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Abstract
Transient engine operation of direct-injection spark ignition engines can result in high particulate number emissions. To
investigate the causes of soot formation, an engine test rig was developed to perform detailed measurements of real
transient operation. For this purpose, a single-cylinder full-metal engine with a real combustion chamber geometry was
equipped with minimally invasive optical accesses. Simultaneous high-speed endoscopic PIV, spray visualization, and com-
bustion imaging were applied to investigate the in-cylinder processes in detail. Endoscopic PIV was first compared in the
central symmetry plane with classical PIV performed at the equivalent optical engine at steady-state operation for verifi-
cation. Then the engine parameters of a tip-in performed by the corresponding four-cylinder engine, which led to high
particle number emissions, were applied to the single-cylinder engine. The engine parameters were in a good agreement
and particle number emissions due to the maneuver were within the same range of several 106 #/cm3. In total, 19 repeti-
tions of the tip-in maneuver were analyzed with respect to the in-cylinder processes and repeatability of engine para-
meters. Furthermore, the in-cylinder flow field during the late compression stroke, flame propagation, and soot
luminosity of single cycles during the tip-in indicated cause-and-effect chains for the formation of pool fire and soot at
the injector tip. The direction of the flow below the spark plug influenced the direction of flame propagation. An early
arrival of the flame enhanced the formation of soot from fuel films formed on the piston surface or at the injector. In
engine applications, counter measures can be applied to reduce the particle number emissions when accounting for
these indicated cause-and-effect chains.
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Introduction

Particulate number emissions from direct-injection
spark ignition (DISI) engines are regulated by legisla-
tion under the EURO 6 standard1 and are expected to
be further tightened under the EURO 7 standard. In
addition, new test procedures have been introduced
that represent more realistic driving conditions, such as
the Worldwide Harmonized Light-duty vehicles Test
Procedure (WLTP) and real driving emissions.2 This
poses a major challenge for engine development, as
transient engine operation can lead to a significant
increase in pollutant emissions.

Load changes, such as acceleration from idle or for
a cold engine, can cause an increase in gaseous and

particulate number emissions.3–5 An emission-critical
maneuver is a positive load step starting from motored
engine operation, also called tip-in. Since the combus-
tion chamber surfaces cool down during motored oper-
ation, wall wetting and as a result soot formation are
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likely to happen during the load step. Sabathil et al.6

investigated the particulate number emissions in the
exhaust of a DISI engine with respect to variations of
engine parameters over time. They found that a load-
step causes significantly more particulate emissions
than the corresponding steady-state operation. An
increase of particulate number emissions during transi-
ent engine operation was also found by Boulouchos
and Kirchen.7 They compared the emissions of a tip-in
and steady-state operation in an internal combustion
engine. Hadler et al.8 found a split injection strategy to
reduce particulate emissions during steady-state opera-
tion. However, this strategy resulted in increased parti-
culate emissions when applied to a tip-in. From this
they derived a higher sensitivity of the injection strategy
to variations of the engine parameters, which led to the
increase in emissions. Since soot formation and particu-
late emissions exhibit cycle-to-cycle variations, tech-
niques for cycle-resolved measurements are needed for
further investigations.9

During transient engine operation, cycle-to-cycle
variations (CCV) overlap with the effects of transients
resulting in variations from transient-to-transient.
Thus, the in-cylinder processes, such as in-cylinder
flow, injection, and flame propagation during transient
operation, are subject to transient-to-transient varia-
tions. CCV have been investigated in SI engines for a
long time.10 For a detailed analysis of cause-and-effect
chains, time-resolved optical measurement techniques
have proven to be useful.11 Stiehl et al.12 for example
have investigated the interaction between the in-
cylinder flow and spray formation using a high-speed
particle image velocimetry (PIV) setup and observed
the impact of the flow on CCV in DISI engines under
steady-state operation. In a further work, Bode et al.13

identified flow field fluctuations which correlated sig-
nificantly with fluctuations of the indicated mean effec-
tive pressure (IMEP). However, for transient engine
operation, the in-cylinder processes were hardly investi-
gated experimentally. In optically accessible research
engines, the in-cylinder flow field was investigated dur-
ing single parameter transients of intake pressure and
engine speed.14 In a full-metal engine, Disch et al.15

investigated soot formation via endoscopic imaging of
soot luminosity during a tip-in at constant engine
speed. They found the probability density of soot
luminosity and its area within the combustion chamber
to vary with changes in start of injection.

