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a b s t r a c t

The spray structural changes and vaporization processes for flash-boiling multi-hole sprays over a broad
range of superheated conditions were investigated using Mie-scattering and Laser-induced-exciplex-
fluorescence (LIEF) optical techniques. The fuel property effects were examined by characterizing n-hex-
ane, methanol and ethanol fluids over a wide range of conditions consistent with that found in today’s
spark-ignition-direct-injection (SIDI) engines. The macroscopic spray structure was quantified using
spray penetration, spray-plume width and normalized distance between spray plumes. These structural
parameters were correlated to the ratio of the ambient pressure to saturation pressure (Pa/Ps) that rep-
resents the superheated degree. Three continuous regions were identified by quantifying the spray trans-
formation with increasing superheated degree; namely the non-flash-boiling, transitional flash-boiling
and flare flash-boiling regions. Two critical values of Pa/Ps were identified, where the flash-boiling and
spray collapsing transitions occurred at Pa/Ps values of 1.0 and 0.3, respectively. The evaporation process
was examined using the LIEF optical technique for n-hexane, providing the relative vapor quantity
throughout the spray transformation process. The correlations of the spray structural change and extent
of vaporization with increasing superheated degree provided good insight into the mechanisms respon-
sible for the observed behaviors during flash-boiling conditions.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

For spark-ignition-direct-injection (SIDI) internal combustion
engines, liquid fuel is directly injected into the combustion cham-
ber providing the opportunity for charge cooling and the ability to
implement a higher geometric compression ratio. The liquid fuel
spray formation and characteristics depend on the breakup and
atomization processes, which are governed by the forces acting
on the spray jet and droplets; such as inertia force, viscous force,
surface tension force, and air drag force [1]. Flash boiling will occur
when injecting fuel into conditions below the saturation pressure,
dramatically influence the spray characteristic. The flash-boiling
phenomenon is commonly found for homogeneous-charge engine
operation, such as idle, light-load and part-load conditions that
implement intake-stroke fuel injection. Both experimental and
numerical investigations have shown that flash-boiling sprays con-
sist of smaller drop sizes with an accelerated vaporization process
compared to non-flashing sprays [2–4], illustrating the importance
of generating fundamental knowledge of these processes.

When the superheated fuel spray is exposed to sub-saturation
pressure, a portion of the fuel will transition into vapor forming
bubbles within the liquid. During the fuel injection process, these
ll rights reserved.
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bubbles undergo a rapid expansion process, resulting in a prompt
disintegration of bulk liquid into smaller droplets (namely prompt
atomization) [5,6]. As compared to the normal liquid phase break-
up caused by the forces mentioned above acting on the liquid jet
surfaces, the disintegration of the liquid jet itself caused by the
internal bubble expansion is an effective mechanism that enhances
spray breakup. For flash-boiling sprays, therefore, the breakup and
atomization mechanisms are significantly different compared to
that for non-flash-boiling sprays. This paper focuses on developing
empirical correlations that describe the mechanisms associated
with flash-boiling sprays; expanding upon the previously devel-
oped correlations that provided a dimensionless analysis for non-
flash-boiling sprays [1].

Since Brown et al. [7,8] provided an initial description of the
flash-boiling atomization process in the early 1960s, a number of
studies have further investigated this phenomenon. The measure-
ments of thermodynamic properties for gasoline and alternative
fuels, such as vapor pressure [9], have provided fundamental
knowledge of fuel phase transition process. Optical diagnostic
and simulation techniques have been implemented to characterize
flash-boiling sprays under various conditions; illustrating that fluid
type, temperature and ambient pressure influence the spray
characteristics [10–12]. Effect of flash-boiling on one-hole spray
has been reported by previous study [13]. With increasing fuel
temperature or decreasing ambient pressure, the spray angle be-
comes wider and spray penetration decreases with increasing the
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superheated degree. A smaller spray SMD is observed at higher
superheated conditions. The structural behavior of the flash-boil-
ing spray and the influence of superheated degree have also been
examined for multi-hole injector [14]. More specifically, the
spray-plume angle has been shown to initially increase with
increasing superheated degree. When continuing to increase the
superheated degree, the multiple spray plumes are found to col-
lapses into a single-plume structure. LIEF studies [15] have illus-
trated that both the liquid and vapor phases collapse with
increasing superheated degree, where the vapor structure col-
lapsed more rapidly compared to the liquid plumes. These experi-
mental investigations unveiled the important spray structural
changes under flash-boiling conditions by providing visual descrip-
tions of the spray transformation. However, the mechanisms
responsible for the spray collapsing behavior over the range of
superheated degrees require further investigations. These contin-
ued studies should yield quantitative dimensionless empirical cor-
relations that describe the mechanisms associated with breakup
and atomization processes for flash-boiling sprays.

