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Abstract

The ability to visualize in-cylinder phenomena in a three-dimensional
(3D) manner is critical to further understand the complex physical and
chemical processes within internal-combustion (IC) engines. Recently,
plenoptic imaging techniques have been introduced to engine studies
because they enable 3D measurements using a promising and simple
single-camera setup. The fundamental concept is to record both the
origin and direction of each light ray into a single light-field image by
inserting a micro-lens array in front of the photosensor. Therefore,
a single image contains enough information to reconstruct the 3D
volume. In this study, we present the implementation of a plenoptic
technique that allows 3D measurements of fuel-spray structure, as well
as three-dimensional, three-component (3D3C) particle tracking
velocimetry (PTV) of engine in-cylinder air flow.

Flow-spray interactions and the impact on the 3D geometry of fuel
sprays were investigated with single-shot plenoptic imaging. Volume-
illuminated fuel sprays from a multi-hole injector were examined in
an optically accessible four-valve gasoline direct-injection engine. The
impact of air flows during the intake and compression strokes on the
shape of the fuel plumes could readily be observed for individual sprays
without averaging.

The air flow was measured in a free jet flow and a steady-state
engine flow bench employing a 3D3C PTV algorithm that analyzed
volume-resolved images taken with a plenoptic camera. Silicone seed
oil droplets were added to the air flows and were illuminated by the
volume-expanded beam of a double-pulsed laser. Mie scattering from
the droplets was recorded by the plenoptic camera, which was oper-
ated in double-frame mode. Results from the 3D3C PTV measurements
were compared to two-dimensional (2D) planar particle-image velo-
cimetry (PIV) and demonstrate the capability of the 3D velocimetry
approach, presently delivering averaged flow fields.

1. Introduction

The in-cylinder fuel-air mixing, ignition and combustion processes de-
termine not only the efficiency of IC engines, but also the harmful emis-
sions that after-treatment systems have to manage. For instance, strat-
ified-charge spark-ignition direct-injection (SIDI) engines, which are
capable of significantly improving fuel efficiency, require careful
tailoring of the fuel-air-residual gas mixture to ensure reliable ignition
across a wide range of engine speeds and loads [1 —4]. It is therefore
vital to have an insightful understanding of in-cylinder processes in
order to design and optimize IC engines.

Optical diagnostics have been widely utilized to visualize the com-
plex physical and chemical processes in the combustion chamber
[5-8]. Rapidly developing techniques allow measurement of fuel
concentration [9], temperature distribution [10], air flow [11], soot
concentration [12, 13], equivalence ratio, and burned-gas temperature
[14, 15] with high temporal- and spatial resolutions. However, most of
these techniques are either planar (2D), line-of-sight measurements
or utilize averaging techniques to construct 3D images [16].

It has been demonstrated that there are strong cycle-to-cycle var-
iations of the fuel spray [17], in-cylinder air flow [18, 19], ignition [20,
21] and combustion [2]. Instantaneous 3D measurements that capture
these turbulent processes would provide substantial benefits over the
established 2D techniques. The out-of-plane motion and gradients that
typically occur within the cylinder can never be fully captured by 2D
methods. Additionally, the cycle-to-cycle variations limit the applica-
tion of quasi-3D techniques that involve averaging. Even rapid-scan-
ning techniques [22-25] are barely fast enough to resolve the time
scales present in IC engines.
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Therefore, there is an urgent need to develop techniques that enable
instantaneous 3D measurement for engine research. Han et al. [26]
investigated the flame spread for an SIDI engine by a 3D visualization
system using three fiber-optic photomultiplier cameras. Peterson et al.
[27] presented a time-resolved multi-planar laser diagnostic technique,
in which five high-speed cameras were utilized, to track the 3D motion
of the early flame front in a spark-ignition engine. Baum et al. [28]
demonstrated 3D velocity measurement within a 47 x 35 x 4 — mm3
volume in a motored engine by tomographic PIV. However, such
measurements are always hindered by the expense of multiple
cameras as well as limited optical access to the engine cylinder.

