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Abstract

An investigation of the interaction between the in-cylinder flow and the spray topology
in two spray-guided direct injection optical engines is reported. The bulk flow field in the
combustion chamber is characterized using particle image velocimetry (PIV).
Geometrical parameters such as the axial penetration and the spray angle of the liquid
spray are measured using Mie scatter imaging and/or diffuse back-illumination. The
measured parameters are compared with data from a constant-volume chamber available
in the literature. For a late injection strategy, the so-called “ECN Spray G” standard
condition, the mean values of the spray penetration do not seem to be significantly
perturbed by the in-cylinder flow motion until the plumes approach the piston surface.
However, spray probability maps reveal that cycle-to-cycle fluctuations of the spatial
distribution of the liquid spray are affected by the magnitude of the in-cylinder flow. PIV
during injection shows that the flow field in the vicinity of the spray plumes is heavily
influenced by air entrainment, and that an upward flow in-between spray plumes
develops. Consistent with previous research that demonstrated the importance of the latter
flow structure for the prevention of spray collapse, it is found that increased in-cylinder
flow magnitudes due to increased intake-valve lifts or engine speeds enhance the spray-
shape stability. Compared with cases without injection, the influence of the spray on the
in-cylinder flow field is still noticeable approximately 2.5 ms after start of injection.

Keywords: ECN, Spray G, SIDI, PIV, spray penetration, spray angle, spray-flow
interaction, spray collapse, DBI, Mie scattering



1. Introduction

In recent years, engine development for passenger car applications has moved
towards spark-ignition direct injection (SIDI). Stratified-charge direct injection offers the
potential to improve efficiency in part-load operation by reducing pumping losses due to
throttling. In stratified SIDI, engine load can be controlled solely by the amount of fuel
injected in the high-pressure fuel injection. However, proper mixture preparation is
required to provide reliable ignition and reduce emissions.! In the beginning, SIDI
engines used a wall-guided combustion system, in which the spray was directed towards
a shaped piston providing a flammable mixture around the centrally located spark plug.?
Recently, spray-guided combustion systems have been developed which have advantages
with regard to particle emissions,® since one of the most significant causes of such
emissions is wall-wetting at the piston surface.*

The injectors for spray-guided SIDI engines are custom-designed to provide the
desired penetration, droplet size distribution, and fuel-air mixing, while avoiding wall-
wetting. However, engine parameters such as the bulk-gas pressure and temperature
during injection or the in-cylinder flow have a strong influence on the spray
characteristics. The injection timing, for example, is a critical parameter linked to the
interplay between injector and engine operation. For a stable engine operation using
spray-guided stratified combustion, misfire limits the injection timing window.> As Oh
and Bae® have shown, a trade-off between efficiency and emissions can be observed in
which retarded injection timing increases the indicated mean effective pressure but also
soot emissions.

Even though the spray atomization process is of importance in reducing wall-
wetting and hence particulate mass emissions,®® the complex interaction of the fuel
injection (injection pressure and injector characteristics) with the in-cylinder flow also
needs to be considered, as shown by Stiehl et al.® for hollow-cone injectors and by Piock
et al.l® for multi-hole injectors. Fuel injection and mixture preparation have been
investigated for stratified engine operation as summarized in a review article by Fansler
et al.* Optical diagnostics have especially been helpful for understanding the in-cylinder
processes. Sprays have been visualized using high-speed Mie scatter imaging,'? spark
emission spectroscopy can measure fuel concentrations near the spark plug,’® and laser
induced fluorescence (LIF) of a tracer can image fuel distributions.** Tracer-LIF, in
combination with simultaneous particle image velocimetry (PIV) and flame imaging,
have helped to understand misfires linked with strong local variations of the equivalence
ratio at the spark plug.1*® Even though the average flow features were dominated by the
effect of the spray momentum,** using simultaneous spray visualizations and high-speed
PIV, Stiehl et al.® showed that the in-cylinder tumble flow has a direct impact on the
formation of the spray. Sementa et al.*® showed differences in the mixture formation for
early and late injection strategies, but without decoupling the effects of in-cylinder flow
and thermodynamic conditions during injection. Song and Park!’ linked the effect of
strong air motion during the intake with spray atomization.

The interaction between spray plumes of multi-hole injectors is of great interest.
For the same injector as used in this work (ECN Spray G), Gutierrez et al.'® showed that
the interaction is stronger when the injection is initiated during the intake stroke than it is
in the nearly quiescent environment of a constant volume chamber (CVC). The spray may
collapse not only at low in-cylinder pressures, due to flash boiling, but also at increased



ambient pressures,®% conditions which occur during late injection. Mie scattering and
Schlieren imaging have been used to quantify the decrease of the angle between the
plumes during the injection event indicating spray collapse. A detailed investigation of
mixing based on LIF and Rayleigh scattering has shown that the plumes start to merge
sooner after the start of injection (aSOI) for increased ambient densities.?! This transient
behavior of the individual plumes during spray collapse was confirmed by Sphicas et al.??
They performed time-resolved measurements of the spray-surrounding flow field using
PIV and showed that ambient gas is entrained axially from the downstream regions of the
spray as well as radially through the gap in-between the plumes. Once the neighboring
plumes start to interact, this gap closes and the angle between the plumes quickly
decreases until full spray collapse.

In order to gain comprehensive knowledge on gasoline direct injection, the Engine
Combustion Network (ECN) uses a standardized multi-hole injector geometry - Spray G
- accompanied by well-defined ambient conditions.?® In terms of experimental studies,
this injector has already been investigated at various research institutions which have
mainly used CVCs. Light scattering techniques have been used to study the topology of
the liquid and vapor phases of the spray. Mie scatter imaging®>2+2° and light extinction
measurements, namely diffuse back-illumination (DBI),?%2427:303 gre the most common
methods used for imaging the liquid spray, whereas schlieren imaging is used for the
visualization of the vapor phase.?22+272%31 For example, Hamzah et al.?* compared the
liquid spray penetrations with the Spray G injector determined by DBI and Mie scatter
imaging. In operating points with severe flash-boiling, they found that the spray
penetration extracted from DBI was greater than from Mie scatter imaging due to beam-
steering effects.

