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ARTICLE INFO ABSTRACT
Keywords: The study aims to analyze the spray atomization of liquefied petroleum gas direct injection (LPDI) injector based
Liquefied Petroleum Gas (LPG) on the macroscopic and microscopic experiments. Two experimental injectors were used in the presence and

Spray-wall impingement

Phase Doppler Particle Analyzer (PDPA)
Nozzle hole geometry

LPG Direct Injection (LPDI)

absence of step hole, and the experimental fuels used n-heptane and n-butane.

The macroscopic and microscopic spray characteristics as function of the application of step hole were
analyzed using two experimental injectors and n-heptane fuel. The macroscopic spray experiments analyzed the
initial spray, after the end of injection and nozzle tip wetting using near-field visualization, and microscopic
spray experiment analyzed fuel-air atomization phenomenon as function of the application of step hole using
PDPA equipment.

In addition, macroscopic and microscopic spray characteristics were analyzed for two experimental fuels and
spray-wall impingement using the presence of step hole injector. The macroscopic spray experiment analyzed the
spray evaporation characteristics for the two experimental fuels and spray-wall impingement using the schlieren
visualization, and microscopic spray experiment analyzed the fuel-air atomization phenomenon as function of
the two experimental fuels and spray-wall impingement using PDPA equipment.

It was found that the presence of step hole injector showed better atomization results than those of the absence
of step hole injector. But, the tip wetting of the presence of step hole injector was poor than that of the absence of
step hole injector. Furthermore, based on the schlieren experiment, a comparison of free and flat sprays with the
two fuels found that the spray width and area of n-heptane in free spray exceeded those of n-butane owing to the
vapor pressure of n-butane. However, in the flat spray, the spray width and area of n-butane were exceeded those
of n-heptane. It was found that the atomization was promoted after the spray-wall impingement.

emission (EU) regulations. For the first time after the introduction of EU
regulations, gasoline and diesel vehicles were equally estimated from
2025, and strengthening the emission regulation of nitrogen oxides from
80 mg/km to 60 mg/km, and expanding the measurement range of
particle number by more than 50 % from 23 nm to 10 nm. In addition,
emission restrictions were established on previously unregulated pol-
lutants (NHj3, brake were particles, etc) among air pollutants. The Euro 7
regulations strengthen all pollutants measured on the road and in the
laboratory, and especially emissions measured on road strengthen
emission pollutants of 55 % CO, 78 % NOx, and 69 % HC compared to
the Euro 6 [2,3]. Among exhaust emissions from gasoline and diesel
vehicles, the particulate matter and number have the disadvantage of
adversely affecting environmental pollution such as fine dust, and
harmful to the human body through the respiratory system [4,5].

Introduction

Major countries around the world are gradually strengthening stan-
dards for vehicle emission regulations. The vehicle emission regulations
of South Korea are differently applied for each vehicle fuel. Gasoline
vehicle sold in South Korea are promoting the introduction of Low
Emission Vehicle IV (LEV IV), which has been strengthened for new
vehicles since 2026 based on U.S. emission regulations. The emission
regulations of LEV IV include the reduction of hydrocarbon and nitrogen
oxide emissions, and a more stringent the PM standard of the US06 mode
from the current 4 mg/km to 2 mg/km by about 50 % [1]. In addition,
diesel vehicles are promoting the introduction of Euro 7, which is more
stringent for new light-duty vehicles after 2025 based on European
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Nomenclature
D Droplet diameter
Pipnj Injection pressure
Pamb Ambient pressure
\Y Droplet velocity
Uinj Injection velocity
We Weber number
Pruel Fuel density
c Surface tension of fuel
Abbreviations
AMD Arithmetic mean diameter
BSFC Brake specific fuel consumption
DI Direct injection
ICE Internal combustion engine
LDM Long distance microscope
LPDI Liquefied petroleum gas direct injection
LPG Liquefied petroleum gas
PDPA  Phase doppler particle analyzer
PMT Photo multiplier tube
SMD Sauter mean diameter

Accordingly, many researchers in industries and academia around
the world are conducting a lot of research in various fields to reduce the
emissions and particle number from Internal Combustion Engine(ICE).
For example, as a method to reduce the particle number in ICE, the ef-
forts of increasing the fuel efficiency of ICE vehicles have been applied
such as the development of high-performance engines [6-7] downsized
engines [8], optimized combustion-chamber shape and fuel injection
[9-10], reinforcement of cylinder flow [11], and use of alternative fuels
[12-14]. Among alternative fuels, liquefied petroleum gas (LPG) is
widely used. Because LPG fuels can be stored at low pressures, they offer
the combined advantages of reduced air pollution, easy storage, low
cost, sufficient fuel charging station infrastructure, lean combustion
potential, and relatively simple hydrocarbons [15]. In addition, because
the octane numbers of LPG components are similar to that of gasoline, it
is possible to fuel a gasoline engine with LPG simply by modifying the
fuel-injection system. Currently, gasoline and LPG engines use a direct
injection (DI) method similar to diesel injection method. However, the
spray structure and spray characteristics significantly change due to the
difference in vapor pressure between LPG and gasoline fuel [15]. Y.S. Yu
et al., investigated in detail the spray structure as function of fuel
properties such as density, surface tension and vapor pressure using LPG
fuels (propane, butane) and gasoline. They found that the flash boiling
occurs due to differences in vapor pressure of test fuel and has a sig-
nificant effect on spray characteristics. The difference in vapor pressure
of the fuel causes flash boiling, which causes the spray structure, and this
will be discussed in detail in section 3.2.

Furthermore, the replacement of PFI injector to DI injector to
improve spray atomization have been applied. However, DI injector has
the disadvantage of a short mixing formation time between spray and air
[16-17]. To overcome this disadvantage, it is very important to improve
the spray atomization in DI injector. Several factors can affect atomi-
zation of DI injectors, including high-pressure injection [18], flow
within the injector nozzle [19], cavitation and flash boiling [20], and
spray-wall impingement [21].

