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H I G H L I G H T S

• Collapse of multi-jet flash-boiling sprays was caused by vapor condensation.

• Jet overlap was a necessary condition for collapse of flash-boiling sprays.

• Collapse under high Pamb was caused by low-pressure induced by high-speed jets.

• Rapid bubble bursting caused local static pressure rise at the balance position.

A R T I C L E I N F O

Keywords:
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Vapor condensation
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A B S T R A C T

The main objective of this study is to understand the mechanism of the spray collapse during flash boiling using
multi-hole injectors. The spray characteristics of a five-hole gasoline direct injection (GDI) injector were in-
vestigated over a range of ambient pressures and fuel temperatures with high-speed imaging and phase Doppler
particle measurement techniques. Spray collapses under both flash-boiling and non-flash-boiling (elevated
ambient pressure) conditions were observed, but due to different mechanisms. In order to prove that the vapor
condensation near the nozzle exit is the primary cause for the collapse under flash boiling conditions, careful
analysis to examine the two necessary conditions for vapor condensation in multi-jet flash-boiling sprays was
conducted: (1) existence of sub-cooled droplets and (2) existence of saturated vapor. The first condition could be
supported by the previous studies and the other condition was numerically and experimentally demonstrated in
the present study. It was found that the local static pressure significantly increased at the balance position, where
the radial momentums of the droplets and vapor issued from the five holes could be counteracted. The increased
static pressure was beyond the local saturation pressure, fulfilling the condition for vapor condensation.
Furthermore, the bimodal size distribution under flash boiling conditions and the condensation core inside the
spray observed under much reduced ambient pressure also prove the occurrence of vapor condensation at the
nozzle exit.

1. Introduction

In recent years, flash boiling has been widely studied due to its great
potential in improving spray atomization quality [1–3] and impinge-
ment [4] for gasoline direct injection (GDI) engines. A recent report has
shown that up to 99% of all the injections during New European
Driving Cycle and 95% during ‘Real Driving Emissions’ tests in mid-
range cars were superheated [5]. Therefore, the flash-boiling spray
should be fully understood because of its significant impact on atomi-
zation and its frequent occurrence in real GDI engines.

Flash-boiling can be achieved by elevating liquid temperature or
depressurizing ambient pressure to make the liquid superheated. The

superheated degree can be expressed by the temperature difference
between the liquid temperature and the saturation temperature at local
ambient pressure, or by the ratio of the ambient pressure over the sa-
turation pressure. The superheated fluid inside the nozzle undergoes
the processes of nucleation and bubble growth. The mechanisms of
nucleation and bubble growth have been investigated and several
models have been proposed [6–8]. In order to correlate the inside
bubble formation and external superheated jet breakup, a number of
studies have been conducted. Zhang et al. [9,10] studied the effect of
bubble formation inside a nozzle on the external breakup process of a
superheated liquid jet. They found that the bubble number increased
with the superheated degree and claimed that bubble number density

https://doi.org/10.1016/j.applthermaleng.2018.01.102
Received 7 May 2017; Received in revised form 18 December 2017; Accepted 27 January 2018

⁎ Corresponding author.
E-mail address: chenlongfei@buaa.edu.cn (L. Chen).

Applied Thermal Engineering 134 (2018) 20–28

Available online 31 January 2018
1359-4311/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2018.01.102
https://doi.org/10.1016/j.applthermaleng.2018.01.102
mailto:chenlongfei@buaa.edu.cn
https://doi.org/10.1016/j.applthermaleng.2018.01.102
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2018.01.102&domain=pdf


could be the main driving force enhancing the superheated liquid jet
breakup. With a real-size transparent injector nozzle, Serras-Pereira
et al. [3] found that the in-nozzle flow regime was highly sensitive to
fuel temperature and the increase in superheated degree dramatically
improved primary breakup and atomization. Wang et al. [11] studied
the near-field spray characteristics of 2-methylfuran, ethanol and iso-
octane under flash boiling conditions and reported that saturation ratio
and cavitation number were the two dominant factors for the near-
nozzle spray behaviors.

