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Abstract

This paper presents experimental data on water droplet breakup in high-speed air flows. Exact-time-dependent evolution of 

wave and droplet interaction as well as breakup processes were optically visualized using a shadowgraph technique. Droplet 

experiments were conducted in a shock tube. Five flow conditions were used with an incident shock wave Mach number from 

1.40 to 2.19 with Weber number based on the droplet initial diameter from 2300 to 38000, respectively. This corresponds to 

post-shock flow speeds varying from subsonic to supersonic. The considered droplet diameters were 2.0 mm to 3.6 mm. Some 

interesting wave patterns in the near wake were found. The present data shows that with an increase in the Weber number the 

droplet acceleration coefficient decreases and the level of decrease was weaker for the case of higher Mach numbers. This state 

of affair is different to the existing data in literature. Possible reasons are discussed.
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1. Introduction

Aerodynamic breakup phenomenon such as deformation 

and disintegration of a liquid droplet across a shock wave 

in high-speed air flows, has been investigated by many 

researchers [1-28]. An understanding of the breakup 

processes is important because it aids in solving many 

practical application problems such as a damage prediction 

of high-speed flight vehicle when it navigates through the rain 

[27-30], a damage prediction of high-speed droplet collision 

with steam pipes or turbines of nuclear (thermal) power plant, 

ablation of space vehicle during reentry, and fragmentation of 

a meteor-like object entering the atmosphere [31].

The process of droplet breakup is influenced by inertia 

force, surface tension force, and viscous force. Classically 

with the aid of experiments, the breakup is classified into 

several modes (delineated by a non-dimensional parameter 

known as Weber number, We) such as vibrational, bag, bag 

and stamen, chaotic, stripping, and catastrophic [11, 16, 

25-27]. In particular, for supersonic flight conditions, the 

stripping-mode breakup is known to be a common mode. 

Recently, Theofanous and Li [20] proposed a re-classification 

of the breakup modes such as Rayleigh-Taylor piercing and 

shear-induced entrainment. The shear-induced entrainment 

is the terminal regime for We > 1000. They found that the 

classical catastrophic breakup is an artifact of low-resolution 

shadowgraph visualization [20].

Flight environments with aerodynamic breakup can be 

replicated using experimental facilities such as a wind tunnel 

[8, 19-21] and a ballistic range (or often known as a light gas 

This is an Open Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/3.0/) which permits unrestricted non-commercial use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.

  * Assistant Professor
  ** Associate Professor, Corresponding author: gsyeom@kunsan.ac.kr
  *** Senior Researcher
  **** Principal Researcher

(38~47)16-138.indd   38 2017-04-04   오후 7:25:26



39

Gisu Park    Experimental Study of Time-Dependent Evolution of Water Droplet Breakup in High-Speed Air Flows

http://ijass.org

gun) [4, 32]. The wind tunnel that is operating at steady 

state however, requires the liquid to be injected through the 

wall boundary layer and this introduces complication in 

interpretation and so limits the conditions accessible from 

the experiment. Regarding the ballistic range, to measure the 

breakup stages, a sufficiently large-sized facility is needed to 

obtain reasonable image resolution. In NASA, for example, 

they have the large-sized gas gun with high precision 

electronic and optical instruments equipped so that real 

environments can properly be simulated [32]. However, for 

the standard of academic research at the university level, 

this type of facility is too expensive and not maintainable. 

For this reason, over the years, many researchers have 

conducted experiments in a short duration-based impulse 

facility named shock tube [1-7, 9-18]. This facility has 

some limitation on its droplet injection method and drop 

Table 1. Summary of existing water droplet breakup experiments in air flows
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Table 1. Summary of existing water droplet breakup experiments in air flows 
 

Ref. Year Facility Optical technique Flow condition 

[1] 1958 Shock tube Photograph (camera) 
(1 μsec spark) Ms = 1.3, 1.5, 1.7 

[2] 1963 Shock tube Photomicrograph We = 3.6~7.1 (low-speed) 

[3] 1969 Shock tube Shadowgraph 
(100 nsec exposure) Ms = 1.5~3.5 

[4] 1972 Shock tube 
Shadowgraph 
(single frame), 
x-ray photography 

Ms = 3~11 

[5] 1973 Shock tube Photograph (film) 
(~20 μsec laser pulse) 

Ms = 1.11~1.16, We = 15~200 

[6] 1974 Shock tube Ms = 1.09, We = 12 

[7] 1975 Shock tube 
Shadowgraph 
(single frame), 
x-ray photograph 

Ms = 1.3~12.6, We = 53.2~95200 

[8] 1980 Wind tunnel Photograph (camera) 
(~1 μsec spark) We = 13.5~80.5 (low-speed) 

[9] 1988 Shock tube 
Holographic 
interferometry 
(30 nsec laser pulse) 

