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Abstract: This study examines the process of a 240 µm droplet breakup under a shock wave through
experiments using a double-pulse laser holographic test technique on a shock tube. The technique
allowed for high-resolution data to be obtained at the micron-nanosecond level, including the Weber
number distribution of deformation and breakup modes for droplets of different sizes and loads.
Results were compared with larger droplets at the same Weber number, revealing that higher Weber
numbers result in more difficulty in droplet breakup, longer deformation times, and increased
deformation behavior. At low Weber numbers within the critical range, changes in droplet diameter
affect the Rayleigh–Taylor waves and alter the droplet’s characteristics. The study also investigates
the laws and reasons behind windward displacement variation for hundred-micron droplets at
different Weber numbers over time.

Keywords: shock wave; hundred-micron droplet; deformation and breakup; windward displacement

1. Introduction

The deformation and breakup of droplets under the action of shock waves are classi-
cal multiphase hydrodynamic phenomena, which hold significant practical applications
and research value across various fields. As hypersonic vehicles continue to operate
at increasingly high speeds, the demand for high-performance propulsion systems has
surged. The combustion chamber of these systems, such as the scramjet, is afflicted by
complex interactions between shock waves and fuel droplets, ultimately influencing engine
performance [1]. Therefore, conducting an in-depth study of the breakup behavior under
shock wave exposure and deciphering its underlying physical mechanism is critical for
realizing its engineering potential.

Since the 1950s, researchers have theoretically, experimentally, and numerically stud-
ied the droplet deformation and breakup process. Hinze [2] examined the deformation
and breakup behavior of individual droplets subjected to gas flow, emphasizing the cru-
cial role of the Weber number (We) in droplet deformation and breakup. Subsequent
experiments have revealed a wide range of droplet breakup modes. Pilch et al. [3] and
Guildenbecher et al. [4] summarized the various droplet breakup modes and classified
them into five categories: vibrational, bag, bag-and-stamen, stripping, and catastrophic
breakup. According to Theofanous et al. [5–8], the primary factor affecting is Rayleigh–
Taylor instability (R–T instability) when We < 102. In contrast, when We > 103, Kelvin–
Helmholtz instability (K–H instability) emerges as a crucial factor determining droplet
breakup. When 102 < We < 103, droplet breakup results from the combination of R–T insta-
bility and K–H instability. Boiko [9] proposed a method for determining aerodynamic drag
based on the body velocity-relaxation parameter behind a shock wave. In some typical flow-
free-body interaction scenarios that consider droplet deformation, the analytical form of
the motion function was discovered. Xiong et al. [10] investigated the relationship between
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millimeter-sized droplet displacement in the gas flow direction and lateral deformation and
time under high-speed gas flow induction with high-speed shadowgraph systems. They
discovered that an increase in interfacial tension prevents droplet deformation and breakup,
while gas–liquid density ratios have the opposite effect. Shi et al. [11] employed high-speed
schlieren systems to capture the deformation and breakup characteristics of submillimeter
droplets under supersonic conditions. Additionally, they analyzed the spatial–temporal
relationships of droplet motion parameters. Shen et al. [12] recorded droplet deforma-
tion behavior induced by shock waves using high-speed shadowgraph systems. They
observed that, in cases where there is a wide range of interacting inertia, the rate of droplet
deformation is reduced due to the additional viscous forces provided by viscosity.

As computational fluid dynamics and numerical simulation methods have advanced,
it has become possible to obtain the pressure distribution and velocity distribution around
liquid droplets. Fakhari et al. [13] conducted two-dimensional numerical simulations of
droplet deformation and breakup modes using the Lattice Boltzmann method. They found
that increasing the Reynolds or Weber number resulted in greater droplet deformation and
breakup. Yu [14], Meng [15,16], and Jalaal [17] successively demonstrated that the pressure
difference between the equatorial and anterior(posterior) stationary points is the main
driver of droplet flattening. Thus the uneven pressure distribution on the droplet surface
thereby leads to a difference in the deformation rate between the windward and leeward
sides. Xiang et al. [18] performed numerical simulations to study the evolution of low-
pressure regions inside droplets after their collision with shock waves. Poplavski et al. [19]
used the volume of fluid (VOF) method to resolve the phase interface and the large eddy
simulation (LES) model to describe turbulence. Their study included an investigation of
the structure of the flow near and in the wake of a droplet, an examination of the flow
features around a droplet, an analysis of the type of shape evolution, and an evaluation of
the character of the mass entrainment. Bijarchi et al. [20] used the finite volume method and
VOF two-phase model to numerically study the splitting of T-junction ferrofluid droplets
under asymmetric Pulse–Width Modulation (PWM) magnetic fields. By utilizing the PWM
magnetic field, two novel regimes of ferrofluid droplet splitting were observed for the first
time: same branch flow (SBF) and double splitting (DS).

