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The deformation and fragmentation of single ethyl alcohol drops injected into a continuous air-jet is
experimentally investigated. High speed shadowgraphy coupled with image contour recognition is used
to record the instantaneous droplet shape, trajectory, velocity and acceleration, while particle image
velocimetry captures the gas-phase flow-field around the drop. All experiments are repeated hundreds
of times in order to determine the statistics based mean flow behavior. Two conditions are consid-
ered—one which leads to the bag breakup morphology and one leading to the sheet-thinning morphol-
ogy. Comparing the two cases, no significant differences are observed in the structure of the gas-phase
wake, indicating that gas-phase flow morphologies may not significantly affect the transition between
liquid-phase breakup morphologies. The results of this investigation will be useful for the development
and validation of simulation techniques.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction
ffiffiffiffiffiffiffiffiffiffiffiffiffiq
Liquid droplets are subjected to aerodynamic forces when the
relative velocity between the drop and dispersed gas-phase is
non-zero. These forces result in droplet deformation and, if suffi-
ciently large, may lead to fragmentation. Such processes occur nat-
urally during the falling of rain drops in the atmosphere (Villermaux
and Bossa, 2009) and are applied in industry for the purpose of
increasing liquid dispersal, enhancing evaporation, and reducing
drop sizes (Nasar et al., 2002). A few typical applications include
pharmaceutical sprays, diesel injectors, and air-assisted fuel atom-
izers in gas turbines. For spray applications the process is some-
times referred to as secondary atomization, which is distinct from
the initial primary atomization of the liquid bulk (Lefebvre, 1989).

Fundamental experimental and theoretical investigations of
aerodynamic drop deformation and fragmentation have been con-
ducted by a number of investigators, and reviews are provided by
Pilch and Erdman (1987), Hsiang and Faeth (1992), Gelfand (1996),
Guildenbecher et al. (2009), and Theofanous (2011). Important
non-dimensional parameters include the Weber number,

We ¼ qgu2
0d0=r; ð1Þ

defined as the ratio of initial disruptive aerodynamic forces to
restorative surface tension forces, and the Ohnesorge number,
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echer).
Oh ¼ ll= qlrd0; ð2Þ

which accounts for the effects of the liquid-phase viscosity. Here d0

is the initial spherical drop diameter, u0 is the initial relative veloc-
ity between the liquid- and gas-phase, r is the surface tension, q is
the density, and l is the viscosity. The subscripts l and g specify li-
quid- and gas-phase properties, respectively. For impulsively loaded
drops, of low to moderate viscosity (Oh [ 0.1), extensive experi-
mental evidence has shown that drops are unstable if We exceeds
a critical Weber number, Wec. For the experimental configuration
considered here, previous work indicates that Wec � 9 (Guildenbe-
cher and Sojka, 2011). Note, other authors have reported slightly
different values for Wec. These differences are most likely a function
of the initial temporal history of droplet loading (Gelfand, 1996).
Regardless, in all cases as We increases, multiple fragmentation
morphologies have been identified, as shown in Fig. 1.

For practical applications, spray dynamics are often simulated
using Eulerian–Lagrangian methods (Tanner, 1997; Trinh et al.,
2007; Apte et al., 2009). These methods solve the gas-phase
dynamics over a fixed grid and track the drop dynamics using
Newton’s second law coupled with models of aerodynamic drag,
deformation, and fragmentation (O’Rourke and Amsden, 1987;
Reitz, 1987; Ibrahim et al., 1993; Tanner, 1997; Schmehl, 2002;
Apte et al., 2003). Often a large set of droplets or representative
droplet parcels are simulated to obtain the statistics based mean
flow behavior.