In this context, plenoptic imaging is finding its way into engine
research. Plenoptic, or light-field, imaging was proposed by Lippmann
[29] over a century ago. While research setups for plenoptic imaging
were developed and used early as 1992 [30, 31], commercially avail-
able cameras (e. g., Lytro, Raytrix) only recently entered the market for
consumer and research applications. The fundamental concept of a
plenoptic camera is achieved by adding a micro-lens array directly in
front of the camera sensor. Each micro-lens then acts as a camera
objective to collect light from a subsection of the object from a unique
perspective. In this manner, a single camera records enough infor-
mation for 3D reconstruction. Advances in computational power have
enabled the plenoptic camera to become a viable tool for research
applications [32 — 34], because substantial processing is needed to
convert raw plenoptic images into 3D representations.

Greene and Sick [35] showed the application of plenoptic imaging
to 3D measurements of flame chemiluminescence and laser-induced
fluorescence of nitrogen jets seeded with acetone. This work also iden-
tified the need to improve image reconstruction for translucent objects,
where the path of light from the object to the camera is not constrained
by an opaque surface that provides high contrast. For non-opaque
objects, multiple reconstruction solutions exist, which may lead to
artifacts and errors in the reconstructed images.

To overcome these issues, model-based reconstruction techniques
are currently in development and are being explored to better address
imaging of translucent systems [36]. For optically dense objects, such
as fuel sprays early in their development, our previous studies [37, 38]
have demonstrated accurate 3D evaluation capabilities of plenoptic im-
aging systems. Additionally, plenoptic imaging has the potential to ex-
tend the well established planar PIV technique towards single-camera
three-dimensional, three-component (3D3C) measurement [39 — 42].

This paper presents applications of plenoptic imaging that show
how the 3D geometry of fuel sprays is affected by interaction between
the spray and the in-cylinder gas flow under both homogeneous-charge
(fuel injection during intake stroke) and stratified-charge (fuel injec-
tion late in compression stroke) modes in a motored SIDI optical engine.
Moreover, the capability of 3D3C velocity measurements with a
single-camera plenoptic system is demonstrated in a low-turbulence
jet flow and steadly-state engine flow bench. This demonstration shows
the opportunity to enhance measurement capabilities in widely
used steady-flow benches and eventually will allow such 3D3C PTV
measurements in engines.

2. Experimental Setups
2.1 Plenoptic-Camera Setup

A 29-megapixel color plenoptic camera (R29, Raytrix GmbH) was used
in this study. However, due to the reconstruction procedures necessary
to obtain 3D images, the effective resolution is reduced to 7 mega-
pixels [43]. Both micro-lens array (MLA) calibration and spatial
calibration must be conducted when either the focus setting or the



aperture is changed. The MLA calibration fits a calibration grid with
the micro-lens images using homogeneous illumination. Then, spatial
calibration determines the relationship between the virtual depth and
the physical depth by capturing a series of calibration target images
with different orientations. The calibration target is placed at an oblique
angle to the camera axis with the aim of covering the entire depth-of-
field. After completing these two steps, the camera is fully calibrated
for a given imaging setting. For the flow measurements present here,
the depth-of-field is approximately 25 mm with a depth resolution of
90-350 pm, depending on the distance to the camera. For the fuel-spray
imaging setup, the depth-of-field is about 40 mm with a depth esolution
of 150 — 650 ym.

To assess the quality of the depth calculation of the plenoptic im-
aging system, a simple setup was built as shown in Figure 1.A known-di-
mension dot array was placed at 60° to the surface of the table. The
tilted dot array creates a depth range that is similar to that of the PTV
flow experiment discussed below. Each dot (standing in for a PTV
particle, though considerably larger) is imaged by several micro-lens-
es. The images are then reconstructed in post-processing to provide
the dot’s three spatial coordinates. Figure 2 depicts the depth eva-
luation result, in which grayscale is utilized to represent the depth. The
depth error is within 300 um for the whole depth range.

Figure 1:
Setup to assess the depth evaluation produced by the plenoptic imaging system. The

dot-array target is positioned at an angle of 60° with respect to the table surface.

-24 mm

-20 m
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Figure 2:
Grayscale depth map evaluated by the plenoptic imaging system.
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2.2 Optical-Engine Setup

The fuel-spray study was conducted in a SIDI single-cylinder, four-stroke,
four-valve optical engine. As shown in Figure 3, the engine has a
pent-roof combustion chamber, with an eight-hole injector tilted by 8°
with respect to the cylinder axis. The injector generates a symmetric
pattern of eight plumes with a nominal spray angle of 90° and is ori-
ented so that two fuel plumes straddle the spark plug. A quartz cylin-
der; two head windows, and piston windows offer extensive optical
access into the combustion chamber. More details regarding the engine
can be found in a previous study [44].

