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Abstract: The variation of droplet parameters during the spray breakup process affects the droplet
deposition behavior and accurate application. The aim of this study was to experimentally investigate
droplet behaviors along the penetration direction with respect to spray propagation. Particle image
analysis (PIA) was applied to obtain the characteristics of droplets at three representative stages
(namely, initial, quasi-steady, and end stages) after the start of injection (ASOI). The effects of
timing and location on the spray characteristics were thoroughly investigated. First, different
morphological changes of spray (droplets, ligaments, and bags) during spray breakup were observed.
The experimental results show that droplet size and velocity distinctly increase from upstream to
downstream at the initial stage. However, at the quasi-steady and end stages, droplet velocities are
similar, and the effects of location are not evident. This indicates that location has a significant effect
on droplet behaviors at the initial stage. The mean minimum distance (MD) of droplets first increases
considerably and then decreases from upstream to downstream, suggesting that the droplets disperse
better at midstream. Moreover, the mean MD at the initial stage exceeds that at the quasi-steady and
end stages, denoting that the droplets disperse better with time. Finally, the geometric parameter of
droplets and the key stage selection are important for predicting the interaction between the droplets
and surfaces.

Keywords: liquid spray; morphologic changes; diameter; velocity; minimum distance

1. Introduction

The main goals of developing direct-injection spark-ignition (DISI) engines are reduc-
ing pollutant emissions and improving combustion efficiency to cope with severe global
crises, including environmental risk and energy resource restrictions [1]. A key factor in
achieving this goal is the air–fuel mixture quality, which is significantly affected by the
microscopic characteristics of sprays. The interaction between the spray and the air has to
be thoroughly understood.

To investigate the spray atomization process, comprehensive experiments were con-
ducted to obtain the droplet behavior [2]. Droplet diameter, velocity, and number density
have been investigated using various advanced laser diagnostic techniques, such as particle
image velocimetry (PIV), phase Doppler particle analyzer (PDPA), and PIA. Urban et al. [3]
simultaneously calculated the drop size as well as the axial and radial velocity compo-
nents of a spray using the phase-Doppler technique. They found that peripheral droplets
were highly stable, and intense secondary atomization was confined to the spray center.
Deshmukh and Ravikrishna [4] investigated the microscopic structures of diesel sprays
under atmospheric and high gas pressures. The results showed that the ligaments tended
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to become smaller and spread radially with increasing injection pressure. Moreover, atom-
ization was significantly improved under high gas-density conditions. Kashdan et al. [5]
quantitatively measured non-spherical objects using a digital image analysis technique.
They also compared the phase-Doppler anemometry (PDA) data and particle/droplet
image analysis (PDIA) spray data and found excellent agreement among the measured
diameters in the range 10–90 µm. Blaisot and Yon [6] proposed a new approach for spray
sizing based on the modeling of image formation and qualified drop shapes using four
morphological parameters. Moreover, spherical and elliptical droplets were also compared
with the droplets formed by other techniques. Komada et al. [7] investigated the size
and velocity of droplets under an injection pressure of 80 MPa using laser-2-focus (L2F)
velocimetry. They found that the droplet velocity decreased from the center toward the
spray periphery. Shadowgraphy and PIV methods were used by Goldsworthy et al. [8]
to determine the effect of various fuel viscosities on the droplet velocity and size of a
diesel spray in a high-pressure chamber. They found that larger droplets were formed
because of the high fuel viscosity. Pathania et al. [9] studied the droplet size statistics along
the spray penetration axis using the PDPA technique. The average droplet diameter was
approximately 100 µm and increased along the axial distance below the nozzle tip. The
results further showed that the average droplet size did not vary significantly with time
ASOI. Jing et al. [10] used the PDPA approach to evaluate the time-averaged Sauter mean
diameter (SMD) and velocity as functions of the spatial location of the sprays of diesel,
gasoline, and their mixture. They discovered that the SMD and droplet velocity decreased
as the axial distance from the nozzle increased. Wang et al. [11] studied the microscopic and
macroscopic characteristics of diesel spray with split injection using the PDPA technique.
The findings showed that strong collisions (both primary and secondary) resulted in larger
droplets for split injection than for single injection. Moreover, the second spray plume
penetrated quicker than the first one, and the difference of the tip velocity was as high as
10 m/s. Many studies have focused on the droplet breakup model using dimensionless
numbers, such as the Weber number (We). Several researchers [12,13] have shown image
sequences of the fragmentation process for a wide range of parameters. Moreover, they
have summarized the breakup modes (categorized as vibrational, bag, shear or stripping,
and catastrophic) and transitional breakup modes. The critical or transition We is an ap-
proximate value. The reported values vary among different studies. However, because the
liquid spray is a cluster of fuel droplets undergoing complex interactions, the single-droplet
phenomenon fails to represent the spray breakup process. Therefore, the spray breakup
process requires further investigation.