Experimental results are needed for the purposes of validation
and model derivation. Furthermore, because the deformation and
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Fig. 1. Shadowgraphs of ethyl alcohol drops undergoing aerodynamic fragmentation. Time increases from left to right, disruptive forces increase from top to bottom. Images
are from Guildenbecher and Sojka (2011) and were acquired using an experimental configuration similar to the present work.
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fragmentation process is stochastic, experimental conditions must
be repeated to ensure accurate representation of the statistical
mean. Prior to this work, much of the available data have been ob-
tained from experiments with individual drops impulsively loaded
in a shock-tube (Hsiang and Faeth, 1992; Chou et al., 1997; Chou
and Faeth, 1998; Dai and Faeth, 2001). While this method produces
nearly ideal boundary conditions, the experiments are time-con-
suming, and repetition of conditions is necessarily limited. A few
authors have attempted to increase experimental repetition by
injecting a continuous stream of drops into a jet of air (Liu and Re-
itz, 1993; Hwang et al., 1996; Lee and Reitz, 2000; Park et al., 2006;
Guildenbecher and Sojka, 2011), and their results confirm that the
process is highly stochastic. Nevertheless, further experiments are
needed which carefully account for the stochastic nature of the
process. For this reason, the primary objective of the current work
is to present experimental results for the mean behavior of drop-
lets which are subjected to disruptive aerodynamic flow fields. Par-
ticular attention is paid to the initial stages of droplet motion and
deformation.

In addition to recording the droplet trajectory and shape, this
work quantifies the statistics of the surrounding gas-flow field.
Such information is crucial for accurate definition of boundary con-
ditions. Prior to this work, Inamura et al. (2009) conducted a
related investigation using particle image velocimetry (PIV) to re-
cord the gas-flow around individual deformed drops. Only condi-
tions leading to the first three morphologies shown in Fig. 1
were considered, and no attempt was made to quantify flow statis-
tics. Therefore, the second objective of this work is to extend the
results of Inamura et al. (2009) to include the sheet-thinning mor-
phology and to quantify the mean flow field.

Finally, disagreement currently exists regarding the physical
mechanisms responsible for the various breakup morphologies.
For example, some have cited Rayleigh–Taylor instabilities to ex-
plain the morphological transition between the bag morphology
in the second row of Fig. 1 and the multimode morphology in
the third (Zhao et al., 2010, 2011; Theofanous, 2011), while
Inamura et al. (2009) explained this transition based on observed
differences in the gas-phase flow. Therefore, the third objective
of this work is to provide additional experimental insight into
the breakup morphologies.

The remainder of this work begins with a discussion of the
experimental methods, including descriptions of the apparatus,
flow conditions, high-speed shadowgraphy (HSS), and PIV configu-
ration. This is followed with a section on the methods used to post-
process the HSS and PIV results. Next statistical means and distri-
butions are presented for experimental conditions leading to the
bag and sheet-thinning fragmentation morphologies. Finally, the
work concludes with a discussion of the results in the context of
the stated objectives.
2. Experimental methods

Aerodynamically loaded droplets are created using the droplet
generator and air-nozzle described by Guildenbecher (2009) and
Guildenbecher and Sojka (2011). HSS is used to quantify the drop-
let morphology and trajectory, while the surrounding air flow field
is measured using PIV. All measurements are automated to deter-
mine flow statistics.
2.1. Experimental configuration

The air-nozzle and droplet generator are shown schematically
in Fig. 2a. The mass flow of air entering the nozzle is quantified
by a Coriolis flow sensor (MicroMotion Inc. model F025S, esti-
mated uncertainty ±0.01 kg/min). Before exiting the nozzle, air
passes through a honeycomb and mesh to reduce turbulence.
Fig. 2b and c shows typical mean and r.m.s. air velocities as mea-
sured with laser Doppler velocimetry (Dantec Dynamics FiberPDA)
at x = 10 mm from the nozzle exit. Further details can be found in
Guildenbecher (2009), where it is estimated that the boundary
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Fig. 2. (a) Configuration of the air nozzle and droplet generator, (b) mean and (c) r.m.s. air velocities in the x-direction measured at x = 10 mm and corresponding to an air
mass flowrate of 0.50 kg/min (Guildenbecher, 2009).
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layer thickness at the site of drop injection is approximately 3 mm
for all conditions considered here.

