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In this study, fuel sprays of a 1-hole injector and a 6-hole injector were investigated under a wide range of
subcooled and flash-boiling conditions using high-speed imaging in a constant-volume spray chamber. The fuel
pressure was held constant at 15 MPa, and the fuel temperature was varied from 25 °C to 85 °C. Ambient pressure
in the spray chamber was varied from 20 kPa to 200 kPa and the chamber temperature was held constant at
25 °C. The results show decreasing ambient pressure led to flash boiling for sprays from the 1-hole injector and
consequently enhanced fuel atomization; however, the spray processes of the multi-hole injector were not well
represented by the single-hole injector when considering spray collapse. For the 6-hole injector, the results
showed plume interaction was more important than chamber density in controlling the spray characteristics.
Specifically, expanded fuel plumes induced by flash boiling increased interaction between adjacent fuel plumes
and consequently affected the spray structure. Slight plume interaction resulted in moderate spray collapse,
shorter spray penetration and wider spray angles. Strong plume interaction triggered severe spray collapse,
leading to longer spray penetration and smaller spray angles. Plume interaction started in the near nozzle region,
and sustained interaction depended on the injector configuration and the superheat degree. At strong flash-
boiling conditions (where the ratio of the ambient pressure to the fuel saturation pressure was less than 0.3),
plume interaction increased with time and as the spray moved downward away from the nozzle exit due to fast
fuel atomization and evaporation. The potential for spray collapse of a multi-hole injector was primarily at-
tributed to the effects of the fuel properties, injector configuration and operating conditions (e.g. ambient
pressure, fuel temperature and pressure, etc.) on the development of the plume width relative to changes in the
distance between adjacent plumes. Adjusting the parameters to increase the distance between adjacent fuel
plumes or decrease plume width, will decrease plume interaction and spray collapse can be suppressed, and vice
versa.

1. Introduction

Flash-boiling fuel sprays are important and timely research topics
related to cleaner combustion of internal combustion (IC) engines.
Flash-boiling fuel sprays can improve fuel economy and reduce parti-
culate mass and particulate number emissions [1-4], especially under
engine cold start conditions [3,4]. Flash-boiling sprays can finely ato-
mize fuel even at very low fuel pressure, which removes the need for an
expensive and complex high-pressure fuel system. Fuel boiling, which
produces a considerable amount of bubbles inside the liquid core, im-
proves spray atomization [5-7] and evaporation [8-12] significantly,
and consequently enhances air entrainment [13] and fuel and air
mixing [4]. Internal flow studies of flash-boiling fuel sprays showed fuel
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bubbles were generated along the inside of the nozzle wall before the
fuel was injected into the combustion chamber [14-17], and the fuel
bubbles promoted the spray primary breakup process remarkably
[16-21]. The thermo-physical properties of a fuel such as saturation
temperature, latent heat of vaporization, surface tension, density and
viscosity are the key parameters to determine the atomization and
evaporation process [22,23]. In addition, the presence of flash-boiling
bubbles in the nozzle can improve the end-of-injection characteristics
by eliminating large drops or ligaments, which could eliminate issues
with injector deposits caused by trapped liquid fuel in the nozzle at the
end of injection [20,24]. However, the physical features of flash-boiling
sprays change with the superheat degree [25-27]. For example, under
flare flash-boiling conditions, fuel sprays from multi-hole injectors can

Received 6 October 2018; Received in revised form 1 January 2019; Accepted 3 January 2019

Available online 07 January 2019
0016-2361/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/00162361
https://www.elsevier.com/locate/fuel
https://doi.org/10.1016/j.fuel.2019.01.027
https://doi.org/10.1016/j.fuel.2019.01.027
mailto:shengqiwu@gmail.com
mailto:mxu@sjtu.edu.cn
https://doi.org/10.1016/j.fuel.2019.01.027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2019.01.027&domain=pdf

S. Wu et al. Fuel 242 (2019) 109-123
Nomenclature R distance between the plume centerline and the injector
centerline

ASOF after the start of fueling W (H) width of the plumes at the H cross-sectional plane
D(H) distance between center points of two adjacent fuel a angle between two adjacent plumes

plumes at the H cross-sectional plane 8 correction factor representing the effects of ambient gas
GDI gasoline direct injection motion and other external flow on the change in the dis-
H distance from the injector tip to the cross-sectional plane tance between adjacent fuel plumes

of interest AD change in the distance between two adjacent fuel plumes
n number of nozzles in the injector at times t; and ty
P, ambient pressure AW change in the plume width between time t; and t,
Py fuel saturation vapor pressure ] drill angle of each nozzle
P./Ps dimensionless superheat degree

collapse to the centerline of the spray, altering the spray structure
[25-27], which alters the direction of the spray (i.e. the spray targeting)
and the fuel distribution in the combustion chamber [28,29]. As the
superheat degree reduces to a certain level, the spray geometry is no
longer dominated by the injector configuration, and regardless of in-
jector configuration and type, collapsed fuel spray structures with one
fuel plume are formed at strong flash-boiling conditions [30-32].
Generally, severely collapsed fuel sprays have longer spray penetration
distances and smaller spray angles compared with sprays that have not
collapsed. Therefore, there is disagreement whether flash boiling is
beneficial or harmful to mixing and ultimately engine performance. Xu
et al. [3] found even when severe collapse of the fuel spray occurred,
fuel economy was improved and total hydrocarbon, carbon monoxide
and particulate number emissions were reduced in a study using a
single-cylinder optically-accessible spark-ignition direct-injection
(SIDI) engine. But Schulz et al. [29] confirmed increasing the fuel
temperature did not lead to a constant reduction of the wall film. Ra-
ther, severely collapsed flash-boiling sprays led to an accumulation of
the wall film mass in a small area, which required much longer time for
evaporation. The key point of this argument lies in whether the de-
formed spray structure that occurs due to flash boiling is suitable for the
specific combustion system. However, combustion system design and
optimization are based on conventional liquid fuel spray character-
istics, and consideration of the effects of flash boiling are not typically
considered. In addition, the characteristics during transition from
conventional spray behavior to flash boiling are complex, not well
understood, difficult to control, and are very sensitive to fuel tem-
perature and ambient pressure. The lack of quantitative information on
flash boiling of fuel sprays and on the transition from conventional
spray behavior to flash-boiling behavior is the motivation for this work.