Ms = 1.3~1.5, We = 600~7600 

[10] 1990 Shock tube Shadowgraph 
(1 μsec spark) We = 11~14 (low-speed) 

[11] 1992 Shock tube Shadowgraph 
(10 μsec flash lamp) We = 7.1~13 (low-speed) 

[12] 
[13] 

1992 
1995 Shock tube 

Shadowgraph 
(30 nsec laser pulse), 
holograph 
(single pulse) 

We = 0.5~236 (low-speed) 

[14] 1996 Shock tube Photograph (film) We = 18,160 (low-speed) 

[15] 1997 Shock tube Shadowgraph, 
holograph We = 125, 250, 375 (low-speed) 

[16] 1999 Shock tube Photograph (camera) 
(5 μsec frame interval) Ms = 2.01, 3.01, We = 11700, 43300 

[17] 2001 Shock tube 
Shadowgraph, 
holograph 
(7 nsec laser pulse) 

Ms = 1.01~1.24, We = 15~150 

[18] 2003 Shock tube 
Holographic 
interferometry 
(25 nsec laser pulse) 

Ms = 1.47, We = 6900 

[19] 2004 Supersonic 
wind tunnel 

Photograph (camera) 
(15-30 nsec laser pulse) 

M∞ = 3, We∞ = 28~2643 
(Tributyl-Phosphate(TBP): 
water-like fluid used) 

[20] 2008 Supersonic 
wind tunnel 

Laser-induced 
fluorescence (LIF), 
shadowgraph 

M∞ = 3, We = 75, 5400 
(TBP used) 

[21] 2012 Supersonic 
wind tunnel 

LIF, shadowgraph 
(~5 nsec exposure)  Ms = 1.1~2.1, We = 60~30000 
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size attainable. However, because the facility can simulate 

the droplet phenomena with high resolution without any 

boundary layer disturbance and the operation is highly 

economic, easily maintainable, and turnaround times are 

short, it is often regarded as the stable method of conducting 

the droplet experiment. Not all but to name a few from the 

open literature, Table 1 presents a summary of existing water 

droplet breakup experiments in air flows. In the table, the 

symbol Ms denotes the incident shock wave Mach number 

and M∞ is the freestream flow Mach number.

Looking at the table, it can be seen that many of the 

experiments were conducted using a conventional 

photograph and shadowgraph based on a long exposure 

time with a single frame of the camera. There are short 

exposure-based experiments available, but they are usually 

confined on a single frame with a high-powered light source 

to maximize sensitivity, meaning that the data regarding 

time-dependent evolution of the droplet breakup as per 

single experiment is lacking. Experiments can be repeated 

to draw a picture of an overall understanding, but it is time 

consuming and uncertainty associated from shot-to-shot 

repeatability has to be tolerated. At present, due to the 

advance of high performance short exposure-based camera 

with a strong-powered continuous light source available, 

capturing instantaneous motion of unsteady flow features to 

acquire the evolution of the droplet breakup is possible.

The present work, therefore, serves in two respects. 

Firstly, using the high performance camera based on a 

high resolution shadowgraph, the breakup experiments 

were conducted in the range of Weber number based on 

the droplet initial diameter from 2300 to 38000 (post-shock 

flow varies from subsonic to supersonic) in which the 

breakup is thought to be dominated by shear stripping and 

the associated experimental data is sparse. It is intended to 

contribute to the growing database on droplet breakup by 

providing information and filling the voids on the overall 

understanding in this flow regime. Secondly, under the given 

conditions, the exact images of time-dependent evolution 

of the droplet breakup as per single experiment is acquired 

as opposite to the previous single frame images. This can 

be served as useful information to the CFD community for 

validation and verification to better understand the flow 

physics of breakup mechanisms in high-speed flows.

2. Experimental Details

2.1 Test Arrangement

Experiments were conducted using a shock tube located 

in the department of aerospace engineering at KAIST. Fig. 

1 shows a 3-D computer-aided drafting (CAD) rendering 

image of the assembly of shock tube facility. The total length 

of the shock tube was 6.1 m. The facility consists of a driver 

tube, a transition section, a driven tube, a test section, 

and a dump tank. The driver and the driven tubes were 

initially separated by a diaphragm made of polyethylene 

terephthalate (PET) sheet that was placed in position 

between the beginning of the driver tube and the end of the 

transition section. The thickness of the diaphragm varied 

from 70 nm to 350 nm depending on flow condition. Inner 

diameters of the driver tube and the transition section were 

108 mm and 100 mm, respectively. Their lengths were about 

1000 mm and 200 mm, respectively. They were made from 

steel. The beginning of the transition section was connected 

with the two-dimensional driven tube that had inner height 

and width of 65 mm and 65 mm, respectively. The length of 

the driven tube was 3600 mm. It was made from stainless 

steel and the tube inner surface was highly polished. The gas 

used in the driver tube was either pure cold helium (99.99% 

purity) or dry air. The gas used in the transition section and 

the driven tube was quiescent air.