Liquid droplets are produced from 200 proof, USP grade ethyl
alcohol using a droplet generator operating in the periodic drip-
ping regime (Clift et al., 1978). The generator is positioned to re-
lease droplets at approximately y = 188 mm above the centerline
of the air nozzle. Initially the droplets fall through a nearly quies-
cent environment and are accelerated due to gravity. By neglecting
the effects of aerodynamic drag during this period, the droplet’s y-
velocity upon entering the air-jet can be estimated by

v ¼
ffiffiffiffiffiffiffiffi
2gh

p
; ð3Þ

where g is the acceleration due to gravity and h is the fall height
(175 mm). Using Eq. (3), the estimated initial y-velocity is 1.85 m/s.
Droplets are produced at a frequency on the order of 1 Hz, which is
sufficient to ensure that the wake of the preceding droplet does not
affect the behavior of the next droplet.

To capture the mean behavior of the droplets, the measure-
ments are repeated several times. To do so, the data acquisition
systems are triggered by the falling droplet. For this, the beam from
a helium–neon laser (Uniphase Inc., model 1135P) is projected
through the droplet trajectory onto a photo detector (Thorlabs
Inc., model DET210). The intensity change, caused by the passing
droplet, is highly repeatable and is used to trigger the oscilloscope,
which sends a trigger signal to the timing unit of the PIV/HSS
system.

2.2. Flow conditions

Two flow conditions are studied: one which results in the bag
morphology and one which results in the sheet-thinning
Table 1
Summary of experimental conditions.

Morphology Air mass flowrate (kg/min) Air velocity at (x

Mean (m/s)

Bag 0.35 10
Sheet-thinning 0.55 16
morphology. These conditions are summarized in Table 1. The
mean and r.m.s air velocity in the x-direction along the nozzle cen-
terline are taken from Guildenbecher (2009). For the calculation of
non-dimensional parameters, the initial relative velocity, u0, is as-
sumed to be equal to the mean x-velocity along the centerline. The
density, qg, and viscosity, lg, of the gas-phase are 1.23 kg/m3 and
18.27 � 10�6 N s/m2, respectively, based on tables provided in
Fox and McDonald (1998). The ethyl alcohol drops have a density,
ql, and viscosity, ll, of 789 kg/m3 and 1.2 � 10�3 N s/m2, respec-
tively, based on properties provided in Riddick and Bunger
(1970). The initial droplet diameter is around d0 = 2.3 mm. Finally
the surface tension, r, is 2.23 � 10�2 N/m, again based on values
provided by Riddick and Bunger (1970). In all cases, the tempera-
ture is assumed to be 298 K.

The Reynolds number shown in Table 1 quantifies the ratio of
aerodynamic to viscous forces in the gas-phase,

Reg ¼ qgu0d0=lg : ð4Þ

Assuming the transient wake behavior of the deforming droplet
is qualitatively similar to that of the steady flow past a sphere, at
the values of Reg given in Table 1, a turbulent wake is anticipated
with the possibility of large scale vortical structures.

Finally, the effects of drop evaporation are estimated using
the analysis given by Lefebvre (1989) for steady state evapora-
tion in a convective flow field. Using standard thermodynamic
properties and assuming the liquid- and gas-phases are isother-
mal, at the highest values of Reg given in Table 1 the estimated
droplet lifetime is on the order of 30 ms. This estimate does not
account for the reduction in relative velocity due to aerodynamic
drag, and the actual evaporation time is likely to be significantly
longer. At this same condition, the experimental duration does
,y) = (10,0) mm We Reg Oh

r.m.s (m/s)

0.15 13 1500 0.0059
0.26 32 2500 0.0059
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not exceed 6 ms (see Section 4), or 20% of the conservative drop-
let lifetime. Based on this, it is concluded that evaporation plays
a relatively minor role in the phenomena considered here.
2.3. High-speed shadowgraphy (HSS)