The spray evolution has been thoroughly investigated by many researchers. Feng et al. [14]
selected one capture location at the periphery and investigated the droplet behavior in the
transient spray using the PDIA method ASOI. The results indicate that discrete droplets
and their sizes can be characterized into three distinct phases: latent (0–0.5 ms), injection
(0.5–2.1 ms), and free stages (after 2.1 ms). In addition, the diameters of droplets were in the
range of 7.0–46.5 µm. Lebedevas et al. [15] obtained the liquid jet breakup characteristics
of microalgae oil (MAO100) at elevated temperatures using laser diffraction. The SMD
distribution differed within the temporal evolution of the fuel spray for the injection, half-
time, and end-time stages of jet propagation. They also found that the preheated microalgae
oil was dominant in the following droplet sizes: d ≤ 40–50 µm (~20%) and d ≤ 120 µm
(~50%). Luo et al. [16] investigated the near-nozzle spray characteristics at the initial and
end stages using a high-resolution camera. They found that the spray structures could be
classified as mushroom, steeple, and cylindrical shapes at the initial stage. At the end stage,
droplets are responsible for injector deposition. Bae and Kang [17] gained physical insight
into the development of a transient diesel spray using a charge-coupled device (CCD)
camera. They found that ligaments were generated from the disturbed spray surfaces as
the spray velocity increased. Then, at the early stages of injection, the ligaments broke up
into droplets. Payri et al. [18] applied the PIV technique to measure the velocity field of
a diesel spray. However, their observations were restricted to the steady state of a fully
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developed spray. Liu and Duan et al. [19] identified the bubble, transition, and annular
flows in an effervescent atomizer by high-speed digital images. They found that the droplet
generation process at various air-to-liquid ratios (ALR) resulted in spray unsteadiness,
and all droplet size groups displayed spray unsteadiness. Crua et al. [20] investigated
the initial stage of diesel spray formation and primary breakup using high-speed video
cameras. They observed ripples around a stagnation point on the surface of the cap under
non-evaporation conditions, which might have been generated by shearing instabilities
at the liquid–gas interface. Pei et al. [21] studied characteristics of free and impingement
sprays fueled with different fuels by the PDA system. The results showed that a large
fraction of the incident droplets adhered to the wall. The diameters of the reflected droplets
were reduced compared to those of the incident droplets.