Previous investigations into droplet deformation and breakup have been limited by
technology, with many stopping at sub-millimeter droplet dimensions (Shi and Shen [11,12]).
However, in actual spray fields, droplet diameter ranges from 5 to 300 µm and droplet
curvature increases sharply. It is unknown whether conclusions drawn from Weber num-
ber analysis can be applied. In this study, droplets with an initial diameter of 240 µm
were obtained employing a pneumatic droplet generator designed. We combined shock
wave-driven droplet experiments and double-pulse laser holographic testing to collect
experimental data with micron-nanosecond high spatial and temporal resolution on the
deformation and breakup modes of hundred-micron droplets under different loading,
as well as the Weber number distribution of these breakup modes. The results of our
study provide a reference for further research on the deformation and breakup behavior of
hundred-micron droplets.

2. Experimental Devices and Methods
2.1. Experimental Devices

The experiments were carried out in a horizontal shock tube (Institute of Fluid Physics
of China Academy of Engineering Physics, Mianyang, China). The system diagram is
shown in Figure 1. The system is characterized by the following main features: (1) the
cross section area of the inner cavity of the horizontal shock tube is 60 mm × 60 mm,
and the total length is 4000 mm; (2) a high-pressure chamber (length 1280 mm) and a
low-pressure channel (length 2220 mm) are separated by a film in the initial state; (3) a
measuring section (length 500 mm) equipped with quartz windows 60 mm × 140 mm in
size to carry out visualization, as well as a pneumatic droplet generator; (4) the pneumatic
droplet generator is shown in Figure 2a, which consists of an end cover, generator base, gas
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nozzle, electric oscillator, sealing platen, fluid storage column and nozzle; (5) to prevent the
influence of serial and parallel droplets on adjacent, we arranged the holes according to
the pattern depicted in Figure 2b, with a spacing of 10 mm between adjacent holes, which
equates to approximately 50 times the droplet diameter; (6) In the rapid recording process,
dynamic spatial and temporal resolution is one of the main factors that determine the choice
of recording equipment and its operation method. High-speed schlieren/shadowgraph
systems cannot capture micron-level high-resolution and high-frame rate images. Moreover,
these systems are subject to the defocusing phenomenon when attempting to capture the
deformation and breakup of even a hundred-micron droplet, Therefore, we utilized the
double-pulse laser holographic test technique to accurately record the droplets’ deformation
and breakup process.

Figure 1. Schematic diagram of the experimental system.

Figure 2. (a) The structure of the droplet generator, (b) top view of the droplet generator base.

In our experiment, we employed a Beamtech dual-pulse Q-switched nanosecond laser
system (Vilte-200) to generate laser light. For imaging purposes, we selected Apogee’s
CCD camera (RMV-50100), possessing a resolution of 8176 × 6132 with a pixel size of
6.0 µm × 6.0 µm, and a maximum shooting frequency of 27 Hz. Static pressure signal data
was collected using pressure transducers (PCB 113B26) and an oscilloscope, while shock
wave speed was determined via signal interval calculations.
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A high-pressure cylinder was utilized to pressurize the drive section with nitrogen
gas to the desired experimental conditions. An input electrical signal triggered the digital
delay generator, which then output signals A, B, C, and D. Signal A was connected to the
CCD camera, which began recording upon signal reception. Signal B was connected to a
double-pulse laser, releasing a first pulse to capture the initial position of the droplet and
shock wave, and a second pulse to capture images of droplet deformation and breakup
under the shock wave and high-speed gas flow. Signal C triggered the solenoid valve of the
pneumatic droplet generator, generating droplets. Signal D activated the film-broken device,
resulting in the rapid heating of the resistive wire in close contact with the film, burning off
the diaphragm, and generating a shock wave. To ensure the smooth propagation of the
after-shock gas flow in the shock tube, 0.02 mm, and 0.05 mm thick polypropylene films
were chosen as the diaphragm material under low We and high We conditions, respectively.