Videos are acquired with a Vision Research Phantom v7 high-
speed camera using the experimental configuration shown in
Fig. 3. The camera is operated with a frame rate of 4000 fps, an
exposure time of 30 ls, and a resolution of 800 � 600 pixels. The
field of view is approximately 35 � 26 mm and is backlit by a col-
limated beam from a 1000 W arc lamp. The high-speed camera is
triggered as described in Section 2.1 and records a video each time
a trigger is received. The literature contains further information on
the set-up and use of the high-speed camera (Guildenbecher, 2009;
Flock, 2011).
Fig. 3. Experimental configuration for

Fig. 4. Experimental configuration for
2.4. Particle image velocimetry (PIV)

A PIV-system is added to the general experimental configura-
tion as shown in Fig. 4. A double pulsed Nd:YAG laser (model
New Wave Solo III) emits light at 532 nm which passes through a
cylindrical lens to form a laser sheet with a thickness of about
1 mm. A mirror is used to direct the laser sheet into the test sec-
tion. The air flow is seeded by an olive oil droplet generator (model
9307-6 from TSI Inc.), which is specified to generate tracer particles
with a mean diameter of approximately 1 lm (verified with laser
Doppler velocimetry). By controlling the ratio of ‘‘air with’’ to
‘‘air without’’ tracer particles entering the nozzle, the density of
the seeding can be adjusted.

Images are recorded with a Flow Sense 2M 8 bit camera and
consist of double frame pictures of 1600 � 1186 pixels. The field
of view is approximately 14 � 10 mm. The PIV timing unit is also
triggered using the method described in Section 2.1.
high-speed shadowgraphy (HSS).

particle image velocimetry (PIV).
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Comparison of the raw PIV images, recorded with seeding par-
ticles, and the HSS images, recorded without seeding particles, re-
veals no significant differences in observed breakup morphologies.
Consequently, the interaction of the oil seeding particles with the
surface of the droplet is believed to have a minimal effect on the
droplet deformation and breakup process. In addition, no PIV re-
sults are reported for times exceeding the droplet breakup time.
As a result, errors which would result from velocity lag between
the seeding particles and the relatively large secondary droplets
(Driscoll et al., 2003) are not present in this work.

3. Data processing

The data are post-processed to calculate the mean droplet shape
and trajectory as well as the average air-velocity field. Where
applicable the 95% confidence interval for the true mean is calcu-
lated such that the true mean, ltrue, is found in a range of,

ltrue 2 �a� kaSa=
ffiffiffiffiffiffi
Na

p
; ð5Þ

where the standard deviation, Sa, is given by,

Sa ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XNa

i¼1

ðai � �aÞ2

Na � 1

vuut : ð6Þ

In these equations, a is the variable representing the measured
quantity, ai describes the measurement values at each realization,
�a the measured mean, and Na is the number of realizations (Ameri-
can Society of Mechanical Engineers ASME, 2005). The variable ka

is dependent on the number of available realizations and decreases
towards a value of 1.96 for infinite measurements. In the following
sections, details are given on the calculation of mean droplet shape
and trajectory followed by the post-processing of the PIV results.

3.1. High-speed shadowgraphy (HSS)

For each set of operating conditions, roughly 200 high-speed
videos are acquired. Video frames are post-processed with a cus-
tom MATLAB� code (Müller et al., 2006) which detects the outer
contour of the drop shadow as well as its geometric center.
Fig. 5. PIV data acquisition method for
Ensemble averaging is then used to calculate the mean geometric
center at each time-instant. This results in an average trajectory
from which the mean velocity and acceleration are determined
using a central-difference method. Also, the instantaneous droplet
contour is used to define the droplet extent in the x- and y-direc-
tions, and ensemble averaging is used to find the mean extent at
each time-instant.

