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In the atmosphere, the formation of ice crystal chains, or aggregates, occurs when micrometer-
sized atmospheric ice particles stick together, as observed in situ during recent aircraft campaigns.
Atmospheric ice exists at various altitudes and latitudes, including polar and tropical regions,
and poses a potential threat to hypersonic vehicles (re-entry vehicles, missiles, or jet aircrafts)
due to the risk of impact. In this work, the impact of hypersonic speeds on atmospherically
realistically sized ice particles is examined by generating them under controlled laboratory
conditions, with the aim of introducing them into high-speed flow facilities and recording
their interactions. The Purdue 3-inch shock tube is used here. At the University of North
Dakota, techniques been developed for forming and stably suspending ice crystals and ice crystal
aggregates. Images of these laboratory-grown ice particles are presented here. Replicating the
formation of ice crystals and their aggregates in realistic atmospheric conditions is challenging
in laboratory settings because of their delicate nature. It therefore requires a novel approach
that allows microdroplet freezing without physical contact, which could alter the freezing
mechanisms and the resulting ice morphology. To achieve this, two microparticle levitation
techniques are used at temperatures below 0◦C: an acoustic levitator and an electrodynamic
balance. The acoustic levitator generates standing ultrasonic sound waves, resulting in a vertical
stack of minimum pressure points, trapping droplets within these minima by balancing gravity
with acoustic forces. Furthermore, efforts to dispense the acoustically levitated ice crystals
directly into Purdue’s 3-inch shock tube are discussed. Ultimately, understanding how shock
waves interact with ice crystals will improve efforts in minimizing potential damage to hypersonic
vehicles. The electrodynamic balance, which traps charged droplets in the size range of tens of
micrometers, currently operates with temperatures down to -5.4◦C. This enables the freezing of
water droplets containing ice nucleating particles. Addtionally, there are two balances located in
this electrodynamic balance, which makes it possible to create on-demand ice crystal aggregates
found in atmospheric clouds.
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I. Nomenclature

𝐷𝐵𝐸𝑇 = Dual Balance Electrostatic Trap
𝑃𝐻𝐼𝑃𝑆 = Particle Habit Imaging and Polar Scattering
𝑃3𝐼𝑆𝑇 = Purdue 3-Inch Shock Tube
𝐼𝑀𝑃𝐴𝐶𝑇𝑆 = Investigation of Microphysics and Precipitation for Atlantic Coast-Threatening
𝐶𝑎𝑝𝑒𝐸𝑥19 = Cape Canaveral Experiment in 2019
𝐶𝑃𝐼 = Cloud Particle Imaging
𝐼𝑁𝑃 = Ice Nucleating Particle

II. Background

Elongated,chain-like ice crystal and frozen droplet aggregates have been observed (in situ) in both summertime,
convection-induced cirrus anvils, and in the mid-to-upper-level clouds of wintertime snowstorms (Figure 1).

Chain-like ice crystals have also been generated in cloud chamber experiments using high electric fields and ice crystal
concentrations at various sub-freezing temperatures[1]. While electric fields act to enhance chain aggregation, details
of the location(s) where the chain aggregation process occurs in clouds are not well understood; therefore, the chain
aggregation process cannot be incorporated into atmospheric cloud models. Since chain aggregates are unique and
contain various quantities of individual ice particles and/or frozen droplets, they have more mass and different radiative
scattering properties than individual ice crystals. Without accounting for chain aggregates in radiative transfer models
results in inaccurate radiative scatter properties of clouds[2]. Moreover, without accounting for chain aggregate particles
in atmospheric cloud models causes uncertainties when modeling supersonic projectile trajectories that intersect cirrus
cloud anvils [3]. The uncertainties are due to hypersonic collisions with relatively large, chain-like ice crystals, which
can cause cratering on the vehicle’s nose cone [4], altering the vehicle’s aerodynamics [5] [6] [7].

