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Abstract

Flash boiling and plume interaction are common phenomena occurring in gasoline direct injection (GDI) spray at
throttling and low load engine conditions. Combined with optical engines and low-pressure vessels, several optical
techniques, such as backlight imaging, Mie-scattering, and laser sheet imaging have been employed to study the flash
boiling morphology. However, in the 2D images resulting from these techniques (projection views or planar imaging),
the 3D information is lost. Those methods are then incapable of providing satisfactory information, especially for the
study of multi-plume interaction in flash boiling spray, since multi-plume interaction is not a 2D event. This paper
reports the implementation of a 4D tomographic reconstruction method from multi-view diffused back illumination
(DBI) images, used for the first time in spray characterization. This cost-effective and time-saving method with a
simple experimental setup clarifies the 3D spray structure and fuel trajectory change from non-flashing conditions to

flare flash conditions, and quantifies the 3D characteristics of individual plumes in non-flash conditions.
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1. Introduction

Flash boiling is an inevitable phenomenon that occurs
at throttling and low load conditions in typical gaso-
line direct injection (GDI) engines and newly-developed
gasoline compression ignition (GCI) engines; it hap-
pens when liquid fuel experiences a fast depressuriza-
tion process and reaches a superheated state. Spray
morphology, penetration length, cone angle, and droplet
size are all greatly affected by this phenomenon [1, 2].
Although it has the potential to achieve improved at-
omization [3, 4], under severe flashing conditions it can
also lead to spray collapse [5, 6] and wall impingement.
The occurrence of spray collapse dramatically changes
the designed in-cylinder fuel distribution, and wall im-
pingement will result in undesirable emissions. Thus,
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the study of plume interaction and spray collapse pro-
cess under flash boiling conditions is of preeminent con-
cern.

Plume radial expansion and adjacent plume interac-
tion under flash boiling conditions have been widely
observed in experimental studies [7, 8]. Various tech-
niques have been reported to characterize these behav-
iors. Diffused back illumination [9], Schlieren or shad-
owgraph [7, 10], and Mie scattering [11] techniques are
commonly used for volume illumination, so that 2D
projection views (integrated views) can then be cap-
tured. These techniques have the advantage of covering
the entire spray field, but they cannot resolve the spray
spatially along the line-of sight direction. Some tech-
niques like diffused back illumination (DBI) have the
problem of line of sight plume overlapping for multi-
hole injectors, as shown in Figure 1 (e, f). Planar illu-
mination (Mie-scattering [12] and fluorescence [13]) is
another widely-used method to characterize the spray,
but it only captures a cross-section layer of the spray.
This method could decrease the interference of light
signals from the out-of-plane zone to a certain extent,
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and it has the ability to resolve the inner structure of
the spray, but this planar imaging method will intrinsi-
cally lose out-of-plane information. The spray collapse
phenomenon in multi-hole GDI spray — rather than an
in-plane behavior— is a result of a complex interaction
among the multi-plumes circumferentially and radially.
Thus, for a better understanding of the spray collapse
phenomenon, resolving the 3D spray structure is of
great importance. Moreover, individual plume cone an-
gle and plume direction can easily be determined from
the retrieved 3D structure, benefiting both regular GDI
spray and diesel spray characterizations.

Spray structure reconstruction is not new in the field
of spray characterization. 2D reconstruction was re-
ported by Cho et al. [14], where a 514 nm laser beam
was used to sweep a spray cross-section and measure the
transmission rate. With a spray rotated at 18 angles, the
spray cross-section shape was reconstructed using max-
imum likelihood estimation. Parrish et al. [15] imple-
mented a planar line-of-sight laser extinction measure-
ment for 2D tomography in a flash boiling spray. Eight
view angles were obtained, and the maximum likeli-
hood deconvolution scheme was used in the reconstruc-
tion framework. A 2D cross-section spray structure was
given by this method. The same methods were later im-
plemented by Sivathanu et al. [16] to determine the GDI
spray plume centroid location. Sechenyh et al. [17] pro-
posed a 3D reconstruction based on the assumption of
a circular object cross-section, so that single-view X-
ray or DBI (LED as a light source) 2D images could be
used for the 3D reconstruction of dribble volume after
the end of the injection. Kristensson ef al. [18] used
structured laser light illumination for extinction coeffi-
cient measurements. They captured 36 projection views
to reconstruct a cold 3D GDI spray, by applying the fil-
tered back projection (FBP) algorithm.

