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Abstract

This cumulative thesis focuses on experimental investigation of droplet aerobreakup. A
shock tube is employed for the generation of well-defined flow conditions. The temporal
steadiness and the spatial uniformity of the shock-induced freestream flow is verified
by systematic pressure measurements. Optimization guidelines for the design of pres-
sure sensor housings are proposed in the first publication to improve the measurement
accuracy and the response rate. The shock tube provides a wide range of operating
conditions and renders possible the experiments of droplet breakup in highly-rarified
supersonic flow. Owing to this advantage, the impact of flow Mach number on strip-
ping breakup is elucidated in the second publication to address the importance of flow
compressibility in supersonic atomization. The shock tube also allows for the study of
simultaneous breakup of closely spaced droplet clusters, as the ambient flow is instantly
established by the fast-propagating incident shock wave. Thus, the breakup behavior of
droplets in tandem formation at different separation distances is illustrated in the third
publication to evaluate the droplet interaction in dense sprays.

In impulse facilities such as shock tubes and expansion tubes where the experi-
mental time window is limited, measurement of transient stagnation pressure is critical.
The first part of this thesis analyzes the characteristic behavior of pressure sensors
shielded by housings of different geometries. Compared to the conical housings that
are commonly adopted in conventional steady/quasi-steady pressure measurements,
the blunt housings show consistent advantages under transient conditions and produce
pressure signals with shorter rise time and less pronounced oscillations. Additionally,
the blunt housings give rise to lower errors when practical problems such as misaligned
assembly and exposure of the sensor surface are present. This work delivers the key
message that it is mandatory to employ sensor housings with blunt tips and short in-
ternal void to achieve robust high-accuracy fast-response measurements of transient
stagnation pressure.

With the rapid development of supersonic gas atomizers, droplet breakup in high-
speed flows becomes of increasing importance. In contrast to most research that
places emphasis on Weber and Ohnesorge numbers, the second part of this thesis
investigates the effect of flow Mach number on the breakup behavior in the shear strip-
ping regime. The main feature is that the Mach number is decoupled from other non-
dimensional parameters and varied independently. As opposed to the conventional
stripping pattern in subsonic flow with fine mist shed off the liquid sheet around the
equator, the breakup process in transonic flow is characterized by rupture of multiple
bags formed along the periphery and in supersonic flow by fragmentation of ligament
structures stretching from the leeward surface. Moreover, increasing the flow Mach
number disrupts the uniformity of fragment sizes and narrows the cross-stream span of
fragment dispersion. This work highlights the necessity of developing new models to
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accurately predict the performance of supersonic atomization.
In practical applications related to dense sprays, the interaction between droplets

in close proximity tends to affect the breakup behavior. The third part of this thesis
studies the droplet breakup in tandem formation and particularly details the interactive
modes over a wide range of Weber numbers and separation distances. The key finding
is that whereas the breakup pattern of the lead droplet is barely altered, the breakup
intensity of the trailing droplet is consistently weakened as the separation distance de-
creases to critical levels. The size of bag structures is reduced in low-Weber num-
ber regimes and the cross-stream dispersion of fragments is narrowed in high-Weber
number regimes. Furthermore, conventional breakup morphologies are not preserved
at even smaller separation distances and new patterns including puncture and coales-
cence modes emerge. This work provides quantitative bases for the modeling of droplet
interaction in dense sprays.
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Nomenclature

Greek letters:

ε Density ratio between liquid and gas

η Viscosity ratio between liquid and gas

γ Ratio of specific heats

µ Dynamic viscosity

ρ Density

Non-dimensional groups:

M Mach number

Oh Ohnesorge number

Re Reynolds number

We Weber number

Roman letters:

a Speed of sound

CD Drag coefficient

D Normalized diameter of the housing borehole

d Droplet diameter

G Normalized depth of the housing cavity

H Normalized diameter of the sensor tip

h Sensor tip diameter

i Relative magnitude of Mach number

j Relative magnitude of Reynolds number

L Normalized length of the housing borehole

P Normalized pressure
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p Pressure

PR Pressure ratio p4/p1

S Normalized separation distance between tandem droplets

s Separation distance between tandem droplets

T Normalized time

t Time

u Velocity

w Vertical misalignment between tandem droplets

x Streamwise location or displacement

Super- and subscripts:

− Condition of the post-bow shock flow

0 Initial condition, e.g. t = 0

1 Condition of the stationary driven gas in the shock tube

3 Condition of the expanding driver gas in the shock tube

4 Condition of the stationary driver gas in the shock tube

∞ Condition of the shock-induced freestream flow in the shock tube

avg Value averaged from repeated experiments

D Value based on the housing borehole diameter

d Condition of the liquid droplet

d0 Value based on the initial droplet diameter

s Condition of the incident shock wave
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1 Introduction

The present doctoral project focuses on employing a shock tube facility to experimen-
tally investigate fragmentation of dispersed media. The shock waves impose step
changes to the pressure and velocity of the continuous phase that further exerts in-
ertial forces on the dispersed phase, and cause distortion and rupture of the immiscible
interface. The analyses require fine temporal and spatial resolutions, and involve com-
plex physics such as interfacial instabilities and nonlinear dynamics.

The shock tube adopted in the study is capable of generating a wide range of well-
defined flow conditions. A significant amount of effort was first dedicated to validating
the performance, including shock attenuation along the propagation, temporal steadi-
ness and spatial uniformity of the shock-induced freestream flow. To accurately de-
scribe the flow conditions with low uncertainties, systematic pressure measurements
were carried out and optimization of the instrumental technique was proposed. The
shock tube was then employed to study two types of fragmentation phenomena, namely
breakup of liquid droplets and collapse of gas bubbles. Droplet breakup is an essential
process in atomization and exhibits distinct morphologies at different ambient flow con-
ditions. Breakup patterns of droplets in supersonic flow and in tandem formation were
thoroughly investigated to shed light on underlying physics in supersonic atomization
and dense sprays, respectively. Bubble collapse occurs mostly in cavitation-related
scenarios and shows aspherical features with the presence of nearby boundaries. Col-
lapse strengths of bubbles close to deformable boundaries and in non-Newtonian fluids
were studied to assess the potential destruction of in vivo cavitation.

This cumulative thesis details the development of the experimental methodology
and overviews my work in the field of shock-induced droplet breakup. Three topics are
presented in this thesis: optimization of sensor housing geometries for total pressure
measurement, impact of flow Mach number on stripping breakup of single droplets, and
variation of tandem droplet breakup at different separation distances. The work related
to bubble collapse is not presented in this thesis.

1.1 State of the Art

1.1.1 Generation of well-defined flow conditions in shock tubes

The shock tube is an impulse facility to generate shock waves that lead a region of uni-
form flow [1, 2]. It has been widely adopted in studies of experimental fluid mechanics,
such as wave interactions [3], boundary layer growth [4] and flame propagation [5].

The shock tube consists of a high-pressure driver section and a low-pressure driven
section. A diaphragm separates these two parts and a planar shock wave is generated
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Figure 1.1: Ideal wave dynamics and associated pressure and velocity distributions
inside the shock tube. The uniform flow conditions in region 2© are conventionally
exploited for fluid mechanics experiments.

when the diaphragm ruptures at predetermined conditions. Figure 1.1 illustrates the
ideal evolution of wave dynamics inside the shock tube and also presents the corre-
sponding pressure and velocity distributions. In the figure, x = 0 indicates the loca-
tion of the diaphragm and t = 0 represents the time instant of diaphragm rupture.
The incident shock wave (red solid line) propagates towards the downstream stationary
low-pressure region ( 1©) while expansion waves (blue dashed lines) travel along the op-
posite direction into the stationary high-pressure region ( 4©). A contact surface (black
dotted line) follows the movement of the incident shock and separates the expanding
driver gas ( 3©) and the compressed driven gas ( 2©). The post-shock freestream flow
in region 2© exhibits uniform pressure and velocity, and is conventionally exploited for
fluid mechanics experiments. The incident shock reflects at the endwall of the tube and
the steady-flow time window is terminated when the reflected shock arrives at the test
location. It is worth mentioning that the region 3© shares the same pressure and ve-
locity as the region 2© but has considerably distinct temperature (normally much lower
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due to the expansion). The flow uniformity in the region 3© is disturbed to certain extent
by the mixing across the contact surface.

Ideally, the freestream conditions are predefined by the initial states of driver and
driven gases. The relation between the driver pressure p4, the driven pressure p1 and
the freestream pressure p∞ is [6]

p4

p1
=

p∞
p1

�

1−
(γ4 − 1)(a1/a4)(p∞/p1 − 1)

p

2γ1(2γ1 + (γ1 + 1)(p∞/p1 − 1))

�−2γ4/(γ4−1)

, (1.1)

where γ and a are the ratio of specific heats and the speed of sound for each gas,
respectively. Then the theoretical incident shock Mach number Ms is calculated as

Ms =

√

√γ1 + 1
2γ1

�

p∞
p1
− 1

�

+ 1 (1.2)

and the freestream velocity u∞ as

u∞ = a1

2M2
s − 2

(γ+ 1)Ms
. (1.3)

Other freestream properties can be further derived from moving shock relations.
In reality, the incident shock strength highly depends on the diaphragm rupture. Im-

perfect rupture causes extra pressure loss and disrupts the sharpness of the shock
front. There are several commonly-used methods to break the diaphragm. A mechani-
cally driven plunger is employed in studies [7–9] to perforate the diaphragm. Other re-
searchers [10–12] build shock tubes with scored diaphragms that burst with the buildup
of the driver pressure. For low-pressure experiments where diaphragms are make of
plastics, electric heating wires are adopted to melt the diagonals of the diaphragm [13–
15].

1.1.2 Pressure measurement techniques in shock tubes

To assess the performance of the shock tube as well as to resolve the flow conditions
with low uncertainties, fast-response high-accuracy measurement of the flow pressure
is desired. The most widely employed technique for total pressure measurement is
Pitot tubes due to the low cost and the simplicity of operation. They are conventionally
adopted in steady/quasi-steady flows and the measured pressure is used to derive
flow velocity or volumetric flow rate [16, 17]. Comprehensive reviews of Pitot tube
techniques are provided by Folsom [18] and Chue [19], including various tube designs
and calibration methods studied in wind tunnels.

In impulse facilities such as shock tubes and expansion tubes, however, the experi-
mental time window is extremely short and the low response rate of conventional Pitot
tubes fails to resolve the transient pressure variation properly. Therefore, piezoelectric
or piezoresistive pressure sensors with short response time, high resonant frequency
and high sensitivity are preferred [20–22]. The working principle is the same as conven-
tional Pitot tubes, which is to create a stagnation region at the sensor tip by positioning
them directly against the freestream flow. To avoid being damaged by fast-traveling
fragments of the ruptured diaphragms, these expensive sensors are typically shielded
by external housings [23–26]. Figure 1.2 shows the commonly-used conical housing
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(a) (b)
borehole cavity

Figure 1.2: Conical housing geometry and the surrounding flow structures in supersonic
flow.

geometry and highlights the presence of the characteristic narrow borehole and shallow
cavity that connect the sensor surface to the ambient flow.

In subsonic flows, the shielded pressure sensor directly measures the freestream
total pressure p0∞ which is related the static pressure p∞ and the Mach number M∞
in the following relation:

p0∞ = p∞ ·
�

1+
γ− 1

2
M2
∞

�
γ
γ−1

. (1.4)

In supersonic flows, however, the measured pressure is interpreted differently. In front
of the housing structure, a bow shock emerges as the supersonic flow decelerates to
stagnation conditions [27]. By assuming normal shock relations across the center of
the bow shock, the static pressure of the flow ahead of the housing p̄ is evaluated as

p̄ = p∞ ·
�

1+
2γ
γ+ 1

(M2
∞ − 1)

�

(1.5)

and the flow Mach number M̄ as

M̄ =

√

√

√

�

1+
γ− 1

2
M2
∞

��

γM2
∞ −

γ− 1
2

�−1

. (1.6)

The measured pressure by the shielded sensor is the total pressure behind the bow
shock p̄0, which can be theoretically calculated by replacing p∞ and M∞ in Equation
1.4 with p̄ and M̄ . Thus, p̄0 is related to the total pressure of the undisturbed freestream
flow p0∞ in the following way

p̄0 = p0∞ ·
�

γ+ 1
2γM2

∞ − (γ− 1)

�
1
γ−1
�

γ+ 1
2/M2

∞ + (γ− 1)

�
γ
γ−1

. (1.7)

1.1.3 Droplet breakup/secondary atomization

In this thesis, the shock tube facility is mainly utilized to study the atomization phe-
nomenon. Gas atomization is relevant in a diverse variety of applications, such as fuel
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injection [28–32], spray coating [33–36] and powder metallurgy [37–40]. The atomiza-
tion process is conventionally divided into two stages, primary atomization that refers to
the initial disintegration of the liquid bulk into large droplets and secondary atomization
that represents the further fragmentation of these droplets into micro fragments. Sec-
ondary atomization is of particular importance because it determines the final fragment
size distribution which is the most crucial parameter in practical applications [41–44].
For instance, droplets of small sizes are desired in combustion systems to enhance
evaporation and mixing rates.

Figure 1.3: Variation of the breakup modes with Weber and Ohnesorge numbers. Re-
produced from Ref. [45].

In secondary atomization, the aerodynamic force exerted by the ambient flow drives
the deformation of the droplet, while the surface tension tends to restore a spheri-
cal shape. The droplet deformation is also resisted by internal viscous forces. Con-
sequently, the two non-dimensional parameters widely adopted [46–50] to describe
droplet breakup are the Weber number (We)

We = ρ∞u2
∞d0/σ (1.8)

and the Ohnesorge number (Oh)

Oh= µd/
Æ

ρd d0σ (1.9)

where ρ∞ and u∞ are the density and velocity of the gas freestream flow, and d0, σ,
µd and ρd are the initial diameter, surface tension, dynamic viscosity and density of the
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liquid droplet, respectively. The Weber number compares the disruptive aerodynamic
force to the restorative surface tension, and the Ohnesorge number represents the ratio
between the viscous force and the surface tension.

A number of droplet breakup modes have been reported in previous literature. Fig-
ure 1.3, which is reproduced from Ref. [45], provides an overview of the variation of the
breakup modes at different Weber and Ohnesorge numbers. As indicated in the figure,
the influence of the liquid viscosity diminishes for Oh < 0.1 leaving We as the solely
dominant factor. For the sake of brevity, the following discussion only focuses on cases
with Oh < 0.1. The simplified pattern of each breakup mode is sketched in Figure 1.4
that is reproduced from Ref. [50].

bag breakup

bag-and-stamen breakup

shear breakup

oscillatory deformation

(a)

(b)

(c)

(d)

Figure 1.4: Sketch of droplet breakup modes, including oscillatory deformation (a), bag
breakup (b), bag-and-stamen breakup (c) and shear breakup (d). Reproduced from
Ref. [50].

For Weber numbers below 11, the droplet exhibits oscillatory deformation and occa-
sionally breaks into a few fragments of comparable sizes to the parent droplet [51, 52].
This behavior is also termed vibrational breakup and is excluded from the secondary
atomization modes by most researchers [48].

The bag breakup is conventionally considered as the first breakup mode and ob-
served over the range 11<We < 18 [53, 54]. As sketched in Figure 1.4(b), the droplet
deforms into a hollow bag. This thin bag ruptures into fine mist under capillary instabili-
ties, leaving a thick toroidal rim. The rim continues to expand [55] and later disintegrates
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into larger fragments. The physical mechanism behind the bag formation is explained
by most researchers as Rayleigh-Taylor instabilities developed at the windward surface
of the droplet [56–59]. However, some studies propose alternative explanations, in-
cluding the pressure imbalance between the windward and leeward sides [60–62], the
stress repartition around the surface [63] and the structure of flow vortices in the wake
[64].

For the shear breakup at We > 80 [54, 65], a peripheral sheet develops around
the droplet equator as presented in Figure 1.4(d). Micro fragments are then continu-
ously shed off the sheet until the entire droplet is consumed or a small core remains
[65]. The physical mechanism of the shear breakup is still under debate. Nicholls and
Ranger [66] propose the so-called shear stripping mechanism. They argue that the
ambient shear flow induces inside the liquid a boundary layer which becomes unsta-
ble at the droplet equator and sheds fragments along the periphery. This argument is
supported by the experimental work from Ref. [67–69]. Liu and Reitz [70] postulate
an alternative mechanism termed sheet thinning. They state that the peripheral sheet
around the droplet equator is bent downstream by the external flow and further disin-
tegrates into ligaments and micro droplets. Experimental results in Ref. [71–73] and
numerical simulations in Ref. [60, 61, 74, 75] agree with this mechanism. Theofanous
et al. [76] put forward a third theory named shear-induced entrainment and attribute the
development of the peripheral sheet to the mass redistribution driven by the shear flow.

For Weber numbers in the intermediate range 18 < We < 80, there exist sev-
eral transitional modes which are collectively known as multimode breakup [45, 77].
Two classical multimode morphologies are bag-and-stamen breakup [48, 54, 65] and
multibag breakup [58, 78]. In the former morphology, a bag structure similar to that in
the bag breakup forms, but an additional streamwise stamen emerges at the center.
The stamen disintegrates into large pieces after the fragmentation of the toroidal ring.
In the latter morphology, a peripheral sheet develops around the equator in a similar
manner to that in the shear breakup. Along the sheet, small bags inflate and rupture
continuously until a core is left. The transitional multimode breakup is conventionally
understood as a consequence of the competition between the physical mechanisms of
bag breakup and shear breakup [50, 76].

In some of the previous research work [79, 80], another so-called catastrophic
breakup mode is included in the classification for high relative velocities. But the transi-
tional Weber number varies significantly in different studies, from 350 proposed by Pilch
and Erdman [48] to 10000 reported by Hsiang and Faeth [65]. The distinct feature in
the catastrophic regime is corrugation at the droplet front. The physical mechanism
is explained as the growth of Rayleigh-Taylor instabilities at the windward surface by
Joseph et al. [56] and Hwang et al. [81]. They show that the wavelengths predicted
by Rayleigh-Taylor instabilities match well the waves measured from shadowgraph im-
ages. However, Theofanous and Li [76] present a remarkably smooth central region
at the droplet front for high Weber numbers by adopting a different technique of laser-
induced fluorescence visualization. They state that the wavy windward surface reported
in the previous shadowgraph images is an misinterpreted projected view of complex
flow fields and thus negate the existence of this ultimate breakup mode.

Although the Weber number is the dominant parameter in determining the breakup
morphology, other non-dimensional quantities exert certain effects on specific breakup
behaviors. Chou et al. [67] experimentally investigate the shear breakup with Ohne-
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sorge numbers below 0.1, and observe that higher Oh results in larger fragments. Pilch
and Erdman [48] analyze the dependence of breakup time on Oh and state that increas-
ing Oh consistently postpones the breakup initiation. The influence of the liquid–gas
density ratio

ε= ρd/ρ∞ (1.10)

on the breakup process is experimentally studied by Lee and Reitz [72] and they con-
clude that the effect is negligible when ε is higher than 100. Kékesi et al. [82] conduct
numerical works for density ratios below 100 and observe new breakup patterns. Han
and Tryggvason [60, 61] report a backward-facing bag mode in their simulations with
ε = 10 and state that this mode is absent for density ratios close to unity. Another
parameter that has been investigated is the flow Reynolds number

Re∞ = ρ∞u∞d0/µ∞. (1.11)

Liu and Reitz [70] carry out experiments over a wide range of Re∞ above 500 and
conclude that the breakup behavior is independent of Re∞. Aalburg et al. [83] and
Hsiang and Faeth [45] show that the importance of Re to droplet breakup only emerges
in Stokes flows and in liquid–liquid breakup systems, respectively. The liquid-gas vis-
cosity ratio

η= µd/µ∞ (1.12)

has also been discussed in previous literature [45, 82, 84]. The effect of η on the
breakup pattern is concluded to be negligible.

In terms of the experimental methods for the study of droplet breakup, there are
three types of widely-adopted facilities: shock tubes [45, 47, 52, 54–58, 65–69, 76,
85, 86], continuous wind tunnels [31, 59, 70–73, 78, 87] and drop towers [63, 88, 89].
Compared to wind tunnels where droplets have to pass a shear layer before reaching
the uniform core flow of the continuous jets and drop towers where droplets are accel-
erated slowly by gravity, shock tubes show the advantage of accelerating the ambient
flow around the droplets instantly over a step change to uniform states. Thus, the cor-
responding initial and boundary conditions are better defined and the results are more
suitable for validation of theoretical and numerical studies. Main challenges of shock
tube experiments are that the available time window is limited and that the synchroniza-
tion between the droplet production and the shock generation is critical. Nevertheless,
these challenges can be coped with by modifying the test section designs and by adopt-
ing suitable mechanisms for diaphragm rupture.

The experimental time t in droplet breakup is typically normalized against the char-
acteristic transport time derived by Ranger and Nicholls [66] to yield the non-dimensional
time T

T = t · u/
�

d0

p
ε
�

. (1.13)

A convenient relation is consequently obtained to calculate the droplet drag coefficient
CD

CD =
8
3
·

x/d0

T 2
, (1.14)
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where x is the streamwise displacement of the mass center. However, droplet breakup
behaviors under certain conditions cannot be properly characterized by this time scale.
For instance, Faeth et al. [49] suggest non-dimensionalizing the experimental time t
based on a characteristic viscous time

T = t ·ρ∞u2
∞/µd (1.15)

to analyze the deformation rate at high Oh. Our experiments of droplet breakup in
supersonic flow also indicate that the time scaling in Equation 1.13 fails to describe the
deformation pattern at high Mach numbers.

There are two time instants of particular significance to characterize the breakup
process, namely breakup initiation time and total breakup time. The initiation time is
defined by Pilch and Erdman [48] as the instant of the minimum streamwise diameter,
and marks the start of the bag inflation at low We and the bending of the peripheral
sheet over the rear surface at high We. The total breakup time represents the time
required to complete the entire fragmentation process. Several empirical correlations
[48, 65, 90] have been proposed for both characteristic times, and are widely used
for validation of numerical simulations or comparison with non-conventional breakup
behaviors.

1.2 Motivation and Objective

This publication-based thesis aims to take advantage of the well-defined wide-ranging
flow conditions generated in a shock tube facility to investigate droplet breakup. The first
publication is intended for improving the instrumental technique in pressure measure-
ment to accurately determine the shock-induced freestream conditions and to assess
the flow steadiness and uniformity. By exploiting the unique features of the shock-
induced flow (such as high Mach numbers and step change in flow conditions), the
second and third publications attempt to characterize the droplet breakup behavior in
supersonic flow and in tandem formation and to highlight the impacts on relevant prac-
tical applications.