In this work, an investigation of the interactions of in-cylinder flow and spray
structure is conducted. For this purpose, the Spray G injector is installed in two different
optical engines with different in-cylinder flow characteristics. The Spray G standard
condition is evaluated, which constitutes a late injection during the compression stroke of
engines operated in stratified charge mode. The spray shape, axial penetration, and spray
angle are characterized by DBI and right-angle Mie scatter imaging. The spray imaging
results are combined with PIV data, providing a better understanding of the spray-flow
interactions. Additionally, the results obtained with DBI are analyzed and compared with
data from the CVC experiments of Payri et al.3! The experiments in both engine facilities
were planned and conducted separately from each other using the boundary conditions of
the ECN as a guideline. Differences between the engines were then evaluated afterwards.
Nevertheless, comparing the spray-flow interaction using the same injector in engines
with different but comparable boundary conditions is a meaningful task as the influence
of parameters altering the flow field and the thermodynamic state of the bulk gas can be
investigated. Since a similar experimental approach is used, two linked data sets are
compared providing a better understanding of the spray development in engines as a
whole.

This paper is organized as follows: Section 2 summarizes the main characteristics
of the optical engines used in this study and the operating conditions investigated in the
experiments. The optical diagnostics and image processing methodologies of PIV, DBI,
and Mie scatter imaging are provided in Section 3. In Section 4, the results of the
experimental study are presented and discussed with regard to the combined approach of
in-cylinder flow imaging and visualization of the liquid spray. Finally, Section 5
summarizes the overall outcome of this study.
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2. Optical engines and boundary conditions

Engine experiments with centrally mounted Spray G injectors are performed at
two different facilities, University of Duisburg-Essen (UDE) and Technische Universitat
Darmstadt (TUD). The single cylinder SIDI engines have different cylinder heads and
optical access to the combustion chamber. Table 1 summarizes the main differences
between the experimental facilities. Both engines are four-stroke engines with similar,
but slightly different geometries and compression ratios, as shown in Table 1. The injector
in the TUD experiment is mounted at an angle of 8° to the cylinder’s central axis while
the injector in the UDE engine is mounted vertically. In both engines, the plumes were
oriented in the “primary orientation” as specified by the ECN.% Optical access is given
through the flat piston window and a fused-silica cylinder liner of each engine. The field
of view (FOV) is limited by this optical access.

This work assigns 0°CA as compression top-dead center (TDC), i.e., crank angles
during intake and compression are negative. If not explicitly stated, SOI is always the
hydraulic start, when fuel first visibly exits the nozzle outlet.

Table 1: Engine and injector properties. The UDE engine has variable valve actuation
(VVA) to change the maximum intake-valve lift.

U. Duisburg-Essen TU Darmstadt

Parameter

(UDE)

(TUD)

Cylinder-head
configuration

4V pent roof with VVA

4V pent roof

Combustion-chamber
layout

Centrally-mounted
injector and spark

Centrally-mounted
injector and spark

Injector number

AV67-014

AV67-027

Injector angle / ©

0

8

Optical access

73 mm piston window
+ top 28 mm of stroke

75 mm piston window
+ top 55 mm of stroke

+ pent roof + 8 mm in pent roof
Bore x stroke / mm 84 x 92 86 x 86
Geom. comp. ratio / - 9:1 8.7:1

The operating conditions are summarized in Table 2. The UDE experiments are
carried out with variations in intake-valve lift (IVL), while in the TUD experiments the
engine speed is varied to introduce variations in the in-cylinder flow. The Spray G
standard condition (Spray G1) of the ECN, as shown in Table 2, consisting of a late
injection during the compression stroke, is targeted. In an engine, the bulk-gas density
and temperature can only be pre-estimated before and then be calculated after the
experiment with improved accuracy based on the measured pressure trace. Additionally,
differences in experimental facilities induce further variations in parameters such as the
fuel temperature.



Table 2: Engine operating parameters at each engine facility. RH: relative humidity.

Parameter Spray G standard
Facility UDE TUD ECN, CvC=:
Fuel Iso-octane Iso-octane Iso-octane
100% N Air (RH 1.8%) 0% O2
Bulk gas . . .
(non-reacting) (non-reacting) (non-reacting)
Engine speed / rpm 1200 800/ 1500 -
Intake-valve lift / mm 4/9 9.5 -
Intake-valve opening duration / °CA 162 /226 160 -
Electronic SOI / °CA -50 —40/-43 -
Hydraulic SOI / °CA —47.75 —-38.58 / -40.34 -
Electronic pulse duration / ms 0.681 0.680 0.680
Intake temperature / °C 80 37 -
Coolant temperature / °C 80 60 -
Temperature at hyd. SOl / °C 2761270 257 1 245 300
Intake pressure / bar 1.1 0.95 -
Pressure at hyd. SOI / bar 5.7/55 56/5.7 6
Gas density at hyd. SOI / kg/m3 35/34 3.7/338 35
Fuel pressure / bar 200 200 200
Fuel temperature / °C 80 60 90
Fuel mass / mg/cycle 10 10 10

However, the main differences in the injection parameters are the hydraulic SOI
timing of the engines and the in-cylinder pressure and temperature at hydraulic SOI. The
pressure in the intake, exhaust, and cylinder is measured with sub-crank-angle resolution,
whereas the intake and exhaust temperatures are measured with lower temporal
resolution. To estimate the bulk-gas densities during injection, adiabatic compression
with a variable isentropic coefficient is applied to the pressure traces, with the initial
temperature estimated as the arithmetic mean of the intake and coolant temperature.

UDE TUD

Injector__ Spark plug Injector_

Spark plug

Intake Exhaust

Intake

Exhaust

Piston window Piston window

Figure 1: Sketch of the combustion chambers of the optical SIDI engines at UDE and
TUD. A grayscale snapshot from Mie scatter imaging is shown in each sketch.

Figure 1 shows a sketch of the combustion chambers of the engines. Both engines’
pent-roof cylinder heads have two intake and two exhaust valves. In all images in this



work, the intake valves are located on the left, and the exhaust valves on the right of the
injector nozzle as shown in the schematics in Figure 1.