This paper provides a quantitative understanding of the spray
structural changes and vaporization extend over a broad range of
flash-boiling conditions. The objective was to examine the condi-
tions found in current direct-injection engines including an assess-
ment of the fuel property effect using n-hexane, methanol and
ethanol fluids. The spray structural and vaporization behaviors
were correlated to the ratio of ambient pressure to saturation pres-
sure (Pa/Ps) over the range of flash-boiling conditions. These data
provide dimensionless correlations that describe the spray struc-
tural transformation and vaporization for the range of conditions.

2. Apparatus and laser diagnostic techniques

Fig. 1 shows the schematic of the experimental apparatus con-
sisting of a constant pressure chamber, a fuel supply system, a fluid
temperature control system, a chamber pressurization system, a
vacuum system and a laser diagnostic system. A high-pressure
Bosch HEDV 1.2 eight-hole injector with a nominal spray angle of
60� was used. The fuel temperature is managed using a water con-
ditioning system, where a water jacket was designed to surround
the injector and an external system conditions the water to reach
Fig. 1. Schematic of expe
the desired fuel temperature. An injector with thermal couple
embedded within the nozzle tip was used to correlate the water
temperature with actual fuel temperature.

Images of the illuminated sprays were captured by an instanta-
neous laser imaging system. The second harmonic of an Nd: YAG
laser (Pulse width: 4 ns, power: 220 mJ at 532 nm, 20 mJ at
266 nm) was used for Mie-scattering experiment, while the fourth
harmonic of the laser was used for LIEF measurement. A combina-
tion of a cylindrical and spherical lens was integrated to generate a
laser sheet with a thickness below 1 mm. The spray was imaged
using a UV lens and a CCD camera (12 bit, 1376 � 1040 resolution,
and 15 fps recording rate). The fluorescence photons are magnified
with an Intensified Relay Optics (IRO). The injection event, laser
and camera systems were synchronized using the programmable
time unit (PTU).

Mie-scattering was implemented to generate the spray struc-
tural images for n-hexane, methanol and ethanol fluids. The images
were post-processed using our in-house image analysis code. A
threshold value was designed to distinguish between the back-
ground noise and fuel spray, which was selected according to the
SAE standard J2715. The spray plume width at 30 mm downstream
of the injector was measured as an indicator of spray plume angle.
At each condition, 15 Mie images were collected, where the spray
penetration and spray-plume width were determined for each im-
age to provide statistical information.

Specifically for n-hexane, laser-induced-exciplex fluorescence
(LIEF) was used to provide individual structures of the liquid and
vapor components. Fluorobenzene (FB) and diethyl-methyl-amine
(DEMA) were introduced as tracer components within n-hexane.
n-Hexane was chosen as the substitute of gasoline to provide an
accurate LIEF measurement because the FB/DEMA/hexane exciplex
system has shown good coevaporation based on components mea-
surement of an evaporating droplet [16]. The liquid and vapor fluo-
rescence images were separated with two optical bandpass filters,
where the centerline wavelength/bandwidth for liquid phase filter
and vapor phase filter were 365/25 nm and 289/10 nm, respec-
tively. A relatively narrow bandwidth vapor phase filter was chosen
to minimize the liquid crosstalk. The LIEF images presented in this
study were corrected for laser power absorption based on the the-
ory developed by Abu-Gharbieh et al. [15,17]. The temperature
rimental apparatus.
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dependence of crosstalk signal intensity for vapor image was deter-
mined and necessary corrections made. A detailed description of
the LIEF technique can be found in Ref. [15,18,19].
3. Experimental conditions and fuel properties

Fig. 2a describes typical fuel pressure–temperature and in-cyl-
inder ambient pressure conditions found in direct-injection gaso-
line engines. A standard commercial grade gasoline contains
several hydrocarbons, typically 35–40% C5 or lower, similar levels
of C6-C8 and the remainder C9-C10 hydrocarbon chains [20]. On
the basis of hydrocarbon fractions of real fuel, some specific single
components have been mixed to substitute the real fuel. For exam-
ple, the single component fuels were chosen to be n-pnetane, n-
hexane, iso-octane and o-xylene, corresponding to low, middle
and high boiling-point components. In current paper, however, n-
hexane was chosen as the substitute of gasoline to provide an
accurate LIEF measurement because the fluorobenzene (FB/) dieth-
ylmethylamine (DEMA)/hexane exciplex system has shown good
coevaporation. With a boiling point of 68.7 �C, the FB-DEMA-hex-
ane mixture represents the mid-range gasoline constitutes.