It has been widely observed that spray collapse would occur under
flash-boiling conditions when multi-hole GDI injectors were used
[1–3,12–15]. The occurrence of spray collapse could lengthen spray tip
penetration, lead to the fuel film buildup on the cylinder wall and
piston crown [16], and increase soot emissions. Furthermore, fuel im-
pingement would also dilute the lubricating oil, which was believed to
be one of the sources inducing super-knock [17]. Zhang et al. [12]
studied the flow field of the multi-jet flash-boiling sprays and found that
the superheated degree was the predominant factor in determining the
structure and flow field. Mojtabi et al. [13] studied the effects of fuel
properties, superheated degree and nozzle configuration (different en-
velop cone angles) on the flash-boiling sprays and found that super-
heated degree and nozzle configuration were the two key parameters
affecting spray collapse. Based on experimental results with different
liquids and injectors, Kramer et al. [5] suggested that the trajectory
deviation could be induced by flash-boiling or increasing nozzle hole
number. Yang et al. [14] investigated spray collapse under flash-boiling
conditions, and suggested it was attributed to low-pressure zone caused
by the high speed jets and the jet overlap. Aori et al. [15] investigated
the effect of nozzle configuration on the macroscopic characteristics of
flash-boiling sprays, and revealed that the spray collapse was enhanced
for nozzles with more holes and symmetrical configuration. They also
claimed that the spray collapse was induced by the low-pressure zone
enclosed by the high-speed jets.

However, spray collapse could also be observed at elevated ambient
pressures (non-flash-boiling conditions) [18–21]. It is worth noting that

the spray collapse under non-flash-boiling conditions was also attribu-
table to the generation of low-pressure zone enclosed by high-speed jets
[18,20,21], which was used to explain the collapse under flash-boiling
conditions as well. Recently, Guo et al. [22] compared the collapse of
multi-jet sprays under elevated ambient pressure with the collapse
under flash boiling conditions. They found that the spray collapse be-
came much weaker as the ambient pressure decreased from 10.0 bar to
1.0 bar and the spray even slightly expanded as the ambient pressure
further decreased to 0.5 bar with the liquid temperature fixed at 20 °C.
In other words, the jet-to-jet interaction was very weak at low ambient
pressures. This phenomenon can be observed in the current study
(Fig. 6). Considering that flash boiling in GDI engines normally oc-
curred at sub-atmospheric pressures, it is unlikely that the collapse
under flash boiling conditions was just caused by the jet-to-jet inter-
actions, or to be more precise, the low-pressure zone enclosed and in-
duced by the high-speed jets could not be produced under flash boiling
conditions. Thus, Guo et al. [22] further proposed that the spray col-
lapse at elevated ambient pressures was caused by the low pressure
zone enclosed and induced by the high-speed jets, while the collapse
under flash boiling conditions was caused by the low pressure zone
induced by the vapor condensation at the nozzle exit. The two collapse
mechanisms with different inner physical process were termed as jet-
induced spray collapse and condensation-induced spray collapse, re-
spectively. The proposal of condensation-induced spray collapse was
based on a series of findings, which demonstrated that the temperature
of the initial superheated liquid immediately dropped below the local
saturation temperature at the nozzle exit [23–25]. A recent study from
Li et al. [26] reported that the near-field spray width was quite sensitive
to Pamb under flash boiling conditions. With the increase in superheated
degree, relatively larger Pamb could enhance the spray collapse while
relatively small Pamb could enhance the expansion. They suggested that
relatively larger Pamb be conducive to increasing local vapor con-
centration via vapor coagulation and enhancing the condensation in-
tensity, leading to stronger collapse, whereas, relatively small Pamb may
lead to relatively weaker collapse due to the dilute vapor concentration

Fig. 1. Schematic of the experiment setup for PDPA
and backlit.
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even though it increases superheated level.
The present research is the continuity of our previous investigation

[22,26], and to elaborate the collapse of multi-jet flash-boiling sprays
and provide more direct evidence to support the idea that the collapse
of multi-jet flash-boiling jets may be caused by the vapor condensation
at the nozzle exit. The tests were carried out over a range of ambient
pressures and fuel temperatures using a five-hole GDI injector. Spray
morphology, droplet velocity and size were captured using high-speed
imaging and phase Doppler measurement techniques.