By convention, conditions regarding initial charging 

pressures in the driven and the driver tubes are called p1 

(region 1) and p4 (region 4), respectively. To fire the shock 
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Fig. 1. Assembly of shock tube facility 

(1) driver tube; (2) driven tube; (3) test section; (4) dump tank; (5) support frame 

 

 

 
Fig. 2. Photograph of test section with an injection module 

(1) driven tube; (2) test section; (3) optical window; (4) spinal needle; (5) hose; (6) water regulator 
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Fig. 1.  Assembly of shock tube facility. (1) driver tube; (2) driven tube; 
(3) test section; (4) dump tank; (5) support frame

20 

 
Fig. 1. Assembly of shock tube facility 

(1) driver tube; (2) driven tube; (3) test section; (4) dump tank; (5) support frame 

 

 

 
Fig. 2. Photograph of test section with an injection module 

(1) driven tube; (2) test section; (3) optical window; (4) spinal needle; (5) hose; (6) water regulator 

 

(1) 

(2) 
(3) 

(4) 
(5) 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

Fig. 2.  Photograph of test section with an injection module. (1) driven 
tube; (2) test section; (3) optical window; (4) spinal needle; (5) 
hose; (6) water regulator
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tube, the driver tube gas is pressurized. The thickness of the 

diaphragm must be just sufficient to withstand the desired 

target pressure. The diaphragm was ruptured in a passive 

manner. When the desired value of pressure was reached, 

the diaphragm was ruptured and a shock wave was created 

which moves through the test gas air in the driven tube. 

Pressure behind the shock wave is denoted p2 (region 2). The 

driver tube gas now pushes the driven tube gas. An interface 

between the driver and the driven gases is called a contact 

surface. Between the moving (or incident) shock wave and 

the contact surface, pressure and temperature are near 

constant. Between the p2 and the p4 conditions is a region in 

which pressure varies continuously. Pressure in this region is 

called p3 (region 3).

The end of the driven tube was connected with the test 

section. The internal joint between the two tubes were 

machined to be highly smooth to minimize interference 

from the wall. Inner height and width of the test section were 

65 mm and 65 mm, respectively. Its length was 160 mm and 

it was made from aluminum. Droplet measurements were 

conducted during steady flow behind the incident shock 

wave (flow region 2). Photograph of the test section with an 

injection module is shown in Fig. 2. The droplet of known 

volume of water was injected into the test section by means 

of an injector device such as a spinal needle (manufactured 

by the company VIOLA) mounted on top of the test section. 

Different needle size (and so different inner diameter) was 

used at each time depending on required droplet size. The 

rear of the needle outside the test section was connected with 

a hose. The hose was then passed through a water regulator 

that controlled the droplet mass flow. Followed by the 

regulator, the hose was connected with a water tank that was 

located much higher than the shock tube. On both sides of 

the test section, a pair of BK7 optical windows were mounted 

for flow and droplet visualization. To minimize flow or wave 

disturbance or shock wave emanated by discontinuity at the 

sides, the windows were highly polished to become flat and 

the joints between the surface and the window were kept 

small (required a trial-and-error of machining) to avoid any 

gap to maintain two-dimensional flow as much as possible.

2.2 Flow Condition

In this work, five conditions named A to E were considered. 

Table 2 presents shock tube conditions calculated using a 

gas dynamics calculator [33] from the measured pressures 

and temperatures inside the shock tube (regions 1 and 4). 

In the table, Ms = incident shock wave Mach number, us = 

incident shock wave speed, M2 = flow Mach number behind 

the incident shock, Re2 = flow Reynolds number behind 

the incident shock, and d0 = water droplet initial diameter. 

When the incident shock wave travels across the droplet, 

the droplet tends to deform and/or breakup. Their levels are 

known to be a function of non-dimensional parameter such 

as Weber number, We. The We represents the ratio of inertial 

force to surface tension force,

6 

inertial force to surface tension force, 
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where ρ2 and σ denote flow density behind the incident shock and surface tension of water (= 

0.0728 N/m at 293 K), respectively. The droplet diameter (d0) used in this work varied from 2.0 mm 

to 3.6 mm. The symbol us,exp in Table 2 denotes measured incident shock wave speed that was 

obtained from shadowgraph visualization in the vicinity of water droplet in the test section. 

Uncertainties (±) in the us,exp represents the standard deviation of the properties based on the 95% 

confidence interval. Non-uniformity in the thickness of the diaphragms used were found to be 

reasonably small varying from about 2.6 % to 5.1 % depending on flow condition. Also, every time 

before testing, the optical windows were opened to ensure that the pressure in the driven tube has 

reached atmospheric to ensure that the uncertainty in the variation of the atmospheric pressure is 

negligible. Looking at the table, it is to be noted that the five conditions can be categorized as three 

different flow regimes: (1) the flow behind the shock wave is subsonic (conditions A to C), (2) near-

sonic (condition D), and (3) supersonic (condition E). 

