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A B S T R A C T

GDI (Gasoline Direct Injection) sprays are a matter of continuous research due to their potential for higher
thermal efficiency and power output. Injections in GDI engines tend to happen at relatively high temperatures,
which, combined with volatile fuels, are a perfect environment for flashing sprays, which are present in recently
developed GDI engine passenger cars. Phenomena like flash boiling and especially spray collapse are still being
investigated due to their complexity and impact on the engine performance. In the present research, the impact
of different levels of flash boiling in the sprays is analyzed. Four surrogate mono-component fuels were tested
with different volatile properties. Two optical techniques were carried out simultaneously: light extinction
images (DBI) and frontal MIE scattering. The spray width was used to represent the radial expansion and
study its relation with the spray collapse due to flash boiling. The degree of collapse was quantified by means
of the instantaneous spray width variation for which three levels of collapse were identified. A novel MIE
frontal approach was employed to study the spray surface evolution and the collapsing time by monitoring
the nozzle tip clouding (opaquing) by the fuel. Results showed an increment of the width with the ratio of
saturation to ambient pressure (R𝑝), as well as a strong correlation between the spray surface and the R𝑝 at
each fuel temperature when the spray is stabilized. Based on the MIE technique, three collapse instants were
identified throughout the injection time depending on the R𝑝.
1. Introduction

Thanks to the increase of GDI engines in the market, some of
the most distinct phenomena in this type of engine are regaining
space in the research interest. One of the latest concerns gaining more
importance in the field is the flash boiling phenomenon. The future
development targets for new GDI engines include reducing fuel con-
sumption, improving engine performance with minimum compromise
on fuel economy, and meeting the existing and upcoming emission
regulations [1,2]. Projections of the car market for the next decades
indicate that low carbon fossil fuel passenger cars will still have an
essential share of the car market in the world [3]. Even some countries
will not be capable of keeping up with Europe and USA in the elec-
trification area and will still be using and demanding gasoline cars by
2050 [4].

In GDI, the fuel is directly injected into the cylinder; thus, the injec-
tion takes place at relatively high temperatures, which, together with
volatile fuels and low ambient pressure, promote phenomena such as
flash boiling, as well as sudden changes in the spray structure [1], being
beneficial for some cases, but also, bringing difficulties in predicting the
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spray characteristics for all operation conditions, and consequently, the
charge formation repeatability.

As mentioned by Krämer et al. [5], something to consider is that
during some of the recent European Driving Cycle, up to 95% of
injections are superheated which favors the flash boiling and spray
collapse phenomenon [6]. The flash boiling is a sudden phase change
phenomenon that influences the spray formation process. Under the
same operating injection pressure, flash boiling sprays are distinguished
by lower droplet mean diameter, greater homogeneity, and shorter
penetration in an isolated spray plume. [7]. This phenomenon involves
several physical processes such as nucleation, bubble growth, two-
phase flow, and atomization [8]. Flash boiling can occur in different
situations during the regular operation of a car engine.

The flash boiling can be represented by the superheated degree
of the fuel at the operating condition. It is expressed in the litera-
ture by the temperature difference (𝛥T) between liquid and saturation
temperatures, or the ratio of saturation pressure to ambient pressure
(Eq. (1)), also named 𝑅𝑝 (used in this article). The 𝑅𝑝 has been used
to classify the level of flash boiling, being that for 𝑅𝑝 < 1 it is
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Nomenclature

The following abbreviations are used in this manuscript:
CFD Computer fluid dynamics.
CO Carbon monoxide.
DISI Direct injection spark ignition
ECN Engine Combustion Network.
ECU Engine Control Unit.
EGR Exhaust Gas Recirculation.
GDI Gasoline Direct Injection.
NOx Oxides of nitrogen.
PN Particulate number.
ROI Rate of injection.
ROM Rate of momentum.
Rp Ratio of saturation to ambient Pressure.
SOE Start of energizing.
SOI Start of injection.
THC Total hydrocarbon.

considered a non-flashing regime, 3.3 > 𝑅𝑝 > 1 is for a transitional
regime, and, when the 𝑅𝑝 > 3.3 the condition is considered as strong
flashing condition [9,10]. The flash boiling intensity can be controlled
by varying the ambient gas pressure, fuel temperature, and saturation
vapor pressure of the fuel, this last one depends on the fuel utilized.

𝑅𝑝 = 𝑃𝑠𝑎𝑡∕𝑃𝑎𝑚𝑏 (1)

Combustion under flash boiling conditions has shown potential
benefits for homogeneous lean combustion at high load [11,12], which
is a beneficial engine operation mode for reducing the fuel consumption
and lowering the oxides of nitrogen (NOx) [13]. On the other hand,
these sprays in combination with other strategies, have shown signif-
icant improvement in engine performance. For instance, combining
flash boiling spray under lean-burn conditions with split injection
strategies has resulted in higher combustion efficiency and less to-
tal hydrocarbon (THC), carbon monoxide (CO), particulate number
(PN), and NOx emissions compared to single injection and subcooled
conditions [14,15]. Results show that, under flash boiling conditions,
the droplet velocity significantly increases while the droplet size re-
duces [16,17]. Chang et al. [17] also concluded that mild flash boiling
is preferred over subcooled conditions.