Optically accessible engines are often used to investi-
gate in detail specific engine phenomena12,13,16 or to
collect data for the validation of simulations.17–19

Optical engines represent the flow field as well as the
early phase of combustion reasonably well. However,
they can differ strongly from real engines with respect
to in-cylinder pressure traces during combustion and
pollutant emissions.20 On the one hand, this is due to
the large-area optical accesses which show a changed
heat transfer. This leads to higher surface tempera-
tures21 and a shorter ignition delay.22 Additionally, the

typically deeper top land, which prevents the piston
rings from scratching the windows, leads to a delayed

combustion, since the fresh gas from the top land is

only slowly released during expansion.22 It further

leads to a lower temperature and pressure at time of

ignition due to a decreased compression ratio. For this

reason, engines with minimally invasive optical accesses

are essential for studying in-cylinder pollutant forma-

tion. They also extend the accessible load range, which

is typically very limited in optical engines.
The feasibility of endoscopic PIV for the detection

of flow fields was shown in different applications like
an enclosed rotor-stator system,23 a bulb turbine run-
ner,24 and lab-scale flameless mild combustion pilot
furnace.25 Endoscopic PIV allows further in-cylinder
flow field measurements with near-production geome-
tries.26 Dierksheide et al.27 showed the feasibility by
comparing standard PIV with endoscopic PIV in a
multi-cylinder SI engine. Goschütz et al.28 used a large-
aperture endoscope to investigate flame propagation in
a near-production engine. Endoscopic imaging was
used by Schueck et al.29 to localize diffusion flames
within the cylinder and by Disch et al.15 to measure
soot luminosity and to identify inhomogeneities in mix-
ture formation during transient engine operation.

In this work, a single-cylinder DISI engine test rig is
presented, which was designed to investigate the emis-

sion behavior of a near-production engine. The aim

was to investigate the in-cylinder processes and their

interactions within the engine that lead to increased

particulate emissions during transient engine operation.

The developed endoscopic engine is comparable to the

corresponding four-cylinder engine in concerns of ther-

modynamics, soot formation and performance of tran-

sient engine operation. Its optical accessibility enables

measurements of the in-cylinder processes similar to

optical engines. For this purpose, simultaneous endo-

scopic PIV, spray, and combustion visualization via

minimally invasive optical accesses were applied to the

engine with real combustion chamber geometry and the

investigation of a tip-in maneuver is presented.

Experimental set up

Engine

Endoscopic engine. The investigations were conducted in
a single-cylinder DISI engine with a pre-series combus-

tion chamber geometry with a bore and stroke of

78mm. The engine was equipped with a four-valve

cylinder head. A six-hole injector (Bosch HDEV 6) was

placed in the central symmetry plane and the spark

plug was located between the exhaust valves. The pre-

series piston was equipped with real piston rings and

had a top land height of 7mm. The liner was lubricated

with engine oil guided through the piston. The cylinder

head and the liner were water cooled. Further engine

specifications are given in Table 1.
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The cylinder head was equipped with an endoscopic
access with a diameter of 12mm between the intake
valves (IV) and exhaust valves (EV) as shown in
Figure 1. The cylinder liner was equipped with two sap-
phire windows along the central symmetry plane. One
window with a height of 70mm and a width of 8mm
between the intake valves was used as optical access for
the laser sheet for PIV. The other sapphire glass win-
dow with a diameter of 8mm at the opposite combus-
tion chamber wall served for laser alignment purposes.
The glass windows were flush-mounted with the cylin-
der wall and honed together with the cylinder. The
honing structure was then removed as far as possible
from the sapphire glass windows through polishing.
This ensured that the oil was sufficiently well scraped
off the windows by the piston rings that ran over the
windows and enabled the laser to pass through.

To enable transient engine operation, a throttle was
used to control the intake manifold pressure and thus
set the real pressure gradients of the intake manifold

pressure during transients. The pressure inside the air
plenum upstream of the throttle was set to 1200mbar
for all measurements. For the PIV measurements, sili-
con oil droplets (mean diameter of 0.5mm) were seeded
(Palas AGF 10.0D) in the intake flow through two jet-
in-crossflow arrangements positioned opposite of each
other in the intake pipe downstream the throttle. The
varying seeding density during the transients was com-
pensated by an electric proportional needle valve
(response time of 20ms), which controlled the mass
flow through the seeder. A further air plenum between
the seeding feed and combustion chamber ensured
homogeneous mixing of the seeding in the intake air.

Valve timing and valve lift were controlled using a
hydraulic active valve train (Lotus AVT). Engine para-
meters were set on a time scale for each individual cycle
using a parametric table also including triggers for syn-
chronization of the cameras and laser.