The UDE engine, shown in the left panel of Figure 1, has optical access to the top
28 mm of the stroke plus the pent-roof combustion chamber. The flat-topped piston is in
the FOV after —60°CA. It provides optical access to the combustion chamber through a
quartz window of 73 mm in diameter. A mass flow controller supplies the engine with
gaseous N2 at a constant intake pressure of 1.1 bar. The temperatures of the coolant, fuel,
and intake flow are all set to 80°C to improve the accuracy of estimating the starting
temperature of the adiabatic compression calculation through which the conditions at SOI
are determined. Also, 80°C was chosen for consistency with previous measurements. The
combination of intake pressures and temperatures lead to Spray G standard conditions in
the combustion chamber when electronic SOI is at -50°CA, corresponding to hydraulic
SOl at—47.75°CA. In this work, IVLs of 4 mm and 9 mm at an engine speed of 1200 rpm
are investigated as shown in Table 2. Further details on the engine facility can be found
in previous publications.323

The right panel of Figure 1 illustrates the TUD engine configuration. In contrast
to UDE, the TUD engine has optical access to the top 55 mm of the stroke plus 8 mm in
the pent-roof combustion chamber. The flat-topped piston with a window of 75 mm
diameter is in the FOV after —95°CA. In the current study, the engine is operated with air
at an intake pressure of 0.95 bar. The coolant temperature is kept at 60°C to be consistent
with previous studies. The TUD engine has a fixed IVL of 9.5 mm and is operated at both
800 rpm and 1500 rpm in this study. The electronic SOls are set to —40°CA for 800 rpm
and —43°CA for 1500 rpm resulting in hydraulic SOIs of —38.58°CA for 800 rpm
and —40.34°CA for 1500 rpm. A detailed description of the engine facility can be found
in Baum et al.%®

3. Optical diagnostics and image processing

Gas velocity

Optical arrangement

Particle image velocimetry is a well-known technique to measure instantaneous
velocity fields in engines. Figure 2 shows a schematic of the PIV arrangements used in
this study. The equipment is summarized in Table 3.

In both experimental facilities, the beam of a double-pulsed Nd:YAG laser,
frequency doubled to 532 nm, is guided through a combination of a telescope and a
negative cylindrical lens to form a light sheet. The inter-pulse delay At is adjusted for
each crank angle to achieve optimal particle shifts and to minimize out-of-plane losses.
At increases from 2 us during intake to 20 ps towards compression TDC. The light sheet
is reflected by the 90°-mirror vertically through the Bowditch piston assembly and the
fused-silica piston window onto the cylinder center axis as shown in Figure 2. The area
near the cylinder liner cannot be illuminated due to clipping by the metal mounting of the
quartz piston window. Dow Corning silicone oil droplets of ~0.5 um diameter are
introduced upstream of the intake pipe of the engines which scatter the light through the
fused-silica cylinder liner. In the UDE PIV experiments, a polarizing filter is mounted on



the lens to suppress some of the light scattered from the in-cylinder surfaces. An
additional 532-nm bandpass filter suppresses the room light.

a) Filter
l l’H|
Sensor |
Camera lens _
== Light
sheet
optics
ST
532 nm
Nd:YAG

Figure 2: (a) Top view of the optical arrangement for flow field measurements via PIV.
(b) injector plume orientation with respect to the direction of observation. The black dot
in (b) represents the orientation of the injector dimple, which points towards the spark

plug.

PIV is performed in both engines in two different experiments, (a) and (b). In
experiment (a), the flow velocity in motored operation without injection is measured. The
imaging repetition rates at TUD and UDE are different as shown in Table 3. In the UDE
experiment, crank-angle synchronized measurements of 75cycles at 10 Hz are
performed. Vector fields from the intake valves opening at —360°CA through —70°CA in
steps of 10°CA are acquired. Between —65°CA and TDC, the time steps are refined to
5°CA. At TUD, data are taken in 148 cycles from —360°CA to TDC with a spacing of
5°CA both at 800 rpm and 1500 rpm. Experiment (b) is performed with injection. At
UDE, 100 crank-angle synchronized double-frame images at —40°CA, —-35°CA,
and —30°CA are acquired with 4 mm IVVL at 1200 rpm. At TUD, data are taken in 84
cycles from —90°CA to 0°CA in steps of 1°CA for 800 rpm and 2°CA for 1500 rpm.



Table 3: Equipment and processing parameters for PIV in the TUD and UDE engines.
For TUD, the equipment used in experiments (a) and (b) is labeled.

UDE TUD
(a) Photron Fastcam SA-X2
Camera PCO Edge 5.5 sCMOS (b) Phantom v711
Lens Nikon f = 50 mm f/5.6 Sigma f = 105 mm f/11
+ 52-mm close-up lens + 20-mm extension
Filter | Polarizing filter + BP532/10 nm -
wi dthﬂaﬁégohg 63 x 38 mm 58 x 63 mm
Light source| Nd:YAG (Litron) at 532 nm Nd:YAG (Edgewave) at 532 nm
Optics Telescope -50 mm cyl. + -200 mm cyl.
+-20 mm cyl. lens + 1000 mm cyl.
Sheet thickness 1.5mm 1.3 mm
(a) 960 at 800 rpm
Rep. rate of camera 10 (a) 1800 at 1500 rpm
and light source / Hz (b) 4800 at 800 rpm
(b) 4500 at 1500 rpm
Processing DaVis 8.4 DaVis 8.4
(a) Sliding high pass S
Bif)l??ergzgg (B_u'gterwo_rt_h) of 9 ima_ges Spatial slldingi)k();c;kground of
(b) Sliding minimum of 9 images
(a) Passes 1 & 2:
64 x 64 pixels with 50% overlap
Passes 3 & 4: Passes 1 & 2:
Vector calculation 32 x 32 pixels with 50% overlap | 64 x 64 pixels with 50% overlap
(b) Passes 1 & 2: Passes 3 & 4:
64 x 64 pixels with 50% overlap 32 x 32 pixels with 75% overlap
Passes 3 & 4:
32 x 32 pixels with 75% overlap
(a) 1.1 mm window size (a) 2.02 mm window size
Spatial resolution of 550 pm vector spacing 504 um vector spacing
vector field (b) 1.1 mm window size (b) 2.54 mm window size
275 pm vector spacing 635 pm vector spacing

PIV data post-processing

The software DaVis 8.4 is used to compute the vector fields with a PIV algorithm.
First, a background correction is executed according to the methods summarized in Table
3. Afterwards, a geometric mask is applied to each image. The mask removes the
combustion-chamber contours, piston, and strong reflections in the FOV. Then,
algorithmic masking routines (based on calculating the local standard deviation over
9 pixels and subsequent thresholding) are used to mask regions full of fuel droplets. The
scattering of the fuel droplets cannot be used to compute vectors, since the time delay At
between laser pulses is not adjusted for the high velocities in the spray and the fuel-droplet
density is too high. Therefore, only the gas velocity is represented by the PIV data in this
study.