2.2. Experimental Parameters

The aerodynamic force acting on the droplet’s surface, the interfacial tension between
the droplet and the ambient gas, and the viscous force inside the droplet are the main
factors affecting the deformation and breakup of the droplet under the action of gas flow.
The Weber number We and Ohnesorge number Oh are crucial dimensionless numbers
related to droplet deformation and breakup. We is the ratio of the aerodynamic force from
the ambient gas and the interfacial tension, which plays a dominant role in the deformation
and breakup of the droplet. And Oh relates the viscosity to the aerodynamic force and
interfacial tension [2]. The equations for We and Oh are as follows:

We =
ρgug

2d0

σ
(1)

Oh =
µl√
ρlσd0

(2)

where d0 is the initial droplet diameter, σ is the interfacial tension, ug is the gas velocity
behind the wave, ρg is the gas density behind the wave, µl is the dynamic viscosity of the
droplet, and ρl is the droplet density.

The diameter of the water droplets generated by the pneumatic droplet generator is
around 240 µm. The diameter error between different droplets is less than 5% due to the
inherent error of the pixel dot size. The relative errors of both gas velocity and density were
less than 1% (averaged over multiple calculations). The table of relevant parameters of the
experiment is shown in Table 1.

Table 1. Experimental operating conditions parameters.

d0/
(mm)

p1/
(Pa)

p2/
(Pa) Ma ug/

(m/s)
ρg/

(kg/m3)
Tg/
(K) We Oh

0.24 101325 128198 1.11 58.01 1.41 318.9 15 ± 1 0.00764 ± 0.00018
0.24 101325 130597 1.12 62.73 1.44 320.6 19 ± 1 0.00764 ± 0.00018
0.24 101325 200960 1.36 175.69 1.93 366.1 184 ± 13 0.00764 ± 0.00018
0.24 101325 298847 1.63 289.32 2.50 421.2 696 ± 30 0.00764 ± 0.00018

Note: d0 is the initial droplet diameter; p1 is the pressure of the low-pressure chamber of the shock tube; p2 is
the gas pressure behind the shock wave; Ma is the propagation Mach number of the shock wave; ug is the gas
velocity behind the shock wave; ρg is the gas density behind the shock wave; Tg is the gas temperature behind the
shock wave.

In the definition of thermodynamic or aerodynamic parameters, which involve tem-
perature or temperature-dependent physical quantities, the temperature before the shock
wave is usually used to define them. Therefore, for the temperature-dependent physical
quantities involved in calculating We and Oh, the temperature before the shock wave,
which is the ambient temperature, is used. As a result, the dynamic viscosity of the droplet
is 1.00160 × 10−3 Pa·s, the density of the liquid droplet is 997.07 kg/m3 and the interfacial
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tension is 0.0728 N/m (at a temperature of 293.2 K and a pressure of 101,325 Pa). When Oh
is low enough (Oh < 0.1), the viscous force inside the droplet can be ignored, and We is the
main parameter dominating droplet breakup [21].

2.3. Image Post-Processing

Figure 3 depicts a typical unprocessed hologram captured by a CCD camera. In
Figure 3a, the composite image at time t1 was recorded by the first pulse signal, and the
image at time t2 was recorded by the second pulse signal. Figure 3a presents 18 rows
of droplets in pairs. The droplet on the left was recorded in the image at time t1, while
the right droplet after deformation and breakup was recorded in the image at time t2, as
depicted in Figure 3b. The moment when the shock wave meets the leftmost droplet is
set to moment 0. Ti, at which the i-th column of droplets is located, can be obtained from
Equation (3), xi is the distance between the windward side of the i-th column of droplets
and the shock wave, and us is the speed of the shock wave that can be obtained from the
oscilloscope. With this approach, one can obtain the moment of each column of droplets in
the t2 image.

