts again, the
small bubble follows this movement, whereas the big bubble seems not
affected by any interaction. Consecutive frames show that the small
bubble starts to split into two parts (frames 9–12). A tiny bubble frag-
ment remains, but the closer part eventually is captured by the big
bubble that now has a very aspherical shape (frame 15). For this case,
the general dynamics is dominated by the big bubble. It creates a per-
iodic movement that, combined with the high-frequency oscillation of
the small bubble, leads to bubble splitting.

4.2.2. Shooting through
For small bubbles that are close to the main bubble, we observe a

‘shooting through’ behavior. Fig. 4-2, shows an image sequence with a
similar size ratio as the previous case (S=4.08), but now with the two
bubbles close together (γ=0.99). After the pressure increase, the big
bubble collapses spherically (frames 1–6), while the small bubble
contracts and follows the boundary of the big bubble. The two bubbles
merge (frame 4) and the remaining bubble maintains a spherical shape

Fig. 4-1. Interacting bubble pair with RL= 1.0, RS= 0.26, S=3.86, Δθ=0.74
and γ=1.74. The interframe time is 16 µs.
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during the collapse and initial rebound. However, the collapse of the
small bubble into the big bubble induces a liquid jet that shoots through
the big bubble and penetrates the surface on the far side during the
rebound. The effect is seen as a funnel-shaped protrusion that develops
at the side opposite to the original position of the small bubble (frames
9–13). This type of behavior is, as such, not presented in the literature,
but setting up bubbles in this constellation provides an opportunity to
generate a controlled and directed liquid jet.

4.2.3. Reversing collapse
A reversing collapse is observed for the combination of a large and a

medium-sized bubble. An example of this case is presented in Fig. 4-3
with S=1.71 and γ=1.24. Both bubbles contract spherically in the
initial phase (frames 1–3), but the medium-sized bubble collapses faster
due to the smaller size. This collapse is aspherical and creates a jet on

the right side towards the other bubble (frame 5–6). A part of this jet
quickly disconnects from the bubble and remnants remain visible in
between the two bubbles. After this collapse, the motion reverses and
the medium-sized bubble expands in the opposite direction (frames
7–10). The medium-sized bubble first shows a shape that points away
from the big bubble (frames 11–12) and then splits into two parts
(frames 13–15). Meanwhile, the large bubble behaves similarly to the
previous case and again shows a jet away from the smaller bubble. A
small satellite bubble detaches from that jet and continues to move to
the right (frames 11–15, highlighted by white arrows). The aspect of
both bubbles jetting away from each other provides some similarities to
previous work. Chew et al. [38] simply define one interaction type as
‘jet away’. However, the reversing motion also indicates some differ-
ences and in some way shows more similarities to what Chew et al. [38]
label the ‘catapult’ type and Han et al. [39] describe as anti-phase
bubble pairs.

4.2.4. Collapse towards
A final type describes bubbles that collapse towards each other. For

the presented example in Fig. 4-4, the bubbles are of similar size
(S=1.09) and farther apart (γ=1.86). Both bubbles collapse spheri-
cally (frames 1–5) but show an aspherical behavior during the rebound.
They develop a liquid jet directed to the other bubble that is visible as a
protrusion (frames 8–10). The bubble motion is largely in phase and
often appears symmetric. The following oscillation still shows a direc-
tional behavior that slowly brings the bubbles closer together. This
behavior is well known and has also been shown more recently in other
experimental work [7,29,39].

4.3. Characterization with non-dimensional parameters

Having classified different types of bubble interaction we can dis-
play the type for each conducted experiment with respect to Δθ and γ
(Fig. 4-5). Three experiments are characterized as in between, because
they show a mixed behavior with aspects of two other types.
The figure shows that the same interaction behavior is associated to

distinct regions of Δθ and γ. This indicates that there is a relation be-
tween the non-dimensional parameters and the interaction type. This
would allow a prediction of the bubble behavior that solely depends on
the initial configuration of the bubble pair. It is difficult to compare
these results to previous findings in the literature due to the different
experimental setup, but Chew et al. [38] apply a similar classification
with respect to Δθ and γ for their experiments. For 1 < γ < 2 their
work identifies two distinct regions of different behavior as ‘jet towards’
and ‘jet away’. The regions are separated by a critical phase difference

Fig. 4-2. Interacting bubble pair with RL= 1.51, RS= 0.37, S=4.08,
Δθ=0.76 and γ=0.99. The interframe time is 16 µs.

Fig. 4-3. Interacting bubble pair with RL= 1.09, RS= 0.63, S=1.71,
Δθ=0.42 and γ=1.24. The interframe time is 16 µs. White arrows highlight a
small bubble that detaches from the main bubble.

Fig. 4-4. Interacting bubble pair with RL= 0.91, RS= 0.84, S=1.09,
Δθ=0.08 and γ=1.86. The interframe time is 12 µs.
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Δθc that is around 0.2 for similarly-sized bubbles (dashed line) and
around 0.45 for differently-sized bubbles (dotted line). Bubbles collapse
towards each other when Δθ is below the critical value, and away from
each other when a Δθ higher than the critical value. This behavior
agrees well with the separation in Fig. 4-5 between the type of collapse
towards and of reversing collapse. Chew et al. [38] also define two
other distinct regions of the types coalescence and catapult, but they are
located at γ < 1. Such a value cannot be reproduced in the present
study. In contrast, the interaction of a very small bubble with a larger
bubble is only discussed in the present work and is not mentioned
specifically in the literature.

5. Conclusion

In this work, we present a new type of experimental setup and
discuss its advantages and limitations. In a first part, the setup is used to
investigate the influence of gelatin on bubble dynamics. Results show
that bubbles in gelatin behave very similarly to bubbles in water during
the first oscillation and that changing the gelatin concentration does not
have a noticeable influence on the bubble collapse. In a second part, we
study the interaction of gas bubble pairs in the free field and find four
types of bubble pair interaction that can be defined by non-dimensional
parameters. This classification differs from the literature in some re-
spects due to the use of pure gas bubbles instead of vapor bubbles.
The results of this work indicate the potential of the setup, but also

show some limitations. One remaining challenge is the production of a
uniform gelatin and a perfectly spherical bubble. In addition, further
improvements in the optical system can help to reduce the uncertainty
and provide deeper insight into the collapse behavior. Future in-
vestigations can take advantage of these improvements and of the
possibilities of the setup. An interesting option is to create bubbles of
different gas content and study the effect on the bubble behavior or to
study the interaction of a collapsing bubble with soft material.
However, more work on bubble-bubble interaction should also be
aimed for to study a wider range of S and γ or possibly expand from
bubble pairs to several interacting bubbles.
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a b s t r a c t 

Atomization of liquid metal is an essential process in a variety of production methods such as spray form- 

ing or laser sintering. A critical part of all atomization processes is the breakup of single droplets, also 

termed secondary atomization. While it has been widely analyzed for conventional liquids, studies focus- 

ing on the influence of the specific properties of liquid metals remain rare. To identify differences, this 

work investigates single liquid metal Galinstan droplets exposed to a shock-induced crossflow by record- 

ing the breakup with a high-speed camera. The experimental test series covers a Weber number range of 

11-104, and results show that the breakup morphology of Galinstan droplets follows the known sequence 

of bag, bag-and-stamen, multimode, and shear stripping breakup. We identify transition Weber numbers 

of ~15, ~35, and ~80, respectively, but also show that transition between modes is a continuous process 

with gradual changes. Compared to conventional liquids, the initial deformation of Galinstan droplets is 

very similar with respect to the shape, the initial deformation time, and the maximum cross-stream di- 

ameter. In contrast, later stages of the breakup process show clear differences. We observe that the onset 

of breakup appears significantly earlier in non-dimensional time, that Galinstan bags inflate much less, 

and that the bag breakup does not exhibit the same phenomenology as that of a water droplet. Fur- 

ther differences in the droplet shape and fragmentation suggest that the elastic oxide layer forming on 

Galinstan plays an essential role. 

© 2021 Elsevier Ltd. All rights reserved. 

1. Introduction 

Atomization of molten metal enables a large variety of appli- 

cations and future technology like spray forming or spray deposi- 

tion processes that use a liquid-solid spray mixture to form a new 

part ( Henein et al., 2017 ) or to coat an existing part ( Grant, 1995 ). 

In addition, atomized liquid metal is cooled down, collected as 

powder, and is either directly used, e.g. in rocket propulsion 

( Galfetti et al., 2007 ), or serves as feedstock in secondary appli- 

cations and processing methods like additive manufacturing and 

sintering ( Bauckhage, 1992 ; Van der Schueren and Kruth, 1995 ). 

These new applications produce near-final shaped parts, allowing 

a higher agility from design to product and production of complex 

parts in resource saving and economical processes ( Anderson et al., 

2018 ; Henein et al., 2017 ). However, atomization of metallic alloys 

remains challenging. In additive manufacturing, for example, insuf- 

ficient quality of the powder feedstock can lead to deficiencies in 

the final product. At the same time, a low efficiency in powder 

production also leads to high costs ( Anderson et al., 2018 ). To over- 

∗ Corresponding author. 

E-mail address: thomas.hopfes@tum.de (T. Hopfes). 

come these limitations, a key factor is to conduct more fundamen- 

tal research on atomization in areas where sufficient understanding 

is currently lacking ( Anderson et al., 2018 ). 

Independent of the exact application or atomization ap- 

proach, the core atomization process can be separated into 

two main mechanisms: primary breakup and secondary breakup 

( Firmansyah et al., 2014 ; Ünal, 1989 ; Zeoli and Gu, 2006 ). Primary 

breakup comprises the formation of ligaments and large droplets 

from bulk liquid through surface oscillations that are induced, for 

example, by high-velocity relative gas flows. The subsequent sec- 

ondary breakup refers to the fragmentation of a single droplet by 

aerodynamic forces ( Firmansyah et al., 2014 ; Guildenbecher et al., 

2009 ). Secondary breakup greatly reduces the droplet size. It is 

well understood that it defines the final fragment size distribu- 

tions more than the primary breakup ( Firmansyah et al., 2014 ; 

Mates and Settles, 2005 ; Watanawanyoo et al., 2011 ; Zeoli and 

Gu, 2006 ). However, secondary atomization of liquid metals is 

rarely studied in the literature. Therefore, to provide a fundamen- 

tal basis, we investigate this topic experimentally using single liq- 

uid metal Galinstan droplets. We emphasize specific properties and 

effects that differentiate metals from previously analyzed liquids. 

https://doi.org/10.1016/j.ijmultiphaseflow.2021.103723 

0301-9322/© 2021 Elsevier Ltd. All rights reserved. 
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Table 1 

Transition We for Newtonian drops with Oh < 0.1 adopted 

from references ( Dai and Faeth, 2001 ; Guildenbecher et al., 

2009 ). Note that Guildenbecher et al. (2009) define bag 

breakup for We = 11-35 and discuss bag-and-stamen as part 

of the multimode breakup. 

Breakup Mode Range 

Bag ~11 < We < ~18 

Bag-and-stamen (or bag/plume) ~18 < We < ~40 

Multimode ~40 < We < ~80 

Shear stripping (or sheet-thinning) ~80 < We 

For more conventional liquids, the fragmentation of single 

droplets has been studied extensively and it has been well estab- 

lished that the breakup morphology is mainly determined by the 

Weber number ( We ) and the Ohnesorge number ( Oh ) ( Hinze, 1955 ; 

Pilch and Erdman, 1987 ). 

We = ρg u ∞ 

2 d 0 / σ (1) 

Oh = μd / 
√ 

ρd d 0 σ (2) 

Here, ρg and u g represent the density and velocity of the gas 

flow, while d 0 , σ , μd , and ρd represent the initial diameter, the 

surface tension, the dynamic viscosity, and the density of the liq- 

uid drop, respectively. The Weber number represents the ratio be- 

tween the disruptive aerodynamic force and the restorative surface 

tension. The Ohnesorge number compares the viscous force to the 

surface tension and when below a value of 0.1, the influence of 

liquid viscosity on the breakup regime diminishes, and the Weber 

number is the dominating factor ( Guildenbecher et al., 2009 ). 

The morphology of droplet breakup varies strongly with chang- 

ing Weber number. Several breakup modes are observed and the 

transition between them is often characterized by a transition We- 

ber number. Depending on the literature, different values for the 

transition values are found and the names of the modes vary 

slightly ( Cao et al., 2007 ; Chou et al., 1997 ; Dai and Faeth, 2001 ; 

Hsiang and Faeth, 1995 ; Jain et al., 2015 , 2019 ; Krzeczkowski, 1980 ; 

Pilch and Erdman, 1987 ). For the current work, we adopt the tran- 

sition values of Dai and Faeth, (2001) and add terminology after 

Guildenbecher et al. (2009) as shown in Table 1 . The presented 

single transition values do not strictly separate the modes as we 

will show later. Instead, transition should rather be understood as 

a continuous process ( Guildenbecher et al., 2009 ). 

The bag and bag-and-stamen modes are well understood as 

a result of the Rayleigh-Taylor (R-T) instability developed at the 

accelerated droplet front ( Joseph et al., 1999 ), but some stud- 

ies also identify other physical mechanisms. In discussion are 

the pressure imbalance between the front and rear side of the 

drop ( Opfer et al., 2014 ), the stress repartition around the sur- 

face ( Villermaux and Bossa, 2009 ), and the structure of flow vor- 

tices in the wake ( Inamura et al., 2009 ). Following the bag-and- 

stamen mode, the multimode breakup is an intermediate regime, 

in which the R-T instability is superimposed by aspects of shear 

stripping. Shear stripping is the next breakup mode, but the ex- 

act physical mechanisms behind it are still unclear. No agreement 

has been achieved on whether the viscous shear or the aerody- 

namic drag is the driving force. Correspondingly, the name of this 

regime varies among shear stripping ( Ranger and Nicholls, 1969 ), 

sheet thinning ( Liu and Reitz, 1997 ) and shear-induced entrain- 

ment ( Theofanous and Li, 2008 ). For the current work, the termi- 

nology of shear stripping is adopted. 

While this classification for conventional liquids is backed by 

extensive work in the literature, liquid metal aerobreakup is rarely 

singled out as an investigated topic. This is interesting because sev- 

eral additional aspects must be considered. Often, high tempera- 

tures are necessary to melt metals and the temperature difference 

to the surrounding gas can lead to thermal effects that can strongly 

influence the breakup. Notable is for example the change of fluid 

properties like thermal conductivity, viscosity, and surface tension 

with temperature, which becomes especially critical near the so- 

lidification temperature ( Assael et al., 2006 ; Leitner et al., 2017 ). 

