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Abstract Near-wall processes in internal combustion engines strongly affect heat
transfer and pollutant emissions. With continuously improving capabilities to
model near-wall processes, the demand for corresponding measurements increases.
To obtain an in-depth understanding of the near-wall processes within spark-
ignition engines, flame distributions and flow fields were measured simultaneously
near the piston surface of an optically accessible engine operating with homo-
geneous, stoichiometric isooctane-air mixtures. The engine was operated at two
engine speeds (800 rpm and 1500 rpm) and two different intake pressures (0.95 bar
and 0.4 bar). Flame distributions at high spatial resolution were conducted us-
ing high-speed planar laser induced fluorescence of sulfur dioxide (SO2). Particle
tracking velocimetry was utilized to measure the flow field above the piston at
high spatial resolution, which enabled the determination of hydrodynamic bound-
ary layer profiles. Flame contours were extracted and statistical distributions of the
burnt gas area determined. The burnt gas distributions were compared with the
simultaneously recorded high-speed flow field measurements in the unburnt gas.
A direct comparison with motored engine operation showed comparable boundary
layer profiles until the flame approaches the wall. Flow acceleration due to flame
expansion rapidly increases velocity gradients and the boundary layer develop-
ment becomes highly transient. The interaction of flame and flow depends on the
operating conditions, which results in a different evolution of burnt gas positions
within the field-of-view. This has additional implications on the development of
the velocity boundary layer. Depending on the operating conditions, the flame
strongly affects the velocity boundary layer profiles resulting in boundary layer
thicknesses in the order of the flame thickness (50 µm to 150 µm).
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1 Introduction

The near-wall reacting flow within internal combustion (IC) engines play an im-
perative role in the design of cleaner, more efficient engine technologies. Modern
IC engines are designed with lower cylinder volumes and higher power densities
to achieve appreciable gains in fuel efficiency (i.e. lower CO2) and are intended as
compatible powertrains within hybrid-electric vehicles. These downsized, boosted
engine concepts, however, are subject to increased heat losses at chamber surfaces,
which will considerably affect engine efficiency and pollutant emissions (e.g. un-
burned hydrocarbons and CO formation) [2]. In spark-ignition (SI) engines, gas
phase convection is regarded as the primary mechanism of near-wall heat trans-
fer [10,9]. This heat transfer is largely governed by the mass and energy transfer
processes occurring within the boundary layer adjacent to chamber surfaces.

In engines, the energy transport in boundary layers is not well understood.
In particular, the wall-bounded flow is unsteady and the outer fluid is not con-
stant in pressure, temperature or velocity. Consequently, the boundary layer is
not spatially uniform or fully developed; it quickly deviates from established the-
ory [23]. IC engine simulations based on RANS (Reynolds Average Navier Stokes)
simulations and LES (Large Eddy Simulations) utilize wall models and empirical
formulas to predict the energy transfer at chamber surfaces [22,4,20,9]. Most wall
models are based on established theory (e.g. law-of-the-wall, originally developed
for steady channel flows [23]). Recent experimental and DNS (Direct Numerical
Simulations) studies report strong deviations of engine boundary layers compared
to the law-of-the-wall [12,15,21,24]. Most empirical formulas are based on heat
flux measurements associated with individual engines and operating conditions
[4,20]. While empirical formulas can yield agreeable findings with measurements
performed within a single engine, most formulas are not universal and do not
provide accurate findings at different operating conditions or for different engine
platforms. The inability to predict energy transfer at chamber surfaces rivals the
ability to predict the motored engine pressure trace accurately. This, in turn, is
critical as the pressure trace defines the thermodynamic environment, which must
be predicted accurately in order to effectively simulate other processes such as
injection, ignition, flame development, heat release and exhaust emissions.

