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The breakup of liquid metals is of relevance to powder formation, thermal spray coatings,
liquid metal cooling systems, investigations of accident scenarios, and model validation. In
this work, a column of liquid Galinstan, a room-temperature liquid metal alloy, is studied
in a shock-induced cross-flow. Backlit experiments are used to characterize breakup mor-
phology and digital in-line holography is used to quantitatively measure the size and speed
of secondary droplets. Two-dimensional simulations are also developed in order to help
understand the underlying mechanisms that drive breakup behavior. Results show that
although breakup morphologies are similar for water and Galinstan at the same Weber
number, the breakup distance, secondary droplet size, and secondary droplet shapes differ.
Evidence indicates that secondary droplet formation may be related to the Weber number,
density ratio, convective velocity and other effects.

I. Introduction

The aerodynamic breakup of liquids, such as water, have been studied extensively both experimentally
and in simulation.1–3 The forces imparted by the high speed gas tend to distort the liquid surface while

the surface tension tends to resist distortions. When the aerodynamic forces exceed the surface tension,
the liquid begins to break apart to form secondary droplets. Because droplet atomization is a transient
nonlinear hydrodynamic problem, several groups have conducted simulations to determine the breakup
mechanisms and critical non-dimensional Weber numbers, Ohnesorge numbers, density ratios, and viscosity
ratios.2,4, 5 In simulation,4 lower density ratios appear to lead to a higher deformation rates while higher
density ratios appear to produce more intensive fragmentation. Although a variety of density ratios and
Weber number ratios have been simulated, especially for low liquid-to-gas density ratios,4 there have only

1Post-Doctoral Appointee, Engineering Sciences Center, yichen@sandia.gov, Member AIAA.
2Post-Doctoral Appointee, Engineering Sciences Center, epdemau@sandia.gov, Member AIAA.
3Principal Member of the Technical Staff, Engineering Sciences Center, Senior Member AIAA.
4Principal Member of the Technical Staff, Thermal/Fluid Science and Engineering, Livermore, CA 94551.
5Laboratory Support Technologist, Engineering Sciences Center.
6Graduate Student.
7Undergraduate Student.

This work is supported by Sandia National Laboratories and the United States Department of Energy. Sandia National
Laboratories is a multi-mission laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed
Martin Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-
94AL85000.

1 of 15

American Institute of Aeronautics and Astronautics

SAND2016-12818C



been a few theoretical studies of liquid metal breakup due to shocks6–8 and experimental investigations in
shock-induced cross flows are limited.1

Liquid metals have a variety of unique properties including high densities, high surface tension, and
the ability to form oxide skins on the surface.9 Liquid metal alloys can have complex dynamics because
different components in the mixture can melt or crystallize at different temperatures. A eutectic metal is
a unique type of alloy that melts at a single temperature lower than the melting points of its constituents.
Molten metals also have interesting physics due to the temperature difference between the metal and the
surrounding gas. Because of the temperature difference, a vapor film forms around the metal.7 Combustion
mechanisms may also begin to play a part in liquid breakup for high temperatures. Liquid metal breakup
characterization is critical for metal powder or droplet production,9–12 thermal spray deposition,13–15 liquid
metal cooling systems,16 the study of accident scenarios6,17 and model validation.7

In order to study the effects of increased surface tension and density while minimizing the effects of heat
transfer and chemical reactions, we investigate non-toxic metal alloys that are liquid at room temperature.
In particular, we consider Galinstan, which is a eutectic liquid metal alloy consisting of gallium, indium and
tin. In what follows, the experimental configuration is described and numerical simulations are presented.
Next, backlit experiments are used to characterize the breakup morphology while digital in-line holography
(DIH) is used to measure properties of the secondary drops. Results show that the Weber number alone does
not adequately predict secondary droplet formation phenomena. This study is the first known measurement
of liquid metal breakup in a shock-induced cross-flow and presents a unique dataset for model validation.