Various types of light sources (LED, laser, and X-ray)
have been applied to 2D or 3D spray structure recon-
struction. The X-ray is an excellent option to avoid mul-
tiple Mie-scattering signals in dense spray regions, but
the high cost of instrumentation limits its wide applica-
tion. Structured laser illumination is another option to
suppress multiple Mie-scattering, but it has a relatively
complex optical alignment. Even if its cost is less than
the X-ray, it remains relatively more expensive than dif-
fused back illumination (DBI). Its simple optical setup
and low cost (LED can be used as a light source) make
DBI a widely used method for liquid phase spray char-
acterization.

As previously mentioned, the FBP algorithm was im-
plemented for the tomographic reconstruction of the 3D
structure of spray. This type of transform-based method

relies on Radon transform and its inverse [19]. It of-
fers fast reconstruction but it requires a large number of
projections during the data capture process to achieve
acceptable reconstruction results. In contrast, iterative
tomographic reconstruction methods have been shown
to yield better reconstruction results than transform-
based methods for a small number of projections [20—
22]. These methods are more suitable to the set up
in this paper. Recently, a new 4D tomographic recon-
struction method entitled Space-time tomography (ST-
Tomography), based on iterative methods, was intro-
duced by Zang et al. [23]. This approach simultane-
ously reconstructs a set of 3D volumes representing the
scanned object or phenomenon at different time frames,
and the motion fields between these volumes. By jointly
recovering the 3D volumes and the motion fields, ST-
Tomography transfers information across the entire time
sequence. This strategy overcomes quality and resolu-
tion issues that occur when the 3D volumes are recon-
structed independently. Details about the accuracy and
reconstruction quality of ST-tomography method can be
found in Zang et al. [23][24], in which different recon-
struction methods have been compared and real x-ray
scans of different types of objects have been tested.

To date, 3D reconstruction has not been directed to
the study of plume interaction and spray collapse phe-
nomenon. A LED-based cost-effective DBI method has
been combined with an advanced 4D tomography algo-
rithm to fill the gap in this study. This new method is
evaluated here for its ability to resolve collapsed spray
structure and determine the 3D direction of individual
plumes. The results on flash boiling regarding the struc-
ture of collapsed spray are relevant to IC engines op-
erating at throttling and low load conditions. Thus it
helps reveal the in-cylinder fuel distribution and trajec-
tory change, which will affect the later combustion and
emission behavior[25].

2. Experimental setup and conditions

To simulate throttling and low load GDI engine spray
conditions, relatively low ambient gas densities were
tested in this work. As a result, spray penetration length
was expected to be longer at these conditions. A large
volume chamber (27 L) was used for the spray study
(Figure 1 a), to avoid spray-wall interaction. A ten-hole
gasoline injector was horizontally mounted in the cham-
ber with the ability to rotate around the injector axis.
The fixture for the injector (Figure 1 b) had an internal
channel for thermal bath fluid, set to maintain the fuel
temperature at 90 °C. Figure 1(c) and (d) show the noz-
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Figure 1: (a) Optical alignment; (b) injector fixture with built-in
thermal bath channel; (c) injector nozzle hole orientation; (d) Mie-
scattering from front of spray;(e,f) sketch and DBI image showing the
overlap of plumes along the line of sight, respectively