2. Experimental setup

The schematic experimental setup is shown in Fig. 1. Two vessels
were used, one for the PDPA measurement and the other for backlit
imaging. In the PDPA vessel, two quartz windows were mounted at the
side with the intersection angle of 110° in order to achieve the best
signal-to-noise ratio for PDPA measurement. The injector was mounted
on the top of the vessel and the hole diameter is 0.18mm. The ambient
air flowed constantly through the vessel to purge out the residual
droplets. The flow rate was so low that the ambient pressure was kept
constant in the vessel. Besides, the influence of airflow on the injection
process was negligible. The injection rate was set at 1 Hz, to provide
sufficient time for the scavenging. In the backlit vessel, two quartz
windows were mounted oppositely. A Photron SA X2 high-speed
camera was utilized to visualize the spray morphology, illuminated by
an LED light. The camera speed was set as 25,000 fps and the corre-
sponding resolution was 640,768 pixels, with the exposure time of
6.25 μs and the spatial resolution of 0.1mm/pixel.

A non-axisymmetric five-hole GDI injector with the footprint shown
in Fig. 2 was used. Jet 1 was selected as the target jet in PDPA mea-
surement. The injector was mounted in such an orientation that the
target jet was perpendicular to the imaging direction and the incident
lasers from PDPA. The fuel pressure was realized by a gas-to-liquid
pressure amplifier driven by a high-pressure gas bottle.

A set of two-dimensional PDPA system from Dantec was used to
measure the droplet diameter and velocity and the relevant parameter
settings are shown in Table 1. The laser beam is emitted from an argon-
ion laser and it passes through a Bragg cell to be separated into two
pairs of laser beams. Then, the laser beams are transferred to the
transmitter by optical fibers and focused by the transmitting lens with a
focus length of 310mm. The focus point determines the measurement
volume of PDPA. When the droplet travels through the measurement
volume, the scattered signal could be captured by the receiver and be
subsequently processed by the PDPA processer to obtain the droplet
diameter and velocity values.

The measurement positions are shown in Fig. 3. The injector axis

and the nominal axis of the target jet have been marked by dashed lines,
respectively. The axial distance from the measurement points to the
injector tip ranged from 15 to 30mm. In the radial direction, the
measurement points spread from the spray edge to the injector axis
with the interval of 1mm. The measurement lasted 60 s in each position
with the maximum sample count of 50,000.

The test conditions are listed in Table 2. The ambient pressure
ranged from 0.2 bar to 10.0 bar. The fuel temperatures were from 20 °C
and 120 °C. For PDPA tests, the liquid temperature ranged from 20 °C
and 80 °C and was controlled by the water jacket around the injector.
For backlit tests, the liquid temperature was controlled by the heating
elements inserted into the injector adaptor. The injection pressure was
fixed at 10.0MPa and the injection duration was 1.5 ms. A mainstream
gasoline with the RON (research octane number) of 95 was used as the
injection liquid and the distillation curve is shown in Fig. 4.

The image processing procedure to extract spray width using in-
house MATLAB codes is given in Fig. 5. Fig. 5(a) presents a typical
spray image. By background subtraction and image contrast enhance-
ment (Fig. 5(b)), the intensified image was binarized with the threshold
values based on Ostu’s method, as shown in Fig. 5 (c). Because the
background is similar, the variation of threshold values for different
conditions is less than 2.6%. In Fig. 5(d), the edge of the spray was
obtained from the binarized image. Finally, the spray width was ob-
tained by measuring the distance from the injector axis to the right side
of the spray because the right jet was the target jet. The tests were
repeated 5 times for each test condition and the averaged spray widths

Fig. 2. Spray footprint.

Table 1
Parameter settings for PDPA.

Parameters Value

Laser power (Watt) 0.8
Wave length (nm) 514.5 & 488.0
Focal length (mm) 310
Receiver type 112 Fiber PDA
Scattering angle (°) 70

Fig. 3. PDPA measurement positions.

Table 2
Experiment conditions.

Ambient pressure/bar 0.2, 0.5, 0.8, 1.0, 5.0, 10.0

Fuel temperature/°C 20, 40, 60, 80, 100, 120
Injection pressure/MPa 10.0
Injection duration/ms 1.5
Fuel Gasoline
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were used.