II. Non-dimensional Scaling

For initially spherical drops, as the Weber number is increased, various droplet breakup morphologies
have been observed including vibrational, bag, bag-and-stamen, multimode, sheet-thinning and catastrophic
breakup modes.2,4 The non-dimensional Weber number is defined as,

We =
ρgu

2d

σ
, (1)

where ρg is the gas density, u is the relative velocity between the gas and liquid, d is the characteristic
dimension of the liquid, and σ is the interfacial surface tension. The Ohnesorge number is defined as
Oh = µl/

√
ρlσd, where µl is the liquid viscosity and ρl is the liquid density. For materials where the

Ohnesorge number is small Oh < 0.1, such as water and liquid metals, the viscous forces are negligible and
the Weber number describes the breakup behavior well.1,2

The breakup morphology classifications for liquid column breakup, which is similar to liquid droplet
breakup,2,5 is shown in Fig. 1. For liquid columns in cross-flows, the no-breakup condition is defined by
cases where the entire column stays intact while in vibrational breakup, the liquid column breaks up into a
few large droplets. Bag breakup is generally defined by the occurrence of a single bag-like shape for every

Figure 1. Breakup morphologies and secondary droplet formation classification is shown as a function of the
Weber number for liquid column systems where Oh < 0.1. The breakup is viewed from the top of the liquid
column.
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horizontal slice along the column. If more than a single bag-like shape occurs, the morphology is considered
multimode. Lastly, sheet stripping and catastrophic breakup morphologies occur when the edges of the
column are accelerated and break up before the center of the column.

When comparing multiple fluids with different densities, a non-dimensional time can be defined as,

τ =
tu

d

√
ρg
ρl

=
tu

d

1√
ρ̄
, (2)

where t is the time. The density ratio ρ̄ = ρl/ρg is relevant, especially for low density ratio4 and high density
ratio systems.9 The non-dimensional time incorporating the density ratio can be derived from analysis of
droplet displacement assuming constant acceleration due to drag.2

III. Aerodynamic Breakup Simulation

Time-resolved computational fluid dynamics simulations of the liquid column in cross-flow were carried
out to assist the interpretation of the experimental results. Here we consider two-dimensional (2D) calcu-
lations in order to perform a parametric study with minimum computational expense. In the following,
only the evolution of the column cross-section is investigated. Three-dimensional (3D) physics, such as any
length-wise perturbations, cannot be captured in these 2D simulations.

To simulate aerodynamic breakup, the compressible Navier-Stokes equations for multi-material flow must
be coupled to a sharp-interface method that tracks the gas-metal interface. The piecewise-linear reconstruc-
tion of the interface at each time step uses the position of the phase centroids in the computational cell
in addition to the liquid volume fraction, following the moment-of-fluid approach.18 Once the curvature is
evaluated, the surface tension is discretized using the ghost fluid method.19 The Navier-Stokes equations
are solved by a semi-implicit, variable density pressure update scheme that asymptotically preserves the
incompressible pressure projection in the limit of infinite sound speed.20 In this way, the stable time step
is determined by the flow speed and not by the more restrictive sound speed in the metal. The gas phase
is described by the perfect gas equation of state, whereas the liquid metal is described by a generic Tait
equation of state for stiff materials. Effects such as oxide films and non-uniformities in liquid properties are
ignored.

There are several challenges associated with simulating the break-up of liquid metal by gas crossflow. The
first is that the large difference in density and viscosity of the two fluids complicates the discretization of the
governing equations at the interface; this situation is exacerbated by the presence of the shear flow induced
by the shock. The problem is not only that a large density ratio can result in a more stiff system of equations
that is more costly to solve, but that transport inconsistencies between density and velocity cause spurious

Figure 2. Example of AMR from a solution snapshot is shown. Left: detail of the zero level set curve,
representing the gas-metal interface. Right: corresponding arrangement of the Cartesian boxes on four levels
of refinement (the box edges are shown in red; the base box does not appear in the field of view).
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Figure 3. The two-dimensional liquid breakup simulations for Galinstan columns are shown as viewed from the
top. The first row shows Galinstan bag breakup for We = 8.1 (Ma = 1.10, u = 54.4 m/s, and ρg = 1.14 kg/m3).
The middle row shows multimode breakup for We = 10.9 (Ma = 1.15, u = 80 m/s, and ρg = 1.23 kg/m3). The
last row shows sheet stripping breakup for We = 26.8 (Ma = 1.23, u = 119 m/s, and ρg = 1.36 kg/m3). Color
contours correspond to the gas velocity in the axial direction.

errors to appear in the solution. Good reviews of past work on different numerical methods to overcome this
issue can be found in the literature.21,22 In the approach adopted here, the directionally split cell integrated
semi-Lagrangian algorithm developed in Jemison et al.20 is coupled with the interface reconstruction to
preserve interface sharpness while conserving mass, momentum, and energy of each material. Additional
details about the simulation procedure and references to previous work on aerodynamic breakup are available
in Arienti et al.,3 where our numerical approach was first demonstrated for this type of simulation.