Differences exist even when, like in the current work, a metal like 

Galinstan is used that is liquid at room temperature. In that case, 

liquid metals still provide significantly different properties such as 

higher ranges of density and surface tension ( Chen et al., 2018 ), 

and are subject to the formation of an oxide layer ( Yim, 1996 ). 

Consequently, findings obtained in experiments with conventional 

liquids like water cannot, without further ado, be transferred on 

molten metals ( Bauckhage, 1992 ). Instead, experiments targeting 

the specific properties of liquid metals need to be conducted. 

Reference work on the breakup of liquid metal droplets is of- 

ten carried out in liquid-liquid systems. For example, Patel and 

Theofanous (1981) investigate the fragmentation of mercury, gal- 

lium and acetylene tetrabromide drops in water accelerated by 

a shock wave in a hydrodynamic shock tube. Ciccarelli and 

Frost (1994) also study molten metal droplets in an ambient flow 

of water. They differentiate between cold drops that break up due 

to stripping by the relative flow, and hot drops where the growth 

and collapse of vapor bubbles dominate the fragmentation. Vali- 

dating against both these works, Thakre and Ma (2015) present nu- 

merical investigations and highlight various deformation patterns. 

Haraldsson et al. (2001) analyze molten alloy drop fragmentation 

in a water pool experimentally and analytically. They highlight the 

competing processes of fragmentation and solidification that lead 

to a fragmentation-controlled and a freezing-controlled breakup 

regime. By conducting an instability analysis of the crust breakup, 

they derive a modified aeroelastic number and provide a critical 

value that separates the regimes. In contrast to experiments in gas- 

liquid systems, these works show differences in the fragmentation 

process. The differences probably are due to the low-density ratio 

and the high heat transfer between the liquids, as well as the ef- 

fect of the growth and collapse of vapor bubbles at the interfaces 

( Kouraytem et al., 2016 ). Thus, the investigation of fluid-fluid sys- 

tems can only provide a first glimpse at the breakup of molten 

metal, but it does not represent the gas atomization process accu- 

rately. 

A more appropriate reproduction of gas atomization is achieved 

by analyzing fluid-gas systems. However, only few works fo- 

cus on metals. In a very detailed report, Wolfe and Ander- 

sen (1964) present some experiments with mercury. Hsiang and 

Faeth (1992) also use mercury, but only a single data point in a 

figure is shown. Apart from that, secondary atomization of liquid 

metal has been studied only recently. Chen et al. (2018) present 

the aerobreakup of a Galinstan liquid metal column in a shock- 

induced air flow for moderate Weber numbers up to We = 100. 

They note a strong similarity to the breakup morphologies of wa- 

ter, but also highlight key differences. Breakup occurs earlier in 

non-dimensional time for Galinstan, while also appearing to be 

more violently. Furthermore, local bag formation and breakup oc- 

curs in a different form with fracture lines more akin to solid me- 

chanics than to breakup of liquids. After breakup, non-spherical 

fragments appear, and remaining sheets exhibit sharp edges. The 

different behavior is attributed to the oxide layer that Galinstan 

forms on its surface when exposed to oxygen. Complementing sim- 

ulations by Arienti et al. (2019) highlight an initially strong simi- 

larity in the deformation and cross-flow acceleration of columns in 

the range of We = 10-12, when normalizing the time by the char- 

acteristic transport time after Ranger and Nicholls (1969) . The au- 

thors conclude that substantial differences between a liquid metal 

and a conventional liquid such as water arise when the bag mem- 

brane ruptures. However, these differences could not be repro- 

2 
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Fig. 1. Layout of the shock tube and connected measurement systems. 

duced in the simulation because oxidation of Galinstan was not 

considered ( Arienti et al., 2019 ). 

The highlighted studies provide a good, but limited, discussion 

of secondary atomization of liquid metals. Differences between 

liquid-liquid and gas-liquid systems were already pointed out, and 

columns evolve differently than spherical drops. To extend previ- 

ous investigations and get closer to the setting in applications, we 

use Galinstan to study secondary atomization of single liquid metal 

droplets in an experimental test series. The work covers droplet 

breakup in a range of We = 11 - 104 and analyzes the breakup 

morphology ( section 4.1 ), transition between modes ( section 4.2 ), 

underlying physical mechanisms ( section 4.3 ), while also pointing 

out similarities and differences to conventional liquids ( section 5 ). 

We hope to contribute to a profound understanding of the involved 

physical phenomena and provide a reference for future work. 

2. Methods 

2.1. Experimental facility 

Experiments are conducted with a shock tube that has been 

adapted recently to study droplet breakup in sub- and supersonic 

flow ( Wang et al., 2020 ). A corresponding layout for the current 

experiments is depicted in Fig. 1 . The tube, with an overall length 

of 24 m and an inner diameter of 290 mm, consists of three seg- 

ments: the driver section, the driven section, and the test sec- 

tion. In experiments, Mylar diaphragms of 0.15 mm thickness sep- 

arate the driver section from the driven section, before each sec- 

tion is filled with air to pressure levels corresponding to desired 

flow conditions. Single droplets are produced in the test section by 

expelling Galinstan through hypodermic needles with an outer di- 

ameter of 0.4 - 0.6 mm. After detaching from the needle tip, falling 

droplets interrupt a laser beam, which generates an electrical sig- 

nal. A switch is flipped, and an electric current of 3 A is supplied 

to a pair of crossed 0.1 mm-thick NiCr heating wires that are in 

contact with the Mylar diaphragm between driver and driven sec- 

tion. Locally melted by the wires, the diaphragm ruptures, and a 

planar shock wave forms, propagates towards the downstream test 

section and induces a flow with uniform flow conditions. A cookie- 

cutter is installed upstream of the test section to remove boundary 

flows and to enable the transition from the tube to the 190 mm x 

190 mm square test section. 

The pressure variation inside the shock tube is measured 

by PCB Piezotronics ICP® fast-response pressure sensors flush 

mounted along the tube. The measured signals are acquired by 

an LTT transient data recorder at a sampling frequency of 1 MHz. 

We calculate the shock velocity from the time lag of the inci- 

dent shock passing two pressure sensors directly upstream of the 

test section. The combination of the shock velocity and initial pre- 

shock conditions yields post-shock flow properties based on mov- 

ing shock relations. A sensor in the test section measures the pres- 

sure rise across the incident shock and serves as a trigger for the 

image recording. For the current experiments, the shock-induced 

flow remains steady over approximately 2.0-2.2 ms depending on 

the shock strength. After that, reflected waves lead to a slightly 

varying pressure and a continuous ramp up of flow velocity. Unless 

otherwise specified the constant time-window covers deformation 

and breakup of droplets for all presented results. 

For visualization, we use a Z-type focused shadowgraph 

( Settles, 2001 ), and image sequences are recorded with a Shi- 

madzu HyperVision HPV-X ultra-high-speed camera. The camera 

can record 128 consecutive images with a resolution of 400 × 250 

pixels at a framing rate of up to 5 Mfps. 

2.2. Preparation and post-processing 

Experiments were conducted with Galinstan, a non-toxic eutec- 

tic alloy of gallium, indium and tin that retains a liquid state well 

below 0 °C and has a very low vapor pressure ( Liu et al., 2012 ). It 

chemically reacts with aluminum, and strongly wets to glass sur- 

faces ( Morley et al., 2008 ), which made it necessary to protect the 

aluminum alloy in the test section by applying a thin film of rub- 

ber spray and to carefully clean the glass windows with water af- 

ter experiments. Galinstan has a reported surface tension of 535 

mN/m when the oxygen trace is below 1 ppm ( Liu et al., 2012 ). 

However, like many other liquid metals such as aluminum or tita- 

nium alloy ( Guleryuz and Cimenoglu, 2009 ; Leitner et al., 2017 ), 

it reacts with oxygen and forms an oxide layer, which imparts 

non-Newtonian rheological properties to the metal ( Daeneke et al., 

2018 ). This distinguishes Galinstan from Mercury, which is not 

apt to form an oxide layer ( Li et al., 2014 ), and makes Galinstan 

uniquely suited to study this effect. According to Dickey (2014) , 

the oxide skin of gallium alloys is elastic and provides mechani- 

cal stabilization until its critical yield stress of approximately 0.5 –

0.6 N/m is reached. As a result, a surface tension of 718 mN/m is 

measured for Galinstan in standard conditions ( Chen et al., 2018 ; 

Kocourek et al., 2006 ). This value is used in the present work, be- 

cause Galinstan drops were completely exposed to air before the 

breakup. 

During post-processing, recorded raw images are processed 

with subtraction of background noise, contrast stretching and su- 

per resolution using MATLAB’s Very Deep Super-Resolution convo- 

lutional neural network ( Kim et al., 2016 ). It was ensured that this 

does not alter the data analysis. The analysis was conducted auto- 
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Table 2 

Range of operating conditions for presented Galinstan 

experiments. Values for fluid properties of Galinstan af- 

ter Kocourek et al. (2006) ( ρd = 6440 kg/m 

3 , σ = 718 

mN/m, μd = 2.4e-3 kg/m 

•s). 

We Oh Re ∞ 

11 - 104 0.65 - 1.01 •1E-3 5.9 - 28.5 •1E + 3 

M ∞ ρd / ρg μd / μg 

0.19 - 0.35 3970 - 4660 117 - 122 

matically in MATLAB using a fixed reference length, and provides 

droplet data like the initial droplet diameter d 0 , cross-stream di- 

ameter d c , the streamwise diameter d x , or the position of the mass 

center x mc . 

The experimental time t is defined to be zero at the moment 

of shock-impact on the droplet. For consistency and comparability 

with previous literature, t is normalized by the characteristic trans- 

port time after Ranger and Nicholls ( Ranger and Nicholls, 1969 ), 

yielding the dimensionless time τ : 

τ = t 
u g 

d 0 

√ 

ρg / ρd (3) 

We consider two characteristic breakup times within this work 

– the end of initial deformation τ ini , and the onset of breakup τ b . 

For the bag and the bag-and-stamen mode, τ ini defines the time 

instant when the deformed droplet resembles a flat disc, right be- 

fore the bag starts to inflate ( Pilch and Erdman, 1987 ; Zhao et al., 

2010 ). For the shear stripping mode, τ ini is identified as the first 

incidence of a sheet at the droplet periphery being drawn down- 

stream of the drop ( Pilch and Erdman, 1987 ). In practice, this time 

instant is found by comparing images and simultaneously monitor- 

ing the droplet diameter in streamwise direction, because a sharp 

rise in d x indicates that bag inflation or shear stripping is initiated. 

The second characteristic time τ b describes the onset of breakup 

and is taken at the first sign of bag rupture for lower Weber num- 

bers, and at the first sign of shedding of fragments from sheets or 

ligaments for higher Weber numbers. 

3. Breakup morphology of Galinstan droplets 

A total of 34 experiments with Galinstan droplets were ana- 

lyzed in detail for the present study. Corresponding ranges of criti- 

cal non-dimensional numbers are presented in Table 2 . Apart from 

the Weber and Ohnesorge number, also the flow Reynolds number 

Re ∞ 

= ρg • u ∞ 

• d 0 / μg , Mach number M ∞ 

= u ∞ 

/ a ∞ 

, liquid-gas 

density ratio ρd / ρg , as well as the liquid-gas viscosity ratio μd / 

μg are included. Initial droplet diameters d 0 range from 1.22 mm 

to 2.98 mm. 

In addition to the Galinstan test series, experiments with water 

droplets were conducted for reference. All presented experiments 

are checked for constant flow conditions, but there are some ex- 

ceptions, especially during late-stage fragmentation. If at any point 

flow conditions are not constant, this is mentioned in the text or 

figure description. In addition, throughout this work we mark the 

time with an asterisk ‘ ∗’ as a method of highlighting when flow 

conditions become non-constant. 

3.1. Classification 

An overview of the breakup behavior is presented in Fig. 2 . 

We observe a transition of the breakup morphology for Galin- 

stan droplets from bag, to bag-and-stamen, and shear stripping 

with increasing Weber number. Both the morphologies and tran- 

sition values are similar to that of conventional liquids ( Dai and 

Faeth, 2001 ). 

Fig. 2. Classification of breakup behavior of Galinstan droplets for varying We- 

ber number. Main modes are bag, bag-and-stamen, multimode, and shear stripping 

with transition values of ~15, ~35, and ~80, respectively. Multimode shows several 

sub-features like the dual-bag and multibag breakup. 

Fig. 3. Bag breakup of a Galinstan droplet with an initial diameter of d 0 = 1.32 

mm at We = 13.2. The three columns represent initial deformation, bag inflation, 

and rupture and fragmentation, respectively. Critical time instants are the end of 

initial deformation at τ ini = 1.31 and the onset of bag rupture at τ b = 1.87. An 

asterisk at later times indicates non-constant flow conditions. A high-speed video 

of this breakup mode is included with this paper in Video 1 . 

Detailed similarities and differences of Galinstan droplets will 

be discussed in section 5 , while the following section focuses on 

the morphology and presents exemplary image sequences for each 

mode. In addition, we highlight that the transition between modes 

is a continuous process with different features developing un- 

der the changing aerodynamic pressure. Especially the range from 

We = 35 - 80, often termed multimode regime, displays several 

transition types like dual-bag and multibag breakup that are fur- 

ther discussed in section 4.2 . 

3.1.1. Bag 

Fig. 3 shows a bag breakup for a Galinstan droplet at We = 13.2 

with an initial diameter of d 0 = 1.32 mm. The first column shows 

the droplet until the end of the deformation period when the 

droplet shape equals a flat disc. Until that moment at τ ini = 1.31, 

the droplet is squeezed by the flow, flattens in the streamwise 

direction, and stretches in cross-stream direction. After the ini- 

tial deformation, the bag inflates as is shown in the second col- 
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Fig. 4. Bag-and-stamen breakup of a Galinstan droplet with an initial diameter of 

d 0 = 1.32 mm at We = 21.7. The three columns represent initial deformation, bag 

inflation, and rupture and fragmentation, respectively. Critical time instants are the 

end of initial deformation at τ ini = 1.12 and the onset of bag rupture at τ b = 1.61. 