Ti =
xi
us

(3)

Figure 3. Image taken by CCD camera. (a) Large field of view images, (b) Partial detail image.

Post-processing of holograms is carried out to eliminate interference caused by factors
such as image noise. Figure 4a–c depicts the Static flow field holographic image, broken
flow field holographic image, and post-processing holographic image, respectively.

Figure 4. (a) Static flow field holographic image, (b) broken flow field holographic image, (c) post-
processing holographic image.



Appl. Sci. 2023, 13, 5555 6 of 12

3. Results and Discussion
3.1. The Low Weber Number Conditions

To eliminate the effects of droplet size, gas velocity/density, and droplet density, the
dimensionless treatment of the droplet break-up time is shown in Equation (4):

τ = t
ug

d0
√

ρg/ρl
(4)

where τ is the dimensionless time, t is the dimensional time, ug is the gas velocity behind
the wave, d0 is the initial droplet diameter, and ρg/ρl is the ambient-to-droplet density ratio.

As shown in Figure 5a, at We = 15, the non-uniform pressure distribution leads to an
initial droplet deformation due to the acceleration of the ambient fluid around the droplet
(τ = 0~1.285). The aforementioned deformation is resisted by interfacial tension, and the
droplet ultimately adopts a disk-like morphology (τ = 1.285). The droplets subsequently
undergo the breakup process due to the action of aerodynamic forces (τ = 1.285~2.687). As
the gas flows through the droplet, it forms a hysteresis point on both the front and back
surfaces, where a maximum velocity surrounds the droplet. Following the formation of the
bag, expansion of the bag and the liquid ring occurs due to the pressure exerted upon them
by the high-pressure stagnation inside the bag. The growth process of the bag corresponds
to the development of R–T instability on the droplet surface.

Figure 5. Schematic of droplet breakup morphology characteristics. (a) bag breakup, (b) bag and
stamen breakup.

In Figure 5b, it can be observed that at We = 19, the droplet experiences bag and
stamen breakup. In a study by Zhao [22], the morphology of the bag, and bag and stamen
breakup, were observed and analyzed. The results indicated the transition We between bag
breakup, and bag and stamen breakup, was 16 while Oh tended to 0. The transition We
in this experiment was 15 < We < 19, which is consistent with the range of We observed
in Zhao’s study. Throughout the bag and stamen breakup process, an initial perturbation
was formed on the droplet surface by R–T instability, which subsequently evolved into
a stamen structure (τ = 0~1.228). The stamens are not in the droplet center during bag
growth, which leads to different growth rates in different parts of the bag. During bag
and stamen breakup, the stamens gradually become core droplets (τ = 1.228~2.021). The
upper and lower edges of the initial droplet are pulled out into pockets, which indicates the
presence of two R–T waves, and in this mechanism, droplet deformation leads to internal
flow from the poles to the equator. At the time of bag breakup, the interfacial tension is
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sufficient to resist this flow, resulting in the formation of a ring. However, as the rate of
deformation increases, the interfacial tension is insufficient, and the droplets continue to
elongate, reaching a critical point. Eventually, the edges of the droplets become particularly
thin, and the plume droplets lose their liquid film connection with the nucleus and are
carried away by the ambient gas flow, leaving only the nucleus portion to continue moving
in the direction of the gas flow(τ = 2.021~3.427).

To further understand the effect of droplet diameter on deformation and breakup at
identical We, we compared the submillimeter droplet images captured by Shi [11] with our
own experimental images, as illustrated in Figure 6. When droplets were subjected to close
We, the submillimeter droplets did not undergo bag and stamen breakup, but bag breakup.
This suggests that the reduction in droplet diameter at the same We alters the breakup mode
and typical characteristics of the droplets. Our analysis indicates that, holding We constant,
and decreasing the droplet diameter leads to an increase in the number of R–T waves,
ultimately resulting in a change in droplet breakup mode. It is worth mentioning that this
conclusion applies only to the We = 19 condition. In the We = 184 and We = 696 conditions,
decreasing the droplet diameter did not change the droplet’s breakup mode and typical
characteristics. This is because We = 19 is in the transition range from bag breakup to bag
and stamen breakup.

Figure 6. Schematic of droplet breakup morphology characteristics taken by Shi (We = 21).