A second challenge is that the simulation domain needs to be large enough to include the location where
the shock meets the column while also capturing the breakup of the column later downstream. Once breakup
occurs, the computational cell size must be small enough to accommodate the size of the secondary particles.
This difficulty is mitigated by the adoption of block-structured, adaptive mesh refinement (AMR) procedures
that dynamically build higher-density Cartesian meshes where the metal-gas interface occurs. The definitions
and the operators necessary to carry out the AMR tasks are provided by the BoxLib library,23 which is
developed to solve partial differential equations on a structured domain by the Center for Computational
Sciences and Engineering at Lawrence Berkeley National Laboratory.

In the simulations, the coarsest level (level zero) is always the Cartesian box covering the whole simulation
domain. At every new re-meshing operation, a cell-tagging procedure targets the interface; new boxes are
combined to cover all the tagged cells within the assigned coverage efficiency. Data on the fine level are
either copied from a previous time step or, when a new box is added, they are conservatively interpolated
from the underlying coarse level; the refinement ratio between two consecutive levels is two. The new level
can in turn be tagged for refinement, and the process is repeated until the input grid resolution is achieved.
The gas-metal interface is always embedded in the finest grid level to avoid gross interpolation errors from
the calculation of the fluxes of mass, momentum and energy across fine-coarse boundaries.

Calculations were carried out on the 128 SUN X6275 blades (2.93 GHz dual socket/quad core configura-
tion with 12GB RAM per blade) of the Redsky super-computer at Sandia National Laboratories. The initial
conditions consist of pure nitrogen driving gas at 300 K with an initial gas density of 1 kg/m3. The initial
cross-section of the liquid column is circular with diameter d =1 mm. The computational domain measures
9.6 cm in the axial direction and 3.2 cm spanwise; the cell count in the two directions is correspondingly
1536 and 512 for level zero. In the course of the simulation, the addition of a level of refinement is triggered
(manually) by the cross-section reaching approximately four cells in thickness. By setting a limit of four
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refinement levels, this strategy enables us to follow the development of liquid features with a minimum effec-
tive grid size of 3.9 µm. Figure 2 shows the junction at a stem of two membranes of Galinstan in multimode
breakup. Moreover, the mass of the liquid phase was conserved at least to the fifth significant digit, as
confirmed by tracking this value as a function of time.

The simulation results of liquid column breakup for Galinstan are displayed in Fig. 3, where the canonical
morphologies of bag, multimode, and sheet stripping can be recognized. By τ ≈ 0.8, differences in the shape
of the cross-section begin to appear, and by τ ≈ 1.6 or later the full shape of the breakup evolves. The
bag shapes appear fairly uniform in thickness. As the Weber number increases, the formation of secondary
droplets occurs earlier in time. For bag breakup at We = 8.1, the secondary droplets appear after τ ≈ 2.8.
For We = 26.8, the predicted generation of secondary droplets, which appear to be semi-spherical, starts
near τ ≈ 1.6 and evolves steadily past τ ≈ 2.1. The morphology classification for both water and Galinstan
simulations with comparison to the experiments is reported subsequently.

IV. Experimental Configuration

A. Multiphase Shock Tube

The shock-induced cross-flow experiments are performed in the 76 × 76 mm square cross-section and 5.2 m
long Multiphase Shock Tube at Sandia National Laboratories24,25 as shown in Fig. 4(a). The driver uses pres-
surized nitrogen, which is released by a fast action valve (Dynamics Systems Research model 725-3.0-6000).
The initial conditions of the driven gas are at 300 K and 84.1 kPa. When the shock tube is fired, a planar
shock propagates down the driven section, and the convective flow behind the shock wave evolves into an
approximate step-change in relative velocity.26 Eventually, the shock wave rebounds off the solid end wall
causing the drop in the convective flow velocity.27

B. Fluid Properties and Fluid Delivery

A few liquid metals were considered and Galinstan (RotoMetals LMP-2) was chosen due to its liquid state
at room temperature and its relatively low toxicity. Galinstan is a eutectic liquid metal alloy with melting
temperatures near -19 ◦C. The material consists of 68.5% gallium, 21.5% indium and 10% tin and has
a reported density of ρl = 6440 kg/m3 and a surface tension of σ = 0.718 N/m at room temperature.28

The density was also measured in the laboratory and found to be within 3.4% of the reported value. The
surface tension was verified using the pendant drop method29 and found to be within 2.7% of the reported