To have a deeper understanding of the spray dynamics, Wang et al. [22] investigated
the shock-induced breakup of two identically sized water droplets in tandem formation.
They discovered that the We varies between 13 and 180 and that the distance between
the droplets varies between 1.2 and 10.5 times the droplet diameter. The formation of
smaller bags in bag and bag-and-stamen morphologies reflected the attenuation of the
breakup intensity. Zhao et al. [23] investigated two neighboring droplets at We = 12.3
in the bag-breakup regime with the normalized separation distance S less than 3, and
they found a coalescence mode at S < 1.3 and a puncture mode at the higher S of the two
tandem droplets. Chen et al. [24] discovered the effect of ambient temperature and injection
pressure on the spray atomization of diesel and diesel–polyoxymethylene dimethyl ether
(PODE3-4) at 20 and 50% fractions of the volume. The results showed that with the increase
of temperature and injection pressure, the droplet size and SMD of diesel and diesel–
PODE3-4 decreased. Moreover, the droplet size of diesel fuel is larger than that of dual fuel
blends. Khaleghi et al. [25] investigated the influence of turbulence on secondary droplet
disintegration. The turbulent intensity has great influence on the critical We value. The
effect of turbulence is much less when the ambient pressure is very high. Amedorme [26]
studied the variation of droplets injected by a swirl atomizer at different locations. The
SMD increased along the center line in the axial direction. However, when the injection
pressure increased, the value of the SMD decreased. The nozzle with the smaller exit-orifice
diameter out of the two compared had a smaller SMD. Chang et al. [27] adopted a spray
slicer to cut the dense spray into thin flakes with the objective of observing discrete droplets.
They found droplets with high Vy are more likely to fly away from the impinging wall.
Moreover, droplets with diameters larger than 20 µm increase at the downstream due to
the breakup of ligaments.

From the foregoing discussions, the PDPA, PDA, PIV, and L2F diagnostic techniques
can be applied to detect the droplet behavior in the dense spray region. However, these
methods fail to obtain droplet images, so PIA may be implemented as a solution. However,
the capture of clear droplet images in the dense regions of the spray is impossible owing to
the high number density of droplets, mainly occurring in the periphery of spray plumes [28].
For accurate droplet recognition, the focus must be on the dilute spray region where the
density of the liquid phase is suitable for imaging. The microscopic imaging of sprays has
proven to be a highly useful tool for evaluating the primary breakup and detecting the
behavior of droplets [5]. In order to figure out the spray breakup process, droplet behaviors
at different stages need to be observed and compared.

From the previous studies on the microscopic characteristics of sprays, three distinct
stages (initial, quasi-steady, and end stages) of spray were observed during spray evolution.
Although a quasi-steady spray was thoroughly investigated using the PIA method, the
microscopic characteristics of spray need to be thoroughly understood at the initial and
end stages. In particular, the droplet distribution from upstream to downstream at different
stages needs to be investigated and compared. Related reports on using PIA to investigate
the spatial distribution of droplets propagating at the periphery have seldom been reported.
As the spray evolves, the droplet size and velocity evidently change, and the interaction
between droplets and ambient gas becomes extremely complex. Accordingly, the aim of
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this study was to characterize the droplet behavior at the spray periphery at the three
distinct stages. Experiments were performed in a constant volume chamber (CVC) using
the PIA technique. First, morphological changes at the spray periphery were captured.
Then, the effects of timing and location on the transient changes in the droplet velocity
and diameter were examined and compared. Finally, the We and MD among the droplets
are discussed.

2. Experimental System and Conditions
2.1. Experimental Setup

A schematic of the PIA system used to investigate the microscopic spray character-
istics is shown in Figure 1. The experimental setup (Figure 1) for the microscopic spray
analysis consisted of a fuel injection system, a CVC with an air purging system, and an
optical system. An Nd: YAG laser with a 532 nm wavelength was employed to provide
homogenous illumination in the chamber. The interval between the two laser pulses was
6 ns. A diffuser with a diameter of 100 mm was used to expand the light beam. A CCD
camera (Flowtech Research Inc., FtrNPC, Yokohama City, Japan) combined with three
teleconverters (number: 3; model: Kenko Tokina, N-AF TELEPLUS MC4; magnification:
1.4 × 1.4 × 2) was used to capture microscopic images. The optical techniques used are
listed in Table 1. The time interval between two frames was 0.8 µs, and the frame size was
1600 × 1200 pixels. The resolution of droplet images was 1.31 µm/pixel. The laser beam
was collinear with the camera axis, providing high illumination intensity and uniform
illumination. This enabled the capture of high-quality images. A synchronizing signal
generator (VSD 2000) was utilized to control the triggering pulses of the laser, injection,
and CCD camera. The experiments in this study were conducted under ambient pressure
conditions in a CVC. A CVC experimental setup was designed to understand the behavior
of fuel sprays in cold, non-reacting environment. In the optical system, the CVC consisted
of four flanges with quartz windows. A six-hole injector injected toluene as the test fuel, the
physical properties of toluene are similar to that of gasoline fuel. The target hole diameter
was 0.166 mm. A schematic of the injector and spray plumes is shown in Figure 2. The set
injection pressure was 20 MPa, and the injection duration was 3.2 ms. The experimental
conditions are listed in Table 2.
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Figure 1. Experimental setup.
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Table 1. Optical system.