Here, the spray-wall impingement collision between the cylinder
wall and the fuel is due to high-pressure injection and the narrow space
of a downsized engine. Spray-wall impingement differs from free spray.
In general, spray-wall impingement has high spatial dispersion and
concentration of droplets and induces secondary breakup of injected fuel
during collisions, allowing dispersion of fuel droplets in the entire space
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creating fine droplets. In addition, among various nozzle geometries of
DI injector, the step hole has an important role on reducing deposit
formation and increasing mixture formation of spray and air in cylinder
owing to the reciprocal action for the spray and the nozzle wall inside
the injector nozzle [22-24].

Lately, many research papers were published to investigate the in-
fluence for step hole on spray characteristics and the characteristics of
spray-wall interaction, which has potent influence on fuel atomization,
air pollutant levels and engine power.

R. Payri et al., [22,23] found that the counter-bore has the advantage
of better fuel-air mixture for more air-entrainment. For this reason, it is
the interaction between spray and recirculation air inside the counter-
bore. In addition, they conducted the influence of the presence of
counter-bore injector on combustion characteristics. There is an
advantage that counter-bore nozzle has less Brake-specific fuel con-
sumption (BSFC) and emits less CO and smoke than the standard nozzle.
J. Park et al., [24] conducted the effects of different nozzle hole shapes
on spray development. They reported that the smaller the diameter of
step hole and the smaller the length of step hole, the stronger the vertical
momentum. This is because reducing the diameter and length of step
hole increases the air flow between wall and spray inside the step hole,
reducing the radical direction and increasing the vertical momentum. H.
Oh et al., [25] reported the results of spray, injector tip wetting and
particulate emissions as function of various nozzle designs such as
nozzle without step hole. They derived the correlation between spray
and tip wetting depending on nozzle designs and suggested optimization
method to reduce particulate emissions.

Pei et al., [26], who investigated the influence of impingement spray
compared to free spray with various test fuels using phase Doppler
anemometry. Furthermore, higher values of K, which is related to the
Reynolds and Ohnesorge numbers, promoted finer breakup and smaller
reflective droplets. Qiu et al., [27] compared free spray and spray
impingement according to plate temperature under flash boiling con-
ditions using various test methods. They found that the droplets of plate
spray were slightly smaller than those of free spray at the same mea-
surement point. Peraza et al., [28] described the macroscopic charac-
teristics of spray-wall interaction as function of the wall inclination
angle using optical equipment, such as schlieren and OH* chem-
iluminescence, which calculate the flame lift-off length, and natural
luminosity diagnostics, which record how a flame spreads over a wall.

In this paper, the experimental study was conducted for the impacts
of the application of step hole and the features of spray-wall interaction
on spray atomization with LPG direct injection (LPDI) injector.
Furthermore, the quantitative comparison of the effect of droplet phe-
nomenon such as external flow break-up process and disturbance inside
the step hole, on the initial spray shape from injector tip and average
droplet characteristics. For the spray-wall impingement, the spray
development process and spray atomization after spray-wall impinge-
ment were qualitatively and quantitatively analyzed owing to difference
in vapor pressure with two fuels. Based on the two experiments, this
paper provides data that can be used in future analysis of spray
atomization.

Methodology
Experimental setup

Fig. 1(a) depicts that the nozzle internal shape and different hole
layouts (with the presence and absence of step hole) of the three-hole
injector. Both injectors have the same hole diameter. The presence of
step hole injector has a L/D ratio of 1.1 and a step hole diameter of 0.35
mm while the absence of step hole injector has a L/D ratio of 1.5. Table 1
summarizes the fuel properties. One fuel is n-heptane, which has phys-
ical properties similar to those of gasoline [29]. In addition, LPG fuels
are divided into winter and summer formulations. The fuel used in this
study is the summer formulation, which n-butane is the main
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Fig. 1. Experimental conditions.

component. LPG has the advantage of increased thermal efficiency and
fewer harmful air pollutants than gasoline. Furthermore, the boiling
point of LPG implies a lower transition temperature from liquid to vapor
at atmospheric pressure compared with n-heptane, and the vapor pres-
sure of LPG is relatively high, giving it excellent evaporation charac-
teristics. This study analyzed the impacts of the two fuels on free spray
and flat spray. To describe the impingement conditions with a piston
inside the combustion chamber, this study involved manufacture of a
flat acrylic model that included the impingement wall (Fig. 2).

The schematic diagram of the experiment is shown in Fig. 3 by
dividing it into the application of step hole and the spray-wall
impingement. The orientation and position of the camera and spray
plumes of injector set in each experiment are shown in Fig. 3(c).

Fig. 3(a) is the schematic diagram of experiment for the application
of step hole using n-heptane fuel. To visualize and investigate the spray
atomization and droplet after injection, Fig. 3(a,i) and Fig. 3(a,iii) show
the macroscopic spray experimental setup. In both experiments, high-
power LED lamps (Cyclops [-120 W in Fig. 3(a.i), Veritas Constellation
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Table 1

Properties of test fuels.
Fuel n-heptane n-butane
Chemical formula C7Hi6 C4Hio
Density (g/m*@25°C) 0.68 0.57
Surface tension (mN/m@20°C) 20.14 0.023
Viscosity (cSt@20 °C) 0.402 0.286
Vapor pressure (kPa) 4.6 213.7
Boiling point (°C) 98.5 -0.5

120E in Fig. 3(a,iii), ultra-high speed camera (Phantom, VEO1310),
long-distance microscope (LDM, Model K2 DistaMaxTM) for near spray
visualization were used. The near spray visualization images were ob-
tained at a resolution of 640 x 144 and a recording rate of 90,000 fps,
and the tip wetting visualization images were obtained at a resolution of
320 x 240 and a recording rate of 10,000 fps.

Fig. 3(b,iii) is the setup of the fuel supply system. To maintain high-
pressure injection of a test injector, the fuel is pressurized to 150 bar
using a pneumatic pump (Haskel, HSF-300). The test fuels were reserved
in a fuel tank. The LPG was reserved in a 47 L gas cylinder. To create the
liquid phase of n-butane, siphon method was used for the LPG fuel
system. In detail, upper section inside the cylinder was pressurized using
helium gas and the liquid was extracted from the bottom of the bombe
using a long stainless steel tube.