Additionally, the following procedure is used to calculate a re-
gion which contains the entire droplet contour to within a speci-
fied probability. First, for every image frame, a matrix of the
same size as the image frame (800 � 600 in this case) is initialized.
Next, the area inside the measured droplet contour is assigned a
value of one while the outside values are set to zero. Finally, for
equal time instants, all matrices are added together and normal-
ized by dividing by the number of videos. Thus one matrix for
every time instant is calculated, and each entry describes the prob-
ability that the pixel lies within the shadowgraph contour. By
detecting all entries above 5%, a region is determined such that
all pixels within the region have a 5% or higher probability of lying
within the shadowgraph contour. Hence a region is approximated
where the droplets can be found with a 95% probability.
3.2. Particle image velocimetry (PIV)

To capture the temporal history of the air flow field around the
deforming droplets, a delay is implemented between the triggering
of the PIV system and acquisition of the double frame images. The
process is illustrated in Fig. 5. For a given delay time, 2000 PIV real-
izations are recorded, and ensemble averaging is used to calculate
the instantaneous mean flow field. By varying the delay time and
repeating the acquisition, the mean flow field can be determined
at any time instant along the trajectory. In the current study, six
different delay times are investigated with a time gap between
data sets of approximately 1–3 ms.

PIV image pairs are processed using the Dantec Dynamics Flow-
Manager v4.71 software. An adaptive correlation with 25% overlap is
performed. This PIV deconvolution technique begins with interroga-
tion windows of 128 � 128 pixels, performs two refinement steps,
and leads to a final vector field corresponding to interrogation areas
calculation of ensemble averages.
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of 32 � 32 pixels. A moving average filter is applied such that the
maximum allowable velocity change within an area of 3 � 3 interro-
gation windows is 10%. In addition, no data is accepted when the
peak in the correlation plane is less than 1.1 times the second high-
est peak. Inspection of the results reveals that these validation crite-
ria filter out unrealistic data, while retaining valid velocity vectors.

To verify that 2000 realizations are sufficient to calculate con-
verged statistics, an ensemble average was also calculated with
the first 400 PIV realizations. Comparison of the ensemble average
velocity fields for 2000 and 400 PIV realizations reveals little differ-
ence (Flock, 2011).

Finally, to match the field of view of the high speed videos to
that of the PIV images, a calibration plate is affixed to the air noz-
zle, and images of this plate are acquired with both systems. In the
results presented in the next section, instantaneous visualizations
of the breakup morphology extracted from the high-speed videos
are overlaid on the ensemble average velocity vectors acquired
with the PIV technique. Invalid air velocity vectors within the
droplet contours are removed.
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Fig. 7. (a) Mean trajectory and (b) standard deviation of droplet position
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Fig. 6. Histogram of the initial spherical droplet diameters for all conditions
considered.
4. Results

For each high-speed video, the droplet initial spherical diame-
ter, d0, is quantified using the MATLAB� code discussed in Sec-
tion 3.1. Fig. 6 shows a histogram of d0 from all of the recorded
high-speed videos (the number of realizations, Nd0, is 453). The
measured mean and standard deviation are �d0 ¼ 2:3336 mm and
Sd0 = 0.0067 mm respectively. Using Eq. (5) the associated 95% con-
fidence interval of the true mean is �d0 ¼ 2:3336� 0:0006 mm. Due
to the narrow drop size distribution, higher-order mean diameters,
which are sometimes reported in the literature (Lefebvre, 1989),
are nearly identical to the reported number mean diameter.

4.1. Bag morphology

Using the configuration in Fig. 3, 208 high-speed videos of drop-
let fragmentation were recorded at the conditions given by the first
row of Table 1. Fig. 7a shows the mean trajectory of the geometric
center calculated using the methods outlined in Section 3.1, and
Fig. 7b shows the corresponding standard deviations of position.
In addition in Fig. 7a, the 95% confidence range is approximated
by adding ± kx � Sxi and ± ky � Syi to the average position in the x-
and y-positions, respectively. In both figures, time t = 0 ms corre-
sponds to an instant when the droplet just enters the air-flow field.
Finally, due to difficulties calculating the shadowgraph contour, it
is not possible to quantify the trajectory at times greater than
those shown in Fig. 7.

As expected the standard deviation of droplet position is ini-
tially small, on the order of 0.1–0.2 mm or 4–9% of d0. As the drop-
lets propagate through the air-jet, the deviations grow due to
random turbulent fluctuations and the stochastic nature of the
fragmentation process. At the final times, the uncertainty of the
x-position is roughly 2.5 times that of the y-position.