Several studies have advanced our understanding of the mechan-
isms controlling flash boiling fuel sprays and the characteristics of
collapsed sprays. Zeng et al. [25] found the dimensionless superheat
degree P,/P,, which was defined as the ratio of the ambient pressure
(P,) to the fuel saturation vapor pressure (P;), was effective to char-
acterize the overall geometry of flash-boiling sprays. Fuel plumes of
adjacent nozzles started interacting when P,/Ps was between 0.3 and
1.0, and the interactions resulted in shorter spray penetration and wider
spray angle. However, the spray structure of the multi-hole injector
collapsed to the spray centerline when P,/Ps was less than 0.3. These
severely collapsed fuel sprays in this region exhibited longer penetra-
tion and smaller spray angles. Contrary to the study by Zeng et al. [25],
Lacey et al. [28] found the dimensionless P,/P; value was not as ef-
fective at capturing the point of spray collapse of flash-boiling sprays,
especially of different fuels. It was showed when the dimensionless P,/
P, ratios were comparable between a heavy fuel injected into high va-
cuum conditions and a light fuel injected into much denser conditions,
considerable differences in the spray penetration were observed, espe-
cially when there was a large difference in the boiling point of the two
fuels [28]. In addition, an injector with a larger cone angle required
stronger superheat degree, i.e., a smaller P,/P; value, to produce

110

collapsed fuel sprays [28]. Similarly, Mojtabi et al. [33] found that fuel
spray of an injector with 60° nominal angle underwent more severe
collapsed behavior than the fuel spray of an injector with a 90° nominal
angle. Other studies have found higher fuel pressure can suppress
plume interaction and consequently spray collapse [26,29,34]. From
the research of Aleiferis et al. [19], spray collapse was thought to be
induced by vaporized fuel being drawn to the low pressure core of the
spray between the closely spaced plumes. Wu et al. [24,31] thought in-
nozzle fuel evaporation which altered the direction of the fuel at the
nozzle exit was responsible for spray collapse of a 1-slot injector, and
ambient gas motion triggered by a pressure differential resulted in
spray collapse of multi-hole injectors. Li et al. [35] concluded the spray
collapse of a multi-hole injector was due to vapor condensation, which
was caused by a decrease in liquid temperature and an increase in local
static pressure.

The previous studies show the conditions which lead to spray col-
lapse and the characteristics of flash-boiling fuel sprays are affected by
fuel temperature, fuel pressure, injector configuration, fuel properties,
ambient gas density and pressure. De-convolving the effects of these
parameters on the structure of and transition to flash-boiling sprays is
challenging, and flash-boiling spray models have not converged to
consensus theory on the mechanisms by which these parameters affect
fuel sprays [36]. Moreover, modeling approaches often differentiate
between considering internal or external flow fields. Some flash-boiling
spray models focus on the near-field region outside the nozzle [37,38]
and others on the superheated flows inside the nozzle [39-41].

Additional understanding of the fundamental mechanisms and fea-
tures of flash-boiling sprays is vital to enabling the application of flash
boiling in modern IC engines. Fundamental experimental studies of
flash-boiling sprays are particularly well suited to the development of
flash-boiling spray theory as a large parametric space can be con-
sidered, including the transition from conventional spray behavior to
flash-boiling spray behavior. To address this need, experimental studies
of a 1-hole injector and a 6-hole injector were conducted to investigate
and compare the spray collapse processes. A wide range of subcooled
and flash-boiling conditions were investigated. First, effects of spray
collapse on axial spray structures of the 6-hole injector were con-
sidered, followed by analysis of high-speed spray pattern images at
various cross-sectional planes. The results are discussed in the context
of the dimensionless superheat degree and parameters defining condi-
tions of collapse are proposed.

2. Experimental information
2.1. Experimental setup

Two kinds of experimental methods were used in this research:
high-speed backlit imaging and high-speed radial laser imaging. The
high-speed backlit imaging system was applied to capture the macro-
scopic axial spray structure, and the high-speed radial laser imaging
technique was used to record cross-sectional spray patterns at various



S. Wu et al.

planes downstream of the injector tip. Fig. 1 shows a schematic of the
high-speed backlit imaging system. A high-power xenon lamp was used
as the source for backlighting, and the fuel spray imaging was captured
using a high-speed camera. The camera was Phantom V7.3, and worked
at 10 k frame rate with pixel resolution of 544x560. A constant volume
chamber (CVC) with inner diameter of 200 mm was used to produce
various ambient pressures. There were four optical accessible windows
of the CVC, of which there were two circular windows with the optical
diameter of 100 mm and two rectangular optical windows with the
dimension of 20 mm in width and 100 mm in height. Quartz was used
as the material of the optical windows. Pressure in the CVC was mea-
sured at the lower part using a transducer with an uncertainty of 0.25%
at full scale of 5 MPa. A high-pressure nitrogen cylinder and a vacuum
pump were connected to the CVC for pressure conditions higher than
0.101 MPa and vacuum, respectively. Compressed high-pressure ni-
trogen was applied to actuate the accumulator by pumping the liquid
fuel inside the accumulator to a target pressure below 20 MPa. During
the test, pure nitrogen flushed the CVC continuously to remove residual
fuel for clear spray images. The injector was mounted on the top of the
CVC. The fuel temperature was controlled via a heat exchanger which
provided continuous coolant flows through a water jacket around the
injector. The temperature between the coolant and the fuel was cali-
brated via an injector embedded with a thermal couple in the sac.
Synchronization between the injector actuation and the camera re-
cording was realized via a digital pulse generator, which could produce
several triggering signals with precisely controlled offset of 1 ps.