The spray collapse phenomenon, which occurs in gasoline sprays
because of its high volatility and the particular conditions during which
the fuel is injected, is another process that is still a topic of extensive
research. Spray collapse can be induced by flash boiling, and also be
enforced in non-superheated conditions by increasing the flow hole
number of multi-hole injectors. The collapse depends not only on the
operating conditions but also on the fuel properties, as it was found
by Aleiferis and Van Romunde [18] when comparing ethanol and
butanol, as well as other authors [19,20]. Li et al. [21] encountered
that the collapse of multi-jet flash-boiling sprays was induced by vapor
condensation at the nozzle exit. In all cases, plume-to-plume interaction
plays a major role [10,20].

Thermo-physical properties of the fuel, such as saturation tempera-
ture, latent heat of vaporization, surface tension, density, and viscosity,
are the key parameters to determine the atomization and evaporation
processes [7]. Numerous types of hydrocarbons compound gasoline,
therefore, it is not easy to precisely reproduce the same gasoline com-
position for research purposes. Typical gasoline surrogates have been
Isooctane/Heptane mixtures which goal is to simulate the octane num-
ber to control the degree of auto-ignition. Although they are suitable for
combustion, they fail to replicate the gasoline volatility when studying
2

flash boiling, in which the volatility factor is crucial [22]. For example,
in several studies, Isooctane liquid penetration was significantly lower
than other components, such as alcohols or short-chain components for
the same condition [7].

Yan et al. [23] studied the spray shape for Isooctane, Hexane,
and ethanol, through lateral Diffuse back-illumination (DBI), finding
that the spray shape changes depending on the flash boiling intensity.
Adding volatile components, like Hexane, into less volatile fuels could
lead to stronger flash boiling under the same ambient pressure. On
the other hand, Zhao et al. [24] found that Pentane has the most
considerable aerodynamic breakup level, which helps to increase the
flash boiling intensity in gasoline sprays.

It has been shown that flash boiling sprays’ morphology changes
abruptly when the spray collapses, and classical parameters of spray
angle and penetration do not fully describe it [9,25,26]. The radial
expansion of the spray has been used instead for the flashing sprays
to better comprehend the phenomena taking place. Other authors
have employed different approaches such as, Du et al. [10] who used
the front view Mie-scattering technique to introduce a new criterion,
named spray collapse percentage, to determine the spray collapse
regime by dividing the area of spray region calculated by a pre-defined
circle.

Finding better simulation models that can encompass all the fea-
tures of such volatile and changing sprays remains challenging [27]. In
this sense, augmenting the data available is the best path to further
comprehend the processes involved in the spray and develop more
accurate models, for which optical diagnostic tools have been of crucial
value [1].

The works carried out by [9,10] present methodologies and ap-
proaches similar to different sections of this article by studying the
radial expansion of the spray and its frontal view, however, in one
case, the experiments were done at an injection pressure of 100 bar (10
MPa) for only one fuel surrogate. Besides, there are only a few articles
with injection temperatures higher than 90 ◦C. Furthermore, most
works [25] have analyzed classical parameters to qualitatively describe
the spray morphology under non-collapsing conditions, but there are
still pending tasks on quantitatively characterizing this phenomenon.

This study aims to shed light on the different collapse types present
in a GDI spray, for different gasoline components ranging from low
to high volatiles, covering injection temperatures up to 120 ◦C, more
similar to those of an actual GDI engine. This allows us to analyze a
broad range of R𝑝 values. Further, in addition to studying the radial ex-
pansion for different conditions, a new method to describe the collapse
from frontal images is shown. The approach consisted of observing
the central area of the spray over the injection event, taking special
attention to the moment when the nozzle tip is clouded by the spray,
meaning that the jet plumes have collapsed into a single one. From
the results obtained, indices to quantify the collapse instant, as well
as to correlate quantitatively the degree of collapse to the injection
conditions are introduced. Understanding and predicting the instant
when the collapse occurs helps to better inspect the injector’s ideal
design strategy and increase fuel use effectiveness. In this sense, this
work condenses novel approaches to identify, analyze and quantify the
spray collapse using several fuels and more real injection conditions.

2. Materials and methodology

2.1. Test rig and injection conditions

The facility used has three wide windows for the light path. The
test rig was built to uphold under-pressures and pressures ranging from
0.01 bar to 15 bar, that simulate those of an actual engine, especially,
early injection conditions. The chamber temperature is controlled by
supplying nitrogen from below the chamber in which a heater module
is placed. This module consists of a 2 kW resistor, an air diffuser and its
casing. Thanks to this, the vessel is able to reach up to 150 ◦C. The gas
used to pressurize the chamber was nitrogen. A render of the chamber
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Fig. 1. Diagram of the optical setup on the GDI test rig.
can be seen in the right side of the Fig. 1, and a thorough description
of it can be found in [22]. The injection temperature is controlled by a
thermoregulator unit which passes oil in a closed loop through a special
injector holder that allows the oil to reach the nozzle.

2.1.1. Injection system
The fuel was delivered through a high pressure pump connected to

an electrical motor. The fuel exiting the pump first reaches a common
rail before going through the high pressure line to a second 12.3 cm3

rail. The fuel pressure is controlled by an electrically actuated valve.
Finally, the fuel reaches the injector which is electrically actuated by
its own ECU (Engine Control Unit). A Spray G injector from the ECN
network which has been widely used for research purposes was em-
ployed; the injection duration was controlled by a TTL signal following
the ECN recommendations [28].