A high-speed video of this breakup mode is included with this paper in Video 2 . 

umn. Here, the upstream side of the bag remains straight, while 

the downstream side inflates into a symmetric bag. Symmetry 

is lost when the first indication of bag rupture can be seen at 

τ b = 1.87. Complete bag rupture and droplet disintegration is 

shown in the third column, but changing flow conditions make 

the time-normalization inaccurate (as indicated by the asterisk). At 

τ b = 1.87, the bag ruptures and bursts open in an outwards splash- 

ing motion ( τ ∗ = 1.95). The bag disintegrates further in a flap- 

ping motion, and coarse, irregularly shaped fragments are torn off

at the fracture line. Bag disintegration is completed at τ ∗ = 2.43, 

but a toroidal rim (also called ring) remains that disintegrates at 

even later time instants. With respect to the morphology, Galin- 

stan droplets break up very similarly to conventional liquids. Image 

sequences for comparisons are found, for example in references 

( Dai and Faeth, 2001 ; Guildenbecher and Sojka, 2011 ; Jain et al., 

2015 ; Villermaux and Bossa, 2009 ; Zhao et al., 2010 ). 

3.1.2. Bag-and-stamen 

Bag-and-stamen breakup is shown in Fig. 4 for a Galinstan 

droplet of d 0 = 1.32 mm at We = 21.7. Again, the droplet initially 

deforms into what appears as a flat disc at τ ini = 1.12. The de- 

formation period is shorter than in the bag mode but features a 

very similar shape throughout. A bag structure starts to form and 

inflates between τ = 1.28 and τ = 1.61, while the formation of 

the stamen becomes apparent through the appearance of a small 

bulge at the windward side ( τ = 1.28) and an indentation of the 

bag at the leeward side ( τ = 1.50). The bag starts to disintegrate 

at τ b = 1.61 and once fragmented, a clear separation of stamen 

and toroidal rim is revealed. At τ = 2.00 only a thin ring and a 

straight stamen in the center remain. The ring disintegrates and 

resulting fragments at τ = 2.2 appear larger than fragments re- 

sulting from the rupture of the bag. In contrast, the stamen does 

not fragment easily and remains coherent for a long time despite 

elongating in the streamwise direction. Again, the morphology of 

the breakup of Galinstan droplets is like that of conventional liq- 

uids. Image sequences for comparisons are found, for example in 

references ( Dai and Faeth, 2001 ; Guildenbecher and Sojka, 2011 ; 

Jain et al., 2015 ; Zhao et al., 2013 ). 

Fig. 5. Shear stripping breakup of a Galinstan droplet with an initial diameter of 

d 0 = 2.72 mm at We = 96.8. A straight frontal surface is pointed out at τ = 0.73 

and a wave of shedding is highlighted for τ = 0.93 – 1.07. A high-speed video of 

this breakup mode is included with this paper in Video 3 . 

3.1.3. Shear stripping 

Fig. 5 shows the breakup process for a Galinstan droplet of 

d 0 = 2.72 mm at We = 96.8 representing the shear stripping mode. 

The first image of the sequence highlights that Galinstan droplets 

in some experiments featured an appendix on top of the droplet 

that was typically aligned parallel to the falling direction. This phe- 

nomenon is also observed by Dickey (2014) , Liu et al. (2012) , and 

Chen et al. (2018) who all present droplets with a similar shape. 

The reason is that the droplet elongates while forming at the nee- 

dle tip, and reacts with the surrounding air to form an oxide layer 

on the Galinstan surface ( Liu et al., 2012 ). The oxide layer then 

hinders the contraction of the droplet to a perfect sphere in flight 

and thus the droplet remains in the aspherical shape it had at the 

moment of detachment. For our experiments, this asymmetry ap- 

peared for some experiments, mostly at higher Weber number in 

the shear stripping regime. For these experiments we used a wider 

needle, which allows to produce larger droplets but also leads to a 

more pronounced appendix ( Li et al., 2014 ). The image sequence 

shows that after the shock wave passes, the appendix is bent and 

stretched in flow direction. To reduce the effect of the appendix 

on the analysis, we focus on the lower hemisphere of the drop 

and assume symmetry to find τ ini and the corresponding maxi- 

mum cross-stream diameter d c,max . 

As for the breakup, in contrast to lower Weber number experi- 

ments, the drop does not reach the shape of a flat disc. Instead, the 

droplet initially deforms into an ellipsoid ( τ = 0.0 – 0.29), with a 

thin sheet developing at the periphery. Then, the thin sheet is di- 

rectly drawn downstream of the drop, which marks a significantly 

earlier end of initial deformation at τ ini = 0.39. The bending sheet 

starts to decompose into ligaments that are stretched in stream- 

wise direction and break quickly ( τ b = 0.46). After the ligaments 

break, fragments are stripped off directly at the droplet periphery 

and are entrained in the flow in a continuous erosion of the core 

droplet ( τ = 0.73 and later). Several experiments show a tendency 

of recurring shedding similar to what Dorschner et al. (2020) de- 

scribe for water droplets in the same breakup regime. Here, shed- 

ding manifests as a large number of fragments detaching at the 

same time. An example for that behavior is highlighted in the fig- 

ure for τ = 0.93 – 1.07. The first image shows a burst of frag- 
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Fig. 6. Initial droplet deformation through the regimes of bag breakup ( We = 11.1), bag-and-stamen breakup ( We = 17.4 – 30.5), dual bag breakup ( We = 42.9), multibag 

breakup ( We = 56.7) and shear stripping breakup ( We = 96.8). Provided are frames at τ = τ ini /2 and at the end of initial deformation τ ini . Frames in the second row also 

show the maximum cross-stream diameter d c,max . All frames are scaled to have a height h of three times the initial diameter d 0 . Flow is from left to right and within one 

experiment the x-position of the left edge of the image is fixed to show droplet movement. As a second aspect, the figure shows that the basis for the breakup morphology 

we observe at later times is already set during the initial deformation. 

mentation, while the latter shows that stripping pauses momen- 

tarily. Such waves of fragmentation appear repeatedly, but an ex- 

act analysis is difficult only using shadowgraph images and with 

the appendix breaking the symmetry. Several time instants show 

that the windward side of the disintegrating droplet flattens to a 

straight, even surface ( τ = 0.73 – 0.93). This behavior is not typical 

for other liquids but is observed at least shortly for all experiments 

with Galinstan at higher Weber number. We expect this to be an 

effect of the oxide layer and discuss it along with other differences 

in section 5.2. Apart from this observation, the breakup morphol- 

ogy of Galinstan droplets in the shear stripping regime matches 

that of more conventional liquids. For comparison, see for example 

the work of Dai and Faeth (2001) ( Fig. 7 , ethyl alcohol, We = 81), 

or Jain et al. (2015) ( Figures 12 and 13 , water, We = 120). 

3.2. Transition between modes 

The three presented examples show the typical behavior for the 

most prominent breakup modes. However, there is not a single 

transition point separating the modes, instead it is a continuous 

transition process. Showing this in detail can be very beneficial 

for understanding the underlying physics in secondary atomization 

and can help modelling effort s. Especially considering that the pre- 

sented results are the first that are based on the breakup of liquid 

metal droplets. 

3.2.1. Initial deformation of the droplet 

Fig. 6 presents the initial deformation of droplets for experi- 

ments ranging from bag mode to shear stripping at two represen- 

tative time instants – one at τ ini /2 to show intermediate deforma- 

tion and one at τ ini to show the shape at the end of the deforma- 

tion phase. With increasing Weber number, τ ini decreases signifi- 

cantly, which is consistent to correlation for conventional liquids as 

section 5.1 will show. However, the figure is important because of 

two additional aspects: highlighting the continuous transition with 

increasing Weber number and showing that the initial deformation 

sets the basis for later breakup patterns. 

Following the first aspect, we can see that the shape of the de- 

formed droplet changes with increasing Weber number in a con- 

tinuous transition process. Several characteristic features can be 

observed that appear and change gradually. The most prominent 

ones are: 

• A rim, visible as ‘ears’ in the images, develops as soon as 

We = 21.7 and appears distinct from the core droplet. At high 

Weber number, a more ellipsoidal shape with a curved front 

develops and the rim recedes to thin sheets. 
• At τ ini we first observe the shape of a flat disk, but with in- 

creasing Weber number, we also see that along with the rim 

formation outside, a bulge develops in the center of the droplet 

( We = 21.7 and higher). 
• With increasing Weber number, the bulge widens, while the 

rim becomes shorter and thinner. At higher Weber numbers 

we observe a hat-like shape ( We = 42.9), and the rim starts 

to bend in streamwise direction showing some asymmetric be- 

havior ( We = 56.7 - 96.8). 
• The deformation of the drop into a flat disk for low Weber 

numbers triggers the R-T instability which then leads to an in- 

flating bag ( Fig. 3 ). 
• The bulge that appears for higher Weber numbers corresponds 

to a higher mode of the R-T instability. It is easy to see that this 

bulge develops into the stamen, and that the rim inflates into a 

bag structure with an enclosing ring ( Fig. 4 ). 
• A wider bulge leads to larger stamen structures and the corre- 

spondingly shorter rim develops only small bags. We will see 

that effect clearly in the following sections, but it can already 

be expected from the shape seen in Fig. 6 . 
• Shorter and thinner sheets at high Weber number, such as 

shown for We = 96.8, cannot always support a bag formation, 

instead they bend in the flow direction. The bent sheets rup- 

ture directly, and the breakup mode transitions to shear strip- 

ping ( Fig. 5 ). 

3.2.2. From bag to bag-and-stamen 

Apart from the initial deformation, also aspects of the breakup 

morphology appear and change gradually. As an example, the tran- 

sition from the bag to the bag-and-stamen mode is shown in the 

first three rows of Fig. 7 . In our experiments, this transition is 

marked by a changing shape of the bag and by the appearance of 

the stamen in a range of We = 14.6 – 17.4. 

For the bag breakup shown earlier in Fig. 3 , we can see that the 

bag features a small indentation on the leeward side ( τ b = 1.87). 

This could be considered as the first mark of transition towards 

the bag-and-stamen mode. However, a first clear appearance of 

the stamen can be seen for the experiment with We = 14.6 in 

Fig. 7 . The image sequence shows that after the bag breaks, an in- 

side structure becomes visible indicating that the bag is curved in- 

wards in the center ( τ = 1.93). Some sheets of the bag are initially 

connected to the ring, but they bend in streamwise direction, fold 

around the point of curvature, and collide to form a first stamen- 
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Fig. 7. Transition from bag to bag-and-stamen mode for We = 14.6 to 17.4, and 

evolution of the stamen throughout the bag-and-stamen mode for We = 17.4 to 

30.5. Images in the first column present the onset of breakup at τ b while the last 

column shows the shape approximately �τ = 0.4 later in time. For We = 14.6 and 

We = 15.1 this value is lower to show the stamen. Intermediate time instants are 

chosen to show the developing features. 

like structure (highlighted at τ ∗ = 1.99 – 2.17). For We = 15.1 and 

17.4 a similar sequence repeats, but the inwards curvature of the 

bag is much stronger. For We = 17.4, already the initial bag is 

split at the onset of breakup at τ b = 1.74. A more prominent sta- 

men evolves that is clearly separated from the ring (highlighted at 

τ ∗ = 2.22 and 2.15 , respectively). 

The stamen is established after this transition regime, but still 

changes in size, shape, and position with increasing Weber num- 

ber. Two main aspects can be found. First, the stamen forms more 

prominently with increasing Weber number. Hardly visible initially, 

it becomes longer and wider, and concentrates more of the liquid. 

The fourth column of Fig. 7 shows this process nicely for the range 

of We = 14.6 - 30.5. Secondly, the stamen position is shifted more 

Fig. 8. Stamen length, width, and relative position to the toroidal rim at τ = 1.2 •
τ b for different Weber numbers in the bag-and-stamen and dual bag mode. Data 

points are from measurements, while corresponding trendlines are generated by 

curve fitting. 

and more upstream in relation to the bags and the ring. Initially, 

the stamen forms downstream of the ring, but with increasing We- 

ber number, the stamen head appears at the same position as the 

ring ( We = 17.4 at τ ∗ = 2.15) and then exceeds it. For We = 21.7 

the stamen is visible even before the bag breakup (highlighted at 

τ b = 1.61). With respect to the development in time, we observe 

that as soon as the stamen forms properly, the ring always travels 

downstream faster than the stamen due to a higher drag. 

With the stamen forming more prominently and shifting in rel- 

ative position, the bags become smaller and break earlier. Corre- 

spondingly, also the ring becomes thinner and accumulates less 

liquid. Although it is not always shown at the same level of detail, 

many other authors observe a similar transition within the bag- 

and-stamen mode also for conventional liquids. For example, im- 

ages presented by Zhao et al. (2013) for water droplets at We = 18 

and We = 29 show comparable trends and shapes. 

3.2.3. Stamen appearance and evolution 

The appearance and evolution of the stamen is the dominant 

feature of transition for lower Weber numbers. Because of its im- 

portance, the stamen shape is analyzed quantitatively in Fig. 8 . The 

figure shows the length, width, and relative position of the stamen 

to the ring as a function of the Weber number. An inserted im- 

age illustrates the defined variables. The ring position is fixed as 

zero and the upstream direction is defined as the positive x-axis. 

All values are normalized by d 0 . Data points were generated by 

analyzing the two frames closest to a time of τ = 1.2 • τ b and 

averaging the value. This time instant was chosen exemplarily but 

represents a consistent trend. A rectangular box was fit onto the 

stamen by hand to calculate an approximate width and length. The 

upstream edge was fit to the head of the stamen, while the down- 

stream edge was fixed at the end of the stamen or the position 

that first indicated that the stamen was hollow. Trendlines were 

generated with MATLAB’s curve fitting toolbox but only serve to 

visualize the development with changing Weber number. 

The figure confirms the qualitative observations earlier. The sta- 

men width increases linearly with the Weber number within the 

shown range of up to We = 42.9. The stamen length also increases 

initially but decreases after a peak around We ~23. A comparable 

analysis by Dai and Faeth (2001) reveals that the volume of the 

stamen (plume in their work) peaks at We ~30 similar to what re- 

sults for our observations when calculating the volume with the 

assumption of a cylindrical stamen. They also observe that the 

volume of bag and ring decreases to almost zero at this Weber 
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Fig. 9. Breakup morphology in the multimode regime, including dual bag breakup 

( We = 41.3), multibag breakup ( We = 56.7) and transition to shear stripping with 

small bags forming locally ( We = 77.1). 

number, similar to what we mentioned about the bags becoming 

smaller and the toroidal rim becoming thinner. 