(a) (b)

borehole

Figure 1.5: Blunt housing geometry and the surrounding flow structures in supersonic
flow.

In conventional steady/quasi-steady pressure measurements, housings with conical
tips as presented in Figure 1.2 are preferred [19, 91, 92]. The main advantage is that
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conical housings exhibit weaker interaction with the ambient flow and exert less influ-
ence on the downstream setup. In transient pressure measurements, however, conical
housings suffer noticeable drawbacks. The inherent long internal borehole would re-
tard the temporal response of the measured pressure to external flow variations and
the high curvature of the detached bow shock would challenge the presumption of nor-
mal shock relations. Therefore, we propose alternative housing geometries with blunt
tips as sketched in Figure 1.5. The objective of the current work is to evaluate the spe-
cific influence of housing geometries on the transient stagnation pressure measurement
and to provide general guidance on sensor housing designs. This work is detailed in
the peer-reviewed publication [93]

• Wang, Z., Giglmaier, M., Hopfes, T., Köglmeier, L. and Adams, N. A. "Impact of
sensor housing geometries on transient stagnation pressure measurements in
impulse facilities". In: Experimental Thermal and Fluid Science 109 (2019), p.
109851.

which has been attached in Appendix A.1.

M∞ = 0.3 M∞ = 1.2

(a) (b)

Figure 1.6: Pressure coefficient contours around a sphere at M∞ = 0.3 (a) and M∞ =
1.2 (b). Reproduced from Ref. [94].

In the research field of droplet breakup, most preceding works were conducted un-
der subsonic conditions. However, the rapid development of supersonic combustion
systems including pulse detonation engines [95], scramjet engines [96] and supersonic
gas atomizers [97] promotes the importance of understanding droplet breakup in high-
speed flows. As presented in Figure 1.6 which is reproduced from Ref. [94], the pres-
sure distribution around a sphere is noticeably altered as the ambient flow changes from
subsonic to supersonic conditions. The location of the minimum pressure is shifted
downstream along the sphere surface, and the relative magnitude of pressure at the
rear side is lowered. These changes are expected to affect the behavior of droplet
breakup. In the scarce number of studies related to supersonic breakup [58, 85, 98–
101], only the early-stage droplet deformation is investigated and the change of flow
Mach number is accompanied with varying other non-dimensional parameters. The
objective of the current work is to address the influence of the flow Mach number on
droplet breakup patterns independently of Weber and Reynolds numbers and to shed
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light on the underlying physics in supersonic atomization. This work is detailed in the
peer-reviewed publication [14]

• Wang, Z., Hopfes, T., Giglmaier, M. and Adams, N. A. "Effect of Mach number on
droplet aerobreakup in shear stripping regime". In: Experiments in Fluids 61.9
(2020), pp. 1-17.

which has been attached in Appendix A.2.

Figure 1.7: Simplified 2D sketch of streamlines around tandem droplets. Stagnation
points of the highest pressure are labeled in red and those of lower pressure in blue.

In dense spray-related applications such as diesel injections [102] and agricultural
sprays [103], droplets are distributed in close proximity. As indicated by the simplified
streamlines around two adjacent droplets in Figure 1.7, the tandem formation reduces
the pressure imposed on the front of the downstream droplet and moves the highest
pressure to locations near the equator. This shielding effect exerted by the upstream
droplet is expected to alter the breakup structure of the downstream droplet. Previous
studies of droplet breakup in tandem formation [85, 87, 104–106] report distinct features
from conventional isolated droplet breakup. However, the numerical works among them
fail to model detailed breakup structures and the experimental works cover very limited
breakup conditions and only draw qualitative conclusions. The objective of the current
work is to investigate the breakup features of tandem droplets over a wide range of
Weber numbers and separation distances and to provide quantitative bases for more
accurate modeling of dense sprays. This work is detailed in the peer-reviewed publica-
tion [15]

• Wang, Z., Hopfes, T., Giglmaier, M. and Adams, N. A. "Experimental investigation
of shock-induced tandem droplet breakup". In: Physics of Fluids 33 (2021), p.
012113.

which has been attached in Appendix A.3.

1.3 Outline

The present thesis is structured as follows. Chapter 1 illustrates the fundamental prin-
ciples of the shock tube facility as well as the associated pressure measurement tech-
niques, and introduces the state of the art in droplet breakup morphologies. The moti-
vation of the thesis and the objective of each specific topic are also included. Chapter 2
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presents the experimental facilities and the measurement systems adopted in the cur-
rent study and provides detailed quantities of the experimental matrices. Chapter 3
summarizes the main findings in the three publications on which this thesis is based.
The discussions in Chapter 5 highlight the key features of the current work compared
to previous literature and the outlooks in Chapter 6 list the relevant potential topics for
future research.
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2 Experimental Methods

This chapter summarizes the main experimental methods employed in the present
work, including a shock tube facility for generation of uniform gas flow, a pressure
measurement system for determination of flow conditions, a schlieren/shadowgraph
photography system for visualization of wave dynamics and a droplet generation setup.
Experimental matrices for the three topics covered in this publication-based thesis are
also provided to complete this chapter.

2.1 Shock Tube

The layout of the shock tube adopted in this work is depicted in Figure 2.1. The driver
and driven sections are 3 m and 21 m long, respectively. Both have an inner diameter
of 290 mm. A 0.5 m-long test section locates in the downstream segment of the driven
section. A cookie-cutter is installed in front of the test section to reduce the cross
section to a square with the side length of 190 mm and to separate boundary layers
from the uniform core flow.

cDAQ
TR

TC

TC

LS

MIR

MIR

CAM

PT
PT

PS

CAM:    High-speed video camera PS: Flush-mounted PCB pressure sensor

cDAQ:   NI data acquisition system PT: Pitot-connected pressure transducer

GI:     Gas inlet TC: K-type thermocouple

LS:     Xenon light source TR: LTT transient data recorder

MIR:     Concave mirror CC: Cookie-cutter

GI GI

Test 

Section

CC

Figure 2.1: Sketch of the shock tube and the measurement system.

For high-pressure experiments (2 bar < p4 − p1 < 7 bar), the thin diaphragm is
made from aluminum and ruptured by a sharp X-shape steel blade as the driver section
is filled up to a critical pressure. For low-pressure experiments (0.1 bar < p4 − p1 <
2 bar), plastic Mylar diaphragms are utilized. A pair of 0.1 m-thick crossed NiCr heating
wires are positioned in contact with the diaphragm and melt its two diagonals once a
3 A electric current is supplied. A main advantage of the latter rupture mechanism is
that the incident shock is generated at an accurately controlled timing and at a precisely
defined driver pressure. An accompanying challenge is that the Mylar diaphragms tend
to break into a number of pieces scattered along the shock tube, which adds more
difficulties to the tube cleaning.
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The ideal wave dynamics inside the shock tube have been exemplified in Figure 1.1.
However, due to the change of the cross section area at the inlet of the test section,
additional wave motions emerge and reduce the duration of steady flow conditions. The
simplified wave dynamics in the present setup are sketched in Figure 2.2(a). As the
core part of the incident shock enters the test section, the peripheral part propagates
into the narrow gap between the cookie-cutter and the tube wall and reflects at the root
of the cookie-cutter. Later as the incident shock reaches the end of the test section,
the increase of the cross section area induces additional expansion waves. Both the
reflected shock and the expansion waves disturb the mainstream flow in the test section
and limit the available experimental time. An exemplary pressure signal measured at
the indicated test location is presented in Figure 2.3, of which the measurement setup
will be illustrated in Section 2.2. After a step increase through the incident shock, the
pressure remains steady for 2.1 ms.

RS

IS

EW

IS

IS IS

EW

RS

cookie-cutter

cookie-cutter

(a)

(b)

(instant 1) (instant 2)

(instant 1) (instant 2)

pressure sensor

pressure sensor

Figure 2.2: Simplified sketch of wave motions around the test section at two time in-
stants, with the cookie-cutter positioned upstream (a) and downstream (b). The test
section is marked with gray shades, The incident shock propagates from left to right.
(IS: incident shock, RS: reflected shock, EW: expansion wave).

The time window of steady flow conditions is sufficient for most of the studies carried
out in this work. Solely for droplet breakup at very low Weber numbers, the complete
breakup process exceeds 2.1 ms. For these experiments, the cookie-cutter is shifted
from upstream to downstream of the test section to prolong the time window. The corre-
sponding wave dynamics are sketched in Figure 2.2(b) and the pressure signal is pro-
vided in Figure 2.3. In this new setup, the peripheral part of the incident shock reflects at
the front of the test section and directly interacts with the mainstream flow, which leads
to a short transition period (approximately 0.2 ms) in the pressure signal. The pressure
settles down shortly at a higher level than that in the previous setup. With the region of
constant cross section extended further downstream by the cookie-cutter, the genera-
tion of expansion waves is postponed and the mainstream flow remains steady for 4.5
ms until the up-traveling expansion waves reach the test location. Thus, the available
experimental time is greatly prolonged at the expense of causing an additional transition
period and relatively high flow fluctuations.
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2.1 ms

4.5 ms

0.2 ms transition period

Figure 2.3: Exemplary pressure signals measured inside the test section. The pressure
is normalized by theoretical values. The steady-flow time window is extended from 2.1
ms to 4.5 ms by positioning the cookie-cutter from upstream to downstream.

2.2 Pressure Measurement System

Pressure changes inside the driver and driven sections during the preparation phase
(including filling and evacuation) are tracked by two pressure gauges, as sketched in
Figure 2.1. An NI™ cDAQ device acquires the signals from which the driver pressure
p4 and the driven pressure p1 at the time instant of shock generation are extracted.
Due to pressure loss in flow mixing and viscous dissipation of the shock propagation,
the experimental incident shock strength is weaker than that derived from the ideal
relation Equation 1.1. Thus, although the measured p1 will still be used in the follow-
ing calculation of shock-induced freestream conditions, p4 only serves as a qualitative
indicator.

To accurately determine the incident shock strength, the shock propagation along
the driven section and the pressure inside the test section are monitored by flush-
mounted PCB Piezotronics ICP® fast-response sensors. These sensors show a res-
onant frequency above 500 kHz and rise time below 1 µs. An LTT data acquisition
device records the pressure data at a sampling rate of 1 MHz. Exemplary pressure
signals have been presented in Figure 2.3. Given that the separation distance between
the two sensors installed directly upstream of the test section is 0.75 m, the incident
shock speed us is yielded by measuring the time lag between instants of the shock
passing them. The corresponding shock Mach number Ms is obtained through dividing
us by the speed of sound calculated from the driven gas temperature (which is normally
the room temperature). Then, the shock-induced freestream pressure p∞

p∞ = p1 ·
2γM2

s − (γ− 1)

γ+ 1
, (2.1)
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density ρ∞

ρ∞ = ρ1 ·
(γ+ 1)M2

s

(γ− 1)M2
s + 2

, (2.2)

velocity u∞

u∞ = us ·
2M2

s − 2

(γ+ 1)M2
s

, (2.3)

and Mach number M∞

M∞ =
2M2

s − 2
Æ

(2γM2
s − (γ− 1))((γ− 1)M2

s + 2)
(2.4)

are derived from the moving shock relations.

Figure 2.4: Experimental Pitot rack for the stagnation pressure measurement in the test
section. The incident shock arrives from left.

As previously demonstrated in Figure 2.3, the freestream pressure p measured in
the current setup agrees well with the theoretical value p∞ derived from Equation 2.1
and shows good temporal constancy. To further quantify the spatial uniformity of the
freestream flow, a rack of Pitot probes are assembled inside the test section as depicted
in Figure 2.4. The rack is built based on a modified Guderley profile [107] to weaken
the interaction with the incident shock wave and to avoid the formation of additional
shocks. Six Pitot probes equipped with pressure sensors are spaced evenly along the
rack and the interaction between the probes is experimentally verified to be negligible.
The second and third upper slots in the rack are manufactured with a 2o downward in-
clination to investigate the effect of mounting misalignment. The freestream stagnation
pressure measured by the other four straight Pitot tubes are exemplified in Figure 2.5.
The signals are in good consistency with the theoretical value p0∞ calculated from the
isentropic relation Equation 1.4 and verify the flow uniformity in the test section.
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Figure 2.5: Exemplary stagnation pressure signals measured by sensors embedded in
the Pitot rack. The sensors are numbered from top to bottom.

2.3 Schlieren/Shadowgraph Photography

The present work employs a Z-type schlieren system, which is sketched in Figure 2.6,
for visualization of wave motions in the flow field. In this photography system, the light
emitted from a 150 W Xenon lamp is converged by a series of lenses (labeled as lens
I) and forms a point light source at the aperture. The light is projected on an aluminum-
coated parabolic mirror (diameter of 26 cm and focal length of 2.5 m) and transforms
into a parallel light beam. This light beam passes though the test section where high-
transparency glass windows (19 cm in height and 40 cm in length) are installed at both
sides to provide optical access, and is then focused by another identical parabolic mirror
on a sharp knife edge. Eventually a second set of lenses (labeled as lens II) cast the
light on the sensor chip of a Shimadzu HyperVision HPV-X ultra-high-speed camera.
A total number of 128 consecutive images are recorded with a spatial resolution of
250×400 pixels and a framing rate up to 1 Mfps.

In the schlieren photography system, the lens I determines the illuminated area of
the test section and the lens II regulates the zooming of the camera imaging. The setup
sensitivity to flow disturbance is controlled by adjusting the amount of light blocked by
the knife edge. However, increasing the sensitivity is accompanied with reduction in
the image brightness and blurring of the gas-liquid or gas-solid interface. Therefore, for
droplet experiments where the deformation needs to be accurately quantified, the knife
edge is removed and the system is simplified to shadowgraph photography.

The post-processing methods for the recorded schlieren/shadowgraph images have
been standardized in the current work, including background subtraction, contrast ad-
justment and super resolution using MATLAB’s Very Deep Super-Resolution convolu-
tional neural network [108]. A set of MATLAB packages are also developed to trace
positions of pixels that constitute the droplet in images and thus to calculate various de-
formation quantities such as the cross-stream diameter and the streamwise displace-
ment.
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Xenon lamp

lens I

aperture

flat mirror

parabolic mirror

parabolic mirrorglass window

knife edge
lens II

Shimadzu camera

test 
section

Figure 2.6: Layout of the Z-type schlieren/shadowgraph system.

2.4 Droplet Generation

In the present work, droplets are produced by expelling liquids through syringe nee-
dles that are inserted into the test section. For single droplet experiments, droplets
detach from the needle tip when the diameter reaches a critical point and the weight
overcomes the surface tension force. For tandem droplet experiments where the de-
tachment of the two droplets needs to be synchronized, droplets of desired diameters
are first produced hanging at needle tips and the syringes are then withdrawn rapidly
shedding the droplets simultaneously.

droplet 
generation

laser 
triggering

diaphragm 
rupture

shock 
detection

image 
recording

Figure 2.7: Workflow of droplet breakup experiments.

Droplet generation is the last step in the preparation phase of experiments and ini-
tiates the automated workflow shown in Figure 2.7. The generated droplet falls through
an aligned pair of laser emitter and receiver and triggers the associated electronic
switch to supply powers to NiCr heating wires. These heating wires melt the Mylar
diaphragm that separates driver and driven sections and then a planar shock wave
forms. A pressure sensor flush-mounted in the test section detects the arrival of the
incident shock and a trigger signal is sent to the camera to start image recording after
a preset delay. The timing of each step in the automated workflow is carefully regulated
to make sure that both the instant of the incident shock impacting the free falling droplet
and the subsequent breakup process are captured by the camera.
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2.5 Experimental Matrix

2.5.1 Sensor housing design for total pressure measurement

In the study of impacts of sensor housing geometries on transient stagnation pressure
measurements, housings with blunt and conical tips are compared. Figure 2.8 presents
drawings of the cross-section geometry and provides detailed dimensions that are nor-
malized against the sensor tip diameter h = 5.54 mm. The conical housing is de-
signed with a 15o taper angle which naturally leads to a significantly longer borehole
(L = 3.11) than the blunt housing (L = 0.23). The borehole diameter D is varied
among 0.36 (default), 0.45 and 0.54 and the cavity depth G among 0.045 (default),
0.12 and 0.19. To investigate the effect of mounting misalignment, the second and
third upper slots in the Pitot rack presented in Figure 2.4 are manufactured with a 2o

downward inclination.

HH DD

L G L G

H L D G

1
0.23 (blunt)

3.11 (conical)
0.36 / 0.45 / 0.54 0.045 / 0.12 / 0.19

Figure 2.8: Dimensions of blunt and conical housings (orange colored) normalized by
the sensor tip diameter h = 5.54 mm. The shaded regions represent the pressure
sensors.

The performance of each housing design is evaluated under three distinct flow con-
ditions as listed in Table 2.1. The driver pressure p4 is maintained at 7 bar for all cases
and the driven pressure p1 is adapted to achieve pressure ratios PR of 10, 100 and
1000. The corresponding freestream Mach number M∞ in the test section increases
from 0.6 (subsonic) to 1.36 (supersonic). The freestream Reynolds number Re∞,D

is calculated based on the default housing borehole diameter D = 0.36 (2 mm) and
decreases from 25000 to 700.
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Table 2.1: Operating flow conditions averaged from 4 repeated experiments for the
stagnation pressure measurement.

PR= p4/p1 Ms M∞ u∞ (m/s) Re∞,D

10 (±3%) 1.50 0.60 241 25000

100 (±2%) 2.24 1.08 518 4800

1000 (±5%) 3.01 1.36 775 700

2.5.2 Droplet breakup in supersonic flow

In the study of droplet breakup in supersonic flow, the effect of flow Mach number M∞
on the breakup pattern is investigated independently of flow Reynolds number Re∞,d0

and Weber number We. To achieve this objective, two liquids (ethylene glycol and wa-
ter) and two gases (air and CO2) are used and different combinations between them
allow to decouple the correlation between M∞, Re∞,d0

and We. For all cases, the We-
ber number is constrained within the interval 1100 ± 60, which maintains a stripping
breakup mode for droplets and renders a wide variation of M∞ and Re∞,d0

possible.
The corresponding inversely-proportional relations between M∞ and Re for different
liquid–gas combinations are plotted in Figure 2.9. The present work covers eight oper-
ating conditions that are labeled in the plot. The associated gray error bars represent
variations of M∞ and Re∞,d0

from repeated experiments. The eight operating condi-
tions are numbered as i. j, with the values of i and j standing for the relative magni-
tudes of M∞ and Re∞,d0

, respectively. Table 2.2 summarizes main non-dimensional
quantities averaged from repeated experiments for each operating condition.

Table 2.2: Operating conditions averaged from 5 repeated experiments for the droplet
breakup in supersonic flow.

Case Liquid Gas We Oh Re∞,d0
M∞

1.4 E.G. Air 1060 0.042 2.4e4 0.30

2.3 E.G. Air 1056 0.044 8.6e3 0.63

3.2 E.G. Air 1120 0.043 5.9e3 0.83

5.1 E.G. Air 1050 0.044 2.6e3 1.19

3.3 Water Air 1160 0.002 9.5e3 0.83

4.3 E.G. CO2 1100 0.044 8.8e3 0.94

5.2 E.G. CO2 1120 0.043 5.9e3 1.19

5.3 Water CO2 1080 0.002 8.6e3 1.19

The average droplet diameter d0 is 3.1 mm for water (ρd = 998 kg/m3, σ =
7.28e−2 N/m, µd = 8.9e−4 kg/m-s) and 2.6 mm for ethylene glycol (ρd = 1113
kg/m3, σ = 4.73e−2 N/m, µd = 1.61e−2 kg/m-s). The corresponding Ohnesorge
numbers are around 0.002 and 0.043, of which both are significantly lower than 0.1.
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Figure 2.9: Inversely proportional correlation between M∞ and Re∞,d0
at We = 1100.

Each line corresponds to a certain liquid–gas combination. The eight operating condi-
tions are labeled as i. j, with i and j representing the relative magnitudes of M∞ and
Re∞,d0

respectively. The associated error bars stand for the ranges of conditions from
repeated experiments and are magnified twice in the plot for a clearer display.

Therefore, the effect of liquid viscosity on the breakup morphology is negligible. Over
the test matrix, the freestream Mach number ranges from subsonic (M∞ = 0.3) to
supersonic (M∞ = 1.19) levels and the Reynolds number varies between Re∞,d0

=
2.6e3 and Re∞,d0

= 2.4e4.
Main comparisons are made between Case 1.4, 2.3, 3.2 and 5.1 that employ the

same liquid and gas, to present overall influences of M∞ and Re∞,d0
on the stripping

breakup behavior. Further analyses of Case 2.3, 4.3 and 5.3 that have comparable
Re∞,d0

but different M∞ shed light on the exclusive role played by M∞ in the breakup
process. Similarly, the effect of Re∞,d0

is highlighted by comparing identical-M∞ cases
5.1, 5.2, and 5.3.

2.5.3 Droplet breakup in tandem formation

In the study of tandem droplet breakup, droplets are made of water and generated
with diameters around d0 = 2 mm. Experiments are conducted at four distinct flow
conditions, with the initial driven pressure inside the test section maintained at atmo-
sphere pressure. Table 2.3 presents the main non-dimensional parameters averaged
from repeated experiments.

The Weber numbers are controlled at 13(±1.3), 24(±2.2), 70(±3.0) and 180(±10).
The corresponding breakup morphology is bag, bag-and-stamen, multibag and shear
stripping breakup, respectively. The Ohnesorge number for all cases is approximately
2.4e-3, indicating that the viscous effect is negligible. The d0-based flow Reynolds
number Re∞,d0

increases from 2.5e3 to 1.0e4 and stays within the laminar region.
For each breakup morphology, seven initial on-center separation distances s are

investigated, ranging from 1.2 to 10.5 times of the initial droplet diameter. The vertical
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Table 2.3: Operating flow conditions averaged from 10-20 repeated experiments for the
droplet breakup in tandem formation.