Note that the out-of-plane droplet position and associated
uncertainties cannot be quantified with the current experimental
configuration. However, because the mean gas-flow in the out-
of-plane direction is approximately zero, similar to the flow in
the y-direction, out-of-plane uncertainties can be estimated to be
comparable in magnitude to those measured in the y-direction.

The mean x- and y-velocities, as well as the corresponding
accelerations, are calculated by applying central differences to
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in the x- and y-directions for the conditions leading to bag breakup.
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Fig. 8. Horizontal and vertical (a) velocities and (b) accelerations calculated with the central difference method for the conditions leading to bag breakup.
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Fig. 9. (a) Mean droplet extent in the x-direction, �dx , and y-direction, �dy , and (b) the associated standard deviations for the conditions leading to bag breakup.
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the position versus time data, and the results are plotted in Fig. 8.
As expected, the initial mean droplet velocity in the y-direction
corresponds closely to the estimated value given by Eq. (3), while
the initial mean x-velocity is approximately zero.

After entering the air-jet, aerodynamic drag accelerates the
droplets in the positive x-direction. In the y-direction, droplet
acceleration tends to be slightly positive, against the direction of
gravity. This may be attributed to droplet motion resulting in a
component of the relative gas-phase velocity in the positive y-
direction and thus a component of aerodynamic drag in the posi-
tive y-direction. Finally, it should be noted that after approximately
t = 5 ms, a bag structure is formed and rapidly expands down-
stream (see Fig. 10). Although the bag has a large projected area,
it has relatively little mass (Chou and Faeth, 1998). Consequently,
the measured geometric center may no longer serve as a good
approximation of the drop center of mass. Therefore, the reported
acceleration may not correspond to physical acceleration of the
drop center of mass for t K 5 ms. Further work is needed to
quantify the differences between the reported geometric centers
and the drop center of mass.

Fig. 9a shows the mean extent of the droplet contour in the x-
direction, �dx and y-direction, �dy, while Fig. 9b shows the associated
standard deviations. The droplet initially contracts in the x-direc-
tion and expands in the y-direction. At t = 6 ms, contraction in
the x-direction ceases and the bag begins to form (see Fig. 10)
resulting in the observed increase in �dx after this time. In the liter-
ature, the time instant where the bag first begins to form is often
used to define a so-called initiation time (Pilch and Erdman,
1987). Unfortunately, selection of this time directly from photo-
graphic results requires significant judgment, often resulting in
somewhat arbitrary values with high uncertainty. As an alterna-
tive, Fig. 9a indicates that the time instant where �dx is minimized
is a robust definition of initiation time.

Next, the air velocity field around the deforming droplet is
quantified using the configuration in Fig. 4 and the methods out-
lined in Section 3.2. Fig. 10 shows a series of ensemble averaged
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results of 2000 realizations at each time point. Time t = 0 ms cor-
responds to the same initial time point given in previous figures.
Select streamlines are shown to highlight the mean flow behav-
ior. In addition, a contour is shown which represents the region
where the droplet outer-extent can be found to within 95%
probability as calculated using the methods outlined in Sec-
tion 3.1. Finally, a representative, instantaneous droplet image ta-
ken from a high-speed video is shown at the approximate mean
droplet location. PIV results within the drop are assumed invalid
and are not shown.