Figure 4. The experimental setup is shown indicating the (a) multiphase shock tube, (b) the side view of the
test section showing the delivery system for the liquid metal, (c) the top view of the test section showing the
backlit experimental setup, and (d) the digital in-line holography experimental setup. BS - 50/50 nonpolarizing
beam splitter, PBS - polarizing beam splitter.
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value. The reported viscosity is µl = 2.4 mPa · s. Although liquid metals are typically Newtonian,30 many
liquid metals also form oxide skins that may alter the dynamics of the fluid during breakup. Additional
precautions were taken to prevent possible chemical reactions between the Galinstan metal and the shock
tube components.31 Acrylic windows were used in the test section and the shock tube sides were covered to
prevent gallium from alloying with the aluminum walls. Additionally, where possible, aluminum test section
parts were replaced with stainless steel to minimize reactions with the Galinstan.

A laminar jet of liquid must first be established before triggering the shock tube. In prior experiments,26,32

only de-ionized liquid water is used (σ = 0.073 N/m and ρl = 1000 kg/m3, µl = 0.89 mPa · s). When
liquid metal is used, a low-volume liquid delivery system is required due to the available quantities of the
material. Figure 4(b) shows the simple reservoir and precision fluid dispensing system used for both water
and Galinstan experiments. The system is driven using a pressurized air source triggered via a Nordson EFD
Performus fluid pump. In order to generate the liquid column, pressurized air (at 1 to 8 psig, depending on
the liquid) fills the top of the syringe barrel driving down the plunger thereby dispensing a small amount of
liquid through the syringe tip. Before starting an experiment, the velocity of the vertical stream was found
to be 2.3 to 2.8 m/s for water and approximately 1.5 to 2.5 m/s for Galinstan, which is significantly less
than the convective velocity of the shocks.

C. Backlit Experiments

For the backlit experiments, as shown in Fig. 4(c), two Photron SA-Z cameras (sampling at 100 kHz) were
used to obtain high-speed videos. The lighting consisted of an LED backlight and a ground glass diffuser.
One camera was placed perpendicular to the flow while the other was placed in an oblique angle. Due to
out-of-focus features, the accurate quantification of secondary droplet sizes and velocities from these backlit
images is difficult. The overall morphology of the breakup, however, can be evaluated and characterized
with the oblique camera.

D. Digital In-Line Holography Experiments

For quantification of secondary droplets, the digital in-line holography setup shown in Fig. 4(d) was used.
This system utilizes a 532 nm wavelength Coherent Verde V6 CW laser as the illumination source. The
light is spatially filtered using a 100 µm pinhole and the beam is expanded with using a pair of f = 125 mm
and f = 400 mm lenses. A second beam expander (Thorlabs GBE03-A) is utilized to further expand the
beam and create nearly uniform illumination within the field of view (FOV). Two high-speed cameras at 6×
and 2× magnification record the stream of secondary droplets. The images on the 2× and 6× magnification
cameras were acquired at 100 kHz (640 × 280 pixels) and 20 kHz (1024 × 1024 pixels) respectively with
0.25 µs exposures.

DIH records the diffraction patterns caused by particles along the line-of-sight. After an experiment,
DIH images are numerically refocused to determine the z position of each particle. To do this, a conjugate
object wave is first calculated by multiplying the recorded hologram h with the conjugate reference wave
E∗r . Here, the conjugate reference wave is assumed to be constant for the planar reference waves. Next, the
reconstructed complex amplitude is numerically propagated to a specific depth z by solving the diffraction
equation,

E(x, y; z) = [h(x, y)E∗r (x, y)]⊗ g(x, y; z), (3)

where x and y are spatial coordinates, ⊗ is the convolution operator and g is the diffraction kernel. The
amplitude A = |E| is then used to visualize the refocused image.

A minimum amplitude and maximum Tenengrad method is used to determine where each particle comes
into focus. A global optimal threshold is then utilized to determine an initial estimate of size and location.
Then, a refinement step is implemented to determine the z locations based on maximum edge sharpness. In
order to remove falsely detected and overlapped particles, a second refinement is performed on the z location
estimate. Numerical refocusing and particle finding are both computationally intensive processes. To max-
imize data throughput, processing is done on Sandia National Laboratory’s ODIN high capacity MATLAB
graphical processing unit (GPU) accelerated computational processing unit (CPU) cluster. Further details
and validation of the processing methods are available in Guildenbecher and Gao et al.33–35

Automated velocity tracking is accomplished by comparing the particles found on multiple frames. Initial
particle matching is determined by creating a cost function that pairs particles to their nearest neighbors in
the next frame with a weight function to ensure matched pairs have similar diameters. In order to account for