We Ohavg Re∞,d0avg breakup morphology

13(±1.3) 2.4e-3 2.5e3 bag breakup

24(±2.2) 2.4e-3 3.4e3 bag-and-stamen breakup

70(±3.0) 2.3e-3 6.1e3 multibag breakup

180(±10) 2.4e-3 1.0e4 shear stripping breakup

s

dc
d0

xmc

w

lead droplet trailing droplet

Figure 2.10: Sketch of droplets in tandem formation. Dark blue spheres and light blue
ellipsoids represent initial states and deformed states of the droplets, respectively. The
freestream direction is from left to right. (s: initial separation distance, w: initial vertical
misalignment, d0: initial droplet diameter, dc: cross-stream diameter, xmc: streamwise
displacement of the mass center).

misalignment w between the tandem droplets is limited under 0.2d0. As sketched
in Figure 2.10, according to the freestream direction, the upstream and downstream
droplets are referred to as lead and trailing droplets. Definitions of commonly analyzed
quantities including the cross-stream diameter dc and the streamwise displacement of
the mass center xmc are also indicated in the figure. With current framing rates and
spatial resolutions of the recorded images, the uncertainty for temporal and spatial
calculations is ±1.3% and ±1.5%, respectively.
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3 Summary of Publications

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

3.1 Impact of Sensor Housing Geometries on Transient
Stagnation Pressure Measurements in Impulse Fa-
cilities

Z. Wang, M. Giglmaier, T. Hopfes, L. Köglmeier, N. A. Adams

3.1.1 Summary of the publication

To provide general guidance on sensor housing designs in transient stagnation pres-
sure measurements, this paper makes a thorough comparison between conical and
blunt housings. The key finding is that housings with blunt tips and short internal void
are preferred over those with conventional conical tips to achieve robust high-accuracy
fast-response measurements.

Figure 3.1(a) sketches the simplified wave dynamics inside the void of the conical
housing under impact of the incident shock. The corresponding pressure signal mea-
sured by the embedded sensor is plotted in Figure 3.1(b). Part of the incident shock
propagates into the housing void and reflects back and forth between the sensor sur-
face (solid boundary) and the housing tip (free surface). These cyclic wave motions
give rise to the large-amplitude oscillation in the measured pressure signal. The oscil-
lation gradually subsides as the wave strength decays through energy exchange with
the external flow and viscous dissipation.

The wave dynamics inside the blunt housing occur in a similar pattern but at a much
faster rate due to the significantly shorter void. The corresponding pressure signal is
shown in Figure 3.1(c) and is highly preferable to that measured by the conical housing.
The rise time is almost halved, because the blunt tip induces stronger shock reflection
at the housing front and the resultant higher pressure initiates a steeper pressure rise.
The overshoot is significantly dampened and the settling time is reduced approximately
by 10 times, for the shorter housing void allows more efficient communications between
the internal flow and the external free stream and thus restrains the housing void from
being over-filled or over-drained.

As indicated previously in Figure 1.2, the housing void is composed of a borehole
and a cavity. Both increasing the borehole diameter and decreasing the cavity depth
accelerate the filling process of the void. This effectively reduces the rise time of the
measured pressure signal but tends to overfill the void to higher overshoot. Therefore,
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Figure 3.1: Sketch of the wave dynamics inside the conical housing and schlieren im-
ages of the wave motions outside (a). Solid lines represent shock waves and dashed
lines expansion waves. Normalized pressure signals for conical (b) and blunt (c) hous-
ings at different flow conditions are presented with the shadowed ribbons indicating the
measurement variation.

the volume ratio between the borehole and the cavity serves as a general indicator for
the housing design to balance the signal behavior.

The influences of additional practical factors are also evaluated. The blunt housing
maintains a higher measurement accuracy than the conical housing when the assembly
is misaligned or the sensor surface is not properly shielded.

3.1.2 Individual contributions of the candidate

This article [93] was published in the peer-reviewed journal Experimental Thermal and
Fluid Science. My contributions to this publication included carrying out experiments
and performing numerical simulations. I verified the experimental methods, and ana-
lyzed the data by adapting post-processing tools. The original manuscript was written
by me.
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3.2 Effect of Mach Number on Droplet Aerobreakup in
Shear Stripping Regime

Z. Wang, T. Hopfes, M. Giglmaier, N. A. Adams

3.2.1 Summary of the publication

To address the importance of flow compressibility in supersonic atomization, the present
experimental work compares the stripping breakup of liquid droplets in subsonic and
supersonic flows. The key feature is that the flow Mach number M∞ is varied inde-
pendently of Weber and Reynolds numbers. The main finding indicates that increasing
M∞ alters the stripping breakup pattern and changes the fragment size distribution.
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Figure 3.2: Summary of differences in the stripping breakup of droplets in subsonic
and supersonic flows. The Weber number is maintained at 1100. The length scale of
images in the last row is half of that in the first three rows.

Figure 3.2 presents the stripping breakup at subsonic and supersonic conditions
with the Weber number maintained at 1100. The breakup process is divided into four
stages that describe wave dynamics, early-stage deformation, breakup pattern and
fragment distribution, respectively.

In terms of the initial wave dynamics, a distinct normal shock or an oblique shock
cone emerges behind the droplet at higher flow Mach numbers. This confirms that the
pressure imposed on the spherical surface differs significantly as M∞ changes [109,
110]. These differences are held accountable for the more pronounced distinctions in
succeeding deformation and breakup processes [111].

During the early-stage deformation, kinks form around the droplet equator, which
are the origins of succeeding liquid sheets. As M∞ increases, the position of the kink
is shifted considerably downstream and follows the trajectory of the separation point
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at the surface of a solid sphere as measured by Charters and Thomas [109]. Mean-
while, flattening of the leeward surface becomes significantly weaker, which could be
associated to the observation by Karyagin et al. [112] that the pressure imposed on
a sphere rear decreases consistently as the flow accelerates to supersonic conditions.
Another noteworthy tendency is that the liquid sheet grows more rapidly at lower M∞.
Our experiments show that the growth of the liquid sheet is enhanced by the gathering
of propagating waves at the droplet surface, which has also been reported by Theo-
fanous et al. [86] and Jalaal and Mehravaran [113]. These surface waves tend to be
suppressed in supersonic flows by the compressibility effect [114–116].

As to the breakup pattern, the droplet in subsonic flow exhibits typical stripping fea-
tures. Micro-drops are stripped off the peripheral sheet and entrained in the flow. For
the droplet in transonic flow, however, the breakup onset is characterized by the forma-
tion of multiple bags along the peripheral sheet. As the sheet initially extends down-
stream, the rim is straightened directly facing the freestream flow and the development
of Rayleigh-Taylor instabilities gives rise to bag formation similarly to the jet breakup
simulated by Shinjo and Umemura [117]. In supersonic flow, the droplet breakup ini-
tiates with the generation of thin and long streamwise ligaments in the wake. These
ligaments result from the development of streamwise vortical waves at the peripheral
sheet [118] which is stretched along the flow direction and becomes increasingly sen-
sitive to surface instabilities.

In the late stage, the droplet at subsonic conditions fragment into uniformly fine
mist dispersed widely in the cross-stream direction. At supersonic conditions, however,
disintegration of ligament structures results in relatively large fragments. Meanwhile,
folding of the peripheral sheet reduces the cross-stream momentum gained by the frag-
ments and thus significantly narrows their spatial dispersion.

3.2.2 Individual contributions of the candidate

This article [14] was published in the peer-reviewed journal Experiments in Fluids. My
contributions to this publication included designing the experimental methodology and
carrying out the experiments. I verified the experimental methods and analyzed the
data by adapting post-processing tools. The original manuscript was written by me.
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3.3 Experimental Investigation of Shock-Induced Tandem
Droplet Breakup

Z. Wang, T. Hopfes, M. Giglmaier, N. A. Adams

3.3.1 Summary of the publication

To assess the significance of droplet interaction in dense sprays, the current study
investigates the droplet breakup in tandem formation. The important contribution of this
work is the quantification of experimental results over a wide range of Weber numbers
and separation distances. A main conclusion is that the breakup of the trailing droplet is
greatly dampened or even completely suppressed by the lead droplet in close proximity.

An overview of the interactive modes between the tandem droplets at different sep-
aration distances S and Weber numbers We is summarized in Figure 3.3. Since the
lead droplet breakup is marginally influenced by the tandem formation, Figure 3.3 only
categorizes the change of the breakup pattern for the trailing droplet. The entire S-We
map is divided into three regions.

The independent breakup region at the top-right corner represents cases where
the trailing droplet undergoes the same breakup process as the lead droplet. The solid
borderline in Figure 3.3(a) is of particular importance, because it marks the critical
separation distance below which the interaction between the tandem droplets has to be
taken into account. This critical distance is We-dependent and halved from S = 10.8
at We = 13 to S = 5.4 at We = 180.

The transition region covers conditions at which the trailing droplet fragments in the
same morphology as the lead droplet but the breakup intensity is weakened, as pre-
sented in Figure 3.3(b). The wake of the lead droplet exerts shielding effects on the
trailing droplet and greatly reduces the pressure imposed on its frontal surface. In low-
We breakup morphologies, the shielding effect results in less pronounced flattening for
the trailing droplet and further yields a smaller bag size. In high-We breakup morpholo-
gies, the shielding effect dampens the outward burst of tiny bags around the periphery
and thus narrows the cross-stream dispersion of the fragments. The reduction of bag
sizes and the contraction of fragment dispersion are intensified as the separation dis-
tance decreases.

The suppressed breakup region at the bottom-left corner of the S-We map contains
cases where the shielding effect is so strong that the trailing droplet fails to follow the
conventional breakup morphology. For instance, the trailing droplet punctures the bag
structure of the lead droplet at We = 13 and coalesces into the stamen-like structure
of the lead droplet at We = 70, as shown in Figure 3.3(c). For both puncture and
coalescence modes, the trailing droplet is not atomized into fine mist but disintegrates
into fragments with sizes comparable to the initial diameter.

Further quantitative analyses indicate that the tandem formation postpones the
breakup initiation of the trailing droplet, reduces the maximum cross-stream diame-
ter and lowers the mean drag coefficient. All these effects become less pronounced as
the Weber number increases, because the deformation of the lead droplet transitions
from a disk to an ellipsoid and the shielding effect on the trailing droplet is weakened
correspondingly.
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Figure 3.3: Change of the breakup pattern of the trailing droplet at different separation
distances and Weber numbers, in comparison to the lead droplet (a). Exemplary cases
in the transition region, characterized by smaller bag sizes at low Weber numbers and
narrower fragment dispersion at high Weber numbers (b). Exemplary cases in the
suppressed breakup region, exhibiting either puncture or coalescence mode (c).

3.3.2 Individual contributions of the candidate

This article [15] was published in the peer-reviewed journal Physics of Fluids. My con-
tributions to this publication included conceiving the original idea, designing the experi-
mental methodology and carrying out the experiments. I verified the experimental meth-
ods and analyzed the data by adapting post-processing tools. The original manuscript
was written by me.
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5 Discussion

This publication-based thesis was devoted to exploiting the well-defined flow conditions
in a shock tube facility for studies of droplet breakup. Systematic pressure measure-
ments have been carried out and verified the temporal steadiness and the spatial unifor-
mity of the shock-induced freestream flow. Optimization of sensor housing designs that
improved the measurement accuracy and the response rate was proposed in the first
publication. By taking advantage of the high-speed freestream flow that was instantly
accelerated by the shock wave, droplet breakup experiments have been conducted at
high Mach numbers and in tandem formation. These two studies, which highlighted the
importance of flow compressibility in supersonic atomization and detailed the droplet
interaction in dense sprays, were summarized in the second and third publications,
respectively.

Compared to conventional conical housings that are preferred for steady/quasi-
steady pressure measurements [19, 91, 92], the present work demonstrated that blunt
housings with short internal void showed noticeable advantages for transient pressure
measurements in impulse facilities. The pressure signals measured by the embedded
sensors exhibited shorter rise time, lower overshoot, weaker oscillations and shorter
settling time, and were less influenced by misaligned assembly and inadequate shield-
ing of the housing structure. Additionally, the borehole-cavity volume ratio in the void
served as a general indicator for the housing interior design. The optimized sensor
housing geometries were employed in the validation of the shock tube performance and
also adopted in the droplet breakup studies to accurately measure the shock-induced
freestream conditions.

The shock tube facility provided operating conditions over a wide range of Mach
numbers. Owing to this advantage, the present work thoroughly compared droplet
breakup in subsonic and supersonic flows. Previous literature related to high-speed
breakup only managed to describe the early-stage deformation prior to the breakup.
For instance, Ortiz et al. [99] reported a sharp rise in the droplet drag coefficient as
the flow Mach number increased from 0.7 to 1.5. The numerical results from Xiao et
al. [101] suggested a postponement of the breakup initiation for supersonic cases. Igra
and Takayama [85] and Meng and Colonius [100] showed quantitatively that increasing
the flow Mach number slowed the growth of the cross-stream diameter. Furthermore, in
the above-mentioned research, the Mach number was varied with changing the Weber
number. The present work, however, highlighted the individual role played by the flow
Mach number in the entire breakup process. It is concluded that increasing the Mach
number altered the stripping breakup pattern and favored the production of large frag-
ments. The conventional stripping of the peripheral sheet in subsonic flow changed to
rupture of multiple bags along the equator in transonic flow and further to fragmentation
of ligaments over the leeward surface in supersonic flow. Meanwhile, the uniformity of
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the fragment size distribution was disrupted and the cross-stream spread of the frag-
ment dispersion was narrowed.

Another advantage of the shock tube facility was that the ambient flow field is in-
stantly established by the fast-propagating incident shock wave. This rendered the
present study of droplet breakup in tandem formation possible. The previous experi-
mental research works about tandem droplet breakup covered very limited flow condi-
tions and only drew qualitative conclusions. Zhao et al. [87] observed a puncture mode
in bag breakup morphology, and Igra and Takayama [85] reported a lower deformation
rate for the downstream water column in shear stripping morphology. Other numer-
ical works [104–106] presented distinct patterns such as mushroom and shuttlecock
shapes in the early-stage deformation but failed to model detailed breakup structures.
In contrast to these preceding works, the present study analyzed tandem breakup pat-
terns over a wide range of Weber numbers and separation distances and showed that
the breakup of the trailing droplet was dampened or even completely suppressed by
the presence of the neighboring lead droplet. With the separation distance falling be-
low critical levels, the tandem formation reduced the size of bag structures of the trailing
droplet at low Weber numbers and confined the dispersion of fragments at high Weber
numbers. At even smaller separation distances, the trailing droplet failed to follow the
conventional breakup morphology but exhibited either puncture or coalescence modes.
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6 Outlook

The research topics covered in the thesis are of significance in a variety of practical
applications, but have not been systematically investigated in previous literature. Main
difficulties lie in the development of reliable experimental setup to repeat the desired
physical scenario. Nevertheless, the experimental designs illustrated in this thesis can
be further exploited or optimized to extend the present work. Potential topics for future
research are listed as follows:

• The measurement of static pressure in impulse facilities is equally crucial to the
measurement of stagnation pressure. We have noticed from previous shock tube
experiments that the measurement accuracy is highly sensitive to the precision
of the flush mounting of sensors. Furthermore, this sensitivity seems to depend
on flow conditions and exhibits opposite trends in subsonic and supersonic flows.
Therefore, the effect of the sensor misalignment on the measurement of static
pressure needs to be addressed and associated techniques to tackle this problem
is desired.

• The current work presents the influence of flow Mach number on the droplet
breakup only in the shear stripping morphology. However, in practical applica-
tions droplets tend to complete the breakup process in the regime of bag breakup.
The bag breakup is dominated by Rayleigh-Taylor instabilities instead of Kelvin-
Helmholtz instabilities that drive the shear stripping breakup. Consequently, how
the supersonic flow would transform the conventional bag breakup remains to be
explored. Another topic of interest related to the supersonic atomization is based
on the fact that the detached bow shock in front of the droplet lowers the effective
Weber number. By delicately designing experimental conditions, the freestream
flow and the post-bow shock flow could yield distinct Weber numbers that cor-
respond to different breakup morphologies. Detailed study of droplet behavior
under such situations would expand our understanding of breakup phenomena.

• The tandem formation investigated in the present work is the simplest arrange-
ment of multiple droplets. In reality droplets tend to be distributed closely in more
complex patterns and in larger numbers. First, the interaction of two droplets
spaced in the cross-stream direction needs to be resolved. Although the shielding
effect is absent for this arrangement, the flow field around individual droplets be-
comes asymmetric which is expected to make a difference to the breakup struc-
tures. Second, the breakup of a large cluster of closely-packed droplets is worth
being studied. By comparing the average breakup intensity of the droplet cluster
to the single droplet breakup, general guidance on the modeling of dense sprays
would be obtained.
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A B S T R A C T

The measurement of transient stagnation pressure in impulse facilities, such as shock tubes and expansion tubes, is critical due to the limited experimental time
window. In the present study, we investigate the characteristic behavior of pressure sensors shielded by blunt and conical housings, and evaluate the specific
influence of the housing dimensions on the stagnation pressure measurement in distinct flow conditions. Pressure signals of piezoelectric sensors were acquired and
schlieren images visualizing the wave dynamics were recorded. We conducted additional numerical simulations to support our hypotheses concerning the flow inside
the housings. Results indicate that the pressure signal for conical housings exhibits longer rise time and more pronounced oscillations compared to that for blunt
housings. Enlarging the borehole diameter and reducing the cavity depth both shorten signal rise time but enhance overshoots. Additional experiments on the
sensitivity to assembly misalignment, the effect of gelatin-filled housings and the performance of exposed sensors complete the study.

1. Introduction

Pitot tubes have been widely adopted for total pressure measure-
ments due to the low cost and the simplicity of operation. The measured
pitot pressure is normally used to derive the flow velocity or the vo-
lumetric flow rate in steady/quasi-steady flows [1,2].

For subsonic flows, the Pitot tube directly measures the flow total
pressure p0∞ with the presumption of isentropic deceleration, where
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with p∞, M∞ and κ being the freestream static pressure, the Mach
number and the heat capacity ratio, respectively. However, more
complexities are added when the flow reaches supersonic conditions.
The deceleration of supersonic flows to stagnation conditions typically
involves the formation of shocks [3] and hence, total pressure losses. To
take them into account, the center of the detached bow shock ahead of
the Pitot tube is assumed to fulfill the normal shock relations. Then, the
static pressure ratio across the shock p̄/p∞ and the post-shock Mach
number M̄ are solely dependent on the pre-shock Mach numberM∞ and
the gas heat capacity ratio κ [4]:
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By assuming that there is again an isentropic flow behind the shock,

both the pre- and the post-shock quantities satisfy Eq. (1) individually.
Hence, the Pitot tube measures the post-shock stagnation pressure p̄0,
and the stagnation pressure p0∞ of the pre-shock undisturbed flow is
deduced as:
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Folsom [5] and Chue [6] provided comprehensive reviews of the
Pitot tube technique, and summarized various tube designs and cali-
bration methods. However, the response rate of conventional Pitot
tubes is too low for the transient pressure measurement in impulse fa-
cilities.

In shock tubes or expansion tubes where the experimental time
tends to be extremely short, piezoelectric or piezoresistive pressure
sensors are preferred due to their short response time and high resonant
frequency paired with the high sensitivity to even small pressure fluc-
tuations [7–9]. These sensors are positioned towards the freestream,
creating a stagnation area at the tip and measuring the flow stagnation
pressure on the same principle as conventional Pitot tubes. Housings
that surround the sensors are used to protect them from being damaged
by the fast-travelling fragments of metal diaphragms [10–14]. Such
shielding designs normally leave a narrow borehole and a shallow
cavity connecting the sensor surface to the ambient flow, as the two
typical geometries shown in Fig. 1.

Housings with conical tips have been commonly employed in con-
ventional pressure measurements [6,15,16]. One advantage is the less
influence on the far-field flow than blunt tips. In supersonic flows where
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detached bow shocks are present in front of the housings, the stand-off
distance is shorter for the conical tip. This would suggest less interac-
tion of the shock with the freestream and hence, weaker effects on the
downstream setup. Another advantage is that the smaller subsonic area
behind the bow shock makes the conical tip less likely to be influenced
by the surrounding disturbance. This would improve the measurement
accuracy and consistency.

However, limited by the exterior geometry, the conical housing
naturally results in a longer internal borehole than the blunt housing.
Consequently, in transient pressure measurements, the wave propaga-
tion inside the conical housing would take longer time. The temporal
response of the resulting pressure signal might be retarded corre-
spondingly. In addition, at the abutting surface of the conical tip, the
flow directly accelerates from the stagnation point in the center to
Mach number M=1 at the periphery. The area-averaged pressure over
the cross section would differ from the stagnation pressure. The com-
paratively high curvature of the bow shock for the conical housing,
which challenges the previous assumption of normal shock relations,
might cause further inaccuracy to the calculation of the freestream
stagnation pressure.

The present study attempts to make a thorough comparison between
the conical and the blunt housings in terms of the performance in
transient stagnation pressure measurements. The results would serve as
general guidance on sensor housing designs.

2. Methods

2.1. Experiments

The current experimental research was carried out in a shock tube.
As depicted in Fig. 2, the shock tube is composed of a driver section
(3m), a driven section (19.5m) and a test section (0.5 m) attached to
the end. The inner cross section has a diameter of 290mm and changes
to a square with the side length of 190mm through a cookie-cutter in
front of the test section. A diaphragm, which initially separates the
driver and driven sections, ruptures as a critical pressure difference is
reached. Subsequently, a shock wave develops and propagates towards
the downstream test section and entails a flow of uniform pressure and

velocity.
In terms of the measurement system, pressure gauges and K-type

thermocouples measured the initial experimental conditions at the
driver and driven sections, and a NI™ cDAQ device collected the signals.
Four PCB Piezotronics ICP® fast-response pressure sensors were flush-
mounted along the driven section to monitor the propagation of the
shock wave. An LTT device recorded the pressure data at a sampling
rate of 1MHz to determine the shock speed accurately. For visualiza-
tion of the flow field inside the test section, a Z-type schlieren system
was employed. A 150W Xenon lamp served as the light source and a
Shimadzu HyperVision HPV-X ultra-high-speed camera recorded 128
consecutive images of 250× 400 pixels at a framing rate of 200 kfps.
The resultant schlieren photographs have a resolution of 0.175mm/
pixel.

The stagnation pressure behind the incident shock wave was mea-
sured by a rack of Pitot probes in the test section, which were posi-
tioned opposite to the incoming flow as depicted in Fig. 3. The rack was
built based on a modified Guderley profile to weaken the interaction
with the incident shock wave and to avoid the formation of new shocks.
A maximum number of six probes could be mounted on the rack and the
interaction between them was experimentally verified to be negligible.
From top to bottom, the second and the third slots for the probes were
manufactured with a 2° downward inclination to investigate the sen-
sitivity of the pressure measurement to the assembly misalignment.

