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Introduction

X-Ray Characterization of Real
Fuel Sprays for Gasoline Direct
Injection

The effects of fuel blend properties on spray and injector performance has been investigated
in a side-mount injector for Gasoline Direct Injection (GDI) using two certification fuel
blends: Euro 5 and Euro 6. Several X-ray diagnostic techniques were conducted to charac-
terize the injector and spray morphology. Detailed internal geometry of the GDI injector
was resolved to 1.8 um, through the use of hard X-ray tomography. The geometry charac-
terization of this six-hole GDI, side mount injector, quantifies relevant hole and counterbore
dimensions and reveals the intricate details within the flow passages, including surface
roughness and micron-sized features. Internal valve motion was measured with a temporal
resolution of 20us and a spatial resolution of 2.0 us, for three injection pressures and
several injector energizing strategies. The needle motion for both fuels exhibits similar
lift profiles for common energizing commands. A combination of X-ray radiography and
ultra-small-angle X-ray scattering (USAXS) was used to characterize the fuel mass distri-
bution and the droplet sizing, respectively. Tomographic spray radiography revealed the
near-nozzle distribution of fuel mass for each of the fuels and the asymmetry produced
by the angled nozzles. Under evaporative conditions, the two fuels show minor differences
in peak fuel mass distribution during steady injection, though both exhibit fluctuations in
injection during the early, transient phase. USAXS measurements of the path-specific
surface area of the spray indicated lower peak values for the more evaporative conditions
in the near nozzle region. [DOI: 10.1115/1.4050979]

Keywords: energy from biomass, fuel combustion, Renewable energy

that the knock performance prediction behavior at the system-level

Improvements to the combustion efficiency and emissions output
of internal combustion engines are driven by the strengthened regu-
lation worldwide. Advancements to these system-level performance
metrics in internal combustion engines, and more specifically,
light-duty gasoline engines, hinge on improved behavior of fuel
injection and atomization for new fuels and combustion technolo-
gies. Realizing these improvements requires predictive spray and
chemical models, validated for realistic operating conditions.

Although combustion chemistry models are available for predict-
ing new gasoline fuel blends [1-3], the tools depend on accurate
input conditions, enabled by boundary conditions of fuel distribu-
tion, atomization, and evaporation behavior. Furthermore, central
to the Department of Energy’s program for Co-Optimizing fuels
and engines, the Central Fuels Property Hypothesis [4] conjectures
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traces to fuel properties. As a result, characterizing the injection
behavior of real fuels is critical to enabling the combustion and
system performance [5].

Additionally, as fuel blends trend toward higher ratios of oxygen-
ates, and injection strategies push toward earlier conditions, flash
boiling of the injected fuel is common. Historical efforts have
focused spray studies on single component fuels [6], and this has
been extended more recently to examine the plume behavior with
modern GDI injection systems, where spray collapse has been char-
acterized at these flashing conditions [7,8]. Encompassing models
have therefore been developed to predict the spray based on injector
and fuel information [9], though the spray behavior becomes more
complicated with more complex distillate blends [10-13]. There-
fore, understanding multi-component fuels at these conditions is
valuable for improved understanding and predictive model
validation.

This work will examine the internal characteristics, mechanical
actuation, and spray morphology of a commercial GDI injector
running real fuels, operating at several realistic conditions, through
the use of X-ray diagnostics. X-ray studies permit quantitative mea-
surements in optically opaque regions, such as inside the injector and
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within the optically dense near-nozzle region of the spray. When
used as inputs to predictive simulations, the X-ray informed internal
geometry has been shown to influence the spray morphology
[14-16], and characterization of pintle motion has revealed transient
internal flow phenomena [17]. Furthermore, quantitative fuel mass
distributions, through X-ray radiography, provides important valida-
tion in the near-nozzle region [18], and the atomization information
deduced from USAXS measurements has uniquely validated models
for primary breakup [19,20]. All of these characterizations are of
even further importance in understanding the behavior of injection
with real fuels.