 

2.3 Shadowgraph Imaging 

The breakup phenomenon was optically visualized using a standard shadowgraph technique. Fig. 3 

shows schematic of the optical setup. In the figure, the black solid lines represent the optical light path. 

The dash-dot line represents the centerline of the light path. The dashed lines denote a field of view by 

a camera lens. The light source used was a continuous-running Nd:YAG laser, MGL-N-532-5W, 

manufactured by Optoelectronics, operating up to 5 W power. The light from the laser was diverged 

by a convex lens (LDK-20.0) with a 31.5 mm focal length. The flat mirror with a size of 150 mm 

(horizontal) by 150 mm (vertical) directed the diverging laser beam onto the concave mirror that had a 

focal length of 2 m with a 200 mm diameter. The collimated beam passed through the test section with 

sides having a pair of BK7 optical windows. 

The water droplet was injected from the top and nearly at the center of the test section. Droplet 
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where ρ2 and σ denote flow density behind the incident 

shock and surface tension of water (= 0.0728 N/m at 293 K), 

respectively. The droplet diameter (d0) used in this work 

varied from 2.0 mm to 3.6 mm. The symbol us,exp in Table 

2 denotes measured incident shock wave speed that was 

obtained from shadowgraph visualization in the vicinity 

of water droplet in the test section. Uncertainties (±) in the 

us,exp represents the standard deviation of the properties 

based on the 95% confidence interval. Non-uniformity 

in the thickness of the diaphragms used were found to 

be reasonably small varying from about 2.6 % to 5.1 % 

depending on flow condition. Also, every time before testing, 

the optical windows were opened to ensure that the pressure 

in the driven tube has reached atmospheric to ensure that 

the uncertainty in the variation of the atmospheric pressure 

is negligible. Looking at the table, it is to be noted that the 

Table 2. Flow condition
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Condition Ms [-] us [m/sec] us,exp [m/sec] M2 [-] Re2/d0 [1/m] We/d0 [1/m] 

A 1.40 483 474±21 0.51 17.7x106 10.5x105 

B 1.62 560 591±45 0.70 29.4x106 27.8x105 

C 1.75 607 631±31 0.80 36.7x106 43.1x105 

D 1.99 689 720±64 0.96 49.5x106 79.4x105 

E 2.19 760 782±33 1.06 59.8x106 12.0x106 
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five conditions can be categorized as three different flow 

regimes: (1) the flow behind the shock wave is subsonic 

(conditions A to C), (2) near-sonic (condition D), and (3) 

supersonic (condition E).

2.3 Shadowgraph Imaging

The breakup phenomenon was optically visualized 

using a standard shadowgraph technique. Fig. 3 shows 

schematic of the optical setup. In the figure, the black solid 

lines represent the optical light path. The dash-dot line 

represents the centerline of the light path. The dashed lines 

denote a field of view by a camera lens. The light source 

used was a continuous-running Nd:YAG laser, MGL-N-532-

5W, manufactured by Optoelectronics, operating up to 5 W 

power. The light from the laser was diverged by a convex lens 

(LDK-20.0) with a 31.5 mm focal length. The flat mirror with 

a size of 150 mm (horizontal) by 150 mm (vertical) directed 

the diverging laser beam onto the concave mirror that had a 

focal length of 2 m with a 200 mm diameter. The collimated 

beam passed through the test section with sides having a 

pair of BK7 optical windows.

The water droplet was injected from the top and nearly at 

the center of the test section. Droplet images were captured 

using a high speed CMOS camera (FASTCAM SA-X2 type 

1000K-C3, manufactured by Photron) equipped with a 

Nikon AF Nikkor 80~200 mm lens. The distance between 

the head of the camera lens and the optical window towards 

the camera direction was kept at about 1.5 m. The camera 

was triggered using a signal received by a PCB piezoelectric 

pressure transducer (111A21 series) that was flush mounted 

in the wall at about 300 mm from the beginning of the 

driven tube. The input time-dependent signal from the PCB 

was converted to a step function with a voltage rise of 0.3 

V and delay of 0 sec using a pulse delay generator (9518+, 

manufactured by Quantum Composers). The step input was 

used as the trigger input to the camera. Optical images were 

recorded using a software Photron FASTCAM Viewer Ver. 3.0.

For the results presented herein, a CMOS sensor having a 

386 by 264 array was utilized having a pixel spatial resolution 

of 184.5 ± 1.0 μm. The spatial resolution was determined 

using a transparent grid-based ruler as well as two different 

configurations based on a sharp object. The resolution 

was then averaged between the three. The exposure time 

of the high speed camera was set at 293 nsec to resolve 

instantaneous unsteady flow/wave features. A record rate 

was set at 100,000 frames per second. The images were post-

processed with different gamma (γs). The symbol γs denotes 

the non-linear relationship between the pixel luminescence 

of the original image data taken and the luminescence 

displayed on a video monitor. The default value for γs by the 

FASTCAM camera was 1. Under this setting, however, the 

contrast of the droplet breakup signal was found to be quite 

weak to be analyzed. Therefore, a gamma compression to 0.6 

was made to increase the contrast.