Fig. 1 Collage of chain aggregates (a) imaged by the Particle Habit Imaging and Polar Scattering (PHIPS) probe
during the Cape Canaveral Experiment in 2019 (CapeEx19) and (b) imaged by the Hawkeye-Cloud Particle
Imaging (CPI) probe during the Investigation of Microphysics and Precipitation for Atlantic Coast-Threatening
Snowstorms (IMPACTS) field campaign in 2022. Acknowledgments for the PHIPS images: Emma Järvinen and
Martin Schnaiter from Karlsruhe Institute of Technology (KIT).
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This work presents aircraft observations of chain-like ice aggregates collected in recent CapeEx19 and laboratory
methods to enhance our understanding of their formation and their interactions with shock waves. The high-resolution
capabilities of the PHIPS probe [8] clearly illustrated small joints bridging multiple crystal elements (Figure 1) [9].
Therefore, to generate and study the ice crystals in a laboratory, two approaches are taken. The first one is the acoustic
levitator which uses ultrasonic sound waves (approximately 40KHz) to levitate ice crystals. This acoustic levitator will
be integrated with the shock tube to study the hypersonic influence in the presence of ice crystals. As demonstrated
in this work, ice crystals are generated inside the acoustic levitator by freezing suspended water droplets, as well as
vapor deposition ice crystal formation. The acoustically levitated ice crystal sizes and shapes will be characterized and
introduced into the shock tube in the path of the shockwave. Using a high-speed camera, the interaction of shockwaves
and ice crystals will be recorded to measure their thermodynamic and mechanical changes, such as melting, cracking,
and sublimation. The second device is a novel instrument that produces and traps two micrometer-sized droplets without
any physical contact. It is outfitted with a custom built cooling system to achieve freezing temperatures for generating
and levitating ice crystal aggregates inside the instrument.

III. Acoustically levitated ice crystals
An acoustic levitator is used in this work to levitate liquid water droplets ranging in sizes from hundreds of

micrometers to a few millimeters, and subsequently freeze them to create ice crystals. The mechanism for trapping
and levitating the droplets is described in previous literature [10]. Briefly, the setup contains an array of transducers
and reflectors arranged to generate high-frequency (ultrasonic) sound waves reflect and resonate, producing low and
high-pressure and standing waves in the middle. These standing nodes have multiple nodes and anti-nodes at specific
intervals. The nodes and antinodes are the maximum and minimum pressure points, respectively. Droplets are trapped
at the minimum pressure point where gravity and acoustic pressure are balanced. After generating the acoustically
levitated ice crystals, they can be introduced into Purdue’s 3-inch shock tube to measure their responses to shock waves
at varying Mach values.

The acoustic levitator is a commercially available instrument, TinyLev [10]. The TinyLev enables homogenous
freezing, which occurs when water droplets freeze without contact with any ice nucleants. Pure water homogenous
freezing has been observed at or below -36◦C [11][12][13]. In contrast, heterogeneous freezing occurs at much warmer
temperatures reportedly between 0 to -36 ◦C [14], [15]. This indicates that atmospheric microdroplets may freeze in
through a variety of mechanisms that depend on the absence or presence of ice-nucleating particles [12], [15], [16].

Fig. 2 The above image shows a ScienTemp chest freezer setup used for imaging acoustically suspended ice
crystals. The blue circled section shows the close-up of the acoustic levitator in the freezer placed on a custom 3D
printed base and paddings. The illuminated backlight is the strobe LED backlight which is paired with a FLIR
USB-3 camera.
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Two cooling methods are employed for generating ice crystals in an acoustic levitator. In the first method, the
acoustic levitator was placed inside a ScienTemp chest freezer, as shown in Figure 2. The chest freezer is set to -40◦C.
Inside the acoustic levitator two temperature probes were attached. The first temperature probe was placed in the middle
of the levitator, a few inches from the droplet, that read approximately -27◦C. The second temperature probe was placed
near the bottom plate to cross check with the first temperature probe. This large difference is due to the chest freezer’s
top lid being open for most of the the experiment. The droplets are dispensed inside the acoustic levitator for trapping
by using two methods: micropipettes and a mist fan. For the micropipette dispending method, droplet volumes between
3-8 µL are loaded at the minimum pressure nodes. The droplet volumes from the mist fan are smaller, but not measured.
Droplets are loaded while the acoustic levitator is secured inside the freezer.