Vapor-phase spray development was investigated using the schlieren
method in shown Fig. 3(b,i). The primary notion of the schlieren method
is to measure the change in index of refraction owing to fluid movement
over the measuring area [30-31]. The detailed experimental setup was:

a) The light source was a high-intensity LED (Cyclops I-120 W) coupled
with a pin-hole aperture placed on the emitter. The position of pin-
hole was located at the focal point of a parabolic mirror.

b) To generate a collimated beam passing through the measurement
area, one concave parabolic mirror was used.

c) The beam was converged by another concave parabolic mirror to
focus the knife-edge just before the camera.

d) The position of the knife edge was adjusted to optimize the balance
between schlieren sensitivity and intensity level.

Sequential spray images were obtained from a high-speed camera
with a 200 mm macro lens (Nikon, Micro-NIKKOR) running at 10,000
fps (480 x 324 pixels).

Fig. 3(a,ii) and Fig. 3(b,ii) with geometric wall are a schematic of a
Phase doppler particle analyzer (PDPA), detailed information for which
is summarized in Table 2. The light source of a PDPA can measure the
droplet diameter and velocity. The PDPA consisted of a 1.0 W argon-ion
laser with a 514.5 nm Fiber light multi-color beam generator (2nd
channel LDV.PDPA), laser source (Stellar-pro-L), 2D axis traverse,
transmitter (TSI, TM250), receiver (TSI, RV2070), and Doppler signal
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analyzer (TSI, FSA4000, and PDM1000). Both the transmitter and
receiver were mounted on a 2D axis traverse system to maintain a
constant measurement angle to create a fringe pattern at the same point
using two lasers. The ranges of droplet velocity and diameter of PDPA
system were from -6.44 m/s to 109.42 m/s and 0 to 120 um, respec-
tively. Multiple criteria, such as band pass filter, Photo multiplier tube
(PMT) voltage, burst threshold, and signal-to-noise ratio, were applied
to improve the accuracy and reliability of the measurements. For each
point, the software analyzed a minimum of 5,000 valid droplets to
ensure statistical significance and reproducibility. The arithmetic mean
diameter (AMD) and Sauter mean diameter (SMD) were calculated from
the measured droplet diameters:

ZniDi SMD — EniDi3
>’ > mD/?

In Fig. 1(b), the droplet diameter and velocity were measured at 67
points with varying X and Y directions using the PDPA. The spray target
coordinates of n-heptane and n-butane fuels are indicated by blue
squares and red circles, respectively, and the spray center is indicated by
a yellow star. Additionally, the measurement point was at a vertical
length of 30 mm (z direction) based on injector tip. Comparing the spray
target coordinates for the fuels, the n-butane fuel showed a narrower
spray cross-sectional area and narrower spray plume coordinates
compared with those of n-heptane due to its high evaporation property
and relatively low density.

The detailed experimental conditions of step hole geometry and
spray-wall interaction on spray atomization are listed in Table 3. The
effect of step hole geometry on spray atomization was conducted for n-
heptane. Furthermore, the effect of spray-wall interaction was con-
ducted to compare the Weber number for spray-wall interaction using
two experimental fuels (n-heptane and n-butane) and the presence of
step hole injector.

AMD =

2.2. Image post-processing sequence

The software program(MATLAB) was used to acquire quantitative
macroscopic spray characteristics. The microscopic near spray mea-
surement image was determined to calculate the spray characteristics, as
shown in the left side of Fig. 4(a). After determining the microscopic
near spray measurement image, post-processing occurred in the order
of: raw image, adjust and gray image, binary image, and detected image.
In the first adjust and gray step, RGB images O to 255 were switched into
gray images 0 to 1 and the spray boundary was highlighted by darkening
the around background. In the second binary step, the spray boundary
was detected. Finally, the spray width and area were calculated by
aggregating the pixels inside the spray boundary. Fig. 4(b) shows the
image processing of droplets after spray in near spray visualization. The
image post-processing sequence is the same as the one used for Fig. 4(a).
Finally, in the tip wetting using LDM, ten images were obtained to
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Fig. 2. Schematic diagram of the geometrical wall.
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ensure reproducibility and reduce deviations between experiments in
Fig. 4(c). To quantitatively analyze the tip wetting, the detailed test

sequence can be found in the literature [15].

Fig. 4(d) is an image post-processing for schlieren image of the spray

Fig. 3. Schematic diagrams of experimental setup.

wall impingement. First, the raw image obtained by the high-speed
camera is shown. The image was obtained by removing the back-

ground of a state in which fuel was not injected by the injector from all

images collected after applying current to the injector. The color image
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Table 2
Specifications of the PDPA system.

Droplet measurement system: PDPA

Laser source Argon-ion laser

Wavelength (mm) 514.5

Focal length (mm) 250 mm for transmitter optics
250 mm for receiver optics

Collection angle 33 (off-axis)

Beam diameter (mm) 1.77

Fringe spacing (mm) 6.4364

Table 3
Experimental conditions of the spray visualization and PDPA experiments.
Spray visualization PDPA
Near- Tip Schlieren
field wetting
Ambient pressure (bar) Atmospheric
Ambient temperature (°C) 25
Injection pressure (bar) 150
Wall distance from the tip - 30

(mm)
Inj. energizing duration (ms) 1.5

(24bit) was changed to a gray image (8bit), which was converted to a
binary image to accelerate image processing and recognition calcula-
tions. A binary image can clearly select the spray boundary by con-
verting a value above the threshold value from O to 1. The threshold
value used in this study was 0.11. In addition, the definition of spray
width is the distance to the edge of the spray boundary, meaning the
horizontal length. The definition of spray area is the sum of all pixels
within the spray boundary.

The spray that developed at the front was defined as forward, and the
spray that developed to the rear was defined as backward according to
the characteristics of development along the wall, as shown in Fig. 5(a).
After spray impingement with an acrylic wall, the concept of spray path
penetration (Lpam) mentioned in Stanton et al., [32] was investigated to
describe spray growth in Fig. 5(b). Here, the distance of the spray-wall
impingement was Ly, and Ly was the point at which the spray was
farthest sideways from the point of contact, with the wall vertically
lowered based on the nozzle tip. The path penetration (dLpam) was first
calculated with Ly and Ly. To illustrate the characteristics of spray
development after spray wall impingement, the increase in the move-
ment of spray path (dLpam) with respect to change in time can be
calculated as follows:

deazh = (de)z + (dL,v)2

Spray path penetration (Lpam) can be calculated by integrating the
micro-change in the increased movement of the spray path (dLjaem):

dL, dL,
Lpalh = / ( ar )2 + (7;)2611‘

3. Experimental results and discussion

3.1. Impact of nozzle hole geometry on spray atomization

3.1.1. Spray visualization using LDM

Spray atomization is very important because it significantly affects
thermal efficiency and engine power. To analyze the spray atomization
qualitatively and quantitatively, many researchers have measured near-
field images acquired from high-speed cameras equipped with micro-
scopes [33-34]. However, unlike previous studies, in this paper, the
impact of the presence and absence of step hole on atomization char-
acteristics was analyzed by measuring the near-field images.