Fuels employed
Four fuels were used to study the effects of flash boiling and

spray collapse on the spray morphology during gasoline injection. The
fuels were chosen to emulate the gasoline volatility and provide more
extreme cases of flash boiling. Besides, the fuels are mono-component,
providing a more straightforward starting point for computer fluid
dynamics (CFD) modelers in the future. The conditions measured were
selected based on the ECN [28]. Furthermore, mild and strong flash
boiling conditions points were pursued using fuels’ vapor–liquid phase
diagram. The conditions investigated are represented in Fig. 2 as black
points. The commercial gasoline fuel RON98 vapor pressure curve
extracted from [29,30] is only shown for comparison purposes and the
vapor and liquid phase labels refer to the main state of the fluid at
those specific conditions. As it is natural for multi-component fuels, the
curve position varies depending on the fuel composition, which changes
depending on the seasons and even among fuel batches delivered to
gas stations. From the Figure, the Hexane is the closest to gasoline
in the vapor pressure curve as well as in volatility which are the
leading parameters for the flash boiling phenomena. This allows us to
contrast how the spray morphology changes in Gasoline, to some other
mono-component surrogates that are often chosen due to their octane
number and other combustion properties. The conditions tested are also
depicted in Table 1.

The most relevant properties of each fuel are showed in Table 2,
being the Hexane the fuel with the closest vapor pressure curve to the
commercial gasoline from Huang et al. [29] and [30].
3

Table 1
Test matrix for visualization experiments.

Parameter Value/Type Units

Fuels Isooctane/Heptane
Hexane/Pentane

ET 0.68/1.2 ms
Rail pressure (Pr ) 200 bar
Back pressure (Pb) 0.2/0.5/1/3/6/15 bar
Fuel temperature (Tfuel) 20/60/90/120 ◦C
Ambient temperature (Tamb) 20/90 ◦C
Repetitions per test 10

Table 2
Fuel properties obtained from the National Institute of Standards and Technology (NIST)
[31].

Properties (@300 K) Pentane Hexane Heptane Isooctane Units

Liquid density 618.8 652.84 677.81 696.57 kg/m3

Viscosity 0.214 0.291 0.376 0.456 mN s/m2

Surface tension 15.25 17.73 19.82 20.96 mN/m
Vapor pressure 73.57 22.01 6.72 2.08 kPa
Latent heat 35.1 31.1 36.3 41.4 kJ/mol
Specific heat 2.34 2.26 2.24 2.04 kJ/kg K

2.2. Optical techniques

Visible light-based techniques have been the standard for studying
rapid phenomena like liquid injections. Thanks to the numerous advan-
tages provided by these non-intrusive techniques, they are applied to
acquire images of the liquid phase of the spray. Ten injection cycles
per test point were recorded. The conditions varied in order to cover a
broad variety of flash boiling and spray collapse conditions.

In this work, an arrangement of two optical techniques is utilized
for the simultaneous estimation of the liquid phase of the spray from a
lateral line of sight (Diffused Back Illumination) and frontal side (MIE
scattering). A similar configuration was also used by Du et al. [32].

2.2.1. Diffuse back-illumination
In DBI, the light is extinct because of the spray core and droplets’

optical depth (𝜏). The technique has extensively been used in various
studies [22,33,34]. A fast light-emitting diode (LED) is employed for
illumination; this enhances the nature of the images acquired, using
very short light pulses with the order of nanoseconds, with the exposure
limited by pulse duration and not by the camera, resulting in sharper
frames.
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Fig. 2. Phase diagram of all the fuels. The experiment conditions are represented as points.
The extinction is calculated each instant using the Beer–Lambert law
described in Eq. (2) [35]:
𝐼
𝐼0

= 𝑒−𝜏 (2)

where 𝐼 is the intensity of the frame taken into account attenuated
by the spray and 𝐼0 is the reference image from the source without
attenuation.

The DBI optical improved setup used in the experiments was first
introduced by Ghandhi and Heim [34] and is shown schematically in
Fig. 1. It is composed (left to right) of the LED light source, diffuser,
field (Fresnel) lens, and a high-speed camera on the other side of the
test chamber. Then, a 100 mm diameter engineered diffuser with 20.5◦

divergence angle is used to homogenize the light. Next, a Fresnel lens
with a focal length of 67 mm was employed to replicate the diffused
light source at the optical plane of interest of the spray. A blue LED is
combined with a blue filter before the camera lens allowing to reduce
the light interference from another optical setup measuring at the same
time, resulting in a much clearer captured image. The blue LED unit
used was composed of the control circuit, heat sink, and a parabolic
reflector in order to reduce the LED light aperture from 120◦ to 25◦,
concentrating and reducing light loss. Images obtained through this
technique are later showed in Fig. 4.

2.2.2. MIE scattering
Mie-scattering (MIE) is an optical phenomenon named after Gustav

Mie. It refers mainly to the elastic scattering of light from atomic and
molecular particles whose diameter is larger than about the wavelength
of the incident light. MIE phenomena can be used in liquid spray
investigation since the liquid droplets of the spray reflect the incident
light [36]. The MIE setup employed in the experiments is illustrated in
Fig. 1. Two Mercury-Xenon arc lamp light sources are used. The light
is transported using optical fiber to a 7 mm diameter collimator lens
that permits concentrating the light in the region of interest. This light
is scattered back differently by the spray and the vessel wall in the
background, then collected by the camera for appropriate processing.