A high-speed radial laser imaging system was used with the same
CVC setup to record the spray patterns at various distances downstream
of the injector tip. Fig. 2 shows a schematic of the radial imaging
system. The ambient pressure, fuel pressure and fuel temperature
control systems were the same as those used with the high-speed backlit
imaging system. A Nd:YLF laser with a laser wavelength of 527 nm
(22mJ @1000 Hz) and a pulse repetition rate of 10 kHz was applied to
illuminate the fuel spray. A high-speed camera equipped with a band-
pass filter (with central wavelength of 527 nm) was used to capture the
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fuel spray patterns. The high speed camera was Phantom V1210, and
worked at 10 k frame rate with pixel resolution of 896x800. During the
test, various spacers between the injector fixture and CVC were used to
adjust the distance between the injector tip and imaging plane, by
which the spray pattern at various distances downstream of the injector
tip could be recorded with the same resolution and scale. The distance
between the injector tip and imaging plane varied from 10 mm to
70 mm with increments of 10 mm.

2.2. Injector configuration

Two injectors were considered in this study: a 1-hole injector and a
6-hole injector. Fig. 3 shows the nozzle configuration of the two in-
jectors. For the 6-hole injector, the nozzles each had the same structure
and were evenly distributed in the injector tip. The 1-hole injector was
created by masking the other 5 nozzles of the 6-hole injector. The
nozzle length-to-diameter ratio was 1.5. Each nozzle was a step hole
with an inner diameter of 0.2 mm and length of 0.3 mm, and the dia-
meter of the counter bore was 0.4 mm. The drill angle of each nozzle
was 30°.

2.3. Experimental parameters

Table 1 presents the test parameters of the study. N-hexane was
chosen as the test fuel. Fuel pressure and the ambient temperature were
constant at 15 MPa and 23 °C, respectively. Injection duration was fixed
at 1.5ms. Fuel temperature varied from 25 °C to 85°C, and ambient
pressure varied from 20 kPa to 200 kPa, which produced a wide range
of subcooled and superheated conditions. Fig. 4 plots the vapor pressure
of n-hexane and the ambient chamber pressures and fuel temperatures
considered in this study. The test conditions above the vapor pressure of
n-hexane are subcooled conditions, and the test conditions below the
vapor pressure of n-hexane are superheated conditions. Conditions well
below the vapor pressure curve are stronger superheated conditions.
Table 2 presents the dimensionless superheat degrees, P,/P;, of each
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Fig. 1. Experimental setup of the high-speed backlit imaging system.
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Table 1
Test parameters.
Parameter Specification
Fuel n-hexane
Fuel pressure (MPa) 15
Fuel temperature (°C) 25 to 85
Ambient pressure (kPa) 20 to 200
Ambient temperature (°C) 23 £ 2
Injection duration (ms) 1.5

test condition in the study. When P,/P; is larger than 1, the fuel is
subcooled and the result is a liquid fuel spray. When P,/Ps is between
0.3 and 1, the spray is at transitional flash-boiling conditions. When P,/
P; is less than 0.3, the fuel is superheated and the result is a flash-
boiling spray.

2.4. Spray image post-processing procedure

In this study, backlit spray images have very high signal-to-noise
ratios, and spray penetration of macroscopic spray images were
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Fig. 4. Comparison of ambient pressure and fuel temperature conditions with
the vapor pressure of the test fuel, n-hexane.

Table 2

Test conditions and corresponding values of dimensionless superheat degree,
P./Ps. The borders between flare flash-boiling (P,/Ps < 0.3), transitional flash-
boiling (0.3 < P,/Ps = 1) and subcooled (P,/Ps > 1) conditions are empha-
sized with thicker lines.

::Ea M) 25 | 35 | a5 | 55 | 65 | 75 | 85
20 10 | 067 | 044 | 03 | 022 | 016 | 0.12
30 15 | 1.0 | 067 | 046 | 033 | 0.25 | 0.18
40 20 | 133 | 089 | 0.62 | 0.44 | 033 | 0.24
100 | 50 | 333 | 222 | 154 | 1.11 | 0.82 | 061
200 | 100 | 666 | 444 | 3.08 | 2.22 | 164 | 1.23
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analyzed for quantitative comparisons. Spray penetration was defined
as the longest vertical distance from the leading edge of the spray
boundary to the injector tip and the definition is shown in Fig. 5 for
typical backlit spray images. Post-processing of the macroscopic spray
images consisted of background subtraction, thresholding and binar-
ization. The threshold value was defined as 5% of the highest intensity
of each spray image. The image post-processing was conducted using
Matlab. Spray pattern images were used for qualitative evaluation of
the morphology of the spray collapse process, and no quantitative
metrics were derived from the spray pattern images.

3. Results and discussions

In this section, the results for the spray imaging of the axial spray
structure of the 1-hole injector and the 6-hole injector are presented,
followed by the results for the spray patterns of the 6-hole injector at
various cross-sectional planes. The data sets are discussed in the context
of the effects of fuel temperature and ambient pressure on the spray
features. The characteristics of plume interactions and the effects of
plume interaction on spray collapse are identified. At the end of the
section, observations from the current work are combined with results
in the literature to discuss the trends of the effects of injection para-
meters, i.e., injector physical configuration, fuel pressure, fuel proper-
ties and ambient conditions, on plume interaction and spray collapse.

3.1. Axial spray analysis of 1-hole injector

The single-hole injector results provide a baseline for comparison
with the multi-hole injector results. Fig. 6 shows spray image sequences
of the 1-hole injector at fuel temperatures of 25 °C and 85 °C and am-
bient pressures from 20 kPa to 200 kPa, where the time corresponds to
the time after the start of fueling (ASOF). Fig. 6(a) shows the results for
fuel temperature of 25 °C and P,/P; > 1.0; corresponding to subcooled
conditions. Fig. 6(b) shows results where P,/P; was less than one for all
ambient pressures except P, = 200 kPa. The images in Fig. 6(a) show
the spray structures at 200 kPa and 100 kPa ambient pressures were
more compact than for lower ambient pressures. The compact struc-
tures are due to the increase in ambient gas density associated with the
higher ambient pressures. Similar qualitative changes were observed at
the higher fuel temperature, as seen in Fig. 6(b), but to a lesser extent.