As depicted in Figure 3a, a 527-nm Nd-YLF laser (Quantronix Darwin
Duo) set to pulse energies of 0.2 mJ was used as the illumination
source. The laser beam was expanded to illuminate the entire fuel
spray, and the camera then recorded the fuel spray through the piston
window. One example of the recorded raw plenoptic spray image is
shown in Figure 3b. The 3D reconstruction of the spray image was
performed in the RxLive (Raytrix GmbH) software.

Spray images under static (engine not running), and two non-fired
motored conditions were recorded to highlight the impact of in-cylinder
flows on the spray evolution. The two motored conditions differed by
start-of-injection (SOI) timing; both 300° before top dead center (BTDC)
compression, as in homogeneous-charge SIDI combustion, and 35°
BTDC, as in stratified-charge SIDI combustion, were used. The engine
was motored at 1300 rpm with 95-kPa intake-manifold absolute air
pressure. 10 mg of isooctane was injected with a pressure of 12 MPa
during each cycle.

Fuel injector

/

Spark plug

Laser

Plenoptic camera

Spark plug
(b)

Figure 3:
(a) Experimental setup for 3D spray imaging in the optical engine;
(b) raw plenoptic spray image example as viewed from below
(indicated by the dashed line in Figure 3a) with valve and spark-plug positions indicated.



2.3 Steady-Flow Setups

Prior to measuring 3D velocity fields in the complex engine environ-
ment, the plenoptic PTV technique was characterized for simpler flows,
such as low-turbulence jet flow, and then on a steady-state engine
flow bench. Proper characterization also includes benchmarking the
plenoptic technique against the established 2D PIV technique. Future
work then includes measuring instantaneous 3D velocity fields in op-
erating optical engines with benchmark comparison to existing com-
prehensive 2D PIV measurements [45].

Figure 4 displays the experimental setup for the jet-flow measure-
ment. To ensure the air flow (seeded with silicone oil droplets, about
1 pm diameter) is fully developed, a long straight circular pipe (L/D =
41, D = 24 mm) is used. The Reynolds number of the flow is approxi-
mately 3600. The double-frame plenoptic PTV system employs a du-
al-cavity PIV laser (Litron Nano T 120-15) with beams that are expand-
ed to volumetrically illuminate the droplets exiting the pipe. The
plenoptic camera captures image pairs with a time delay of 50 s,
selected to achieve the best particle displacements between images
for the given flow settings. The plenoptic camera is tilted at an angle
of 60 degrees with respect to the pipe axis. Thereby, the ability to
capture the velocity along the depth direction can be evaluated.

The steady-state flow characterization of a cylinder head is a pro-
cedure that is widely utilized to assist and assess the design of the in-
take ports and the combustion chamber geometry [46, 47]. Adding 3D
PTV measurement capability to a steady-state engine flow bench could
provide additional valuable information compared to the convention-
al intrusive swirl and tumble number measurements. Figure 5 shows
the engine flow-bench model built for this study. The geometry of the
intake runner and the engine head are identical to the optical engine
shown in Figure 3. The air is seeded with silicone oil droplets and flows
through the intake plenum, intake runner, intake ports, and intake
valves, before finally entering the quartz engine cylinder. The measure-
ment volume is illuminated by the above-mentioned double-pulsed
Litron PIV laser to create Mie-scattering signals that are recorded by
the plenoptic camera running in double-frame mode with a time delay
of 50 ps between the two frames.

Plenopticcamera | Long straight

circular pipe
(D =24 mm,

Figure 4:
Experimental setup for bench-top jet-flow measurement. Reynolds number = 3,600.
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Figure 5:
Steady flow bench setup with optically accessible SIDI geometry.

3. Image Processing

The image processing procedure for the spray study is detailed in a
previous publication [38] and only briefly summarized here. The Rx-
Live software (Raytrix GmbH) was used for the spray-depth evalua-
tion. The raw plenoptic spray images were preprocessed to enhance
their contrast. The increased contrast improves the accuracy of the 3D
reconstruction process. The 3D reconstruction resulted in thousands of
data points representing the location of the liquid spray in all three di-
mensions. Finally, a depth-fill interpolation was applied to generate a
smooth “depth map.”