From We > 35, calculating the volume of the stamen with the 

provided values would result in a value larger than the initial vol- 

ume. Clearly, the assumption of a solid cylinder-shaped stamen 

is not valid anymore from this point on. What we observe as a 

solid stamen is actually a hollow construct with sheets of metal 

or sheets of oxide layer enclosing gas in the center. Videos of 

the experiments, for example the ones shown in the last row of 

Fig. 7 and the first rows of Fig. 9 , seem to confirm that assump- 

tion. While the upstream part seems to be a solid core drop, we 

observe sharp changes in stamen width further downstream be- 

cause of folding sheets. Additionally, the stamen sometimes breaks 

apart in the middle and reveals its hollow inside. The hollow sta- 

men appears symmetric, but along with other details, we cannot 

judge this clearly from the shadowgraph images. 

Fig. 8 also shows that the stamen head position in relation to 

the ring position changes with the Weber number as observed be- 

fore. The transition from down- to upstream position occurs for 

We ~18, and the upstream position then stabilizes at �x / d 0 ~ 1.7 

for increasing Weber number. 

3.2.4. Multimode 

Summarized as multimode breakup, different unique character- 

istics appear for We > 35. To show this, Fig. 9 serves as a continu- 

ation of Fig. 7 in the sense that the Weber number increases, and 

the gradual change and transition continues. 

We have seen in Fig. 7 and in the quantitative analysis in 

Fig. 8 that the stamen becomes increasingly shorter, and thicker 

with higher Weber numbers. The continuation of this trend can be 

seen in Fig. 9 for We = 41.3 and 42.9. While we still see bag infla- 

tion and a stamen and ring structure for the experiment in the first 

row, the second row already shows that this behavior ceases for 

slightly higher Weber numbers. Bags inflate only shortly, and the 

ring starts to disappear. In addition, the breakup becomes increas- 

ingly asymmetric. Reaching We = 42.9 - 56.7, the stamen becomes 

so short and the rim so thin that it is more appropriate to speak 

Fig. 10. Characteristic breakup pattern in the dual bag mode shown for a Galinstan 

droplet at We = 41.3. A high-speed video of this breakup mode is included with 

this paper in Video 4 . 

of a core droplet and sheets instead of a stamen and rim ( Dai and 

Faeth, 2001 ). Continuing the transition, multiple bags still form for 

We = 56.7, but only a few, small bags form once the breakup tran- 

sitions towards the shear stripping regime ( We = 77.1). 

Looking more into detail, the breakup morphology of the ex- 

periment shown in the first row of Fig. 9 for We = 41.3 matches 

well with the breakup morphology that some authors describe 

as a two-stage process ( Pilch and Erdman, 1987 ; Wolfe and An- 

dersen, 1964 ) and that Cao et al. (2007) term the dual bag 

breakup. Cao et al. (2007) define the breakup mode in the range of 

We = 28-41 and characterize it by two subsequent bag breakups of 

which they name the second one as the major distinguishing crite- 

rion to the bag-stamen mode. In our opinion this breakup pattern 

precisely follows the trends we observed for the bag-and-stamen 

regime. The stamen becomes thicker and only small bags form and 

break quickly. Consequently, a large droplet core remains that can 

reach a high enough Weber number to undergo a second bag-like 

breakup. An example for such a dual bag breakup for a Galinstan 

droplet is shown in Fig. 10 . Both breakups appear quite similar and 

remain quite symmetric. 

After the dual bag breakup, the pattern transitions to the multi- 

bag breakup ( We = 56.7). Here, bags form as multiple lobes 

on the bag membrane and subsequently break up similarly to 

the bag breakup for lower Weber number ( Jain et al., 2015 ). 

Jain et al. (2015) argue that the R-T instability characterizes this 

behavior, but that nonlinear effects and asymmetric undulations 

lead to differences to the bag-and-stamen regime. We can only ob- 

serve that multiple bags break repeatedly in a seemingly random 

fashion, and that symmetry is mostly lost. However, a lack of ex- 

periments in that range and the chaotic nature of this regime in 

general ( Krzeczkowski, 1980 ) do not allow a detailed analysis. 

At higher Weber number, the erosion of the core droplet transi- 

tions to shear stripping at the periphery. However, small bags still 

form at the early stage of the breakup from sheets that emerge 

at the rim and are drawn downstream of the drop ( We = 77.1 at 

τ = 0.60 and τ = 0.67). No further bags appear after these initial 

bags, and the drop breaks up like in the shear stripping mode. This 

transition period, where bags appear initially ceases quickly as the 

Weber number is increased above a value of We = 80. 

3.3. Rayleigh-Taylor analysis 

R-T waves are considered to be the dominant physical breakup 

mechanism for low Weber numbers. The instability is triggered at 
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Fig. 11. Number of critical waves n RT across the deformed droplet diameter ac- 

cording to classical R-T instability analysis and depending on the Weber num- 

ber. Data points are calculated with equation (4) , and the correlation after 

Zhao et al. (2010) follows equations (6) and (7) . 

the accelerated drop front during the initial deformation of the 

drop into a flat disk. Classical R–T analysis can provide a wave- 

length λmax for the fastest-growing wave on the deforming drop. 

When comparing the result with the maximum cross-stream di- 

ameter of the drop d c,max taken at τ ini , the number of waves across 

the deformed droplet results as ( Guildenbecher et al., 2009 ): 

n RT = 

d c , max 

λmax 
= 

1 

4 π

(
d c , max 

d 0 

)2 √ 

C D · W e (4) 

Here, C D represents the drag coefficient. In experiments, d c,max 

is measured at τ ini (compare Fig. 6 ), and C D can be calculated us- 

ing the assumption of constant drop acceleration after Ranger and 

Nicholls (1969) as 

C D = 

8 

3 

· X ini 

τ 2 
ini 

(5) 

with X ini = x mc / d 0 as the normalized x-position of the mass cen- 

ter at τ ini . The calculated number of waves n RT across the de- 

formed drop is shown in Fig. 11 . There, the reference line fol- 

lows the correlation for the maximum cross-stream diameter of 

Zhao et al. (2010) 

d c , max 

d 0 
= 

2 

1 + exp 

(
−0 . 0019 W e 2 . 7 

) , (6) 

and calculates the drag coefficient after Liu et al. (1993) as 

C D = C D , Sphere · (1 + 2 . 632 

( 

1 −
(

d 0 
d c , max 

)2 
) 

. (7) 

For the drag coefficient of a sphere we assume C D,Sphere = 0.4 

similarly to previous works ( Guildenbecher et al., 2009 ; Zhao et al., 

2010 ). 

Fig. 11 shows that an increasing Weber number leads to a 

higher number of critical waves across the diameter. In addition, 

data points of n RT for liquid metal droplets match well with the 

correlation based on equations (6) and (7) for conventional liquids. 

This indicates that the physical mechanism and the effect of the 

R-T instability is not influenced by the special properties of Galin- 

stan. 

In the literature, the bag type corresponds to a half or single 

critical wave across the droplet diameter, whereas bag-and-stamen 

corresponds to 1.5-3 waves across the droplet diameter depend- 

ing on the source ( Guildenbecher et al., 2009 ; Theofanous et al., 

2004 ; Zhao et al., 2010 ). For our experiments, the figure shows that 

the transition occurs around a value of n RT ~1.5, but as previously 

shown, the transition is gradual. This is reflected by the fact that 

Fig. 12. Sketch of R-T waves across the deformed drop at τ ini and after onset of 

breakup for four different Weber numbers. Values for the number of waves across 

the droplet diameter are calculated with equation (4) . The sketched waves show 

how initial instabilities develop into inflating bags and stamens. Images in this case 

only highlight the breakup morphology and are not scaled to equal sizes. 

experiments in the transition range of We = 15-20 show values of 

n RT ~1.3 to n RT ~1.7, indicating that aspects of both breakup mor- 

phologies manifest weaker and stronger dependent on the specific 

value. Similarly, transition between bag-and-stamen and dual bag 

appears gradually. Zhao et al. (2010) state a value of n RT ~2 as the 

lower limit for dual-bag breakup. For this study, dual-bag mode is 

rather clustered around a value of n RT ~2.5, but elements of the 

dual bag certainly also appear for lower Weber numbers and cor- 

respondingly lower values of n RT . 

Fig. 12 shows four representative examples of Galinstan 

droplets at the end of initial deformation and after onset of 

breakup. Here, the focus lies on the breakup pattern, so images 

are not scaled equally. Sketched on the images are waves accord- 

ing to the calculated number of waves across the deformed droplet 

diameter. The waves are sketched in radial direction in a sectional 

view assuming a zero gradient at the droplet periphery. This leads 

to a singular point in the center for which radial symmetry is ap- 

plied. While the sketched waves suggest a curved surface, we ini- 

tially do not see the extent because of shadowgraph imagery and 

the opacity of Galinstan. However, we can judge retrospectively 

that the grooves and bulges of the sketched instabilities develop 

into bags and stamens, respectively. The breakup morphology of 

the bag ( We = 11.1), bag-and-stamen ( We = 17.4-23.8), and dual 

bag modes ( We = 42.9) are accurately predicted by the calculated 

wave number. In the bag-and-stamen mode, the higher value of 

n RT also correlates with the increase in the stamen thickness as 

shown in the figure. 

The presented examples and the summary in Fig. 11 are in ac- 

cordance with the theory of R-T instability. In addition, the good 

agreement between Galinstan and conventional liquids further em- 

phasizes the similarity of the breakup morphology shown in pre- 

vious sections. 

4. Breakup of Galinstan droplets compared to conventional 

liquids 

The previous section has shown that both the breakup mor- 

phology and transition Weber numbers of Galinstan droplets are 
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Fig. 13. Initial deformation of Galinstan droplets compared to a water droplet. 

Fig. 14. Initial deformation time τ ini of Galinstan droplets compared to the empir- 

ical correlation of Pilch and Erdman (1987) and own reference experiments with 

water droplets. 

very similar to conventional liquids. However, a direct comparison 

of the two liquids in the following section reveals further details. 

4.1. Similarities during the initial deformation 

With respect to the initial deformation, Fig. 13 provides a rep- 

resentative direct comparison for We ~25 in a sequence of images. 

Weber numbers are not matched exactly, so both lower and higher 

Weber number experiments are shown for Galinstan ( We = 21.7 

and We = 26.8). Initial deformation ends at almost the same 

non-dimensional time with τ ini = 1.12 and τ ini = 1.05 for Galin- 

stan at lower and higher Weber number, respectively, compared 

to τ ini = 1.10 for water. Although the water droplet has a slightly 

oval shape at the beginning, deformation is very similar between 

the two liquids, and the droplet shapes at different time instants 

match very well throughout. A quantitative analysis of the nor- 

malized cross-stream and streamwise diameters confirms the good 

agreement for the two liquids until τ ini . 

While Fig. 13 compares only single experiments, Fig. 14 and Fig. 

15 expand the analysis from a single case to the full range of inves- 

Fig. 15. Normalized cross-stream diameter d c,max / d 0 at end of initial de- 

formation for Galinstan experiments in comparison to the correlation of 

Zhao et al. (2010) ( equation 6 ) and own reference experiments with water droplets. 

For We > 58, Galinstan droplets featured an appendix, which leads to increased 

uncertainty. 

tigated Weber number by summarizing the time of initial deforma- 

tion τ ini and the maximum cross-stream diameter d c,max , respec- 

tively. Both parameters play a critical role in defining the evolving 

breakup patterns and provide a good way to characterize and gen- 

eralize initial droplet deformation. 

The time of initial deformation for present Galinstan exper- 

iments decreases with increasing Weber number as shown in 

Fig. 14 . While the decrease is stronger in the lower Weber num- 

ber range, it becomes weaker with increasing Weber number. This 

tendency and the absolute values of τ ini match well with the cor- 

relation given by Pilch and Erdman (1987) except at very low We- 

ber numbers. For We > 58, Galinstan droplets have slightly lower 

values of τ ini , likely because they feature an appendix that influ- 

ences deformation and breakup (compare Fig. 5 ). Own water refer- 

ence experiments confirm the similarity for the investigated Weber 

number range. 

Fig. 15 shows the maximum cross-stream diameter d c,max nor- 

malized by d 0 for the investigated Weber number range. For 

Galinstan droplets, we observe a rise from 1.6 to 2.0 in the 

range of We = 10-20, followed by constant plateau at a value 

of ~2.0 until We ~40. This behavior matches the correlation of 

Zhao et al. (2010) for conventional liquids and data points in that 

range of water reference experiments. As mentioned before, Galin- 

stan experiments for We > 58 are subject to a higher uncertainty 

because of the appendix. Nevertheless, we identify a trend towards 

lower values of d c,max / d 0 , which is matched by the water reference 

experiments. A similar behavior can also be seen in the measure- 

ment points of Zhao et al. (2010) despite their fit suggesting a con- 

stant value. In fact, starting at We ~40, their data points suggest a 

trend down to approximately 1.7 for We ~80, similar to the mea- 

surements in the present study. 

Studying a similar Weber number range, Chen et al. (2018) state 

that τ ini is lower by a factor of ~0.6 for Galinstan columns com- 

pared to water columns. However, we cannot confirm this trend 

with the present study. In our experiments, both the initial defor- 

mation time and the maximum cross-stream deformation of Galin- 

stan droplets are well in accordance with correlation for conven- 

tional liquids and own water reference experiments. In addition, 

an exemplary image sequence of a Galinstan and water droplet 

shows a good agreement throughout the deformation phase. Over- 

all, it appears that neither the different fluid properties of the liq- 

uid metal, nor the oxide layer change the droplet deformation, pro- 

vided that the Weber number is matched and that the time is 

nondimensionalized. This remarkable similarity is also observed by 

Arienti et al. (2019) by means of experiments and simulations for 
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Fig. 16. Bag inflation and breakup of Galinstan droplets compared to a water 

droplet at We ~25. 

Galinstan and water columns at We = 10-12. It is confirmed here 

for spherical droplets and for a wide range of Weber numbers. 

4.2. Differences during the breakup 

Previous sections have shown strong similarities between Galin- 

stan and conventional liquids with respect to the morphology and 

initial deformation. However, we also observe significant differ- 

ences. These differences appear after the initial deformation when 

the breakup is initiated. 

4.2.1. Onset of breakup 

Fig. 16 picks up where Fig. 13 ended and shows the bag in- 

flation up to the moment of onset of breakup for Galinstan and 

water droplets at We ~25. As shown earlier, the morphology of 

the breakup is very similar, but the direct comparison also high- 

lights clear differences for the two cases, most notably in the tim- 

ing. Onset of breakup occurs significantly earlier for Galinstan with 

τ b = 1.61 and τ b 
∗ = 1.34 compared to τ b = 2.07 for water. Overall, 

the shape appears similar, but Galinstan deforms much faster than 

water. 