Experimental measurements resolving the governing processes within bound-
ary layers are required to improve our understanding of energy transfer processes
at engine surfaces and to provide valuable data for wall model development. As
convection plays a dominant role near surfaces in SI engines, many researchers have
focused on hydrodynamic boundary layer measurements. Several studies have em-
ployed Laser Doppler Anemometry (LDA) to resolve gas velocities near engine
surfaces [8,6,19]. While such measurements have provided relevant trends of the
ensemble-average hydrodynamic boundary layer structure, LDA measurements are
only capable of providing a single, localized velocity vector per measurement. This
makes it challenging to understand relevant flow-field behavior that influences
the boundary layer structure. In comparison to conventional particle image ve-
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locimetry (PIV) approaches, hybrid PIV and particle tracking velocimetry (PTV)
techniques are better suited to resolve flow gradients [13]. Hybrid PIV/PTV and
micro PIV techniques have significantly advanced the ability to measure near-wall
flow fields and study boundary layer flows within engines [1,12,15,21,25,5]. In-
vestigations utilizing PIV/PTV techniques have revealed several sub-millimeter
vortices moving through the outer boundary layer in engines and have shown dis-
crepancies of the engine boundary layer compared with the law-of-the-wall. For
example, previous investigations have shown velocity profiles exhibiting a viscous
sublayer region, but no evidence of a logarithmic layer [12,15]. Similar deviations
from the law-of-the-wall have also been reported in recent DNS studies of an
engine-like flow [24]. Based on such findings, MacDonald et al. [15] hypothesized
that the turbulence in the boundary layer depends on the balance between the tur-
bulence generated by wall-shear and the core flow. Shimura [25] performed PTV
measurements in an engine above the piston and found a closer resemblance to
the laminar Blasius solution than to the law-of-the-wall. However, this particular
finding was found to be crank-angle (CA) dependent. The non-stationary flow, the
pressure gradient due to compression, and the influence of the tumble flow were
given as reasons for this dependency. These aforementioned findings have greatly
contributed towards the development of more predictive wall models for RANS
and LES-based simulations (e.g. [14]).

While previous investigations provide an improved understanding to bound-
ary layer flow in engines, they have been limited to non-reacting flow conditions.
Ding et al. [5] recently performed PIV/PTV measurements above a piston in an
optically accessible engine to resolve the transient near-wall flow development as-
sociated with an approaching flame front. Their measurements revealed unburnt
gas flow acceleration ahead of the flame as the flame approached the piston sur-
face. This flow acceleration, accredited to flame expansion, rapidly increased the
velocity gradients at the wall, and decreased the unburnt gas boundary layer thick-
ness. Measurements revealed stark contrast to the non-reacting boundary layer,
which did not exhibit strong transient flow behavior. Moreover, their measure-
ments showed a strong interdependency between the near-wall velocity magnitude
and flame development, which apparently influenced subsequent combustion. In
particular, near-wall velocity magnitude, controlled in part by localized flow out-
side of the boundary layer, played a contributing factor to boundary layer behavior
and near-wall flame development. This analysis reveals the need to study bound-
ary layer flow and flame development for significant differences in the in-cylinder
flow features (e.g. tumble flow).

This work investigates the influence of the flame on the evolution of the bound-
ary layer flow for different operating conditions that produce global differences of
the in-cylinder tumble flow motion. The flame and near-wall flow are measured si-
multaneously above the piston surface of an optically accessible SI engine by means
of PIV/PTV and planar laser induced fluorescence (PLIF) of sulfur dioxide (SO2).
Measurements are performed at kHz repetition rates to resolve the near-wall flow
field and flame distribution at near-CA resolution. These measurements are com-
plemented by PIV measurements in a larger field of view to characterize the global
tumble motion with respect to the operating condition. The operating conditions
focus on variations combinations of engine speed (800 rpm and 1500 rpm) and in-
take pressures (0.4 bar and 0.95 bar), for which boundary layer flows in the same
engine under motored operation were recently reported [21].



4 Marius Schmidt et al.

Table 1 Engine operating conditions

Operating conditions A B C D

Engine speed (rpm) 800 800 1500 1500
Avg. intake pressure (bar) 0.95 0.40 0.95 0.40
Avg. intake temp. (K) 311 314 303 310
Spark timing (◦CA aTDC) -14.2 -22.2 -22.2 -27.2
IMEP (bar) 5.7 1.9 6.2 2.1
CoV (bar) 1.2 2.2 1.5 2.4
Pmax (bar) 31.5 9.9 33.9 12.7
Pmax (◦CA aTDC) 9.4 14.5 8.7 8.2
Laminar flame thickness at −5 ◦CA(µm) 45 159 39 108

2 Experimental Setup

2.1 Engine and operating conditions

Measurements were performed in a single-cylinder spray-guided direct-injection
spark-ignition (SG-DISI) optical engine. The engine is equipped with a 4-valve
pentroof cylinder head, centrally mounted spark plug, and centrally mounted in-
jector. Optical access is provided through a quartz-glass cylinder and a flat piston
window. The engine has a bore and stroke of 86 mm and a geometric compression
ratio of 8.7. The engine is embedded in a test rig facility that allows controlled
and repeatable operating conditions. Further details of the engine and test rig are
described in [3,7].