Freezing the suspended droplets is observed as they thermally equilibrate with the freezer air. Different shapes of ice
crystals are produced in the trap, such as disks, plates, and irregular shapes. To image these resulting structures, a backlit
version of the Open Snowflake Camera for Research and Education (OSCRE) is used to capture different ice crystal
shapes [17]. A Teledyne/FLIR 3.2MP USB-3 machine vision camera is paired to a strobed LED backlight. The camera
and 85mm lens is installed through a chest freezer inlet port, and the acoustic levitator is placed inside the freezer on a
custom 3D-printed base with the LED strobe light. Frames per second of each video are noted and the length of each
pixel of the camera is 10 µm. Freezing times are calculated by counting the frame numbers in each frames/second and
ice crystal sizes are measured with MATLAB image processing [18]. The camera and the flash operate in command
mode for the entire image-capturing session with a varying frame rate from 30 frames/second to 120 frames/second.

Fig. 3 Time series of an acoustically levitated water microdroplet undergoing freezing (from left to right)
resulting in a non-spherical shape, recorded using OSCRE with a total time of approximately 18 seconds. Here, t
= 0 is the time when droplet was dispensed in the acoustic levitator and immediately begins to freeze from the
surface. On the right side, t ≈ 18 s denotes the approximate time when the droplet is completely frozen. Ice
particles such as this can be introduced into high-speed flow facilities in order to observe their changes when
interacting with a shock wave.

Fig. 4 A single acoustically levitated ice crystal aggregate, or two joined ice particles, formed by dispensing a
liquid micrdroplet onto an already suspended frozen droplet. The aggregate’s rotational motion enables multiple
angles to observe the full three dimensional structure. The images are taken using OSCRE. If impacted by a
shock wave, an aggregate such as this one would either break apart or remain stuck together.

Inside the chest freezer, another type of heterogeneous freezing called deposition freezing is observed[19],[20],[21].
Deposition freezing occurs when there is supersaturation with respect to ice and the temperature is below 0 ◦C. Water
vapor condenses directly onto an ice-nucleating particle, creating an ice crystal. In the acoustic levitation experiment,
the mist creates this supersaturation, allowing water vapor to deposit on a ice nucleating particle coincident with the low
pressure nodes. The ice crystal grows freely in the supersaturated gaseous surroundings. The observed shapes include
plate and disk-type ice crystals, as shown in Figure 5. Previous work asserted that columnar and dendritic ice crystals
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have been observed below -19 ◦C and -34.7 ◦C, which is near the homogeneous temperature [22]. In a shockwave
environment, different ice crystal shapes can respond differently, but there is a lack of data to test this question.

(a) Disc shapes formed from deposition freez-
ing (Frame number 268).

(b) Disc shapes formed from deposition freez-
ing (Frame number 908).

Fig. 5 Two differnet angles of the same vertical stack of ice crystals spontaneously formed from deposition
freezing inside the chest freezer. The videos of deposition freezing are available in Supplemental Information.

The acoustically levitated ice crystals formed inside the chest freezer are useful for high resolution images captured
with OSCRE, as in (Figure 3-4). However, to study shock wave and ice crystal interactions, it is necessary to generate
ice crystals in the acoustic levitator without the help of a chest freezer, as the chest freezer cannot be integrated with a
high speed flow platform. Therefore, ice crystals are also generated independently, allowing the acoustic levitator to be
integrated with a shock tube port. This enables the introduction of ice crystals to the shockwave path. A recent study[23]
uses a "cryogun" technique for freezing acoustically levitated droplets with a metal container allowing a cold stream to
flow over the suspended droplets via natural convection when the container is filled with liquid N2. In this work, a
similiar concept is demonstrated, where a volumetric flask filled with liquid N2 guides the cold air stream through a
plastic funnel fastened to the top of the acoustic levitator. This "cryo-beaker" approach successfully demonstrates ice
crystal formation in the trap without the large chest freezer. Figure 6-7 shows various crystal forms generated using
this setup. These images are captured with a Raspberry Pi HQ camera. With ice crystal formation possible using an
acoustic levitator, this setup is now ready to be united with a port of Purdue’s 3-inch shock tube (P3IST), through which
generated ice crystals can be dropped inside the shock tube. To accomplish this step, several design challenges will be
addressed in upcoming work.