A.K. Flock et al. / International Journal of Multiphase Flow 47 (2012) 37–49 45
The first image of the sequence (Fig. 10a) is acquired at an in-
stant shortly after the droplet has entered the airstream. The
freestream velocity of approximately 10 m/s is visible for
y < 7 mm; a decrease in x-velocity, due to the mixing layer of
the air-jet, can be seen in the region defined by
10 mm < y < 12 mm. With increasing time the droplet deforms
and is transported downstream. A wake is detected at approxi-
mately 3 ms after the first image (Fig. 10b). At 5 ms after the
first image (Fig. 10c), a distinct region of backflow is observed
within the wake region. The backflow velocity is approximately
3–4 m/s, which corresponds to 30–40% of the free-stream veloc-
ity. This region of backflow persists as the bag begins to develop
(Fig. 10d and e). Finally, with a further growth of the bag 11 ms
after the initial image the recirculation zone is no longer de-
tected (Fig. 10f). The relatively low air velocities in the lower left
corner of Fig. 10f arise from the mixing layer of the air-jet. At
later times, the droplet may leave the air-jet; nevertheless, the
high-speed videos confirm that the droplets eventually fragment
at these operating conditions.
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Fig. 12. (a) Mean trajectory and (b) standard deviation of droplet position in the x-
It should be noted that a number of factors contribute to the
overall uncertainty of the PIV results given in Fig. 10. Typical PIV
noise sources—such as background noise, peak locking effects and
displacement gradients (Raffel et al., 2007)—are reduced but not
eliminated by the use of advanced commercial cross-correlation
algorithms. Additional noise sources arise from the unique nature
of this multiphase flow measurement. First, as seen in the sample
PIV images shown in Figs. 4 and 5, the liquid drop reflects and re-
fracts the laser sheet, resulting in bright spots and some local CCD
blooming. This tends to obscure valid data near the drop. Second,
a shadow is formed in the region of the laser sheet behind the drop.
Pre-processing is used to reduce variations in background intensity;
nevertheless, this shadow can be expected to increase noise in this
area. Lastly, variation of the drop position between realizations (see
Fig. 7b) and subsequent averaging may tend to reduce persistent
flow structures—such as wake vortices—if they exist. Further work
is needed to quantify these sources of uncertainty.

To illustrate differences between the instantaneous PIV realiza-
tions and the averaged results, Fig. 11 shows two instantaneous
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and y-directions for the conditions leading to the sheet-thinning morphology.
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PIV realizations at t = 7 ms. Compared to the mean flow (Fig. 10d),
the instantaneous realizations display distinct turbulent eddies, as
highlighted by the selected streamlines.

4.2. Sheet-thinning morphology

In this subsection, results for the experimental conditions lead-
ing to the sheet-thinning morphology are presented. The presenta-
tion closely follows that of the bag breakup morphology given in
the previous subsection.

Fig. 12 shows the mean trajectory and standard deviations of
position calculated from 245 high-speed videos of droplet frag-
mentation at the conditions given by the second row of Table 1.
Similar to the bag breakup case, the standard deviations of droplet
position are initially on the order of 0.1–0.2 mm and increase as
the droplet propagates through the air-jet. At the final times, the
uncertainty of the x-position is roughly 2.5 times that of the y-po-
sition, also similar to the bag breakup case.
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Fig. 14. (a) Mean droplet extent in the x-direction, �dx , and y-direction, �dy , and (b) th
morphology.
Fig. 13 shows the mean x- and y-velocities calculated by apply-
ing central differences to the position versus time data. Once again,
the initial droplet velocity is in close agreement with the estimate
given by Eq. (3). Due to the higher gas-phase velocities, droplet
acceleration in the x-direction is greater in magnitude as compared
to the bag morphology, while the temporal history of the y-velocity
closely resembles that of the bag breakup case. Again, positive
y-acceleration is observed. Finally, it should be noted that the mea-
sured acceleration after t = 3 ms may not correspond to the physi-
cal acceleration of the drop center of mass for the same reasons
given above in the bag breakup case.