In addition, the saturation curves as shown for n-hexane, meth-
anol and ethanol. During the injection event, the fuel experiences a
quasi-isothermal rapid expansion process. When the fuel pressure
becomes below the fuel’s saturation pressure, flash-boiling will oc-
cur as the formation of bubbles within the liquid core. This phe-
nomenon occurs for lighter-load engine operating conditions and
in particular at higher fuel temperatures. When fuel temperature
is below 100 �C, ethanol has a lower saturation pressure compared
to methanol and n-hexane; the ethanol spray is anticipated to
experience flash-boiling at lower ambient pressures compared to
the methanol and n-hexane sprays. For fuel temperatures between
25 �C to 50 �C, similar saturation pressures are indicated for n-hex-
ane and methanol fuels while a lower saturation pressure is shown
(a) Typical fuel injection and in-cylinder ambient conditions

(b) Experimental conditions

Injection pressure (MPa) 5
Ambient temperature (°C) 25 ±1

Back pressure (kPa) 20~100
Fuel temperature (°C) 25~90

Fuel
Methanol, Ethanol, 

n-hexane

Fig. 2. Typical fuel injection and in-cylinder ambient conditions found in direct-
injection engines; regions include cold and warm operation, Idle, part-load, and
wide-open-throttle conditions.
for n-hexane with fuel temperatures between 50 �C and 90 �C. As
described in Fig. 2b, the ambient pressure and fuel temperature
conditions are designed to include this entire range; where the
ambient temperature and fuel pressure are maintained at 25 �C
and 5 MPa, respectively. For today’s DISI engines, most injection
pressures are higher than 5 MPa. However, flash-boiling will occur
when injecting fuel into conditions below the saturation pressure.
This phenomenon mostly occurs for lighter-load engine operating
conditions, such as idle and low-speed part-load. In these lighter-
load operating conditions, the injection pressures are relatively
lower. For example, the injection pressure for idle condition is
about 2–4 MPa and for low-speed part-load is about 4–7 MPa.
Therefore, the test injection was set to 5 MPa to consider the real
flash-boiling conditions in DISI engines.

The physical properties at atmospheric conditions of the three
fuels used in this study are shown in Table 1. The density, viscosity,
and surface tension of tested methanol and ethanol fuels at fuel
temperature ranging from 25 �C to 90 �C are provided in Ref. [21].
4. Results and discussions

4.1. Effect of fuel temperature, ambient pressure, and fuel type on
flash-boiling spray structure

The Mie laser-sheet images for the ethanol multi-hole spray are
shown in Fig. 3a, including fuel temperatures between 50 �C and
90 �C and ambient pressures between 20 kPa and 100 kPa. A dra-
matic spray transformation is observed where the fuel spray col-
lapses with increasing fuel temperature and/or decreasing
ambient pressure. At an ambient pressure of 40 kPa, for example,
the spray penetration decreases and the spray-plume width in-
creases when increasing fuel temperature from 50 �C to 70 �C.
When the fuel temperature further increases to 90 �C, the multiple
spray plumes collapse into a single mass surrounded by a large
vortex of re-circulating droplets. Similar spray structural changes
are observed at a fuel temperature of 70 �C when decreasing the
ambient pressure from 60 kPa to 20 kPa. At an ambient pressure
of 20 kPa and fuel temperature of 90 �C, a fully collapsed jet-like
spray structure is observed. This dramatic structure transformation
of a multi-hole spray is directly caused by the occurrence of flash-
boiling [22], when the ambient pressure is reduced below the fuel
saturation pressure or the temperature is above the fuel’s boiling
point.

A comparison of the spray structural transformation for n-hex-
ane, methanol and ethanol fluids under various ambient pressure
and fuel temperature conditions is shown in Fig. 3b. From these pla-
ner Mie images, the occurrence of flash-boiling is observed for each
of the three fuels. However, the ethanol spray structural transfor-
mation has a delayed response to increasing fuel temperature and
decreasing ambient pressure compared to that observed for the
n-hexane and methanol sprays. A notable transformation of the
n-hexane and methanol sprays occurred at a fuel temperature of
50 �C and ambient pressure of 40 kPa and these sprays are fully col-
lapsed with a fuel temperature of 90 �C and ambient pressure of
100 kPa. At these same conditions, however, the ethanol spray
maintains a multi-hole plume structure and only collapses at the
more extreme condition with the fuel temperature of 90 �C and
ambient pressure of 40 kPa.

These observed spray structural behaviors are consistent with
the differences in the saturation pressure among these three fuels.
At fuel temperatures between 50 �C and 90 �C, n-hexane and meth-
anol sprays have similar spray structure and similar saturation
pressures. The ethanol spray, however, has a lower saturation pres-
sure and maintains a multi-hole spray plume structure until higher
fuel temperature and lower ambient pressure conditions. These



Table 1
Physical properties of test fuels.