The engine was operated with port fuel injection of stoichiometric isooctane-
air mixtures. Fuel injection took place 1.4 m upstream of the engine to provide
homogeneous fuel-air mixtures into the engine. Four operating conditions were
investigated as summarized in Table 1. This included a variation of engine speed
(800 rpm and 1500 rpm) and intake pressure (0.4 bar and 0.95 bar). The spark
timing was adjusted for each operating condition to have a maximum in-cylinder
pressure at about 9 ◦CA (crank-angle degrees) aTDC (after compression top dead
center). The measurements presented in this manuscript coincide with a compre-
hensive velocimetry and reacting flow database for this optical engine [3,29,17],
which includes recent investigations of engine boundary layer flows [5,21].

2.2 High-resolution flame and flow diagnostics

Figure 1 shows the experimental setup for the simultaneous flame and flow mea-
surements. For flame imaging, PLIF of the inert tracer SO2 was used. The fluores-
cence of SO2 has been proven to be a good flame marker since it increases with the
local gas temperature [11]. SO2 was seeded into the intake air at a concentration
of 1.1 vol%. A frequency-quadrupled Nd:YAG laser (Edgewave, INNOSLAB) ex-
cited SO2 with a repetition rate of 8.2 kHz and energy of 0.36 mJ/pulse. The laser
light was formed into a sheet (15 mm width, 180µm FWHM thickness) and ver-
tically guided into the engine through a Bowditch piston. The fluorescence signal
was detected in the tumble symmetry plane using an image intensifier (HS-IRO,
LaVision) with 100 ns exposure to suppress flame luminosity. A CMOS camera
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Fig. 1 Experimental setup

(Phantom v711, Vision Research) recorded the intensified signals. The intensifier
was equipped with a 150 mm lens (Halle, f/# = 2.5) and 145 mm extension rings
providing a magnification of M = 1.6 (80.6 pxl/mm). A corrective lens was used
to correct optical aberrations induced by the cylinder glass. The optical resolution
(101µm) was determined using a Siemens star target. The PLIF system recorded
a 12×9 mm2 field-of-view (FOV) near the piston surface. The FOV was slightly
offset from the cylinder axis towards the spark plug where the flame can be studied
during its early development phase. The reader is referred to [17,16] for further
information of the early flame kernel development in other regions of the cylinder
within this engine.

The flow field was measured in the central symmetry plane using a hybrid
PIV/PTV technique. Silicone oil droplets (DOWSIL 510, Dow Corning; 0.5 µm di-
ameter) were seeded into the intake air. The particle response time was estimated
to be 0.42 µs for the in-cylinder conditions after ignition [27]. This is negligible
compared to the laser pulse separation of dt = 8µs and the time scales of the
flow (Kolmogorov time scale tη = 80µs to 200 µs). The particles were illuminated
with a frequency-doubled Nd:YAG laser (Edgewave, INNOSLAB). A laser sheet
was formed (20 mm width, 60 mm FWHM thickness) overlapping the same path
as the UV laser and guided into the engine. Mie-scattering was detected using a
CMOS camera (Phantom v711, Vision Research) equipped with a 180 mm macro
lens (Sigma, f/# = 8) and 45 mm extension rings. The camera was slightly tilted
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vertically to reduce vignetting at the piston. A corrective lens was used to re-
duce optical aberrations due to astigmatism. The magnification was M = 1.9 (95
pxl/mm).

All cameras and lasers were synchronized to the crank shaft with a timing unit
(HSCv2, LaVision). For a given recording, five work/rest sequences (250 fired and
350 motored (non-fired) cycles for 800 rpm, 250/875 for 1500 rpm) were performed
and measurements were recorded for the last 100 fired cycles of this sequence. For
each operating condition, two runs were recorded, resulting in 200 recorded cycles.
One recording of operating condition D had too low seeding densities and was
discarded, resulting in 100 cycles for case D. For 800 rpm, flow field images were
recorded from −27 ◦CA to −1.8 ◦CA every 1.2 ◦CA (4.1 kHz), and PLIF images
were acquired from −13.8 ◦CA to 9.6 ◦CA every 0.6 ◦CA (8.2 kHz). For 1500 rpm,
the image recording rate was decreased to 2.4 ◦CA for the flow measurements and
to 1.2 CAD for flame imaging.