Next, Fig. 14 shows the mean and standard deviation of the
droplet extents with respect to time. Again, minimization of �dx

can be used to define the initiation time at approximately 3 ms.
Fig. 15 shows a series of ensemble averaged air flow-fields cor-

responding to the sheet-thinning morphology. Time t = 0 ms corre-
sponds to the same initial time point given in previous figures. At
the first time instant (Fig. 15a), the freestream velocity of about
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16 m/s and the mixing layer of the jet can be observed. Approxi-
mately 1 ms after that, a wake forms and is detected throughout
the remaining time realizations (Fig. 15b–f). A recirculation area
in the wake of the droplet, which was described for the bag
breakup case, is again observed. The velocity of the backflow is
about 6–7 m/s. This is higher in magnitude compared to the bag
breakup case but relatively similar when considered as a percent-
age of free stream velocity (38–44% of the freestream velocity).
Due to strong reflections from the droplet’s surface it was not pos-
sible to acquire PIV images at delay times greater than 5 ms after
the initial image. Thus it is unclear when or if the wake and the
backflow region dissipate.

Fig. 16 shows two instantaneous PIV realizations at t = 4 ms. Sim-
ilar to the bag case, the instantaneous results display distinct turbu-
lent eddies in the wake region. For the subsequent discussion, it is
important to note that some realizations display alternating vortices
in the wake (Fig. 16a), while other realizations at the same time
point show what appear to be symmetric twin vortices (Fig. 16b).
5. Discussion

Using a PIV configuration similar to the current work, Inamura
et al. (2009) observed the generation of alternating vortices behind
a drop which eventually deformed into the bag morphology, simi-
lar to Fig. 11. They concluded that the positive difference in static
pressure between the upwind face of the deformed drop and the
downstream wake results in the formation of the bag structure.
Furthermore, at conditions leading to the multimode morphology,
shown in the third row in Fig. 1, Inamura et al. (2009) observed the
formation of symmetric twin vortices, similar to Fig. 16b observed
here for the sheet-thinning case. They concluded that the strong
backflow between the twin vortices results in a relatively high
stagnation pressure on the center of downwind face of the
deformed drop. Consequently, the center region is theorized to de-
form more slowly than the rest of the drop, resulting in the forma-
tion of the stamen within the bag as shown in the third column in
the third row of Fig. 1.

For the conditions considered by Inamura et al. (2009), Reg was
approximately 2000–3500. In this investigation, Reg is of the same
order of magnitude (see Table 1). Due to the comparable Reg, the
instantaneous turbulent wake structures observed here (Figs. 11
and 16) appear qualitatively similar to that observed by Inamura
et al. (2009). In particular, both investigations reveal large scale
turbulent eddies. However, in this investigation the structure and
location of the turbulent eddies does not appear to correlate with
the breakup morphology. For example, as mentioned in the discus-
sion of Fig. 16, for the sheet-thinning case some instantaneous
realizations of the wake display flow morphologies resembling
alternating vortices, while other realizations resemble symmetric
twin vortices. Furthermore, the mean air flow-fields appear to con-
tain no significant morphological differences between the bag case
(Fig. 10) and the sheet-thinning case (Fig. 15). These observations
seem to indicate that the gas-phase wake structure is unlikely to
be the dominant physical mechanism which determines the li-
quid-phase fragmentation morphology. This conclusion agrees
with experimental observations that the morphological transition
in Fig. 1 is a strong function of We and has very little dependence
on Reg (Lee and Reitz, 2000). Nevertheless, to overcome the uncer-
tainties introduced by ensemble averaging, further investigation
utilizing high-speed PIV to record the temporal wake development
behind single deforming drops is needed. Such investigations will
allow for the elucidation of the role of the wake structure on the
fragmentation process.
6. Conclusion

An experimental investigation of the mean behavior of deform-
ing ethyl alcohol drops injected into a continuous air-jet is pre-
sented. Conditions leading to bag type and sheet-thinning type
breakup are considered. The results presented include the mean
drop diameter, trajectory, velocity, and extent, as well as the
ensemble averaged air flow-field at select time realizations. Spe-
cific conclusions include:

(1) The experimental configuration and data processing tech-
niques developed here are useful for the elucidation of mean
flow behavior and provide an estimation of statistical
deviations.

(2) Experimental results are useful for the development of phys-
ical models and validation of Eulerian–Lagrangian simula-
tion techniques.

(3) The experimental evidence presented here indicates that
the structure of the gas-phase wake may not significantly
affect the transition between liquid-phase breakup
morphologies.
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