Camera Type CCD Camera

Teleconverter Model Kenko Tokina, N-AF TELEPLUS MC4
Teleconverter Magnification 1.4 × 2, 2.0 × 1

Laser Type Nd: YAG
Wavelength 532 nm

Interval Time 0.8 µs
Frame Size 1600 × 1200 pixels
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Table 2. Experimental conditions.

Injector

Hole Geometry Straight hole
Hole Number 6

Nozzle Hole Diameter (d) 0.16 mm
Length to Diameter (L/D) 2

Injection Condition

Fuel Toluene
Injection Pressure (Pinj) 20 MPa

Injection Duration 3.2 ms

Ambient Condition

Ambient Gas Nitrogen
Ambient Pressure (Pamb) 0.1 MPa

Ambient Temperature (Tamb) 298 K

Capture locations for the different stages are depicted in Figure 3. The injector tip was
set as the initial point (0, 0), and three typical timings were set at 1.0, 2.0, and 3.3 ms ASOI.
The arrow to the right is the positive direction of the X axis, and the down arrow represents
the positive direction of the Y axis. The sprays at the three timings represent the initial,
quasi-steady, and end stages of spray development. In this work, three capture locations
were identified: upstream (30 mm), midstream (50 mm), and downstream (70 mm). At
each timing, the three selected capture locations can describe the development of spray
from upstream to downstream. Locations (5.5, 30), (8, 50), and (4.5, 70) were selected as
acquisition points for droplet characteristics at 1.0 ms ASOI. Positions (5.5, 30), (8, 50), and
(8.5, 70) were used to record the distribution of droplets at 2.0 ms ASOI. Locations (3, 30),
(7, 50), and (7, 70) were selected to obtain the droplet behavior at 3.3 ms ASOI. The principle
of selecting the radial distance of the capture location is elaborated in [29]. The capture
timings and locations are summarized in Table 3.
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Table 3. Capture timings and locations.

Case #1
Timing 1.0 ms ASOI (Initial stage)
Locations (5.5, 30) (8.0, 50) (4.5, 70)

Case #2
Timing 2.0 ms ASOI (Quasi-steady stage)
Locations (5.5, 30) (8.0, 50) (8.5, 70)

Case #3
Timing 3.3 ms ASOI (End stage)
Locations (3.0, 30) (7.0, 50) (7.0, 70)

The volumetric flowrate’s variation with time ASOI is depicted in Figure 4. It was
measured using the Zeuch technique in which the injection was triggered in a closed, fixed-
volume chamber filled with toluene. The pressure level in the measurement chamber was
maintained at 2 MPa. The injection pressure was the same as that used in the experiment.
Finally, the injection rate curve could be derived. The three typical timings are marked in
red in Figure 3. Further details regarding the principle of the Zeuch technique are presented
in [30].
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2.2. Image Processing Method

The image processing method applied to the calculations is presented in Figure 5. The
time interval between the two frames was set at 0.8 µs. The measurement principle of the
droplet velocity is based on the change in the droplet displacement. The Canny algorithm
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was applied to extract the shape characteristics of droplets from two sequential frames.
These characteristics include roundness, diameter, eccentricity, and other parameters. The
roundness of droplets exceeded 0.8, and the droplet diameter was 7–60 µm. The selected
spherical droplets shown in Figure 5 are represented by red dots, and the ligaments or
non-spherical droplets are represented by white areas. Note that some droplets cannot be
simultaneously acquired from the two frames. Finally, the droplet centroid displacement
was calculated by matching the corresponding droplets in frames 1 and 2, and the droplet
velocity is calculated using the time interval. In Figure 5, the droplet velocity is indicated
by colored arrows. Further details pertaining to image processing are presented in [31].
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3. Results and Discussion
3.1. Morphological Changes at Spray Periphery