Each Pitot probe on the rack was equipped with a PCB Piezotronics
ICP® fast-response pressure transducer (Model 113B21) with a resonant
frequency above 500 kHz and a rise time below 1 μs. The sensors were
mounted in either conical or blunt housings, of which detailed geo-
metries and dimensions are displayed in Fig. 4.

The conical housing has a 15° sloped surface relative to the cen-
terline, resulting in a significantly longer borehole (L=3.11) than the
blunt housing (L=0.23). The borehole diameter D varies among 0.36
(default), 0.45 and 0.54 and the cavity depth G ranges over 0.045
(default), 0.12 and 0.19. These two parameters were investigated se-
parately.

The experiments were conducted under three distinct flow

Fig. 1. Flow structures around a conical housing (a) and a blunt housing (b) in
supersonic flows.

Fig. 2. Layout of the shock tube and the associated measurement system.

Fig. 3. Experimental Pitot rack for the stagnation pressure measurement in the
test section. The incident shock arrives from left.
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conditions as listed in Table 1. The driver and driven sections are filled
with air to pressures p4 and p1, respectively. The pressure ratio (PR)
between them is varied by keeping p4 around 7 bar while reducing p1,
and controlled at 10, 100, and 1000, corresponding to subsonic,
transonic and supersonic flow conditions in the test section. In the
table, Ms, M∞, u∞ and Re∞,D are the Mach number of the incident
shock, the Mach number of the post-shock freestream flow, the free-
stream velocity and the Reynolds number based on u∞ and the default
housing borehole diameter D=0.36 (2mm).

The experimental shock speed us was measured by monitoring the
time lag between two pressure sensors mounted shortly upstream of the
test section. Thus, Ms was obtained through dividing us by the speed of
sound calculated from the driven gas temperature. Then, M∞ and u∞
were derived from the moving shock relations. The increased flow
Mach number goes along with a decreased Reynolds number since the
reduction of the flow density outweighs the increase in the flow speed.

2.2. CFD

In order to support understandings from the experiments, numerical
simulations were carried out. The commercial CFD solver ANSYS
FLUENT 19.1 was employed to solve a transient, compressible, two-
dimensional and axisymmetric flow field. Appropriate initial and
boundary conditions were assigned according to the experiments listed
in Table 1. The interior and exterior surfaces of the housing were
treated as no-slip walls with a fixed temperature. Air was modeled as
ideal gas. For the case of PR=1000, the laminar viscous model was
used, while the k-ω SST turbulence model was chosen for the other two
higher-Re cases.

A sufficient structured mesh with a total number of 100,000 cells
was applied. In order to resolve the wall bounded flow accurately, the

dimensionless wall distance y+ was kept around one.

3. Results and discussion

To assess the measurement accuracy, the pressure signal p is nor-
malized by the expected pressure pref, which equals to the freestream
total pressure p0∞ for subsonic flows and the post-bow shock total
pressure p̄0 for supersonic flows. In the present experiments, the static
pressure of the freestream p∞ behind the incident shock is first derived
from measured p1 and Ms based on the moving shock relations. The
value of pref is further obtained by calculating p0∞ from Eq. (1) or p̄0
from Eq. (4). The normalized pressure P is defined as:

= − −P p p p p( )/( )1 ref 1 (5)

with P=0 representing the initial pressure and P=1 the expected
stagnation pressure. Since the normalization is based on the case-spe-
cific shock strength, the influence of the slight PR variation under each
flow condition is negligible.

Pressure signals measured by sensors with different housing con-
figurations are presented in this section. Main signal features are dis-
cussed with the help of schlieren images and simulation results. Section
3.1 shows the general flow wave motions surrounding the housings.
Distinct signal characteristics for each housing geometry are presented
in Section 3.2. The behavior of housings at different flow March num-
bers is presented in Section 3.3. Effects of varying the borehole dia-
meter and the cavity depth are discussed in Sections 3.4 and 3.5, re-
spectively. With the preceding two sections focused on the assembly
misalignment and the gelatin-filled housings, Section 3.8 wraps up the
discussion by evaluating the performance of exposed sensors.

3.1. Wave dynamics around the housings

Wave dynamics in the freestream around housings is discussed with
schlieren images. The associated wave motions are mainly determined
by the exterior geometry of the housings, and the interior void plays a
supplementary role. The wave evolution determines when the flow
outside the housings becomes steady, which further influences the
settling time of the measured pressure signals to a certain extent.

Fig. 5 displays the schlieren images for the blunt housing under
different pressure ratios. Only the top half of the geometries are pro-
vided owing to the symmetry. For each flow condition, the left column
is the first image after the impact of the incident shock on the housing
and is referred as time t0. Shock reflection occurs at the housing front,
and the reflected shock travels in the upstream direction and expands
radially. According to theory, the speed of the reflected shock decreases
with increasing the flow Mach number as seen in the second column. At
time t0+ 360 μs for the subsonic flow, intense separation is observed
covering the entire outer surface of the housing. Meanwhile, the re-
flected shock disintegrates by traveling upstream. In contrast, the re-
flected shock is stabilized at a certain position for the transonic and
supersonic cases as detached bow shocks. During the process, there are
other waves developing around the housing exteriors. But they tend to
be isolated from the upstream housing tips by supersonic regions in
between and hence, exert little effects on the pressure measurement.

Fig. 6 shows the schlieren images for the conical housing. The flow
fields exhibit certain resemblance to those in Fig. 5. In the first column,
the incident shock is reflected at the housing tip and the sloped surface.
The resulting reflected shock is substantially weaker than that for the
blunt housing. For the supersonic flow, there is barely any reflection
observable, as the flow density is considerably low making the schlieren
phenomena less effectual. Shock positions in the second column show
that, the reflected shock propagates upstream at a much lower velocity
than cases with the blunt housing. For the two cases with M∞>1, the
reflected shock gradually settles down as a detached bow shock, simi-
larly to the observations in Fig. 5. But as shown in the third column, the
stand-off distance is relatively small and the shock profile is strongly

Fig. 4. Dimensions of blunt and conical housings (orange colored) normalized
by the sensor tip diameter h=5.54mm. The shadowed regions represent the
pressure sensors. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Experimental flow conditions for the stagnation pressure measurement.

PR= p4/p1 10 (±3%) 100 (± 2%) 1000 (± 5%)

Theoretical Ms 1.61 2.37 3.15
M∞ 0.70 1.15 1.40

Experimental Ms 1.50 2.24 3.01
M∞ 0.60 1.08 1.36
u∞ 241m/s 518m/s 775m/s
Re∞,D 25,000 4800 700
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curved.
From the viewpoint of shock structures, the less-curved bow shock

for the blunt housing satisfies the presumption of normal shock rela-
tions better. Hence, the blunt housing is expected to give more accurate
pressure measurements. As to the duration of the transient wave mo-
tions, it is difficult to determine the exact moments for the waves to
become stabilized. But a general trend is that the wave settling time
declines as the flow velocity increases.

3.2. Characteristic pressure signals

Pressure signals measured by sensors with blunt and conical hous-
ings under identical flow conditions are compared in this section. The
signal characteristics are closely related to the flow evolution inside the
housings. The analyses of wave motions in Schlieren images accom-
panied with the simulation results provide insight into the internal flow
features. In following figures, the experimental time t is regarded as
zero at the initiation of the signal rise.

Fig. 7 shows the pressure signals measured with blunt and conical
housings at PR=100 for a comparison of respective signal features.

The signal for the sensor shielded by the blunt housing surges upwards
at the beginning and exhibits a weak overshoot. The pressure soon
becomes stabilized at the expected value after a short period of weak
oscillations. In contrast, the signal for the conical housing rises slowly

Fig. 5. Schlieren images of the flow field around the upper half of the sensor with the blunt housing. The incident shock and the induced freestream flow propagate
from left to right. Each row corresponds to a certain flow Mach number, while each column to a specified time moment.

Fig. 6. Schlieren images of the flow field around the upper half of the sensor with the conical housing. The incident shock and the induced freestream flow propagate
from left to right. Each row corresponds to a certain flow Mach number, while each column to a specified time moment.

1

2
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Fig. 7. Normalized pressure signals for blunt and conical housings (D=0.36,
G=0.045) at PR=100.
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to the reference value and reaches a strong overshoot. Through a long
lasting of large-amplitude oscillations, the signal gradually settles down
around the expected value.

The strong oscillations for the conical housing arise from the wave
motions inside the housing void. A sketch of the speculated wave dy-
namics in the borehole is displayed in Fig. 8. Schlieren images at spe-
cified time moments are also provided to present external flow fields.
The plotted solid lines represent shock waves and the dashed lines ex-
pansion waves. The numeric labels correspond to the time moments in
Fig. 7.

When the incident shock impacts on the housing tip, part of the
shock propagates into the borehole/cavity and entails a flow behind. At
the time moment ①, this shock gets reflected at the sensor surface and
causes the pressure signal to start rising. The reflected shock travels
upstream, and meets the external freestream at the borehole inlet. A
weak shock, which is labelled as “S” in the schlieren image ②, is emitted
from the housing tip towards the detached bow shock. Meanwhile,
since the gas inside the borehole is over-compressed by the incident
shock and the succeeding reflected shock, an expansion wave travels
from the borehole inlet inwards and reduces the flow pressure. The
pressure signal begins to drop when the expansion wave arrives at the
sensor tip at ③. The subsequent reflected expansion wave over-expands
the flow, decreasing the flow pressure below the reference value. At ④,
this reflected expansion wave reaches the housing tip and interacts with
the external flow, releasing a new shock into the borehole. As this shock
arrives at the sensor tip at ⑤, the pressure signal is re-boosted and one
cycle of the oscillations is completed. One point of interest is that
during this process, the detached bow shock moves back and forth
slightly, at a synchronized pace with the pressure oscillations. The wave
dynamics inside the blunt housing occurs in a similar pattern, but at a
much faster rate due to the significantly shorter borehole length.

Although supported by the schlieren images, the wave motions
sketched in Fig. 8 are oversimplified. Effects of viscous dissipation, heat

transfer and flow mixing are still to be revealed. Hence, the simulation
results are also presented here to verify the main ideas delivered in
Fig. 8 and supplement further details. The pressure signals obtained
from the numerical simulations are also included in Fig. 7 for valida-
tion. The experimental and the numerical results match reasonably
well, with certain discrepancies in the signal overshoot which could be
caused by the simplified isothermal boundary conditions imposed on
the housing surfaces.

Fig. 9 presents the Mach number contours with arrowed streamlines
inside the blunt housing at PR=100. Only the upper half of the cross
section is displayed due to the symmetry. The contours at t= –1.5 μs
clearly show that part of the incident shock propagates into the bore-
hole. At t=3.5 μs after the shock gets reflected, the post-shock high-
pressure region serves as a reservoir to fill the cavity in front of the
sensor tip. The flow chokes around the cavity corner under the high
pressure ratio. At t=6.5 μs the newly developed expansion wave de-
parts from the borehole inlet and arrives at the sensor tip at t=12.5 μs.
Then the choking behavior disappears and the filling of the cavity is
interrupted. Indicated by the streamlines at the housing front, there is
no more flow into the borehole at this time moment, and the pressure
measured by the sensor starts to drop.

The Mach number contours inside the conical housing at PR=100
are shown in Fig. 10, of which the left column corresponds to the region
near the housing tip and the right column in front of the sensor surface.
Similar behavior, such as the reflection of the incident shock at the
sensor surface and the propagation of the new expansion wave into the
borehole, is present. But as expected, the corresponding time period is
largely elongated. A choking throat also appears at the corner during
the cavity filling process (t=5 μs). At t=78 μs before the arrival of the
expansion wave (which can be identified at t=110 μs by the change of
the flow direction), the choking phenomenon already vanishes, in-
dicating that the cavity has been filled up to a relatively high pressure
level.

Fig. 8. Sketch of the wave dynamics inside the conical housing and schlieren
images of the wave motions outside. Solid lines represent shock waves, and
dashed lines expansion waves.

Fig. 9. Mach number contours with arrowed streamlines in the borehole for the
blunt housing at PR=100. The red and the blue arrows indicate the moving
directions of the shock and the expansion waves, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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The simulation results generally agree well with the hypothetical
wave dynamics inside the housings presented in Fig. 8. Some details
such as the choking behavior in the cavity are supplemented in Figs. 9
and 10. With this understanding, specific properties of the pressure
signals shown in Fig. 7 are analyzed individually as follows.

The rise time, which is traditionally defined as the time period for the
signal to rise from 10% to 90% of the steady value, is mainly de-
termined by the initial mass flow rate of the cavity filling. A higher
mass flow rate consumes less time to fill the cavity up to the reference
pressure, meaning a shorter rise time. As indicated in Fig. 9 (t=3.5 μs)
and Fig. 10 (t=5 μs), the flow is choked around the cavity corner at the
beginning of the filling process for both blunt and conical housings.
Then the filling mass flow rate solely depends on the total pressure of
the flow ahead of the choking throat, considering the choking area is
the same. Fig. 11 compares the total pressure distribution inside the
borehole between the two housing designs at respective filling mo-
ments. The total pressure p0 is normalized by the expected reference
pressure pref. For the blunt housing, the total pressure is raised no-
ticeably above pref, since the reflected shock in front of the housing is
moving against the incoming flow. However, for the conical housing,
the frontal reflected shock is rather weak and exerts little effects on the
flow total pressure (p0/pref ~ 1). As a result, the filling mass flow rate
for the conical housing is relatively low and the rise time is compara-
tively long.

The maximum overshoot represents the peak value of the signal. The
overshoot behavior is caused by the reflection of the incident shock
inside the housing void, which over-compresses the flow and tends to
fill the cavity to the pressure higher than pref. For the blunt housing, the
filling process is interrupted by the arrival of the expansion wave at the
sensor surface as illustrated in Fig. 9 (t=12.5 μs). Hence, the maximum
overshoot is suppressed at a low level. However, the conical housing
experiences a fairly complete filling process and the resulting overshoot
is much stronger.

The oscillation frequency of the signal is dominated by the wave
propagation inside the housing void as previously explained. For ex-
periments under the same flow condition, the wave travelling speeds
tend to remain similar, with limited variations caused by changes in the
housing geometries or dimensions. Then the borehole length plays the
decisive role to determine the oscillation period. The conical housing,
which has a significantly longer borehole, naturally yields a much lower
oscillation frequency.

The settling time, defined in a conventional way as the time taken by
the signal to become stabilized within the± 5% interval of the steady
value, depends on the decay rate of the oscillation amplitudes. The
amplitude attenuation is partially caused by the energy exchange be-
tween the flow inside and outside of the housings through shock waves
and expansion waves. Such communications drive the pressure in the
housing void to reach a balance with the external freestream. Another
reason for the amplitude dampening is the energy dissipation brought
by viscous friction and heat transfer at the housing interior walls. Under
the same flow condition (Re∞,D=4800), strengths of the wall viscous
stress and the wall heat flux are similar between blunt and conical
housings. However, the frequent wave motions inside the blunt housing
(owing to the short borehole length) efficiently exchange the pressure
information with the outside freestream, restraining the cavity ahead of
the sensor from being over-filled or over-drained. Comparatively, the
communication between the cavity in the conical housing and the ex-
ternal flow field is retarded by the long borehole, resulting in a slow
oscillation attenuation and a long settling time.

Overall speaking, the performance of the blunt housing is superior
to the conical housing, in terms of the stagnation pressure measure-
ments. The signal exhibits a shorter rise time, a weaker overshoot and a
faster settling down.

3.3. Effect of the flow conditions

For each housing configuration, experiments are carried out under
three flow conditions as listed in Table 1. The performance of blunt and
conical housings in subsonic, transonic and supersonic flows are com-
pared and discussed in this section.

Figs. 12 and 13 compare the pressure signals for blunt and conical
housings at distinct flow conditions, respectively. The shadowed rib-
bons backgrounding each line represent the corresponding measure-
ment uncertainty as 95% confidence intervals. The calculation is based

Fig. 10. Mach number contours with arrowed streamlines near the borehole
inlet (left) and near the sensor tip (right) for the conical housing at PR=100.
The red and the blue arrows indicate the moving directions of the shock and the
expansion waves, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Normalized total pressure contours inside the borehole for the blunt
(top) and the conical (bottom) housings at PR=100.
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on the t-distribution analyses of at least four repeated experiments. The
uncertainty for blunt housings is relatively small and falls within±
2.5%. Conical housings exhibit a higher uncertainty level, especially at
the oscillation peaks and troughs where a broadest range of± 10% is
reached locally. But the characteristic signal patterns remain clearly
identified. The general distinctions previously observed between blunt
and conical housings are maintained at different flow conditions.

Rise times, maximum overshoots and settling times for all cases are
summarized in Fig. 14. One point of notice is the drastic difference in
the settling time between the two housing designs. By adopting the
blunt housing, the settling time is reduced by one order of magnitude,
which is of essential importance for experiments with short time win-
dows. Another interesting point is the absence of the signal overshoot
for the blunt housing at PR=1000. The signal climbs slowly to the
reference value and settles down immediately without further oscilla-
tions. This behavior suggests that a non-overshooting rapidly-settled
signal is achievable for the stagnation pressure measurement by ma-
nipulating the sensor housing geometries.

As to the effect of the flow conditions, there appears a consistent
tendency of increasing the rise time, lowering the maximum overshoot,
raising the oscillation frequency and reducing the settling time as the
flow changes from subsonic to supersonic conditions. These points are
discussed with the help of simulation results shown in Fig. 15. Mach
number contours inside the conical housing are presented at the mo-
ment when the cavity is still filling. Considering the change in the flow
condition exerts similar effects on the two housing designs, only cases
of the conical housing are provided.

Rise Time. As shown in Fig. 15, a separation bubble at the borehole
wall appears for all flow conditions, due to the interaction of the re-
flected shock with the boundary layer. This separation bubble blocks

the cross section of the borehole and absorbs part of the incoming flow
into the recirculation region instead of filling the downstream cavity.
For cases with higher Ms and correspondingly lower Re∞,D, the pressure
gradient across the shock is stronger and the boundary layer developed
is thicker, of which both contribute to a larger separation bubble. As a
consequence, the blocking effect is enhanced and the resulting rise time
is extended.

Maximum Overshoot. An analytical calculation of one-dimensional
shock waves shows that the reflection of the incident shock could ide-
ally cause a maximum overshoot of 2.06, 1.89 and 1.74 for subsonic,
transonic and supersonic flow conditions, respectively. Due to the
filling of the cavity ahead of the sensor, the overshoots of the experi-
mental signals are consistently lower than the theoretical values.
However, this tendency of weakening the overshoot with increasing the
flow Mach number is preserved.

Oscillation Frequency. Figs. 16 and 17 plot the fast Fourier transform
(FFT) spectrum of the pressure signals measured for blunt and conical
housings, respectively. As the flow Mach number increases from sub-
sonic to supersonic conditions, the spectrum peaks shift towards mildly

Blunt, PR = 10
Blunt, PR = 100
Blunt, PR = 1000

Fig. 12. Normalized pressure signals for the blunt housing (D=0.36,
G=0.045) at different flow conditions, with the shadowed ribbons re-
presenting the measurement uncertainty. The right plot is a zoomed view of the
initial pressure jump.

Fig. 13. Normalized pressure signals for the conical housing (D=0.36,
G=0.045) at different flow conditions, with the shadowed ribbons re-
presenting the measurement uncertainty. The right plot is a zoomed view of the
initial pressure jump.

Fig. 14. Comparison of rise times (top), maximum overshoots (middle) and
settling times (bottom) between blunt and conical housings at different flow
conditions.

Fig. 15. Comparison of the Mach number contours in front of the sensor surface
during the cavity filling process for the conical housing at different flow con-
ditions (t=5 μs).
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higher frequencies (from 18 kHz to 24 kHz for blunt housings, and from
4 kHz to 5 kHz for conical housings). Interestingly, conical housings
have boreholes 14 times longer than blunt housings, but the corre-
sponding oscillation frequencies of the measured signals are only four
to five times lower. This might be attributed to the influence of the
cavity filling on the oscillation period. For the blunt housing at
PR=1000, no distinguishable peak exists in the spectrum, which
agrees with the observation in Fig. 12 that the viscous dampening slows
down the filling process and restrains signal oscillations. Peaks at the
frequency 149 kHz for blunt housings correspond to the small-ampli-
tude periodic fluctuations in Fig. 12. Conical housings exhibit similar
peaks at 136 kHz, which is not presented in Fig. 17 for concision. The
most likely explanation is that these high-frequency fluctuations arise
from the wave motions inside the tiny gap around the lateral surface of
the sensor. This gap is 6mm long and merely 0.06mm thick, and pre-
served for a smooth assembly into the housing. Since these noises exert
negligible effects on the transient response of the signals, they are fil-
tered out from the pressure data presented in following figures by a
low-pass 100 kHz filter.

Settling Time. In the experiments, increasing flow Mach number is
accompanied with decreasing flow Reynolds number as shown in
Table 1. The lower Re results in stronger viscous dissipation. Increasing
the flow speed also enhances the heat convection at the housing interior
walls. Consequently, a stronger dampening of the oscillation amplitudes
is expected for higher flow Mach numbers, and the resulting signal
settling time is correspondingly shorter.

As a short summary, for experiments with higher pressure ratios, the
signal overshoot is intensified and the oscillation frequency is raised
due to the increasing flow Mach number. Meanwhile, the decreasing
Reynolds number elongates the rise time but shortens the settling time.

3.4. Effect of the borehole diameter

Modifications of the housing interior dimensions, including the
borehole diameter and the cavity depth, are examined and the asso-
ciated effects on the stagnation pressure measurement are evaluated. In
this section, the influence of the borehole diameter is discussed by
comparing results of the housings with D=0.36, 0.45 and 0.54.

The pressure signals measured by the blunt and the conical housings
with different borehole diameters are presented in Figs. 18 and 19,
respectively. Similar trends of the signal changes are observed for the
two different housings. Larger borehole diameters bring about shorter
rise times, distinctly stronger overshoots and higher-frequency oscilla-
tions. Simulation results of the Mach number and total pressure con-
tours inside the conical housing are provided in Fig. 20 to supplement
the discussion.