Test fuel n-Hexane Methanol Ethanol

Surface tension (mN/m, 25 �C) 18.02 22.5 22.39
Viscosity (mPa s, 25 �C) 0.297 0.541 1.052
Density (g/mL, 25 �C) 0.655 0.784 0.782
Boiling point (�C) 68.7 64.5 78.3
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data illustrate the relationship between the fuel saturation pres-
sure to ambient pressure and fuel temperature to boiling-point
temperature as the key parameters for describing the spray trans-
formation during flash-boiling conditions.

4.2. Effect of superheated degree on spray transformation

The ratio of ambient pressure to saturation pressure (Pa/Ps) and
the difference between fuel temperature and boiling-point temper-
ature (Tf-Tb or superheated degree) can be used as characteristic
parameters to describe the structure behaviors observed for
flash-boiling sprays. Fig. 4a illustrates the specific relationships
100 kPa 80 kPa 60 kPa

(a) Mie-scattering images of ethanol multi-hole sprays under

100kPa, 50°C 40kPa, 50°C 100

(b) effect of fuel type, fuel temperature, and am

50 °C

70 °C

90 °C

Fig. 3. Ethanol multi-hole sprays under various fuel temperature and ambient pressure
structure.
that describe the ambient-to-saturation pressure (Pa/Ps) and
superheated degree (Tf-Tb) for n-hexane, methanol and ethanol
fluids. A logarithmic relationship is shown indicating that these
two characteristic parameters are similar in principal.

Fig. 4b compares the methanol and ethanol sprays at similar Pa/
Ps values with different ambient pressures and fuel temperatures.
A similar structure is illustrated when comparing these sprays at
consistent Pa/Ps values. Flash-boiling is anticipated to occur at a
Pa/Ps values below 1.0. At higher Pa/Ps values, for non flash-boiling
sprays, the macroscopic spray structure will depend on the Weber
number, Reynolds number, and the air-to-liquid density ratio [1].
With decreasing Pa/Ps values from 1.0 to 0.7, an increasing
spray-plume angle and decreasing spray penetration is observed.
By further decreasing Pa/Ps, the individual spray plumes are ob-
served to collapse toward the injector centerline. At a Pa/Ps value
near 0.4, the spray plumes interact and a large vortex structure is
formed along the outer edge of the spray, indicating air entrain-
ment into the spray body. When the Pa/Ps further decreases to a
value of 0.3, much of the fuel mass contracts toward the injector
centerline with vortexes observed along with spray edges. The
spray continues to collapse into a single solid-cone plume with
40 kPa 20 kPa

 various fuel temperature and ambient pressure conditions

kPa, 90°C 40kPa, 90°C

bient pressure on spray structure

70 mm

70 mm

conditions and effect of fuel type, fuel temperature, and ambient pressure on spray



(a) Relationship between ambient-to-saturation pressure (Pa/Ps) and superheated degree (Tf-Tb)

Methanol, Pa/Ps: 1.4 0.98 0.71 0.44 0.27 0.13
(Tfuel, Pa): (50°C, °C, 60°C, 5 °C, °C,100kPa) (70 100kPa) ( 0kPa) (60 40kPa) (70 30kPa) (80°C, 20kPa)

Ethanol, Pa/Ps: 1.31 0.97 0.69 0.42 0.267 0.15
(Tfuel, Pa): (50°C, °C, °C, °C, 6 °C,40kPa) (70 70kPa) (70 50kPa) (90 0kPa) (90 40kPa) (90°C, 20kPa)

(b) effect of ambient-to-saturation pressure ratio on flash-boiling spray structure

70 mm

Fig. 4. Relationship between ambient-to-saturation pressure (Pa/Ps) and superheated degree (Tf-Tb) and effect of ambient-to-saturation pressure ratio on flash-boiling spray
structure.
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sharpen spray tip and a narrowed spray cone at the Pa/Ps value of
0.15. In contrast to the previous two conditions where lower spray
penetration is observed with decreasing Pa/Ps, the spray penetra-
tion substantially increased at this more extreme flash-boiling
condition.

4.3. Spray structure comparison for flash-boiling and non-flash-boiling
conditions

For non flash-boiling sprays, the liquid jet breakup process is
dominated by competition among forces acting on the liquid jet
surface [23]. The primary forces are the inertia force, surface ten-
sion force, viscous force, and aerodynamic drag force. Our previous
study developed relationships between macroscopic spray charac-
teristics and the Weber number, Reynolds number, and the air-to-
liquid density ratio [1]. Good dimensionless correlations were gen-
erated that described the spray penetration and spray-plume
width with generalized formulations, as summarized in Fig. 5a.
These data represent a broad range of conditions found in direct-
injection gasoline engines. In addition, the data for flash-boiling
sprays is shown, illustrating significant variability, shorter spray
penetration distance, and generally larger spray-plume width.
These data demonstrate the need for generating new dimension-
less correlations that describe the macroscopic structural behav-
iors for flash-boiling sprays.