Fig. 6 Images showing an acoustically levitated ice crystal aggregating with a larger ice crystal above it. The
vertical translucent region around the droplet is the cold air stream due to liquid N2 in the cryo beaker.

From visual inspection using a borescope camera, it is evident that the droplets oscillate in the levitator at specific
nodal locations. One experiment using an SA4 highspeed camera at 5000 fps and a continuous light source measures
the oscillation of liquid droplets in the acoustic levitator. Droplets in the levitator are visibly flattened and deformed into
ellipsoids, a result of the horizontal oscillations and vertical compression from standing waves. Oscillation frequency in

5



(a) Images showing multiple acoustically lev-
itated ice crystals. There are three different
crystal formations. From top to bottom,
there is a frozen spherical droplet exhibiting
riming; the middle is a column; the bottom
is a flat discshape.This illustrates the variety
of ice crystals formed during one experiment.
All of these ice crystals were oscillating and
rotating at higher rpm.

(b) Cloud-shaped ice crystal with a
tail which disintegrated later due to
oscillation and rotation motion. A flat
plate type droplet was also formed at
the bottom.

Fig. 7 Different ice crystal shapes observed in the acoustic levitator through Raspberry Pi HQ camera.

the horizontal direction is plotted in Figure 8. There are relatively minor oscillations present in the vertical direction as
well, which have not been analyzed.

Droplets’ oscillation frequencies shown in Figure 8, comprised of 16-time segments from 5 high-speed imaging
trials, with square icons representing the mean frequency for each droplet size. Smaller (4 µL) droplets oscillate at a
higher frequency range than larger (5 µL); however, both cases remain in the low frequency range between 7 and 13 Hz.

Fig. 8 Change of oscillation frequency with the change of water droplet volume.

This work presents a reliable and repeatable technique for producing acoustically levitated ice crystals that can be
applied to shock tube experiments. For integrating the levitator into a shock tube port, the acoustic levitator needs to be
placed on top of a platform attached on top of the acoustic levitator. In the place Pico-pulse droplet dispenser (Figure
11), it will be placed. For dropping ice crystals, the port needs to be opened and closed in fractions of seconds to drop
the ice crystal into the shock tube and not re-pressurize the lower pressure-driven section at the same time.

The next steps with acoustic levitation will entail temperature and humidity sensors for measuring the gaseous
conditions during freezing, for eventually. Also by incorporating a flow control mechanism into the cool air flow crystal
growth can be controlled.
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IV. Electrodynamically Levitated Ice Crystals
Towards replicating individual ice crystal aggregates, such as those observed in clouds shown in Figure 4, the

electrodynamic balance utilized in this work uniquely traps multiple microparticles with the capability of merging ice
crystals in two electrodynamic trapping regions. Electrodynamic balances have been utilized in atmospheric chemistry
for several decades[24] [25] [26] [27] [28] [29] [30] and investigating microdroplet chemical reactions [31] [32] [33].
This Dual Balance Electrodynamic Trap (DBET), commercially procured from MicroLev, LLC, is explained in detail
in a prior publication that specifically focuses on merging viscous droplets to measure their rheological properties
[34]. A schematic for the DBET is shown in Figure 9. As shown, there are two trapping regions, a top balance region
and a bottom balance region. The DBET traps aerosol particles axially through the electrodynamic field generated
by the quadrupole electrodes and guides the particle to fall vertically by the counterbalance electrodes. The droplets
are loaded in the trap by injection from a MicroFab droplet dispenser (MJ-ABP-01) with a 50 µm orifice. The droplet
immediately gets charged via an induction electrode. Relative humidity (RH) inside the chamber is controlled by setting
the fraction of the nitrogen flowing into a bubbler to add moisture to the flow; the higher the wet flow fraction, the
higher the RH. For measuring the temperature and RH inside the chamber, a probe for each property is attached to the
top balance. A Thorlabss DCC1645C-HQ CMOS camera captures droplet changes in shape in the bottom balance. In
Figure 9a, liquid droplets are held in the trap, then in Figure 9b and in Figure 9c, they are frozen and merged together,
respectively, resulting in an aggregate in the bottom balance. In the DBET, the levitated microdroplets range in sizes