Rise Time. In an ideal case where no cavity exists at the end of the
borehole, the reflected shock would induce a stationary field behind it.
But the fact that a certain amount of flow is drawn into the cavity at-
tenuates the strength of the reflected shock. For cases with larger
borehole diameters, the amount of flow into the cavity takes up a
smaller proportion of the incoming flow, thus leading to a less reduc-
tion of the reflected shock strength. This is verified in Fig. 20 where the
total pressure behind the reflected shock is the highest for D=0.54 and
the lowest for D=0.36. Consequently, the mass flow rate for the cavity
filling is relatively high for housings with wide boreholes, and the re-
spective rise times are comparatively short. The fact that the cavity
volume is reduced as the borehole diameter expands, also contributes to
the decreasing rise time.

Maximum Overshoot. As mentioned before, the maximum overshoot
obtainable by the pressure signal is limited by the strength of the re-
flected shock. Although the cavity is not fully filled up to this limit, it
provides reasonable indications on the overshoot strength. Since the
reflected shock is enhanced by increasing the borehole diameter, a
higher maximum overshoot is expected correspondingly. From Figs. 18
and 19, it is observed that the promotion of the signal overshoots as the
borehole expands is more pronounced for the blunt housing. At
D=0.54, its maximum overshoot even overtakes that for the conical
housing.

Oscillation Frequency. The enhancement of the reflected shock with
increasing the borehole diameter is also reflected in higher shock speed.
This can be inferred from the shock positions in Fig. 20. Consequently,
the faster wave motions give rise to higher signal oscillation

Fig. 16. FFT spectrum of the pressure signals measured for the blunt housing.

Fig. 17. FFT spectrum of the pressure signals measured for the conical housing.

Fig. 18. Normalized pressure signals for the blunt housing (G=0.045) with
three different borehole diameters at PR=100.

Fig. 19. Normalized pressure signals for the conical housing (G=0.045) with
three different borehole diameters at PR=100.
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frequencies. One point of notice is that when the borehole diameter of
the conical housing is expanded, the borehole is shortened accordingly
to maintain the same sloped exterior. Hence, the reduction of the
borehole length is another important contributor to the increase in the
oscillation frequency for conical housings.

To sum up, increasing the borehole diameter mainly works to
strengthen the reflected shock, which further exerts effects on the signal
rise time, the overshoot and the oscillation frequency. The signal
overshoot seems particularly sensitive to the borehole diameter for the
blunt housing, and a proper selection might completely remove the
overshoot.

3.5. Effect of the cavity depth

This section intends to analyze the influence of the cavity depth. The
experimental results for blunt and conical housings with G=0.045,
0.12 and 0.19 are presented in Figs. 21 and 22, respectively.

As the cavity depth increases, the signal rise time is extended con-
sistently while the overshoot only varies within a very limited range.
For the conical housing, another noticeable change is the prolongation
of the oscillation period. The simulated Mach number and total pressure
contours inside the conical housing are presented in Fig. 23 for further

analyses.
Rise Time. For larger cavity depths, a higher proportion of the post-

shock fluid is absorbed into the cavity. Correspondingly the reflected
shock becomes weaker, compressing the flow to a lower pressure level
as shown in Fig. 23. The simulation results present another distinct
change in the flow structure. A large separation bubble is induced
across the cavity corner and blocks over half of the entire cross section
at G=0.19. Therefore, for cases with larger cavity depths, the de-
creasing total pressure plus the shrinking choking area results in a less-
adequate mass flow rate for the cavity filling, which accounts for the
longer rise time.

Maximum Overshoot & Oscillation Frequency. Since the strength of the
reflected shock decreases as the cavity depth increases, a lower over-
shoot is expected. The accompanied decrease in the shock velocity re-
sults in a lower oscillation frequency.

In general, increasing the cavity depth exerts opposite effects to
increasing the borehole diameter. This implies that the volume ratio
between the cavity and the borehole could serve as a general indicator
of the housing performance.

Fig. 20. Contours of the Mach number (top) and the total pressure (bottom) in
front of the sensor surface during the cavity filling process for the conical
housing with different borehole diameters under PR=100 at t=5 μs.

Fig. 21. Normalized pressure signals for the blunt housing (D=0.36) with
three different cavity depths at PR=100.

Fig. 22. Normalized pressure signals for the conical housing (D=0.36) with
three different cavity depths at PR=100.

Fig. 23. Contours of the Mach number (top) and the total pressure (bottom) in
front of the sensor tip during the cavity filling process for the conical housing
with different cavity depths under PR=100 at t=5 μs.
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3.6. Effect of the assembly misalignment

One practical problem involved in pressure measurements is the
misaligned mounting of sensors. To correctly measure the flow stag-
nation pressure, the sensor is supposed to be directed exactly opposite
to the freestream flow direction. This requirement is not always sa-
tisfied, considering the assembly accuracy and the flow uniformity.
Thus, evaluation of the sensitivity of the measurement setup on the
mounting misalignment is necessary.

Figs. 24 and 25 present the pressure signals measured by the 2°
misaligned sensors under PR=100 for blunt and conical housings,
respectively. As shown, inclining the sensor by 2° exerts negligible ef-
fects on the signal rise time and the oscillation frequency. However, a
reduction is identified for the maximum overshoot, the oscillation
amplitudes, and more importantly the steady value. Results of the other
two flow conditions, which are not shown here for the sake of conci-
sion, have the same tendencies.

The misalignment between the housing centerline and the incoming
freestream direction brings subtle changes to the housing configuration.
On one hand, the effective cross section of the borehole to receive the
incident shock is reduced. The resulting behavior is expected to re-
semble a housing with a smaller borehole. Based on the observations in
Figs. 18 and 19, the reduction of the overshoot and the decrease in the
oscillation amplitudes are as expected. On the other hand, the cross
section of the borehole inlet is not perfectly normal to the incoming
flow. Thus the presumed stagnation condition at the housing tip is not
fulfilled. With only part of the flow dynamic pressure accounted for, a
measurement signal lower than the stagnation pressure is expected.

Table 2 lists the steady values of the pressure signals measured in
different cases. For the conical housings under PR=10 and PR=100,
the pressure signals still exhibit a certain degree of oscillations at the
end of the available experimental time. Thus the corresponding steady
values are calculated as the averaged pressure over the last oscillation
period. As shown in Table 2, the misaligned mounting decreases the
measured pressure by a maximum of 4.08%. For both housing designs,

the decrement grows as the flow Mach number increases, meaning that
the supersonic flow is more sensitive to the misalignment than the
subsonic flow. Under the same flow condition, the conical housing
consistently gives a higher pressure reduction than the blunt one.
Hence, the former design has a higher demand for the mounting ac-
curacy.

3.7. Effect of filling the housing with gelatin

Filling the housing interior void with oil or grease is one of the
methods previously proposed to accelerate the temporal response
[17,18]. The idea is that the acoustic information would be delivered
faster between the inside and the outside of housings due to the com-
paratively high sound speed in oil/grease, and the filling process would
be eliminated because of the corresponding low compressibility.

To estimate the performance of this method in stagnation pressure
measurements, experiments with the housing interior filled with gelatin
are conducted. The gelatin is made from a mixture of distilled water,
Gelrite™ Gellen gum and magnesium sulfate with the respective mass
proportion of 10,000:6:5. The speed of sound in the gel is experimen-
tally measured to be 1480m/s. To prevent water evaporation and to
avoid expansion of the tiny bubbles possibly trapped in the gelatin, only
the low pressure ratio PR=10 is studied, which corresponds to the
subsonic flow condition.

Figs. 26 and 27 show the pressure signals measured for the gelatin-
filled blunt and conical housings at PR=10. With housings filled with
gelatin, the signal rise time is reduced approximately to 2 μs, since the
low compressibility of the filler shortens the cavity filling process sig-
nificantly. Meanwhile, the overshoot is intensified noticeably, which is
caused by the change in the wave motion pattern. For gelatin-filled
housings, the shock wave experiences the first reflection at the air-ge-
latin interface, that is, at the borehole inlet. Due to the dramatic dif-
ference of the acoustic impedance between air and gelatin, this reflec-
tion happens in an almost ideal manner and increases the pressure
behind the reflected shock to a level close to ppeak. To maintain the
pressure balance across the air-gelatin interface, a compression wave is
induced and propagates into the borehole. A second reflection occurs as
the compression wave reaches the sensor surface and boosts the

Fig. 24. Normalized pressure signals for the aligned and the 2° misaligned blunt
housings (D=0.36, G=0.045) at PR=100.

Fig. 25. Normalized pressure signals for the aligned and the 2° misaligned
conical housings (D=0.36, G=0.045) at PR=100.

Table 2
Steady values of the pressure signals measured by aligned and misaligned
sensors with blunt and conical housings.

Pressure ratio PR 10 100 1000

Blunt Aligned 1.0001 1.0018 1.0037
Misaligned 0.9807 0.9783 0.9726
Drop 1.92% 2.35% 3.11%

Conical Aligned 0.9998 0.9967 0.9933
Misaligned 0.9674 0.9614 0.9525
Drop 3.26% 3.53% 4.08%

Fig. 26. Normalized pressure signals for the empty and the gelatin-filled blunt
housings (D=0.36, G=0.045) at PR=10.
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pressure to an even higher value, which is responsible for the stronger
overshoot. In addition, the signal oscillation frequency is tripled by
filling housings with gelatin, owing to the increase in the sound speed.
Interestingly, the oscillation amplitudes decay almost at the same rate
as cases of empty housings. Consequently, the settling time is nearly
unchanged by the gelatin filling.

As noticed, the gelatin-filled blunt housing exhibits a much higher
overshoot than the gelatin-filled conical one. This might be related to
the strength of the reflected shock at the air-gelatin interface. For the
blunt housing, the central part of the reflected shock decays compara-
tively slowly due to the extensive frontal surface, sending a stronger
compression wave into the gelatin than the conical housing.

Overall speaking, the gelatin-filled housings exhibit no superior
performance to the empty housings in the stagnation pressure mea-
surements. Instead, the resulting strong overshoots put more burdens
on the pressure sensors.

3.8. Behavior of the exposed sensors

The previous sections show that shielding the sensor involves some
negative drawbacks onto the measurement itself. The cavity and the
borehole connecting it to the ambience both affect the signal rise time
and involve overshoots and oscillations. Therefore, two sensor holders
without protective housing (as shown in Fig. 28) are finally examined.

Fig. 29 summarizes the pressure signals measured with exposed-
front blunt and conical holder geometries at different flow conditions.
With the absence of boreholes and cavities in front of the sensors, all
signals exhibit one pronounced overshoot and settle down rapidly
without preceding oscillations. It is noteworthy, however, that the
overshoot of the blunt holders is much stronger, but rests to the correct
value, while the conical housing gives a constant pressure, which is

about 6% below the reference value.
Maximum Overshoot. For exposed sensors, the incident shock im-

pacts on the entire sensor surface and is subsequently reflected. Hence,
overshoots in the range of the previously mentioned theoretical values
of 2.06, 1.89 and 1.74 are to be expected. The experimental outcomes
for the blunt holders (2.00, 1.76 and 1.51) match the theoretical values
well, but the quantitative discrepancy is widened for higher Mach
numbers. The reason is simply the higher speed of sound behind the
reflected shock and the correspondingly faster adaptation of the pres-
sure field. The maximum overshoots for the conical holders are con-
sequently even lower (1.77, 1.54 and 1.30) since the flow is im-
mediately accelerated to the rim of the sensor surface.

Settling Time. According to the explanation for the maximum over-
shoot, a steady flow field establishes earlier for a higher speed of sound
or smaller geometrical dimensions. It is noteworthy that the settling
time can be reduced by a factor of 2 to 3 compared to the blunt sensor
housings in Fig. 12.

Steady Value. As already sketched in Fig. 1, the flow in front of a
conical sensor decelerates to a stagnation point and subsequently ac-
celerates to the corner of the sensor (or housing) front, where the flow
speed reaches Mach number M=1 for transonic flows. Simulations are
performed to confirm and illustrate this behavior for both sensor holder
geometries (see Fig. 30). In the case of the blunt holder (first row), the
pressure in front of the sensor surface (shadowed block) is close to
stagnation conditions. Conversely, for the conical holder, the flow ac-
celeration and the associated pressure drop occur at the outer part of
the sensor surface. Consequently, the measured signal representing an
area-averaged pressure over the sensor surface is lower than the stag-
nation pressure. This effect of the conical holders on the stagnation
pressure measurement agrees very well with the experimentally ob-
served deviation of 6%.

Fig. 27. Normalized pressure signals for the empty and the gelatin-filled conical
housings (D=0.36, G=0.045) at PR=10.

Fig. 28. Configuration of blunt and conical holders (orange colored) with
sensors (shadowed) exposed to the freestream. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

Blunt, PR = 10
Blunt, PR = 100
Blunt, PR = 1000

Conical, PR = 10
Conical, PR = 100
Conical, PR = 1000

Fig. 29. Normalized pressure signals for exposed sensors in blunt and conical
holders at different flow conditions. The black dotted line represents P=1.

Fig. 30. Pressure contours of the steady-state flow fields around the blunt (top)
and conical (bottom) holders at different flow conditions. The shadowed blocks
represent the sensor tips.

Z. Wang, et al. Experimental Thermal and Fluid Science 109 (2019) 109851

11



4. Conclusions

In the present work, the effect of the sensor housing geometries on
the stagnation pressure measurement of shock-induced flows is in-
vestigated. Housings with two different exterior shapes (blunt and
conical) and variations of the internal dimensions (the borehole dia-
meter and the cavity depth) were considered. Each configuration was
evaluated at three experimental conditions representing subsonic,
transonic and supersonic flows. Influences of other practical factors
including the mounting misalignment, the filling with gelatin and the
direct exposure of the sensor surface were also assessed. The main
points are summarized here:

(1) The blunt housing consistently gives a shorter rise time, a lower
maximum overshoot, weaker oscillations and a shorter settling time
than the conical housing, mainly due to the built-in advantage of a
shorter borehole length.

(2) Decreasing the volume ratio between the cavity and the borehole,
either by increasing the borehole diameter or reducing the cavity
depth, enhances the strength of the reflected shock at the sensor
surface. As a result, the signal rise time is shortened and the over-
shoot is intensified.

(3) At higher flow Mach numbers, faster wave motions lead to signals
oscillating at higher frequencies. The accompanying decrease in the
Reynolds number dampens the oscillation amplitudes and shortens
the settling time.

(4) The 2° mounting misalignment decreases the pressure measurement
by 2–4%. The conical housing is more sensitive to the misalignment
than the blunt one.

(5) Filling the housing void with gelatin shortens the rise time, but
significantly intensifies the overshoot. This design brings little
benefit to the pressure measurement in the current setup.

(6) Experiments with exposed sensors show that the conical sensor
holder measures a pressure 6% lower than the stagnation value.
Such a deviation is not observed for housings with boreholes and
cavities.

To sum up, the blunt housing outperforms the conical one for the
stagnation pressure measurement in impulse facilities, by generating
less intensely overshooting and more rapidly settled pressure signals.
Signal overshoots could be avoided with no sacrifice in the settling time
by choosing the borehole diameter and the cavity depth properly.
However, the conical housing retains the advantage of less influence on
the surrounding flow, and the application of either housing geometry
should be case-specific.
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Abstract 
The present experimental study investigates the shear stripping breakup of single droplets in subsonic and supersonic gase-
ous flows. In contrast to most research that places emphasis on the Weber number (We), we focus on the individual effects 
exerted by flow Mach (M∞) and Reynolds numbers (Re). Millimeter-sized droplets made of either ethylene glycol or water 
are exposed to shock-induced flows. Shadowgraph and schlieren images of the breakup process are recorded by an ultra-
high-speed camera. The experimental We is constrained at 1100, while M∞ is varied from 0.3 to 1.19 and Re from 2600 to 
24,000. A systematic analysis of the experiment series reveals that the breakup pattern alters with M∞ although a constant We 
is maintained. The classical stripping behavior with fine mist shed from the peripheral sheet changes to rupture of multiple 
bags along the periphery at M∞ = 0.63, and further to stretching of ligament structures from the leeward surface at M∞ = 1.19. 
The corresponding breakup initiation is delayed and the resultant fragments are sized less uniformly and distributed over a 
narrower spread. In terms of the early-stage deformation, droplets experience less intense flattening and slower sheet growth 
at higher M∞. The change of Re introduces additional variations, but only to a minor extent.
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1 Introduction

Droplet breakup, also termed secondary atomization, refers 
to the fragmentation of a droplet subjected to aerodynamic 
forces. This phenomenon is relevant in diverse applications, 
such as fuel injection (Reitz and Diwakar 1986), spray coat-
ings (Mostaghimi et al. 2002) and metal powder production 
(Lagutkin et al. 2004). It has been widely recognized that the 
breakup morphology is primarily determined by the Weber 
number (We) and the Ohnesorge number (Oh) (Lane 1951; 
Hinze 1955):

where ρg and ug are the density and the velocity of the gas 
flow, and d0, σ, μd and ρd are the initial diameter, the surface 
tension, the dynamic viscosity and the density of the liquid 
droplet, respectively. The Weber number represents the ratio 
between the disruptive aerodynamic force and the restora-
tive surface tension, and the Ohnesorge number compares 

(1)We = �gu
2

g
d0∕�

(2)Oh = �d∕
√

�dd0�,

the viscous force to the surface tension. According to Guil-
denbecher et al. (2009), the influence of liquid viscosity on 
the breakup regime diminishes when Oh drops below 0.1, 
leaving We as the dominant factor.

Several breakup mechanisms have been identified in the 
literature and are classified as bag breakup at 11 < We < 35 
and stripping breakup at We > 80, with so-called multi-
mode breakup in the intermediate range (Hsiang and Faeth 
1995; Schmehl 2003). The bag breakup is conventionally 
understood as a result of the Rayleigh–Taylor instability 
developed at the droplet front (Joseph et al. 1999). How-
ever, some studies suggest different physical mechanisms, 
including the pressure imbalance between the front and rear 
side (Opfer et al. 2014), the stress repartition around the 
surface (Villermaux and Bossa 2009) and the structure of 
flow vortices in the wake (Inamura et al. 2009). The cause 
of the stripping breakup is also under debate. No agreement 
has been achieved on whether the viscous shear or the aer-
odynamic drag is the driving force. Correspondingly, the 
name of this regime varies among shear stripping (Ranger 
and Nicholls 1969), sheet thinning (Liu and Reitz 1997) and 
shear-induced entrainment (Theofanous and Li 2008). For 
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the current work, we focus on the stripping breakup and 
adopt the concept proposed by Theofanous and Li (2008).

Although the breakup mechanism is mainly governed 
by the Weber number, other non-dimensional parameters 
influence the breakup behavior as well. Chou et al. (1997) 
conduct experiments with Ohnesorge numbers below 0.1, 
and observe larger micro-drops generated at higher Oh. Pilch 
and Erdman (1987) analyze the effect of Oh on the breakup 
time and conclude a consistent postponement of the breakup 
initiation as Oh increases. Lee and Reitz (2000) experimen-
tally show that the liquid–gas density ratio (ε =  ρd/ρg) exerts 
negligible effects on the breakup process at values higher 
than 100. In numerical simulations by Kékesi et al. (2014); 
however, new breakup patterns appear for density ratios 
below 100. In terms of the flow Reynolds number (Re =  
ρgugd0/µg), the work of Liu and Reitz (1997) indicates that 
the breakup behavior is independent of Re when Re > 500. 
The dependence becomes important only in the Stokes flow 
(Aalburg et al. 2003) and in liquid–liquid breakup systems 
(Hsiang and Faeth 1995).

Another non-dimensional parameter, which is of sig-
nificance but not fully explored, is the flow Mach number 
M∞. Most of preceding experiments are conducted at sub-
sonic conditions, where the effect of the flow compress-
ibility is marginal. However, with the recent development 
of supersonic combustion systems including pulse detona-
tion engines (Kailasanath 2003), scramjet engines (Curran 
2001) and supersonic gas atomizers (Anderson et al. 1991), 
droplet breakup in high-speed flows becomes of increasing 
importance. Dinh et al. (2003) and Theofanous et al. (2004) 
investigate various breakup regimes in a highly rarified flow 
at M∞ =  3. They find that the morphologies differ signifi-
cantly from those categorized in subsonic flows and attrib-
ute the differences to changes in pressure fields. Ortiz et al. 
(2004) measure the drag coefficients of droplets in different 
airstreams and observe a rapid increase as the flow Mach 
number approaches supersonic conditions. Xiao et al. (2017) 
numerically simulate the deformation of droplets exposed to 
supersonic flows and conclude that the onset of breakup is 

postponed compared to subsonic cases. Igra and Takayama 
(2003) and Meng and Colonius (2015) conduct experimental 
and numerical research on water column breakup in high-
speed flows, respectively. Both works quantitatively show 
a slower temporal increase of the cross-stream diameter at 
higher M∞.

Although the abovementioned research reveals distinct 
breakup features in supersonic flows, the experimental data-
base addressing the effect of M∞ is rather limited. Moreover, 
a change of M∞ in experiments is commonly accompanied 
with a change of Re, which renders the independent investi-
gation of M∞ difficult. In the present work, we constrain the 
Weber number at 1100 and decouple the correlation between 
M∞ and Re by applying different liquid–gas combinations 
and carefully choosing operating conditions. This creates a 
test matrix which allows us to study the effects of M∞ and 
Re individually.

2  Experimental setup

The layout of the shock tube used for the current experi-
ments is depicted in Fig. 1. The tube, which has an overall 
length of 24 m and an inner diameter of 290 mm, consists of 
three segments: the driver, the driven and the test sections. A 
cookie cutter is installed in front of the test section to remove 
the boundary flows and to contract the cross section to a 
190 × 190 mm2 square. In the experiments, a 0.15 mm-thick 
Mylar diaphragm is placed between the driver and driven 
sections and in contact with a pair of 0.1 mm-thick crossed 
NiCr heating wires. Each section of the shock tube is first 
filled to pressure levels corresponding to desired flow condi-
tions. Then, a single droplet is produced in the test section 
by expelling liquids through a hypodermic needle with an 
outer diameter of 0.9 mm. The droplet falls through a pair of 
aligned laser emitter and receiver. This triggers the rupture 
of the Mylar diaphragm by supplying an electric current of 
3 A to the heating wires. Subsequently, a planar shock wave 

Fig. 1  Layout of the shock tube and the measurement system
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forms, propagates towards the downstream test section and 
induces a flow with uniform flow conditions.