The break-up mechanism for flash-boiling sprays must compre-
hend bubble formation and expansion within the bulk liquid.
During the injection event, the fuel transitions from a high pressure
condition to ambient pressure in a near isothermal process. When
the pressure ambient reaches below the fuel saturation pressure,
gaseous bubbles forms within the bulk liquid [5]. These bubbles will
expand working to disintegrate the liquid into numerous small
pieces and droplets. The spray breakup process, therefore, will de-
pend on the extent of vapor generation within the nozzle.

The dimensionless ambient-to-saturation pressure ratio (Pa/Ps),
an indicator of the superheated degree, is used in this study as a
characteristic parameter to describe the macroscopic spray struc-
ture during flash-boiling conditions. The spray penetration and
spray-plume width dependence on Pa/Ps is shown in Fig. 5b. For
non flash-boiling conditions, (Pa/Ps > 1) a correlation between these
macroscopic spray parameters and this dimensionless pressure ra-
tio parameter is not observed. Under flash-boiling conditions, how-
ever, a strong relationship is shown for both the spray penetration
and spray-plume angle, in spite significant differences in the Weber
number, Reynolds number, and the air-to-density liquid ratio.

4.4. Dimensionless analysis of flash-boiling sprays

Fig. 6 presents additional details describing the spray penetra-
tion and spray-plume angle dependence on the ratio of ambient
pressure to saturation pressure (Pa/Ps). These data include three
fuels (n-hexane, methanol and ethanol), ambient pressures from
20 kPa to 100 kPa and fuel temperatures from 25 �C to 90 �C; provid-
ing a broad range of Pa/Ps from above 1.0 down to 0.07. Three distinct



Fig. 5. Spray structure comparison for flash-boiling and non-flash-boiling conditions.
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regions have been defined to distinguish among non flash-boiling
(Pa/Ps > 1), transitional flash-boiling (0.3 < Pa/Ps < 1), and flare
flash-boiling conditions (Pa/Ps < 0.3). The spray break-up mecha-
nism transitions from depending on the dynamic forces acting on
the liquid surface, to a bubble formation and expansion phenomena
at an ambient-to-saturation pressure ratio of 1.0. When decreasing
the ambient-to-saturation pressure ratio from 1 to 0.3, the extent
of vapor generated is anticipated to increase consistent with the
higher superheated degree. Within this transitional flash-boiling re-
gion, a linear relationship between the spray penetration, spray-
plume width, and the ambient-to-saturation pressure ratio is ob-
served. More specifically, the spray penetration decreases and the
spray-plume width increases with decreasing ambient-to-satura-
tion pressure ratio. The individual spray plumes of the evaluated
eight-hole fuel injector interact and collapse into a single-body
spray at an ambient-to-saturation pressure ratio of 0.3, driving a
reversal of the spray structural trends when further decreasing
ambient-to-saturation pressure ratio.

In addition to the first-order ambient-to-saturation pressure ra-
tio effect, the macroscopic spray structure has a noticeable second-
ary dependence on the ambient pressure for flash-boiling
conditions. The spray penetration in particular increases with
decreasing ambient pressure at each ambient-to-saturation pres-
sure ratio; a direct result of lower air resistance with reduced
ambient density. The air-to-liquid density ratio (qa/ql) is used to
quantify the effect of air density on the spray penetration and
spray-plume width using the following two expressions [1],

S / ðqa=qlÞ
�0:268 ð1Þ

W / ðqa=qlÞ
�0:38 ð2Þ

where S and W represent the spray penetration and spray-plume
width, respectively.

The secondary effect associated with the air density is isolated
by dividing the spray penetration and spray-plume width data
shown in Fig. 7 by expressions (1) and (2), respectively. As pre-
sented in Fig. 7, a better correlation is observed when capturing
the second-order ambient pressure contribution. The spray pene-
tration and spray-plume width dependence on the ambient-to-sat-
uration pressure ratio and the air-to-liquid density ratio are
quantified by expressions (3) and (4) for both transitional flash-
boiling and flare flash-boiling conditions. These relationships illus-
trate that the macroscopic spray structure can be quantitatively
characterized using the ambient-to-saturation pressure ratio and
the air-to-liquid density ratio only, independent of the fuel type
and fuel temperature.

S ¼ ð3:62þ 5:1 � Pa=PsÞ � ðqa=qlÞ
�0:268 0:3 6 Pa=Ps < 1

S ¼ ð9:2� 12:45 � Pa=PsÞ � ðqa=qlÞ
�0:268 Pa=Ps < 0:3

(
ð3Þ



Fig. 6. Effect of Pa/Ps on spray penetration (up) and spray-plume width (bottom)
under various fuel temperatures and ambient pressure conditions for n-hexane,
methanol and ethanol fuels.