Fig. 9 Schematic Diagram of DBET (Dual Balance Electrodynamic trap). (a) Two oppositely charged water
droplets are trapped in two balances. (b) Trapped water droplets are frozen down to ice crystals. (c) Aggregation
of ice crystals and observation through a high-speed CMOS camera.

approximately 10 µm to 100 µm. When two droplets are loaded in the balance regions, they can be merged together to
create one coalesced droplet for liquids or one aggregate for ice crystals. To produce an aggregate, temperature control
at freezing temperatures is required. A custom designed copper tubing heat exchanger is attached to the DBET. Ice
crystals are produced by freezing trapped water droplets. The chamber walls are cooled down gradually using a USA
Labs UC-20/40 recirculating chiller that operates down to -40◦C and uses propylene glycol and water at 60:40 ratio as a
refrigerant. That refrigerant flows through the copper coil and the cooling line is also wrapped around with insulating
material to minimize heat uptake from the surroundings. For minimizing condensation on the external equipment
needed to operature the DBET, a plexiglass box encloses the setup and purges it with nitrogen gas.
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Fig. 10 The center line temperature (◦C) inside the replica DBET (R-dBET) and the low temperature DBET
(L-DBET) versus time (min.). The centerline temperature achieves a low enough temperature to heterogeneously
freeze aqueous droplets containing silver iodide (AgI), a well-known and effective ice nucleating material. [35]

The temperature reduction in the DBET is essential for producing ice particles at atmospherically relevant sizes.
The copper tubing was initially mounted on a replica of the geometry of the DBET’s outer chamber, which does not
contain any of the internal components. The main purpose of the replica is to be a mannequin; to ensure a tight fitting
and maximize the contact with the real DBET. Figure 10 shows the measured centerline temperature reduction in the low
temperature-DBET (L-DBET), as well as the replica (R-DBET). After approximately 160 minutes, the replica’s center
line temperature is -9◦C. The low temperature-DBET only reaches -5.4◦, which takes 300 minutes. The difference in
efficiency is due to the low temperature-DBET interior, which is crowded instrument components. However, since the
targeted water droplet chemical system is silver iodide (AgI), since AgI can initiate heterogeneous freezing at -5◦C,
although it can occur at temperatures up to -4◦C [35] [36] [37].

The present work shows the low temperature DBET instrument is capable of producing complex ice crystal
particulates, towards re-creating in situ observations from aircraft campaigns and advancing understanding of their
formation and properties. This will be presented in upcoming work [38]. Additionally, ice crystal aggregation using the
low temperature-DBET in Figure 9c can provide insight as to the conditions that promote their formation. Ultimately,
more studies can be done on ice crystal chain formation and shockwave-ice crystal aggregate interaction.

V. Microdroplet Interactions with Shock Waves in the Purdue 3-inch Shock tube
The Purdue 3 Inch Shock Tube is used in this work to produce shock waves which can then hit water droplets and ice

crystals. Interaction between the two can then be observed. Figure 11 below shows a schematic for the P3IST at Purdue
ASL. The P3IST has an internal diameter of 3.5 inches (8.89cm), a driver-tube length of 1.43m, and a driven-tube
length of 3.95m. Four sections of 304 stainless-steel pipe are machined together, ensuring matching of internal diameter
throughout the tube [39], [40]. Pressure in the driven and driver sections is controlled by automated VAT Series 615
butterfly valves at both ends of the tube, designed to sustain a maximum differential pressure of 1 atm. An integrated PI
controller controls the opening of the valve which allows both sections to track the designated pressure values within
a quoted 0.05 percent error. The VAT valves have a 28000 increments position resolution from fully closed to fully
open, with a complete closing/opening time of 0.6 seconds. Pre-run pressures in the driven section are measured by
two Leybold CERAVAC CTR101 N active pressure sensors, with a quoted uncertainty of 0.12 percent for pressures
above 0.13 bar. An analog signal between 0 and 10V is input directly into the VAT valve. These sensors are also
capable of gas-independent pressure measurements by measuring changes in the capacitance of a diaphragm as it
deforms. Pre-run pressures in the driver section are measured with a Paroscientific Model 745 Digiquartz® pressure
transducer with a range of 0-15 psia (1034 mbar) and an accuracy of 0.008 percent. The transducer’s digital output is
converted to analog through a NI USB-6343 DAQ that operates at 500kS/s with 16-bit resolution [39]. A series of
experiments were performed on the Purdue 3-Inch Shock Tube (P3IST) initially using natural bursting of the diaphragm
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Fig. 11 P3IST Diagram [39] Adapted from Wason (2019)