2.3 Data processing

Images of a spatially defined target (LaVision) within the engine were used to
calibrate PLIF and PTV images using a 3rd order polynomial fit to match viewing
planes of each system. PLIF images were processed in MATLAB. Background
correction was applied using the signal of non-fired cycles. A sheet correction was
performed when the flame filled the FOV. A 13×13 pxl (161µm) moving median
filter was applied to the flame images. Images were then binarized with local,
adaptive thresholds determined within a moving 50×50 pxl window. The local
probability of burnt gas (referred to as “flame PDF”) was calculated from binary
images that identified the burnt gas at fixed CAs.

High resolution flow-field measurements were calculated using Davis 8.4.0 with
a hybrid PIV/PTV algorithm [26]. Image pre-processing included a moving back-
ground subtraction and particle intensity normalization (9 pxl window size). PIV
vectors were calculated with decreasing window size (64 pxl to 32 pxl), 75 % over-
lap, and adaptive interrogation window shape. Vectors with correlation values
below 0.1 were removed. PTV was calculated for a particle size range of 25 pxl
and a correlation window size of 8 pxl. The same vector post-processing was ap-
plied as for the PIV steps. A denoising filter was applied using a polynomial fit
of 2nd order. Binarized flame images were used to mask the location of the flame
in PTV images. For some images, out-of-plane flame locations caused significant
beam steering, causing particle locations to become defocused. These regions were
identified using a local standard deviation filter. Vectors at positions where the
local standard deviation was low (indicating a weak particle signal) were removed.
The piston position was determined for each recorded CA using phase-averaged
images from which the peak intensity location was determined. PTV vectors are
mapped onto a regular mesh to present flow-field statistics at a resolution superior
to PIV. The average vector distance in the images was 110µm. Velocity vectors
were spatially averaged onto a Cartesian mesh with ∆x/∆y = 1 mm/0.05 mm,
providing more than two vector per cell for each cycle.
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Fig. 2 Instantaneous PLIF images of the flame for all four operating conditions (columns) for
two time steps of individual cycles (rows)

2.4 Global flow field

The global flow field was acquired with 5 ◦CA resolution in the tumble plane using
a PIV approach. The setup utilized a similar high-speed Nd:YAG laser setup as
described for the high-resolution measurements, formed into a light sheet of 800µm
thickness (13.5 % max. intensity). A high-speed CMOS camera (SA-X2, Photron)
equipped with a Sigma lens (105 mm F2.8 Macro, f/# = 11) captured the image
pairs with varying, optimized time separation (3.5 µs to 49 µs). The same silicone
oil as in the high-resolution measurements was used, though no correction lens
was needed for this magnification (M = 3.1, 15.9 pxl/mm). Calculation of the
cross-correlation was also done in DaVis 8.4.0 with decreasing window size (two
passes at 64×64 pxl with 50 % overlap; two passes at 32×32 pxl with 75 % overlap).
A peak ratio threshold of 1.3 and a universal outlier median filter removed false
vectors.

3 Results

3.1 Instantaneous flame images

Figure 2 shows PLIF images as the flame approaches the piston surface to discuss
differences of the flame structure near the piston for each operating condition. For
flame imaging, the high speed SO2-PLIF measurements were used such that the
bright fluorescence signal corresponds to the burnt gas region. The piston surface
is highlighted by the gray line and the spark plug is located at the top right cor-
ner. The selected images represent the typical flame structure/behavior observed
at each operational condition. Each column shows two consecutively acquired im-
ages for each of the four investigated operating conditions (cases A-D). The time
duration between the images corresponds to the temporal resolution of the flame
measurements: 0.6 ◦CA/125 µs for A and B; 1.2 ◦CA/133µs for C and D.

The flame wrinkling scales depicted in Fig. 2 differ significantly depending on
the thermodynamic in-cylinder conditions and the turbulent flow field. For case B
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Fig. 3 Flame PDFs showing the burnt gas distributions at selected CAs (rows) for cases A-D
(columns)

with the lowest intake pressure and turbulence level, flame structures with larger
scale wrinkling in comparison to other cases are observed and are spatially well-
resolved. Flame structures can easily be followed from one image to the other.
The higher intake pressure of 0.95 bar (case A) results in finer wrinkling and cor-
respondingly the flame curvature changes from positive to negative values on much
smaller scales along the flame contour. At the same time, the flame propagates
faster and flame structures are more difficult to track from one frame to the next.
As the engine speed increases to 1500 rpm, the flame wrinkles become finer and
flame wrinkling increases. Little difference can be observed between case C and D.
For these conditions, the finest wrinkling scales are not well-resolved compared to
cases A and B.