The spray morphology and MD definition are shown in Figure 6. Two types of
information can be obtained from the microscopic images. Non-spherical liquids, such as
ligaments and bags, can be observed in Figure 6, and spherical droplets can be calculated
by the image processing method presented in Figure 5. Moreover, the MD among droplets
is defined in Figure 6. Note that for a particular droplet surrounded by other droplets, the
distance between this droplet and each of the surrounding droplets is obtained. Accordingly,
several distances are calculated (such as D1, D2, D3, D4, D5, and so on). The MD indicates
the degree of the droplet number density at a fixed size window. Details of the mean MD
are found in our previous work [31,32].

The morphological changes at the spray periphery are described in Figure 7. In this
figure, #1 and #1′ are two successive frames with a time interval of 0.8 µs. The liquid
droplet behaviors, such as coalescence and breakup, are depicted in Figure 7a. As shown
by #1 in Figure 7a, when two droplets differ in relative velocities, they merge into a single
droplet. Furthermore, the two droplets are pinched off from the ends of the ligament,
and the remaining ligament contracts to form a third droplet, as shown by #2. The single
droplet stretches and eventually breaks up, as shown by #3. This occurs because the
rotational kinetic energy exceeds the surface tension energy required to maintain a single
mass. Further details regarding the regimes of coalescence and separation are given by the
findings of Qian and Law [33]. The morphological changes in the ligament are shown by #4
and #5 in Figure 7b. A strong centrifugal force causes the ligament to elongate. Moreover,
due to aerodynamic dragging forces, the bag is drawn out into a form with a thin rim
outside and a core drop inside, as shown by #7 and #8 in Figure 7c. For #6, the liquid
interior is bright and considered as a bag. However, the bag shape is complicated and
considerably varies with time.
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The Reynolds number (Re)–We distribution is depicted in Figure 8. The horizontal
and vertical axes represent Re and We, respectively. Moreover, the numbering shown in
this figure corresponds to that in Figure 7. Many of the findings were characterized in
terms of a number of non-dimensional categories. In secondary atomization, a drop is
deformed by aerodynamic forces, causing it to fragment. The liquid surface tension resists
this deformation and tends to restore the spherical shape. Accordingly, We (defined as
the ratio of aerodynamic forces to surface tension forces) is the most significant parameter
for describing the secondary atomization; a larger We value denotes greater proclivity
toward fragmentation. Another important dimensionless number is Re, which is the ratio
of aerodynamic forces to ambient viscous forces.
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The equations of We and Re are as follows:

We =
ρaVD

2D
σf

, (1)

Re =
ρaVDD

µ f
, (2)

where ρa is the ambient gas density; VD is the relative velocity of the liquid; D is the droplet
diameter; σf is the surface tension coefficient of fuel; and µ f is the dynamic viscosity of
fuel. To calculate the equivalent area from the droplet images, the boundary of the liquid
was selected. Subsequently, the diameter was obtained. The velocity is calculated based
on the movement of the liquid centroid. After calculating We and Re, a map of the We–Re
distribution was drawn. The phenomena of droplet coalescence and shape change of the
ligament are in the range of small values of We and Re. The droplet breakup occurs in
the upper region where We and Re are considerably high. The bag is located in the lower
region, and Re is similar to that of the droplet breakup. However, the We of bag the is much
smaller than that of the droplet breakup. In the future, a simple means for establishing
these regimes based on the appearance of the liquid droplets will be developed.
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3.2. Droplet Diameter–Velocity Distribution