The pressure variation along the shock tube is measured 
by flush-mounted PCB Piezotronics  ICP® fast-response 
pressure sensors. The measured signals are acquired by 
a LTT transient data recorder at a sampling frequency of 
1 MHz. We calculate the shock velocity based on the time 
lag between moments when the incident shock passes two 
pressure sensors ahead of the test section. The combination 
of the shock velocity and initial pre-shock conditions yields 
post-shock flow properties based on moving shock relations. 
Another sensor in the test section measures the pressure rise 
across the incident shock. A representative pressure signal 
normalized against the theoretical post-shock pressure is 
provided in Fig. 2. The shock-induced freestream remains 
steady over 1.6 ms which well covers the investigated period 
of droplet breakup (maximally 1.4 ms). The slight decline in 
the pressure signal is attributed to the growth of the bound-
ary layer as well as the nature of the piezoelectric sensors. 
This pressure signal also serves as a trigger for the image 
recording.

As for the flow visualization, a Shimadzu HyperVision 
HPV-X ultra-high-speed camera is integrated in a Z-type 
shadowgraph/schlieren photography system. The cam-
era records 128 consecutive images with a resolution of 
0.087 mm/pixel at a framing rate of 100 kfps.

For the present experiments, the combinations of two liq-
uids (ethylene glycol and water) and two gases (air and  CO2) 
are exploited to analyze the effects of M∞ and Re indepen-
dently at a constant We. The Weber number, which is con-
strained at 1100 with a standard deviation of 50, lies within 
the stripping breakup regime and allows a wide variation 
of M∞ and Re. Figure 3 shows the inversely proportional 
correlation between M∞ and Re for different liquid–gas com-
binations. The eight labelled points represent the operating 
conditions selected for current experiments, and the associ-
ated error bars (magnified twice in the plot) stand for the 
ranges of M∞ and Re from repeated experiments. The eight 

operating conditions are numbered as i·j, where the values of 
i and j correspond to the relative magnitudes of M∞ and Re, 
respectively. Detailed parameters averaged from repeated 
experiments at each operating condition are summarized in 
Table 1.

For water (ρd  = 998  kg/m3, σ  = 7.28e-2  N/m, 
μd = 8.9e-4  kg/m  s), the average droplet diameter is 
3.1 mm, resulting in an Oh of 0.002. For ethylene glycol (ρd  
= 1113 kg/m3, σ = 4.73e-2 N/m, μd = 1.61e-2 kg/m s), the 
lower surface tension leads to smaller droplets with an aver-
age diameter of 2.6 mm and the considerably higher viscos-
ity yields an Oh of 0.043. Concerning all the experiments, 
the freestream Mach number M∞ varies from subsonic (0.3) 
to supersonic (1.19) levels and the droplet diameter-based 
flow Reynolds number Re ranges over an order of magnitude 
(from 2.6e3 to 2.4e4). The liquid–gas density and viscosity 
ratios are also provided in Table 1 for completeness.

Case 1.4, 2.3, 3.2 and 5.1 are conducted with the same 
liquid and gas. Comparisons between them highlight the 
overall influences of parameters other than We and Oh. 
Moreover, Case 2.3, 4.3 and 5.3 have comparable Re but 
different M∞, while Case 5.1, 5.2, and 5.3 share the same 
M∞ but changing Re. Comparisons of the former and of the 
latter group shed light on the individual role played by M∞ 
and Re, respectively.

3  Results and discussion

A brief overview of the typical stripping breakup process 
in subsonic flows (Case 1.4, M∞ = 0.3, liquid: ethylene gly-
col, gas: air) is provided in Fig. 4. Here, the experimental 
time t is regarded as zero at the moment when the incident 
shock impacts on the droplet. Furthermore, t is normalized 
against the characteristic transport time derived by Ranger 
and Nicholls (1969) based on droplet deformation in incom-
pressible flows, yielding the dimensionless time T as

Fig. 2  Step-wise pressure rise 
across the incident shock meas-
ured in the test section
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The time scaling in Eq. (3) does not account for the com-
pressibility effects, which govern the droplet breakup in the 
current study. Nevertheless, this scaling is used to present 
the results in a consistent and comparable way with previ-
ous literature. Presented images are processed with subtrac-
tion of the background noise, contrast stretching and super 
resolution using MATLAB’s Very Deep Super-Resolution 
convolutional neural network (Kim et al. 2016).

The entire breakup process is divided into four stages. It 
starts with the shock-droplet interaction which establishes 
a flow field resembling that around a solid sphere (T < 0.1). 
Then, the droplet is flattened along the streamwise direction 
(T = 0.2) and a liquid sheet emerges at the equator (T = 0.3). 
The rupture of the sheet indicates the breakup initiation 
(T = 0.4) and the coherent body is continuously eroded at 

(3)T = t ⋅ ug∕
(

d0

√

�d∕�g

)

,
the periphery afterwards. The last stage is achieved when the 
whole droplet disintegrates into fragments distributed widely 
in the flow field (out of the time window shown in Fig. 4).

Figure 4 also presents the quantitative change of the drop-
let cross-stream diameter dc. The error bar represents the 
uncertainty (90% confidence level based on the Student’s 
t-distribution) calculated from four repeated experiments. 
Before the onset of breakup (T < 0.37), the increase of dc 
indicates the flattening of the intact body and the associated 
uncertainty is low. Once the breakup starts, the intact body is 
shadowed by the fine mist. The interpretation of dc changes 
to a description of the spatial distribution of liquid frag-
ments. The corresponding uncertainty significantly increases 
as micro-drops are more sensitive to local flow disturbance 
than the coherent body. Considering the uncertainty levels 
are similar for all cases, the error bars are omitted in the fol-
lowing plots for the sake of brevity.

In following sections, we compare cases with varia-
tions in flow Mach and Reynolds numbers with respect to 

Fig. 3  Inversely proportional correlation between Mα and Re at 
We = 1100. Each line corresponds to a certain liquid–gas combina-
tion. The eight operating conditions are labeled as i·j, with i and j 

representing the relative magnitudes of Mα and Re respectively. The 
associated error bars stand for the ranges of conditions from repeated 
experiments and are magnified twice in the plot for a clearer display

Table 1  Operating conditions 
averaged from repeated 
experiments

Liquid Gas We Oh Re M∞ ρd/ρg μd/μg

Case 1.4 E.G Air 1060 0.042 2.4e4 0.3 7.1e2 796
Case 2.3 E.G Air 1056 0.044 8.6e3 0.63 3.6e3 697
Case 3.2 E.G Air 1120 0.043 5.9e3 0.83 7.1e3 635
Case 5.1 E.G Air 1050 0.044 2.6e3 1.19 2.1e4 508
Case 3.3 Water Air 1160 0.002 9.5e3 0.83 4.5e3 35
Case 4.3 E.G CO2 1100 0.044 8.8e3 0.94 4.7e3 802
Case 5.2 E.G CO2 1120 0.043 5.9e3 1.19 9.0e3 713
Case 5.3 Water CO2 1080 0.002 8.6e3 1.19 6.1e3 39



 Experiments in Fluids (2020) 61:193

1 3

193 Page 6 of 17

each stage of the breakup process, namely wave dynam-
ics, early-stage deformation, breakup patterns, and frag-
ment sizes and spatial distributions. The main comparison 
is made between Case 1.4, 2.3, 3.2 and 5.1 all of which 
employ the same liquid and gas, to illustrate the overall 
tendency. This is further complemented by comparisons 
between constant-Re and constant-M∞ cases to highlight 
the individual effects of M∞ and Re, respectively. The 
discussion is concluded with a brief analysis of the influ-
ence of Oh.

3.1  Wave dynamics

Figure 5 presents a visualization of wave dynamics sur-
rounding ethylene glycol droplets in airstreams after the 
impact of the incident shock for Case 1.4, 2.3, 3.2 and 5.1. 
At M∞ = 0.3, typical features including the reflected shock 
(RS) at the windward surface, the diffracted shock (DS) 
enclosing the droplet and separation zones (SZ) attached at 
the rear are clearly identified. These characteristics are in 
good agreement with the experimental and numerical results 
of water column breakup from Igra and Takayama (2001) 
and Meng and Colonius (2015).

Fig. 4  Breakup patterns and cross-stream diameter variation of an ethylene glycol droplet at Mα = 0.3 (Case 1.4). The error bars represent uncer-
tainties of dc calculated from four repeated experiments

Fig. 5  Wave dynamics around ethylene glycol droplets in air. The operating conditions from left to right are Case 1.4, 2.3, 3.2 and 5.1. RS 
reflected shock, DS diffracted shock, SZ separation zone, NS normal shock, OS oblique shock)
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The main change at M∞ = 0.63 is that the separation 
zone behind the droplet extends over a wider region. As the 
freestream speed enters the transonic range (M∞ = 0.83), a 
normal shock (NS) appears behind the droplet and fluctu-
ates slightly around the displayed location. This suggests 
that the surrounding flow accelerates to supersonic condi-
tions as it bypasses the droplet. For the case at M∞ = 1.19, 
an oblique shock cone (OS) appears, stretching downstream 
over a broad region. Meanwhile, the reflected shock ahead 
of the droplet settles as a detached bow shock.

Considering the droplet does not undergo noticeable 
deformation during the short period of shock-droplet inter-
action, the surrounding pressure field is expected to resem-
ble that around a solid sphere, which is also implied by the 
wave patterns presented in Fig. 5. As M∞ changes, the pres-
sure imposed on the spherical surface differs significantly 
(Charters and Thomas 1945; Bailey and Haitt 1972). These 
differences are held accountable for the more pronounced 
distinctions in succeeding deformation and breakup pro-
cesses (Hanson et al. 1963).

The travelling velocity of the reflected shock is plotted 
in Fig. 6 with respect to the position relative to the droplet 
front. The distance s between the reflected shock and the 
droplet leading edge is normalized by the droplet diameter 
d0. The Mach number of the reflected shock relative to the 
freestream flow is calculated as Mr = (ds/dt + ug)/a, where 
a is the speed of sound in the freestream. For cases with 
M∞ < 1, the reflected shock decays to sonic waves, and the 
corresponding Mr falls towards 1. For the supersonic case 
with M∞ = 1.19, however, the decreasing Mr settles at M∞ 
and the normalized distance s/d0 is stabilized around 0.65 
which matches the value measured for a solid sphere at simi-
lar conditions (Liepmann and Roshko 2001).

3.2  Early‑stage deformation

The early-stage droplet deformation for subsonic and super-
sonic cases is compared in Fig. 7. As described in Fig. 4, 

the droplet at M∞ = 0.3 exhibits typical deformation features 
such as flattening at frontal and rear surfaces and stretching 
of the liquid sheet around the equator. Generally, droplets at 
higher-M∞ follow similar deformation patterns, but a thor-
ough examination reveals noticeable distinctions that are 
summarized as follows:

• the liquid sheet emerges further downstream in the super-
sonic flow (T = 0.20);

• the flattening of the leeward surface becomes weaker as 
M∞ increases (T = 0.30);

• the liquid sheet grows more rapidly at lower M∞ 
(T = 0.48).

As the windward surface of the droplets gets flattened, 
kinks form around the droplet equator at T = 0.2. These 
kinks are the origins of the subsequent development of liq-
uid sheets. In subsonic flows, the kink is located ahead of 
the equatorial plane and the angle of inclination of the line 
connecting the kink to the droplet center is approximately 
80° with respect to the flow direction. However, the position 
of the kink is shifted considerably downstream in the super-
sonic flow and the corresponding angle of inclination is 92°. 
The kink locations are in good accordance with the trajec-
tory of the separation point at the surface of a solid sphere 
measured by Charters and Thomas (1945). In their work, the 
separation point stays with an angle of inclination between 
70° and 80° at subsonic conditions and drifts downstream 
beyond 90° at M∞ = 1.2.

During the period shown in Fig. 7, the leeward surface 
of the droplet is continuously flattened. The extent of the 
flattened area at T = 0.3 is estimated relative to the initial 
droplet diameter. As M∞ increases from 0.3 to 1.19, the cor-
responding flattened area shrinks from 0.84d0 to 0.5d0. This 
could be associated to the change of the pressure imposed on 
the droplet rear at different flow conditions. Karyagin et al. 
(1991) experimentally measure the pressure distribution 
over the surface of a sphere, and observe that the pressure 

Fig. 6  Mach number of the 
reflected shock relative to the 
freestream flow (Mr) with 
respect to the normalized dis-
tance from the reflected shock 
to the droplet front (s/d0) for 
Case 1.4, 2.3, 3.2, 4.3 and 5.1
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at the rear surface drops consistently as M∞ increases. The 
same trend is also reported in the numerical work by Nagata 
et al. (2016).

By T = 0.48, the liquid sheets for all cases have grown 
to considerable sizes and stretched out radially from the 
main body. Similarly to the experimental observation by 

Theofanous et al. (2012) and the numerical analyses by 
Jalaal and Mehravaran (2014), the growth of the liquid 
sheets is enhanced by the emergence of propagative waves 
at the droplet surface, as shown in Fig. 8. These surface 
waves are induced by Kelvin–Helmholtz instabilities at the 
windward surface, where the liquid–gas interface suffers 

Fig. 7  Droplet flattening and 
development of liquid sheets 
(left to right: Case 1.4, 2.3, 3.2 
and 5.1)

M∞ = 0.30 M∞ = 0.63 M∞ = 0.83 M∞ = 1.19 

T = 0.20

T = 0.25

T = 0.30

T = 0.40

T = 0.48

Fig. 8  Emergence, propagation 
and merging of surface waves 
at the droplet periphery (Case 
3.2, M∞ = 0.83). Dark and white 
arrows indicate locations and 
movement directions of the 
surface waves, respectively
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strong shear. The waves are transported towards the equator 
under drag forces and then merge with the preceding waves.

Papamoschou and Roshko (1988) point out that increas-
ing the flow Mach number reduces the growth rate of the 
shear layer between two streams rapidly, because the asso-
ciated compressibility effect tends to stabilize the flow dis-
turbance. Moreover, according to Liepmann and Roshko 
(2001) and Nayfeh and Saric (1971), the pressure distribu-
tion around small-scale waves is out of phase with the wave 
profile in supersonic flows and thus suppresses the develop-
ment of instabilities. Consequently, the growth rate of the 
liquid sheet is lower at higher M∞. This explains the obser-
vation at T = 0.48 in Fig. 7 that the liquid sheet becomes 
smaller as M∞ increases.

Figure 9 compares the droplet contours at T = 0.4 between 
Case 3.2, 5.2 and 5.1. The dimensions are normalized 
against the initial droplet diameter, and the origin represents 
the position of the initial droplet center. Case 5.2 has the 
same M∞ as Case 5.1, and shares a comparable Re with Case 
3.2. The resemblance of the droplet contours between Case 
5.2 and Case 5.1 indicates that Re exerts negligible effects 
on the early-stage deformation, while M∞ plays a critical 
role in determining the flattening intensity and the sheet 
development.

To further quantify the droplet deformation, streamwise 
displacements of the leading edge, the mass center and the 
trailing edge are measured. These parameters are of particu-
lar interest for numerical validations.

The position of the mass center, which is calculated with 
the assumption that the droplet cross section normal to the 
flow direction is axisymmetric, is plotted in Fig. 10. For 
all cases, the trajectory of the droplet mass center approxi-
mates to be parabolic over the shown period. The drag coef-
ficient CD is estimated by fitting the data into the relation 
xmc/d0 = 3/8CDT2 derived by Ranger and Nicholls (1969). 
The subsonic case at M∞ = 0.3 experiences a drastic accel-
eration around T = 0.25. This results from the rapid growth 
of the cross-stream diameter, as shown in Fig. 7, and yields 
a relatively high CD of 1.4. For the other three cases that 
share comparable cross-stream diameters before T = 0.4, 
the streamwise drift of the droplet mass center is faster at 
higher M∞. The corresponding drag coefficients are calcu-
lated to be 0.9 for M∞ = 0.63, 1.0 for M∞ = 0.83 and 1.2 for 
M∞ = 1.19. This trend agrees with the drag coefficients for a 
solid sphere measured by Bailey and Haitt (1972) and Char-
ters and Thomas (1945), but the values are much higher due 
to the droplet flattening.

Figure 11 compares the streamwise displacements of the 
leading edge and the trailing edge at different flow condi-
tions. It is noteworthy that the difference of the leading edge 
shift is negligible among all present cases. Therefore, as also 
stated by Theofanous (2011), the displacement of the lead-
ing edge is not a proper parameter to represent the drag. In 
terms of the trailing edge, the displacement shows certain 
degrees of variations between cases and becomes smaller at 
higher M∞. This tendency is consistent with the observation 

Fig. 9  Droplet outlines of Case 
3.2, 5.2 and 5.1 at T = 0.4. The 
mass center of the initial droplet 
lies at (0, 0)
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in Fig. 7 that the flattening at the leeward surface is weak-
ened as M∞ increases.

3.3  Breakup patterns

Breakup patterns of droplets at different flow conditions 
are displayed in Fig. 12. The first row represents the indi-
vidual breakup initiation which is defined as the onset of 
the formation of liquid fragments. Each of the remaining 
rows corresponds to a specific time moment. Although the 
breakup process shows certain degrees of chaotic behavior 
(Hardalupas and Whitelaw 1994; Engelbert et al. 1995), the 
features discussed in the following are consistently observed 
in repeated experiments. Generally speaking, three types of 
breakup patterns are categorized:

• fragmentation of the liquid sheet (M∞ = 0.3);
• development of multiple bags along the periphery 

(M∞ = 0.63);

• formation of streamwise ligaments in the wake 
(M∞ = 1.19).

The droplet at M∞ = 0.3 experiences a typical strip-
ping breakup initiated with the fracture of the liquid sheet. 
Afterwards, the windward surface is continuously flattened 
and expands over an increasingly broad region. At regions 
encircling the smooth front, small-scale waves generated by 
Kelvin–Helmholtz instabilities appear. These waves propa-
gate towards the periphery peeling micro-drops off from the 
droplet. The micro-drops are entrained in the flow and dis-
tributed widely in the cross-stream direction.

The breakup pattern is altered as the flow Mach number 
increases. At M∞ = 0.63, the breakup onset is not indicated 
by entrainment of micro-drops, but by the formation of mul-
tiple bags along the periphery. Figure 13 shows the evolution 
from the bending of the liquid sheet to the inflation of the 
multiple bags. As the sheet extends downstream, the periph-
eral region is straightened to directly face the freestream 
flow (T = 0.54). Then, multiple bags form along the rim and 

Fig. 10  Streamwise displacement of the mass center for Case 1.4, 2.3, 3.2 and 5.1. Initial droplet center lies at x = 0. The plotted data are aver-
aged values from four repeated experiments

Fig. 11  Streamwise displace-
ment of the leading edge and 
the trailing edge for Case 1.4, 
2.3, 3.2 and 5.1. Initial droplet 
center lies at x = 0. The plotted 
data are averaged values from 
four repeated experiments
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inflate rapidly (T = 0.59). These bags rupture into fine mist 
and the rings that the bags are attached to disintegrate into 
larger interconnected fragments as indicated at T = 0.8 in 
Fig. 12. The remaining coherent body of the droplet deforms 
into a crescent shape and the succeeding breakup process 
resembles the typical stripping pattern.

According to Theofanous et al. (2004) and Guildenbecher 
et al. (2009), the wave number n of the fastest-growing wave 
induced by Rayleigh–Taylor instabilities at the droplet front 
can be calculated with the following relation:

For Case 2.3 at T = 0.56, dc is 1.53 times of the initial 
diameter d0 (see Fig. 15) and the average value of CD is 0.9 
(see Fig. 10), which yields n = 11.7. The actual value of n 
should be higher considering the real-time CD is growing 
over time. Nevertheless, the calculated wave number agrees 

(4)n =
1

2�

�

dc

d0

�2
√

CD ⋅We

well with the observation in Fig. 13 that the straightened 
edge, where bags develop occupies 1/12.5 of the entire 
cross-stream diameter. This implies that the Rayleigh–Taylor 
instability is the underlying reason for the local bag forma-
tion. Similar bag structures are also observed in the numeri-
cal simulation of diesel jet breakup at We = 1270 by Shinjo 
and Umemura (2010).

For Case 5.1 at M∞ = 1.19, the droplet breakup is char-
acterized by the generation of long and thin streamwise 
ligaments in the wake, similarly to the observation by Liu 
and Reitz (1997). Figure 14 presents the deformation of the 
liquid sheet which induces the succeeding generation of liga-
ments. After emerging from the main body, the liquid sheet 
bends along the flow direction and folds to wrap the drop-
let rear before the breakup is initiated. The sheet becomes 
thinner as it stretches and thus is increasingly sensitive to 
instabilities. According to the study of sheet breakup in co-
flow by Stapper and Samuelsen (1990), surface instability 
is mainly caused by the growth of the streamwise vortical 

Fig. 12  Droplet breakup pat-
terns (left to right: Case 1.4, 
2.3, 3.2, 5.1 and 5.2). The top 
row corresponds to the breakup 
initiation

T 
= 

1.
3

T 
= 

1.
0

T 
= 

0.
8

M∞ = 0.30 
Re = 2.4e4 

M∞ = 0.63 
Re = 8.6e3 

M∞ = 0.83 
Re = 5.9e3 

M∞ = 1.19 
Re = 2.6e3 

M∞ = 1.19 
Re = 5.9e3 

T 
= 

0.
39

 

T 
= 

0.
58

 

T 
= 

0.
63

 

T 
= 

0.
69

 

T 
= 

0.
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Fig. 13  Straightening of the droplet rim (indicated by the arrows) and formation of multiple bags along the periphery for Case 2.3 at M∞ = 0.63
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waves when the flow velocity is high. As a result, streamwise 
ligaments connected by thin films are formed (T = 0.69 in 
Fig. 12). After the films burst into micro-drops, the liga-
ments are stretched under the viscous shear of the flow and 
break into larger fragments in the presence of Rayleigh-Pla-
teau instabilities. The subsequent breakup of the droplet con-
tinues in the pattern that new ligaments form and fragment. 
It is occasionally observed that large liquid clumps (T = 1.3 
in Fig. 12) detach from the intact body and disintegrate sepa-
rately. It is noteworthy that recent studies (Jalaal and Meh-
ravaran 2014; Meng and Colonius 2018; Biasiori-Poulanges 
and El-Rabii 2019; Dorschner et al. 2020) propose the mech-
anism of transverse azimuthal modulation as an alternative 
explanation for the generation of streamwise ligaments. It is 
stated that the growth of Kelvin–Helmholtz instabilities near 
the droplet periphery triggers Rayleigh–Taylor instabilities 
in the transverse plane which further lead to the formation 
of ligaments.