The vector calculations are performed using a multi-pass cross-correlation with
decreasing window size (Table 3). The computed vectors are processed further without
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smoothing. Vectors with a correlation ratio of the first and second peak in each
interrogation area below 1.3 are deleted and a universal outlier detection based on a
normalized median test in a moving window of 7 x 7 vectors is applied. The ensemble
average at each crank angle is calculated, rejecting positions with less than 25 valid
vectors. In doing so, the average is not biased by a low number of vectors in some regions,
especially in the spray region.

Liquid-spray visualization
Diffuse back-illumination

Optical arrangement

Diffuse back-illumination imaging is one of the standard diagnostics
recommended by the ECN for liquid-spray visualization and has been applied to engine
sprays several times.2>3-37 In the current work, DBI is only applied to the spray at UDE.

A schematic of the DBI arrangement is shown in Figure 3a. It follows the approach of
Menser et al.® Three 4-die color LEDs, each with broadband emission at around 600 nm
(red, R), 530 nm for two dies (green, G), and 460 nm (blue, B), are used for back
illumination of the liquid spray. Electronic drivers provide power to each die, which are
individually gated and delayed. The duration of each gate is adjusted to achieve
approximately the same optical pulse intensities. A delay of At=138.9 us = 1°CA
between red and green, and of 2 x At = 277.8 ps = 2°CA between red and blue emission
at an engine speed of 1200 rpm is used. This results in a 3-image sequence of 7200 frames
per second in each observed cycle. The start of illumination is scanned from SOI until
833 us aSOl.

A quarter section of a sand-blasted Plexiglas cylinder, placed between the LEDs
and the fused-silica engine cylinder, diffuses the light to achieve a more homogeneous
illumination. The light is then scattered and absorbed by the liquid spray. The remaining
signal is detected by a commercial color DSLR camera (Nikon D5300) with a lens of
f =50 mm and f/1.8. Since the camera has large jitter in the delay between the start of the
trigger and the actual exposure, the image acquisition is always initiated at —360°CA with
an exposure time of 100 ms (equal to one whole cycle). The camera is operated at 2 Hz,
i.e., every fifth engine cycle. Between 11 and 46 color images | and images without
injection lo are taken phase-locked to a particular crank angle. Each color image includes
information from a burst of three corresponding LED die pulses. An example color image
I is shown in Figure 3b.



a) 50 mm f/1.8 Diffuser

horizontally mirrored

Figure 3: (a) Optical arrangement for diffuse back-illumination applied at UDE. (b)
Horizontally mirrored raw color image. Red illumination is at time t1, green at

to=1t1 + 138.9 us, and blue at t =t + 138.9 ps. (¢) Injector orientation with respect to
the camera. The black dot represents the orientation of the injector dimple, which points
towards the spark plug.

DBI data post-processing

As shown in Figure 3b, the raw images are horizontally mirrored to be consistent
with other experiments in this work. Plume 1 is pointing to the exhaust side and plumes
3 and 7 are in the center. The overlapping transmittances between channels of the color
filter array on the Bayer sensor are de-mixed*® and three instantaneous images I, lg, and
Ib corresponding to time steps t: to ts are extracted from the three-channel color image.
Afterwards, the images are binned in a 4 x 4 window, i.e. the values of 16 pixels are
averaged to form one superpixel, reducing the projected pixel size to 57.5 um. From here
on, images with injection are denoted as I, and images without injection (background
images) are denoted as lo.

Analogous to Manin et al.,?” Beer-Lambert’s law for light extinction

—=e ()

is applied to each image. The pixel-wise division of the measurement | by the
background lo corrects for inhomogeneities in the illumination and detection path. Then

the optical thickness zis related to the integrated liquid volume fraction f_y; LVF dy as

f L f " WFdy = 79/ @)
T= ——dy © y=1— .
—Yoo el T[d3/6 —Yoo ext,i

A droplet diameter d of size 7 um is used for the calculations, which is based on
measurements of the Sauter mean diameter by Parrish et al. for the same injection
parameters.?® The effective extinction cross-section Cg, ; is calculated for the three center
wavelengths of the color LEDs based on Mie theory as implemented in MiePlot3 for an
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iso-octane droplet of size d. Here, * denotes a finite collection angle of 350 mrad
determined from the optical arrangement. Extinction cross-sections are estimated to be

Ct:xt460nm = 417 - 10_6 mmz’ C:xt530nm = 43.2 - 10_6 mmz’ and
Coeooonm = 444 107% mm? for each central emission wavelength. Spray contours

are determined by segmenting the images according to Payri et al.>! with a threshold of
0.2 - 10" mm3/mmz2. An example of the spray contour is shown in Figure 5a.

Mie scatter imaging
Optical arrangement

In both engines the spray is also imaged by acquiring Mie scattering of light from
a pulsed LED in volume illumination from the bottom through the piston window. Figure
4 shows a schematic of the optical arrangement and example images, while details on the
equipment are summarized in Table 4.

a) @) 0
_{ E)(E
\ |
Sensor NCamera lens @) O
Condenser
lens\\
Light source —
c) , 1 g
3~>t<'7
6
4 5

horizontally mirrored

Figure 4: (a) Top view of the optical arrangement for spray visualization via Mie scatter
imaging. (b) Horizontally mirrored raw color image (UDE) and gray-scale image
(TUD). Red illumination is at time t1, green at t> = t; + 138.9 ps, and blue at

t3 = t2 + 138.9 us in the UDE case. (¢) Injector plume orientation with respect to the
direction of observation. The black dot in (c) represents the orientation of the injector
dimple, which points towards the spark plug.