3. Results and Discussion

3.1 Flow-Field Features and Breakup Patterns

Figure 4 shows a droplet history after interaction with 

an incident shock wave. The present data are compared 

with the existing shock tube data of Wierzba and Takayama 

[9] having a similar flow condition. In both the figures, the 

flow direction is from left to right. Time (t) is synchronized 

with respect to the shock wave arrival at the droplet front. 

To make direct comparison with the present data, it is to be 

noted that the optical images of Fig. 4(a-e) were scaled with 

each other so that Fig. 4(a-j) are fitted to the same scale. It is 

noted that, various photographic techniques were employed 

in Fig. 4(a-e) to better understand breakup mechanisms: 

Fig. 4(a-b) were based on a double-exposure holographic 

interferometry. Fig. 4(c-d) were based on a single-exposure 

interferometry. Fig. 4(e) was a conventional shadowgraph 

similar to the present work. To match the time as close as 

possible between the two measurements, a non-dimensional 

time (t*) was introduced [7, 9, 16, 25-27],
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where ρl denotes density of water (=1000 kg/m3). Other symbols have their usual meaning. 

The present data, in overall, agree qualitatively well with the holographic data of Wierzba and 

Takayama. To discuss in detail, looking at Fig. 4(a) and (f), the reflected shock wave (RS) emanated 

from the incident shock reflecting from the droplet front is evident. The shock location between the 

two measurements agree reasonably well. The present data shows a lip that is formed at the separation 

point in the lower-half of the droplet and a little flattening of the leeward surface can be noticed. 

Whereas, the data of Wierzba and Takayama shows only a slight lip at the separation point but its 

level anyhow can be though to be negligibly small. As time progresses, due to the unbalanced 

pressure distribution acting on the surface, the rear of the droplet is flattened as a concave shape in 

both Fig. 4(b) and (g). The droplet is elongated in lateral direction. Two tips are observed at the 

shoulder which can be considered as an onset of boundary layer stripping. The present data shows a 

micro-mist nearby the stripping region with a somewhat diffusive appearance, where the data of 

Wierzba and Takayama shows a lot clearer stripping process. Followed by the initiation of stripping, 

the droplet continuously deforms its shape. The micro-drops are continuously stripped and 

consequently entrained in the wake. The droplet shape becomes a strong convex shape (Fig. 4(c) and 

(h)) and then to a crescent type (Fig. 4(d) and (i)). Compared to the holographic image, the present 

shadowgraph does not show a fine structure of the wake in which the drop shattering and the wake are 

combined and looks somewhat like a fireball. Looking at Fig. 4(e) and (j), the remaining part of the 

droplet becomes unstable and soon breaks up comparatively in large fragments. A fine structure of the 

wake is not seen in the both the cases in which the drop looks as if completely shattered. 

(2)
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Fig. 4. Comparison of droplet history after interaction with an incident shock wave 

(a-e) Reproduced from Wierzba and Takayama [9] (Ms = 1.35, d0 = 4.3 mm, We = 3590) 
(f-j) Present data (Ms = 1.40, d0 = 3.6 mm, We = 3780) 
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Fig. 4.  Comparison of droplet history after interaction with an inci-
dent shock wave. (a-e) Reproduced from Wierzba and Takaya-
ma [9] (Ms = 1.35, d0 = 4.3 mm, We = 3590), (f-j) Present data (Ms 
= 1.40, d0 = 3.6 mm, We = 3780)
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where ρl denotes density of water (=1000 kg/m3). Other 

symbols have their usual meaning.

The present data, in overall, agree qualitatively well with 

the holographic data of Wierzba and Takayama. To discuss 

in detail, looking at Fig. 4(a) and (f), the reflected shock wave 

(RS) emanated from the incident shock reflecting from the 

droplet front is evident. The shock location between the 

two measurements agree reasonably well. The present data 

shows a lip that is formed at the separation point in the 

lower-half of the droplet and a little flattening of the leeward 

surface can be noticed. Whereas, the data of Wierzba and 

Takayama shows only a slight lip at the separation point but 

its level anyhow can be though to be negligibly small. As 

time progresses, due to the unbalanced pressure distribution 

acting on the surface, the rear of the droplet is flattened as 

a concave shape in both Fig. 4(b) and (g). The droplet is 

elongated in lateral direction. Two tips are observed at the 

shoulder which can be considered as an onset of boundary 

layer stripping. The present data shows a micro-mist nearby 

the stripping region with a somewhat diffusive appearance, 

where the data of Wierzba and Takayama shows a lot clearer 

stripping process. Followed by the initiation of stripping, the 

droplet continuously deforms its shape. The micro-drops 

are continuously stripped and consequently entrained in 

the wake. The droplet shape becomes a strong convex shape 

(Fig. 4(c) and (h)) and then to a crescent type (Fig. 4(d) 

and (i)). Compared to the holographic image, the present 

shadowgraph does not show a fine structure of the wake in 

which the drop shattering and the wake are combined and 

looks somewhat like a fireball. Looking at Fig. 4(e) and (j), 

the remaining part of the droplet becomes unstable and soon 

breaks up comparatively in large fragments. A fine structure 

of the wake is not seen in the both the cases in which the 

drop looks as if completely shattered.