Energy Conversion and Management: X 20 (2023) 100472

Fig. 6 depicts the sequential spray morphology of n-heptane in the
near-field under the same injection pressure and atmospheric pressure
conditions for two injectors. At 0.23 ms, two injectors started injection
from the nozzle holes at the same point in time, and the spray
morphology looked similar to each other. However, when the spray
morphology was analyzed qualitatively, it was found that the spray
width of the presence of step hole injector was larger than that of the
absence of step hole injector. Fig. 7 quantitatively shows the spray width
and spray area for ten test runs performed with each of two injectors at
the same point in time. As a results, all experiments show that the
presence of step hole injector has a larger spray width and spray area
than that of the absence of the absence of step hole injector. Looking at
this as a quantitative index, the average spray area of the presence of
step hole injector was measured to be 23.9 % wider than that of the
absence of step hole injector in Fig. 7(a), and the average spray width of
the presence of step hole injector was measured to be about 10.3 %
wider than that of the absence of step hole injector in Fig. 7(b). As
illustrated in Fig. 8, this can be explained by two main causes. First, it is
the impact of cavitation inside the nozzle hole. The two injectors are
characterized by the presence or absence of step hole and different hole
length. Here, the hole length is important parameter affecting the
cavitation inside the nozzle hole. When fuel is injected from the sac
volume to the nozzle hole, the cavitation inside the nozzle hole occurs
due to the pressure difference. As in the absence of step hole injector in
Fig. 8(a), as the hole length increases, the boundary layer of cavitation
remains attached as the flow progresses. At this time, the discharge
coefficient decreases due to the influence of the formed boundary layer,
and the kinetic energy expanding in the radial expansion decreases [35].
In addition, when cavitation occurs more to the wall, the discharge
coefficient decreases, the vertical momentum and turbulence intensity
in the flow direction strengthened and the effect of atomization is
enhanced, resulting in a decrease for radial momentum [36-37].

This is believed to be the cause of the small spray width and spray
area in the absence of step hole injector. Additionally, as in the presence
of step hole injector in Fig. 8(b), when the hole length is short, the radial
velocity is relatively high owing to the impact of cavitation near the
spray hole, resulting in increasing the spray angle. Second, the presence
of step hole injector is atomized through active heat and mass transfer
with the surrounding air. The second cause will be discussed in detail in
section 3.2.

As shown in Fig. 6, as can be seen at 1.74 ms and 1.82 ms, the
presence of step hole injector showed better atomization results than
that of the absence of step hole injector. The droplet formed after spray
was defined as the spray that had not fully developed following the
completion of injection and was analyzed qualitatively and quantita-
tively. Fig. 9 shows the atomization characteristics after the end of in-
jection. A perturbed fuel flow in the absence of step hole injector was
observed. As you can show the red boxes, the absence of step hole
injector formed larger droplets and ligaments than that of the presence
of step hole injector. From the above-mentioned, the presence of step
hole injector has an effect of atomization through heat and mass transfer
with surrounding air. The larger droplets and ligaments can induce the
formation of exhaust emissions(unburned hydrocarbons, PM and PN)
[38]. Fig. 10(a) shows quantitatively the pixel number of droplet after
spray from 1.76 ms to 2.11 ms. In all experiments, the absence of step
hole injector, which has poor atomization characteristics, lost the initial
high nozzle exit velocity in the process of closing the needle, and thus an
abundance of poor atomized droplets were measured. These causes can
be verified in other papers. For example, R. Payri et al., [23] describes
from the 1D spray model that the presence of step hole injector has a
higher air-entrainment than that of the absence of step hole injector, and
then this effect would potentially lead to a reduction in soot emissions
during engine operation. To analyze the atomization characteristics
after the end of injection, the results of the injection rate for test injectors
are shown in Fig. 10(b). The opening and closing times of needle for test
injectors were similar.
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Fig. 4. Image post-processing of spray visualization.
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Fig. 5. Definitions of spray characteristics after spray wall impingement.

As a results in near-field visualization, consideration on the spray
width and spray area of the two injectors is caused by the two causes
from above-mentioned, but the primary breakup effect by cavitation is
judged to be main effect on the initial spray width and spray area.

3.1.2. Nozzle tip wetting in the near spray using LDM

In this paper, nozzle tip wetting experiments were found by applying
the application of cleaner and penetrant. Here, the cleaner was used to
remove impurities on the injector surface, and the penetrant was used to
evenly apply white color to the injector surface and photograph the area
where the fuel was wet. The experimental procedure of the nozzle tip
wetting experiments is detailed in a previous paper [15]. As can be seen
from Fig. 11, it was qualitatively confirmed that the presence of step

0.00 ms 0.23 ms 0.50 ms

Step hole
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hole injector had a wider wet area than that of the absence of step hole
injector. As mentioned earlier, it was believed that the spray width of the
step hole injector was widened due to the spray liquid phase and air-
entrainment of surrounding air; thus, the wet area was also expanded.
Fig. 12(a) and (b) show quantitatively the wet area of the image
measured through ten times. By comparing the results for the different
injector nozzle hole geometries at 4.00 ms, the average wet area of the
presence of step hole injector was measured to be 44.8 % higher than
that of the absence of step hole injector. It is believed that the fuel
absorbed by the penetrant does not evaporate, and the formed smaller
droplets after the end of injection have a lower surface tension, resulting
in a wider wet area. These causes will elucidate in more detail as follows.
In this study, the wet area was identified by uniformly applying a cleaner
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Fig. 7. Near-field spray characteristics as function of test injectors.
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Fig. 6. Image sequence of the spray morphology in near-field visualization.
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Fig. 8. Illustration of spray atomization as function of step hole geometry.