The optical alignment is shown in Figure 1(a). A
pulsed-driven white LED was used as the light source.
A Photron SA-X2 high-speed camera was employed at
40 kfps with a resolution of 552x512 pixels (0.1425
mmy/pixel) to capture the extinction images. For 2D or
3D reconstruction, the injector was usually rotated for
different views. Injector rotation was performed mainly
because of the optical access limitations for simulta-
neous multi-view and large view number requirements
by the reconstruction algorithms; injector rotation also
offers consistent spray morphology under fixed condi-
tions. In this work, the injector was rotated at a step
of ten degrees for 180 degrees, covering 19 view an-
gles in total. At each view angle, the averaged image
of three repeats was used for 3D reconstruction. Figure
2 shows a comparison of the averaged image and the
corresponding three repeats in three representative con-
ditions (collapsing, transitional, and non-flashing). R,
is the ratio of ambient gas pressure to saturation vapor
pressure. Individual images can show the sharp small-
scale structures that become smudged in the averaged
image. However, these small-scale structures are not
necessarily the same for all spray events that are rotated
at different view angles. The averaged image was more
representative since it maintained the large-scale struc-
ture and fuel distribution, so averaged images were used
for reconstruction.

Details of the experimental conditions are listed in
Table 1. Ambient gas pressure (P,) was varied so that,
R, (the ratio of P, to saturation vapor pressure P (77.42
kPa at 90 °C [26])) covered the range from 0.05 to 1.4,
and with refinement in the flash boiling regime. The
definition of different regimes for this injector can be
referenced from previous work by this group[27].

Figure 2: Comparison of averaged image and corresponding three re-
peats, from top to bottom: R, = 0.05, 0.5, 1.4, view angle = 0°, Time
after start of injection (aSOI) = 0.725 ms

Table 1: Experimental conditions

Ambient gas N, Tnjection pressure 100 bar
Injection duration Tms Designed cone angle 110°
Orifice diameter 165 um Fuel iso-octane
Tfuet 90°C Tamp 23°C
,,,,, b(kPa)
4 [ 8] 12 [15] 19\23\31\19\46\54\62\69\77\92\108
Ry = Pa/Ps
0.05 [ 01 ]015]02]025[03[04[05]06[07[08[]09 [ 1 [12] 14

3. 4D reconstruction algorithm

3.1. Formulation and solver

The ST-Tomography [23] is utilized to reconstruct the
spray structure for all experiments discussed in this pa-
per. This 4D tomography framework is based on a vari-
ational approach that jointly estimates the density vol-
ume field (the 3D spray structure) and the deformation
vector field. In this method, the spray reconstruction
is formulated as an optimization problem shown in the
following equation:

(f*,u*) = argmin ZnAf, pil? (1)
+KIZ||vsft||H +KZZ > Vsudl,,
=1 i=x,y,z
Ni—

+ K3 Z IV7E15 + ks Z V£, + Vst - wl;
t=1 t=1

Where, f = (f)=1.n, and u = (u;)=;_n, respectively
represent the spray density field and the deformation
field for the N, time steps. The operators Vg and V7
correspond to the spatial and temporal discrete gradient.
p: are the projection views (measurements) captured at
time step ¢, and A is the matrix that models the Radon



transform operator for the captured projection views. ki,
K2, k3, and k4 are relative weights for the different priors
used in this optimization. The first term of the mini-
mization problem is the data fidelity term, which en-
sures a good fit for the reconstructed spray density with
the measurement videos. The second and third terms are
spatial priors applied on the spray density field and the
deformation field, respectively, to ensure smooth spatial
results. The last two priors act as temporal priors to en-
sure consistent results in the time domain. The fourth
one is a temporal smoothness of the spray density field,
while the last one can be interpreted as a temporal co-
herence prior that involves both the spray density and
the deformation field.

This optimization problem is then subdivided into
two sub-problems: the spray structure reconstruction
and the deformation field estimation. These two sub-
problems are solved alternatively in an iterative man-
ner, by using the first-order primal-dual framework in-
troduced by Chambolle and Pock [28]. Moreover, the
proximal Simultaneous Algebraic Reconstruction Tech-
nique (PSART algorithm), developed in [21], is used to
solve the tomography problem included in the data fi-
delity term in Equation 1.