Figure 5 shows a time history of the breakup process for 

condition A based on the shadowgraph images. The incident 

shock that impinges at the droplet front is regarded as t = 0 

μsec. Two consecutive images having a time interval of 10 

μsec before and after t = 0 μsec were used as a time baseline. 

Interpolation was used to obtain the location at t = 0 μsec. 

The field of view of the box in the figure had a size of 72.6 

mm (horizontal) by 21.4 mm (vertical). The droplet diameter 

was 3.0 mm. The time sequential images were obtained in a 

single experiment. Flow direction is from left to right.

As seen in Fig. 5(a), the incident shock (IS) and the water 

droplet are seen. Followed by the passage of the IS across 

the droplet, the reflected shock (RS) is formed (Fig. 5(b)). 

The diffracted shock (DS) downstream of the RS is then 

emanated by the IS diffracting over the surface of the droplet 

(Fig. 5(c)). The DS then travels upstream (Fig. 5(d)) and 

leaves the droplet surface. The shock/droplet interaction is 

now completed (Fig. 5(e)). In Fig. 5(f), a lip is formed at the 

separation point in the upper-half of the droplet and a little 

flattening of the leeward surface can be noticed. The DS is 

still located upstream of the droplet. Due to the unbalanced 

pressure distribution acting on the surface, the rear of the 

droplet is flattened as a concave shape and the two tips 

are observed at the shoulder indicating the initiation of 

boundary layer stripping (Fig. 5(g-i)). Compared to Fig. 4 

of the present data, the micro-mist nearby the stripping 

region has somewhat a weaker diffusive appearance. As 

time progresses further, the droplet continuously deforms 

its shape. Micro-drops are also continuously stripped and 

they are consequently entrained in the wake. The droplet 

shape becomes a strong convex shape (Fig. 5(j)) and then 

to a crescent type (Fig. 5(k)) similar to the results in Fig. 4. 

The droplet then starts to disintegrate (Fig. 5(l)) and further 

disintegration leads to the shape of the droplet not to be 

identified, indicating that the stripping breakup of the water 

droplet is terminated. The micro-mist entrained in the wake 
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Fig. 5. Time history of the breakup process for condition A (d0 = 3.0 mm) 
(a) t = -2 μsec; (b) 8; (c) 18; (d) 28; (e) 38; (f) 48; (g) 58; (h) 68; (i) 78; 

(j) 108; (k) 168; (l) 228; (m) 278; (n) 338; (o) 448; (p) 548; (q) 788; (r) 908 
Fig. 5.  Time history of the breakup process for condition A (d0 = 3.0 

mm). (a) t = -2 μsec; (b) 8; (c) 18; (d) 28; (e) 38; (f ) 48; (g) 58; (h) 
68; (i) 78; (j) 108; (k) 168; (l) 228; (m) 278; (n) 338; (o) 448; (p) 
548; (q) 788; (r) 908
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now forms a long tail trail (Fig. 5(m)). Looking at Fig. 5(n-

p), the wake oscillation looks unstable and chaotic. Also, 

the remaining part of the droplet keep breaks up in large 

fragments. A fine structure of the wake is not seen and the 

droplet is now completely shattered (Fig. 5(q-r)).

Figure 6 shows a time history of the breakup process for 

condition D. In general, the process is qualitatively similar 

to that of the results in Fig. 5. With condition D, because the 

incident shock is faster than the condition A in Fig. 5, the 

initiation of boundary layer stripping occurs much earlier 

concurrently with the transit of the diffracted shock on the 

droplet surface (Fig. 6(c-d)). Looking at Fig. 6(d-g), the flow 

in the near wake seems supersonic and the wake shock (WS) 

wave is noticed. This wake shock seems unstable and shows 

an oscillatory behavior along with a vortex shedding in the 

wake which is also unsteady (Fig. 6(e-h)). The droplet then 

reaches its maximum lateral deformation (t ≈ 180 μsec) and 

after the breakup processes are quite similar to the condition 

A data.

Figure 7 shows a time history of the breakup process for 

condition E. This condition corresponds to the condition 

where the post-shock flow is supersonic. Looking at Fig. 