6 of 15

American Institute of Aeronautics and Astronautics



missing particles, multiple tracks are stitched together based on their projected paths over time. To remove
falsely identified tracks and false particles, tracks that do not travel in relatively straight lines in the general
direction of the flow are rejected. The algorithm is then iterated in order to combine similar, non-overlapping
trajectories. If completely successful, this method tracks each particle once and only once along its entire
trajectory through the field of view. With this, it is possible to derive three-dimensional velocity metrics as
well as accurately determine the total mass flow without double-counting particles. Details and validation
of the methods are available in Guildenbecher et al.32

V. Results

A. Backlit Experiments

1. Qualitative Comparison

Several experiments with varying liquid column diameters from 0.84 to 1.36 mm were conducted and the
resulting breakup regimes were classified. Two figures showing comparisons between Galinstan and water
at similar Weber numbers are shown in Fig. 5 for the bag breakup regime and in Fig. 7 for the multimode
breakup regime. Since breakup regimes are classified by the initial shape of the column, only small non-
dimensional times are considered.

In Fig. 5, the initial stream of Galinstan was subjected to a shock with a speed of Mach 1.12 producing

Figure 5. Bag breakup for Galinstan and water with d = 0.84 are shown for We ≈ 6.3 as the liquid column is
viewed from the oblique camera. Bag formation and breakup occurs earlier for Galinstan than for water.

Figure 6. Close-up views of bag breakup for Galinstan and water with d = 0.84 are shown for We ≈ 6.3 as the
liquid column is viewed from the perpendicular camera. Both series of images cover a time span of 250 µs and
show how a single bag in the column fragments.
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a shock-induced convective flow (u = 66.3 m/s and ρg = 1.18 kg/m3). From the figure, it is clear that the
0.84 mm diameter liquid metal column at We = 6.1 appears to be slightly non-uniform at the beginning of
the run. This is likely due to the capillary instability, which has a theoretical most unstable wavelength of
approximately 4.5 times the jet diameter.36 Compared to water, the high surface tension of Galinstan likely
increases the growth rate of this instability, making it more pronounced in the experiments. Currently, it is
unknown if this initial perturbation has any significant effects on the breakup process following the passage
of the shock.

At τ ≈ 2.5 in Fig. 5 for Galinstan, the first breakup occurs at the thinner parts of the column, forming
small bags. Next, the thicker parts of the column also break up into the bag morphology. The overall breakup
progression in non-dimensional time is similar to those predicted by the simulation for We = 8.1 in Fig. 3.
The bags expand and by τ ≈ 3.0, they break up or fracture into smaller droplets with irregular shapes.
Further downstream, some of these strand-like droplets collide, breakup and recombine. The existence
of oxides in the liquid metal or simply non-uniformities in the liquid Galinstan may contribute to these
secondary droplet shapes. The oxide layer which forms on Galinstan is elastic and often prevents the fluid
from forming spherical droplets.37,38 Since these effects were not included in the model, these odd secondary
droplet shapes were not predicted by the simulation.

The odd shapes of the Galinstan secondary particles may also be partially related to their Oh numbers,
which are typically three times lower than that of water. For these test conditions, the Ohnesorge numbers
were Oh = 3.6× 10−3 and Oh = 1.2× 10−3 for water and Galinstan respectively. Since the Ohnesorge
number relates viscous to inertial forces, lower Oh numbers implies less damping. As the secondary droplets
separate from the column and oscillate back and forth, lower damping would also prevent these shapes from
becoming spherical on short time scales.

These results can be compared with water breakup at a similar Weber number, produced by a shock
speed of Mach 1.04 (u = 23.5 m/s and ρg = 1.04 kg/m3). For We = 6.6, the water breaks up into the
canonical forward-facing bags and droplet formation does not occur until later in time near τ ≈ 3.0. When
the bags finally fragment, the final secondary droplets appear to form more spherical shapes.

Close-up images of the bag formation highlighted in the red boxes in Fig. 5 are shown in Fig. 6. Both series
of images cover the same 250 µs time span from the maximum extent of the bags to their fragmentation. The
Galinstan bags tend to be much smaller than the water bags, which by conservation of mass indicate that the
wall thickness of the water bags may be significantly thinner and the deformation ratio significantly higher.
This would likely lead to smaller secondary fragments produced by breakup of the water bags compared to
breakup of the Galinstan bags.