Optical engine. To verify the endoscopic PIV measure-
ments within the endoscopic engine, classical PIV mea-
surements were performed on a corresponding single-
cylinder optically accessible engine which was based on
the identical engine design. The experimental set-up
including the optical engine and the classical PIV was
already presented in Hanuschkin et al.30 The main dif-
ferences to the endoscopic engine were the large-area
optical accesses through the piston window and a
35mm high liner made of quartz glass. The optical
engine is used as reference for evaluating the PIV mea-
surement quality during intake and compression stroke,
such that the differing thermodynamics are negligible.
The intake manifold pressure is controlled using a mass
flow controller upstream of the air plenum. The throttle
is replaced with a tube and hence pressure oscillations
develop due to reflections at the connection of the tube
and plenum.

Operational conditions. For the comparison between
endoscopic and classical PIV the same steady-state
operating point was run on both engines. The engines
were operated in a homogeneous charge mode with an
air-fuel-equivalence ratio of 1 and an engine speed of
1500 rpm. The engine parameters are listed in Table.
Time of ignition was controlled to keep 50% mass frac-
tion burned (MFB) constant at around 7�CAaTDC.
Crank angle based engine parameters are referred to

Table 1. Specifications of the endoscopic engine.

Bore 78 mm
Stroke 78 mm
Compression ratio 10.1
Coolant temperature 85�C
Oil temperature 55�C
Fuel Gasoline E10
Injection pressure 350 bar

Figure 1. Experimental setup and side view of endoscopic
engine.

Table 2. Engine parameters for the endoscopic and optical
engine for the verification measurements.

Engine speed 1500 rpm
Intake manifold pressure 750 mbar
Intake valve opening (2 mm valve lift) 32.5�CAaTDC
Exhaust valve closing (2 mm valve lift) 10�CAaTDC
Start of injection 2290�CAaTDC
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top dead center (TDC) of ignition except for valve tim-
ings which are referred to TDC of gas exchange. At
least 150 cycles were acquired for the comparison,
which is a sufficient number of cycles for converged sta-
tistics.18 Figure 2 shows the intake manifold pressure
traces of endoscopic and optical engine together with
the intake valve lift for a single cycle. Differences in the
evolution of the intake manifold pressure are due to the
throttle used at the endoscopic engine, which damps
the pressure oscillation in the intake manifold and
reduces the mass flow of fresh air during the intake
stroke.

The selection of the transient operation of the endo-
scopic engine was part of the investigation. Details are
given in section 3.2.

Endoscopic PIV and imaging

A multi-parameter endoscopic imaging approach was
developed for the investigation of transient engine
operation. The approach included endoscopic high-
speed PIV to gain information on the evolution of
the in-cylinder flow as well as high-speed imaging
of the spray, chemiluminescence, and soot luminosity.
The measurement principle and experimental setup of
classical PIV are summarized by Adrian.31 An analysis
on the perspective error by using endoscopic imaging
for PIV was performed by Reeves and Lawson.32 They
found the perspective error can be significantly reduced
by using stereoscopic imaging. Since stereoscopic PIV
would require two spatially separated optical accesses,
it was not applied within this work due to the spatial
limitations at the cylinder head of the full-metal engine.
Instead, endoscopic PIV was evaluated and the influ-
ence of the perspective error was assessed.

The experimental setup is shown in Figure 1. An
endoscope specially designed for the combustion cham-
ber geometry was used for detection, which is shown
schematically in Figure 1. The endoscope had a diameter

of 12mm on the combustion chamber side and was
fixed to the cylinder head. Locating pins in the cylinder
and endoscope holder ensured reproducible position-
ing. A beam splitter with a maximum reflectivity of
90% in the middle of the endoscope reflected light in
the wavelength range of 540 nm6 60 nm towards the
PIV-camera and transmitted the remaining light in
the range of 300–1000 nm towards the VIS-camera.
The endoscope was mounted at an angle of 27� to the
horizontal plane. A Scheimpflug arrangement was rea-
lized, such that both cameras were focused on the cen-
tral symmetry plane. With a viewing cone angle of 74�
the resulting field-of-view (FOV) was an ellipsoid with
a height of 79mm and a width of 70mm, which is
given by the intersection of the cone of vision with the
central symmetry plane. The magnification close to the
cylinder head (y=0mm) was 0.3 and decreased to 0.1
towards the piston (y=260mm). Figure 3 shows a
schematic drawing of the trigger signals for synchroni-
zation of the cameras and the laser pulses (L1 and L2).