by pressure difference alone. Later tests transitioned to controlled electrical bursts, using electrically heated wires
to cut the diaphragm at a controlled pressure difference. Water droplets and droplets of water mixed with isopropyl
alcohol, which had a lower surface tension than pure water, were dropped into the shock tube by use of a Nordson
PICO Pulse dispenser. High-speed shadowgraphy and Schlieren images of shock-droplet interactions were recorded
and aero-breakup of droplets were observed. Their respective breakup modes and mechanisms were identified and
compared to expected breakup modes based on the Weber number. Images presented in this work were filmed based on
a straight schlieren/shadowgraphy setup (Figure 12).

Fig. 12 Straight Schlieren/Shadowgraphy Setup Used for Images Presented in the Current Work

Droplet-shock interactions are classified into wave dynamics (Stage I) and droplet breakup dynamics (Stage II). Stage
I concerns the interaction of an incident shock with the droplet surface leading to the creation of different wave structures
like reflected wave, transmitted wave, Mach-stem, and diffracted wave, which affects the flow conditions around the
droplet periphery. Droplets in Stage I experience deformation but retain their coherent structure, which is universal for
all cases of shock-droplet interactions. Stage II describes the mechanism for the breakup and eventually disintegration
of the droplet under these peripheral conditions [41]. Different modes are categorized by a non-dimensional quantity
the Weber number, which is the ratio of the disturbing flow force and the stabilizing surface tension force, i.e. We=
𝜌u2d/𝜎, where 𝜌 is the gas density, u the freestream velocity, d the characteristic length and 𝜎 the surface tension force
per unit surface area [42].

Previous work [42] listed 6 modes of droplet breakup: (1) vibrational breakup (8<We<12), (2) es breakup
(12<We<50), (3) bag-and-stamen breakup (50<We<100), (4) sheet stripping (100<We<250), (5) wave crest stripping
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Fig. 13 Droplet breakup mechanisms (Stage II)[41].

(We>250) and (6) catastrophic breakup (We>250) [42]. The above 6 modes can be categorized into 2 groups shown
below in (Figure 13) by their transition mechanisms: (1) Rayleigh-Taylor Piercing (RTP), and (2) Shear-Induced
Entrainment (SIE). RTP breakups are induced by Rayleigh-Taylor instabilities on the droplet surface and SIE breakups
are induced by the formation of Kelvin-Helmhotz waves on the surface.

Fig. 14 : Electric Burst System Timing Tests, isolated time is the time it takes for the burst system to receive a
start signal and burst the diaphragm, shock propagation time is the time it takes for the shock to travel from the
diaphragm to the pressure sensor before the test section, and total time is the sum of these times.

Figure 14 shows the evolution of the droplet stream after the passage of an incident shock for one example test.
Footage for this test was captured at 100000 fps with 1280 x 512 resolution using a Phantom TMX 7510. The initial
pressure ratio of this burst was 2.2069 with an incident shock speed measured at 398.42 m/s and a contact surface
propagation speed of 97.3158 m/s. Droplet sizes were estimated to be 0.25 mm, while the driven section density 𝜌

is found via the equation of state to be 1.1899 kg/m3, while surface tension 𝜎 of water is 0.0728 N/m. The droplets
were initially impacted by the flow induced by the incident shock and were visibly flattened into disc shapes. The bag
formation was then observed in one of the droplets with an inflated water bubble which eventually burst, breaking up
the droplet into several smaller droplets. Other droplets only experienced a brief deformation before returning to their
original shapes due to the restoring forces of surface tension. The Weber number of the droplets was estimated to be 39.
A bag-breakup was captured in 14. The above calculated Weber number falls in range of the bag-breakup mechanism
which is a result of the Rayleigh-Taylor instability on the droplet surface. It was also evident that for a set Weber number,
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droplets are not guaranteed to follow the prescribed mechanism and breakup, since only one among the entire droplet
stream broke up while others retained integrity.