The breakup process of Case 5.2 is also presented in 
Fig. 12. The droplet exhibits few breakup features in com-
mon with the identical-Re Case 3.2, but resembles approxi-
mately the same characteristics as the identical-M∞ Case 

5.1. A minor difference between Case 5.2 and Case 5.1 is 
that the former generates slightly thinner ligaments than the 
latter. This suggests that M∞ plays a dominant role in deter-
mining the breakup patterns, while Re only affects detailed 
structures.

Figure 15 compares the change of the droplet cross-stream 
diameter dc between subsonic and supersonic conditions. 
Before T = 0.25, the droplet deformation is characterized by 
the flattening of the main body. During this stage only mar-
ginal differences are identified among all cases. Afterwards 
the liquid sheet starts to develop, resulting in a rapid growth 
of dc. The growth rate is significantly higher for M∞ = 0.3 
than the others, which is in accordance with the observation 
in Fig. 7. Although the differences between high-M∞ cases 
(Case 2.3, 3.2 and 5.1) are comparatively small, there exists 
a consistent tendency that the cross-stream diameter grows 
more slowly as M∞ increases. Once the breakup is initi-
ated (marked by the red points in Fig. 15), dc represents the 
cross-stream spread of the liquid fragments instead. With 
the breakup onset as a separating point, the overall dc pro-
file is divided into two power-law stages. The short-duration 
plateaus ahead of the breakup initiation correspond to the 

Fig. 14  Folding of the liquid sheet (indicated by the arrows) and generation of ligaments connected by thin membranes for Case 5.1 at M∞ = 1.19

Fig. 15  Variation of the cross-
stream diameter for Case 1.4, 
2.3, 3.2 and 5.1. The red dots 
represent the breakup initiation. 
The plotted data are averaged 
values from four repeated 
experiments
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periods when the liquid sheet is bent along the flow direction 
rather than stretched out radially.

For all cases, the breakup begins when the normalized 
dc reaches approximately 1.5. The subsonic Case 1.4 at 
M∞ = 0.3 experiences the earliest breakup, and the cor-
responding initiation time T = 0.39 matches the empirical 
correlation proposed by Pilch and Erdman (1987). The 
postponement of the breakup initiation as M∞ increases is a 
consequence of the change in the breakup pattern as shown 
earlier. The fragmentation of multiple bags and the disin-
tegration of streamwise ligaments at high M∞ need signifi-
cantly longer time than the direct sheet rupture at low M∞.

3.4  Fragment sizes and spatial distributions

In industrial applications that involve atomization pro-
cesses, the fragment sizes are of particular significance. 
For instance, small fragments are desired in fuel injections 
to achieve efficient evaporation and combustion. Figure 16 
compares the droplet fragmentation at T = 2.0 for Case 1.4, 
2.3, 3.2 and 5.1. At this stage, the coherent body is difficult 
to identify as the windward surface is severely eroded. Drop-
lets break into uniformly fine mist at subsonic conditions, 

while the supersonic flow leads to large discrete particles 
that are scattered among tiny micro-drops. These large par-
ticles are mainly caused by the disintegration of ligament 
structures.

Apart from the size distribution, the spatial spread of the 
fragments is also of practical importance, since it determines 
the likelihood of micro-drops coalescing into larger parti-
cles. Figures 17, 18 present the outlines of dispersed frag-
ments for various cases at T = 2.0. The outlines are extracted 
with  MATLAB® based on the modified Moore-Neighbor 
tracing algorithm (Gonzalez et al. 2004). The differences 
among Case 2.3, 4.3 and 5.3 (Fig. 17), which share the same 
Re, indicate that higher M∞ leads to a narrower cross-stream 
spread of the fragments. Such an effect could be related to 
the fact that the windward surface of the droplet is less flat-
tened but more curved at higher M∞ (see Figs. 7, 12). Corre-
spondingly, the fragments gain lower cross-stream momen-
tum from the gas flow when detaching from the droplet 
periphery and are hence distributed less widely in the cross-
stream direction. The comparison between Case 5.1, 5.2 and 
5.3 (Fig. 18), which share an identical M∞, shows that lower-
ing Re also tends to constrain the spatial distribution of the 
fragments, but much less effectively than increasing M∞.

Fig. 16  Spatial distributions of liquid fragments at T = 2.0 for Case 1.4, 2.3, 3.2 and 5.1. The white circles represent the initial droplet sizes
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3.5  Effect of the Ohnesorge number

Figure 19 displays the breakup process of water droplets 
at M∞ = 0.83 (Case 3.3) and M∞ = 1.19 (Case 5.3). Com-
pared to ethylene glycol, water is much less viscous and 
yields a 20 times lower Ohnesorge number. The reduction 
in the liquid viscosity weakens the capability of sustaining 

large liquid sheets. Consequently the corresponding breakup 
initiations are much earlier than those of ethylene glycol 
droplets at the same M∞ (0.39 vs. 0.63 at M∞ = 0.83, 0.56 
vs. 0.69 at M∞ = 1.19). Furthermore, in contrast to the long 
outstretched ligaments observed for ethylene glycol droplets 
in supersonic flows, the ligaments of water droplets extend 
over a very limited distance before disintegration (T = 0.56 

Fig. 17  Comparison of frag-
ment spreads at T = 2.0 between 
Case 2.3, 4.3 and 5.3. For all 
cases, Re is approximately 
8.6e3

Fig. 18  Comparison of frag-
ment spreads at T = 2.0 between 
Case 5.1, 5.2 and 5.3. For all 
cases, Mα equals to 1.19
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at M∞ = 1.19). This is consistent with the observation by 
Stapper et al. (1992) that less viscous liquids sustain shorter 
ligaments.

4  Conclusions

The present experimental work compares the stripping 
breakup of liquid droplets in subsonic and supersonic flows. 
Millimeter-sized droplets are impacted by a planar shock 
wave generated in a shock tube. The process of deformation 
and fragmentation is visualized in a shadow/schlieren system 
and recorded by an ultra-high-speed camera. Through con-
trolling the shock strength and employing different liquids 
and gases, the Weber number is maintained around 1100, 
while the flow Mach number M∞ varies from 0.3 to 1.19 and 
the Reynolds number Re from 2600 to 24,000. The effects of 
changing flow conditions on the breakup process are sum-
marized as follows.

The droplet deformation prior to the breakup, including 
flattening of windward and leeward surfaces and growth 
of the liquid sheet at the equator, is weakened by increas-
ing M∞. The sheet is initiated further downstream along 
the droplet surface at higher M∞.

In subsonic flows, the stripping breakup starts with the 
fragmentation of the liquid sheet. As M∞ increases, dis-
tinct breakup features emerge at the breakup initiation, 
such as multiple bags formed along the periphery and 
ligament structures stretching in the wake. Correspond-
ingly, the breakup initiation is significantly postponed.
In subsonic flows, the breakup generates uniformly fine 
fragments spreading widely in the cross-stream direc-
tion. At higher M∞, the fragments are of less uniform 
sizes and constrained within a narrower region behind 
the main body.
Although decreasing Re tends to have a complementary 
role to increasing M∞, the effect is marginal on main 
breakup behaviors.
Lowering Oh reduces the size of liquid sheets and liga-
ments and results in earlier breakup initiation.

Although many features discussed in the present study 
focus on detailed breakup structures, they play crucial 
roles in determining the final fragmentation pattern. The 
dependency of fragment sizes and spatial distributions on 
the flow Mach number is especially important for indus-
trial applications, where the atomization process is con-
stantly optimized to generate widely-spread uniformly-
sized fragments.

Fig. 19  Breakup process of 
water droplets at Mα = 0.83 
(Case 3.3) and 1.19 (Case 5.3)

M∞ = 0.83 M∞ = 1.19 

T = 0.30

T = 0.39

T = 0.56

T = 0.80
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ABSTRACT
For deeper insights into the dynamics of dense sprays, the present experimental work investigates the shock-induced breakup of two identi-
cally sized water droplets in tandem formation. The breakup process is visualized in a shadowgraph system and captured by an ultra-high-
speed camera. The experimental Weber number ranges from 13 to 180, and the separation distance between the droplets is varied between 1.2
and 10.5 times of the droplet diameter. While the tandem formation exerts marginal influence on the lead droplet, the breakup intensity of
the trailing droplet is consistently attenuated as the separation distance falls below critical levels. The time of initial deformation is postponed,
the maximum cross-stream diameter is reduced, and the mean drag coefficient is lowered. These effects are more profound at lower Weber
numbers and closer separation distances. The attenuation of the breakup intensity is also reflected by the formation of smaller bags in bag
and bag-and-stamen morphologies and by the narrower cross-stream dispersion of fragments in multibag and shear stripping morphologies.
When positioned in close proximity to the lead droplet, the trailing droplet fails to follow the conventional breakup morphologies. Instead, it
either punctures or coalesces with the lead droplet.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0039098

I. INTRODUCTION
Droplet breakup is a relevant phenomenon in a variety of appli-

cations, including fuel injection,1 powder metallurgy,2 and spray
coatings.3 Previous research has concluded that the droplet breakup
process is mainly governed by the Weber number (We) and the
Ohnesorge number (Oh),4,5

We = ρgug
2d0/σ, (1)

Oh = μd/
√

ρdd0σ, (2)

where ρg and ug are the density and the velocity of the gas flow and
d0, σ, μd, and ρd are the initial diameter, the surface tension, the
dynamic viscosity, and the density of the liquid droplet. The Weber
number and the Ohnesorge number compare the disruptive aero-
dynamic force and the viscous force against the restorative surface
tension, respectively. When Oh < 0.1, the significance of the liquid
viscosity becomes negligible and We turns to be the sole dominant
factor.6

The aerodynamic breakup of single droplets has been exten-
sively investigated and reviewed in detail by Pilch and Erdman,7

Faeth et al.,8 and Guildenbecher et al.6 As the aerodynamic force
becomes increasingly intense, the corresponding breakup pattern
transitions from bag breakup9–11 to stripping breakup.12–14 There
exist several in-between multimode morphologies,15,16 and the two
covered in the current work are bag-and-stamen breakup7,17 and
multibag breakup.18,19

However, the conventional understandings of single droplet
breakup do not describe the breakup behavior in dense sprays
accurately. In practical applications such as diesel injections20 and
agricultural sprays,21 droplets appear in close proximity instead of
being isolated. The interaction between adjacent droplets has to be
considered to properly estimate the fragment sizes. Therefore, the
arrangement of droplets in tandem formation is more representative
than single droplets, and the initial on-center separation distance
s between the tandem droplets becomes an additional variable of
importance. The associated tandem breakup behavior is investigated
thoroughly in the current work.

Most of the previous research about droplets in tandem for-
mation is dedicated to the evaluation of drag coefficients. Liu
et al.22 study experimentally the laminar flow field around an infi-
nite droplet chain with the normalized on-center separation distance

Phys. Fluids 33, 012113 (2021); doi: 10.1063/5.0039098 33, 012113-1
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S = s/d0 varied between 2 and 12. They conclude that the drag coeffi-
cient of monodisperse droplets is up to an order of magnitude lower
than the drag coefficient of isolated droplets. Mulholland et al.23

conduct similar experiments but with S ranging from 1.7 to 1700.
They propose an empirical formulation to model the drag coefficient
and find that the value is significantly diminished as the separation
distance drops below 150. Poo and Ashgriz24 investigate a stream
of closely spaced droplets with S < 5 in a turbulent flow and state
that the drag coefficient is 4–5 times smaller compared to isolated
droplets. There are other studies with the focus on a finite num-
ber of droplets in tandem formation instead of an infinite stream.
Temkin and Ecker25 study the interaction between two droplets
with S from 1.5 to 11 and Reynolds numbers below 150. Based
on the quantified changes of drag coefficients, they show that the
upstream droplet is not affected by the tandem formation while the
downstream one experiences reduction up to 50%. The result also
suggests that the region of influence behind the upstream droplet
extends over 15 droplet diameters. Nguyen and Dunn-Rankin26

examine vertically falling droplet packets composed of 4 droplets
separated by 5.5 diameters with the Reynolds number around 80.
They analyze the trajectory of the first trailing droplet and present
that the drag coefficient is 25% lower than that of the lead droplet.
Chiang and Sirignano27 investigate numerically the transportation
of three droplets aligned with the flow direction. Their results
indicate that the drag of the first two droplets differs profoundly
while the difference between the downstream two droplets becomes
insignificant.

The amount of research focusing on the deformation and
breakup of tandem droplets is very limited, among which the exper-
imental work is even scarcer. Zhao et al.28 conduct experiments of
two neighboring droplets at We = 12.3 in the bag breakup regime
with the normalized separation distance S below 3. For cases with the
two droplets positioned in tandem, they report a coalescence mode
at S < 1.3 and a puncture mode at higher S. Igra and Takayama29

experimentally investigate the shear stripping breakup of two water
columns separated 5 diameters away at the Weber number of 6900.
The same breakup behavior as single columns is observed for the
front column while the rear one deforms at a much lower rate. Oth-
ers adopt numerical methods for the relevant research. Quan et al.30

employ a finite-volume scheme to investigate the deformation of
tandem droplets spaced within 6 diameters at Weber numbers of 40,

4, and 0.4. They present a mushroom shape formed by the droplet
pair at the two largest Weber numbers with S = 1.6. Simulations of
similar tandem arrangements are carried out by Kékesi et al.,31 with
the Weber number of 20 and the separation distance from 1.5 to
5 droplet diameters. They conclude that the trailing droplet either
shoots through or merges with the lead droplet and its breakup
time is increased significantly. Stefanitsis et al.32 apply the volume
of fluid method to study the breakup of four diesel droplets in tan-
dem formation at Weber numbers varied between 15 and 64. They
analyze the deformation of the third droplet and present a new
breakup mode termed shuttlecock. Their results show that the inter-
action between tandem droplets becomes important for separation
distances below 9 droplet diameters.

To shed more light on the breakup features of tandem droplets,
the current experimental work intends to assess the significance of
the tandem formation over a wide range of Weber numbers and
separation distances. In contrast to most of the previous works
that focus on the evaluation of drag reduction, we place emphasis
on detailed description of deformation patterns and breakup struc-
tures. The present results can serve as bases for potential numerical
validations and for more accurate modeling of fragment sizes and
dispersion.

II. EXPERIMENTAL SETUP
The layout of the shock tube and the measurement system

employed in the present work is provided in Fig. 1. The setup is the
same as described in our previous work,33 except for the position of
the cookie-cutter. The square cookie-cutter, which conventionally
locates upstream of the test section to remove boundary layers, is
shifted downstream to achieve a longer period of steady-flow condi-
tions. Figure 2 sketches the propagation of the incident shock inside
the tube, and Fig. 3 plots the corresponding post-shock pressure at
the test point measured by PCB Piezotronics ICP® fast-response
pressure sensors. When reaching the front of the test section, the
incident shock partially reflects since the cross section contracts to a
190 × 190 mm2 square (t = −0.5 ms in Fig. 2). The reflected shock
leads to a short transition period (∼0.2 ms) after the pressure at
the test location experiences a stepwise increase at the arrival of
the incident shock (t = 0 ms in Fig. 3). As the incident shock exits
from the test section, the increase in the cross-sectional area induces

FIG. 1. Layout of the shock tube and the measurement system.
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FIG. 2. Wave dynamics inside the test section. The test section is marked with
gray shades. The incident shock propagates from left to right. IS: incident shock;
RS: reflected shock; EW: expansion wave.

generation of additional expansion waves (t = 2.2 ms in Fig. 2).
These expansion waves propagate upstream and give rise to pres-
sure drop and velocity increase at the test location (t = 4.5 ms in
Fig. 3). By shifting the cookie-cutter to the downstream of the test
section, the upstream propagation of the expansion waves is post-
poned, and thus, the steady-flow time window is prolonged from
∼2 ms in the previous setup33 to ∼4.5 ms, at the expense of causing a
short transition period and slightly higher flow fluctuations.

In the current work, the steady-flow period covers the entire
breakup process of cases at high Weber numbers. For cases at the
two lowest Weber numbers (We = 13 and 24), the early-stage defor-
mation and the initiation of bag development are within the steady-
flow period, but the onset of bag rupture is beyond. Nevertheless,
although the timing for the bag rupture is altered by the chang-
ing flow conditions, the main deformation patterns are preserved
for these cases. Particularly, the early-stage parameters quantified in
Sec. III E are not affected.

In the current experiments, the velocity of the incident shock
is calculated by measuring the time difference between moments
when the incident shock passes two 0.75 m-separated pressure sen-
sors directly upstream of the test section. Based on this shock speed
and the initial atmospheric conditions, we conduct 2D axisym-
metric numerical simulations to estimate post-shock flow param-
eters. As shown in Fig. 3, the simulated pressure profile at the
test point is in good agreement with that measured experimen-
tally. This justifies the application of the flow velocity and density
obtained from the numerical simulation in the calculation of Weber
numbers.

In terms of flow visualization, shadowgraph images of the
droplet breakup are recorded by a Shimadzu HyperVision HPV-X
ultra-high-speed camera at framing rates of 10–40 kfps. The images

FIG. 3. Post-shock flow pressure and velocity at the test point (We = 13).

TABLE I. Operating flow conditions summarized from repeated experiments.

We Ohavg Re∞avg Breakup morphology

13 (±1.3) 2.4 × 10−3 2.5 × 103 Bag breakup
24 (±2.2) 2.4 × 10−3 3.4 × 103 Bag and stamen
70 (±3.0) 2.3 × 10−3 6.1 × 103 Multibag breakup
180 (±10) 2.4 × 10−3 1.0 × 104 Shear stripping

are processed with background subtraction, contrast adjustment,
and super resolution using MATLAB’s Very Deep Super-Resolution
convolutional neural network.34 The spatial resolution of the resul-
tant images is ∼0.05 mm/pixel. By counting the pixels that constitute
the droplet in the shadowgraph image, the cross-sectional area A is
obtained, and the equivalent droplet diameter d0 is calculated as d0
= 2×(A/π)0.5.

To generate droplets in tandem formation, two syringe nee-
dles separated with a defined spacing are inserted into the test
section. After droplets with the diameter of ∼2 mm are produced
at the needle tips, the syringes are withdrawn rapidly detaching
the two droplets simultaneously. The current experimental matrix
covers four flow conditions, of which the parameters are sum-
marized in Table I based on repeated experiments. The average
Weber numbers investigated are 13, 24, 70, and 180, with the corre-
sponding breakup morphology changing from bag breakup to shear
stripping. The Ohnesorge number for all cases is approximately
2.4 × 10−3, making the viscous effect negligible.6 The d0-based
freestream Reynolds number Re∞,

Re∞ = ρgugd0/μg , (3)

increases from 2.5 × 103 to 1.0 × 104. Under each flow condition,
seven on-center separation distances S = s/d0 between 1.2 and 10.5
are studied. In addition, single droplet experiments are conducted as
well for more comprehensive comparisons.

III. RESULTS AND DISCUSSION
In the current study, the experiment time t is normalized

against the characteristic transport time derived by Ranger and
Nicholls12 to yield the non-dimensional time T,

T = t ⋅ ug/(d0
√

ρd/ρg). (4)

The time for lead and trailing droplets is zeroed at the instant of the
incident shock impacting on their respective frontal surface. Nev-
ertheless, the time shift between the tandem droplets is less than
0.06 ms for all cases and insignificant compared to the duration of
the breakup process at current conditions. For the sake of consis-
tency and brevity, only the time for the lead droplet is provided in
the following image sequences. As presented in Fig. 3, the freestream
flow condition remains steady until t = 4.5 ms. The corresponding
non-dimensional time instants are approximately T = 1.7, 2.2, 3.6,
and 6.0 for current experiments at Weber numbers of 13, 24, 70, and
180, respectively. The breakup process is completed under constant
flow conditions for high Weber numbers but slightly exceeds the
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steady-flow period for low Weber numbers. In the following texts,
time instants that exceed this period are marked with T∗ instead
of T.

Figure 4 provides an overview of the interactive modes between
the tandem droplets. Considering that the lead droplet breakup is
marginally influenced by the tandem formation, Fig. 4 only cate-
gorizes the change of the breakup pattern for the trailing droplet
at different separation distances S and Weber numbers We. In
the figure, the x-axis S is plotted on the linear scale and the
y-axis We on the logarithmic scale. The entire S–We map is divided
into three regions. The independent breakup region at the top-right
corner represents cases where the trailing droplet undergoes the
same breakup process as the lead droplet. The suppressed breakup
region at the bottom-left corner contains cases where the trailing
droplet fails to follow the breakup morphology of the lead droplet
but exhibits either puncture or coalescence modes instead. For cases
in the transition region, the breakup morphology of the trailing
droplet is the same as that of the lead droplet but the breakup inten-
sity is reduced. The boundary between the independent breakup
region and the transition region is of particular importance because
it represents the critical separation distance below which the interac-
tion of the tandem droplets has to be taken into account. This critical
distance is We-dependent and halved from S = 10.8 at We = 13 to
S = 5.4 at We = 180.

The following presentation of results starts with illustrating the
breakup pattern of the tandem droplets with shadowgraph images
for each breakup morphology individually (Secs. III A–III D). In
each section, representative cases at a certain Weber number in the
transition and the suppressed breakup regions are described in detail
while those in the independent breakup region are omitted for con-
ciseness. The discussion is concluded by quantifying the time of
initial deformation, the maximum cross-stream diameter, and the
mean drag coefficient of the tandem droplets in Sec. III E.

A. Bag breakup
1. Transition region: Smaller bag
for the trailing droplet

For the bag breakup of tandem droplets, the present cases
with separation distances between 4.7 and 10.5 are identified in the

FIG. 4. Change of the breakup pattern of the trailing droplet at different separa-
tion distances and Weber numbers, in comparison to the lead droplet. The map
is divided into three regions (independent breakup region, transition region, and
suppressed breakup region).

transition region. An exemplary case is shown in Fig. 5 with S = 5.8
and We = 13. Here, the lead droplet replicates the breakup process
of single droplets and experiences initial flattening (T = 1.0), bag
inflation (T = 1.5), bag rupture (T∗ = 2.35), and ring disintegration
(T∗ = 2.8) sequentially. The trailing droplet exhibits the same
breakup morphology as the lead droplet but is flattened to a lower
cross-stream diameter (dc) in the early stage and develops a smaller
bag at a later time. In all following figures that present breakup
structures, the explanatory notes on the right describe the breakup
progress of the trailing droplet.