Comparing Fig. 6(a) and (b) at the ambient pressure of 200 kPa, the
spray structures were very similar. The small effect of fuel temperature
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(a) 1-hole injector
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at 200kPa on the spray structure is attributed to the small change
(7.4%) in fuel density associated with increasing the fuel temperature
from 25 °C to 85 °C. However, when the ambient pressure was lower
than 100 kPa, the injection conditions became superheated, with the
lowest value of dimensionless superheat degree at 20 kPa ambient
pressure where P,/P; = 0.12. (Recall, the lowest value of P,/Pg corre-
sponds to the highest levels of superheating.) At 20kPa the spray
structures were different between the two fuel temperatures. Enhanced
spray atomization was observed when the fuel temperature was 85 °C
due to flash-boiling effects. Fractal structures and small fuel drops
around the spray tip were also detected (at higher magnification than
the images shown in Fig. 6). Small vortices could also be seen near the
upper and lower part of the spray tip when the ambient pressure was
30 kPa and 20 kPa for the fuel temperature of 85 °C.

Fig. 7 shows the average spray penetration as a function of time
corresponding to the results presented in Fig. 6. For each set of ex-
perimental conditions, 20 injection cycles were recorded and the error
bars in the figure represent the standard deviation of the data. As ex-
pected, the rate of spray penetration decreased at the highest ambient
pressures for both fuel temperatures. As seen in Fig. 7(a) when the fuel
temperature was 25 °C and at early times (e.g. 0.1 ms ASOF), there was
little difference in the spray penetration data at the different ambient
pressures. This is attributed to the high fuel pressure used in the study.
According to the work by Hiroyasu et al. [42], spray penetration during
the primary breakup stage is governed by the fuel density and the
difference between the fuel pressure and the ambient pressure. Al-
though the ambient pressure changed significantly in these experi-
ments, the effect on the pressure differential was negligible due to the
high fuel pressure. Therefore, the ambient pressure had almost no im-
pact on spray penetration during the early stage of the spray develop-
ment. In the secondary breakup region, spray penetration is influenced
by the pressure differential, the ambient gas density, and the nozzle
diameter [42]. Large changes in the ambient pressure lead to sub-
stantial ambient density changes, and consequently large differences in
spray penetration. As observed in Fig. 7, higher ambient pressures re-
sulted in higher ambient gas density, and subsequently smaller spray
penetration distances for both fuel temperatures. However, for Fig. 7(b)
when the fuel temperature was 85 °C, almost identical spray penetra-
tion was observed at early times (e.g., < 0.3 ms ASOF) at the different
ambient pressures. Decreasing the ambient pressure reduces the air
drag forces on the spray (increasing penetration), but lower ambient
pressure also increases the level of superheating. Stronger superheating

Spray penetration

(b) 6-hole injector

Fig. 5. Images showing the definitions used to quantify the penetration distance of the single hole and multi-hole injector sprays.
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Fig. 6. Spray imaging results for the 1-hole injector at lower (a) and higher (b) fuel temperatures and a range of ambient pressures. The dimensionless superheat
degree, P,/P;, is provided below each column of images. The time after the start of injection (ASOF) for the images is provided to the left of each row.

promotes spray atomization and evaporation, and produces smaller fuel almost identical spray penetration for early times in the spray devel-
droplets, which can reduce spray penetration. Thus, the offsetting ef- opment for the higher fuel temperature.

fects of stronger atomization caused by superheating (decreasing spray

penetration) and lower air drag (increasing penetration) resulted in
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Fig. 7. Average spray penetration data as a function of time after the start of fuel injection for the 1-hole injector and the different fuel temperatures and ambient

pressures. The error bars are the standard deviation of the 20 injection events.

3.2. Axial spray analysis of 6-hole injector

Fig. 8 shows spray image sequences of the 6-hole injector at the fuel
temperatures of 25 °C and 85 °C, and ambient pressures from 20 kPa to
200 kPa. When the fuel temperature was 25 °C, typical spray structures
of a multi-hole injector were observed. Individual fuel plumes could be
identified, and no direct visible interactions between adjacent plumes
were observed. Specifically, there was a clear gap between the plumes
and the plumes appeared evenly distributed in space. The images of
Fig. 8(a) show the fuel plumes were wider and penetrated faster with
decreasing ambient pressure due to greater fuel atomization and
smaller air drag forces at lower ambient pressures. When the fuel
temperature was 85 °C, the spray structures change dramatically at the
different ambient pressures, as seen in Fig. 8(b). When the ambient
pressure was 200 kPa, the fuel was still subcooled, and the spray
structure was similar to the structure observed when fuel the tem-
perature was 25 °C. When the ambient pressure decreased to 100 kPa,
slight plume interaction was observed between the central two plumes,
but the fuel plumes still propagated in the direction oriented by the
nozzle. Further decreasing the ambient pressure to 40 kPa and lower,
significantly changed the spray characteristics. A collapsed spray
structure with a longer and narrower spray was formed. With no gap
between the central fuel plumes, the structure showed significant
plume-to-plume interactions.

Fig. 9 shows the spray penetration as a function of injection time
corresponding to the data presented in Fig. 8. As with the 1-hole in-
jector, higher ambient pressure led to lower spray penetration for both
fuel temperatures, even with the collapsed structures observed for the
higher fuel temperature. For the higher fuel temperature, the slopes of
the spray penetration curves are much larger at later times for the
ambient pressures of 20kPa, 30kPa and 40kPa compared with the
slopes for the 100 kPa and 200 kPa conditions, which is attributed to
the significant change of the spray structures at lower ambient pres-
sures. A more detailed time sequence of the spray images for an am-
bient pressure of 40 kPa is shown in Fig. 10, and the images provide
insight into the change in the rate of penetration. When the injection
time was less than 0.8 ms ASOF, the spray tip was flat and vortices at
the two sides of the spray tip were observed. Enhanced fuel atomization
and air entrainment associated with the strong level of superheat at P,/
Ps = 0.24 resulted in short spray penetration. However, at 0.8 ms ASOF,
a bulge appeared near the central region of the spray tip (highlighted by
the arrow in Fig. 10). The bulge asymmetry appeared in all injection
events studied at this condition. As the injection time continued, the
bulge moved faster than the rest of the fluid at the spray tip, which
dramatically increased the rate of spray penetration. This feature was

only observed with the multi-hole injector is the source of the higher
penetration seen in Fig. 9. Clearly, spray collapse has a remarkable
impact on the spray structure of the multi-hole injector, and the fea-
tures are not captured in the single-hole injector sprays.