Similar comparisons can be made with Weber numbers in the multimode regime, as shown in Fig. 7. The
conditions for the Galinstan experiment were Ma = 1.24, u = 127.8 m/s and ρg = 1.39 kg/m3. The column
breakup occurs earlier in non-dimensional time near τ ≈ 0.9. Simulations in Fig. 3 predict that this Weber

Figure 7. Multimode breakup for Galinstan and water with d = 0.84 are shown for We ≈ 28 as the liquid
column is viewed from the oblique camera. Multimode bag formation occurs much earlier for Galinstan than
for water.
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Figure 8. a) Classification of breakup regimes as a function of Weber number for Galinstan and water ex-
periments (d = 0.84 to 1.36 mm) and 2D simulations (d = 1 mm) are shown. Because simulations are 2D,
there is no distinction between the no-breakup regime and the vibrational regime as defined in Fig. 1. b) The
non-dimensional positions of liquid columns in the x direction are measured as a function of non-dimensional
time. The main column downstream position is estimated by selecting the left-most point on the column as it
is accelerated by the gas.

number would produce sheet stripping. However, for different points along the column, multiple bags form
and break up quickly. Near τ ≈ 1.3 at these higher Weber numbers, it is clear that wavelength of the lateral
instabilities are significantly less than 4.5 times the jet diameter, indicating that aerodynamic instabilities
are also contributing and may be dominating. By τ ≈ 2.25, there is a distribution of very small droplets and
a separate distribution of larger agglomerates that continue to break up later in time. Again, the Galinstan
particles appear to have odd non-spherical shapes.

For water breakup at We = 29.5, the flow conditions were Ma = 1.09, u = 47.9 m/s and ρg = 1.12 kg/m3.
At τ ≈ 0.9, the liquid column begins to flatten and perturbations appear on the surface of the column.
Multiple bags begin to form at each slice along the column and these bags continue to grow at τ ≈ 2.25.

2. Morphology Classification

Several experiments with Galinstan and water were conducted and the Weber number data classified as a
function of breakup morphology are shown in Fig. 8(a). The experimental Galinstan and water breakup
experiments show similar Weber numbers for each morphology type. Note, due to the inherent uncertainty
of determining the breakup morphology from qualitative images as well as potential experimental variability,
there is some overlap in the range of Weber numbers over which each morphology type is observed. Similar
issues have been observed in previous experiments.2

The 2D simulation for Galinstan overlaps well with the experimental measurements up to the sheet
stripping regime. Interestingly, when similar simulations were performed for water (closed red squares in
Fig. 8(a)), the results tend to over-predict the experimentally observed morphological transition Weber num-
ber. Since the simulations are 2D, lengthwise variations and other dynamics cannot be captured. Additional
investigation and 3D simulations are required to understand the difference between the experimental data
and the simulations.

3. Column Motion

Finally, a few limited quantitative measurements can be extracted from the backlit videos. For example,
Fig. 8(b) shows measurements of the left-most point on the column, which faces the gas flow, as a function of
non-dimensional time. For the water cases and the Galinstan cases, the results collapse into a single curve.
This indicates that the choice of non-dimensional time appropriately captures the convective features of the
flow and that existing models for the trajectory39 may be sufficient for molten metals.
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Figure 9. Typical raw holograms (top row) for Galinstan, refocused holograms (middle row) for Galinstan,
and refocused holograms for water (bottom row) are shown for a downstream position of approximately 50 mm
using the 2× FOV. The refocused holograms also show the tracked particles refocused to their respective z
positions and their relative velocities. The colored circles indicate the size of the particle, with smaller particles
circled in blue and larger particles circled in red. The experimental conditions are listed in Table 1.

Table 1. DIH Data Experimental Conditions

Material d (mm) Driver Pressure (psig) Ma u (m/s) ρg (kg/m3) We

Galinstan 1.125 15 1.15 80 1.22 12.3

Water 0.94 10 1.05 30 1.09 12.6

B. Digital In-Line Holography

Secondary droplets can be quantitatively measured using DIH techniques. Figure 9 shows several raw and
refocused holograms of Galinstan and water flow at Weber numbers between 12.3 and 12.6 at a position
that is roughly 50 mm downstream from the initial column. The flow conditions are listed in Table 1. The
refocused images include the tracked particles refocused to their respective z planes, the estimated diameter
of the particles as a function of their projected pixel area, and their estimated velocity.