Methodology

Injection Equipment. The injector used in this study is a
solenoid-actuated direct-acting GDI injector. The injector has six
counterbored spray orifices, with the center of the spray plume at
an angle to the injector axis. Fuel at pressures up to 30 MPa is pro-
vided to the injector by a pump-based high-pressure fuel system.
While no common rail is used in this system, the volume of the
line providing fuel to the injector is large compared to the injected
volume. The injector is mounted in a temperature-controlled flange
so the injector temperature is representative of the cylinder head
temperature in operating engines. This flange is mounted to a
spray chamber with X-ray transparent polyimide windows to
permit spray and injector internal motion measurements, allowing
control of the ambient pressure. This spray chamber also allows
the injector to be rotated to acquire measurements from multiple
lines of sight for spray tomography measurements. The chamber
is purged with nitrogen at 4-10 L/min to remove stray fuel droplets
and vapor. The target conditions for the measurements are shown in
Table 1 and represent a range of spray conditions, from flash boiling
(Condition 1) to purely liquid injection (Condition 3). Though the
specific conditions evaluated for each diagnostic are presented sub-
sequently, there has been specific focus on Condition 1 for spray
quantification, which targets flash-boiling behavior.

Fuel Properties. For each of the examined conditions, two fuels
were used, Euro 5 and Euro 6. These certification fuels of interest
have subtle physical and chemical property variations. Table 2 lists
select traits of the fuels which are known to influence spray morphol-
ogy. Properties relating to the propensity for the fuel to flash-boil
upon injection are specifically of interest for spray experiments at
Condition 1. The influential properties at this condition would be
the saturation pressure (Pg,) and the heat of vaporization (h,),
which differ by 5% and 2.7%, respectively. However, the property
with the most significant contrast between the two fuels is the oxy-
genates content, differing by 49%. Although this particular property
may not influence the spray and vaporization behavior, the oxygen-
ate content can impact the distillation curve, which affects the flash-
boiling behavior. The chemical properties are also presented to dif-
ferentiate the fuels, specifically on reaction performance.

X-Ray Tomography. X-ray tomography was performed at the
7-BM beamline of the Advanced Photon Source (APS) to character-
ize the internal geometry of the injector using techniques previously

Table 1 Target conditions for radiography, pintle motion, and
USAXS experiments

Condition 1 2 3

Injector temperature, K 363 363 363
Ambient temperature, K 323 323 323
Injection pressure, MPa 5 15 30
Ambient pressure, kPa 40 100 200
Injection command, ms 2 2 2

002300-2 / Vol. XX, XX 2021

Table 2 Select physical and chemical properties of tested fuels
at P=100kPa and T=363K

Property Euro 5 Euro 6
Density pug/mm’ 684 678
Pgq, kPa 209.0 220
4, N-s/m? 2.46e—4 2.46e—4
o, N/'m 0.0153 0.0150
hy, J/kg 4.64e5 4.77e5
H/C ratio 1.77 1.89
% vol Paraffinics 10.7 12.5
% vol Oxygenates 4.8 9.4

detailed [21]. Specifically, the GDI injector was mounted on a rota-
tion stage, and full-width X-ray projection images were captured at
4096 angles over a 180 deg span. Three full scans were performed
and averaged together to increase the signal to noise ratio. Computed
tomography was applied to these projections to reconstruct a density
volume of the injector region of interest. The reconstructed dataset
has a minimum resolved feature size of 2 ym [21] This 3D dataset
was then binarized using CTSegNet [22,23], a segmentation
package that uses convolutional neural networks, to extract the iso-
surface of the internal geometry of the injector. The resulting
binary dataset was then used for metrology, and the isosurface was
prepared for companion CFD simulations.

High-Speed X-Ray Imaging. High-speed X-ray imaging was
performed at the 32-ID beamline [24] to capture dynamic motion
of the internal pintle valve of the injector. The experimental setup
is illustrated in Fig. 1, which uses a scintillator crystal, long-distance
microscope, and visible-light camera to record the X-ray images. A
Photron SA-Z high-speed camera recorded high-speed videos of the
valve motion at 40kHz for 40 injection events at each condition.
These images were collected with a spatial resolution of 3.95 ym/
pixel. The motion was imaged at each condition for two orthogonal
perspectives, allowing for two views of the lift motion, and separate
orthogonal captures of the lateral motion. An edge-tracking cross-
correlation analysis was used to extract the axial and transverse
motion of the pintle for the two perspectives. This methodology
is further detailed in Ref. [25].

Spray Radiography. Quantitative measurements of the average
liquid mass distribution of the spray issued from the injector were
gathered using X-ray radiography, as illustrated in Fig. 2. The meth-
odology is detailed in prior literature [26,27]. Here, the 8.0 +0.01
keV mean photon energy beam (4% AE/E) was focused (5 x 6 ym
FWHM focus size) and passed through the spray. Incident beam
(Ip) and transmitted beam (/) intensities were recorded with a tem-
poral resolution of 3.68 s, for sample periods synchronous with the
injection command. These intensity traces were collected across a
grid of Y-Z positions with respect to the injector and were ensemble
averaged for 32 injection events at each spatial location. The injec-
tor could also be rotated about its axis for projections at different
azimuthal (®) perspectives.