At UDE, a 4-die color LED (the same as for DBI) is used for this bottom
illumination. The operation of LED and camera as well as the FOV and the other imaging
parameters are also the same as for DBI. At TUD, a green-light LED system (ILA 5150
GmbH) provides illumination. Here, the LED and camera run at an acquisition rate of
16 kHz, recording 30 images per injection with an inter-frame time of 62.5 pus. The FOV
is 80.4 x 60.3 mm? and the projected pixel size is 0.13 mm/pixel. Both camera systems
are positioned such that plume 3 points towards the camera as shown in Figure 4c. Since
the Mie scattering illumination is volumetric, the resulting spray images are line-of-sight
measurements.
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At TUD, an iterative process is used to select the optimal camera lens f-number
and LED pulse width by monitoring the changes in the depth of field, exposure intensity,
and motion blur. For the present work, the selected LED pulse width is 5 ps and a lens
aperture of /5.6 is used. The camera is focused on a target image plate with a pattern of
evenly spaced dots of known dimensions. Additionally, a Siemens star is used to verify
the focus quality and measure the spatial resolution of the images.

Table 4: Equipment and properties used for the Mie scatter imaging at TUD and UDE
engine facilities.

UDE TUD
Camera Nikon D5300 Phantom v711
Lens Nikon f =50 mm, f/1.8 Nikon f = 50 mm, /5.6

Filter| RGGB Bayer color filter array -
4-die Color LED

Light source (460 nm, 2 x 530 nm, 600 Nm) LED (525 nm)
Ontics Aspherical condenser Aspherical condenser
P lenses 25 mm + 100 mm lens 40 mm
2 (3-image sequence per cycle,
Rep. rate / Hz 7200 Hz) 16000

Mie scattering data post-processing

First, the images are dewarped and translated into laboratory coordinates using a
calibration target. The RGB Mie scatter images from the UDE experiment are de-mixed
as in the DBI processing. The images are then processed using a custom MATLAB code
that has three main steps:

1. Masking

All reflective engine features including the cylinder head, intake valves, and the piston
are masked out such that the remaining foreground corresponds to Mie scattering of
the injected spray.

2. Background subtraction and noise reduction

At TUD, for each injection event, a mean background image generated from 3
frames before SOI is subtracted. Subsequently, a 3 x 3 median filter is applied for
noise reduction and local homogenization of the spray intensity. At UDE, 4 x 4
binning is applied, and the images are corrected by a mean background which is
obtained without injection.

3. Threshold definition and binarization
For the TUD data, every cycle is assigned an individual threshold s as

s = max(lbg,mean) +r- G(Ibg,mean) . ©)

The first term in this equation is the maximum intensity value of the mean background
of 3 frames before SOI, I'ygmean, Which remains after the background subtraction. In
the second term, in order to have sufficient separation between the remaining
background and foreground signal, a separation factor r is multiplied by the 2D spatial
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standard deviation c across I'ngmean- Here, r is chosen as 250, which spatially places
the segmentation edge in the region of the steep intensity gradient at the spray’s
boundary. Similarly to the method of Siebers,*® in which a fixed threshold of 3% of
the maximum intensity is applied, strong changes in the separation factor cause only
marginal deviations in the measured geometrical parameters of the spray. The values
for s vary between 4.9% and 5.6% of the maximum spray intensity in one cycle. As
reflections of the scattered spray from the curved fused-silica liner have 3% to 4% of
the maximum spray intensity, the separation factor ensures that reflections are not
taken into account when determining the extent of the liquid spray.

For the UDE data, following the general idea of Siebers,*® the segmentation threshold
is taken as the intensity at the position of the steepest negative gradient in the vertical
direction of each frame. To this end, a line plot of 1 mm width (17 pixels) through the
injector tip in the axial direction is extracted in each frame. Noise is estimated as three
standard deviations calculated in a region of 5 x 5 mm?2 of a background-corrected
image without injection. Pixels with intensities below 3c are rejected in the line plot.
The data is averaged in the y-direction and the derivative is taken in the x-dimension.
Then, the intensity at the position of the steepest gradient in the axial direction is
extracted for each frame. The threshold intensities (between 2.5% and 10% of the
maximum spray intensity) are used to binarize the spray in each image. Finally, 6-pixel
erosion followed by 6-pixel dilation is applied to each binarization, and spurious areas
of foreground smaller than 17 mm? are deleted.

Extraction of geometrical parameters

Geometric parameters of the spray are extracted from the binary images generated
by the processing methods for DBI and Mie scatter imaging. Figure 5 illustrates the
definitions of the investigated spray features for both experimental approaches. The axial
penetration x is defined as the maximum distance of the liquid spray boundary to the
injector tip along the central geometric spray axis. The spray angle « is extracted by a
method similar to the one described by Payri et al.3* The spray contour between 1% and
50% of the axial penetration is extracted and a linear least-squares fit is found.
Subsequently, « is the angle between the two fitted lines.

a) DBI, UDE b) Mie scattering, TUD

Of LVF | mm3/mm?2 0 Intensity

0.012
[— ] [— ]

Figure 5: Example single shots from (a) DBI (back illumination, UDE) and (b) Mie
scattering (bottom illumination, TUD) including the detected spray contour shown as a
black outline. The spray angle « and the axial penetration x are shown.
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4. Results and discussion

In-cylinder flow and thermodynamic state in the motored engines

In the first section of the results, the in-cylinder flow in both engines is observed
in motored operation without spray injection. The bulk flow structure is evaluated in
combination with the thermodynamic state during motored operation to provide a basis
for their effects on the spray topology.

Figure 6 shows average velocity fields in motored operation without injection for
experiments during the middle of compression (-90°CA), right before, and after the
hypothetical SOI. The figure is organized in terms of increasing velocity magnitudes from
left to right. The first and third column in Figure 6 show results from UDE while the other
two are from TUD. The blue-yellow colormap represents the velocity magnitude and the
flow directions are displayed by vectors with fixed length. Regions with strong reflections
in the background within the FOV are geometrically masked and displayed in white.
Thick black lines depict the position of the piston as well as the silhouette of the cylinder
head including both the injector and the spark plug. All vector fields are vertically aligned
with regard to the position of the injector tip. At —=90°CA, the optical access of the UDE
engine limits the FOV as the piston is about 22 mm below the edge of the quartz section
of the liner (see Table 1). For the TUD data, the FOV is solely limited by the piston.