Fig. 11 shows spray image sequences for 40 kPa and 100 kPa am-
bient pressures when the fuel temperature was 75 °C. The images show
the spray structure collapsed when the ambient pressure was 40 kPa
(P./Ps = 0.33), and the spray tip was almost flat at later times (e.g. 1 ms
ASOF and later), without the bulge observed at the fuel temperature of
85°C. For the ambient pressure of 100 kPa and fuel temperature of
75°C, (P,/Ps = 0.82) the spray did not collapse. Comparing the pene-
tration at 1.5 ms ASOF (data not shown here), the 100 kPa spray was
around 70 mm in length whereas the 40 kPa was approximately 60 mm.
The results show that when spray collapse occurs but is not severe,
spray penetration decreases.

To summarize, the imaging results show that when the fuel is su-
perheated, interaction between the fuel plumes of a multi-hole injector
occurs and leads to spray collapse. However, the extent of the spray
collapse can have opposing effects on the spray. Slight spray collapse
can result in shorter and wider sprays, while severe spray collapse can
lead to much larger spray penetration and more concentrated or nar-
rower fuel distribution. Understanding the mechanism of the spray
collapse process of multi-hole injectors will clarify what controls the
different characteristics and is discussed in the following sections.

3.3. Spray pattern analysis of the 6-hole injector

Fig. 12 shows the development of the spray patterns of the 6-hole
injector taken at 40 mm downstream of the injector tip. The conditions
for the experiments span P,/P; values from 0.12 to 2.0. When P,/P, was
2.0, the injection conditions were subcooled, and individual fuel
plumes were clearly observed with no interaction between adjacent fuel
plumes at any time. Furthermore, the spacing between the adjacent fuel
plumes and the center of each plume remained constant throughout the
spray event. When P,/Ps was decreased to 0.44 by increasing the fuel
temperature to 65°C, plume interaction was observed after 1.0 ms
ASOF, indicating the spray had individual plumes at injection times
earlier than 1.0 ms ASOF (at the 40 mm cross-sectional plane). Inter-
actions between adjacent plumes started near 1.2ms ASOF for the
40 kPa ambient pressure and 65°C fuel temperature condition, and
eventually the fuel plumes formed a closed circular pattern after 1.7 ms
ASOF. For the injection condition with the same P,/P; value of 0.44, but
with a fuel temperature of 45 °C and ambient pressure of 20 kPa, plume
interaction started earlier at 1.0 ms ASOF. Before 1.2 ms ASOF, the fuel
of each plume was still concentrated around each plume center
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100kPa
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(a) Fuel temperature = 25 °C

0.8msASOF 0.4msASOF

1.2msASOF

100kPa 200kPa

Pa/Ps=0.12 Pa/Ps=0.18 Pa/Ps=0.24 Pa/Ps=0.61 Pa/Ps=1.23

(b) Fuel temperature = 85 °C

Fig. 8. Spray imaging results for the 6-hole injector at lower (a) and higher (b) fuel temperatures and a range of ambient pressures. The dimensionless superheat
degree, P,/P;, is provided below each column of images. The time ASOF is provided to the left of each row.

regardless of the slight plume interaction. In other words, the slight
interaction between plumes had nearly no effect on fuel distribution
before that time. After 1.2 ms ASOF, the fuel shifted to the center part of
the spray with a significantly different fuel distribution, indicating
spray collapse had occurred. The results show plume interaction and
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spray collapse need time to develop. Although the superheat degree was
the same (P,/Ps = 0.44), the processes of plume interaction and spray
collapse were different, which indicates superheat degree which defines
the thermal state of the fuel when it discharges into the chamber is
important, but the absolute value of the ambient pressure also matters
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Fig. 9. Average spray penetration data as a function of time after the start of fuel injection for the 6-hole injector and the different fuel temperatures and ambient

pressures. The error bars are the standard deviation of 20 injection events.

with respect to the spray collapse process. Lower ambient pressure re-
sults in earlier plume interaction and stronger spray collapse even when
the P,/P; value is the same.

When P,/P; was decreased below 0.44, the start time of plume in-
teraction shifted to earlier times. The earlier plume interaction resulted
in more severely collapsed spray patterns, i.e. with fuel more con-
centrated at the center of the spray. When P,/P; was 0.22, severely
collapsed spray patterns were observed, and at 2.0 ms ASOF, no liquid
fuel could be seen at the center of the spray pattern. For P,/P; of 0.12,
the smallest collapsed spray patterns were seen, with less liquid fuel at
the spray center at 1.2ms ASOF, and no liquid fuel observed at the
center of the spray after 1.2 ms ASOF. Two explanations could be re-
sponsible for the observations. The fuel at the spray center could eva-
porate faster due to locally higher temperature and lower pressure [10]
or the fuel cannot reach the spray center near the end of injection due to
flow constraints.

Spray patterns at various cross-sectional planes are shown in Fig. 13
for conditions spanning P,/P; values from 0.12 to 2.0. The time offset

0.1ms ASOF 0.2ms ASOF

0.6ms ASOF

0.7ms ASOF

1.1ms ASOF 1.2ms ASOF

0.3ms ASOF

4

0.8ms ASOF

.

1.3ms ASOF

between two sequential cross-sectional patterns was set as 0.2 ms for
each incremental distance of 10 mm at each test condition. At sub-
cooled conditions, namely P,/P; = 2.0, each individual fuel plume can
be seen clearly even at the 10 mm cross-sectional plane. As fuel spray
moved downward, the distance between adjacent fuel plumes increased
due to the drill angle of each nozzle. When P,/Ps was 0.46 or 0.44,
plume interaction was identified close to the nozzle exit (by the 20 mm
cross-sectional plane), but the fuel plumes were distinct again by the
time the fuel spray reached the 40 mm and 60 mm cross-sectional
planes. When P,/Ps was 0.33, more severe interaction and spray col-
lapse was seen at all planes, with the fuel concentrated at the center of
the spray. However, the fuel dispersed more by the 40 mm cross-sec-
tional plane, which indicated weaker plume interaction and weaker
spray collapse for P,/Ps = 0.33. At the 60 mm cross-sectional plane,
strong fuel atomization and evaporation led to less liquid fuel in the
images. When P,/P; was 0.3 and 0.12, the sprays were in the flare flash-
boiling region, and more compact spray patterns and concentrated fuel
distributions were observed at all test planes, indicating a stronger