Chemiluminescence and soot luminosity. The VIS-camera
(Phantom v1611, color) was operated at
fVIS=11.2 kHz providing an image every 0.8� CA at
1500 rpm. The exposure time was set to texp,VIS=70ms
which gives the temporal resolution of chemilumines-
cence and soot luminosity imaging. The depth of field
along the optical axis was calculated via the endoscope
specifications of the manufacturer and was about
20.1mm for the VIS-camera.

PIV and spray. For illumination of the seeding particles
used for PIV and the spray the beam of a frequency
doubled dual-cavity Nd:YVO4 laser (Edgewave,
532nm, 0.7mJ/pulse) was formed into a light sheet by
the combination of a cylindrical concave lens (f=250
mm), a spherical lens (f=700mm) and the concave
sapphire glass entrance window (f;250mm). The laser
sheet 65mm in height and ;330mm thick was used to
illuminate the central symmetry plane. A quarter-wave
plate was placed in front of the laser exit to reduce the
dependency of light scattering on the polarization of
the laser light.

Figure 2. Intake manifold pressure of endoscopic and optical
engine and intake valve lift of a single cycle.

Figure 3. Schematic drawing of the trigger signals.
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A proper alignment of the laser within the engine
with pre-production geometry is challenging. For a
basic alignment of the laser sheet, similar to optically
accessible engines, the cylinder head was unmounted
and customized targets were placed in the combustion
chamber. When the cylinder head was reinstalled, addi-
tional customized targets were used to check the laser
position and angle at the entrance window, the middle
of the combustion chamber and at the end of the com-
bustion chamber through the small sapphire glass exit
window. To adjust the beam overlap of the two laser
cavities, the beam profile was measured in the near and
far field using a beam profiler (DataRay WinCamD).
As the cylinder head was removed the beam profiler
was positioned in the middle of the combustion cham-
ber. To check and readjust the beam overlap with the
cylinder head installed, a plano-concave lens of approx-
imately the same focal length as the sapphire glass
entrance window was positioned in the straight path of
the last mirror so that the resulting beam profile corre-
sponded to that inside the engine.

Figure 4 (left) shows a representative part of the laser
sheet profile measured with the beam profiler in the
middle of the combustion chamber. The production-
related honing structure on the sapphire glass windows
was removed by polishing. Nevertheless, some cracks
remained in the sapphire glass window which partially
lead to a reduction of the laser intensity. This is also evi-
dent from the profile of the laser intensity I along the
center line of the laser sheet at x=0.74mm in Figure 4
(middle). Figure 4 (right) shows the laser sheet thickness
2v0 along the measured laser sheet profile. The average
laser sheet thickness is about 2v0=330mm and

significant variations can only be seen in case of larger
cracks in the sapphire glass.

For PIV, the scattered laser light from silicon oil dro-
plets (;1mm in diameter) used for seeding was focused
on the PIV-camera (Phantom v1611). The PIV mea-
surements were performed in double-frame mode at
fPIV=5.6kHz resulting in a temporal resolution of 1.6�
crank angle (CA) at 1500 rpm. The laser pulse separa-
tion dt was adjusted for each engine operation and for
various crank angle ranges, and it varied between 8 and
48ms. The temporal resolution of the spray visualiza-
tion of 1.6�CA was given by the repetition rate of a sin-
gle cavity of the PIV laser which was used for spray
illumination. For the detection path of the PIV-camera,
a much smaller depth of field was aimed in order to
provide focused images of a large area of the combus-
tion chamber. The depth of field along the optical axis
was around 3.9mm.

Due to engine displacements during transient engine
operation and engine vibrations, all components, endo-
scope, cameras, and engine were firmly connected to
each other to avoid relative movements of individual
components. Furthermore, a mass balance on the crank
case was adapted to minimize engine vibrations.

PIV processing

For PIV processing the commercial software DaVis
8.4.3 (LaVision) was used. First, a distortion correction
was performed using a calibration target positioned in
the central symmetry plane. For this purpose, the endo-
scope had to be disassembled and the cylinder head
removed. Locating pins in the cylinder and endoscope
holder ensured a reproducible positioning of the endo-
scope. The spark plug in the images was used to check
the position. In the case of shifts of individual pixels
between the target image and the current measurement,
a corresponding linear shift was first performed before
the distortion correction was carried out using the tar-
get image. A pinhole camera model was used due to
the angle of the optical axis towards the imaging
plane.33,34 The resolution was about 0.11mm/pixel. In
combination with the laser pulse separations this
resulted to a theoretically resolvable velocity range of
about 1–110m/s.35