3. Results

3.1. Spray morphology at different Pamb

Fig. 6(a)–(f) presents the spray images under different ambient
pressures, at 1.6 ms after the start of trigger (ASOT) when the spray was
fully developed. To quantitatively investigate the spray morphology,
the evolution of spray width along the injector axis is plotted in
Fig. 6(g). Clearly, with the increase in ambient pressure, the spray pe-
netration length becomes shorter due to the increased drag force. In
addition, the ambient pressure plays an important role in the spray
radial dispersion. The spray width becomes narrower as the ambient
pressure varies from 0.2 bar to 1.0 bar, as shown in Fig. 6(g). As the
ambient pressure further increases to 5.0 bar and 10.0 bar, the spray
widths have more prominent reduction in the near field, indicating the
obvious spray collapse at the elevated ambient pressures. In the far field
(after the transition points, as marked in Fig. 6(g)), the spray widths at
elevated ambient pressures significantly increase. Furthermore, with
the increase in ambient pressure from 5.0 bar to 10.0 bar, the transition
length decreases from 5.46mm to 4.78mm. The collapse occurring at
elevated ambient pressures of 5.0 and 10.0 bar can be attributed to the
strong jet-to-jet interaction and the resultant low-pressure zone en-
closed by the jets [18]. The failure to observe the similar phenomenon
at the ambient pressures less than 5.0 bar is owing to weakened jet-air
interaction.

The far-field increase in spray width along with the axis can be
explained by the numerical study from Khan et al. [27]. It was caused
by the collision between the downward gas due to the entrainment near
the nozzle exit and the upward gas flow from the far field. The collision
led to a stagnation plane in the vertical direction and forced the gas to

expand radially, as well as the droplets. As the ambient pressure in-
creases, the decreased jet velocity could cause the stagnation plane to
move upward, i.e. the transition length decreased as the ambient
pressure increased from 5.0 bar to 10.0 bar in the present study.

3.2. Spray morphology at different Tfuel

Fig. 7 gives the images with different fuel temperatures and the
evolution of spray width along the injector axis. The ambient pressure is
fixed at 0.5 bar. With the increase in fuel temperature, the gap between
the jets diminishes, and the jets merges into one jet after the tem-
perature of 80 °C. As shown in Fig. 7(g), the near-field spray widths for
the fuel temperatures of 20, 40, 60 and 80 °C are almost identical and
increases as the fuel temperature increases to 100 and 120 °C due to the
enhanced bubble bursting. At the axial distance larger than 7.5 mm, the
spray width decreases with the increase of fuel temperature, indicating
the collapse of the spray. Therefore, during flash boiling, the spray
undergoes an expansion and then collapse process, showing the reverse
trend in Fig. 6.

3.3. Droplet motions

Fig. 8 presents the effect of ambient pressure on the droplet velocity
distribution at the fuel temperatures of 20 °C and 80 °C at the timing of
1.6 ms ASOT. At the cases of 20 °C (top row), the peak droplet velocity
in each axial position generally near the jet axis at the ambient pres-
sures of 0.5 and 1.0 bar, indicating the absence or negligible existence
of spray deflection. However, large difference can be observed at the
ambient pressure of 10.0 bar. At the axial distance of 15mm, few
droplets are present at the outer side of the target jet and the droplet
velocity in the inner side moves towards to the injector axis, rather than
along with the jet axis. At the axial distance of 20mm, the droplets
moves towards the outer side. The droplet movements at 15 and 20mm
match very well with spray collapse and radial expansion, as shown in
Fig. 6.

As the fuel temperature increases to 80 °C (bottom row), the droplet
velocity distribution at the ambient pressure of 0.5 bar is significantly
different. The droplets generally moves to downstream vertically, ra-
ther than along the spray axis, as shown in Fig. 8(d). Slight deflection is
observed at the ambient pressure of 1.0 bar as the peak velocity at each
axial distance obviously occurs at the inner side of the jet axis, as shown
in (Fig. 8(e)). This slightly enhanced deflection in contrast to the case of
20 °C (Fig. 8(b)) may be attributed to the slight flash boiling of the light
components of gasoline and reduced liquid viscosity due to the in-
creased fuel temperature. At the ambient pressure of 10.0 bar, the peak
velocity at the axial distance of 15mm occurs at the third position from
the left in the case of fuel temperature of 20 °C (Fig. 8(c)) while the peak
velocity appears at the first position from the left in the same axial
distance, seen in Fig. 8(f). The enhanced deflection at elevated fuel

Fig. 4. Distillation curve of test gasoline fuel.

Fig. 5. Illustrative procedure of image processing.
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temperature in the cases of 1.0 and 10.0 bar is attributed to the in-
creased exit velocity and pressure difference, which were caused by the
reduced viscosity and liquid density as the fuel temperature increases.