to the surface of the injector. At this time, the wet area is influencing the
fuel properties. Here, the definition of surface tension is the force that
contracts itself to reduce the surface area of the fuel, and if droplets are
disrupted after the end of injection, the self-contracting force of the fuel
weakens and then the surface tension gradually decreases, resulting in
the spreading the fuel on the nozzle. Therefore, the wet area increases at
8.00 ms. In addition, the viscosity and vapor pressure of n-heptane fuel
used in this study had no significant effect at room temperature.
Therefore, the average wet area in the presence of step hole injector was
measured to be 13.5 % higher than that of the absence of step hole
injector. Fig. 13 compares the nozzle tip wetting boundary as function of
the nozzle hole geometry at 4.00 ms and 8.00 ms. The blue line implies

Step hole-less
Step hole

Step hole-less

Step hole
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the wetting boundary in the presence of step hole injector and the black
line implies the wetting boundary in the absence of step hole injector.
The dotted area between the black and blue lines is the difference in the
wet area of two injectors. The presence of step hole injector has a wider
wet area than the absence of step hole injector. As previously mentioned,
the absence of step hole injector using a large L/D ratio has a smaller
spray width than that of the presence of step hole injector. If the spray
width is small, the number of droplets colliding with the nozzle hole wall
decreases, leading to reduction of the wet area. It can be qualitatively
confirmed that the wet area was widened due to surface tension at 8.00
ms. This trend indicates that nozzle hole geometry affects spray char-
acteristics such as spray structure at the initial time and atomization
after end of injection and tip wetting phenomenon.

3.1.3. Droplet atomization characteristics using PDPA system

The techniques for measuring droplets injected from an injector
nozzle are divided into mechanical drop-collecting techniques and op-
tical techniques. The mechanical techniques are simple to use but have
the disadvantage of interfering with the spray flow during the mea-
surement process. The optical techniques have the advantage of not
interfering with the spray flow, but they are expensive and require
advanced operation skill [39]. Among the optical techniques, the PDPA
system, which can concurrently quantify the droplet diameter and ve-
locity, is commonly used through the fringe spacing, which is the
intersection of two separated lasers [40-41]. The detailed principles of
the PDPA system can be found in the literature [42]. In this paper, the
droplet diameter and velocity were quantified to comprehend the effect
of step hole geometry on atomization characteristics.

Fig. 14 depicts the comparison of spatial dispersion of droplet
diameter and velocity as function of two injectors. It can be found
through the contour bar of SMD that the droplet diameter increases as
the color goes red, and the droplet diameter decreases as the color goes
blue. In addition, owing to the impact of better air-entrainment inner
section of the step hole and the interaction between spray plumes, the
droplet diameter of the presence of step hole injector was overall smaller
than that of the droplet size in the absence of step hole injector. The
deliberation of theses causes will be elucidated in more detail as follows.
The spray atomization consists of a primary breakup in which the liquid
ligament and liquid film are disrupted and a secondary breakup in which
the droplets formed continue to be disrupted into smaller droplets due to
interaction with the surrounding air and air drag. The liquid ligament or
liquid film spouted from the nozzle generates unstable waves in the step
hole wall due to the ambient air, leading to an aerodynamic breakup in
which a part of the liquid breaks away from droplets. In this case, un-
stable small disturbance generated in the liquid ligament and liquid film
gradually grows with an aerodynamic force, which causes disruption to
increase spray width. Therefore, the interplay between spray and the
ambient air inside the presence of step hole was active than that of the
absence of step hole and thereby, the spray width was wider due to
disruption by aerodynamic force affected by the rough surface of the
liquid ligament.

By comparing the spatial dispersion of droplet diameter of two

Fig. 9. Spray detected image sequence after energizing time in the near-field visualization.



Y.S. Yu et al

Energy Conversion and Management: X 20 (2023) 100472

30,000 — ‘ _ ‘ ,
2 : Py = 150bar, P, = atmospheric, ty,g = 1.5ms

X : . Step hole-less

o : —f—Test 01 —@—Test02 —h—Test03 —yp—Test04 —@—Test0S
— 25000 4----- I —|—Test 06 —p—Test07 —@—Test08 —hk—Test 09 —@—Test10f
> ! Step hole

E —[0—Test 01 —J—Test02 —-S—Test03 —7—Test 04 —(—Test05
% —]=Test 06 —[>=Test07 =(=Test08 —fy—Test09 —O—Test10
E 20,000 4%
@

[}

‘65

2 15,000 - E QWY o

(=]

=4

T

—

S 10,000 %5 A A S -
-

7] AVl

2 5000 B

E i

a 0 *

1.80 1.85

1.90

195 200 205

Time after start of energizing [ms]

(a) Number of pixel after the end of injection

14 ‘ - : ‘ ‘
P;,; = 150bar, P,,, = atmospheric, t,,, = 1.50ms
: ; ; —— Step hole-less
124 e e Step hole
€ 10
D
E
g °7
©
15
c
S 61
-
3]
2,
g, ;
2 4 -
ey AT
00 02 04 06 08 1.0 1.2 14 16 18 20 22

Time after start of injection [ms]

(b) Injection rate

Fig. 10. End of injection and injection rate characteristics as function of test injectors.

injectors, the absence of step hole injector had a high proportion of large
droplets in red color in most areas as well as between spray plumes. In
addition, from above-mentioned, the kinetic energy in the radial ex-
plosion decreased and the spray developed in the axial direction,
resulting in large droplets due to without interaction between spray
plumes. On the contrastively, in the presence of step hole injector, the
droplet diameter becomes smaller and the spray width becomes larger
owing to the interplay between the spray and ambient air inside the step
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hole. The expansion of spray width results in interference between spray
plumes. This interference between spray plumes results in interaction
and collisions, resulting in the uniform spray droplets. Due to this
reason, the overall SMD of the presence of step hole injector was smaller
than that of the absence of step hole injector in the spray center. As
shown in contour images of droplet velocity, the presence of step hole
injector is more widely distributed than that of the absence of step hole
injector. These results directly prove that the presence of step hole
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Fig. 11. Raw images with nozzle tip wetting boundary as function of hole geometry.

injector interacts more harmoniously with the surrounding air. It can be
found that two injectors have a boundary area where the spray plumes
interact with the surrounding air indicating several black arrows, where
the velocity gradually slows down. In addition, the boundary area of
each spray plume is clear in the absence of step hole injector, but the
boundary area between spray plumes of the presence of step hole
injector is not clear due to interplay between spray and surrounding air.
These results suggest that the spray target may change owing to inter-
play between spray and ambient air, when the fuel temperature or
ambient pressure increases.