Fig. 7. Relationships describing the spray penetration (up) and spray-plume width
(bottom) dependence on the ambient-to-saturation pressure ratio (Pa/Ps) and the
air-to-liquid density ratio (qa/ql); data provided for n-hexane, methanol and
ethanol fuels; ambient pressures between 20 kPa and 100 kPa, and fuel tempera-
tures from 25 �C to 90 �C.
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W ¼ 1:5�ðqa=qlÞ
�0:38

1þe3:8�ðPa=Ps�0:746Þ 0:3 6 Pa=Ps < 1

W ¼ ð9:2� 12:45 � Pa=PsÞ � ðqa=qlÞ
�0:38 Pa=Ps < 0:3

(
ð4Þ

The macroscopic spray collapsing behavior is characterized by
defining a new parameter, namely, the normalized distance be-
tween two opposite spray plumes. The detailed spray structure is
identified from the image intensity distribution across the spray
at a distance of 30 mm downstream from the injector’s tip. As an
example, this image intensity distribution along with the full im-
age at ambient-to-saturation pressure ratios of 0.97 and 0.16 is
shown in Fig. 8a. At the higher ambient-to-saturation pressure ra-
tio condition of 0.97, a bimodal distribution defines the individual
spray plumes with the highest fluorescence intensity occurring
near the centerline of each plume. As the ambient-to-saturation
pressure ratio continues to decrease, these two individual spray
plumes gradually move toward the centerline of the injector until
interacting and merging into a single-plume spray. The normalized
distance between the two peaks identifies the extent the spray col-
lapse, where the individual spray-plume distance is normalized by
the spray-plume distance at a fuel temperature of 25 �C and an
ambient pressure of 100 kPa.

Fig. 8b presents the normalized spray plume distance for three
fuels (n-hexane, methanol and ethanol), ambient pressures from
20 kPa to 100 kPa, and fuel temperatures from 25 �C to 90 �C. From
these data, the spray collapsing behavior is determined to only de-
pend on the ambient-to-saturation pressure ratio and does not
specifically depend on the fuel type, fuel temperature, ambient
pressure or air-to-liquid density ratio. The normalized distance be-
tween the individual spray plumes is constant for non flash-boiling
conditions (Pa/Ps > 1). The normalized spray plume distance de-
creases monotonically when reducing the ambient-to-saturation
pressure ratio from 1.0 down to 0.3. For ambient-to-saturation
pressure ratios between 1.0 and 0.8, only a small change in the dis-
tance between the spray plumes is observed. The normalized spray
plume distance decreases linearly with decreasing ambient-to-sat-
uration pressure ratio from 0.8 to 0.3. At the spray collapsing con-
dition, the normalized spray plume distance decreases more slowly
until eventually reaching a value of zero indicating the spray has
fully collapsed from a multi-plume structure to a single-plume
structure. The normalized spray plume distance (D) can be quanti-
tatively characterized by the expressions shown in Eq. (5).

D ¼ 1 0:8 < Pa=Ps
D ¼ 1:665 � Pa=Ps� 0:32 0:3 6 Pa=Ps 6 0:8
D ¼ 0 Pa=Ps < 0:3

8><
>: ð5Þ

During flash-boiling conditions, the spray penetration, spray-
plume width, and normalized distance between individual spray
plumes primarily depend on the ambient-to-saturation pressure
ratio. In addition, the spray penetration and spray-plume width
have a second-order dependence on the air-to-liquid density ratio.
With decreasing ambient-to-saturation pressure ratio below 1.0,
the spray-plume width increases while the spray penetration and
the distance between individual plumes decrease. These spray
structural parameters continue to change in a linear fashion until
the individual spray plumes interact at an ambient-to-saturation
pressure ratio near 0.3. Once the individual spray plumes collapse



Fig. 8. Intensity distribution across the individual spray plumes at a distance of
30 mm from the injector’s tip and normalized spray plume distance dependence on
the ambient-to-saturation pressure ratio.
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into a single plume structure, the spray penetration increases and
the spray-plume width decreases with decreasing ambient-to-sat-
uration pressure; a reversal in the spray structural trends. The
macroscopic structure of the flash-boiling spray, therefore, is
determined to primarily depend on the ambient-to-saturation
pressure ratio with a secondary dependence on the air-to-liquid
density ratio. In addition, however, the interaction of individual
spray plumes is found to have a dramatic influence on the spray
structure illustrating the importance of identifying these separate
flash-boiling regions.
4.5. Vaporization of flash-boiling sprays

Flash-boiling has a twofold effect on vaporization, first vapor
bubbles generation within the liquid spray and second an en-
hanced vaporization process due to improved atomization. In this
study, the fuel vapor characteristics are examined for n-hexane
using the laser-induced-exciplex-florescence (LIEF) optical tech-
nique. Individual images that capture the liquid and vapor compo-
nents of the spray are collected for ambient-to-saturation pressure
ratios between 2.0 and 0.1, as illustrated in Fig. 9a.