7(b), unlike Figs. 5 and 6, a Mach reflection that is formed 

due to the diffracted shock (DS) that interacts with the 

incident shock, is evident. Also, the corresponding Mach 

stem (MS) and two triple points (TP) are also clearly seen. 

Behind the droplet in the vicinity of the surface, the process 

of wake shock (WS) formation is observed (Fig. 7(c-e)), in 

which the shock starts to form upon the intersection of the 

two diffracted shock and settles slight distance downstream 

(Fig. 7(g-h)). An interesting feature to be noted is that the DS 

stands still somewhere near the droplet shoulder tip where 

the stripping is dominated (Fig. 7(d-f)). Upstream of the 

DS, the reflected shock (RS) ahead of the droplet becomes 

a standing shock and this is because at supersonic speeds 

the information does not propagate upstream of the flow. As 

time progresses, the droplet accelerates and the RS no longer 

stands but moves upstream. Along with the RS, the standing 

DS loses its strength and eventually disappears. This 

observation of time-dependent behavior of the diffracted 
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Fig. 6. Time history of the breakup process for condition D (d0 = 2.7 mm) 
(a) t = 0 μsec; (b) 10; (c) 20; (d) 30; (e) 40; (f) 50; (g) 60; (h) 70; (i) 80; 

(j) 100; (k) 150; (l) 200; (m) 230; (n) 290; (o) 320; (p) 380; (q) 420; (r) 500 Fig. 6.  Time history of the breakup process for condition D (d0 = 2.7 
mm). (a) t = 0 μsec; (b) 10; (c) 20; (d) 30; (e) 40; (f ) 50; (g) 60; (h) 
70; (i) 80; (j) 100; (k) 150; (l) 200; (m) 230; (n) 290; (o) 320; (p) 
380; (q) 420; (r) 500
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Fig. 7. Time history of the breakup process for condition E (d0 = 3.2 mm) 
(a) t = -3 μsec; (b) 7; (c) 17; (d) 27; (e) 37; (f) 47; (g) 57; (h) 67; (i) 77; 

(j) 87; (k) 97; (l) 107; (m) 127; (n) 167; (o) 217; (p) 287; (q) 347; (r) 407 Fig. 7.  Time history of the breakup process for condition E (d0 = 3.2 
mm). (a) t = -3 μsec; (b) 7; (c) 17; (d) 27; (e) 37; (f ) 47; (g) 57; (h) 
67; (i) 77; (j) 87; (k) 97; (l) 107; (m) 127; (n) 167; (o) 217; (p) 287; (q) 
347; (r) 407
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shock has not been commented upon previously.

The formation of the wake shock in the supersonic droplet 

wake flow has been observed in the 2-D computational work 

of Meng and Colonius [25]. The considered shock Mach 

number (Ms) was 2.5. Compared to the results of Meng and 

Colonius, the present data shows a much steeper angle of 

the wake shock. Considering the Mach number used in their 

study was higher than the present case, the reason for having 

the higher wake shock angle is presently not known. After 

sometime, this wake shock becomes unstable and finally 

disappears when the droplet accelerates and the wake flow 

becomes subsonic (Fig. 7(i-p)). The droplet reaches its 

maximum lateral deformation (t ≈ 167 μsec) and after the 

breakup processes are quite similar to the conditions A and 

D data.

3.2 Lateral Deformation

Figure 8 shows the variation of droplet lateral deformation 

against time. The lateral deformation is defined as the ratio 

(d*=d/d0) between the lateral diameter of the liquid phase 

of the droplet and the initial diameter. Time is expressed 

in terms of the non-dimensional parameter t* in Eq. (2). 

The present data for conditions A to E are compared with 

the experimental curves of Ranger and Nicholls [3], Engel 

[1], and Reinecke and Waldman [7]. The holographic 

interferometry data of Wierzba and Takayama [9] are also 

included for comparison. Concerning the present data, 

the deformation could only be plotted up to t* of about 2.5. 

Beyond this point, as indicated by Wierzba and Takayama, 

due to the inherent nature of the shadowgraph technique in 

which the drop shattering and the wake are combined and 

look like a fireball, the unstripped part of liquid drops could 

not be determined exactly and so unable to track the sizes of 

the lateral deformation.

Looking at the present data, the lateral deformation 

reaches the maximum at about t* of 1.7 and thereafter 

decreases. The data agrees quite well with the data of 

Wierzba and Takayama which shows that after the maximum 

the d* decreases to zero at about t* of 3.5 to 5. In their work, 

Wierzba and Takayama noted that larger the initial drop 

diameter results in larger maximum lateral deformation. 

This trend, however, is not clearly seen in the present case 

due to the shorter range of the initial drop sizes. More studies 

are needed to clarify the effect of the initial drop diameter on 

the lateral deformation.

3.3 Droplet Trajectory

Figure 9 shows a typical distribution of droplet 

displacement against time. The data presented are based on 

condition A having an initial droplet diameter (d0) of 2.2 mm. 