3.2. Parameters setting

For the purpose of reconstruction, some parameters
are required, or have to be tuned. The spray structures
were captured from 19 projection views uniformly dis-
tributed over 180 degrees. The distance between the op-
tical camera and the iso-center of the spray is 800 mm,
while the distance between the optical camera and the
diffuser is 1050 mm. These two distances are required,
as well as the projections angles, for the calculation of
the matrix A (see Equation 1). As previously described,
the experiment was conducted for 15 different condi-
tions; for each condition, a video sequence of 60 images
(time steps) was captured with the high speed camera.
After a pre-processing step, the p; projection views were
obtained from the raw captured images. The size of
each projection image was 552x512, with a pixel size
of 0.142 mm. The reconstructed volume size at each
time step was 150x130x150, with a voxel size 0.5 mm.
Finally, for all experiments conducted, the weights of
the optimization priors were set as follows: x; = 0.15,
k3 = 0.2, k3 = 0.5 and x4 = 0.1. All parameters were
identical in reconstructing different conditions. Recon-
struction was conducted on a computer with 512 GB
RAM and a dual-core 3.00GHZ Intel Xeon processor.
The framework is implemented in C++ and parallelized
using OpenMP. At the current volume resolution setting,

it takes around 55 seconds and 38 Mb physical storage
space to reconstruct the volume for each time frame.

Number of projection views is also an important pa-
rameter, which affects the experimental practicability,
reconstruction quality, as well as computational cost. A
parametric study of view number’s influence is operated
and the results are shown in Figure 3. Reconstructions
are conducted based on 4, 7, 10, and 19 of uniformly
distributed view angles covering 180° (at a step of 60°,
30°, 20°, 10° respectively). With the decrease of view
numbers, the reconstruction quality degrades. It should
be noted that in this work the averaged image of three
repeats at each view angle was used for reconstruction.
Using multiple cameras to simultaneously capture the
spray from different view angles will definitely improve
the reconstruction quality, but this is experimentally not
affordable limited by the optical access of setups like
constant volume chamber and optical engines. How-
ever, this work demonstrated the possibility of 3D spray
reconstruction for cases with limited optical access by
rotating the injector. In the following sections, recon-
struction results from 19 projection views are used for
the discussions.

4. Results and discussions

4.1. 3D spray structure

Figure 4 shows the 3D view of sprays at different
ambient gas pressures (0.125 ms, 0.375 ms, and 0.625
ms aSOI). From 77 kPa to 39 kPa, the spray had ten
separated plumes (up most and down most plumes are
plume 3 and 8 respectively, which is consistent with
the definition in Figure 1 d), while at 23 kPa, some
plumes(5-6, 10-1) became connected by interaction. At
12 kPa, a bowl-shaped closed spray cone was formed
by plume interactions. The original plume direction
was diluted and became transparent. At 4 kPa, droplets
were concentrated onto the central plane between adja-
cent plumes. The central dark area, shown in Figure 2
(4 kPa case), was caused by circumferential collapsing
between plumes 5~6 and 10~1 (defined in Figure 7).
Besides, plumes collapse radially towards the injector
axis. In the center area of the spray cone, four concen-
trated main branches (formed by plume interaction 9-
10-1-2, 2-3-4, 4-5-6-7, and 7-8-9, defined in Figure 7)
were connected and developed along the injector axis.
This phenomenon was confirmed by laser sheet imag-
ing and reconstructed volume slice shown in Figure 5.