2.3. Image processing

One essential step in any visualization experiment is the image
treatment to extract as much information as possible. These optical
techniques imply that the fast cameras record a video in which each
frame is processed separately as an independent image. The method-
ology utilized in this work has been thoroughly detailed in previous
works [22,37], and here only a brief explanation is presented.
4

There are four main steps to process each frame: image masking,
background subtraction, contour detection, and contour analysis.

Initially, the frame is masked by selecting the overall part of
the image where the spray will be, discarding other areas such as
the injector holder, windows’ limits, etc. Then, the background is
subtracted from the image, leaving only the spray. This step is carried
utilizing Eq. (2) where the optical thickness is calculated, being 𝐼0 the
image of the background before the injection event, and 𝐼 the image
containing the spray.

Later, the spray contour is differentiated applying a fixed thresh-
old for image binarization (background - spray). The threshold was
adjusted to fit better the contrast given by each optical technique,
and once defined, kept constant for the whole experimental campaign.
Additionally, the image is filtered through morphological image opera-
tions such as dilation and erosion, removal of noisy pixels, etc. For the
background average, seven frames before injection were used. Finally,
the contour analysis can provide important parameters like spray pen-
etration, angle, width, etc [38,39]. Further, the start of injection (SOI),
calculated by extrapolating the penetration curve to zero [38,40], was
gotten to phase the time domain of the results and better compare the
test points. A image depicting the contour differentiated after the steps
mentioned is shown in Fig. 3. The Spray pattern in the left can be
approximated to a triangle, whilst, to the right there is a spray collapse
due to the high density, the shape is more rounded and asymmetrical.

2.4. Spray collapse processing approach

For flashing conditions, when the pressure of the chamber is lower
than the vapor pressure of the fuel at its injection temperature, the
spray structure suffers several changes that are difficult to describe only
with classical parameters of penetration and angle as other works have
tried [9,41], so a deeper analysis of the contour is required.

Figs. 4 and 5 illustrate some of the changes in the spray morphology
at different injection conditions at the same time step. Each subfigure
is a snapshot (at t = 0.5 ms after SOI) that can be used to describe the
spray cone formation qualitatively. An 𝑅𝑝 > 1 indicates that the spray
is under flashing conditions, and it is shown at some of these conditions
that there is a collapse of the sprays.

Previous works have been trying to characterize the level of flash
boiling at each particular injection condition through the 𝑅𝑝 number;
however, it has been observed that this variable does not always
describe the spray morphology [42,43]. Therefore, 𝑅𝑝 is an indicator
of flash boiling but not spray morphology such as spray collapse. For
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Fig. 3. Macroscopic spray parameters extracted from the contour analysis. Two structures are seen for non-collapsing (left) and collapse sprays. The conditions are depicted on
the image.
example, in Fig. 4 it is observed that for similar 𝑅𝑝 (0.07 and 0.058), the
spray morphology is different, and that for 𝑅𝑝 > 1 there is no collapse.

In this sense, the spray is analyzed by means of the spray width
when the spray is fully developed. After the contour is differentiated,
the distance between the upper and lower limit of the spray is cal-
culated for each axial distance; then, all ten repetitions are averaged
(Fig. 3).

The spray width variation along all injection conditions is ana-
lyzed to see how the different flash boiling regimes affect the spray
morphology.

2.4.1. Nucleation rate correlation to jet width
The radial expansion of a flashing spray jet near the nozzle exit

is highly influenced by the mixing of the vapor phase in the two-
phase flow and is limited by the ambient gas [44,45]. In this sense,
another approach in the literature to correlate the jet width with the
flashing phenomena is by introducing the nucleation rate [45]. Thus,
parameters influencing the vaporization rate and discharge ambient
resistance are relevant. The nucleation rate (𝐽 ) can be expressed as:

𝐽 ∝
√

2𝜎
𝜋𝑚

𝑒𝑥𝑝
(

− 𝛥𝐺∗

𝑘𝐵𝑇𝑓𝑢𝑒𝑙

)

(3)

where m is the molecular weight, 𝛥𝐺∗ is the free energy barrier, 𝜎 is
the surface tension, and finally, 𝑘𝐵 is the Boltzmann constant [42,46].
Since the start of the vaporization is caused by homogeneous nucleation
in the internal flash boiling jet [47], the free energy barrier for
homogeneous nucleation could be represented by Eq. (4) [48].

𝛥𝐺∗ =
16𝜋𝑣2𝑙 𝜎

3

3𝑘2𝐵𝑇
2
𝑓 ln2(𝑅𝑝)

(4)

where 𝑣𝑙 is the specific volume of liquid, which is defined as:

𝑣𝑙 =
𝑚

𝜌𝑙𝑁𝐴
(5)

Being Na the Avogadro number. In this work, the range of exper-
imental conditions is mostly influenced by the exponential term of
Eq. (3). Consequently, the exponent, called from now on 𝑋 presented
in Eq. (6), is used as an indicator of the nucleation rate.

𝑋 = 𝛥𝐺∗

𝑘𝐵𝑇𝑓𝑢𝑒𝑙
(6)

Rate of vaporization vs spray width
A relation of the rate of vaporization with the spray cone width is

presented. It can be done through the phase change chemical potential
(Eq. (7)), which is denoted as 𝛥𝜇 as explained in [49].