A

0.5ms ASOF

‘

1.0ms ASOF

‘

1.5ms ASOF

0.4ms ASOF

A

0.9ms ASOF

¢

1.4ms ASOF

Fig. 10. Spray image sequence of the 6-hole injector for the fuel temperature of 85 °C, ambient pressure of 40 kPa, and P,/P; = 0.24. The arrow highlights the start of

non-axisymmetric spray penetration.
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Fig. 11. Spray image sequences for fuel temperature of 75 °C and ambient pressures of 40 kPa (P,/Ps = 0.33) and 100 kPa (P,/Ps = 0.82).

collapse process. Overall, the spray pattern data show fuel plume in-
teraction starts within the near nozzle region, and the visual liquid fuel
interactions may continue or diminish as the fuel spray moves down-
ward, and the extent of the interaction is dependent on the superheat

degree.

Based on the spray pattern imaging data, the patterns can be divided
into four categories, which are shown in Fig. 14. The first category is
when no interaction occurs between fuel plumes, and all fuel plumes

25°C_40kPa  65°C_40kPa  45°C_20kPa  75°C_40kPa  55°C_20kPa  65°C_20kPa  85°C _20kPa
Pa/Ps=2.0 Pa/Ps=0.44 Pa/Ps=0.44 Pa/Ps=0.33 Pa/Ps=0.3 Pa/Ps=0.22 Pa/Ps=0.12

3% &%
* \é?‘ii')

0.7ms ASOF

o o¥ a¥e 0 %5 o¥» o

1.5ms ASOF 1.2ms ASOF 1.0ms ASOF 0.9ms ASOF

® &) ¢
o9

2.0ms ASOF 1.7ms ASOF

0

Fig. 12. Spray patterns as a function of time ASOF at 40 mm downstream of the injector tip of the 6-hole injector. The columns correspond to different fuel
temperature, ambient pressure and dimensionless superheat degree, P,/P, with P,/P; decreasing from left to right. The time ASOF is listed on the left of each row.
The color scale (arbitrary units) indicates light intensity and corresponds to the presence of liquid fuel.
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Fig. 13. Spray patterns at various cross-sectional planes downstream of the injector tip of the 6-hole injector. The columns correspond to different fuel temperature,
ambient pressure and dimensionless superheat degree, P,/P,, with P,/P; decreasing from left to right. The time ASOF and H (the distance downstream of the injector
tip) are provided to the left of each row. The color scale (arbitrary units) indicates light intensity and corresponds to the presence of liquid fuel.

(@) (b)

‘Tlp . w . .
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Fig. 14. Four categories of spray patterns proposed based on the observations of the current work. The progression from left to right qualitatively describes increasing
plume interactions for a multi-hole fuel injector from no plume-to-plume interaction (a) to complete collapse of multiple plumes into one central structure (d).

propagate along the direction defined by the nozzle drill angles. The
next category is when some interaction appears between some of the
fuel plumes. Such slight plume interaction does not trigger any obvious
transformation of the spray structure, like the trajectory of the plumes.
The third category of spray pattern describes when all fuel plumes ex-
perience interactions and a closed region at the spray center appears.
For this category, the nozzle configuration and the plume interactions
affect the spray structure, but the nozzle configuration still plays the
dominant role. For the last category, representing the strongest levels of
superheating, the multiple fuel plumes merge into one plume due to
spray collapse, and the spray collapse governs the spray structure, ra-
ther than the nozzle configuration as seen in this work and other pre-
vious studies of superheated/flash-boiling fuel sprays [25-27].

The four categories of spray patterns will induce different motion in
the ambient gases surrounding the fuel spray. A schematic of proposed
gas motion is illustrated in Fig. 15. In the figure, the suggested gas
motion is highlighted by the arrows and the panels represent two dis-
tinct conditions. The first condition (corresponding to Fig. 14(a) and
(b)) is when ambient air can be exchanged with the central region of the
fuel spray, and the second condition (corresponding to Fig. 14(c) and
(d)) is when the ambient air flow is obstructed from access to the
central region of the spray. The momentum of the ambient gas is much
smaller than the momentum of the fuel, so the air flow cannot change
the fuel spray pattern. For conditions where the central region of the
spray is inaccessible by the ambient air, the pressure in the center of the
spray will decrease as the spray moves away from the injector. Even-
tually, the pressure differential between the surrounding ambient re-
gion and the spray center triggers severe collapse of the spray. Detailed
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analysis of this process can be found in Wu et al. [24]. For the spray
structure shown on the right in Fig. 15, the severely collapsed spray
would induce faster motion of the spray downward away from the
nozzle exit, and result in longer penetration which is consistent with the
observations seen in Fig. 10. For the spray structure shown on the left in
Fig. 15, i.e. sprays where the ambient gases can be transported into the
spray center, the air motion and mixing expands the width of the spray.

3.4. Analysis of the collapse mechanisms of flash-boiling sprays

There are two geometric parameters defined by the fuel spray that
can be used to characterize the potential for fuel plume interactions.
The development and definitions of the spray parameters are described
here. Once the geometric spray parameters are defined, the effects of
the injector design and operating conditions are discussed in terms of
the impact on the spray development and potential for increasing or
decreasing plume interaction as observed in the current work and in
other studies of spray collapse in the literature.

Fig. 16 is a schematic of the axial and radial spray structures of a 6-
hole injector. The six holes are symmetrically distributed around the
center of the injector tip. The drill angle of each nozzle is 6, and the
number of holes is n, where n is six for the injector used in this work.
Key dimensions are defined in Fig. 16. For a given distance H down-
stream of the injector tip, the distance from the plume centerline and
the injector centerline, R, is

R =H * tan@ (@)

On the cross-sectional plane, which is the distance H downstream of
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Spray center

(a) Spray pattern

Interaction
region

(b) Axial spray structure

Fig. 15. Sketches indicating the different air motion induced by the different categories of spray patterns (a) and spray structures (b). The panels on the left show the
motion when ambient air can be exchanged with the air at the center of the spray. The panels on the right show the motion when ambient air cannot access the center
region of the spray.