Especially the last two rows highlight that water droplets can 

sustain a much higher level of deformation and seem to adapt 

better to the flow. We can see this in the stamen, which remains 

very thick and with a constant curvature for Galinstan ( τ ∗ = 1.28, 

We = 26.8) but thins out and prolongs for the water droplet 

( τ = 1.83). We also observe that the water bag inflates significantly 

more, especially in streamwise direction. 

The single comparison is again expanded to the full range of 

investigated Weber numbers to confirm the observation on a more 

general level. Fig. 17 shows the time of onset of breakup τ b for 

present Galinstan experiments in comparison to own water ref- 

erence experiments and experiments with water and ethanol by 

Dai and Faeth (2001) . The figure confirms the earlier onset of 

breakup for Galinstan, providing a difference of �τ ~0.5 to own 

water experiments and �τ ~1 compared to the values of Dai and 

Faeth (2001) . Chen et al. (2018) also note a shorter bag inflation 

time for Galinstan columns compared to water columns and state 

Fig. 17. Time of onset of breakup τ b for Galinstan droplets compared to own ref- 

erence experiments with water and experiments with water/ethanol droplets by 

Dai and Faeth (2001) . 

Fig. 18. Bag rupture and fragmentation of Galinstan and water droplets at We ~25. 

that the onset of breakup occurs �τ = 0.5 – 0.7 earlier, which 

compares well with the present findings. 

4.2.2. Rupture and fragmentation 

Fig. 18 extends the image sequence of Galinstan and water 

droplets at We ~25 to later time instants. Flow conditions are now 

not constant for the water and the higher Weber number Galinstan 

case, so the analysis must be conducted carefully and can only pro- 

vide qualitative impressions. Nevertheless, the direct comparison 

helps to highlight several further differences. 

Most importantly, water bags break up from back to front in 

a continuous fashion along a smooth breakup line ( τ ∗ = 2.24 –

2.59). The breakup starts at a small hole, and sheets roll up along 

the edges while the hole widens ( Chen et al., 2018 ). Galinstan bags 

on the other hand burst open across the whole bag surface almost 

simultaneously. Rupture lines are frayed and sharp-edged, reminis- 

cent of solid mechanics ( Fig. 18 , first row). 

Other effects are also notable. As observed before, the stamen 

for the higher We Galinstan experiment is clearly thicker than for 

the water experiment at similar Weber number. In addition, the 
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Fig. 19. Sketch of a deforming Galinstan droplet (grey) covered by an oxide layer 

(black) during bag breakup. 

inwards curvature and folding of separated sheets discussed in 

section 4.2.2 distinguishes the Galinstan case from the water case 

which shows a clearer separation of stamen and bag ( Fig. 18 , sec- 

ond row). With respect to the ring, we can see that the water ring 

is rather thick, stays intact, and develops several nodes and inden- 

tations at the windward side ( τ ∗ = 2.59). Zhao et al. (2010) state 

that five to eight nodes appear for the bag-stamen mode. The 

presented water case reflects this behavior, but an exact number 

of nodes is difficult to obtain as the nodes do not form clearly. 

In contrast, the Galinstan rings are thinner. rather straight and 

do not form nodes before breakup ( Fig. 18 , second row). Lastly, 

Fig. 18 shows that fragments of the Galinstan breakup are coarse, 

aspherical, and sharp-edged, whereas bag rupture for water pro- 

duces a fine mist. 

4.3. Influence of the oxide layer 

The previous section has highlighted several characteristic dif- 

ferences in breakup behavior that distinguish Galinstan from 

conventional liquids. Galinstan has a higher range of density 

and surface tension, but both property variations are accounted 

for through non-dimensional parameters. Previous sections have 

shown that this normalization eliminates differences with respect 

to the breakup morphology and early-stage deformation. Similarly, 

Chen et al. (2018) note that the influence of the density ratio is 

minimal. 

However, in contrast to conventional liquids, Gallium alloys 

are covered by a connected oxide layer when exposed to oxy- 

gen, which can influence the breakup mechanism. Literature pro- 

vides that the oxide layer forms rapidly even at low oxygen ex- 

posure but is self-limiting at a thickness of several nanometers 

( Daeneke et al., 2018 ). The oxide is an elastic solid that has a crit- 

ical yield stress ( Dickey, 2014 ), imparts mechanical stabilization to 

the liquid metal ( Dickey, 2014 ), and increases the effective dynamic 

viscosity ( Li et al., 2014 ). In addition, continuous oxide formation 

likely alters droplet shapes on the millisecond timescale or faster 

( Chen et al., 2018 ), i.e. during droplet breakup in the presented ex- 

periments. 

4.3.1. Change of the breakup mechanism 

Fig. 19 sketches the bag breakup of a Galinstan droplet in 

several stages. At the beginning of the experiment, the spherical 

droplet is covered by a connected oxide layer. This layer remains 

intact during the deformation into a disk and hemisphere, either 

because the initial oxide skin stretches, or because the droplet de- 

formation rate initially is low compared to the rate of new oxide 

formation. Due to continuous oxidation, the amount of oxide in- 

creases during the experiment. 

With increasing deformation, the oxide layer might not re-form 

fast enough. A reduction of effective surface tension could result, 

Fig. 20. Detailed record of bag fragmentation for a Galinstan droplet. The Weber 

number cannot be calculated accurately for this case due to inconsistent flow con- 

ditions. Circles highlight the contraction of fragments after rupture. The last image 

provides a zoom-in that shows the sharp-edged rupture lines and fragments. 

from σ ≈ 0.72 N/m at a fully oxidized interface to as low as σ ≈
0.54 N/m where liquid Galinstan is exposed. This change can cause 

a shift towards a higher effective Weber number, which can partly 

explain the observation of an earlier breakup time for Galinstan 

droplets. In addition, at one point, the stress in the oxide layer 

exceeds the critical yield stress and the layer ruptures. The re- 

maining exposed bulk liquid cannot support the deformation, and 

again a significantly earlier breakup time results. Fig. 20 shows that 

sharp-edged, frayed rupture lines appear that are reminiscent of 

cracks in solid mechanics ( Arienti et al., 2019 ; Chen et al., 2018 ). In 

the presented example, the rupture also manifests as an instanta- 

neous burst of the whole bag surface with detached pieces of oxide 

layer retracting due to their inherent elasticity ( Fig. 19 and Fig. 20 ). 

Overall, the breakup of the oxide skin appears more similar to a 

solid shell cracking under high tension ( Mott, 1947 ; Moulinet and 

Adda-Bedia, 2015 ) than to a liquid droplet breakup. 

The presented example focuses on bag breakup, but the change 

of the breakup mechanism occurs also in the other breakup 

regimes, albeit more locally. In the bag-and-stamen regime, the 

largest deformation and highest deformation rate appears at the 

inflating bags. Consequently, the critical yield stress is exceeded 

there, and the oxide layer in the bags breaks locally (compare 

Fig. 7 ). In the shear stripping regime, the drop does not deform 

strongly before breakup, but we do see strong local deforma- 

tion especially at the sheets that are drawn downstream (compare 

Fig. 5 ). The oxide layer ruptures under local high strain and liquid 

Galinstan is exposed to the flow. 

4.3.2. Fragmentation 

Fig. 18 and Fig. 20 also show that coarse, irregularly shaped 

fragments are entrained in the flow after bag rupture. This dis- 

tinguishes Galinstan from the very fine, spherical particles that 

are observed for water droplets. Chen et al. (2018) attribute the 

non-spherical shape of Galinstan fragments to the quick formation 

and the finite thickness of the oxide layer, which hinders the frag- 

ments from reaching a spherical shape and leads to a larger min- 

imum fragment size. We agree, but with respect to the provided 

observation of burst rupture, we would like to add a further de- 

tail. Large aspherical fragments mostly appear directly after bag 

breakup as remnants of the ruptured oxide layer. The more the 

bag extends and blows up, the more pronounced are the irregu- 

larly shaped fragments. For example, Fig. 20 shows irregular shapes 

more clearly than Fig. 18 , and a change can also be seen in image 

sequences presented earlier in this work. The reason is most likely 

the slower breakup and continuous oxidation during bag forma- 

tion when the Weber number is lower. More oxide is generated, 

and more and larger aspherical fragments remain after rupture. 

Experiments in the shear stripping regime do not show large 

irregularly shaped oxide fragments. However, it is possible that 

small oxide fragments are ripped off from the droplet periphery 

that cannot be identify due to the limits of the applied visualiza- 

tion. Similarly, we cannot judge accurately whether exposed liquid 
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Fig. 21. Bag rupture of a Galinstan droplet at We = 13.2 compared to a water droplet at We = 15 taken from Dai and Faeth (2001) with permission from Elsevier. Images 

are scaled to have a similar initial droplet diameter. 

Galinstan breaks into spherical or aspherical fragments when being 

exposed to the flow. 

4.3.3. Additional effects 

Apart from causing the burst breakup and aspherical fragmen- 

tation, the presence of the oxide layer seems to affect the breakup 

process also in other aspects. 

• The oxide layer spanning the droplet limits the deformation 

and affects the external shape, especially when high defor- 

mation rates are reached. For example, Galinstan bags inflate 

less, and the stamen in the bag-and-stamen regime is wider 

( Fig. 16 ). In addition, Galinstan droplets in the shear stripping 

regime show a straight frontal area, which indicates that a 

large, connected piece of oxide layer remains intact and affects 

the droplet shape ( Fig. 5 ). 
• Stamen structures are generated by intact oxide sheets folding 

inwards after bag rupture ( Fig. 7 ). However, because the oxide 

layer is solid, the sheets cannot recombine properly, and the 

stamen shape cannot adapt to the flow like in the case of water 

( Fig. 18 ). For thicker stamens, the oxide sheets trap air within 

the stamen, which explains why the stamen was found to be 

hollow earlier. 
• There is no formation of indentations and nodes on the ring for 

Galinstan droplets in the bag-and-stamen regime. This could be 

caused by the mechanical stabilization imparted by the oxide 

layer. However, it could also be an effect of the faster breakup, 

as instabilities leading to nodes simply may not develop quickly 

enough in the case of Galinstan. 

5. Summary and conclusion 

The present work carried out experiments on secondary at- 

omization with the liquid metal Galinstan. The first part of the 

analysis classified the morphology and the transition between 

modes, while the second part compared the results to conventional 

liquids. 

Provided that the Weber number is matched and that the time 

is nondimensionalized, experimental results show that the breakup 

morphology of Galinstan droplets is very similar to that of con- 

ventional liquids. We observe bag, bag-and-stamen, multimode, 

and shear stripping breakup with corresponding transition We- 

ber numbers of ~15, ~35, and ~80, respectively. The multimode 

regime shows further sub-features associated with dual bag mode 

and multibag mode, similar to conventional liquids. Compared to 

the literature, both the type of modes as well as the transition 

values match previous observations, e. g. in references ( Dai and 

Faeth, 2001 ; Guildenbecher et al., 2009 ). 

The first part also shows that there is a gradual transition be- 

tween the modes. Documenting this transition provides a reference 

for future work and helps to gain a more profound understanding 

of the physics. First, we present the initial deformation of droplets 

throughout the investigated Weber number range. The direct com- 

parison shows how the shape at the end of deformation defines 

the following breakup behavior. Secondly, we focus on the appear- 

ance and evolution of the stamen as the most dominant feature 

up to We ~50. We observe that with increasing Weber number, the 

stamen: 
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• grows in cross-stream diameter; 
• shifts upstream relative to the ring; 
• first becomes longer, then becomes shorter until it is more ac- 

curate to speak of a core droplet than a stamen. 

Corresponding to the stamen becoming more dominant, bags 

inflate less and start to show asymmetry. At one point, sheets at 

the droplet periphery do not support bag formation anymore, but 

instead directly bend downstream. After that, the breakup mor- 

phology transitions to shear stripping. 

The classification, as well as the observations for the transi- 

tion are in accordance with the theory of R-T instability. We ob- 

serve the transition from bag to bag-and-stamen around a value of 

d c,max / λmax = 1.5 and see features of the dual bag mode around a 

value of 2.5. 

The second part of this study provides a direct comparison of 

Galinstan to conventional liquids. Fig. 21 summarizes the findings 

and highlights the observed similarities and differences. The figure 

shows the breakup of a Galinstan droplet at We = 13.2 compared 

to the breakup of a water droplet at We = 15 taken from Dai and 

Faeth (2001) . The initial droplet deformation is very similar both 

qualitatively and quantitatively, which is a trend that is confirmed 

for all conducted experiments. Across the full range of investigated 

Weber numbers, our results match correlations in the literature 

and own reference experiments with respect to the initial defor- 

mation time τ ini and the maximum cross-stream diameter d c,max . 

This shows that neither different fluid properties, nor the presence 

of the oxide skin noticeably influence the initial deformation of the 

drop. 

In contrast, time instants after the initial deformation show 

a clearly different breakup behavior for Galinstan droplets. Main 

findings are highlighted exemplarily in Fig. 21 and can be summa- 

rized as: 

• Galinstan droplets show an earlier onset of breakup of �τ ≈
0.5 – 1 compared to conventional liquids. 

• When forming bags, Galinstan droplets burst open suddenly 

and show sharp-edged rupture lines reminiscent of solid me- 

chanics ( Fig. 21 , Galinstan at τ ∗ = 1.95). 
• Deformation of Galinstan droplets appears limited. For example, 

bags inflate to a smaller size, stamens appear hollow, toroidal 

rims for Galinstan do not form nodes, and droplets in the 

shear stripping regime show a straight frontal area during the 

breakup. 
• Coarse irregularly shaped fragments result from the rupture of 

the oxidized layer. 

These observations along with results of previous studies sug- 

gest that the oxide layer covering Galinstan surfaces is the differ- 

entiating factor that changes the breakup behavior ( Arienti et al., 

2019 ; Chen et al., 2018 ). The oxide layer spans around the droplet 

and seems to limit the droplet deformation when higher deforma- 

tion rates are reached. In addition, once a critical value is exceeded, 

the oxide layer ruptures and Galinstan droplets burst open like a 

solid shell rather than a liquid droplet ( Mott, 1947 ; Moulinet and 

Adda-Bedia, 2015 ). 