Displacement and time are expressed as non-dimensional 

parameters x* = x/d0 and t*, respectively. Data for the other 

conditions showed a qualitatively similar distribution and 

so not included herein. The displacement is plotted up to 

the point where the lateral deformation has reached the 

maximum. At the initial stage of the droplet breakup, a 

water drop is typically modeled as a rigid sphere and the 

dimensionless trajectory of an initially stationary drop can 

be correlated by x*=A*(t*)2 [28, 29, 34]. The dimensionless 

acceleration coefficient A*, which depends on the Weber 

number, is evaluated by a parabolic curve-fitting form the 

experimental data as shown in Fig. 9. For the case where 

the high-speed flight vehicle collides with the droplet, the 

acceleration coefficient directly relates to the speed at which 

the droplet finally impinges on the vehicle. As an example, 

when the coefficient is small, the droplet deceleration effect 

due to a shock wave becomes weak. When compared with 

the case of high acceleration coefficient, the collision speed 

tends to increase and as a result, the aircraft damage caused 

by the collision becomes stronger.

Figure 10 shows the variation of acceleration coefficient 

(A*) against Weber number (We), after Reinecke and 

Waldman [7]. The present data are plotted in the range of 

2300 ≤ We ≤ 38000 and the existing experimental curves 
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Fig. 8. Variation of droplet lateral deformation against time 

●, Present data; ○, Wierzba and Takayama [9]; 
—, Ranger and Nicholls [3]; ▬▬, Engel [1]; ▬ ▬, Reinecke and Waldman [7]; 

 

 
Fig. 9. Typical distribution of droplet displacement against time 

●, Present data (condition A, d0=2.2 mm); —, Parabolic curve fit through exp. points 
 

 
Fig. 10. Variation of acceleration coefficient against Weber number (after Reinecke and Waldman [7]) 

●, Present data; ○, Hassler [32]; □, Reinecke and Waldman [7]; ∆, Engel [1]; ◊, Nicholson [24]; 
x, Reinecke and McKay [23]; ▬▬, Reinecke and Waldman (curve fit through exp. points) [7] 

Fig. 8.  Variation of droplet lateral deformation against time. ●, Pres-
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[3]; , Engel [1];  , Reinecke and Waldman [7];
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Fig. 9. Typical distribution of droplet displacement against time 

●, Present data (condition A, d0=2.2 mm); —, Parabolic curve fit through exp. points 
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Fig. 9.  Typical distribution of droplet displacement against time. ●, 
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through exp. points
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and data are included for comparison. The present data 

covers the range of 2300 ≤ We ≤ 38000 in which there is a 

shortage of the existing experimental data. In this range 

the present data shows that with an increase in We, the A* 

monotonically decreases. This trend, however, is opposite 

to the experimental curve-fit of Reinecke and Waldman [7] 

(the solid line in Fig. 7) who showed that as the We increases 

the A* increases when We ≥ 8000. They also noted that in 

the range of 300 ≤ We ≤ 8000, the A* decrease as the We 

increases. The present data agrees well with the latter but not 

with the former. Considering that the displacement has been 

captured based on the front end of the droplet, the authors 

believe that the aforementioned discrepancy is not related to 

the use of different optical techniques nor the shot-to-shot 

repeatability. Possibly, this trend as hinted by Theofanous 

and Li [20], may be due to undesirable shock-shock 

interaction between the closely-located adjacent droplets in 

previous high-speed experiments. As a result of the shock-

shock interaction flow tends to exhibit strong expansion 

downstream of the interaction region thereby leading to 

a high pressure difference in the wake and the droplet 

fore-body and so higher is the acceleration. In the present 

experiments, the distance between the adjacent droplets 

through the injector of the test section were kept as far as 

possible to minimize this shock-shock interaction effect. The 

definite reason for this discrepancy, however, is presently 

not known. This opens for possibility from CFD community 

for validation and verification to better understand flow 

physics of the water droplet breakup mechanisms.

4. Conclusions

Using a shock tube, the water droplet breakup 

experiments in high-speed air flows were conducted. Exact-

time-dependent evolution of wave and droplet interaction as 

well as breakup processes were optically visualized using a 

shadowgraph technique which tracks the lateral deformation 

quite well at least up to somewhere near the maximum. 

Some interesting wave patterns such as the formation of 

unsteady wake shock and standing diffracted shock in post-

shock supersonic flows were found. The lateral deformation 

against time agrees well with the previous one. New droplet 

acceleration coefficient data were added in the Weber 

number range from 2300 to 38000 where there is a shortage 

of the data. It is found that the present data underestimates 

droplet acceleration coefficients than the open literature. As 

an example, considering a high-speed flight vehicle which 

navigates through the rain, the stationary rain drops are 

accelerated by a shock wave in front of the vehicle and finally 

impinges on the vehicle. The present estimation implies that 

the droplet impact damage is larger than that of the literature.
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