4. Discussion

The collapse under elevated ambient pressures and flash boiling
conditions shown Figs. 6 and 7 could be attributed to the jet-induced
low pressure zone and the vapor condensation-induced low pressure
zone, respectively [18]. With regard to the proposed condensation-in-
duced low-pressure zone, it can well explain the collapse under flash
boiling conditions, but stronger evidences are needed to support the
occurrence of vapor condensation and this is the original objective of
the present study.

Two conditions have to be fulfilled for occurrence of vapor con-
densation: (1) existence of sub-cooled droplets as the nuclei; and (2) the

vapor partial pressure of injected substance much be higher than the
local saturation pressure. Considering that GDI sprays are highly tran-
sient (e.g. injection duration of 1.5 ms in the present study) and vapor
condensation occurs in the dense area, it is quite difficult to directly
observe this process. Thus, the main efforts in the following Sections 4.1
and 4.2 are to demonstrate the fulfillment of the two necessary condi-
tions abovementioned based on the available findings and a simplified
simulation, respectively. Then, in Sections 4.3 and 4.4, further analysis
on the droplet size distribution and the inner structure of flashing spray
was examined to support the existence of vapor condensation phe-
nomenologically.

4.1. Existence of sub-cooled droplets

For flash boiling sprays, it has been widely reported that the liquid
temperature at the nozzle exit dropped to the ones below the local

Fig. 6. Spray images and widths at ambient pressures from 0.2 bar to 10.0 bar (Tfuel=20 °C, 1.6 ms ASOT).

Fig. 7. Spray images and widths at fuel temperatures from 20 °C to 120 °C (Pamb=0.5 bar, 1.6ms ASOT).

Y. Li et al. Applied Thermal Engineering 134 (2018) 20–28

24



saturation temperature. This phenomenon not only occurs for the
substances which are liquid in the standard condition, e.g. water [24],
but also for those which are gaseous in the standard condition, e.g.
liquid R134a [23], liquid CO2 [28] and liquid N2 [25]. The solid state of
CO2 and N2 was observed during the superheated liquid spray [25,28].
Fig. 9 schematically describes the liquid temperature evolution during
superheated sprays. Once the heated liquid (state A) is suddenly in-
jected to environment with ambient pressure less than its saturation
pressure, it will become superheated (state B). To achieve the ther-
modynamic equilibrium (C or beyond C), violent evaporation and
breakup would occur to release contained energy. According to above
discussion [23–25,28], the temperature of the residual liquid would be
less than its saturation temperature (e.g. C′), rather than that at C at the

end of flash boiling. In other words, the residual liquid becomes sub-
cooled for a given ambient pressure.

4.2. Existence of saturated vapor

In addition, the vapor phase should have a lower temperature than
TC′ due to the bubble bursting and could condense once the partial
pressure is larger than Psat(TC′), which is lower than the ambient
pressure, Psat(TC). Considering that the initial ambient gas below the
injector should be pushed away once the spray starts, the gas phase
inside the spray and near the nozzle exit is mainly composed of the fuel
vapor. Thus, the partial pressure is the ambient pressure, which is larger
than Psat(TC′). Thus, the existence of saturated vapor is established.

Besides, jet overlap is another important process to produce satu-
rated vapor. Fig. 10 schematically gives the jet expansion process. Once
the needle starts to move upwards, a number of bubbles form as the
superheated fuel flows through the nozzle. Consequently, dramatic ra-
dial expansion would occur as the fuel leaves the nozzle due to the
bubble bursting, as shown in Fig. 10(b). With the continuous expansion,
jet overlap would occur, as shown in Fig. 10(c). Different from flash-
boiling sprays using single-hole injectors, which is freely dispersed, a
balance position can be formulated for the present multi-hole GDI in-
jectors and the radial momentums of droplets from the five jets can be
counteracted, leading to the dramatic increase in static local pressure.
This local pressure increase is thought to produce the saturated vapor.

In order to deliver a semi-quantitative analysis on the static pressure
distribution from the hole exit to the balance position, a simplified
model to simulate the pressure increase is established. The target area is
the red rectangle marked in Fig. 10(c). The simplified geometrical
model is shown in Fig. 11(a). The gas flow from the left side (hole exit)

Fig. 8. Droplet velocity distributions at different conditions (Timing: 1.6ms ASOT).

Fig. 9. Schematic of liquid temperature evolution from high-pressure to depressurized
condition.
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moves towards to the closed end (balance position) with a speed of
20m/s. The distance is 0.8 mm and the initial ambient pressure is
50 kPa. Fig. 11(b) gives the pressure traces with the time from 5 μs to
25 μs with a time step of 5 μs. Clearly, at the closed end, the pressure
value is higher than the ambient pressure by 1200 Pa instantly.