𝛥𝜇 = 𝜇 − 𝜇 (7)
5

𝑙𝑖𝑞𝑢𝑖𝑑 𝑔𝑎𝑠
Assuming that the flash boiling injection event is an iso-thermal
process [8], the Maxwell relation to represent the chemical potential
is shown in Eq. (8).
(

𝛿𝜇
𝛿𝑝

)

𝑇 ,𝑛
=
( 𝛿𝑉
𝛿𝑛

)

𝑇 ,𝑝
= 𝑣 (8)

Being 𝑣 the specific volume. 𝑣 is defined for ideal gas and liquid
phases as shown in Eqs. (5) and (9).

𝑣𝑔 = 𝑅𝑇
𝑃

(9)

Being R the ideal gas constant. Then, combining equations it could
be obtained an expression for the chemical potential difference, de-
picted in Eq. (10).

𝛥𝜇 = 𝑅𝑇𝑓𝑢𝑒𝑙ln
(

𝑅𝑝
)

− 𝑀
𝜌𝑙

(𝑃𝑠𝑎𝑡 − 𝑃𝑎𝑚𝑏) (10)

3. Results and discussion

3.1. Spray width

The spray width is a good approach to describe the spray mor-
phology at different conditions. For each time step it can capture the
instantaneous spray shape. The results obtained when plotting the spray
width for each axial position are depicted in Fig. 6 comparing the
different nozzle temperatures studied for the same fuel. The figure
depicts the results for Isooctane and Hexane. Since Hexane is a more
volatile fuel with higher R𝑝 for the same injection conditions, the
collapse starts taking place at 60 ◦C, which for Isooctane happens at
90 ◦C. The collapse is identified by observing the width change, when
the slope is not constant or changes in relation to a linear one, it means
that the angle of the spray has decreased, and consequently, started to
collapse.

Three different spray patterns are identified in the plots located in
the upper row of the figure. A frame for each pattern are shown in the
lower row. The first one corresponds to the 120 ◦C (both fuels) and
𝑇 = 90 ◦C (Hexane). Here, the R𝑝 relations are the highest, therefore,
there is a strong flashing condition that clearly shows a collapse of the
sprays. The second pattern is for 𝑇 = 90 ◦C (Isooctane), and 𝑇 = 60 ◦C
(Hexane), which depicts a mild collapse of the sprays. Note that the
profile of the first axial 20 mm matches for the two patterns. From
that point onward, the width increases due to big vortices appearing
thanks to the resistance to the spray advance since its cone has not fully
collapsed [6,50]. The third pattern is seen for non-flashing conditions
(R𝑝 < 1). The line possess a fixed slope which represents a constant
spray cone angle, hence, not collapsing.
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Fig. 4. Spray cone morphology for Isooctane in Spray G injector.
If the first 15 mm are zoomed, different width curves for the
collapse and non-collapse sprays can be observed as shown in Fig. 7
for Isooctane. From the very first millimeters from the nozzle, the
flashing conditions (T𝑓 = 90 ◦C and T𝑓 = 120◦) yield different width
curves. Moreover, it is noted that the curve’s nature is different for
them which could be approximated to a log equation for the first
millimeters, whereas for the non-flash boiling conditions, it is likely to
fit on a linear curve. For the latter case, it could be that momentum
diffusion is playing a major role in the radial expansion, which for
flashing conditions is the rate of vaporization the leading phenomena
as discussed in Section 2.4.1.

Finally, if we compare the fuels in one plot, since the same test
conditions would provide different R𝑝 values, the more volatile fuels
have the more severe flash boiling conditions. Fig. 8 depicts a condition
in which the spray structure is very different because of fuel properties.
In this case, three assorted spray structures can be found: the Isooc-
tane and Heptane curves indicate non-collapse structures, whereas the
Hexane and Pentane curves show two different spray structures with
6

varying degrees of collapse. These changes are presumed to be due
to the level of flash boiling, influenced by each fuel volatility, since,
when plotted, all fuels presented the same liquid penetration during
the injection [22] and from Weber and Reynold number estimation,
the atomization regimes for the conditions tested were the same [51].

3.1.1. Spray collapse identification
Now that differences are evident for the stabilized jet in Fig. 6 for

different collapse regimes, each condition can be differentiated from
the non-collapse curve. Initially, each spray width is normalized, taking
the condition with the nozzle temperature of 20 ◦C as reference (No
spray collapse) along the axial distance for each injection condition to
detect when the spray has collapsed.

After normalization, a more extreme contrast is detected for the
collapsing curves. If the variation with respect to the reference line
is averaged, the mean values belonging to collapse images present a
higher deviation from the reference (see Fig. 9(a)). If all these devia-
tions for all fuels are plotted against R , a clear trend should be formed,
𝑝
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Fig. 5. Spray cone morphology for Pentane in Spray G injector.
in which, for lower R𝑝 all sprays should be non-collapsing; while for
higher R𝑝 the separation should increase. This trend is effectively found,
as shown in Fig. 9(b), then, this deviation can be correlated to the
degree of collapse. Also, a cloud of points is found with minimum
variation to their reference. From this concentration of points, we
can extract and refine iteratively a threshold to separate and identify
the non-collapsing conditions. The threshold is adjusted by plotting a
histogram of the deviation (bin = 0.25 mm) in which the cloud of
points is separated from the rest. From there on, mild or transitional
collapse appears up to strong collapse conditions, for which threshold
is determined using the same histogram; however, the limit is not as
evident for the data used, and the selection was made when the higher
gap in the histogram was encountered.