Consistent with the above analysis, both the liquid and vapor
components of the spray are observed to transform from a multi-
hole structure to a single-plume spray as the ambient-to-satura-
tion pressure ratio decreases from 1.0 down to 0.3. The liquid
and vapor plume widths increase with decreasing ambient-to-sat-
uration pressure ratio from 1.0 to 0.7. Also, the liquid spray pene-
tration marginally decreases while the vapor penetration
significantly increases to become more similar to the liquid spray
penetration; illustrating better vaporization near the leading edge
at a ambient-to-saturation pressure ratio of 0.7. The spray contin-
ues to transform with significantly larger spray-plume width and
reduced spray penetration for both liquid and vapor components
at an ambient-to-saturation pressure ratio of 0.45. At this condi-
tion, the spray has noticeable collapse as indicated by the smaller
overall width downstream from the injector tip. The spray plumes
become fully collapse to form a single body at an ambient-to-sat-
uration pressure ratio of 0.3, where a nearly uniform liquid distri-
bution is evident and a jet-like vapor structure is observed. Highly
concentrated vapor locates centrally along the injector axis. Large
vortexes are visible near the spray tip in both the liquid and vapor
phases. By further reducing the ambient-to-saturation pressure ra-
tio to 0.16, the liquid and vapor components of the spray continue
to narrow resulting in a larger spray penetration.

The extent of vaporization under flash-boiling conditions is qual-
itatively examined using the vapor fluorescence intensity informa-
tion. Fig. 9b shows the normalized integrated vapor fluorescence
intensity for ambient-to-saturation pressure ratios between 0.1
and 2.0. These data were normalized by the two-dimensional inte-
grated vapor intensity throughout the entire spray at an ambient-
to-saturation pressure ratio of 1.0. For non-flash-boiling conditions
(Pa/Ps > 1), the total vapor quantity has a relatively small depen-
dence on the ambient-to-saturation pressure ratio. The vapor quan-
tity increases at a higher rate with decreasing ambient-to-saturation
pressure ratio during flash-boiling conditions, due to a combination
of prompt thermodynamic phase transition and an enhanced atom-
ization process. Different linear growth rates are observed for the
transitional flash-boiling and the flare flash-boiling regions, which
are separated by the collapsing point at an ambient-to-saturation
pressure ratio of 0.3. These higher vapor concentrations can result
from an accelerated vaporization process and/or increased vapor
density due to the collapse of the eight individual spray plumes.
While both situations are possible, an accelerated vaporization pro-
cess is anticipated due to the high velocity jet-like vapor structure
interacting with the liquid droplets.

4.6. Mechanisms associated with the flash-boiling spray
transformation

Both the liquid and vapor components of the flash-boiling spray
are subjected to dramatic changes when decreasing the ambient-
to-saturation pressure ratio (increasing the superheated degree).
Three distinct regions describing the flash-boiling process has been
identified as summarized in Fig. 10. These regions are separated by
the flash-boiling point (Pa/Ps = 1) and the individual spray-plume
collapsing point (Pa/Ps = 0.3). The observed trends among the spray
penetration, spray-plume angle, normalized distance between
individual plumes, and the vapor quantity are anticipated to have
strong inter-dependence; providing important insight into the
mechanism responsible for the spray transformation.

For non-flash-boiling conditions (Pa/Ps > 1), the spray penetra-
tion, spray-plume width, spray-plume distance, and the vapor
quantity are largely independent of the ambient-to-saturation
pressure ratio. The spray-plumes are separated and characterized
by small plume angles, high penetration, and relatively low vapor-
ization. The spray breakup depends on the competition among the
inertia force, surface tension force, viscous force and aerodynamic
drag force acting on the liquid-jet surface. Details describing the
non flash-boiling spray structure and dependence on the Weber
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Fig. 10. Macroscopic spray structure and vapor quantity for flash-boiling sprays.
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number, Reynolds number, and the air-to-liquid density ratio can
be found in Refs. [1,23].

Under flash-boiling conditions, when the ambient pressure is
below the fuel’s saturation pressure, vapor bubbles are formed
within liquid; introducing an important mechanism that influ-
ences spray breakup. With decreasing ambient-to-saturation pres-
sure ratio, larger vapor quantities are generated. This is not only
due to the vapor formation within the bulk of superheated liquid,
but also due to the enhanced superficial evaporation as a result
of improved atomization. When liquid fuel enters into the nozzle,
it undergoes a pressure drop from the injection pressure to the
ambient pressure. In this process, vapor bubbles are formed where
the local pressure is below the fuel’s saturation pressure. These va-
por bubbles grow as they further enter into a lower pressure re-
gion. This action of vapor bubble’s formation and expansion
enhances the breakup process resulting in a better atomized spray,
consistent with statements [24,25] that Sauter Mean Diameter
(SMD) decreases with increasing superheated degree. As a result,
the trend of structural change in flash-boiling spray is different
from the non-flash-boiling spray.