The droplet diameter–velocity distribution is depicted in Figure 9. The effects of
timing and location on the droplet behavior are shown in Figure 9a,b. In Figure 9a, the
droplet diameter–velocity distributions at upstream appear to be similar. However, at
1.0 ms, the droplet velocity at midstream and downstream considerably exceeds those at
2.0 and 3.3 ms ASOI. As shown in Figure 9b, the droplet velocity increases from upstream
to downstream at 1.0 ms ASOI. However, at 2.0 and 3.3 ms ASOI, the droplet velocity
distributions are similar from upstream to downstream. These observations indicate that
the droplet velocity at 1.0 ms is much greater than those in other cases at downstream. The
droplet behavior is elaborated in the next section.
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The droplet velocities in the X and Y directions are compared in Figure 10. In this
figure, the specific capture locations are shown by the coordinates on the right. Colored
dots represent the droplet velocity under different timings. The velocity along the X axis
is Vx (m/s), and that along the Y axis is Vy (m/s). To identify where the droplets are
observed, the quadrant numbers are shown on the upper left of Figure 10. The droplet
arrow indicates the direction of the droplet’s velocity. When droplets are in the first and
second quadrants, the droplets move along the direction of spray development. When
the droplets are distributed in the third and fourth quadrants, the droplets change their
direction of movement due to air entrainment. Because the velocity distribution of droplets
is concentrated in the first quadrant, these droplets considerably contribute to the axial and
radial expansions of the spray.
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Figure 10. Droplet velocity in the X and Y directions.

To determine the impact of shot timing, note that the droplet velocity distributions are
similar at 2.0 and 3.3 ms ASOI from upstream to downstream. However, at midstream, Vx
at 1.0 ms greatly increases, contributing to the radial spray expansion. Furthermore, Vy
at 1.0 ms ASOI is much higher than that downstream at 2.0 and 3.3 ms ASOI. A possible
reason is that the droplets at 1.0 ms are in the initial stage, and those at the periphery
perform an important function in the axial and radial expansions of the spray. The droplets
at 2.0 and 3.3 ms ASOI are in the quasi-steady and end states, respectively. The results
are compared with the studies of Zhou et al. by the PDPA method. Zhou et al. [34]
also investigated the macroscopic spray and microscopic droplet diameter, velocity, and
temperature through various measurement methods. They found that the spray presented
a bowl spray configuration with rapid expansion at the nozzle exit, which is consistent with
our work. Due to the air resistance, the droplets at the edge lose most of their kinetic energy
and cannot continue to expand. To determine the effect of location, note the similarity of
the droplet velocity distributions along the spray development at 2.0 and 3.3 ms (Figure 10).
In contrast, the droplet velocity greatly varies from upstream to downstream at 1.0 ms.
This occurs because the droplets located at the downstream are near the spray tip, resulting
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in a high Vy magnitude. Moreover, those located at 50 mm have high Vx magnitudes,
contributing to the spray expansion in the radial direction.

The mean velocities of the droplets are shown in Figure 11. The horizontal axis
represents the distance from the injector tip, and the vertical axis denotes the mean velocity.
Considering the effect of different timings, the mean velocities at 2.0 and 3.3 ms ASOI along
the spray development are similar. However, at the midstream and downstream, the mean
droplet velocity at 1.0 ms is much larger than those at 2.0 and 3.3 ms ASOI. This occurs
because the droplets at 1.0 ms are at the initial stage and play an important role in the axial
and radial expansions of the spray. The mean velocity at different locations is depicted
in Figure 11b. To determine the effect of different locations, note that for upstream and
midstream, the mean velocity at different timings is similar. However, at downstream, the
mean droplet velocity at 1.0 ms is much larger than those at 2.0 and 3.3 ms ASOI. This is
because at the initial stage, the droplets enable the spray penetration.
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Figure 11. Mean droplet velocity.