Figure 5 (left) shows a particle image after distortion
correction. At the left and right border of the image
direct reflections from the cylinder wall and a strong
reflection from the piston surface were visible.
Scattered light from the seeding particles reflected by
the combustion chamber surfaces further reduced the
image contrast. Therefore, the image contrast depended
on the piston position and the seeding density, respec-
tively. An enhanced image contrast decreases the uncer-
tainty of the particle image position.36 To compare the
particle images before and after the preprocessing, the
root-mean-square contrast37 was calculated, given by

Figure 4. Laser sheet profile in the middle of the combustion
chamber (left), profile of the laser intensity I along the center line
at x = 0.74 mm (middle) and laser sheet thickness 2v0 (right).
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with the normalized gray level intensity of 04Ii41,
and was Cs = 0.085 for an interrogation window of
32 3 32 pixel (red square). To increase the image con-
trast, a preprocessing was applied. First, a time filter
was applied to the particle raw images subtracting the
minimal intensity of each pixel of all cycles to increase
the image contrast. Furthermore, a subtraction of the
moving average with a window size of 12 pixel and an
intensity normalization with a window size of 16 pixel
was applied to each image. Figure 5 (right) shows the
resulting pre-processed particle image. The image con-
trast within the interrogation window was increased to
Cs = 0.142.

The cross correlation for PIV was calculated with a
decreasing interrogation window size from 64 3 64 pix-
els to 32 3 32 pixels in three iterations with a window
overlap of 75%. This resulted in a mean vector spacing
of about 1.0mm. Spurious vectors with a peak ratio
\ 1.8 were removed and replaced iteratively using two-
times median filtering with subsequent 3 3 3 smooth-
ing operation.

Results

Verification of endoscopic PIV

The feasibility of endoscopic PIV in internal com-
bustion engines was already shown.26,27 For the
verification of the endoscopic PIV the reflections,
multiple-scattering of the laser and beam profile inho-
mogeneities have to be considered as well as the distor-
tion and perspective errors due to endoscopic imaging.
This makes a direct comparison using only one engine
impossible, which is why measurements of an optical
engine with identical geometry were used here for veri-
fication. Figure 6 shows the phase-averaged flow fields
of the endoscopic (left) and optical engine (right) for
the joint field of view. For orientation the contours of
the cylinder head, the piston and the intake valves are

shown. Furthermore, an ellipse (black face) masks the
part of the combustion chamber that is covered by the
intake valve in the endoscopic engine. The vectors,
whose length are normalized by their magnitude, indi-
cate the flow direction and the color map the velocity
magnitude. During the intake stroke at about -
288�CAaTDC (top) the flow fields above y=220mm
are in reasonable agreement regarding their direction
and magnitude. Below that there are discrepancies
especially on the right side where the magnitudes are
higher within the optical engine and the flow is more
directed towards the intake valves. During compression
at about 291�CAaTDC (bottom) there is a good agree-
ment of the velocity magnitudes and a well-formed
tumble flow is found. The tumble centers are located at
approximately the same position in the x-direction,
whereas the tumble center in the optical engine is
located about 3.5mm higher.

A more detailed comparison is given by the profiles
of the phase-averaged velocity magnitude and standard
deviation in Figure 7. At 2288�CAaTDC (top) the
velocity magnitude of the endoscopic engine (red) and
the optical engine (black) show good agreement along
y=220mm. Along x=0mm, the profiles for y .

220mm diverge and show higher magnitudes for the
optical engine, whereas the standard deviations of the
velocity magnitudes are nearly identical. Differences in
velocity magnitude can be caused by the high-frequency
oscillations of the intake manifold pressures which are
different for the endoscopic and optical engine as
shown in Figure 2. Welch et al.38 found similar effects
in the flow field of an optical engine and discussed it in
more detail. At 291�CAaTDC the flow field of the
endoscopic engine is shifted by 0.5mm in x and 3.5mm
in y-direction. Figure 7 (bottom) shows the correspond-
ing profiles through the tumble center coordinates yTC
and xTC. Overall the velocity profiles agree well in mag-
nitude and standard deviation.

The velocity differences are, with the exception of
the high velocity region near the intake valves during
the intake phase (2288�CAaTDC), less than 3m/s. This
is within the range of the uncertainty of the endoscopic

Figure 5. Distortion corrected particle image (left); particle image after preprocessing (right). The gray value intensities are shown
according to the colorbars.
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Figure 6. Phase-averaged flow fields of endoscopic engine (left) and optical engine (right) at about -288�CAaTDC (top) and
291�CAaTDC (bottom) for the joint field of view. Length of each vector is normalized by its magnitude and velocity magnitudes are
shown according to the colorbar.