Y .
G—TX injector
slits I +
4
t —
X-ray I

beam

camera .
{
N
]ﬂ
scintillator

chamber
Fig. 1 Plan view of the imaging configuration used for dynamic

pintle motion measurements and hard X-ray tomography for
geometry characterization
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Fig. 3 Layout of the USAXS experiment

The projected mass of the spray (M) was computed from these
traces using the Beer-Lambert law:

1 1(y, z, 0,
e o

where yu is the mass attenuation coefficient, which was empirically
collected under the same instrument configuration as the experi-
ment, Iy(t) and I(x, y, 6, t) are the measured beam intensities of
the incident beam and the transmitted beam, respectively. Com-
puted tomography was applied to the projected density data to
reconstruct the actual liquid density distribution on a cross-section
of the spray.

Ultra-Small-Angle X-Ray Scattering. Quantitative measure-
ments of the X-ray scattering of the GDI sprays were collected
using the USAXS instrument at the 9-ID beamline of the APS
[28], as shown in Fig. 3. The method for collection and processing
of this scattering measurement for fuel sprays is detailed by Matusik
et al. [29]. In short, a precisely collimated, 21 keV X-ray beam, pro-
filed to 500 umx 50 um (XxZ), was directed into the spray
chamber during the steady-state portion of a lengthened (2ms)
spray event. For relatively dilute, homogeneous, and locally non-
interacting particles, the scattered intensity follows Porod’s Law
[30], with the scattering intensity proportional to the total surface
area of the scatterers in the beam. Full USAXS rocking curves
were collected at least once for each axial location and condition,
establishing the intensity profile for the probed scattering angles.
Subsequent intensity measurements were made transversely

across the spray at a fixed scattering angle, to understand the distri-
bution of surface area across the spray cross section.

Results

Geometry. The internal flow geometry of this six-hole commer-
cial GDI injector was characterized through hard X-ray tomogra-
phy, with final resolved features of 2.0 um, including internal
surface roughness and imperfections. Two renderings of the injector
tip isosurfaces are illustrated in Fig. 4, depicting the asymmetric
hole orientation pattern of this side-mount injector design. The
pintle is not depicted in the rendering on the right to allow a view
of the shallow sac region. The coordinate system orientation
defined for these studies is also depicted for each of the views,
where the origin is located at the tip of the injector. The isosurface
is also suitable and has been prepared for CFD boundary definition.

The reconstructed and segmented geometry were also used to
make quantitative measurements of the internal features of the injec-
tor. The interior holes ranged in size from 145.2 ym to 165.7 ym,
with a mean of 153 yum, while the counterbore diameters ranged
from 293.3 yum to 298.6 yum with a mean of 296.3 um. Due to the
varying lengths and intersections with the interior and exterior sur-
faces, the hole lengths are not reported.

Pintle Motion. Pintle valve lift and wobble profiles based on
high-speed X-ray imaging are plotted in Fig. 5. Each lift curve is
the result of the average between the lift profiles of a given condi-
tion as viewed from two orthogonal perspectives (the X—Z and Y-Z
planes), with the shaded region representing the standard deviation
of the 80 tracked lift profiles. Lateral motion for each perspective
was also tracked and plotted on the same axes for relative magni-
tude. From these profiles, it is evident that the injector pintle
begins motion at 0.28 ms and repeatably lifts to a steady-state
height of 60 um by 0.5 ms after the commanded start of injection
(SOI), then begins closing at 2.0 ms. All traces show overshoot at
SOI, where the valve lift reaches a greater value than the
steady-state value. The pintle wobble motions in either dimension
follow the same periods as the lift, though the maximum deviation
is approximately 5.5 um, and the steady-state location is not concen-
tric with the closed position. The wobble motion also exhibits a
subtle oscillation, that lasts until approximately 1.0ms. There is
little variation in these traces between conditions. However, the
injection pressure condition does influence the initial lift overshoot
during the opening transient, with a maximum lift of 78 ym
observed for Condition 3. The injection pressure also subtly influ-
ences the closing transient, with the higher pressure case closing
about 80 s earlier. It is assumed that the injection pressure has a
greater influence on the mechanics of the pintle lift due to the fact
that these values range from 5 to 30 MPa. Although the ambient
pressure can play a role, the increase in ambient pressure from Con-
dition 1 to Condition 3 represents 0.6% of the increase in injection
pressure. Furthermore, the change in fuels has little influence on
these values.