(a) axial spray structure (b) radial spraystructure

Fig. 16. Illustration of the spray structure of a multi-hole injector.
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the injector tip, the angle between two adjacent fuel plumes, «, is
(2)

The distance between the center points of two adjacent fuel plumes
at the H cross-sectional plane, D(H), is

a=2x/n

D(H) = 2R * sin(a/2) = 2R = sin(7r/n) 3
Substituting Eq. (1) into Eq. (3) yields
D(H) = 2H * tan@ # sin(x/n) @

Thus the distance between two plumes, D(H), is a function of the
nozzle configuration (i.e. the drill angle of the nozzle), and is in-
dependent of injection time and other injection parameters.

The width of a single fuel plume at the H cross-sectional plane at
injection time t is W (H, t), and is influenced by superheat degree, the
ratio of ambient gas density to fuel density, nozzle diameter, fuel
Reynolds number and so on. If W(H, t) < D(H), i.e., the distance be-
tween two adjacent fuel plumes is larger than the plume width, there is
no visible interaction between the two plumes. If W (H, t) = D(H), i.e.,
the distance between two adjacent fuel plumes is equal to the plume
width, visible plume interaction occurs. Assuming the fuel plumes start
interacting at injection time # at the H; cross-sectional plane,
thenW (Hy, t) = D(H).

Because the holes are symmetrically distributed around the nozzle
tip, when each plume is just touching, the spray can generate a con-
tinuous spray pattern similar to that shown in Fig. 14(c). As the spray
develops and moves downward, at injection time of ¢, at the H, cross-
sectional plane, the plume width is W (H,, ;) and the distance between
adjacent fuel plumes is D(H,). So the change in the distance between
two adjacent fuel plumes AD is

AD = D(H,) — D(H;) = 2 % AH * tan® * sin(z/n) 5)

where, AH = H, — Hy, which is always positive. Thus, AD is always
positive, which indicates that as the spray moves downward, the fuel
plumes will have the tendency to separate or move further apart. Larger
nozzle drill angles or fewer nozzles would lead to larger AD. However,
the fuel plumes will also atomize and expand, which results in wider
fuel plumes. The change in the plume width at the H, cross-sectional
plane at the injection time of t, is AW:

AW = W (Hy, ) — W (H,, &) (6)

and AW is governed by the atomization process of the fuel plumes.

If the plumes are just touching at time t,, whether the spray inter-
action continues or ceases at a later injection time t, (at the H, cross-
sectional plane) depends on the change in the spacing between the
plumes, AD, and the change in the width of the plumes, AW. If
AD > AW, i.e., the change in the distance between adjacent fuel plumes
is larger than the change in the plume width, the fuel plumes separate.
This behavior can be observed in the near nozzle region. For example in
Fig. 13 for the conditions of 55°C and 30kPa (P,/P; = 0.46), the
plumes were initially touching at H = 10 mm and H = 20 mm, but the
plumes separated as the spray developed and moved downward at
H = 60mm. If AD < AW, or the change in the distance between ad-
jacent fuel plumes was smaller than the increment of change in the
plume width, the fuel plumes would continue to interact. This situation
is consistent with the collapsed spray pattern observed in Fig. 13 for the
conditions of 55 °C and 20 kPa (P,/Ps = 0.30).

In addition to the nozzle physical configuration, external effects like
the motion of the ambient gas can influence the fuel plume interactions.
For these conditions, AD at the injection time of t, should be modified
by introducing a factor to correct for the effects of ambient gas motion
and the low pressure at the center of the spray. So Eq. (5) becomes:

AD:2*AH*tan6*sin(£)—5
n 7

where 8 is the change in the distance between adjacent fuel plumes
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caused by ambient gas motion, pressure differentials between the in-
terior and exterior regions of the spray surface, etc. 8 is always positive,
because ambient gas motion and other similar effects would reduce the
distance between adjacent fuel plumes. For these conditions, the fuel
plumes would continue to interact as the spray develops and moves
downward. The effects of the external motion explains why fuel plumes
do not interact at early injection times, but do interact as the spray
develops as seen in Fig. 12 for conditions of 45°C and 20kPa (P,/
P; = 0.44). As the superheat degree decreases, fuel atomization in-
creases and the effects of ambient gas motion and therefore § increase.
Thus, AD decreases which leads to severely collapsed spray structures,
as seen in Fig. 8(b) for conditions of 85°C 30kPa (P,/P; = 0.18) and
Fig. 13 for conditions of 55 °C and 20 kPa (P,/P; = 0.3).

3.5. Consideration of parameters affecting collapse of flash-boiling sprays

A key outcome of the analysis of the spray features is the compar-
ison between the change in the distance between adjacent fuel plumes
and the change in the width of the fuel plumes as the spray develops.
Thus, to understand the effects of injection parameters (like hardware
configuration and operating conditions) on spray collapse, considera-
tion of how the injection parameters affect D, W, AD and AW provides a
means to interpret the results of the current work and previous studies
of fuel spray collapse in the literature.

3.5.1. Injector configuration

Hardware characteristics of GDI injectors that affect the spray
characteristics include the nozzle diameter, length, and drill angle and
the number of nozzles. Nozzle diameter and length can influence the
internal flow and subsequently the spray characteristics. For example,
adjusting the nozzle diameter and length can improve in-nozzle flow
turbulence and the radial velocity component, and the plume width
would be expected to increase. For a fixed nozzle diameter, increasing
the nozzle length from a small value to a large value, the flow turbu-
lence would first increase with increasing nozzle length, and then de-
crease with increasing nozzle length [43]. Flash-boiling effects also
have to be considered when changing nozzle diameter and length. For
example, a longer nozzle length has enhanced wall restriction effects,
which would reduce in-nozzle flow turbulence and lead to a narrower
fuel plume [16,17,44]. However, a longer nozzle length would also
produce more flash-boiling bubbles along the nozzle wall, which pro-
motes spray atomization significantly and therefore would be expected
to increase plume width. Due to these potentially offsetting effects,
there is no unique trend on how nozzle diameter and length influence
plume width.