3.3. Droplet Size Distribution

The droplet size distribution is shown in Figure 12, where the horizontal and vertical
axes represent the droplet diameter and probability, respectively. The solid lines of three
different colors shown in Figure 12a represent three different timings. The solid lines of
three different colors shown in Figure 12b represent three different locations. To consider
the effect of timing on droplet size, note that in Figure 12a, at 30 and 50 mm, the distribution
area of the droplet diameter has no distinct differences under different timings. Moreover,
the peak droplet diameter is approximately 12 µm. With the spray’s development (at
70 mm), the peak decreases from 1.0 to 3.3 ms ASOI, indicating that the droplet diameter
increases. A possible reason for this is that the ligaments easily break up into larger droplets
owing to aerodynamic resistance. Consequently, numerous larger droplets are generated
during spray development. The probability of the droplet diameter ranging from 10 to
16 µm at 1.0 ms is a little lower than that of droplets at downstream at 2.0 and 3.3 ms
ASOI. However, when the diameter changes to the larger diameter range (20–45 µm), the
droplet diameter probability is the highest at 1.0 ms. Accordingly, the largest SMD also
occurs at 1.0 ms. To identify the effect of timing on the droplet size shown in Figure 12b,
note that at 1.0 ms, from upstream to downstream, the droplet size increases. This is
because the ligaments easily break up into larger droplets owing to aerodynamic resistance.
Consequently, numerous larger droplets are generated at downstream. Moreover, at
downstream, the capture location was near the spray tip, so the possibility of droplet
coalescence increased. This result is consistent with the findings of Lee et al. [35]. However,
at 2.0 and 3.3 ms, the droplet size is similar from upstream to downstream. A possible
reason is that the sprays at these timings are at the quasi-steady and end states, resulting in
satisfactory dispersion at the edge.
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The SMD is shown in Figure 13a, and the three colored lines represent different timings.
Figure 13a is used to show the effect of different timings on the SMD. At 2.0 and 3.3 ms
ASOI, from upstream to downstream, the SMD slightly decreases. However, at 1.0 ms,
the SMD noticeably increases. A possible reason is that the spray is at the quasi-steady
and end stages at 2.0 and 3.3 ms ASOI, respectively. Droplet dispersion improves from
upstream to downstream, and the spray at 1.0 ms is at the initial stage of spray development.
In particular, the SMD at downstream is much greater than the SMDs at upstream and
midstream. To explain the effect of different locations on the SMD shown in Figure 13b, note
that at 2.0 and 3.3 ms ASOI, the SMDs are similar along the direction of spray development.
However, the SMD clearly increases from upstream to downstream. This is because the
droplets of the spray tip located at downstream are larger and have high velocity.
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Figure 12. Droplet size. (a) Different timings at same location ((1) 30 mm, (2) 50 mm, and (3) 70 mm);
(b) different locations at same timing ((4) 1.0 ms, (5) 2.0 ms and (6) 3.3 ms).
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3.4. Mean Minimum Distance of Droplets