Fig. 4 Two renderings of the six-hole GDI injector geometry isosurface, produced from X-ray
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Fig. 5 Pintle motion traces in three orthogonal dimensions for the 6-hole GDI injector, for three target

conditions, with each certification fuel

Spray Distribution. Fuel mass distributions were collected at
Condition 1 for both fuels using X-ray radiography. Based on the
vapor pressures of the fuels, listed in Table 2, this should result in
flash-boiling of the fuel as it exits the injector. GDI sprays under
these conditions have been previously characterized to exhibit
rapid plume expansion, interaction, and collapse [31,32]. Although
these previous studies focused on single component fuels, the
present study using a multi-component fuel exhibits a similar
expansion of the plumes from 1 to 5 mm, as seen in Fig. 6. The pro-
jected mass profiles for the two fuels are very similar, and both
exhibit a broadening and blending of the plumes by the Z=5mm
location. The asymmetric behavior of the individual plumes is
also evident at Z=1mm in the tomographic reconstruction of the
spray radiography for Euro 5. Sixty projection perspectives were
used to generate the X-—Y plane spray distribution plotted in
Fig. 7. The skewed profile of this side-mount GDI injector is exhib-
ited in this axial slice. It is also evident from this transverse slice that
the plumes are blended and interacting since there are no voids in
mass between the plumes. This is seen in the projected mass and
the tomography data and is characteristic of the flash-boiling condi-
tion. This behavior can also lead to a recirculation zone in the
central region and can contribute to plume collapse.

The radiography signal was sampled at 271.5kHz capturing
spray transient behavior. At each time-step, the projected mass pro-
files were spatially integrated according to Eq. (2), to calculate the
transverse integrated mass (TIM), and are plotted in Fig. 8. This plot
illustrates the arrival of mass to the 1 mm measurement plane by
0.3611 ms after SOI, and arrival to the S mm distance by 0.4326
ms after SOI, averaging 55.94m/s. This arrival is consistent
between the fuels, with an oscillatory behavior in mass/area

14 ~&— Euro 5, 1.0 mm
fil —&— Euro 6, 1.0 mm
L 124 LA :: —&— Euro 5, 5.0 mm
E 'M”? i —&— Euro6, 5.0 mm
& 10 A - oy ]
3 } T 1
u | i
o 87 e«
e )
g 61
o
a
g 4]
o
24
0- —

-50 -25 00 25 50 75 100
Y-Position, mm

-10.0 =75

Fig. 6 Transverse scans of the projected mass for each fuel
spray at 1Tmm and 5mm from the injector tip, averaged
between 1 ms and 2 ms from the commanded start of injection,
under Condition 1. Shaded bands indicate the standard deviation
of the values during the steady state portion of injection.
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exhibited by both after the initial transient. This is observed in the
Z=1mm measurement, though it is enhanced at Z=5 mm. These
oscillations have been linked to the lateral pintle motion in prior
works [33]; however, the duration of the fuel delivery oscillations
persist beyond 1.0ms, which is when pintle wobble motions
become negligible. These histories also illustrate the relatively
steady-state portion of the spray, existing between 1 and 2ms
after injection command. The mean TIM value for Euro 6 during
this time range is approximately 6% lower than that for Euro 5, at
both axial locations. Since the density of the two fuels only
differs by 1%, this may indicate a spray morphology difference.

TIM(z, ) = jMfuel (v, z. t)dy @

Within a given case, the TIM is also related to the average velo-
city of the liquid through continuity. If the spray is at steady-state,
the TIM is inversely proportional to the mass-averaged velocity, v,,,
[34]. This can also be extended to compare separate cases, assuming
the mass injection rate is consistent, and accounting for the liquid
densities, as handled by:

Vina _ TIMV of / 14 ref
TIM/pp

©))

Vref

The integrated mass ratio between the two fuels indicates a mean
velocity of the Euro 6 spray 5—-6% higher than the Euro 5 spray.
This difference could be explained by the higher saturation pressure
of Euro 6 fuel enhancing the flash boiling dynamics.