Fig. 15(a) shows the comparison of droplet diameter and velocity at
plume and spray center for two injectors. The red circle means the SMD,
which is calculated at 0.3 ms intervals. The blue circle means the AMD
and the gray circle means the entire droplet diameter during spray in-
jection. The presence of step hole injector had a better atomization than
that of the absence of step hole injector. Furthermore, at plume center,
as shown red box, the droplet diameter of the presence of step hole
injector was more measured than that of the absence of step hole injector
in spray head. Since droplet diameters were improved owing to
enhanced breakup and interaction between spray and around air.
However, there was no significant difference between the averaged
AMD and SMD on the spray head of two injectors. This is because the
injector current is applied to the solenoid to supply continuous mo-
mentum to open the needle. After the spray head is passed, the droplets
affected by the atomization were measured after the end of energizing
duration on the spray tail. In these results, the droplet diameter of the
absence of step hole injector was larger than that of the presence of step
hole injector in the range from 25 to 45 um, resulting in the larger the
AMD and SMD. These results were the same as those mentioned in
section 3.1.1. In addition, more droplets of spray head were measured at
plume center than that of spray center. In plume center, the spray
droplets were continuously atomized and the droplet velocity was high.

However, the atomized droplets in the three plumes were measured with
low momentum. and then the velocity was low in the spray center. As
illustrated in Fig. 15(b), it compares the droplet velocity at spray and
plume center for two injectors. The droplet velocity of the presence of
step hole injector was faster than that of the absence of step hole injector
at spray and plume center. Because the spray width of the presence of
step hole injector expanded due to droplet breakup, many droplets were
separated, and then interaction occurred between droplets and around
air.

Fig. 16 shows the statistical results of 5,000 valid data measured
using PDPA experiment. The presence of step hole is shown in droplet
distribution (a), cumulative droplet diameter (b), and droplet velocity
distribution (c) for two injectors with presence or absence of step hole.
Fig. 16(a) was similar to the above-mentioned result of Fig. 15(a). The
AMD and SMD of two injectors were not significantly different, but the
droplet diameters were measured slightly smaller in the presence of step
hole injector. However, in the spray center, the presence of step hole
injector was more measured in the range with a smaller droplet diameter
than that of the absence of step hole injector. This is because the pres-
ence of step hole injector has excellent atomization performance in the
spray tail, where the momentum supply was cut off and the atomization
with the around air occurs. As shown in Fig. 16(b), the cumulative
droplet diameter of two injectors is summarized. As mentioned above,
there was no significant difference in the slope of the cumulative particle
size of droplet using two injectors at the plume center, but the presence
of step hole injector had a slightly larger slope due to its atomization
performance. But, in the spray center, the presence of step hole injector
was measured in a much smaller droplet diameter range than that of the
absence of step hole injector, and the slope was large. In Fig. 16(c), the
droplet velocity of the presence of step hole injector was slightly larger
in the spray and plume center. As a results in PDPA experiment,
consideration on the particle size of droplet of two injectors is caused by
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Fig. 12. Comparisons of nozzle tip wetting as function of hole geometry.

the two causes from above-mentioned, but the secondary breakup effect
by interaction between spray and around air is judged to be the main
effect on the atomization of presence of the step hole. As a result of the
section 3.1, the presence of step hole injector has a large wet area, which
may have a coking problem due to combustion, but it is considered to be
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advantageous for combustion due to wits wide spray width and area and
excellent spray atomization. Therefore, the experimental injector of
spray-wall impingement applied in section 3.2 was studied with the
presence of step hole injector.
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Fig. 14. Spatial dispersion of droplet diameter and velocity as function of two injectors.

3.2. Impact of spray-wall interactions on spray atomization

3.2.1. Spray vapor characteristics using schlieren method
Based on the schlieren experiment, Fig. 17 shows the evaporation
characteristics of free and flat sprays using the two fuels. A comparison
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of free and flat sprays with the two fuels found that the spray width and
area of n-heptane in free spray exceeded those of n-butane. This is
because the vapor pressure of n-butane fuel is high — it vaporizes at
ambient temperature and flash boiling occurs. At that point, the spray
width and area narrow because the spray is agglomerated and well



Y.S. Yuet al Energy Conversion and Management: X 20 (2023) 100472
Presence of step hole injector | Absence of step hole injector
60 ~— T T T T T T 60 T T T T T T T
Py = 15Cbar, P, = atmospheric, t,,; = 1.50ms P;n; = 15Ubar, P, = atmospheric, t,,; = 1.50ms
Plume ci:nter Plume c:nter
—_ 507 | © Diameter ——AMD ——SMD 11 = 501 © Diameter —8—AMD —@—SMD 1
. § Spray head Spray tail § Spray head” Spray taﬁl
O | T 40 4| '< 40- 1~} V)
Ak 3
@ | E 30- E 304
Vis 5
V|3 2
E - 20+ o 20+
S |& &
E 10 1 10 -
0_ 5 = = o v D Aoaarsion
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Time after start of energizing [ms] Time after start of energizing [ms]
60 T T T T T T T T T 60 T T T T T T T T
ij = 15Jbar, P,,,, = atmospheric, tong = 1.50ms ‘Pmi =150bar, P, = atmospheric, tong = 1.50ms
Spray center Spray center
—_ 501 O Diemeter ——AMD —e—SMD 11 =591 o, Diameter —e—AMD —e—SMD 1
g Spray head Spray tail § Spray head o o Spfay tail
=T 40- o o | a0 & Oao Q
3 [ i s ° & 8
= % ° () (o)
@ | § 30 g
Vi35 k]
-t -
AEE i
g & 5
(=] (=]
%) 101
0 2 2 D
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 7 8 9 10
Time after start of energizing [ms] Time after start of energizing [ms]

(a) Droplet diameter

Fig. 15. Comparison of SMD and droplet velocity at spray center as function of two injectors.

developed in the center. Here, generally, when flash boiling occurs, the
spray width expands due to the expansion of volume as the phase
changes from liquid to gas. However, in multi-hole injector, interactions
between plumes cause them to come into contact with other plumes,
resulting in spray collapse that merges into one, which enhances the
drag force between relatively close plumes toward of the spray center.
This is because adjacent spray plumes expanded by flash boiling are
connected in a ring shape to form a closed area in the center of spray,
preventing surrounding air from being transmitted from the outside to
the closed center, which leads to a decrease in pressure. At this point, the
spray develops into an agglomeration, reducing spray width and
increasing penetration. For this reason, as shown in Fig. 17 in the red
circle, n-heptane fuel is developed by clearly separating spray plumes as
two and one sprays, whereas n-butane fuel is developed by combining
three spray plumes.