The threshold for this data set was found at 3.25%, at R𝑝 close to
1.5 for the transitional collapse to begin (see Fig. 9(b)). Strong collapse
conditions start at R𝑝 near 3.7 with the threshold selected at 19%.
An example of the classification of the collapse conditions is given
in Fig. 9(a) legend.
7

3.2. Radial expansion of the jet

Fig. 10 shows the relation between R𝑝 and width at two axial
distances from the nozzle tip based on the orifice diameter, d. It is
shown the width for 5d and 20d. The width increases with R𝑝 in
general, especially at flashing conditions (R𝑝 > 1). The increment is
more noticeable for the most volatile fuels, i.e., Hexane and Pentane.
Note that at highly flashing sprays (R𝑝 > 3.5) the trend is not as
clear as for lower R𝑝. Probably at those high R𝑝, the mechanisms that
produce spray collapse are starting to affect the spray width. On the
one hand, the flashing sprays produce a radial expansion of the jets;
however, the choke of the air entrainment due to the jet expansion
(spray interaction) creates the inner low-pressure zone that attracts
the sprays [6,21]. Thus, there are effects that could counteract each
other to some extent. Guo et al. [45] also reported this behavior
when analyzing the radial expansion for Hexane, stating that R𝑝 lacks
generality in describing the radial expansion.
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Fig. 6. Liquid spray width for different fuel temperatures for a time when the jet has fully developed. Two out of the four fuels tested are shown. Also, different collapse structures
can be seen. All injection events occur at 200 bar of injection pressure.
Fig. 7. Zoomed liquid spray width of Spray G injector for different fuel temperatures.
Fig. 8. Liquid width for the different fuels used.
8

3.3. Radial expansion of the jet by nucleation rate

Fig. 11 reports the relation between the 𝑋 parameter and the cone
width of the Spray G injector and only two distances are shown. For
a better display, the cone width is plotted against 𝑋−0.5. Moreover, to
account for the drag effects of the discharge gas density [52,53], the
𝑋−0.5 is multiplied by 𝑃−0.5

𝑏 (ambient pressure). It is observed that there
is a generally weak relation between the two parameters, at least much
weaker than with R𝑝. Thus, there is no clear relation between the width
and the nucleation rate, despite the isooctane, which shows a certain
trend for 20d0.

A possible cause is that the spray expansion is reliant on the flow
state at the nozzle exit. According to Chang et al. [6] and Park and
Lee [54], at the internal flashing regime, there is already a two-phase
flow developed inside the nozzle. The nucleation process occurs at the
start of the phase transition; which, in this case, it would be before the
spray exits the nozzle, hence, reducing the nucleation rate impact on
the observable jet expansion, being then the rate of vaporization a more
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Fig. 9. Spray Collapse detection based on width normalization parameter.
important variable [9]. Moreover, the counterbore nozzle geometry
employed promotes air entrainment, which favors the occurrence of
two-phase flow at the nozzle exit. Additionally, the flow radial velocity
at this location increases, benefiting the spray breakup and atomiza-
tion [55,56]. The air entrainment has also been shown to affect the
transient behavior of the spray collapse and plume merging [57].

3.4. Vaporization rate

Fig. 12 shows the relation between the chemical potential, 𝛥𝜇, and
the width of the spray. The parameter is multiplied by 𝑇 −0.5

𝑓 , which
provides better visualization and relation to the spray cone width
values. It can be observed that, in general, all fuels follow a similar
trend to the one shown with the R𝑝 plots; however, for 𝛥𝜇 > 1, which
is indeed at flashing conditions, it is shown an increment of cone
width for all distances except to 60 d0. According to Vetrano et al.
[58], the flash boiling phenomena last at least 20 d0; thus, for further
distances, the width may not be wholly related to the jet flashing
nature, which in the present case is from 40 d0. It is likely that from
that distance onward, other causes, like aerodynamic forces due to gas–
liquid interaction and the onset of spray collapse, could play a major
role in the spray cone width.
9

3.5. MIE frontal view analysis

The frontal perspective of the spray gathered through the MIE,
identifying individual jets, allows to visualize the moment in which
they collapse. As the injection develops, the different types of jets can
be differentiated by monitoring the path followed by the jet and how
it changes in time.

3.5.1. MIE frontal surface
The first analysis performed for this frontal view is the study of the

evolution of spray surfaces over time. The treated frame is sliced into
eight pieces, one for each jet, in which the spray contour is analyzed.
The algorithm does not count the nozzle tip, so the contour detection
starts from a distance to the center or nozzle axis. Fig. 13 shows three
different test conditions for Isooctane for the same time step. For the
P𝑏 = 0.2 bar, as the fuel temperature changes, it is shown different
flashing conditions. For T𝑓 = 20 (left image), the R𝑝 is 0.07, so the
spray is not under flashing conditions. For T𝑓 = 90 and 120 (center
and right images), the spray is under flashing conditions (R𝑝 = 1.67
and 4.32 respectively), and it is observed how the spray morphology
and surface detected changes.

The spray cone structure is altered at the most extreme flash boiling
events. The ultimate fuel distribution is concentrated in the borders
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Fig. 10. Width vs Rp, for all the fuels tested on SprayG injector.
etween the jet and its neighboring jets as a result of the spray
lumes’ significant expansion and interaction. Therefore, the fuel is
oncentrated in areas where there would not be spray for a regular
njection. This occurrence appears in the right image of Fig. 13.