Initially, the droplets are fairly small and fast moving. As the flow progresses, the particles become larger
and slower. For these DIH experiments, the return shocks are visible in the holography images and arrive at
approximately 5.2 to 5.3 ms (τ ≈ 5.2 and τ ≈ 5.4 for Galinstan and water respectively). These are indicated
by the green dotted lines in Fig. 10. Although the gas speeds are slower after the incidence of the return
shock, the liquid particles continue to travel forward across the FOV. Near τ ≈ 7.2 for Galinstan and near
τ ≈ 6.2 for water, remnants of the columns that have not fully broken up appear.

1. Droplet Diameter and Velocity

The tracked secondary particles can be plotted as a function of non-dimensional time, as shown in Fig. 10,
for different positions downstream from the initial column. Secondary droplets first appear around τ ≈ 2.
At the cameras positioned 20 to 25 mm downstream from the flow, the particle sizes grow rapidly and the
largest particles that can be tracked pass by the camera near τ ≈ 5, while at roughly 50 mm downstream
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Figure 10. Raw secondary droplet statistics are shown for Galinstan a) non-dimensional diameter ds/d and
b) non-dimensional x direction velocity us/u as a function of non-dimensional time. The secondary droplet
velocities and diameters are defined as us and ds respectively. c) The non-dimensional diameter as a function
of velocity is also plotted. Similarly, the statistics for water d) non-dimensional diameter, e) non-dimensional
x velocity, and f) diameter versus velocity are illustrated. Two to three experiments were conducted for each
position for each fluid. The flow conditions are listed in Table 1. The black dotted lines indicate the size of
the smallest particles that can be measured using the 2× FOV camera. The green dotted lines indicate the
approximate incidence time of the return shock at both downstream positions.

the last large particles are observed at around τ = 7 to 10. Note, these times are in good agreement with
the non-dimensional time for passage of the intact column shown in Fig. 8(b).

The results in Fig. 10 quantify the phenomena observed in the previous discussion. At early times,
secondary fragments are a few tens of micrometers in diameter and are traveling at speeds approaching the
gas-flow velocity. These initial drops are almost certainly the result of breakup of the bag structures. At
later times, the mean droplet sizes are much larger and are traveling much slower. The late-time fragments
almost certainty originate from breakup of the rim like structures and intact core that remain after bag
breakup.

The particle diameters can be plotted against their velocities to produce Figs. 10(c) and (f). Although
there is a lot of scatter, there is a clear trend in the relationship between the particle size and particle
velocity in the x direction. Unlike the water particles which are traveling at faster relative velocities near
their convective flow velocities (us/u ≈ 0.3 to 0.6 on average), the Galinstan particles are only traveling at
us/u ≈ 0.15 to 0.3 on average.

2. Secondary Droplet Size Distribution

Further details on the breakup dynamics can be obtained by comparing the detailed particle size distributions
from the Galinstan and water experiments. To maximize the dynamic range of particle sizes that can be
measured, data from both the 2× and 6× fields of view are utilized. With its higher magnification the 6×
FOV allows for quantification of smaller diameters. Here it is assumed that the smallest diameter that can
be reasonably measured from refocused hologram images is four times the magnified pixel size, leading to
a smallest resolvable particle diameter of 13.4 µm. However, due to the high-magnification and relatively
slow recording rate, individual particles tend to cross the 6× FOV within a few frames. Therefore, multi-
frame particle tracking is performed using the 2× FOV data. As shown by the size-velocity correlations in
Figs. 10(c) and (f), the largest diameter fragments tend to travel slowest and will reside in the FOV longer
than the smallest diameter fragments. Consequently, larger fragments would be over-counted, resulting in
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Figure 11. The corrected volume PDFs for Galinstan and water from the 6× FOV data are illustrated at
different positions downstream from the initial column for the flow conditions listed in Table 1.

Table 2. Secondary Droplet Mean Diameters

Material Downstream Mass Tracked as D†10 D†30 D†32 MMD†

Position (mm) Secondary Particles∗ (%) (µm) (µm) (µm) (µm)

Galinstan 25.4 22% 83.4 144.2 252.4 315.8

Galinstan 50.8 41% 103.4 167.7 272.9 337.5

Water 21.6 30% 57.7 117.6 242.5 363.3

Water 50.1 76% 71.4 150.8 331.2 503.9
∗ Corrected values using 2× FOV camera data
† Corrected values using 6× FOV camera data

a size-velocity bias. To correct this, measured fragment diameters from the 6× FOV are weighted by the
average residence time for each diameter size class as defined by the 2× FOV (inverse of the average size-
velocity correlation shown in Figs. 10(c) and (f)). In this manner, the largest possible fragment size dynamic
range is obtained from the 6× FOV, with size-velocity biases removed using velocity measurements from the
2× FOV.