The present work provides an extensive look into the breakup 

behavior of oxide-forming liquid metal droplets. It can directly im- 

pact applications where Galinstan is atomized and sprayed on sub- 

strates, e.g., to create stretchable electronics ( Jeong et al., 2015 ; 

Zhang et al., 2014 ). More importantly, it is a first step into studying 

secondary atomization of metal droplets in general. Observations 

of the behavior can be transferred to other oxide-forming metals, 

such as aluminum or titanium alloys, that are of higher practical 

interest in applications like powder metallurgy and additive man- 

ufacturing. In addition, the work can serve as a reference for future 

numerical or experimental work and can help adjust modelling ef- 

forts that currently are validated against the behavior of conven- 

tional liquids. Nevertheless, further fundamental research into this 

topic is required to correlate the behavior of different metals and 

quantify the breakup. Next steps should target molten metals at 

higher temperatures, where the complex effect of changing fluid 

properties with changing temperature must be considered. Espe- 

cially the behavior near the solidification point is challenging and 

of practical relevance in many applications. 
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ABSTRACT

This work investigates the breakup of liquid metal droplets experimentally using a shock tube. Droplets of Field’s metal melt are produced
and their flow-induced deformation and rupture are captured by a high-speed camera. Results are compared to previous data on Galinstan
droplet breakup using image sequences and deformation data. Regarding differences, we find that Field’s metal droplets show slightly larger
deformations and breakup into a larger number of smaller fragments, especially at low Weber numbers. We expect this to be an effect of dif-
ferent oxidation rates. However, both oxidizing metals show a very similar behavior with respect to the breakup morphology, transition
between modes, and the timing of the deformation across the investigated Weber number range of 10–100. In addition, core features that dis-
tinguish the breakup of metals from that of conventional, water-like liquids are confirmed. Based on the similarities, we propose that the
findings can be generalized to also represent other oxide-forming metals. Weber number-dependent fits are presented for the initial deforma-
tion time, the time of the onset of breakup, and the maximum cross-stream diameter. In addition, we provide an empirical fit for the time-
dependent cross-stream deformation and evaluate it against experimental data and models from the literature. The fits can be used directly
in numerical studies or help improve current breakup models.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0064178

I. INTRODUCTION

Atomization of metal melt is a core technology that enables a
large variety of applications like spray forming or spray deposition
processes.1,2 It also enables metal powder production which is used,
for example, in rocket propulsion or additive manufacturing proc-
esses.3–5 Nevertheless, atomization of metallic alloys remains challeng-
ing with respect to the quality and controllability of the final product
as well as in terms of efficiency.6

The atomization process can be separated into two main mecha-
nisms: primary breakup and secondary breakup.7–9 Primary breakup
describes the transition of a bulk liquid to ligaments and large droplets,
whereas secondary breakup refers to the fragmentation of a single
droplet by aerodynamic forces.9,10 Secondary atomization is exten-
sively studied for liquids such as water, ethanol, or Diesel,11–16 which
we consider as conventional liquids. However, not all related findings
can directly be transferred to metal melts,5 because the breakup of
metal droplets adds further complexities to the breakup process. Fluid
properties like the thermal conductivity, viscosity, and surface tension
change with temperature, especially near the solidification tempera-
ture.17,18 In addition, many metals, even when being liquid at room

temperature, provide significantly different properties such as higher
ranges of density and surface tension19 and can be subject to the for-
mation of an oxide layer.20

For conventional liquids, it has been well established that second-
ary breakup is mainly determined by two non-dimensional numbers,
the Weber number (We) and the Ohnesorge number (Oh).21,22 The
Ohnesorge number relates the dynamic viscosity (ld) with the initial
diameter (d0), the surface tension (r), and the density (qd) of the liquid
drop,

Oh ¼ ld=
ffiffiffiffiffiffiffiffiffiffiffiffi
qdd0r

p
: (1)

For Oh� 0.1, as applies for this work, the influence of liquid viscosity
on the breakup regime is negligible, and the Weber number remains
as the dominating parameter.10 The Weber number represents the
ratio between the disruptive aerodynamic force and the restorative sur-
face tension and is written as

We ¼ qgug
2d0=r: (2)

Here, qg and ug represent density and velocity of the surrounding gas
or fluid flow. Droplet breakup modes vary with increasing Weber
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number. Typically, they are distinguished as bag, bag-and-stamen,
multimode, and shear stripping breakup with transition We of �15,
�40, and �80, respectively.23 Depending on the literature, however,
different transition Weber numbers are found, and the names of the
modes can vary.14,22–28

Concerning metal droplet breakup, there are several works that
study liquid–liquid systems experimentally,29–31 numerically,32 or ana-
lytically.31 However, these works do not represent the fragmentation
process in gas-liquid systems adequately due to much lower density
ratios, different orders of magnitude in heat transfer, and different
interface mechanisms like the generation of vapor bubbles.33 With
respect to metal droplet breakup in gas, there are single experiments
available for mercury34,35 and some more recent studies using
Galinstan, an oxide-forming metal that is liquid at room temperature.
The breakup of Galinstan has both similarities and differences com-
pared to liquids like water.19,36,37 The breakup morphology follows the
same pattern of bag, bag-and-stamen, multimode, and shear stripping
with increasing Weber number, and transition values match those of
conventional liquids.37 In addition, the initial deformation of Galinstan
droplets is similar to other liquids with respect to the initial deformation
time and corresponding cross-stream diameter.37 However, the onset of
breakup is significantly earlier for Galinstan, and the fragmentation
appears more abruptly. Furthermore, bags break with fracture lines that
are more akin to solid mechanics, and the resulting fragments are non-
spherical and sharp-edged. All effects are related to the oxide layer form-
ing on the surface of the Galinstan droplet.19,36,37

However, only data on the breakup of Galinstan droplets are
available so the question remains how well previous observations gen-
eralize and can be applied to other oxide-forming liquid metals like
aluminum or titanium alloys.17,38 In addition, it is unclear to what
extent and regarding which aspects different oxidation parameters
affect or change the breakup behavior. Therefore, this work employs
Field’s metal (FM), a low melting point eutectic metal alloy that also is
subject to oxidation,33,39 to expand the data set. Using the collective
data of Galinstan and FM droplet breakup, we provide empirical fits
for breakup times and droplet deformation as a representation for oxi-
dizing liquid metals. In addition, a thorough study of differences
between the two metals is conducted to evaluate further influencing
factors like the oxidation rate.

II. METHODS
A. Experimental facility

Experiments are conducted with a shock tube that has been
established for droplet breakup studies.37,40,41 Details of the experi-
mental setup can be found in the corresponding works, but an over-
view and an explanation of some changes are also presented here.
Figure 1 shows a sketch of the shock tube and the droplet generator
developed for metal melts. With respect to the shock tube, we
increased the experiment time of constant flow conditions by modify-
ing the setup compared to previous works. The cookie-cutter upstream
of the test section, which is used to remove boundary flows and to
enable the transition from the tube to the 190mm � 190mm square
test section, was replaced by a longer version. In addition, a shorter
cookie-cutter was installed downstream of the test section. Thus, the
rectangular area of the test section was effectively prolonged, removing
unwanted wave motion. Steady flow conditions last for 4.0–4.2 ms for
the current experiments, covering the deformation and breakup of the
droplets unless otherwise specified. In some cases, we show image
series that extend to late-stage breakup when flow conditions are non-
constant. To highlight this, we mark the time with an asterisk “*” in
these cases.

The shock-induced flow interacts with single droplets that are
expelled from a droplet generator through a needle into the test sec-
tion. The droplet generator for the Field’s metal is highlighted in Fig. 1
and consists of a furnace including two heating cartridges. Connected
to the funnel of the furnace is a luer lock needle adaptor and steel
capillaries typically of size G30. The metal is melted in the furnace,
and drops are expelled by creating a pressure pulse in the fluid cham-
ber. A temperature sensor and a temperature control keep the furnace
within6 2 �C of the target temperature, which was set to 90 �C for the
majority of the experiments. This represents a good estimate for the
temperature of the liquid in the furnace, while the temperature of
the drop forming at the needle tip is expected to be slightly lower. The
effect of the temperature and experiments operating at a lower target
temperature is discussed in Sec. IIIA.

As in previous studies,37,40,41 we apply PCB Piezotronics ICP®
fast-response pressure sensors to measure the shock velocity. Post-
shock flow properties are then calculated from pre-shock conditions

FIG. 1. Sketch of the shock tube and the droplet generator for Field’s metal.
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using moving shock relations and are evaluated in comparison with
the measured static pressure at the wall of the test section.

We record shadowgraph and backlight image sequences with a
Shimadzu HyperVision HPV-X ultra-high-speed camera. The camera
records 128 consecutive images with a resolution of 400 � 250 pixels
and is operated at framing rates of 20–50 kfps. The z-type shadow-
graph system has been used previously,40,41 and the backlight system
follows a standard setup, with an LED array illuminating a ground
glass diffuser to provide a uniform background light. The camera is set
up perpendicular to the flow and uses a lens to focus on the plane of
the drop.

B. Liquid metal properties

Table I provides an overview of key fluid properties of the two
studied metals. Water is listed as well to represent conventional liquids
and to highlight key differences. Fluid properties for Galinstan are taken
as in our previous work as qGal¼ 6440kg/m3, rGal¼ 718mN/m, and
lGal¼ 2.4 mPa�s for the density, surface tension, and viscosity, respec-
tively.37 Field’s metal is a nontoxic eutectic alloy with component per-
centages by weight of 32.5% bismuth, 51% indium, and 16.5% tin, and a
melting point at 62 �C.42 The density is temperature dependent and fol-
lows the relation43

qFM ¼ 10:6555� 0:0085 � T: (3)

Here, the density of FM, qFM, is in g/cm3 and temperature T is in
Kelvin. The viscosity is shear rate dependent and shows shear thinning
behavior.44 Measurements range between 10 and 30 mPa�s42–44 for the
current temperature. With that range, the viscosity is low compared to
the surface tension (Oh< 0.01) for the current experiments, and We
remains as the dominating parameter.10

Exact data of the surface tension are important to correctly esti-
mate the Weber number. However, measurements for the surface ten-
sion of FM are available only in few works. Hadj-Achour et al.42

provided a value of rFM � 410 mN/m, but neither a source nor con-
text is provided. In the corresponding work, a value of 500 mN/m is
listed.45 Kouraytem et al.33 assumed a bimodal bismuth-indium alloy
and obtained a theoretical value of rFM � 400 mN/m and measured a
value of rFM � 410 mN/m at 108 �C with a pendant drop method.46

They note a rapid succession of a few drops to minimize oxide forma-
tion on the surface, which is critical as the pendant drop method usu-
ally requires static conditions to establish equilibrium.47,48 It is also not
representative for our experiments where drops are exposed at least
for some seconds to the ambient air before the atomization and so oxi-
dation effects need to be taken into account. Consequently, we

measured the effective surface tension of FM in air with the pendant
drop method and the relation48

rPD ¼ gDqR2
0=b: (4)

Here, g is the gravitational acceleration, Dq is the density difference of
the two fluids (FM and air), R0 is the radius of the apex curvature of
the drop, and b is the shape factor. The shape factor was calculated
after Hansen and Rodsrud49 using the two characteristic diameters ds
and de,

b ¼ 0:12836� 0:7577
ds
de

þ 1:7713
ds
de

� �2

� 0:5426
ds
de

� �3

: (5)

As shown in Fig. 2, de is the maximum diameter of the drop and ds is
the diameter at the droplet neck taken at the height of de from the
apex of the drop.

Validating with Galinstan, we obtain a mean value and standard
deviation of rGal,PD¼ 7006 20 mN/m, confirming the literature value
within 2.5% of the mean. For FM, we measure rFM,PD¼ 565 6 67
mN/m at 90 �C. The relatively high variance results because metal
droplets in our measurements could not be kept fully stationary at the
needle tip. For this work, we take the surface tension of FM as
rFM¼ 565 mN/m according to the mean of the measurement.
Sections III B and IVA will show that the resulting Weber numbers fit
well with the expected breakup behavior, confirming the chosen value.

As noted in Table I, Field’s metal, like Galinstan, but in contrast
to liquids like water, is subject to oxidation when exposed to air,33,39 as
are all its individual components.39,50,51 However, details of the oxida-
tion process of FM or the properties of its oxide skin are rare.
Oxidation times are noted occasionally but range from seconds42 (the
time it takes to form a droplet) up to several minutes.39 The experience
of this work indicates that surface oxidation appears rather quickly.
For example, an appendix forms when droplets detach from the needle
tip, leading to an aspherical shape. This is also a common observation
for Galinstan droplets and is associated with the formation of an oxide

TABLE I. Summarized are key fluid properties of the studied liquid metals and
water, which is listed to represent conventional liquids. Listed are values for the den-
sity (q), the surface tension (r), the viscosity (l), and the freezing temperature
(Tfreeze).

Liquid q (kg/m3) r (mN/m) l (mPa�s) Oxidation Tfreeze

Galinstan 6440 718 2.4 Oxidizing −19 �C
Field’s metal 7570–7700 565 21 Oxidizing 62 �C
Water 998 72 1 Non-reactive 0 �C FIG. 2. Pendant metal drop illuminated in background light with parameters char-

acterizing the droplet shape.
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layer.52–54 In addition, Secs. III B and IIIC will show that several
aspects of the breakup are reminiscent of Galinstan and its oxide layer,
albeit not always to the same extent.

C. Data analysis

For the present experiments, the time t is defined as zero at the
moment the shock passes the droplet. For consistency and compara-
bility with previous literature, t is normalized by the characteristic
transport time after Ranger and Nicholls,55 yielding the dimensionless
time s,

s ¼ t�ug=d0
ffiffiffiffiffiffiffiffiffiffiffiffi
qg=qd

q
: (6)

Two characteristic breakup times are of importance – the end of initial
deformation sini, and the onset of breakup sb: In the bag and the bag-
and-stamen mode, sini defines the time instant when the deformed
droplet resembles a flat disk, right before the bag inflation starts.22,56

In the shear stripping mode, sini is reached when a sheet or ligament at
the droplet periphery is drawn downstream of the drop for the first
time.22 In both cases, this time instant is found by comparing images
and checking the streamwise diameter for its minimum. The second
characteristic time sb, representing the onset of breakup, is taken at
the first sign of fragmentation. For low Weber numbers, this coincides
with bag rupture, and for higher We, this coincides with shedding of
fragments from sheets or ligaments.

With respect to the video data, recorded images are processed
with background subtraction, contrast stretching and super-resolution
using MATLAB’s Very Deep Super-Resolution convolutional neural
network.57 Automated MATLAB scripts, using a fixed length as refer-
ence, provide values for the equivalent droplet diameter d, the cross-
stream diameter dc; the streamwise diameter dx, and the position of
the mass center xmc. A subscript of “0” denotes respective initial condi-
tions and dc,max marks the maximum cross-stream deformation which
is taken at sini. Figure 3 shows a sketch corresponding to the analysis.
The flow is from left to right for this sketch and all following figures.
For several FM droplets, an appendix affects the analysis, especially at
the beginning of the breakup. To make the data comparable, data

points are corrected by adjusting the dimension so as to omit the
appendix.