Within the transitional flash-boiling region (0.3 < Pa/Ps < 1), the
vapor quantity increases with decreasing ambient-to-saturation
pressure ratio (increasing superheated degree), resulting in the
observed spray transformation. The spray-plume width increases
with vapor quantity and decreasing ambient-to-saturation
pressure ratio. The larger spray-plume width along with
expected smaller droplets will reduce spray penetration due to
the transformation of nozzle axial momentum (related to the pen-
etration) to radial momentum (related to the plume-width) and
due to the increase effect of the vapor and air drag forces [26].
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These also cause the spray-plumes to move toward the centerline
of the injector with decreasing ambient-to-saturation pressure ra-
tio. The reported normalized spray plume distance and spray pen-
etration decreases while the spray-plume angle increases
monotonically and linearly throughout much of the transitional
flash-boiling region, consistent with the linearly increasing vapor
quantity.

The spray plumes interact and merge into a single-body plume
at an ambient-to-saturation pressure ratio of 0.3, accompanied by
an apparent accelerated vaporization process. In addition, a rever-
sal of the spray penetration and spray-plume width trends with
decreasing ambient-to-saturation pressure ratio is observed. High-
er spray penetration results from the higher resultant of momen-
tum from the combining eight plumes while the radial
momentum weakens due to the fully collapsing. Both the liquid
and vapor components of the spray are determined to collapse into
single plume, where the liquid component is uniformly distributed
and the vapor component forms a jet-like structure with a center-
line on the injector axis.

5. Conclusions

The macroscopic structural behaviors for a multi-hole flash-
boiling spray over a broad range of superheated conditions were
investigated using planar Mie-scattering and laser-induced-
exciplex-fluorescence (LIEF) techniques. The effects of fuel
properties were examined using n-hexane, methanol and ethanol
fluids. The ambient-to-saturation pressure ratio (Pa/Ps), repre-
senting the superheated degree, was identified as the primary
dimensionless parameter for describing spray structural charac-
teristics and vapor quantity. The study provides insight to the
primary mechanism responsible for the observed spray transfor-
mation under flash-boiling conditions. By increasing the fuel
temperature or decreasing the ambient pressure, it has been pro-
ven that resulted flash-boiling sprays or superheated sprays are
able to improve the evaporation of the fuel spray tremendously
and increase spray angle for rapid fuel–air mixing. These sprays
are quite attractive for today’s direct-injection engines. The
conclusions are as follows:
(1) The dimensionless numbers used to describe non-flash-boil-
ing spray breakup are inadequate to describe flash-boiling
sprays; namely the Reynolds number, Weber number, and
air-to-liquid density ratio. The ambient-to-saturation pres-
sure ratio (Pa/Ps), representative of the superheated degree,
is identified as the primary dimensionless number that
describes the spray transformation under flash-boiling
conditions.

(2) Three distinct regions describing the macroscopic spray
structure has been identified; specifically, the non flash-boil-
ing region, transitional flash-boiling region, and flare flash-
boiling region. These regions are separated by the flash-boil-
ing point (Pa/Ps = 1) and the spray-plume collapsing point
(Pa/Ps = 0.3).

(3) Within the transitional flash-boiling region, the spray pene-
tration decreases and the spray-plume angle increases with
decreasing ambient-to-saturation pressure ratio. In addition,
the distance between two opposite spray plumes decreases
by transitioning toward the centerline of the injector. The
initial observable spray-plume transformation occurred at
an ambient-to-saturation pressure ratio near 0.8. Below this
value, the spray penetration and the distance between spray
plumes decrease linearly with the ambient-to-saturation
pressure ratio until the individual spray plumes collapse into
a single structure.
(4) During flash-boiling conditions, the spray penetration and
spray-plume width have inverse trends with decreasing
ambient-to-saturation pressure ratio. Within the transi-
tional flash-boiling region, the spray penetration decreases
while the spray-plume width increases with decreasing
ambient-to-saturation pressure ratio. Within the flare
flash-boiling region, the spray penetration increases while
the spray-plume angle decreases with decreasing ambient-
to-saturation pressure ratio.

(5) The vapor quantity linearly increases with decreasing ambi-
ent-to-saturation pressure ratio for flash-boiling conditions.
The linearly dependence has a significantly larger rate
within the flare flash-boiling region compared to that
observed within the transitional flash-boiling region.

(6) Both the liquid and vapor components of the flash-boiling
spray are subjected to dramatic changes when decreasing
the ambient-to-saturation pressure ratio (increasing the
superheated degree). The observed trends among the spray
penetration, spray-plume angle, normalized distance
between opposite plumes, and the vapor quantity are antic-
ipated to have strong inter-dependence.
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