3.2. The High Weber Number Conditions

Under high We conditions, the deformation and breakup behavior of droplets, as
well as the underlying physical mechanisms governing these phenomena, will display
significant deviations from their low We counterparts.

When We is further increased to 184, the droplet undergoes sheet-thinning breakup,
as shown in Figure 7a. In the droplet deformation step (τ = 0~0.818), the droplet continues
to shrink toward the center and flattens out. At τ = 0.511, the droplet experiences a
simultaneous contraction of the windward and leeward sides towards the center. However,
the compression and deformation rate of the leeward side is noticeably greater than that
of the windward side. As a result, the tail end of the leeward side evolves into a disk
shape, appearing as a straight line on the image, while the curvature of the windward side
remains curved. Following this, the windward side of the droplet grows in the direction
of the vertical gas flow, wraps the droplet in the direction of the downstream gas flow,
and wraps the droplet completely at τ = 0.818. For the breakup step (τ = 0.818~), the
“sheet-thinning” mechanism and the development of R–T instability successively dominate
the droplet breakup process. During the period of τ = 0.818~1.267, the sheet continuously
grows from the edge of the windward side and continues to grow and progressively
stretches in the direction of the gas flow. Between τ = 1.267~1.568, the gas flow fractures
the sheet and produces liquid ligaments and filaments that then break up into a liquid
mist. Concurrently, there is a clear piercing behavior of the gas flow toward the inside
of the droplet at the windward edge so that it can be considered R–T instability. As the
breakup process continues to progress (τ = 1.568~), the droplet’s windward edge gradually
sheds into a dense liquid mist cluster and further breakup. This instability results in the
stripping of a significant fraction of the droplet mass, governing the subsequent stages of
the breakup process.



Appl. Sci. 2023, 13, 5555 8 of 12

Figure 7. Schematic of droplet breakup morphology characteristics. (a) sheet-thinning breakup,
(b) catastrophic breakup.

Figure 7b illustrates the morphological characteristics of the hundred-micron droplet
catastrophic breakup process at We = 696. Compared with the We =184 condition, the
similarity in the evolution process is primarily reflected in the following aspects: (1) the
windward side remains; (2) the flattening trend of the droplets continues until the generated
liquid mist obscures the main body of the droplets; (3) R–T instability exists at the windward
edge of the droplets. The differences in the evolutionary process can be reflected in
the following aspects: (1) the droplets are broken after experiencing slight compression
deformation, and their deformation duration is significantly shortened; (2) the sheet is
broken into liquid filaments and ligaments before breakup into small droplets in the We
= 184 condition, while the liquid mist is directly dislodged from the liquid surface under
the action of shear force; (3) in the droplet breakup step, no folds can be observed on the
windward side at We = 184, while at We = 696, the increased air velocity makes the droplets
appear as folds on the windward side, and the comparison diagram is shown in Figure 8.

Figure 8. The windward comparison diagram of sheet-thinning breakup and catastrophic breakup.
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As the front end of the droplet evolves from a smooth surface to a fluctuating state
in front of the windward side, there are bumps and fluctuating behaviors, but no obvious
piercing behaviors are observed. This suggests that R–T instability is not the dominant
factor in the breakup of this region. This is consistent with the experimental findings
of Theofanous et al. [6]. It should be noted that Theofanous et al. concluded that R–T
instability does not occur at the front end of the windward side (−30~30◦ region) but did
not explicitly state whether R–T instability exists at the windward edge of the droplet.

Regarding the difference between We = 184 and We = 696 conditions in the windward
side of the droplet breakup step, it has been analyzed that the interfacial tension can inhibit
the development of K–H instability at We = 184 due to a narrower gas–liquid velocity
difference. In addition, the droplet first experience compressional deformation at We = 184,
and the change of droplet shape led to the reduction of gas flow shear velocity, thus limiting
the development of K–H instability. Moreover, at We = 696, the increased gas flow velocity
causes the droplet to fold on the windward side.