Back to the multi-jet overlap process, it is easy to understand that a
locally larger static pressure would occur and exceed the local satura-
tion pressure immediately. One assumption is made that the vast ma-
jority of the substance near the nozzle exit is the injected fuel, including
liquid and vapor phase. This assumption is reasonable because the
strong expansion caused by the vapor bursting would push away the
ambient gas below the injector tip and gas entrainment can only start at
certain distances from the nozzle tip [29]. Thus, the other necessary
condition for condensation that there is saturated vapor pressure now is
also established.

4.3. Droplet size distribution

Fig. 12 presents the droplet size distribution for the position at the
distance of 20mm vertically below the injector tip. The given ambient
pressures are 0.5, 1.0 and 10.0 bar with the fuel temperature fixed at
80 °C. Clearly, a typical unimodal distribution is observed under the
ambient pressure of 10.0 bar. For the size distribution at the ambient
pressure of 1.0 bar, there is a sudden increase in the droplet percentage
between 1.5 μm and 3.0 μm and it may be attributed to the low-pressure

zone, which could suck small droplets in the zone [21]. Interestingly,
the distribution under the ambient pressure of 0.5 bar, where flash
boiling occurs, bimodal distribution was found. Similar bimodal size
distributions were also found in previous studies under flash boiling
conditions [30,31] and it was attributed to the vapor condensation. The
explosive bubble bursting could produce a plenty of small droplets. The
small droplets are more inclined to be the condensation nuclei and
produce one more peak in the distribution because they have much
more rapid temperature drop than that of large droplets. However,
further investigation is needed to confirm that.

4.4. Liquid core under extremely low ambient pressures

An additional group of proof tests was carried out in the same test
bench with the liquid temperature fixed at 120 °C but much reduced
ambient pressures. The spray images at 1.6 ms ASOT are provided in
Fig. 13 and the ambient pressures are 0.1, 0.05 and 0.02 bar. Clearly,
the spray width increased significantly with the decrease in ambient
pressure. The greatly increased spray width can be attributed to the
following two factors: (1) the decrease in ambient pressure reduces the
resistance of radial expansion of the spray; (2) the decrease in ambient
pressure also increases the superheated degree, and this could enhance
the generation of bubbles and the intensity of bubble bursting.

The significant expansion with the reduced ambient pressure causes
the spray field to be more dilute, making it possible to identify the inner
structure of the flash-boiling spray. The images under the ambient
pressures of 0.05 and 0.02 bar are partially enhanced in order to present
the inner structure. Clearly, a blob is found near the injector tip, fol-
lowed by a strip-like dark area can be observed. Comparing the en-
hanced image in Fig. 13(b) with Fig. 7(f), as shown in Fig. 14, the
projected angles between the spray axis and the injector axis in

Fig. 10. Illustration of the jet overlap.

Fig. 11. Geometrical model and static pressure traces.

Fig. 12. Droplet size distribution at different ambient pressures.
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Fig. 14(a) is almost equal to the projected angle between the strip-like
dark area and the injector axis in Fig. 14(b). The strip-like dark area is
believed to be the condensation core.

5. Conclusions

The present research examined the spray morphology over a wide
range of fuel temperatures and ambient pressures, and demonstrated
that the collapse of multi-jet flash-boiling sprays was induced by vapor
condensation at the nozzle exit. Main conclusions can be drawn as
follows:

(1) The collapse of multi-jet flash-boiling sprays was attributed to the
vapor condensation, which was caused by liquid temperature
plunge and the local static pressure increase due to the counter-
action of the radial momentums of droplets and vapor from dif-
ferent jets;

(2) Bimodal size distribution under flash boiling conditions was ob-
served and the appearance of the peak at smaller diameter was
considered to be caused by vapor condensation;

(3) The significantly reduced ambient pressure provided a chance to

observe the inner structure of collapsed multi-jet flash-boiling
sprays, which were mainly composed of a blob near the nozzle exit
and a following strip-like dense area.

It is worth noting that nozzle configuration also plays an important
role in determining whether the spray collapses or not. More quanti-
tative data should be provided using advanced CFD tools and by the
implementation of advanced diagnostic techniques. The physical rea-
sons for the existence of sub-cooled droplets at local ambient pressure
also need more in-depth investigation.
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