At —90°CA, the 4 mm IVL / 1200 rpm case shows low velocity magnitudes and
the absence of an apparent tumble vortex. All other cases at —90°CA display clockwise
tumble flow with higher velocity magnitudes on the intake side of the combustion
chambers compared with the exhaust side. The magnitude of the tumble flow increases
with increasing engine speed and IVL. The highest velocity magnitudes just before SOI,
shown in the second row of Figure 6, are located near the piston surface. At
4 mm IVL /1200 rpm, the velocity decreases from the piston to the cylinder head surface,
while the remaining results show that the velocity magnitudes first decrease and then
increase towards the cylinder head. Finally, late in the compression stroke (the last row
in Figure 6) the velocity magnitudes are low, but the tumble can still be seen.
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UDE TUD UDE TUD
4 mm /1200 rpm 9.5 mm /800 rpm 9 mm /1200 rpm 9.5 mm /1500 rpm

-90°CA

Figure 6: Average vector fields from motored engine experiments without injection.
Vector fields from UDE at 1200 rpm with 4 mm and 9 mm IVL (first and third column)
and from TUD at 800 rpm and 1500 rpm and 9.5 mm IVL (second and fourth column)
are shown for the middle of compression, around SOI, and late during the compression
stroke. Every 6™ vector is displayed with fixed length.

For 4 mm IVL / 1200 rpm, the spatially averaged velocity magnitude at —-50°CA
is 2.2 m/s. The near-wall velocity, determined as the mean value of the first four rows of
velocity data above the piston, is 5.0 m/s, which coincides with the calculated piston
velocity of 5.1 m/s. This shows that the tumble-flow energy, initially induced by
incoming flow through the intake valve gap, has almost entirely dissipated late in the
compression stroke. Therefore, the flow at 4 mm IVL is mainly induced by the piston
movement. Relative to the other velocity data in Figure 6, the 4 mm IVVL / 1200 rpm case
is the most similar to experiments in a CVC. In the same engine at 9 mm IVL, the velocity
near the piston surface increases to 7.4 m/s, 48% more than in the 4 mm case. In this
engine, increased IVL causes stronger tumble flow preserving the rotational momentum
of the intake flow as gas volume is compressed by the piston. Therefore, the in-cylinder
velocities for 4 mm and 9 mm IVL are both affected by the piston but for 9 mm IVL, the
tumble is a significant part of the bulk flow.

The variation of the engine speed in the TUD engine from 800 rpm to 1500 rpm
increases the mean velocity magnitude above the piston surface from 4.1 m/s to 9.5 m/s,
while the instantaneous piston velocity increases from 2.8 m/s to 5.8 m/s for vector fields
at —40°CA and —45°CA, respectively. At a fixed IVL of 9.5 mm, the intake flow velocity
introduced into the combustion chamber at 800 rpm is initially lower and has more time
to decelerate during the compression stroke compared with 1500 rpm. At the increased
engine speed, higher velocity magnitudes can be observed throughout the entire flow field
and the overall topology of the velocity field, including the tumble flow, is preserved.
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Figure 7: Cylinder pressures peyi (dashed lines) and bulk-gas densities oy (solid line)
calculated via adiabatic compression for all engine operating conditions. The pressure
trace is measured with injection. Target values are shown as black arrows for oy target and

Peyl target.

Figure 7 shows the in-cylinder pressure pcy and bulk-gas density on during the
injection event. o, was calculated via adiabatic compression and the ideal-gas law. The
main source of uncertainty here is the start temperature To for adiabatic compression. If
To =65°C instead of To =80°C is used, then at —47.75°CA in the UDE experiment, o
changes from 3.42 kg/m3 (80°C) to 3.57 kg/m?3 (65°C), a deviation of 4%. Figure 7 also
shows that the pressures pey at SOI for all experiments are similar but slightly below the
ECN target of peyitarget = 6 bar. peyi develops differently during the injection event due to
the differences in IVL, engine speed, adiabatic core temperature Taq (Table 2), and engine
designs. The bulk-gas densities o, at SOI vary in each experiment, since Taq are different
in each operating point. o in the TUD experiment is greater than the target of
otarget = 3.5 Kg/m3 for both engine speeds, while py in the UDE engine is slightly below
the target density at SOI. The case with 9.5 mm IVL / 1500 rpm has the strongest change

in o over the course of the injection.

Spray-flow interaction

In the following section, the interaction of the in-cylinder flow and the spray
injection is discussed. First, spray imaging data is presented and compared with the bulk
flow velocity fields to gain knowledge of the interdependency of the engine speed or IVL
and the spray topology. Afterwards, PIV data obtained during injection are examined to
investigate the spray-flow interaction.

The spatial probability distributions of the liquid spray area for both the UDE and
TUD engines are illustrated in Figure 8. The distributions are generated by adding up the
binary images for multiple cycles at the same time aSOI and dividing by the number of
cycles. The 2D-probability map displays the likeliness of the liquid spray occurring at a
certain pixel visualizing the outlines of the liquid spray as well as cycle-to-cycle
variations (CCV). While distributions from UDE are generated from 11 to 46 non-
consecutive injections depending on the observed crank angle, the probability maps from
TUD take 100 consecutive cycles into account.
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Figure 8: Liquid-spray probability maps as an evolution of the time aSOI from DBI and
Mie scatter imaging. The bottom right of each image shows the number of single shots
which are used. The first four columns are results from UDE and the remaining two are
from TUD.