Figure 7. Profiles of the velocity magnitudes of endoscopic (red) and optical engine (black) along y = 220 mm (top left) and
x = 0 mm (top right) at about 2288�CAaTDC, and along the lines through the corresponding tumble center coordinates yTC

(bottom left) and xTC (bottom right) at about 291�CAaTDC.

Fach et al. 1579



PIV of about 0.7–2.7m/s determined according to
Wieneke.35 Due to the angle of the endoscope to the
measurement plane and the large viewing angle of 35�,
the measurement represents a superposition of the in-
and out-of-plane velocity components. This biases the
interpretation of instantaneous flow fields compared
to standard 2D PIV measurements where the influence
of the out-of-plane velocity component can be
neglected as described in more detail by Geis et al.,23

Dierksheide,27 Reeves and Lawson32. However, for the
comparison of the phase-averaged flow fields this
effect is not important, because the out-of-plane velo-
city component in the measured central symmetry
plane is statistically zero.

Application of real transient operation

The aim of the following study was to investigate in
detail the frequently observed increase of particle emis-
sions during transient events.6,8 A tip-in was selected
which showed a significant increase in particle number
emissions during the WLTC of the corresponding four-
cylinder engine with the same combustion chamber
geometry. The tip-in included 10 cycles of motored
engine operation followed by a load-step over 37 cycles.
The start of injection (SOI) was set to -290�CAaTDC
for all cycles of the load-step. The maneuver was per-
formed at an engine speed of 1400 rpm. Furthermore, a
Miller cycle together with asymmetric intake valve lifts
was implemented. Figure 8 shows the evolution of the
valve timings (left) of the intake valves (solid line) and
exhaust valves (dashed line), the intake manifold pres-
sure (middle) and the indicated mean effective pressure
IMEP (right) over the cycles of the tip-in maneuver
performed on the four-cylinder engine (red lines) and
applied to the endoscopic engine (black lines). Cycle 1
indicates the first cycle of the load step. While the
exhaust valve timing remained unchanged at

223�CAaTDC within the first 11 cycles, the intake
valve timing was shifted from 28�CAaTDC towards
the TDC of gas exchange (10�CAaTDC) to increase
the amount of fresh air in the cylinder. The internal
exhaust gas recirculation was increased in two steps by
first shifting the exhaust valve timing to TDC in the
following 10 cycles, and by a second shift starting with
cycle 29. At the same time, the intake manifold
pressure was increased from 0.334 bar to 0.947 bar,
with the highest gradient between cycle 10 and 20. The
resulting IMEP increased from about 1 bar up to
more than 4 bar. Due to the Miller cycle, the turbu-
lence intensity was reduced and 50% MFB was in the
range of 5–20�CAaTDC depending on spark timing.
Particle number emissions from the four-cylinder
engine, divided by the number of cylinders, had peak
values of about 9 3 106 #/cm3 and the accumulated
particle number emissions was about 237 3 106 #/cm3

during the tip-in, as measured by a particle number
counter (AVL APC 489).

All relevant engine parameters of the four-cylinder
engine during the tip-in were applied to the endoscopic
engine, such as Miller cycle strategy, valve timings,
intake manifold pressure, injection, and ignition tim-
ings. This also included an air-fuel-equivalence ratio of
0.8. Since the endoscope window fouled after only a
few repetitions due to soot contamination, leaner mix-
tures were successively applied. However, the overall
evolution and sources of soot formation remained, but
were reduced in total soot particle number. At an air-
fuel-equivalence ratio of 1, the contamination of the
endoscope was reduced sufficiently, such that several
repetitions of the tip-in could be acquired. The aver-
aged engine parameters of the endoscopic engine (black
lines) were in a good agreement with those of the four-
cylinder engine. Variations in the setpoint value change
using the parametric table approach lead to an uncer-
tainty of half a cycle for each engine parameter. The

Figure 8. Valve-timings (left) of exhaust valves (dashed line) and intake valves (solid line), intake manifold pressure (middle) and
IMEP (right) over the cycles along the tip-in. Averaged engine parameters of the endoscopic engine (black lines) with cycle-based
deviation (gray area) and single maneuver of the four-cylinder engine (red lines).
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higher IMEP was due to the difference in the air-fuel-
equivalence ratio of 0.8 in the four-cylinder engine and
1 in the endoscopic engine.

Thus, the particle number emissions measured in the
exhaust of the endoscopic engine had a lower
peak value in the order of 4.8 3 106 #/cm3 and lower
accumulated particle number emissions of about
121 3 106 #/cm3. The cycle-based standard deviation
of the engine parameters (gray area in Figure 7) can
barely be seen indicating small fluctuations and a good
reproducibility along the maneuver. The comparable
particle number emissions together with the small
cycle-based standard deviation of the engine para-
meters demonstrate that the endoscopic engine test rig
is able to perform real transient engine operations with
comparable particle number emissions to the four-
cylinder engine.