This section emphasizes the procedure for the PTV processing. The
raw particle images were processed using the RxFlow software (Ray-
trix GmbH). The particle location in all three dimensions was deter-
mined quantitatively using the calibration procedure described in
Section 2.1. Then, the displacement of the particles between the
double-frame images was computed by a particle-tracking analysis.
This analysis yielded individual 3D particle positions and correspond-
ing displacements, which are associated with the local velocity. The
subsequent post-processing interpolated the velocities onto a uniform
grid. In order to keep a low probability of false particle matching due
ambiguities of distinguishing particles that are in close proximity to
each other, a relatively low seeding density (0.0002 ~ 0.0003 particles
per pixel) had to be utilized. As a result, the instantaneous 3D velocity
fields do not have enough vectors to generate a comprehensive flow-
field representation, and a sequence of double-frame images was
required to produce an averaged 3D velocity field.

To quantitatively evaluate the accuracy of the 3D PTV system,
a standard 2D PIV measurement was conducted separately on the
jet flow. For this comparison, the plenoptic camera was set up exactly
as in Figure 4. However, instead of using volumetric illumination,
a 1-mm-thick laser sheet was created and passed through the jet axis.
Figure 6a shows the total-focused image, which means the particle
images within the whole depth-of-field were computationally refocused,
just like a conventional 2D digital photo would appear. The seeding
density was also increased for the 2D PIV to achieve 8~ 15 particles
per interrogation window, as suggested by Keane and Adrian [48] and



verified experimentally by Megerle et al. [49]. For the current settings,
the particles that are closer to the camera (upper part of Figure 6a)
are not as focused as the particles that are further away from the
camera (lower part of Figure 6a). This phenomenon is due to the
reduced near-field (close to the camera) depth resolution (V4 of far field
resolution) inherent in the type of plenoptic camera used for this study
(one employing a micro-lens array with three types of lenses of different
focal length).

Images obtained with sheet illumination were utilized for two pur-
poses. First, accurate evaluation of the depth positions of the particles
was confirmed, utilizing the known dimensions of the pipe and the
camera tilting angle, as seen in Figure 6b. Second, the 2D images were
processed using the well-established 2D PIV cross-correlation algorithm
in the LaVision DaVis 8 software. Then, the obtained velocity in the
pipe-axis direction was decomposed into the y-direction and z-direc-
tion (as indicated in Figure 4) based on the camera tilting angle. In this
manner, the quality of the 3D PTV results was quantitatively assessed
by comparing them to the 2D PIV results described in section 4.2.

485mm Distance to camera 469 mm

(a) Refocused particle image

(b) Depth evaluation

Figure 6:
Depth evaluation for the particle image.

4. Results and Discussion
4.1 3D-Spray Measurements

Figure 7 depicts the 3D fuel-spray structure — grayscale represents the
third dimension of the spray — under static in-cylinder conditions (sta-
tionary piston and valves), homogeneous-charge mode (fuel injection
early in the intake stroke), and stratified-charge mode (fuel injection
late in the compression stroke). In Figure 7a, the apparent difference
in spray penetration between spray plumes 1 and 2 relative to plumes
5and 6 is due to the 8° angle that exists between the fuel injector and
the camera’s optical axis. Compared to the symmetric spray structure
in static conditions, the strong intake-air motion rotates the spray and
reduces the spray penetration in Figure 7b. In Figure 7c, the spray struc-
ture is minimally influenced due to the weak air flow during the com-
pression stroke, but the increased ambient pressure and temperature
lead to shorter penetration than in atmospheric conditions. A much
larger set of measurements and results were presented separately [38].
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(a). Static in-cylinder condition  (b). Homogeneous-charge (c). Stratified-charge

[mm ]

Figure 7:
3D fuel-spray structure for (a) static (quiescent) in-cylinder condition (b)
homogeneous-charge operating condition, and (c) stratified-charge operating condition.
(Adapted from [38], DOI: 10.1177/1468087415608741).

4.2 3D-Flow Measurements

Figure 8 shows the 3D velocity distribution in a section of the jet flow
that is highlighted by the rectangle in Figure 4. The number of vectors
in the instantaneous velocity field is limited by the low seeding den-
sity, therefore the 3D3C velocity distribution is computed by interpo-
lating and averaging 200 instantaneous velocity fields. These fields are
then further grouped into discrete layers for visualization purposes.
Four layers normal to the camera axis at different distances from the
camera in the z direction with a resolution of 4 mm in this direction
are shown here.