10.00

t=1.0016 - 2.0033 ms

8.00

Y-Position, mm

-2 0 2
X-Position, mm

Fig. 7 Tomographic reconstruction of X-ray spray radiography,

at Z=1mm, for Euro 5 fuel at Condition 1, time-averaged
between 1.0 and 2.0 ms
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Fig. 8 Transverse integrated mass of X-ray spray radiography
for each fuel at 1 mm and 5 mm from injector tip

Furthermore, the TIM histories in Fig. 8 show an increase in the
average steady-state TIM from the 1 mm to the 5 mm measurement
location, revealing a mass-averaged velocity decrease in the spray
by 12%. This deceleration of the spray is consistent with other
studies linking the trend to the enhanced ambient gas entrainment
designed for GDI injectors [35]. This contrasts the TIM evolution
of diesel sprays with minimal entrainment in the near-field [26].

Spray Surface Area and Droplet Size. In addition to the mass
distribution, the spray evolution is characterized by the level of
atomization of the fuel. USAXS measurements were conducted
and analyzed using similar procedures to previous works [29].
Transverse scans at fixed scattering vectors (q) were gathered to
extract the path-specific surface area (S,) of the spray, a measure
of the interfacial area of the liquid—gas boundaries along the x-ray
beam-path. A sample of the transverse scans are presented in
Fig. 9 for Euro 5 at Condition 1, for the two orthogonal perspec-
tives. In this example, the more symmetric spread across the
Y-axis, and skewed distribution of spray along the X-axis is
illustrated.

As the spray progresses downstream, the S, peak value decreases
and the signal spreads. The progress of this peak value near the
center of the spray is shown in Fig. 10 for both fuels at the three con-
ditions. These trends indicate a morphological difference in the
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Fig. 10 Axial evolution of the specific surface area mean peak
values (found near the transverse centerline) for each of the
fuels at the three conditions

spray between the three conditions, with higher near-nozzle S, for
the higher pressure cases, and a rapid drop in value as the spray pro-
gresses downstream. However, results at Condition 1 show a lower
initial S,, which decreases gradually, in comparison to Condition 2
& 3 results over the same distance. Similar trends are observed for
both fuels for these three cases.

The rapid decrease in S, seen here is similar to the trends seen for
a blend of 80% iso-octane and 20% ethanol (by volume) in a previ-
ous study [36] using a different fuel injector. Although absolute
values for the S, are more similar to a condition of pure iso-octane,
it is important to examine the mass distribution to compare atomi-
zation characteristics between these experiments.

It should be noted that the S, depends on both the number and
size of droplets or upon the projected density of the spray and the
average droplet size. Thus, a dilute spray with small droplets may
have a similar S, to a denser spray with larger droplets. Assuming
that the measured spray consists of spherical droplets, the liquid
volume measurements from radiography can be combined with
the S, values from the same probe volumes to yield the Sauter
mean diameter (SMD, ds,), as was introduced in former works
[37,38]. The relation,

v
dyp = E “4)
®) 54 Z =1.00
Z =2.00
80T 4— z=5.00
NE 50_
£
~ 40 -
£
E 301
w
20 1
10 -
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Fig.9 Transverse profiles along the (a) Y-axis and (b) X-axis (right) of spray breakup for Euro 5 at Condition 1,

for several axial distances
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was used, where S, was collected through the USAXS measure-
ments, and V obtained from radiography. The SMD values for both
fuels, under Condition 1, are presented in Fig. 11, at Z=1mm and
Z=>5mm, where overlapping data existed for both USAXS and
radiography.

In these profiles, the separation of the individual plume peaks are
suppressed, which suggests that the droplet distribution is consistent
in the transverse direction. At 1 mm from the injector tip, the SMD
across the spray is roughly uniform at approximately 2.5 ym. This
uniformity and average SMD across the spray persists to 5 mm with
relatively consistent atomization behavior between the fuels. In a
portion of the spray, there is indication of larger droplets for Euro
5, which, with evidence from the TIM profiles in Fig. 8, may indicate
a subtle enhanced atomization for the Euro 6 fuel for this flashing
condition, which can be caused by the preferential evaporation of dis-
tillate components. Furthermore, the evaporation of smaller droplets
and concurrent evaporative cooling of larger droplets can selectively
shift the SMD value when progressing downstream in the spray.