However, in the flat spray, the spray width and area of n-butane fuel
were exceeded those of n-heptane. This explains why, after the spray-
wall impingement, atomization was promoted and the fuel
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evaporation characteristics of n-butane fuel was outstanding.

Fig. 18 depicts the quantitative spray width (a) and area (b). A
comparison of the quantitative characteristics of free and flat sprays
revealed that spray width increased and spray area decreased after wall
impingement, likely owing to the diminishment of kinetic energy of the
droplets after the flat spray, resulting in a decrease in spray area.
Additionally, after the fuel was injected and collided with the wall, its
axial momentum was converted into radial momentum, resulting in an
increase in spray width. In free spray, the spray area increased because
atomization was promoted by drag from the ambient air. When the spray
width developed toward downward, the droplet velocity decreased
because of the drag from the ambient air, reducing momentum severely.

Fig. 19(a) illustrates the spray boundary of two fuels at 1.5 ms after
the start of energizing time. The forward and backward sprays of n-
butane were longer than those of n-heptane because the spray-wall
interaction increases not only the vapor pressure of the fuel, but also
spray atomization. The width of forward spray for n-butane exceeded
that of n-heptane, but the forward spray height for n-butane was smaller
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than that of n-heptane. In addition, the width and area of backward
spray for n-butane exceeded those of n-heptane. The forward and
backward spray characteristics of n-butane are critical when deter-
mining the mixture formation inside a combustion chamber. The height
of forward spray for n-butane was lower in comparison with n-heptane,
but the spray width was wide and the surface in contact with the sur-
rounding air widened, encouraging fuel atomization. Also, the height
and width in backward spray for n-butane were larger than those of n-
heptane. Fig. 19(b) quantitatively presents the forward and backward
spray characteristics. For both fuels, the forward and backward spray
significantly increased after an injection time of 0.5 ms, at which point
the spray collided with the wall. Although kinetic energy was lost due to
the spray-wall interaction, because the droplet velocity of n-butane is
fast and the initial velocity and momentum of the spray are large. The
difference in droplet velocity between n-butane and n-heptane is dis-
cussed in section 3.2.2. Fig. 20(a) presents the spray boundary of the test
fuels over time. Test fuels have an expanding spray boundary over time.
n-Butane has the advantage of excellent forward and backward spray
development and a large of backward. Unlike n-butane, and although
the forward and backward sprays of n-heptane develop slowly, the
height of the forward spray has the advantage of being large. The dif-
ference in spray characteristics for each fuel may exert a strong influence
on mixture formation. Fig. 20(b) provides the quantitative data for the
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path penetration (Lpa), which is characteristic of spray development
after wall impingement. After an injection time of 0.5 ms, when the
spray collided with the wall, n-butane had a higher evaporation prop-
erty and droplet velocity compared to n-heptane, giving it the advantage
of superior spray development due to improved evaporation.

3.2.2. Droplet atomization characteristics using PDPA system

Fig. 21 shows the spray atomization characteristics of free and flat
sprays using the two fuels in the PDPA experiment. The three white stars
indicate the spray plumes of the LPDI with three holes. A comparison of
the droplet diameters of free and flat sprays showed that the atomization
of free spray was superior to that of flat spray. As shown in Fig. 22, this is
because of a vortex swirling in the opposite direction of the spray owing
to air entrainment influenced by the interaction of the high-speed in-
jection and the ambient air. The spray atomization performance
improved, likely due to the effect of the vortex, which exerts a drag on
the surrounding air. However, as indicated by the white dotted boxes,
the SMD was large around the spray plume after spray-wall impinge-
ment. After the spray collided with the wall, it divided into small
droplets that do not evaporate immediately but burst the cylinder wall
or the piston and linear to form a wall film. When the wall film generated
the cylinder wall or the surface of the wall collided with the high-speed
fuel injected by the injector, some of the droplets split and splashed out
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Fig. 16. Statistics characteristics at spray center as function of two injectors.

to form another fuel film. For this reason, both fuels are believed to have
a large SMD around the spray plumes. This study compares spray at-
omization between test fuels. n-Butane exhibited superior spray atomi-
zation compared with n-heptane. This tendency likely improved spray
atomization rapidly because of the high evaporation property of n-
butane, which has excellent evaporation properties, low density, and
surface tension.

Fig. 23 depicts the droplet velocity of the two fuels at various mea-
surement points. The scale color bar confirms that the difference in
droplet velocity between the two fuels was large. The difference is likely
is due to fuel density at the same injection pressure and atmospheric
pressure, as shown in equation.

2(Pin/' - Pamb)

Uiy =
Puet

The relatively high speed of n-butane is strongly affected by the air
resistance of the ambient air, which also affects spray atomization. The
air resistance of the ambient air causes turbulence and destabilizes the
spray, leading to variations in droplet diameter and velocity. Both fuels
are characterized by high droplet velocities around the spray plume but
low droplet velocities in the middle and outside of the spray plume.
However, if the droplet velocity is high, the coalescence effect between
droplets is large and the rebound in the fuel film has the disadvantage of
increasing the droplet diameter in the radial direction (i.e., along the x
dimension). In addition, fuel injected at high speed is subjected to a wall-
wetting phenomenon that is attached to the inner wall of the combustion
chamber because of a large spray penetration. Comparing droplet ve-
locity dispersion, n-butane was wider compared to n-heptane owing to
the superior vapor pressure of n-butane. Additionally, the droplet ve-
locity dispersion of free spray was broader in comparison with flat spray.
It is because the spray area was widened by air entrainment (Fig. 22). A
high droplet velocity favors the formation of a mixture due to superior
spray atomization, but it is disadvantageous in terms of the coalescence
effect between droplets and the wall wetting affected by the spray
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penetration. Additional research is needed to explore these competing
issues. Suggested strategies include optimizing the spray target direction
of the injector, adjusting injection parameters, and the use of renewable
fuels (so-called electric fuels, or e-fuels).