As demonstrated by the top row in Fig. 6, the main variation
within the transition region is that the bag formed by the trail-
ing droplet becomes consistently smaller as the separation distance
decreases. The reduction of the bag size is associated with the less
pronounced flattening in the early stage and results from the fact
that the wake flow of the lead droplet shields the trailing droplet and
lowers the pressure imposed on its windward surface. This shield-
ing effect is stronger at closer separation distances. The bottom row
in Fig. 6 compares the ring structure of the trailing droplet after
fragmentation of the bag. On the one hand, smaller bags mean that
less mass is shed off through the bag rupture and more remains
in the toroidal ring. On the other hand, the bag size also deter-
mines the diameter of the ring in a proportional way. Consequently,
under the combined influence of these two factors, the ring is thick-
ened when the trailing droplet is in closer proximity to the lead

FIG. 5. Weaker flattening and smaller bag size for the trailing droplet under the
shielding effect of the lead droplet (S = 5.8, We = 13). The freestream direction
is from left to right for all presented images. As labeled, s and dc are the initial
on-center separation distance and the cross-stream diameter, respectively.
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FIG. 6. Variation of the bag size and the ring thickness at different separation dis-
tances for the trailing droplet in the bag breakup regime. The top and bottom rows
correspond to time instants prior and subsequent to the bag rupture, respectively
(We = 13, 12, 13, and 15 from left to right).

droplet. Although the time instants shown in Fig. 6 are beyond the
steady-flow period, all cases still share approximately the same flow
conditions, and thus, the tendency presented here remains valid
qualitatively.

2. Suppressed breakup region: Puncture of the lead
droplet by the trailing droplet

The interaction of the tandem droplets at separation distances
S = 2.1 and 3.8 is identified as the puncture mode in the suppressed
breakup region. The corresponding breakup features are exemplified
by the case at S = 2.1 in Fig. 7. The deformation of the lead droplet
progresses in a conventional manner until T = 1.7 when the collision

FIG. 7. Puncture of the bag structure of the lead droplet by the trailing droplet (S
= 2.1, We = 14).

with the trailing droplet triggers an early rupture of the inflating bag.
In terms of the trailing droplet, the deformation starts with weak-
ened flattening (T = 0.7). As the lead droplet deforms into a thin disk,
the trailing droplet suffers from stronger shielding effects and con-
sequently enters a contraction period. The trailing droplet contracts
into a triangular shape pointing upstream at T = 1.2 and further into
an ellipsoid with the major axis aligned with the streamwise direc-
tion at T = 1.7. The ellipsoidal trailing droplet punctures the bag
structure of the lead droplet at T∗ = 2.0 and escapes from its shel-
ter. Being exposed to the freestream flow, the trailing droplet gets
flattened at the windward surface and distorted into a “T” shape at
T∗ = 2.5. In the following period, the droplet fails to reproduce the
typical bag breakup but tends to disintegrate into several fragments
of comparable sizes to the original.

3. Suppressed breakup region: Coalescence
of the tandem droplets

The case at S = 1.2 in the suppressed breakup region exhibits
new features as presented in Fig. 8 and is categorized as the coales-
cence mode. The most noticeable feature is the absence of bag struc-
tures. The early-stage flattening of the lead droplet is maintained,
while the deformation of the trailing droplet starts with stream-
wise stretching. The disk-shape lead droplet and the teardrop-shape
trailing droplet (T = 1.0) coalesce into a funnel shape at T = 1.35.
The coalescence is completed around T = 1.7 when the tail of the
trailing droplet is swallowed entirely. In the later stage, the defor-
mation of the merged body becomes highly disordered. Apart from
the formation and fragmentation of ligament structures (T∗ = 2.8),
the main body tends to split into large children droplets. This coa-
lescence mode and the afore-mentioned puncture mode have also
been observed by Zhao et al.28 for separation distances below and
above 1.3, respectively, with which our present results are in good
consistency.

FIG. 8. Coalescence of lead and trailing droplets (S = 1.2, We = 13).
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FIG. 9. Simplified 2D sketch of streamlines around tandem droplets at S = 1.2.
Stagnation points of the highest static pressure are labeled in red and those of low
pressure in blue.

To better explain how the shielding effect changes the early-
stage deformation of the trailing droplet from cross-stream flatten-
ing to streamwise stretching, Fig. 9 presents a simplified 2D sketch
of streamlines around two closely packed droplets. The red circles
represent stagnation points with the highest static pressure along
the droplet surface, and the blue circles correspond to those with
relatively lower pressure. With the presence of the lead droplet, the
highest pressure at the trailing droplet surface appears at locations
near the equator. The resulting pressure imbalance extrudes a sharp
nose at the droplet front (T = 0.35 in Fig. 8) and results in the
following streamwise stretching (T = 0.7 in Fig. 8).

In summary, the presence of the lead droplet tends to weaken
the bag inflation of the trailing droplet. This reduces the produc-
tion of fine mist through bag rupture and favors the generation of
large fragments. For a more accurate modeling of the fragment size
distribution, special attention needs to be paid to cases where the
trailing droplet fails to follow bag breakup and produces fragments
with sizes comparable to the initial diameter.

B. Bag-and-stamen breakup
1. Transition region: Smaller bag
for the trailing droplet

For the bag-and-stamen breakup, the transition region covers
experiments with separation distances from S = 3.7 to 8.0 in the cur-
rent study. An exemplary case is shown in Fig. 10 with S = 8.0 and
We = 25. During the initial flattening, a bulge forms at the frontal
surface of the lead droplet, marking the development of a stamen
(T = 1.0). After the bag inflates around the stamen to the maximum
size, the bag rupture, the ring fragmentation, and the stamen disin-
tegration take place in succession. The trailing droplet shares similar
breakup features except that it deforms at a slower rate and develops
a smaller bag.

Figure 11 compares the variation of the bag size (top row)
and the ring/stamen thickness (bottom row) of the trailing droplet
among cases in the transition region. Although detailed breakup
structures are considerably distorted by the shielding effect of the
lead droplet, main bag-and-stamen breakup features are still main-
tained. Nevertheless, the bag of the trailing droplet shrinks and
the ring/stamen structures are thickened as the separation distance
decreases, which is similar to the observations for bag breakup in
Fig. 6.

2. Suppressed breakup region: Puncture of the lead
droplet by the trailing droplet

The two cases with the closest separation distances S = 1.2 and
2.0 lie in the suppressed breakup region, where the lead droplet

FIG. 10. Weaker flattening and smaller bag size for the trailing droplet under the
shielding effect of the lead droplet (S = 8.0, We = 25).

collides with the trailing droplet during the early development of
bag structures as shown in Fig. 12. The shielding effect on the trail-
ing droplet is clearly observed at the very beginning of the defor-
mation. In contrast to the conventional cross-stream flattening, the

FIG. 11. Variation of the bag size and the ring/stamen thickness at different sepa-
ration distances for the trailing droplet in the bag-and-stamen breakup regime. The
top and bottom rows correspond to time instants prior and subsequent to the bag
rupture, respectively (We = 25, 22, 25, and 24 from left to right).

Phys. Fluids 33, 012113 (2021); doi: 10.1063/5.0039098 33, 012113-6

Published under license by AIP Publishing



Physics of Fluids ARTICLE scitation.org/journal/phf

FIG. 12. Puncture of the bag structure of the lead droplet and coalescence of the
trailing droplet with the stamen (S = 1.2, We = 24).

trailing droplet deforms into an arrowhead shape at T = 0.8 and
later together with the flattened lead droplet constitutes a mushroom
shape (T = 1.2). This mushroom layout has also been reported in the
numerical work by Quan et al.30 at We between 4 and 40 and S = 1.6,
which falls between the separation distances of the two present cases
in the suppressed breakup region. At T = 2.0, the trailing droplet
punctures the bag structure of the lead droplet and coalesces with its
stamen. The ligament that stretches at the rear of the intact trailing
droplet at T∗ = 2.4 resembles the conventional stamen. In the subse-
quent period, apart from formation of small bags, the main body of
the trailing droplet tends to disintegrate into large pieces.

Overall speaking, the influence of the lead droplet on the
breakup behavior of the trailing droplet in the bag-and-stamen mor-
phology is similar to that in the bag breakup morphology. The bag
development of the trailing droplet is weakened, and more mass is
preserved in the ring/stamen structure or in an intact body. Conse-
quently, a larger portion of the trailing droplet is atomized into large
fragments instead of fine mist.

C. Multibag breakup
1. Transition region: Dampened bag formation

For the multibag breakup, the transition region covers the
current cases with separation distances from S = 1.9 to 6.2. The

breakup behavior of the tandem droplets is characterized in Fig. 13
with the case at S = 6.2 and We = 68. The deformation of the lead
droplet starts with the typical flattening (T = 1.0), followed by a
short period of bending of the thin peripheral sheet (T = 1.45). Then,
consecutive formation and rupture of bags take place around the
periphery, shedding small mist into the flow (T = 1.85). The remain-
ing stamen-like structure at T = 2.6 further fragments through rup-
ture of tiny bags and fracture of thin ligaments. The trailing droplet
follows the breakup morphology of the lead droplet, but the forma-
tion and rupture of bags are noticeably dampened by the shield-
ing effect. Compared to the bag-and-stamen breakup, the multi-
bag mode leaves a thicker stamen-like structure and generates no
toroidal ring.

2. Suppressed breakup region: Coalescence
of the trailing droplet with the stamen-like structure
of the lead droplet

When the separation distance drops to 1.2, the lead droplet
still maintains main features of the multibag morphology, but the
breakup of the trailing droplet is significantly altered as shown in
Fig. 14. The strong shielding effect shapes the front of the trail-
ing droplet into a sharp cone (T = 0.4). A liquid sheet is subse-
quently developed along the periphery (T = 0.7) and stretched in the
streamwise direction (T = 1.0). The elongated trailing droplet col-
lides with the flattened lead droplet at T = 1.4 and coalesces into the
stamen-like structure that emerges at T = 2.6.

In the multibag morphology, the burst of bags of the lead
droplet tends to eject fine fragments widely in the cross-stream
direction. However, since the bag inflation of the trailing droplet is
significantly dampened by the shielding effect as shown in Fig. 13,

FIG. 13. Less intense formation of bags for the trailing droplet under the shielding
effect of the lead droplet (S = 6.2, We = 68).
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FIG. 14. Coalescence of the trailing droplet into the stamen-like structure of the
lead droplet (S = 1.2, We = 68).

the resultant fragments gain less cross-stream momentum from the
outward splash of the bag rupture, and thus, the spatial distribu-
tion is substantially confined. After the tandem droplets collide and
merge, their fragments are blended together and dispersed in a con-
ical pattern. Figure 15 compares the dispersion angle of the mixed
fragments at T = 3.0 and shows that the dispersion angle is narrowed
from 81○ to 59○ as the separation distance decreases from 3.8 to 1.2.

D. Shear stripping
1. Transition region: Narrower fragment dispersion
for the trailing droplet

The last morphology covered in the current work is the shear
stripping breakup, which is also conventionally understood as the

FIG. 15. Dispersion angle of the fragments detaching from the merged body of the
tandem droplets in the multibag regime at T = 3.0 (We = 68, 70, and 68 from left
to right).

ultimate breakup regime.14 The transition region for this breakup
morphology covers all present cases with S ≤ 4.5, and no suppressed
breakup region is identified in the current work. Figure 16 shows
the exemplary case with S = 3.8 and We = 179. The lead and trail-
ing droplets share the same breakup morphology, consisting of ini-
tial flattening (T = 0.3), bending of the peripheral sheet (T = 0.6),
and stripping of fine mist along the sheet (T = 1.2). The breakup
is characterized by the fragmentation of the peripheral sheet into
thin ligaments and further into micro-droplets. Consecutive infla-
tion and burst of tiny bags along the peripheral sheet is observed at
the very beginning of the fragmentation (T = 0.85) but ceases in a
short time. The main difference between the tandem droplets is that
in the late stage the trailing droplet is less flattened and the resultant
fragments are dispersed less widely in the cross-stream direction.
Igra and Takayama29 have reported similar observations for tandem
water columns separated at S = 5 for a much higher Weber number
of 6900.

It is worth mentioning that at the smallest separation distance
S = 1.3 in the present study, the trailing droplet is shaped with a
sharply tapered front similarly to that shown in Fig. 14 in the early
stage but follows main stripping breakup features afterward. The
corresponding image sequence is omitted for brevity.

Figure 17 compares the dispersion angle of fragments shed off
the merged body of the tandem droplets at T = 3.0 for cases at S
= 3.8, 2.0, and 1.3. The cross-stream span occupied by the fragments
becomes consistently narrower as the separation distance decreases.

FIG. 16. Narrower cross-stream dispersion of the trailing droplet fragments under
the shielding effect of the lead droplet (S = 3.8, We = 179).
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FIG. 17. Dispersion angle of the fragments detaching from the merged body of the
tandem droplets in the shear stripping regime at T = 3.0 (We = 179, 183, and 184
from left to right).

This trend is consistent with that observed in Fig. 15 for the multibag
regime.

E. Quantitative analyses of the early-stage
deformation of the tandem droplets

The early-stage deformation of droplets plays a crucial role
in determining the subsequent breakup morphology, and the asso-
ciated parameters are also of practical importance for numerical
validations. This section quantifies the early-stage behavior of the
tandem droplets and highlights the variation at different Weber
numbers and separations distances. The quantified parameters in
the current work are the time of initial deformation Tini, the max-
imum cross-stream diameter Dcmax, and the mean drag coefficient
Cdmean.

The initial deformation of droplets ends at the time instant of
the minimum streamwise diameter. This time instant Tini marks the
start of the bag inflation for bag and bag-and-stamen morpholo-
gies and the bending of the peripheral sheet over the rear surface
for multibag and shear stripping morphologies. The definition was
proposed by Pilch and Erdman7 to indicate the breakup initia-
tion and also adopted in other literature.6,17 The maximum cross-
stream diameter Dcmax is the cross-stream diameter at Tini normal-
ized against the initial diameter. The mean drag coefficient Cdmean is
calculated by fitting the streamwise displacement of the droplet mass
center xmc between T = 0 and Tini into the relation

xmc/d0 = 3/8 ⋅ CdmeanT2 (5)

derived by Ranger and Nicholls.12 For all cases, Tini lies within the
steady-flow time window.

1. Influence of the tandem formation
on the early-stage deformation of the lead droplet

Table II summarizes Tini, Dcmax, and Cdmean of the lead droplet
in different breakup morphologies. The values are averaged from
experiments of which the breakup regime is the same but the sep-
aration distances are varied. The time of initial deformation Tini,lead
decreases consistently from 1.19 at We = 13 to 0.71 at We = 180. This
tendency is in agreement with the empirical correlation

Tini = 1.9(We − 12)−0.25
(1 + 2.2Oh1.6

) (6)

TABLE II. The time of initial deformation T ini, the maximum cross-stream diame-
ter Dcmax, and the mean drag coefficient Cdmean of the lead droplet, averaged from
experiments in the same breakup morphology.

We Tini,lead Dcmax,lead Cdmean,lead

13 (±1.3) 1.19 (±1.2%) 1.67 (±3.6%) 1.40 (±1.4%)
24 (±2.2) 1.08 (±1.7%) 1.88 (±3.9%) 1.58 (±2.1%)
70 (±3.0) 0.83 (±2.3%) 1.73 (±4.2%) 1.25 (±3.0%)
180 (±10) 0.71 (±2.4%) 1.67 (±4.4%) 1.20 (±2.3%)

proposed by Pilch and Erdman,7 except that this correlation pre-
dicts a higher value of 1.9 at We = 13. Meanwhile, the maximum
cross-stream diameter Dcmax,lead peaks with the value of 1.88 for
bag-and-stamen breakup and then declines as We keeps increas-
ing. The data points reported by Zhao et al.35 show the same
trend but slightly different magnitudes. In terms of the mean drag
coefficient Cdmean,lead, the effect of the droplet flattening is not
excluded in the current calculation. Consequently, in addition to
flow Reynolds numbers, Cdmean,lead is also significantly influenced by
the growth rate of the droplet cross-stream diameter. This explains
the observation that Cdmean,lead follows a similar trend to Dcmax,lead
and that the magnitudes exceed 1.2, which is the drag coefficient
of a circular disk.36 Overall speaking, the early-stage behavior of
the lead droplet is barely influenced by the tandem formation,
and the quantified parameters are consistent with those of isolated
droplets.

Table II also provides the range of variation for Tini, Dcmax, and
Cdmean. All three parameters vary within the interval of ±4.5%. The
variation is mainly caused by the difference in the flow conditions
(which is also implied by the variation of Weber numbers) and the
irregularity of the initial droplet shapes. Compared to the overall
variation, the measurement uncertainty is relatively low. With cur-
rent framing rates and spatial resolutions of the recorded images,
the uncertainty for temporal and spatial calculations is ±1.3% and
±1.5%, respectively.

2. Influence of the tandem formation
on the early-stage deformation of the trailing droplet

This section is focused on the influence of the tandem for-
mation on the breakup behavior of the trailing droplet. The S–We
maps of the time of initial deformation, the maximum cross-stream
diameter, and the mean drag coefficient are presented sequentially.
Considering that the lead and trailing droplets from one experi-
ment experience identical flow conditions and tend to share simi-
lar initial shapes, the data points presented for the trailing droplet
are normalized against values of the lead droplet, in order to
minimize the uncertainties brought by flow variation and shape
irregularity.

The time of initial deformation of the trailing droplet relative
to the lead droplet Tini,trail/Tini,lead is plotted in Fig. 18 over the S–We
map. Isolines of 1.01, 1.03, 1.06, and 1.09 provided in the figure are
calculated through interpolation of the discrete data points. Cases in
the suppressed breakup region are labeled dark circles and excluded
in the present calculation since the trailing droplet fails to initiate the
breakup independently. Generally speaking, Tini,trail is postponed by
the tandem formation, and the postponement is longer at smaller
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FIG. 18. Time of initial deformation of the trailing droplet at different separation
distances and Weber numbers, normalized by values of the lead droplet.

S and lower We. For low-We bag and bag-and-stamen morpholo-
gies, Tini is marked by the end of droplet flattening. The flattening
is caused by the pressure imbalance around the droplet and highly
sensitive to the shielding effect, which significantly reduces the pres-
sure imposed on the front of the trailing droplet as illustrated in
Fig. 9. For high-We multibag and shear stripping morphologies,
however, Tini is indicated by the bending of the peripheral sheet
over the droplet rear. As demonstrated by the experimental work of
Theofanous et al.37 and Wang et al.,33 development of the periph-
eral sheet is dominated by the local shear flow around the equa-
tor, which is much less influenced by the shielding effect than the
pressure imbalance around the droplet. Consequently, the postpone-
ment of Tini,trail is strongly reduced as the Weber number increases.
Particularly, the influence is negligible in the shear stripping
regime.

Figure 19 presents the maximum cross-stream diameter of
the trailing droplet normalized against values of the lead droplet
Dcmax,trail/Dcmax,lead. Interpolated isolines of 0.99, 0.97, 0.94, and 0.91
are also displayed. The general tendency is that Dcmax,trail is reduced
by the presence of the lead droplet, and the reduction is higher at
closer S and lower We. For all breakup morphologies, the growth of
the cross-stream diameter is dominated by the flattening of the main
body. As discussed before, the shielding effect of the lead droplet
reduces the pressure at the front of the trailing droplet and, thus,

FIG. 19. Maximum cross-stream diameter of the trailing droplet at different
separation distances and Weber numbers, normalized by values of the lead
droplet.

FIG. 20. Mean drag coefficient of the trailing droplet at different separation
distances and Weber numbers, normalized by values of the lead droplet.

results in lower Dcmax,trail. The strength of the shielding effect dif-
fers from case to case. The lead droplet deforms into a flat disk
at low We (T = 1.0 in Fig. 5) and into an ellipsoid at high We
(T = 0.6 in Fig. 16). Ellipsoidal shapes induce weaker flow sepa-
ration in the wake than flat disks, and the corresponding shield-
ing is less effective. In addition, the cross-stream diameter of the
deformed lead droplet tends to be smaller at higher We, which fur-
ther alleviates the shielding effect on the trailing droplet. Conse-
quently, the reduction of Dcmax,trail is lowered as the Weber number
increases.

The variation of the mean drag coefficient of the trailing droplet
over the S–We map is shown in Fig. 20. For cases where the trailing
droplet fails to initiate the breakup independently, Cdmean,trail is cal-
culated by fitting into Eq. (5), the data prior to the collision with the
lead droplet. The change of Cdmean,trail with S and We follows similar
patterns to Dcmax,trail. Again, the shielding effect is stronger at smaller
S and lower We and accounts for the reduction of Cdmean,trail.

IV. SUMMARY AND CONCLUSION
The present work experimentally investigates the breakup of

two identically sized droplets in tandem formation. The breakup is
triggered by a planar shock wave and recorded by an ultra-high-
speed camera integrated into a shadowgraph system. The experi-
mental matrix consists of seven separation distances S ranging from
1.2 to 10.5 times of the droplet diameter and four Weber num-
bers We between 13 and 180 covering bag, bag-and-stamen, multi-
bag, and shear stripping breakup morphologies. The influences of
the tandem formation on the breakup behavior are summarized as
follows:

(a) The presence of the trailing droplet exerts marginal effects
on the lead droplet. The lead droplet replicates the breakup
morphology of isolated droplets in all cases, except for the
bag breakup at S = 1.2 where the tandem droplets coalesce
with no further bag formation.

(b) When the separation distance falls below critical levels, the
breakup intensity of the trailing droplet is consistently weak-
ened although the conventional breakup morphology is pre-
served. In the early stage, the tandem formation postpones
the time of initial deformation for the trailing droplet, low-
ers the maximum cross-stream diameter, and reduces the
mean drag coefficient. These effects are stronger at lower
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Weber numbers and are intensified as the separation dis-
tance decreases. In the late stage, the bag structure is inflated
to a smaller size for bag and bag-and-stamen morpholo-
gies, and the fragments are less widely dispersed in the
cross-stream direction for multibag and shear stripping mor-
phologies. Notably, the critical separation distance is We-
dependent and halved from S = 10.8 at We = 13 to S = 5.4 at
We = 180.

(c) For cases where the tandem droplets are in very close proxim-
ity, the trailing droplet exhibits streamwise stretching instead
of flattening during the initial deformation and either punc-
tures or coalesces with the lead droplet in the later period.

To the best of our knowledge, the current study is the first
work that experimentally investigates tandem droplet breakup over a
wide range of Weber numbers and separation distances. The present
results can be particularly helpful for accurate modeling of frag-
ment sizes and breakup timings in applications related with dense
sprays.
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