The effects of the other nozzle hardware characteristics are clearer.
More nozzles would decrease the distance between adjacent fuel
plumes, enabling and increasing the potential for plume interactions
and spray collapse. For example, Aori et al. [45] found a 6-hole injector
exhibited more collapsed fuel spray structure at flash-boiling conditions
than a 5-hole injector and a 4-hole injector. Larger nozzle drill angles
produce not only larger distances between adjacent fuel plumes (D),
but also larger changes in the distance between fuel plumes (AD),
which suppresses plume interaction and spray collapse, as found by
Mojtabi et al. [33], where fuel spray of an injector with a 60° nominal
angle underwent more severe collapse behavior than the fuel spray of
an injector with a 90° nominal angle.

3.5.2. Fuel pressure

Higher fuel pressure can promote fuel atomization due to stronger
fuel turbulence and air drag forces which could expand the fuel plumes.
However, higher fuel pressure also increases the fuel velocity, and
consequently leads to higher momentum of the fuel droplets. The
higher velocity of the fuel droplets reduces the time to transit from the
H cross-sectional plane to the H, cross-sectional plane, giving the fuel
plume less time to expand. On the other hand, fuel droplets with higher
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momentum are less influenced by the motion of the ambient gas, which
means 8 would be smaller. Which process dominates will depend on the
specific operating conditions and injector design. In Schulz and Beyrau
[29], the authors found more collapsed spray patterns using 150 bar
fuel pressure compared with using 300 bar fuel pressure, indicating the
momentum effects were stronger than the mixing effects. Chan et al.
[26] also found increasing injection pressure reduced collapse of flash-
boiling spray in an optical SIDI engine. Jiang et al. [34] found that
higher injection pressure led to a longer distance before spray even-
tually collapsed.

3.5.3. Fuel properties

Fuel properties can affect in-nozzle flow characteristics, spray
breakup and dispersion processes. Central to spray behavior are fuel
density, viscosity, surface tension and boiling point. Fuels with higher
densities result in smaller plume angles according to the empirical ex-
pressions derived for diesel and gasoline sprays in Refs. [46-49]. Higher
fuel density leads to higher momentum of the fuel droplets, thus re-
ducing the effects of the ambient gas on the spray, i.e., smaller 8. Fuel
density and dynamic viscosity both affect the spray Reynolds number,
which affects fuel and air mixing and spray breakup. Depending on the
effects on Reynolds number, WandAW could decrease with reduced
Reynolds number, suppressing plume interaction and the collapse
process. Higher fuel surface tension could decrease the rate of droplet
breakup, decreasing WandAW. In addition, higher surface tension
makes initiation and growth of flash-boiling bubbles in the liquid fuel
more difficult, which decreases spray atomization. The fuel boiling
point plays the most vital role among the fuel properties at flash-boiling
conditions. Lower boiling point increases the level of fuel superheat for
a fixed fuel temperature, which promotes fuel atomization and eva-
poration significantly. Stronger superheated conditions will result in
wider fuel plumes and larger changes in plume width, thus enhancing
plume interaction and spray collapse.

3.5.4. Ambient state conditions

Ambient gas density, pressure and temperature are the main para-
meters influencing fuel spray characteristics. Higher ambient gas den-
sity produces larger air drag forces, which promote spray breakup and
reduce the velocity of the fuel spray [49]. In addition, some empirical
expressions for fuel plume angle for diesel and gasoline sprays
[44,46-49] indicate higher ambient density results in larger plume
angle. Therefore, higher ambient gas density can promote plume in-
teraction and spray collapse.

Ambient pressure governs the state of the fuel after it is discharged
from the nozzle. Lower ambient pressure produces higher levels of su-
perheat, which results in larger WandAW, enhancing fuel plume in-
teraction and spray collapse as observed in this work. Higher ambient
gas temperatures can heat the fuel spray and improve fuel evaporation
resulting in lower WandAW and thereby mitigating plume interaction
and collapse. In the study by Park et al. [50], using both experimental
and numerical methods, higher ambient gas temperatures led to smaller
cone angles and higher spray penetration. Pan et al. [51] also found
that fuel plume was slightly smaller with enhanced evaporation at
higher ambient temperatures, which has the potential to reduce plume
interaction and spray collapse.

Overall, which characteristics are the most critical to controlling the
spray collapse process depends on the relative magnitude of the effects
of these different parameters. At some operating conditions, one cate-
gory can dominate, like the ambient state conditions or the fuel injector
hardware configuration.

4. Conclusions
An experimental investigation of two GDI injectors (a single hole

and a 6-hole) was conducted under a wide range of sub-cooled and
superheated conditions. Both axial and radial macroscopic spray
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structures were recorded and analyzed. The key conclusions of the
study are:

1) For the 1-hole injector, decreasing ambient pressure did lead to
flash-boiling sprays, and consequently enhanced fuel atomization;
however, spray penetration was primarily influenced by the ambient
gas density. Lower ambient pressure decreased the ambient gas
density, and increased the rate of spray penetration and flash boiling
did not change the trajectory of the fuel plume. Ultimately, how-
ever, the spray processes important with a multi-hole injector are
not well represented by a single-hole injector when considering the
spray collapse process. Plume interaction is critical to describing the
potential for spray collapse.

2) For the 6-hole injector at flash-boiling conditions, the adjacent fuel
plumes interacted with each other. Slight plume interactions did not
significantly affect the spray structure, but could reduce the spray
penetration rate and increase the spray angle. Strong plume inter-
actions triggered severe spray collapse, which altered the spray
structure significantly and resulted in longer spray penetration and
smaller spray angle.
Interaction of adjacent fuel plumes often started in the near nozzle
region, and whether the interactions continued or ceased as the
spray developed and moved downward was mainly dependent on
the injector configuration and superheat degree. At strong flash-
boiling conditions (P,/Ps < 0.3), plume interaction increased with
injection time for the multi-hole injector studied.

4) Differences in air motion triggered by plume interactions is sug-
gested as the primary cause of the severely collapsed spray struc-
tures observed, where multiple plumes merged into one continuous
surface and produced a longer and narrower fuel spray structure.

5) The nozzle hardware configuration and injection parameters dictate
the level of fuel plume interaction and the potential transition to
spray collapse. Adjusting parameters that can increase the distance
between adjacent fuel plumes or reduce the plume width, can sup-
press plume interaction and the spray collapse process and vice
versa.
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