2
1m/s
471 mm
y
2 3 0
483 mm away
X from Camera
Figure 8:

3D velocity field of the jet flow. Measurement volume: 24 x 9x 12 mm? for x, y, and z
respectively. Spatial resolution: 1 mm for x and y directions and 2 mm for z direction,
but every other vector in this direction is shown for clarity).

Figure 9 compares a slice of the 3D velocity distribution (highlighted
in Figure 8) with the 2D PIV results. The illuminating light sheet for the
PIV measurement was aligned vertically along the jet axis. Note that
therefore, in contrast to the sample planes shown in Fig. 8, the meas-
urement plane extracted from the volumetrically resolved measurements
is parallel to the jet axis, matching the location of the PIV light sheet.
Qualitatively, the velocity magnitudes and velocity fields are similar
for both measurements. The velocity magnitude along one line (y = 6
mm) is quantitatively compared in Figure 10. Overall, 200 image pairs



(a) One sliceof 3D PTV
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(b) 2D PIV (Computed by DaVis 8 from LaVision®)

Figure 9:
Comparison between one slice of 3D PTV (from ParaView) and the standard planar

PIV (from DaVis). Note that x=0 is located in the center of the jet
and y = 0 is at the nozzle exit.

were computed for 2D PIV, the average and its standard deviation,
shown as error bars, are included in Figure 10. The velocity along
the y direction for 3D PTV agrees very well with the 2D
measurement. The velocity along the z direction also agrees except
between x =8 ~ 12 mm. The cause of this discrepancy has not yet been
determined.
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(b) z-velocity component

(a) y-velocity component

Figure 10:
Comparison between 2D and 3D measurements along line y = 6mm in the plane

shown by Fig. 9.

This example showed the current status of quantitative flow measure-
ments with the 3D3C velocity measurement in a steady flow situation.
Building on this result, the averaged velocity field in the steady-state
engine flow bench was then measured. Figure 11 illustrates the typical
tumble flow structure, which is created by the intake valves located
offset from the axis of the engine cylinder. In Figure 11, the curved
arrow demonstrates this flow structure, while the rectangle highlights
the region in which the 3D PTV measurement was performed. The
larger field of view shows in-plane velocities, measured by 2D PIV.
The plenoptic 3D velocity field is shown in Figure 12. The meas-
urement volume is 20 x 24 x 10 (x, y, z respectively) mm?, the reso-
lution is 2 mm for all three dimensions. Note that this resolution is
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3D measurementregion

Figure 11:
Velocity distribution measured in the steady-state engine flow bench.

m/s

Figure 12:
3D velocity distribution computed from the 3D particle positions using RxFlow (Raytrix).

different from that of the 2D PIV processing, which is 1.5 mm. The PIV
algorithm defines a fixed interrogation window, but it is difficult for
the 3D PTV to reach this resolution, especially for the depth direction.
Again, this 3D velocity distribution was calculated by interpolating and
averaging of. in this case, 395 instantaneous velocity fields. The over-
all tumble structure and the location of the tumble center (as indicated
by a triangle in Fiqure 11 and Figure 13) are reasonably well cap-
tured by the 3D PTV measurement. Moreover, the velocity gradient
along the third dimension can be observed in the 2D slices shown
in Figure 13. Part of a potential vortex can also be seen in Figure 13a.
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Figure 13:
2D-slices from the 3D velocity field shown in Figure 12.
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5. Conclusions

A compact and promising single-camera setup that enables 3D meas-
urements of spray geometry and velocity field was demonstrated in
an optical SIDI engine, a low-turbulence jet flow, and an engine steadly-
flow bench. The core component for all of these measurements is a
large-format plenoptic camera that enables instantaneous 3D imag-
ing. Pulsed laser illumination provided the temporal resolution that
was desired for this study.

The impact of in-cylinder flow on 3D fuel-spray structure was
robustly captured with the plenoptic imaging setup. Deflections of in-
dividual fuel plumes from a multi-hole injector under different engine
conditions were captured. The observations are in agreement with
expectations from previous studies, but now added information is avail-
able in single-shot imaging. This single-shot capability is especially
important for measurements of cycle-to-cycle variations.

Initial results to determine volume-resolved velocity fields yielded
promising results, Comparison to 2D PIV subsets identified areas of
necessary improvements. Examples studied include a jet flow out of
a straight pipe and measurements in an engine steady-flow bench
setup where the expected tumble flow could clearly be measured with
the plenoptic setup.
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