To provide further analysis, we apply a simple, automated image
processing and region property determination in MATLAB. The algo-
rithm creates a binary map of the selected images and identifies frag-
ments after the breakup. The results from one or several images are
then summarized with respect to the size and quantity of the frag-
ments. An example of a raw and processed image is shown in Fig. 4.
The process is limited by the optical setup and the resolution. The
smallest identifiable fragments are of the size of one pixel, which
results in equivalent minimum fragment diameters of �50 lm. The
algorithm identifies individual particles accurately but is limited for
larger connected structures or particle clusters. This method is used in
this work for a direct comparison of conducted experiments and helps
to determine differences as shown in Sec. III C 2.

III. EXPERIMENTS

As highlighted in the introduction, previous works have shown
that Galinstan breakup shows differences compared to conventional
liquids like water. These differences, e.g., an earlier rupture and the for-
mation of aspherical fragments, are associated with the oxide layer
forming on the droplet surface.19,36,37 The introduction also highlights
that additional studies on the droplet breakup of metals are not readily
available. Therefore, this work presents experiments using Field’s
metal. In addition to providing necessary additional data, this can help
confirm previous results and enhance their meaningfulness to a more
general level. The hypothesis is that if both metals show a similar
breakup, then also other oxide-forming metals are likely to show simi-
lar trends. This would be especially true for aluminum, as it is part of
the same group in the periodic table of elements as gallium and
indium, which are the main components of Galinstan and FM, respec-
tively.58 This suggests that aluminum reacts similarly and forms simi-
lar compounds to the metals studied in this work.58

To evaluate the hypothesis, the Sec. III B provides representative
image sequences for direct comparison of FM and Galinstan along
with quantitative data of droplet deformation. The focus lies on deter-
mining similarities that would support a generalization of the behav-
ior, but also on detecting differences. Studying differences helps to
determine other potential influencing factors, to better understand the
effect of oxidation on the breakup, and to determine potential limita-
tions of the hypothesis.

FIG. 3. The cross-stream diameter dc, the streamwise diameter dx, and the posi-
tion of the mass center xmc at the start of the experiment (left, with subscript “0”),
during the deformation phase (middle), and at the end of initial deformation (right,
at sini, providing dc,max). Flow direction is from left to right.

FIG. 4. Raw image (left) and binarized image (right) of a droplet breakup. The
circles highlight the center and size of the detected fragments.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 102114 (2021); doi: 10.1063/5.0064178 33, 102114-4

Published under an exclusive license by AIP Publishing



For Galinstan droplet breakup, we use data from our previous
work,37 complemented by some newly conducted experiments. For
Field’s metal, all experiments were conducted using the new setup.

A. Temperature effect

Before focusing on oxidation effects, it has to be evaluated
whether the breakup of FM droplets is affected by thermal effects like
changing fluid properties or partial solidification. In contrast to
Galinstan and other liquids like water as shown in Table I, FM has a
melting point that is higher than the surrounding gas temperature at
the beginning of and during the experiments. However, calculating the
heat transfer from dimensionless numbers shows that the temperature
change of the FM melt is almost negligible.59 The temperature drops
only around �1.5K during the fall of around 10 cm into the test sec-
tion before the experiment. During the experiment, a spherical droplet
cools even less, due to the short experimental time on the order of
milliseconds and the lower temperature difference to the surrounding
gas due to the shock-induced heating. Consequently, a strong temper-
ature effect can only be expected when droplets are close to the solidifi-
cation point at the beginning of the experiment. For most
experiments, the furnace temperature was set to 90 �C because it pro-
vided a controllable and repeatable droplet production. However, we
put great effort into producing droplets closer to the solidification

point by lowering the furnace temperature. We managed droplet pro-
duction at a furnace temperature as low as 75 �C, but lowering the
temperature further resulted in freezing at the thin needle tip. Several
experiments in the range of 75–80 �C were conducted but showed no
differences to the other experiments, suggesting that temperature
effects are not significant for this study. However, this topic should be
considered for future studies. Partial solidification has a strong effect
on the breakup morphology, and the influence on final particle shapes
in gas atomizers is of high practical interest.

B. Image sequences

1. Bag breakup

The following two image series compare the bag breakup of a
Galinstan droplet atWe¼ 14.6 (Fig. 5, Multimedia view) and a Field’s
metal droplet at We¼ 13.9 (Fig. 6, Multimedia view). The cases show
aspects of stamen formation and can thus be considered transition
cases to the bag-and-stamen mode.

The experiment in Fig. 6 also shows that the effect of a small
appendix on the droplet deformation and breakup is minimal. Within
one quarter of the initial deformation time, the appendix merges into
the droplet, and by half of sini no asymmetry in the shape of the
deforming drop can be observed. Thus, an accurate analysis of the
deformation can be achieved.

FIG. 5. Galinstan, shadowgraph, d0¼ 1.28, and We¼ 14.6. Multimedia view:
https://doi.org/10.1063/5.0064178.1

FIG. 6. FM, shadowgraph, d0¼ 1.66, and We¼ 13.9. Multimedia view: https://doi.
org/10.1063/5.0064178.2
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Comparing the two image sequences, a strong similarity in shape
and time evolution can be concluded, especially regarding the defor-
mation before rupture as shown in the left columns. Figure 7 confirms
this quantitatively by showing that the droplet deformation over time

s with respect to the cross-stream diameter dc, and streamwise diame-
ter dx, follows nearly identical lines for the two experiments. For
Galinstan, both diameters increase faster toward later times, but this is
likely only an effect of the slightly higher Weber number.

Regarding the right columns of the image series, we can observe
that the onset of breakup at sb is slightly later for the FM case, and the
corresponding hemisphere appears a bit larger. Fragments visible in
the last frames appear smaller and more uniform for the FM case. This
difference along with the later breakup and the extended bag inflation
at sb in the FM case are minor, but noticeable. Their significance and
cause are discussed in more detail in Sec. IIIC.

2. Bag-and-stamen

Two image sequences in this section show the breakup behavior
in the bag-and-stamen mode. The Galinstan experiment is at
We¼ 21.7 (Fig. 8, Multimedia view), and the FM experiment at
We¼ 22.0 (Fig. 9, Multimedia view).

Again, the deformation of the two metal droplets is very similar.
The time evolutions and shapes match almost exactly, and all main
steps of the breakup, like the stamen appearance and the ring

FIG. 7. Change of cross-stream diameter dc and streamwise diameter dx normalized
by the initial diameter d0 over normalized time s. The data points correspond to the
experiments shown in Figs. 5 and 6 with WeGal¼ 14.6 and WeFM¼ 13.9, respectively.

FIG. 8. Galinstan, shadowgraph, d0¼ 1.32, and We¼ 21.7. Multimedia view:
https://doi.org/10.1063/5.0064178.3

FIG. 9. FM, shadowgraph, d0¼ 2.06, and We¼ 22.0. Multimedia view: https://doi.
org/10.1063/5.0064178.4
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formation, are observed equally for both metals. A quantitative analy-
sis of the droplet deformation is presented in Fig. 10 and confirms the
very similar behavior.

Nevertheless, small differences can be seen from the direct com-
parison. The time instant of breakup is almost equal, but a bit later for
the FM experiment. The inflated bags for the FM experiment appear a
bit larger and the stamen slightly thicker. As in the previous case, the
fragments after bag rupture seem smaller and more uniform for the
FM case.

3. Multimode

A direct comparison of the breakup of the two metals in the
multimode regime is presented in Fig. 11 (Multimedia view) for
Galinstan at We¼ 42.9 and in Fig. 12 (Multimedia view) for FM at
We¼ 40.4.

Like for the lower Weber number cases, the qualitative similarity
of the breakup is high. The initial deformation concludes at exactly
sini¼ 0.87 in both cases and follows the expected patterns. After that,
the Galinstan droplet does not breakup fully symmetrical, but this is a
common observation in the chaotic nature of the multimode regime.24

In addition, the time evolution of the two cases diverges slightly after
the first bag rupture, but the observed breakup patterns match well
throughout. Quantifying the deformation, Fig. 13 shows almost equal
lines for the two experiments both for the cross-stream and the
streamwise droplet deformation.

The small differences noted in Secs. III B 1 and IIIB 2 are more
difficult to observe here. While the same trends persist, the bag infla-
tion and onset of breakup now appear more similar than for lower
We, as do the fragment shapes and sizes after rupture.

C. Comparing Field’s metal and Galinstan

The exemplary experiments have shown that the general breakup
behavior is very similar for the two metals with respect to the breakup
morphology, the transition between the modes, and the timing of
the deformation. In addition, main characteristics that distinguish

FIG. 10. Change of dc and dx normalized by d0. WeGal¼ 21.7 and WeFM¼ 22.0
corresponding to Figs. 8 and 9, respectively.

FIG. 11. Galinstan drop, shadowgraph, d0¼ 1.99, and We¼ 42.9. Multimedia
view: https://doi.org/10.1063/5.0064178.5

FIG. 12. FM drop, shadowgraph, d0¼ 1.89, and We¼ 40.4. Multimedia view:
https://doi.org/10.1063/5.0064178.6
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oxidizing metals from conventional liquids like the appearance of
sharp-edged rupture lines and earlier breakup37 are confirmed also for
FM. This suggests that a generalization of the observations is feasible.
This generalization is presented in the form of empirical fits in Sec. IV
and is representative also for other oxidizing liquid metals.

However, looking even at small differences can be very instruc-
tive. Differences can help determine to what extent different oxidation
parameters affect the breakup behavior and they can point out poten-
tial limitations of the generalization approach. Representative experi-
ments in Sec. III B have highlighted that the breakup of FM and
Galinstan droplets differs slightly in two aspects:

• FM bags inflate a bit more before rupture and their time of onset
of breakup is a bit later.

• A larger number of smaller and more uniform fragments result
from the breakup of FM droplets.

Both aspects are addressed in the following for additional insight.
An explanation for the differences is proposed.

1. Onset of breakup and extent of deformation

It has been shown for some examples in Sec. III B that the onset
of breakup is postponed for FM. This behavior is also confirmed in
Sec. IV in Fig. 18. The difference is small and limited to experiments
ofWe< 30 but appears consistently.

Figure 14 provides a quantitative analysis of the drop extension
at sb for experiments up to We¼ 60. It shows both the streamwise
(dx) and cross-stream (dc) extension. Looking at the difference
between the two metals, we can see that the deformation before rup-
ture is higher for FM in both dimensions. The gap is clear for low
Weber numbers but diminishes aroundWe � 45 for dx andWe � 35
for dc. For higher Weber numbers, the data points of the two metals
are scarcer, but the values start to overlap and converge.

2. Fragment sizes

We apply the image processing as described in Sec. IIC to quan-
tify differences regarding the number of fragments and their sizes after
rupture. For similar Weber numbers, images for both metals are
selected from a timespan that starts after the higher value of sb and

lasts for Ds¼ 0.3. For example, for We¼ 19.9, the onset of breakup is
at sb¼ 1.66 for Galinstan and sb¼ 1.7 for FM, and we choose a time-
span ranging from s¼ 1.7–2.0 for both metals for the analysis. For the
selected images, the script sums up the number and sizes of the
detected fragments and filters the result for fragments smaller than a
normalized equivalent diameter deqv/d0¼ 0.2. As an example, Fig. 15
displays the cumulative mass fraction of the detected fragments for
We¼ 19.9, confirming that FM droplet breakup leads to smaller frag-
ments compared to Galinstan droplet breakup.

Complementing the figure, Table II displays the Sauter mean
diameter (SMD) and number of detected fragments for the case of Fig.
15 and several other cases at different We. It shows that the SMD of
FM fragments is smaller, and that the number of fragments is signifi-
cantly higher. Both trends are stronger for lower We, and differences
almost diminish for the case of We� 40, confirming previous
observations.

FIG. 13. Change of dc and dx normalized by d0. WeGal¼ 42.9 and WeFM¼ 40.4
corresponding to Figs. 11 and 12, respectively.

FIG. 14. Extension of the inflated drops in streamwise (dx), and cross-stream (dc)
direction at the onset of breakup (sb) for different We. All values are normalized by
d0.

FIG. 15. Cumulative mass fraction for fragments at We¼ 19.9. A time range of
s¼ 1.7–2.0 was chosen, and 16 images per experiment within that time range
were used for the analysis.
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3. Oxidation rate

An aspect that can explain the observed differences is the oxida-
tion rate of the two metals. It is commonly stated that oxidation and
re-formation of the oxide layer of Galinstan occur rapidly,19,54,60 while
this is not as clear for FM. As highlighted in Sec. II B, we expect rapid
oxidation also for FM, but not to the extent of Galinstan.

A reduced oxidation rate would lead to less oxide formation
during the deformation of the droplet. Consequently, more pure liq-
uid would remain. This facilitates deformation and leads to extended
bag formation and later breakup times, as observed. In addition, the
resulting fragments are a mix of the remnants of the oxide layer and
exposed liquid. Liquid parts of the droplet can break into finer and
more spherical fragments, which explains the observed differences in
the number of fragments in Table II. A difference in the oxidation
rate also explains why we notice a dependency on the Weber num-
ber. For low We, the breakup times are longest, while for increasing
We, they are greatly reduced. In the current range, breakup times are
typically halved (in milliseconds) when doubling We. Consequently,
there is less time at higher We for the continuous oxidation to have
an effect, and thus, differences are harder to notice. In addition, a
higher We means that significantly higher forces act on the droplet
rendering material differences, such as the level of oxidation, less
important. Because of both aspects, differences in the oxidation rate
have a stronger effect and manifest more clearly for low Weber
numbers.

Overall, differences are observed mainly within the details of the
breakup evolution, while general aspects of the breakup remain very
similar for the two metals. However, the effect on the fragment size
distribution appears significant and can be relevant in many applica-
tions. To understand the effect of the oxidation rate better, this topic
should be considered for future investigations. For example, oxidation
could be controlled by using inert gases.

IV. DATA FITTING

In many practical atomization applications, the secondary atomi-
zation comprises only one part of the whole process. For example, in
metal powder production or spray applications, it is also important to
consider other aspects like the primary breakup,61 the design of the
melt tip,62 gas pressure,63 gas selection, and vacuum conditions,64 as
well as the flow structure within the atomizer.9 Therefore, most holistic
studies of gas atomization, especially numerical investigations, do not
resolve the individual droplet breakup in detail but instead model
it.7,9,65–67 Otherwise, the complexity of the analysis or the computa-
tional costs would exceed reasonable levels.