Fig. 24 shows droplet diameters and velocities for the two fuels
corresponding to plume 3 in free and flat sprays. The SMD of the free
spray was measured more often than the SMD of the flat spray in the
spray head and tail parts. After the spray-wall impingement, relatively
few droplets were measured due to the secondary breakup of droplets in
spray-wall impingement. In addition, n-butane fuels were measured less
frequently because the fuel injected at high speeds quickly passed the
probe through the laser intersection. Over time, the droplet diameter
sizes of the two fuels were slightly different in free and flat sprays. n-
Butane had a larger deviation of droplet diameter size in flat spray
compared with free spray but has the advantage of improving spray
atomization due to secondary breakup of droplets. However, because n-
heptane has a lower vapor pressure and higher density than that of n-
butane fuels, the droplet diameter was increased slightly due to the
formation of a fuel film or rebound droplets.

In the spray head part (0.6 to 2.2 ms), n-heptane indicates a faster
droplet velocity than that of n-butane in the initial section (0.5 to 1.2
ms). This may be due to the large SMD of n-heptane in the initial section,
which is the section before active spray atomization. However, at 1.2
ms, the droplet velocity of n-butane is greater than that of n-heptane.
Also, the droplet velocity dispersion of free spray was wider than that of
flat spray for both fuels. For this reason, the spray momentum was lost
and the droplet velocity was reduced due to friction with the sur-
rounding air after the spray-wall impingement. The total amount of
droplets in flat spray was greatly lower than that of free spray. A Doppler
signal likely interfered with the effect of the droplets floating in the
measurement region (or “fringe pattern”), where the lasers intersect.
This could result in inaccuracies or inconsistencies in the measurement
of droplet diameter and velocity, with a larger impact for flat spray.



Y.S. Yu et al

Energy Conversion and Management: X 20 (2023) 100472

Time start after of energizing [ms]

n-heptane

P
(]
L .
Q.
)
Q
)]
X~
(™

n-butane

Flat spray

Fig. 17. Comparison of spray development between free spray and flat spray.

3.2.3. Weber number characteristics

The impingement process can express the relative force exerted on
spray particles as Weber number and Reynolds number, which are
functions of spray particle collision energy [43]. These parameters are
used to quantify the relative force exerted during the impingement
process. The effect on spray-wall impingement was analyzed using the
Weber number. W. Qi et al [44] conducted a study on nozzle internal
turbulence and disruption model using a spray/wall interaction model.
Previous researchers have been conducting a variety of experimental
and numerical studies on the spray/wall interaction model [45,46].
Fig. 25 shows the Weber numbers calculated using the droplet diameter
and the velocity obtained by PDPA and fuel properties using equation
(2).

2
_ pfuelv D
o

We (2)

Here, the Weber number means as an index of the degree of kinetic
energy relative to the surface tension of droplets. As a result of the
experiment, the Weber number of n-butane was approximately 16 times
larger than that of n-heptane, and the velocity of both fuels was greatest
at the spray plume and nearby. In Fig. 26, which describes the condition
after the spray collided with wall, the spray droplets can be classified
into three categories: stick, spread, and splash, according to Weber
number. As the Weber number increases from stick to splash, droplet
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collision energy increases and spray atomization is promoted. n-Butane
exhibited superior atomization performance compared with that of n-
heptane in free spray, but both fuels’ Weber number increased in flat
spray. Therefore, in terms of flat spray, it can be assumed that the fuel
collided with the fuel film created spread at high speed, and the droplets
were disrupted and bounced in the radial explosion, leading to a large
SMD around the spray plume.

4. Conclusion

The experimental study was conducted for the application of step
hole and the characteristics of spray-wall interaction on spray atomi-
zation with LPDI injector. The spray development process and atomi-
zation for the impact of step hole geometry and spray-wall interaction
were qualitatively and quantitatively analyzed. The major results of this
study are drawn as follows:

Based on the near-field experiments, the presence of step hole
injector was measured to have an average spray area 23.9 % larger
than that of the absence of step hole injector. Additionally, the
average spray width was 10.3 % wider than that of the absence of
step hole injector. Furthermore, the presence of step hole injector
showed better atomization results than those of the absence of step
hole injector at the end of injection.
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Fig. 18. Macroscopic spray characteristics between free spray and flat spray.

Based on the nozzle tip wetting experiments, the average wet area of
the presence of step hole injector was measured to be about 44.8 %
higher than that of the absence of step hole injector at 4.00 ms. At
8.00 ms, the average wet area of two injectors increased compared to
at 4.00 ms due to the surface tension of fuel property.

As a result of the PDPA experiments, no significant difference be-
tween the averaged AMD and SMD values on the spray head of two
injectors was observed. However, the absence of step hole injector
had slightly larger droplets than that of the presence of step hole
injector, resulting in larger AMD, SMD, and droplet velocity on the
spray tail.

Based on macroscopic spray characteristics as revealed by the
schlieren method, the spray width and area of n-heptane exceeded
those of n-butane in free spray. Unlike free spray, the spray width
and area of n-butane in the flat spray were higher for n-butane
compared with n-heptane.

Based on microscopic spray characteristics revealed by a PDPA, n-
butane has a larger deviation of droplet diameter in flat spray
compared with free spray. Unlike n-butane, n-heptane has a lower
vapor pressure and higher density, and droplet diameter appears to
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increase flat spray due to the formation of a fuel film or rebound
droplets.

Droplet velocity differs between two fuels due to fuel density at the
same injection pressure and atmospheric pressure. This difference is
strongly affected by the drag force of the surrounding air, which
greatly affects spray atomization. The droplet speed and Weber
number of n-butane were superior than those of n-heptane because of
fuel properties.
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Fig. 22. Illustration of air-entrainment interaction between spray and air.
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