Comparing the spray outlines from UDE and TUD in Figure 8, the spray
inclination of 8° in the TUD experiment can be observed at 136.2 ps aSOl, but the spray
outlines are still similar in shape to the ones from the UDE experiments. However, while
the central spray axis in the UDE engine points downwards vertically without any plumes
interacting with the spark plug, the tilted spray in the TUD engine slightly brushes the
spark plug whose interference is stronger at 1500 rpm than at 800 rpm. The sprays
injected with a vertically mounted injector at 4 mm IVL /1200 rpm as well as at
9 mm IVL /1200 rpm keep their symmetrical shape throughout the observed timespan
with minor CCV. In contrast, the plumes located closer to the exhaust of the TUD engine
show a slight deformation over time compared to the plumes closer to the intake.

Due to the late-injection strategy, wall impingement can be observed in both
engines as the spray expansion is interrupted by the piston top. For the UDE data, contact
between the spray and the piston surface occurs between 521 ps aSOI and 660 ps aSOl,
while wall impingement in the TUD engine can be observed between 511.2 ps aSOI and
636.2 us aSOl. Since the ambient gas temperatures in the UDE experiments are above
those in the TUD engine (see Table 2), evaporation of the spray takes place faster. This
can be noticed in the fading of the liquid spray at 799 us aSOl in the UDE data compared
to the spray outlines of the TUD data that are still maintained at 761.2 ps aSOI.

A comparison of the probability maps of DBI and Mie scattering data in Figure 8
shows that the angle between the two outer plumes obtained from DBI is broader than in
the Mie scattering images. In addition, DBI reveals deeper spray penetration than Mie
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scattering. These differences may be due to several reasons. First, DBI images are
corrected for local non-uniformities in illumination and detection, which affects
subsequent image segmentation (for detection of the spray outlines) with a global
threshold. However, such a correction is not possible for Mie scattering data. Second, the
method for determining the thresholds is necessarily different for both diagnostics. Third,
it appears that DBI can detect smaller droplets than bottom-illumination Mie scattering.
Beam steering is likely negligible in the UDE DBI experiments as determined by the
geometrical relations given by Westlye et al.* since the emission angle of the light source
is greater than the collection angle of the system.

For greater in-cylinder velocity magnitudes (9 mm IVL /1200 rpm and
9.5 mm IVL / 1500 rpm), it can be observed that the spray is pushed towards the spark
plug. LIF measurements conducted in the UDE engine showed a similar influence of the
tumble motion on the movement of the fully evaporated fuel towards the exhaust of the
combustion chamber.3*

An observation of the CCV of the spray injection by analyzing the probability
map at the spray outlines in Figure 8 shows two noticeable effects. First, looking at the
temporal evolution of the probability distribution for each engine speed and IVL setting,
CCV increases over the course of the spray injection. Early in the injection process, the
spray outlines only vary slightly, while with ongoing evaporation at the edge of the liquid
spray the probability distribution broadens, indicating increasing CCV. Second, the
decrease of the probability at the edges of the spray broadens spatially with increasing
flow velocity magnitude, indicating higher CCV in the outlines of the liquid spray with
increasing engine speed and IVVL. Overall, increasing in-cylinder flow velocities lead to
higher fluctuations in the Spray G injection in both engines.
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Figure 9: Axial penetration and penetration velocity from DBI and Mie scatter imaging

for the Spray G standard condition. DBI results are compared with spray penetration
data from the CVC of Payri et al.®.
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The axial penetration x and penetration velocity Ax/At extracted from DBI and
Mie scatter imaging are displayed in Figure 9. In the left column, DBI data from the UDE
engine are compared with DBI data from CVC experiments obtained by Payri et al.3! In
the early stages of injection, both axial penetrations in the UDE engine at different IVLs
coincide with the penetration measured in the CVC. In the vicinity of the piston surface,
the upward flow driven by the piston movement shown in Figure 6 as well as the
temporally increasing bulk-gas density decelerate the spray expansion in the axial
direction stronger than in the CVC. Still, the deviations between both penetrations
measured in the UDE engine at different I\VVLs are marginal even in the late stages of the
injection.

A comparison of the spray penetrations generated from Mie scatter imaging at
UDE and TUD is shown in the right column of Figure 9. At the beginning of injection,
the axial penetrations in the UDE engine are greater due to the reduced bulk-gas density
v, as shown in Figure 7, which results in higher axial spray velocities compared to the
TUD engine. In this early injection phase, the spray’s penetration and velocity are mainly
determined by the influence of o, on the aerodynamic drag of the spray. Afterwards, at
0.28 ms aSOl, the penetration curves of the TUD and UDE data intersect and the spray
penetrations at TUD subsequently remain greater. Although the bulk-gas densities for
both UDE operating conditions are lower than in the TUD engine for most of the duration
of the injection, the penetrations show a different trend to what was found in CVC
experiments,® where an increase of the bulk-gas density for the Spray G standard
condition generally translates into a decrease of the spray penetration. For example, the
spray penetration of the operating condition 9.5 mm IVVL / 800 rpm, although having a
higher bulk-gas density, subsequently remains larger than at 9 mm IVL /1200 rpm. As
the latter shows a larger upward velocity magnitude, the authors conclude that the counter
flow decelerates the spray expansion and therefore decreases penetration.

While both axial penetrations of the UDE Mie scattering data show only marginal
deviations throughout the entire injection, the two axial penetration curves from the TUD
engine separate in the later stages of the injection after 0.28 ms aSOI. For the TUD
experiments, this can be explained with the increasing difference between the bulk-gas
densities in the late part of the injection and the increased influence of the upward in-
cylinder flow above the piston surface at higher engine speeds causing a more pronounced
deceleration of the spray penetration.

After discussing the spray imaging data in combination with in-cylinder flow
velocity fields in motored operation, the flow structure in the vicinity of the spray is
investigated. This allows a more detailed analysis of the spray-flow interaction.
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UDE TUD TUD
4 mm /1200 rpm 9.5 mm /800 rpm 9.5 mm /1500 rpm

-40°CA / 1.080 ms aSOl

"

Figure 10: Mean vector fields with injection from three different engine experiments.
The scattering of the fuel droplets is masked out in each single shot and a minimum of
25 vectors is required in each position to calculate the mean. The first column is from
UDE (mean of 100 fields showing every 8" vector) and the remaining two are from
TUD (mean of 84 fields showing every 4" vector). The central injector axis as well as
the boundaries of the outer plumes are shown as dashed red lines, the latter representing
the full outer spray angle of 40°.2% Due to problems with the engine hardware, the case
9 mm IVL /1200 rpm from UDE is missing.