Reducing the droplet diameter under the same We condition enhances the difficulty
of droplet breakup and lengthens the deformation time so that the droplet can experience
more deformation behaviors. Figure 9 shows the evolutionary morphology and time scale
of small and large droplets (experimental photographs taken by Shi et al. [11]) during
deformation under the same We. It can be found that when the droplet diameter decreases,
the droplet takes longer to undergo deformation before it breaks up. As the droplet diameter
decreases, its curvature increases, making it more difficult to undergo deformation under
external forces, leading to the above changes.

Figure 9. The evolutionary morphology and time scale of small and large droplets (experimental
photographs taken by SHI et al.).

The droplet move in the x-axis direction under the action of high-speed gas flow after
the shock wave impacts the droplet, and the windward displacement can be a good measure
of the droplet deflection. The windward displacement of the droplet is nondimensionalized
by Equation (5):

X =
S
d0

(5)

Here S is the windward displacement of the droplet, and d0 is the initial droplet diameter.
Figure 10 illustrates the windward displacement of a hundred-micron droplet at low

We and high We. As We increases, the droplet’s windward displacement growth rate
gradually decreases. Still, the droplet’s windward displacement is not simply uniformly
accelerated, as depicted in Figure 10a. Under the We = 184 condition, the droplet undergoes
bag and stamen breakup at τ = 2.1245. Prior to this event, the windward displacement
of the droplet is significantly slower than that of the bag breakup at We = 15, and the
gap between them expanded with the deformation of the droplet. After the breakup, the
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difference in their windward displacement decreases, which indicates that the bag and
stamen breakup has faster windward acceleration after the breakup than before. This is
because the droplet edge moves much faster than the stamen under the action of R–T
instability, and the droplet mass hardly decreases while the droplet area in the vertical gas
flow direction increases during the droplet film formation and the gradual development
of the bag structure. The stamen needs to maintain the liquid film from breakup under
interfacial tension, so the gap between the displacement of the windward of We = 19 and
We = 15 increases with the deformation of the droplet. After τ = 2.1245, the droplets are
left with only the stamens, which move at a faster acceleration under the action of gas flow.
The gas velocity behind the wave of We = 184 and We = 696 are 184.96 m/s and 289.32 m/s,
respectively, which are substantial differences. However, we can find from Figure 10b that
differences in windward displacement between sheet-thinning breakup and catastrophic
breakup are minimal, especially in the deformation step and the early breakup step. This
phenomenon corroborates that the K–H instability dominates the droplet breakup physical
mechanism under high We conditions (We > 102) when the ambient gas flow plays a
much more significant role in shearing than puncturing the droplet’s windward side and
overall propulsion.

Figure 10. (a) The Windward displacement of low We, (b) the windward displacement of high We.

4. Conclusions

An efficient experimental method was developed to investigate the deformation and
breakup of hundred-micron droplets. This method utilizes a combination of shock wave-
driven droplet experiments and double-pulse laser holography to obtain large field-of-view
high-resolution images. The proposed approach provides an opportunity to simultaneously
acquire high spatial and temporal resolution data on the deformation and breakup modes
of a hundred-micron droplet under different loading conditions, as well as the distribution
of Weber numbers associated with the droplet’s breakup modes. Based on the obtained
experimental data, the following results were obtained:
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1. At low Weber numbers within the critical range (15 < We < 19), reducing the droplet
diameter impacts the count of Rayleigh–Taylor (R–T) waves and triggers a shift in droplet
breakup mode. On the other hand, under high Weber numbers (We = 184 and We = 696),
the curvature of the droplet increases with decreasing diameter leading to greater difficulty
in droplet breakup. Consequently, at the same Weber conditions, the droplet experiences
prolonged deformation time resulting in increased deformation behavior.

2. At high Weber numbers, the front end of the windward side of the droplet shows
K–H instability-induced folds that become more pronounced as Weber number and time
increase. Meanwhile, the leading edge of the droplet experiences R–T instability, which can
result in significant droplet mass stripping.

3. The dimensionless windward displacement of a hundred-micron droplet will in-
crease with the increase of this dimensionless time, the droplet’s windward is not uniformly
accelerated under the action of gas flow, and its acceleration will change as the deformation
and breakup. At high Weber numbers, the effect of gas velocity on the windward displace-
ment of the droplet is small. Instead, the ambient gas flow plays a much more significant
role in shearing than piercing the droplet’s windward side and overall propulsion.
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