Regarding secondary atomization, the data for validation of
breakup models are typically taken from experiments with conventional
liquids. However, it has been shown that metal breakup evolves differ-
ently.19,36,37 In addition, Sec. III B has supported our hypothesis of a
similar breakup behavior of oxide-forming metals. FM and Galinstan
do show the same behavior in all main aspects of breakup, which is fur-
ther confirmed by the full data set presented in this section. Thus, we
use the combined data set to summarize the findings and to provide
empirical fits that can be used in numerical studies or serve as data for
model validation. The fits represent the behavior and trends observed
for the breakup of oxide-forming liquid metals.

A. Characteristic breakup parameters

In this section, we summarize all the conducted experiments
with respect to the characteristic time instants sini and sb, as well as
the normalized cross-stream deformation dc,max/d0. This confirms
findings observed in Sec. III and provides fits for the use in future
works.

Figure 16 summarizes the initial deformation time for all con-
ducted experiments. Data points show that Galinstan and FM follow
the same trend and complement each other, confirming their strong
similarity. As shown previously,37 this also means that the initial defor-
mation time of both metals is similar to that of more conventional
liquids. All data points were used to find a fit that is valid for the exper-
imental range of We � 10–100. It was added to the figure and can be
written as

sini ¼ 1:25 e�0:022We þ 0:35: (7)

The normalized maximum cross-stream deformation dc,max/d0 corre-
sponding to sini is shown in Fig. 17. It confirms the similarity of the
two metals also with respect to the deformation. The value of dc,max/d0
rises quickly for low Weber numbers and then peaks at a value of
�2.1 at We �30 before slowly decreasing again. An empirical fit that
is valid for the experimental range can be written as

dc;max=d0 ¼ 1þ We

We=8ð Þ2 þ 14
: (8)

TABLE II. Sauter mean diameter (SMD) and number of fragments nfrag detected for
Galinstan and FM droplets.

We

Galinstan Field’s metal

SMD/d0 nfrag SMD/d0 nfrag

19.9 0.146 554 0.120 3199
21.7/22.0 0.144 617 0.114 2458
26.5/28.2 0.114 1699 0.111 2211
42.9/40.4 0.116 2655 0.117 3095

FIG. 16. Initial deformation time sini for droplet breakup experiments with Galinstan
and Field’s metal. A data fit, as in Eq. (7), is plotted as a solid gray line.
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The data points and the empirical fit compare favorably, especially at
lowWe, with the correlation of Zhao et al.56 which is based on experi-
ments with water and ethanol. However, we observe some differences
for higher We, as the present fit now includes a decrease after the ini-
tial peak instead of a constant value.

Figure 18 shows the time of onset of breakup sb for the con-
ducted experiments. Note that breakup times for some experiments at
low We fall into non-constant flow conditions. Although they still
show a very similar behavior, those data points are excluded from the
figure. In general, the data points of the two metals match well, but for
lowWeber numbers, sb is consistently a bit higher for FM. A zoomed-
in window in the figure highlights this trend that has already been
observed in Sec. III B and has been discussed in Sec. IIIC. While it is
noticeable, the overall difference remains small. Therefore, all data
points are used again to obtain a fit of sb that is valid for the range of
We�10–100 and is written as

sb ¼ 2:2 e�0:027We þ 0:4: (9)

While differences between the two metals are small, the difference to
conventional liquids regarding sb is high. The significantly earlier rup-
ture observed for Galinstan droplets37 can be extended to Field’s metal
droplets.

It should be emphasized that the present empirical fits are not
validated for We > 100. For the cross-stream deformation, the value
tends to dc,max/d0¼ 1 for We higher than the shown range, which is
not an ideal representation. In contrast, the fits for the timings provide
a reasonable estimate when compared to conventional liquids40 due to
the remaining constant terms.

B. Cross-stream deformation

In addition to the time evolution of metal droplet breakup, also
the deformation of the droplet is important. A summary for dc,max is
provided in Sec. IVA, but of great interest is also the time dependent
deformation, especially in the cross-stream direction. It is, for example,
essential to calculate the drag force on the deforming droplet in the
flow field. Large interest in this topic is reflected in the literature, nota-
bly also in recent works. For example, Stefanitsis et al.15 summarized
empirical correlations for droplet deformation as well as theoretical
and semi-analytical droplet breakup models. In addition, they propose
improvements for two long existing models, namely, an improved
Taylor analogy breakup (TAB) model and a modified Navier–Stokes
(M-NS) model. For both models, several parameters are found by fit-
ting to simulation results and experimental works that are based on
conventional liquids. A very detailed modeling approach of the radial
expansion rate is also provided by Jackiw and Ashgriz12 following the
internal flow concept of Villermaux and Bosa.68 They also estimate
some parameters based on what they observe in their experiments
with water.

Here, we provide our own fit based on the experiments. In addi-
tion, we evaluate to which extent the present fit and other models
from the literature can capture the cross-stream deformation of liquid
metal droplets.

1. Formulation of the empirical fit

An overview for some of the experiments discussed in this work
is presented in Fig. 19. It shows that the use of the dimensionless time
does not collapse the experiments into a single line, but that instead
there is a strong Weber number dependency. However, the lines
appear self-similar to some extent, so incorporating the Weber num-
ber as part of the time axis appears promising. Hence, this was done
for Fig. 20, which shows a much more uniform behavior for the sum
of the experiments. While this procedure was based on the observa-
tions from our data, considering the Weber number in deformation
models is common. Hsiang and Faeth35 apply it for their empirical
correlation as do many mathematical models such as the TAB or M-
NS model.15

Stretching the time axis by We0.45 was found to best collapse the
available data. We use these data to provide an empirical fit that repre-
sents the cross-stream deformation for our experiments. We apply
curve fitting in MATLAB on the base of a quadratic polynomial. The
result can be simplified as

dc=d0 sð Þ ¼ 0:05We0:9 s2 þ 1: (10)

FIG. 17. Normalized cross-stream diameter dc,max/d0 at sini for droplet breakup
experiments with Galinstan and Field’s metal, along with the correlation of Zhao
et al.56 and the present empirical fit.

FIG. 18. Time of onset of breakup sb for droplet breakup experiments with
Galinstan and Field’s metal. A data fit, as in Eq. (9), is plotted as a broken gray
line. The box inlet provides a zoom-in to data points in the range of We¼ 10–30.
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The deformation in the streamwise direction can be normalized in
similar fashion and is provided for completeness. Figure 21 shows that
this works to some extent. The shift from flattening to growing now
appears at similar values along the x-axis for the displayed experi-
ments, but the minimum value of dx and the curvature of the lines is
different for experiments with changingWe. Especially some high-We
experiments stand out, as they reach a minimum of dx/d0 > 0.5 after
which a sharp rise appears. A fourth-order polynomial fit capturing
the main aspects of the deformation is

dx=d0 sð Þ ¼ 0:002We1:8s4 � 0:0633We0:9s2 � 0:015We0:45sþ 1:

(11)

2. Validation and comparison

In the following, the fit for the cross-stream deformation is evalu-
ated for differentWe in comparison to the experimental data and two
deformation models from the literature. We selected the improved
TAB model of Stefanitsis et al.15 and the model of Jackiw and
Ashgriz.12 From the experimental side, we choose a narrow range of

We and take all experiments that fall into that range from both metals.
The gathered data are averaged to provide time-dependent means and
standard deviations. The different models are calculated for one
Weber number in the chosen range and evaluated in comparison. For
the improved TAB model, we take Oh¼ 0.0044 representing an aver-
age of the experiments.

Figure 22 presents four plots at four different Weber numbers
throughout the bag (We¼ 14.5), bag-and-stamen (We¼ 28.0), and
multimode regime (We¼ 41.0–60.0). The standard deviation of the
experimental data is shown as a narrow band encompassing the mean
value. The uncertainty is low in general and only increases for later
time instants close to sb. This is especially visible for Figs. 22(c) and
22(d), where sb falls into the displayed time. The experimental data
show that the deformation of metal droplet transitions from a more
linear behavior at lowWe to a more exponential behavior at high We.
For We¼ 14.5, the cross-stream deformation develops almost
linearly up to s¼ 1.5 before it accelerates. For the other plots at
We¼ 28.0–60.0, the growth is more exponential from the beginning.

The model of Jackiw and Ashgriz12 captures the linearity of the
deformation for low We very accurately, despite their work focusing
on water droplets. Their model is primarily developed for the bag and
bag-and-stamen regime, and the authors note greater deviation in the
multimode and sheet thinning regime. This is reflected in the plots for
the higher Weber numbers, where the model matches well at the
beginning, but starts to underestimate the deformation already before
sini. In addition, the more exponential deformation is not captured
and so a large gap develops toward sb.

The improved TAB model does not perform well in the bag
regime [Fig. 22(a)], where it greatly underestimates the deformation of
the metal droplets. In contrast, it matches the experimental data very
well in the other regimes. The only minor drawback is that the model
starts to underestimate the deformation at later times—slightly around
sini and more clearly toward sb.

The present empirical fit of Eq. (10) matches well overall but also
shows some limitations. In the linear regime at We¼ 14.5, it provides
an accurate representation initially and captures the accelerated defor-
mation at later stages to some extent, but it does not capture the linear-
ity of the deformation. The fit is very accurate for the bag-and-stamen
regime represented by the case of We¼ 28.0 in Fig. 22(b) where the

FIG. 19. Cross-stream deformation for selected experiments of Galinstan and FM.
Data points are replaced by line-plots for simplicity.

FIG. 20. Normalized cross-stream deformation of experiments in a range of
We¼ 10–80. FM in red, Galinstan in black, with the quadratic fit of Eq. (10) in blue.

FIG. 21. Normalized streamwise deformation of FM and Galinstan droplets in a
range of We¼ 10–80 with corresponding fit of Eq. (11).
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experimental data are matched almost exactly. For higher Weber
numbers, the cross-stream deformation value around sb is still cap-
tured by the fit, but the initial deformation is overestimated—slightly
for We¼ 40.0, and more clearly for We¼ 60.0. This discrepancy is
likely due to the change of the underlying breakup mechanism with
increasing We. For low We, the breakup is associated with the
Rayleigh–Taylor instability,69 before the mechanism transitions to
stripping70 starting in the multimode regime, especially when getting
closer to the shear stripping mode atWe� 80. Our empirical fit better
captures the deformation at lower We, whereas the transition to the
stripping mechanism leads to a different cross-stream deformation
that is only partially captured.

3. Evaluation

Sections IVB1 and IVB2 provide several key insights. Finding
one simple empirical fit for the cross-stream deformation in the range
of investigated Weber numbers is difficult. While incorporating the
Weber number as a factor is essential to match the experiments, it also
has some limitations. For different Weber numbers, the cross-stream
deformation shows different behaviors, more linear at low We, and
more exponential at high We. The provided empirical fit covers the

investigated range decently, but a more complex fit would be necessary
to adapt to the change of the curvature.

Another observation is that models developed for conventional
liquids can also provide a good estimate for the present data, albeit not
to the same extent as the present fit. In general, the accuracy compared
to the experimental data is high initially, typically until around sini.
This can be explained by the strong similarity of oxide-forming liquid
metals to other liquids during the initial deformation that has been
observed previously.37 In contrast, the time period after sini corre-
sponds to a very different behavior for oxide-forming liquid metals
like a different rupture mechanism and earlier breakup.37 The differ-
ences lead to a faster rise in dc/d0 during that time period, and conse-
quently, the deformation models from the literature tend to
underestimate the deformation.

V. SUMMARY AND CONCLUSION

The goal of this work was to extend previous efforts regarding
metal droplet breakup and to provide much-needed data. Therefore,
we studied the breakup of Field’s metal droplets experimentally in a
shock-tube. To conduct the analysis accurately, we measured the effec-
tive surface tension value of FM in air using the pendant drop method.
The breakup of FM droplets is then compared to Galinstan droplet

FIG. 22. Normalized cross-stream deformation of the droplets. The present fit [Eq. (10)] is presented in comparison with experiments, the improved TAB model of Stefanitsis
et al.,15 and the model of Jackiw and Ashgriz.12 The different plots represent deformation in the bag regime at We¼ 14.5 (a), the bag-and-stamen regime at We¼ 28.0 (b),
and multimode regime at We¼ 41.0 (c), and We¼ 60.0 (d).
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breakup using image sequences, deformation data, and overviews of
characteristic breakup parameters; key observations are:

• Both metals show a high level of similarity with respect to the
breakup morphology, transition We between modes, gradual
transition between the modes, and timing and extent of initial
droplet deformation.

• Field’s metal, like Galinstan, shows distinct breakup features like
sharp-edged rupture lines and earlier breakup. This distinguishes
the two metals from more conventional liquids such as water.

• FM bags inflate slightly more and rupture a bit later. In addition,
FM droplet breakup leads to a larger number of smaller and
more uniform fragments. Both differences are observed primarily
at low Weber numbers and are expected to be an effect of a
higher oxidation rate of Galinstan compared to FM.

Despite small differences regarding details of the breakup, there
is a strong overall similarity of the two metals, and their breakup
behavior is distinct from that of conventional, water-like liquids. Based
on these observations, we propose that the findings can be generalized
to also represent other oxide-forming metals, like the chemically very
similar aluminum.58 We use the collective data of Galinstan and FM
droplet breakup to provide empirical fits for the initial deformation
time sini, the corresponding normalized deformation dc,max/d0, and the
time of the onset of breakup sb. In addition, an empirical fit for the
time-dependent cross-stream deformation is provided, validated for
different Weber numbers, and compared to models that are based on
droplet breakup of conventional liquids. The main conclusions are
that models developed for conventional liquids can describe the
behavior of metal droplets initially, both with regard to timing and
deformation. However, at later stages of the breakup, the deformation
is consistently underestimated, and the normalized breakup time is
overestimated. In contrast, the present empirical fits provide an accu-
rate representation. The fits can be used directly, and the collected
data can help validate or adapt other breakup models for the different
behavior of oxide-forming metals. With that, the impact of this work
goes beyond the direct observation of FM droplet breakup and extends
to a more general level.

Nevertheless, more experimental research on metal droplet
breakup is required. For example, more work on the effect of changing
temperature and partial solidification is essential. The involved physi-
cal processes are complex, but their influence on the breakup mor-
phology and fragment distribution is relevant in many practical
applications.
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