The resulting corrected volume probability distribution functions (PDF) are compared in Fig. 11. Galin-
stan at 25.4 mm downstream appears to be bi-modal with a group of larger particles centered near 400 µm
and a group of smaller particles centered near 200 µm. As noted earlier, the peak at smaller diameters is
likely due to fragments generated from breakup of the bag. For water, at the upstream position (21.6 mm)
most of the secondary fragments are a few hundred micrometers or less, while slightly larger diameters are
observed further downstream (50.1 mm). The evolution of this bi-modal distribution at a further down-
stream position in the case of water versus Galinstan is quantitative evidence that the breakup process takes
longer in the case of water.

The PDFs can also be viewed as quantitative compiled statistics as listed in Table 2. The percentage of
mass tracked as secondary particles is measured by summing the mass of the tracked particles and comparing
this with the initial mass of a column of height equal to the y-extent of the FOV. Further downstream, more
breakup occurs and more mass can be tracked as secondary particles. Finally, for a total of N measured
drops, Dpq are the characteristic mean diameters defined as,

Dpq =

(∑
dpi∑
dqi

) 1
p−q

. (4)

The number population mean is defined as D10, the surface area weighted mean (or Sauter mean) is defined
as D32 and the volume mean diameter is defined as D30. The mass mean diameter (MMD) is defined as the
diameter where half of the total measured volume is composed of drops of a larger diameter. Since D32 and
MMD more heavily weight larger droplets, these metrics are better indicators of the distribution of bigger
droplets in the flow.
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Table 2 shows that D10 tends to be smaller for water compared to Galinstan, while D32 and MMD at
the ∼ 50 mm position tend to be larger. This may be quantified evidence that breakup of the bag structures
tends to produce smaller fragments in typical liquids like water when compared to Galinstan. In addition,
the breakup of the rim and other intact core structures tends to produce larger fragments in water than
in Galinstan. Of course, more work is needed to investigate these phenomena and in particular quantify
experimental uncertainty.

VI. Conclusion

In the literature, there have been few experimental investigations of liquid metal breakup. In this paper,
we investigate the aerodynamic breakup of columns of liquid metal Galinstan in a shock-induced cross flow
and compare the results with the breakup of water columns. The initial breakup morphologies of Galinstan
are qualitatively similar to those of water for 0 < We < 250 but there are several key differences. First, the
incidence of breakup occurs earlier in non-dimensional time for Galinstan and the breakup appears to be
more violent. This is consistent with what has been suggested by other simulations in the literature.4 Instead
of forming large, thin bags that break up into spherical droplets like water, Galinstan bags are smaller and
appear to fracture, forming non-spherical strand-like secondary droplets.

The sizes of secondary droplets were also characterized using digital in-line holography measurements at
different positions downstream of the initial liquid column. Results show that breakup of water tends to
produce overall larger mean fragment diameters, particularly with respect to volumetric means that are of
most relevance to many combustion and dispersal applications. However, interestingly water also appears
more able to sustain stretching and thinning of the bag resulting in smaller fragments from the bag for water
compared to Galinstan. Taken together, these observations indicate that scaling relations for the fragment
sizes may need to be updated to account for the detailed effects of high surface tension, high density and
other attributes of liquid metals.

Two-dimensional simulations were conducted in order to better understand the physical mechanisms that
occur during aerodynamic breakup. The simulations provide a good estimate of the initial Galinstan breakup
morphology as a function of Weber number as well as predict the non-dimensional time at which the breakup
occurs. Although many of the features are successfully captured by the 2D simulations, some differences in
the prediction of the incidence of breakup still exist. Bag breakup via fracture and non-spherical droplets
may be due to oxides or non-uniformities inside the Galinstan. Incorporating these effects into a 3D model
can potentially improve the match between experiments and simulations.

This work has shown that the breakup morphology of liquid metal in a cross-flow is related to the Weber
number analogous to what has been previously observed for typical liquids like water. In contrast, the
rate of breakup and the size of secondary fragments may display a more complex relationship with other
factors, such as density ratio, which have not yet been fully elucidated. Future work in this area includes
investigating more flow conditions for Galinstan at higher Weber numbers. Studying the breakup of other
liquid metals or other high-density liquids may also help tease apart some of the effects which are due to
the eutectic nature of Galinstan from the effects that are driven by density and surface tension. Finally,
computationally intensive 3D simulations may be required to better capture the three-dimensional nature of
breakup and droplet formation.
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