Fig. 15 : Electric Burst System Timing Tests, isolated time is the time it takes for the burst system to receive a
start signal and burst the diaphragm, shock propagation time is the time it takes for the shock to travel from the
diaphragm to the pressure sensor before the test section, and total time is the sum of these times.

Various tests were conducted and plotted according to Weber number and shock Mach number 14. Many tests were
conducted between Mach 1.1 and 1.3 but later tests followed a switch to a dual depressurization procedure with an
aluminum foil diaphragm which allowed for tests at higher Mach numbers. Mach number itself had no independent
effect on the breakup regime. However, observed breakup modes tended to generally track with Gelfand’s classifications.
There were, however, a few cases of bag-and-stamen breakup at Weber numbers that would be expected to yield a bag
breakup rather than a bag-and-stamen breakup. There was additionally one case at a Weber number above 60 where no
breakup was observed. One possible explanation could stem from the fact that these tests were conducted by natural
bursts rather than controlled electrical bursts. Since the diaphragm does not cleanly rupture under a natural burst, there
is a risk that the flow in these cases was not uniform, and some fundamental assumptions did not hold. These cases will
need to be investigated in more detail, however, before definite conclusions can be drawn.

VI. Conclusions
Atmospheric ice crystal aggregates observed in high-altitude clouds cause severe damage to hypersonic vehicles,

which include satellites, re-entry vehicles, missiles, and jet aircraft. Despite this known hazard, experimental techniques
allowing the study of the behavior of ice crystals in shockwaves are lacking, which inhibits any predictions for damage
potential and airframe protection designs. Moreover, important properties of ice aggregates, such as bonding strength
and thermodynamic conditions that promote their formation, remain under-explored. In this paper, the ability to
generate atmosphericallyrelevant ice crystals and ice crystal aggregates is demonstrated in an acoustic levitator with two
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temperature control mechanisms: a ScienTemp chest freezer, and a cryo-beaker. Inside a chest freezer, the acoustic
levitator successfully generates ice crystals in the size ranges 500-600 𝜇m, which matches the sizes of the chain-like ice
crystal aggregates in recent flight campaigns such as those shown in Figure 4. Aggregation was also demonstrated in
the chest freezer. The cryo-beaker setup shows that ice crystals are possible to generate external to the chest freezer.
The setup achieves different ice crystal shapes generated from suspended water droplets. This approach successfully
demonstrates different freezing mechanisms and indicates the possibility of incorporating it into the P3IST with further
design modifications. The low temperature-DBET system traps atmospherically relevant microdroplets and can be
reduced to -5.4◦C. This setup is a new addition to hypersonic ground testing because it can freeze water droplets
to produce ice crystals with known sizes and shapes and keep them in place to be introduced into high-speed flow
facilities, such as the P3IST. The P3IST system is modified to demonstrate the breakup of water droplets with diameters
approximately equal to 200 𝜇m. Bag bursting is observed in the microdroplets after passing through the shockwave,
as showin in Schlieren images. To observe ice crystal- shockwave interactions inside the shock-tube, precise timing
synchronization among several components needs be done, such as the following: ice crystals falling time into the
shock tube, the P3IST’s diaphragm bursting time delay after entering the command in the operating software, and
time calculation for the shockwave to reach the interaction point in a defined Mach speed . Therefore, this work also
shows a plot that reports the time required for a shockwave to reach the first pressure sensor inside the shockwave at
various Mach speeds. These key advancements in microparticle levitation instruments with low temperature control
and modification of a shock tube to be able to introduce microdroplets and ice crystals will ultimately lead to a better
understanding of the interaction between atmospherically realistic ice crystals and shockwaves.
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