If all the individual jet surfaces are added together for each frame,
t could be obtained the evolution of the frontal projection surface
ver time. The growth or decrease of the surface detected is related
o the amount of fuel liquid phase projected on the frontal view. It
ould also indicate, to some extent, the amount of fuel that could be
vaporated or the advancement of the liquid phase. Fig. 14 shows the
pray surface evolution over time. The left image (14(a)) depicts the
urface for various back pressures. Note that as the discharge pressure
ecreases, the spray surface grows at a greater rate, because it allows
or a faster sprays’ fuel distribution in the chamber. Nonetheless, when
t reaches a point of P𝑏 = 0.2 bar, the tendency changes since it is under
10

lash boiling conditions. The growth rate is different because of fuel
evaporation but also due to spray collapse that concentrates the spray
in the injector axis. In contrast, in other conditions, the fuel is pushed
outside the field of view of the camera.

On the other hand, the right image (14(b)) reports the surface for
different fuel temperatures at a discharge pressure of 0.2 bar. It is
observed two major trends, the non-flash boiling cases (T𝑓 = 20 and
60 ◦C) have a steep rise until the EOI at around 1.1 ms. From that
point onward, the fuel moves out of the image and evaporates so the
surface detected decreases. Contrary, for the flashing cases, there are
two spray structures. One in which spray collapse occurs from the very
beginning (T𝑓 = 120 ◦C) due to the fuel concentration in the injector
axis. The another one has a similar spray surface slope to the non-
flashing cases, however, at some point diverges. In these collapse cases,
the fuel concentration in the injector axis causes that even after the
injection has ended, the fuel does not spread and remains in the center

axis.
Fig. 11. Width vs X, for all the fuels tested on SprayG injector. Only two distances are shown for clarity purposes.
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Fig. 12. Width vs 𝛥𝜇, for all the fuels tested on SprayG injector. For distances relatively close to the nozzle.

Fig. 13. MIE images for Isooctane, at a given time step (15), with the superposed contour of each spray. The captures represent diverse sprays structures due to flash boiling.
From left to right, at T𝑓 = 20 ◦C there is no flash boiling. The center image represents a mild flash boiling at T𝑓 = 90 ◦C and the last image depicts strong flash boiling at T𝑓 =
120 ◦C.

Fig. 14. Spray surface against time for Isooctane.
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Fig. 15. Averaged spray surfaces at different R𝑝 for each fuel tested. The color indicates different T𝑓 .
For the injection durations tested, the surface values in which the
spray is under the most stable conditions were selected just before the
EOI. Fig. 15 represents an average surface value calculated between
0.7 and 1.1 ms (vertical dashed lines in Fig. 14) to condense all
the test points. The surface values are reported against the Rp for
each investigated fuel. A color is assigned for each fuel temperature,
and each shape represents a different P𝑏. Lower P𝑏 reported higher
surface values, which is related to the lower ambient density and
faster penetration of the spray [59]. It can be observed that there is a
linear relation of spray surface with R𝑝 for each temperature in all the
fuels; however, at extreme flashing conditions R𝑝 > 3.5, the surfaces
stagnated or decreased. At these R𝑝 values the spray collapses and
changes morphology.

3.5.2. MIE collapse analysis through intensity monitoring
The collapse of the sprays into a single liquid jet due to flash

boiling has been analyzed in the literature as a state of the developed
spray [15,60]; nonetheless, there is some transitory mechanism that
induces the spray collapse [21,50], thus, it could also be seen as a
transitory phenomenon until it is fully developed. The approach aims to
detect the moment at which the spray cone collapses. For this purpose,
precise monitoring of the central area of the spray is performed over
the injection event.

Fig. 16 shows the reasoning of the nozzle intensity monitoring.
For the MIE images, the nozzle tip reflection was seen through all
12
the injection events and only clouded by the fuel when the collapse
occurred. Consequently, by observing the nozzle tip, some particular
situations can be encountered.

On the right side of the Figure, there are three images of different
injection conditions. Image #1 depicts a developed spray that is not
under flash boiling conditions. Here, the white spot of reflection of the
nozzle tip is visible throughout the whole injection. Image #2 shows a
flash boiling test condition that has not collapsed yet, and it is possible
to visualize the nozzle tip, despite having a R𝑝 > 1. For Image #3, the
spray is just about to collapse since the intensity levels for the nozzle tip
are very low. Therefore, by monitoring the intensity levels of the pixels
composing the nozzle tip (circled on the left side of Fig. 16), the time
at which the spray collapses can be analyzed. Some principles must be
taken into account here, the optical axis is aligned with the injector axis
for this symmetrical jets’ distribution. Besides, the camera focuses the
nozzle tip since it is its intensity which is being monitored throughout
the injection.