Figure 10 displays the mean velocity fields of the bulk flow after fuel injection.
For the UDE engine, data for 4 mm I\VVL / 1200 rpm in the left column are compared to
both operating conditions of the TUD engine. Vector fields from both engines are aligned
such that the vertical position of the injector tip in each row is equal. Masking is applied
to regions with strong reflections within the FOV as well as the spray itself since the
scattering by the spray droplets vastly exceeds that by the seeding droplets. The spray
appears brighter in the TUD engine which results in a larger mask for the spray than in
the UDE data. Apart from different optical arrangements, this may be due to faster spray
evaporation in the UDE engine resulting in less Mie scattering. Masked out areas from
fuel droplets are still visible in the TUD engine after 2.416 ms aSOI while the vast
majority of fuel in the UDE engine has already evaporated at 1.770 ms aSOlI.

The flow fields in the first row of Figure 10 show that a distinctive flow structure
is developed which is caused by the injection of the fuel spray. In all cases, air entrainment
is visible on the outside of the spray plumes, generating large clockwise vortical structures
on the left and counterclockwise on the right side of the spray. At 4 mm IVL /1200 rpm,
the velocity of the air entrainment is highest close to the spray plumes, while the results
from the TUD engine show slightly lower velocities in the same area. The mask of the
spray in the TUD data is larger, hiding velocities as close to the spray plumes as in the
UDE data. Furthermore, the spray is inclined in the TUD engine and therefore interactions
with the in-cylinder flow will be different from those in the UDE engine.

In-between spray plumes, an upward flow is visible in the first row of Figure 10.
As the velocity of the in-cylinder flow is increased by altering the VL and engine speed,
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the velocity in-between plumes is enhanced similarly. Sphicas et al.?? have investigated
the flow field between plumes of Spray G in a high-pressure vessel and found that the
existence of an upward recirculation between spray plumes is vital in preventing spray
collapse. To analyze this behavior in greater depth, the temporal evolution of the spray
angle «ais depicted in Figure 11. In the left column, DBI data from UDE is compared
with CVC data from Payri et al.3! As the fast decrease of o shows, the spray in the CVC
undergoes strong collapse. Initially the spray angle is greater than measured in both UDE
configurations, but by 0.52 ms aSOl it has decreased by 37%. Meanwhile, the spray
angles in the UDE engine both begin at lower initial values but only decrease by 13% for
9mm IVL and 17% for 4 mm IVL in the same time span, indicating reduced spray
collapse at higher in-cylinder flow velocities. Comparing the evolution of the spray angles
from the Mie scattering data shown in the right column of Figure 11, the same trend can
be observed. The combined analysis of the temporal evolution of the spray angle and the
inter-plume flow for engine operation shows that the upward flow during the compression
stroke of an engine supports entrainment from areas away from the spray, thereby
preventing spray collapse.
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Figure 11: Spray angle from DBI and Mie scatter imaging for the Spray G standard
condition. DBI results are compared with data from the CVC.3!

After the injection is finished, a strong influence of the spray-induced flow field
is still visible in the PIV data. This is apparent when comparing velocity fields without
injection (last row of Figure 6) with velocity fields after injection has taken place (last
row of Figure 10) at approximately 2.5 ms aSOI. At 4 mm IVVL / 1200 rpm, the flow field
without injection shows a uniformly upward flow with slight deviations close to the
cylinder head. After injection, most of the velocity vectors have reversed their orientation,
following the injection direction of the spray to a stagnation point a few millimeters above
the piston surface, where the piston-induced velocity direction clashes with the spray-
induced air entrainment even after the spray has already evaporated. Also, at
9.5 mm IVL / 1500 rpm the flow structure is disturbed heavily by the spray, but the initial
momentum of the tumble is still visible at 2.49 ms aSOIl. While for the case of
4 mm IVL / 1200 rpm both spray-induced vortices appear equally strong, the tumble flow
at 9.5 mm IVL / 1500 rpm causes a more pronounced clockwise rotation in the center of
the combustion chamber. This shows that at higher flow velocity magnitudes, the
disturbance of the flow field by the injected spray is less severe than at low IVLs and
engine speeds.
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5. Conclusions

In this study, the late injection of Spray G in two different optical engines is
investigated experimentally. Engine operating parameters and SOI are chosen to fulfill
the ambient conditions of the Spray G standard operating condition. The combination of
spray imaging using DBI and Mie scattering and flow-field measurements by PIV allows
for an analysis of the interaction between the injection and the in-cylinder flow. With
increasing IVL and engine speed, in-cylinder flow velocity magnitudes increase. Here,
several insights into late injection with the Spray G injector in an engine are gathered:

1. Spatial spray probability distributions revealed that CCV increase both over
the course of the injection as well as with an increased in-cylinder bulk flow
magnitude. These observations are both explained by increased turbulent
mixing of the spray with the surrounding flow structures.

2. The temporal evolution of axial spray penetrations is only marginally
influenced by a variation of bulk-flow velocity magnitudes pointing towards
a slight decrease of the spray expansion with increased flow-field velocity. A
comparison with CVC experiments only shows deviations as the piston
approaches the spray, causing wall impingement. Nevertheless, in addition to
the increase in bulk-gas density, the influence of the in-cylinder flow on the
spray development has to be considered in engines operating with late fuel
injection.

3. The upward recirculation flow in-between spray plumes is enhanced by the
in-cylinder flow with increasing engine speeds and IVVLs. This stabilizes the
spray shape, preventing unwanted spray collapse induced by plume-to-plume
interaction as reported by Sphicas et al.??

4. With the SOls in this study, the in-cylinder flow is heavily disturbed by the
spray. If the tumble is weak, it can hardly preserve its initial momentum,
yielding to a flow structure that is characterized by two counter-rotating
vortices caused by air entrainment during injection. For stronger tumble, more
of the initial flow structure survives the injection.

In order to obtain more knowledge on the interactions between in-cylinder flow
and spray injection, further investigations have to be conducted, both at the current
operating conditions as well as at other ambient conditions that are defined for Spray G
by the ECN.
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