The mean MD of droplets is shown in Figure 14. The details on defining the MD are
provided in Figure 6. The mean MD indicates the degree of the droplet number density
at a fixed size window. To investigate the effect of timing on the mean MD, note that the
mean MDs at 2.0 and 3.3 ms ASOI considerably exceed that at 1.0 ms, indicating that the
droplets disperse better with time. In investigating the effect of location on the mean MD,
the mean MD at midstream is found to considerably exceed the mean MDs at upstream
and downstream, indicating the good dispersion of droplets at midstream.
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The velocity–MD distribution with We is shown in Figure 15. The horizontal and verti-
cal axes represent the droplet velocity and MD, respectively. The transitions to the defor-
mation regimes are critical because they specify the conditions under which droplets break
up. The deformation regimes with increasing We, obtained from Hsiang and Faeth [36],
are as follows: 5% deformation, We = 0.6; 10% deformation, We = 1.0; 20% deformation,
We = 2.1; oscillatory deformation, We = 3.0; and bag breakup, We = 13. The definitions of
the deformation and deformation regime details are reported by Hsiang and Faeth (1995).
The colored dots in Figure 15 represent the droplets with different We values. When We
≤ 0.6, 0.6 < We ≤ 1.0, 1.0 < We ≤ 2.1, and 2.1 < We ≤ 3.0; the deformations of droplets are
less than 5%, 5–10%, 10–20%, and from 20% to oscillatory deformation, respectively. A
change in droplet state from oscillatory deformation to bag breakup indicates that droplets
with high We can break up. Moreover, in all cases, We never exceeds 13. The evident
phenomenon is that the number of droplets with a We value greater than 0.6 at 1.0 ms
exceeds those at 2.0 and 3.3 ms ASOI. At 1.0 ms ASOI, the number of droplets with We
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values exceeding 0.6 increases from upstream to downstream. In particular, the We values
of most droplets downstream are larger than 0.6. Droplets with larger We values have
considerable deformation, and those with We values exceeding 3 tend to break up into
smaller droplets. Moreover, droplets with a high We values have small MDs, indicating
that they are near the dense spray tip region. A possible reason for the foregoing is that the
droplets at 1.0 ms are at the initial stage. Hence, these droplets, particularly those located
70 mm from the spray tip, momentarily have high momentum. However, at 2.0 and 3.3 ms
ASOI, from upstream to downstream, the droplet behaviors are similar. The We values of
most droplets are less than 0.6, and the number of droplets with We values exceeding 0.6
decreases from upstream to downstream. Moreover, no droplets with We values greater
than 1 exist at midstream and downstream. This is because the droplets at 2.0 and 3.3 ms
are at the quasi-steady and end stages. Hence, they have lost most of their kinetic energy
due to air resistance. Finally, the velocity of droplets is less than 30 m/s at all locations,
except for the droplets downstream at 1.0 ms.
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In summary, the spatial distribution of droplets at the periphery and the three main
factors, i.e., mean velocity, mean MD, and SMD, are shown in Figure 16. The tendencies of
mean velocity and SMD at 2.0 (Figure 16b) and 3.3 ms (Figure 16c) ASOI are similar from
upstream to downstream. However, at 1.0 ms (Figure 16a), the mean velocity and mean MD
increase obviously from upstream to downstream. This possibly occurs because the droplets
at 1.0 ms are in the initial stage, thus possessing high momentum. This is consistent with
the findings of Zhou et al.; they found the average droplet velocity exhibited an obvious
acceleration with increasing axial distance [34]. These droplets located at 70 mm are from
the spray tip. The mean MD is maximum at midstream, indicating the better dispersion of
droplets at this location. As for the application of this work, the geometric parameter of
droplets and the key stage selection are significant for evaluating the interaction between
the droplets and the surface [37].
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4. Conclusions

An experimental investigation of the microscopic characteristics during the spray
breakup process at different stages has been performed. The variations in the droplet behav-
iors between different stages and locations were also compared. A deeper understanding
of droplet behaviors can guide reasonable stage selection, improve thermal efficiency, and
ensure accurate application. The main conclusions are as follows:
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(1) At the initial stage, the velocity of downstream droplets is much higher than those
of the other cases. This is because the capture location was near the spray tip where
droplets are larger and have high velocity. The foregoing plays an important role
in the axial and radial expansions of the spray at the initial stage. Moreover, the
droplet size increases from upstream to downstream. The ligaments easily break up
into larger droplets due to aerodynamic resistance. However, at the quasi-steady and
end stages, the droplet size and velocity distribution are similar from upstream to
downstream.

(2) The mean MDs at the quasi-steady and end stages considerably exceed that at the
initial stage, indicating that the droplet dispersion improves with time. However,
the mean MD at midstream is much larger than the mean MDs at upstream and
downstream. This indicates that the droplets at midstream disperse better than those
at upstream and downstream.
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Abbreviations

ASOI After the start of injection
CCD Charge-coupled device
CVC Constant volume chamber
d Nozzle hole diameter
DISI Direct-injection spark-ignition
L/D Length to diameter
L2F Laser-2-focus
MD Minimum distance
PIA Particle image analysis
PIV Particle image velocimetry
PDPA Phase-Doppler particle analyzer
PDA Phase-Doppler anemometry
PDIA Particle/droplet image analysis
Pinj Injection Pressure
Pamb Ambient pressure
SMD Sauter mean diameter
Tamb Ambient temperature
We Weber number
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