4.2. Reconstruction validation
Planar laser light imaging was also performed to
validate the 3D reconstruction technique. At 10 and
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Figure 3: Parametric study of view number’s effect on reconstruction quality: top row shows the reconstructed volume; bottom row shows the slice
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Figure 4: 3D reconstruction results of spray at various instants of time. (Videos are included in supplemental materials)

15 mm downstream of the injector tip, scanning was
performed for six representative cases, covering the
collapsing regime, transitional regime, and the non-
flashing regime. Each condition was repeated 20 times,
and the averaged cross-section images were used for
comparison. Due to the multiple scattering effects, scat-
tered light from an object close to but outside the laser
plane was also captured by the camera, especially at
the dense spray regions. Thus, the results of the laser
sheet imaging were not a perfect slice of spray volume.
Furthermore, the extinction of laser intensity along the
line of sight could result in an image with non-uniform
brightness, small droplets, or a diluted region might not
be illuminated well by the attenuated laser. Laser sheet
energy profile is also important for image quality. As
shown in Figure 5 and Figure 6, a brighter top area
and a darker bottom area occurred because of this ar-
tificial non-uniformity of energy profile. Because of

these shortcomings in the laser sheet imaging, it cannot
be considered ground truth; therefore only qualitative
rather than quantitative comparisons were possible.

Figure 5 shows the comparison between laser sheet
imaging and reconstructed volume slice at a wide scan-
ning range(5 to 30 mm from the injector tip) for the
4 kPa case. Note that the geometric scales of all sub-
images from both methods are identical, and the inten-
sity of each sub-image is normalized. With increasing
distance from the injector tip, the cross-section dimen-
sion and pattern obtained from reconstructions agreed
well with the laser imaging results, except at the near
nozzle region (5 mm from injector tip). In this re-
gion, the central area of spray in the laser sheet imag-
ing was bright due to strong multiple scattering at the
spray dense region. However, from the reconstructed
slice, a relatively hollow central region can be seen,
indicating that the spray collapsed to the injector axis
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Figure 5: Laser sheet images and reconstructed volume slices at different heights from injector tip (4 kPa ambient gas pressure, time aSOI = 0.4

ms).

4 kPa 12 kPa 23 kPa

Laser
10 mm

Recons.
10 mm

Laser
15 mm

Recons.
15 mm

39 kPa 62 kPa 77 kPa

10.8

10.6

0.4

0.2

0

Figure 6: Experimental validation for reconstruction quality with laser sheet imaging. Reconstructed volume at time aS Ol = 0.4 ms is selected.
From left to right: Different ambient gas pressures. From top to bottom: Different slice locations (physical distances to injector at 10 and 15 mm)

are presented, respectively.

after a certain distance downstream from the injector
tip. This reconstructed results agree with the projec-
tion view shown in Figure 2. Figure 6 shows the com-
parison of the two methods for six representative cases.
From the non-flash condition to the collapsing regime,
the reconstructed results showed a very consistent cross-
section spray pattern and size with laser imaging. From
77 kPa to 39 kPa, plume swelling was captured by both
methods. When the ambient gas pressure decreased to
23 kPa, adjacent plume interaction first began at the two
horizontal plume pairs (plumes 5~6 and 10~1 in Figure
7). This feature was also successfully resolved by re-
construction. At 12 kPa, interaction occurred between
all the adjacent plumes, and a closed circle shaped
cross-section formed. When ambient gas pressure de-
creased further, the spray cone was no longer hollow

at the scanned locations, meaning that the plumes col-
lapsed towards the injector axis and a central jet formed.
Moreover, aggregation of droplets shifted from the di-
rection of the originally designed plume to the central
plane between two adjacent plumes. These aggrega-
tion features and the cavity on the original plume direc-
tion in the central part were both successfully captured
by the reconstruction. The above comparison demon-
strated that the 4D reconstruction algorithm success-
fully resolved spray structure and can visually aid in un-
derstanding spray structure at flash boiling conditions.