Overall, these results are similar in profile and magnitude to previ-
ous measurements of GDI sprays under flash-boiling conditions [36].
In these results, pure iso-octane at similar operating pressures and
temperatures to the current study had a mean SMD of 8.0 ym, and
a blend of iso-octane and ethanol resulted in SMD values of 0.8
pm. However, the current measurements show SMDs that are
smaller than typically found using laser-based measurements of
SMD in GDI sprays [39-42]. The current measurements differ
from these measurements in several ways. First, the current results
are measured close to the nozzle, in an optically dense region that
is inaccessible to laser diagnostics, preventing a direct comparison
between the two techniques. Second, the current results were mea-
sured under flash-boiling conditions. The rapid formation of internal
voids under these conditions is expected to generate smaller droplets
than purely shear-driven atomization and generate them quite close
to the nozzle. The surface area-to-volume ratio of many small drop-
lets will decrease the SMD, even in a distribution with larger droplets
present. Finally, the smallest droplets will evaporate much more
rapidly than the larger droplets. To first order, the droplet lifetime
is expected to scale with the square of droplet diameter (d%). As
these droplets evaporate, they will cool the remaining fuel, making
it evaporate more slowly. As such, the larger droplets from the near-
nozzle region will persist at the more downstream locations typically
probed with laser-based diagnostics. Since SMD is a mean of the dis-
tribution of sizes, it is an incomplete explanation of the droplet field,
especially in these cases where there is a skewed distribution. As
such, additional characterization of the near-to-far field atomization
evolution is a continued research opportunity.

Conclusions

This work has presented the characterization of a six-hole GDI
injector geometry and pintle motion under three realistic operating
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conditions. Furthermore, the spray liquid distribution from this
injector was quantified under these conditions, specifically,
varying injection pressure from 5 MPa to 30 MPa and ambient back-
pressure from 40 kPa to 200 kPa. For these conditions, two real cer-
tification fuels (Euro 5 & Euro 6) were used to explore the influence
that subtle fuel property differences had on the injection mechanics
and spray morphology.

Geometry characterization through X-ray CT revealed the inter-
nal features of the six-hole GDI injector, including the nozzle orien-
tation and sizes. High-speed X-ray imaging allowed for the
quantification of the internal pintle motion with both fuels, operat-
ing at all three test conditions. Results showed repeatable lift motion
and steady-state position, with some lift overshoot for the higher
injection pressure conditions. This overshoot points to elastic beha-
vior of the injector structure, which can be explored and character-
ized further. Lateral pintle motion was also presented and exhibits
some oscillatory behavior, and a steady-state lifted position that is
not concentric with the closed position.

Spray mass distribution quantification through X-ray radiogra-
phy illustrated the spray plume interaction for Condition 1 in trans-
verse profiles and through tomographic reconstruction at 1 mm from
the injector. The rapid expansion and merging of the plumes
resembled similar flashing behavior observed in previous GDI
studies [7,36], with single component fuels. In contrast, the fuel
mass flux exhibited oscillatory behavior, seen in the transverse inte-
gration of the projected mass, despite constant pintle lift behavior
during the same time period. Pintle wobble, which does exhibit
some oscillatory motion, does not last the full duration of the
dynamics seen in the spray. The pulsing may be an effect of multi-
component fuel atomization behavior, possibly coupled with pres-
sure wave dynamics within the injector, and merits additional
investigation.

Repeatability between the fuels extended to the atomization
behavior seen through x-ray scattering diagnostics. Specific
surface area profiles tend to be unimodal for the Condition 1
results and decreased in peak value as the spray evolved down-
stream. More rapid decrease in peak S, was noted for the higher
pressure conditions. These surface area profiles were combined
with the liquid volume information from radiography to calculate
SMD for Condition 1 at two positions, revealing droplet sizes of
2.5 ym at 1 mm, and up to 4 ym at discrete locations by 5mm.
The largest separation in atomization behavior was seen at this 5
mm position in SMD values for the two fuels. These results also
inspire additional investigation to connect the evolution of atomiza-
tion from the near-to-far field.

This work serves as a preliminary presentation of real fuel spray
behavior in the near-nozzle region. Furthermore, with the informa-
tion gathered and provided to characterize the geometry and pintle
motion, additional numerical studies are enabled by the inflow
boundary conditions. The spray distribution and atomization infor-
mation furnishes quantitative metrics for model development and
validation of tools for multi-component fuel injection behavior.

Transactions of the ASME

771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840



841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910

Q5

Q6

Q7

Improved models for these real fuels will enable predictive capabil-
ities and design for future fuels, injectors, and combustion systems.
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