Multi-parameter imaging during tip-in

In this section individual tip-in maneuvers applied to
the endoscopic engine are examined. Endoscopic PIV,
spray, flame and soot visualizations were performed
simultaneously during all 37 cycles of the tip-in maneu-
ver. The maneuver was repeated 19 times in sets of five
repetitions before the front lens of the endoscope had to
be cleaned. During transient engine operation, changes
in engine parameters are overlapped by cycle-to-cycle
variations leading to transient-to-transient variations.
A single cycle analysis offers insights into different
effects during individual tip-in.

Intake manifold pressure varied over a wide range
during tip-in. Since the in-cylinder pressure corresponds
to the intake manifold pressure when the intake valves
are opened, it influences the spray formation. If the in-
cylinder pressure at the start of injection is lower than
the saturation vapor pressure of the injected fuel, flash-
boiling may occur.39 It was found especially during the
early cycles of the tip-in, as discussed further for spray
images of representative cycles. Figure 9 shows instanta-
neous spray images at 2285�CAaTDC of cycle 5, 15, 25,
and 35 along the tip-in. Spray images were not corrected
for barrel distortion because the spray plumes of the
6-hole injector were outside the central symmetry plane

and mostly illuminated by multiply scattered light. At an
average intake manifold pressure of 0.425 bar, the spray
image of cycle 5 shows a collapsed spray due to flashboil-
ing and a strong interaction between the spray and the
piston surface during the early stage of injection. With
an increased average intake manifold pressure of about
0.628 bar in cycle 15 no spray collapse was observed.
The spray angle continued to increase, as the spray pat-
tern of cycle 25 shows. No further evolution of spray for-
mation was visible in the spray pattern of cycle 35, as the
average intake manifold pressure rose from about 0.875
bar in cycle 25 to 0.914 bar in cycle 35. Flashboiling
occurred up to cycle 12 with an average intake manifold
pressure of about 0.522 bar. Flashboiling supports the
formation of fuel films on the piston surface within this
cycle range, which can lead to pool fire. Since the cycle-
based standard deviation of the intake manifold pressure
was small for all 19 repetitions, flashboiling was found in
the discussed cycle range at all repetitions of the
transient.

Figures 10 and 11 show flow fields at -51�CAaTDC
(left) for two single acquisitions of cycle 7 and cycle 27,
respectively. In addition to the reduced flow velocity
due to the Miller cycle, the asymmetric intake valve lifts
lead to unstructured in-cylinder flow fields consisting of
multiple small flow structures during compression. The
flow fields at 251�CAaTDC show no overall directed
flow structure as usually observed in high tumble SI
engines. The velocity magnitude in the region of interest
(red square) was below 10m/s with an uncertainty of
up to 1.6m/s.

Figures 10 and 11 (middle and right) show the
broadband detected flame and soot luminosity. Due to
the three-dimensionality of the flame, the images were
not corrected concerning the barrel distortion. A white
balance of the images recorded with the high-speed
color camera was performed using a white calibration
pattern illuminated by white LEDs within the cylinder.
Hence, the blue flame of the early combustion can be
distinguished from the yellow to red luminosity of the
soot. In addition to the cylinder head, the edge of the
piston crown is shown schematically by the outer and
inner curved white lines to assign the soot luminosity
to pool fire.

Figure 9. Instantaneous spray images at 2285�CAaTDC of cycle 5, 15, 25 and 35 along the tip-in.
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In Figure 10 (top), the combustion image at
216.5�CAaTDC (20�CA after start of ignition) illus-
trates a flame propagating towards the intake valve and
piston. The combustion image at 90% MFB shows a
large diffuse weak luminosity, which is associated with
soot generated in the gas phase, and a strong orange
luminosity with very distinct structures on the piston
surface, which is associated with pool fire. For this
cycle the flow has no clear flow structure and low velo-
city magnitudes within the region of interest. In Figure
10 (bottom), the combustion image at 216.5�CAaTDC
(20�CA after start of ignition) shows a flame propagat-
ing towards the cylinder head. This correlates with an
upward directed flow which is formed beneath the
spark plug within the region of interest. Furthermore,
there is no pool fire in the combustion image at 90%
MFB, but some soot at the injector due to fuel dripping
from the injector. The combustion images at 90%
MFB of cycle 7 show an overall intense soot luminosity
within the gas phase for both cases but a different pool-
fire behavior was observed.