4.3. 3D direction of plumes

In addition to clarifying the inner structure of the col-
lapsed spray, the 4D tomographic reconstruction also



makes it possible to quantify the direction, cone an-
gle, and penetration length of each individual plume.
This advantage can potentially benefit spray simula-
tions by giving the initial and boundary conditions of
each plume, rather than assuming symmetrical plumes,
which is invalid due to manufacturing capabilities. To
collect this information experimentally, it usually re-
quires a combination of laser sheet imaging from var-
ious views (parallel and perpendicular to the injector
axis), which mandates changes to the setup as well.
Moreover, the alignment of the laser sheet with each
plume is not as simple as the method introduced in this
work. Because it requires iterative adjustment of injec-
tor orientation and taking image of spray to make sure
laser sheet goes through plume’s center line.

Figure 7: Definition of plume numbering and 3D direction

Figure 7 (a) shows the definition of 3D plume direc-
tion. From the projection view (b) of 3D volume, the
azimuthal angle of each plume is defined as 6,, (from
0° to 360°). The angle between two adjacent plumes
can be further determined (6, ;~;+1). With the slice on
these directions, the elevation angle of each plume can
be measured. Table 2 shows the direction of each plume
measured at 108 kPa and time aSOI = 0.4ms. Individual
plume angle is consistent with the cone angle designed
by the manufacture (55°). The angle between two ad-
jacent plumes (plumes 5~6 and 10~1) shows a smaller
value than the other pairs, confirmed by the projection
view shown in Figure 7(b). Due to this asymmetrical
behavior, it would be incorrect to assume symmetri-
cal plume directions in CFD for GDI injectors, since
plume directions are a vital parameter in CFD modeling
of GDI injectors [29, 30].

Table 2: Plume 3D direction (Pg,,,= 108 kPa, Time aSOI = 0.4 ms)

Plume 1 2 3 4 5 6 7 8 9 10
04:(°) 14 151 | 92 | 133 | 168 | 196 | 233 | 271 | 308 | 346
Ouzinis1(°) | 37 | 41 | 41 | 35 | 28 | 37 | 38 | 37 | 38 | 28
0.(°) 54 152 |56 | 53 | 55 | 54 | 55 | 57 | 54 | 53

5. Conclusions

A new method was proposed for spray characteriza-
tion, based on DBI and space-time tomography. Qual-
itative validation with laser sheet imaging proves the
ability of 4D tomography to resolve a 3D spray struc-
ture. This method can help examine spray collapse phe-
nomena occurring at high pressure conditions, normal
in high load GDI engines[31], or GCI engines. In ad-
dition, 4D tomography can be implemented for other
purposes, such as dribble volume measurements in fuel
sprays. Further, the 4D tomography can also be ex-
tended for soot 3D distribution measurement combined
with DBI extinction imaging[32].

With the help of 3D visualization, plume interaction
and collapsed spray structure were revealed. At the tran-
sitional regime, the interaction first began at adjacent
plumes with the smallest angle (or gap) between them.
When superheat intensity increased further, the adjacent
plume interaction occurred to all plumes, and a closed
bowl-shaped spray cone formed. These were the cir-
cumferential spray collapse. At the same time, a radial
collapse coexisted, causing a decrease in the spray cone
angle. Under extreme flare flash conditions, the liquid
fuel aggregated onto the central plane between two ad-
jacent plumes. The ten layers formed by the collapse of
ten plumes were connected at the injector axis, shown
as a central jet.

The reconstructed 3D spray also made it possible to
determine the direction of individual plumes, these di-
rections helped understand the plume interactions and
spray collapse phenomenon. The shown asymmetry of
plumes offered guidance for CFD analysis that the as-
sumption of symmetrical plumes is not recommended
for GDI injectors, making the measurement of individ-
ual plume direction desirable. In addition, qualitative
comparison of collapsed spray structure and quantita-
tive comparison of real individual plume length can be
provided for CFD modeling validation. The cost saving
and easy setup method introduced in this work has great
potential to be popularized for this purpose.

List of Supplemental Material

e Video S1: A comparison of reconstructed 3D spray
under various ambient gas pressures
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