Fig. 17 depicts the time-resolved nozzle area average pixels inten-
sities. Note that all the intensity values start at 0 since the background
has already been subtracted. The 10 injection events are averaged to
account for errors associated with shot-to-shot dispersion. The trend
variability among injections was minimal which suggests that this
method is robust and objective for its purposes of identifying the
collapse instants.
Fig. 16. Diagram of the nozzle tip intensity monitoring.
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Fig. 17. Normalized nozzle area pixels intensity vs. time for the four fuels tested. Each color represent a fuel temperature. Test points shown are taken at P𝑏 = 0.2 bar and T𝑎𝑚𝑏
= 20 ◦C.
Fig. 18. Collapse time interpreted as the moment when the nozzle is clouded by the fuel versus R𝑝. Horizontal lines represent SOI and EOI.
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This figure depicts the conditions of P𝑏 = 0.2 bar with all the
ifferent fuels and fuel temperatures. As seen before, the fuel properties
reatly affect the spray behavior. It is observed that three of the four
emperatures for Hexane are collapsing, while on the other fuels, it
an be noted only two. The Isooctane, for example, has two collapsing
onditions at 90 and 120 ◦C. The nozzle pixel intensity values suffer a
udden increment at the start of the injection due to light reflection
n the spray plumes that are starting to develop. Then, the rapid
ollapse decreases the intensity quickly, going to values under zero.
fter being darkened for some time, the nozzle’s pixels start to increase

heir intensity due to the formation of the liquid stream in the injector
xis and its illumination by the MIE light beams. For mild collapse
onditions, the time to reach the maximum intensity is longer before
t drops to zero and negative values. This happens due to the fuel
aking longer to cloud the nozzle sight. In those cases, when the pixel
ntensities average is 0 again, the spray is considered to be collapsed.
hese intensity curves over time help to gain a different insight into
13

he collapse mechanism’s transients that appear on GDI injectors.
If all the collapse instants are recorded, as explained before, using
he nozzle pixel intensity monitoring, a new figure can be created
ondensing all the test conditions. Fig. 18 shows the collapse times
gainst R𝑝 for all fuels and test conditions. Note that it shows only
𝑝 > 1 since the collapse is only approached here through flash boiling

cases. Inside the figure, the SOI and EOI times are marked, which
are important when explaining the different collapse behaviors. From
the Figure, three different zones are seen depending on the collapse
time. Du et al. [10] also reported three collapse regions based on the
average optical thickness of DBI images.

In Fig. 18 the first zone is situated close to the SOI line. Here, the
most extreme collapsing cases are encountered, which indicate that the
spray plumes collapsed from the very injection start. This zone is domi-
nated by the lowest discharge pressure tested, and the resulting flashing
conditions led to wider sprays, provoking high interaction between the
spray plumes, and resulting in an almost instantaneous collapse. At
these conditions, a high fuel concentration in the boundaries between

two spray plumes can be observed as depicted in Fig. 13. The next
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zone is located between the SOI and EOI. There is collapse for these
conditions; however, the interaction between plumes is insufficient for
a strong collapse, so as the spray develops, the jets get wider and
the full interaction and collapse happen further downstream. The last
location is referred to the conditions in which ‘‘collapse’’ occurs close
to the EOI line. The ‘‘collapse’’ in this last zone does not appear on
a stationary spray. Nevertheless, as the injector needle closes, the last
liquid fuel coming out of the orifices is attracted to the nozzle axis,
probably because there is a slightly low-pressure zone in that area due
to the weak interaction between plumes, which, although not sufficient
to collapse the sprays, allows that some fuel concentration appears at
the nozzle axis, giving the impression of being a collapse from the
nozzle pixel intensity diagnostic point of view.

4. Conclusions

Two different optical techniques were employed to analyze the
spray collapse due to flash boiling on the ECN Spray G injector. Four
surrogate mono-component fuels were tested with different molecular
weights and volatile properties in order to investigate more extreme
flashing conditions. Through the approaches employed, the instant at
which the spray collapsed and the degree of collapse were quantified.

The findings can be summarized as follows:

– From the spray width curves, two collapse structures could appear
at flashing conditions: the transitional collapse and severe col-
lapse. The transitional collapse showed a greater spray expansion
in the first millimeters from the nozzle.

– For the fuels employed, the most volatile ones yielded an early
collapse for the same test condition.

– The instantaneous spray width variation for a stabilized jet was
strongly correlated to the degree of collapse. Thresholds for clas-
sifying transitional and strong collapse injection conditions were
determined.

– The nucleation theory and phase change potential were used to
relate the spray expansion at different flashing and non-flashing
conditions. The spray width at different distances from the nozzle
exit was observed to have good agreement with R𝑝 smaller than
3.5.

– A clear relation between the parameter X from the nucleation
theory and the spray width was not found. The relations were rea-
sonable for close distances to the nozzle until 20d - 40d; however,
further distances did not appropriately correlate. The nucleation
rate appeared to be a less influential expansion mechanism for
internal flashing sprays. It was probably dominated by other
mechanisms, such as aerodynamic forces and droplets diffusion
into the air.

– The instant at which the spray collapsed was quantified by mon-
itoring the clouding of the nozzle tip by the fuel, using the MIE
frontal visualization.

– The spray surface evolution demonstrated a strong correlation
with the R𝑝 at each T𝑓 when the spray was stabilized. Nonethe-
less, this correlation was no longer valid at high R𝑝 when the
spray collapsed, which happened at a similar R𝑝 independently
of the fuel tested.

– Three main collapse instants were observed:

1. First, the typical collapse structure, in which the sprays
collide into the center almost at the same instant that the
injection starts.

2. Secondly, for mild collapse conditions. The collapse oc-
curred after the spray had developed to some extent.

3. Finally, for flashing conditions, the nozzle was also clouded
at the end of the injection. This result proposed that the
inner low-pressure zone induced by plume-to-plume inter-
action was present. Although not sufficient to collapse, the
14

last flow exiting the nozzle is suctioned to the spray axis.
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