A later cycle of the tip-in maneuver cycle 27 is
shown in Figure 11. Figure 11 (top) shows a flow field
directed towards the piston and the intake valves in
the region of interest (red rectangle). In the combus-
tion image at 212�CAaTDC (20�CA after start of
ignition), the flame propagates in the same direction
as the flow field as its highest intensities are in the

middle of the combustion chamber above the piston
crown. Pool fires are visible in the combustion images
at 90% MFB especially at the piston crown below the
intake valves. In Figure 11 (bottom), an upward
directed flow is formed below the spark plug. The
flame propagates in the combustion image at
212�CAaTDC (20�CA after start of ignition) directly
towards the cylinder head. In comparison to Figure
11 (top), at 90% MFB less pool fire is visible but soot
forms at the injector.

The single cycle analysis of the flow field and com-
bustion images indicate cause-and-effect chains with
respect to pool fire and soot around the injector. The
direction of the flow below the spark plug at
251�CAaTDC influences the direction of flame propa-
gation. Bode et al.40 found flow structures to influence
the propagation direction of the spark and hence the
early flame kernel by correlation analysis of scanning
PIV and spark visualization. If fuel films form on the
piston surface or at the injector, soot formation from
the fuel films is enhanced by an early arrival of the
flame.

Conclusion

A single cylinder DISI engine test rig was developed to
investigate the in-cylinder processes during real transi-
ent engine operation. For this purpose, a single cylinder

Figure 10. Flow fields at 251�CAaTDC (left), images of combustion at 216.5�CAaTDC (middle) and at 90% MFB for single
acquisitions of cycle 7 from two different repetitions of the tip-in maneuvers. Vectors are normalized to their magnitude indicated by
the background with velocities according to the colorbar (bottom).
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engine with minimally invasive optical accesses with a
real combustion chamber geometry was set-up. In com-
parison to the optical engine, a realistic engine behavior
with regard to emissions, in this case soot, was demon-
strated due to the omission of the large windows and
the associated deep piston crevice. In addition, signifi-
cantly higher loads can be realized. The engine para-
meters of the equivalent four-cylinder engine during a
tip-in maneuver were applied to the single-cylinder
engine resulting in comparable particle number emis-
sions within the same range of several 106 #/cm3. The
differences in particle number emissions and IMEP
were due to a different setting of the air-fuel equivalence
ratio to minimize fooling of the endoscopic access. The
transient-to-transient variations indicated by the cycle-
based standard deviations of the engine parameter
showed a good reproducibility of the tip-in.

Simultaneous endoscopic PIV, spray and combus-
tion visualization were applied to the single cylinder
engine. An oval-shaped sapphire glass window in the
liner enabled laser sheet illumination in the central sym-
metry plane, despite unchanged piston geometry and
piston rings that scraped the engine oil, used for lubri-
cation, from the glass surface. The endoscopic PIV was
verified by comparing the phase-averaged flow fields of
a steady-state operating point with those of the corre-
sponding optical engine. A good agreement was found
in the structure of the flow fields and the velocity mag-
nitudes. Together with contrast enhancing pre-

processing, a good data quality of the endoscopic PIV
was found. Modifications on the test rig regarding the

control of seeding density enabled endoscopic PIV dur-

ing real transient engine operation.
The multi-parameter measurements during tip-in

were used for a cycle-based analysis of the in-cylinder

processes. By spray visualizations a collapse of the

spray due to flashboiling within the first 12 cycles of the

tip-in was found. The collapsed spray can be a cause for

the formation of pool fires found during this part of the

tip-in. Simultaneous endoscopic PIV and combustion

visualization revealed cause-and-effect chains regarding

the formation of pool fire on the piston and soot at the

injector. The direction of the flow field below the spark

plug determines the direction of flame propagation

which promotes the formation of soot at the respective

areas of the combustion chamber. In future work, a sta-

tistical analysis of the multi-parameter measurements

will be performed to further investigate the cause-and-

effect chains. In addition, a comparison of transient

and steady-state operating points will be performed to

analyze the effect of the transient operation on the in-

cylinder processes.
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Figure 11. Flow fields at 251�CAaTDC (left), images of combustion at 212�CAaTDC (middle) and at 90% MFB for single
acquisitions of cycle 27 from two different repetitions of the tip-in maneuvers. Vectors are normalized to their magnitude indicated
by the background with velocities according to the colorbar (bottom).
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17. Peterson B, Baum E, Böhm B, et al. Early flame propaga-

tion in a spark-ignition engine measured with quasi 4D-
diagnostics. Proc Combust Inst 2015; 35: 3829–3837.
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