3.2 Burnt gas position

Figure 3 shows the evolution of the flame as it approaches the piston surface by
the local probability of burnt gas given by the color map at four selected CAs for
all four operating conditions (cases A-D). White indicates regions where burnt gas
is less than 10 % of the recorded cycles and yellow represents more than 90 %. To
discuss the evolution of the flame, individual CAs were selected for each operating
condition to achieve a similar flame PDF within each row of Fig. 3. This was
necessary due to the varying flame propagation speeds of the four investigated
operating conditions.
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For operating conditions A, B, and C, the flame propagates on average from
top right (from the spark plug) to the bottom left. The iso-contours of the PDFs
are oval shaped and centered around the spark plug (row 1 and 2). For case B,
the flame propagates slower than for case A due to the lower gas density and
higher residual gas level associated with the lower intake pressure (>20 % of the
in-cylinder mass in comparison to <10 % for the higher load cases). The flame
position exhibits larger cycle-to-cycle fluctuations for case B than case A, which
result in a wider distance between individual iso-contour levels and lower peak
values of n within the FOV; up to n < 0.6 for case B and n > 0.9 for case A.
However, for the higher engine speed, the spatial extent of the flame PDF levels
within the FOV do not show such a large difference as observed for A and B
despite the same difference in the intake pressure. In the second row, the level of
n > 0.1 has a similar size (yet a different shape on the left side) and for both
cases high values are reached close to the spark plug. This similarity continues for
the subsequent CAs. While the spatial extent of the flame PDF is similar, flame
propagation is still slower for case D than C.

Once the flame approaches the piston, the iso-contours start to align parallel to
the piston surface. The flame is constrained by the upward moving piston, which
results in a narrowing of the iso-contour lines. At this timing the cylinder pressure
starts to rise beyond the pressure in motored engine operation (not shown). The
flame is still in the stage of the early flame development when less than 5 % of the
mixture is consumed, typically regarded as the crucial stage of flame development
that defines subsequent combustion [18]. When the flame approaches the piston,
the flame propagates preferentially straight towards the piston for case A-C, while
flame propagation has a trend from left to right for case D. The flow field is
responsible for the flame propagation direction and is discussed in the following
sections.

3.3 Global flow field

The tumble flow still present at ignition is strongly governed by the characteristics
of the intake flow. Figure 4 depicts the phase-averaged global flow field in the tum-
ble plane of all four operating conditions at selected CAs during compression. The
color map gives the normalized velocity magnitude and the streamlines indicate
the flow direction. Velocity normalization was conducted using the average piston
speed (A and B (800 rpm): 2.29 m s−1; C and D (1500 rpm): 4.30 m s−1). It is ap-
parent, that the tumble is not centered in the combustion chamber, but is offset
from the cylinder axis towards the positive x-direction as shown in Fig. 4. The nor-
malized velocity fields are very similar for A and C, with comparable magnitudes
and a good agreement of the tumble position. Towards top dead center, velocity
magnitudes decrease, the tumble is compressed between the rising piston and the
cylinder head, and the tumble center moves further in the positive x-direction.
Lowering the engine load in case B weakens the tumble, which increases the area
of low velocity around the tumble center. However, late in the compression, at
−60 ◦CA and −30 ◦CA, the overall structure of the flow fields tend to align for
case A, B and C. At −60 ◦CA case A, B, and C show a region of high velocity
magnitudes induced by the piston motion above the surface of the piston in addi-
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Fig. 4 Phase-averaged flow fields (296 cycles) for all four operating conditions (columns) at se-
lected CAs during compression. Normalization velocity vpiston,A,B = 2.29 m s−1; vpiston,C,D =
4.30 m s−1. Geometric dimensions in mm.

tion to high magnitudes near the cylinder head. The clockwise vortex structure of
the tumble flow is apparent.

In contrast, the high engine speed and low engine load case D exhibits a more
pronounced tumble flow. For example, the low velocity region indicating the tumble
center is small and well defined compared to the other cases, which exhibit a larger
low velocity region. The tumble center is located higher and farther to the right
for each CA. At −90 ◦CA it features a vertical oval shape next to a region of high
magnitudes pointing more vertically than in case A, B, and C. This continues at
−60 ◦CA, where the vertical contraction of the cylinder volume results in a more
circular tumble shape. Above the piston surface, the magnitude is significantly
higher for all shown CAs. Furthermore, streamlines in this area are positioned
closer towards the top-left corner of the FOV, since the tumble center is located
closer to the cylinder head than in the three other cases.

As mentioned, this difference in the flow field can be attributed to variations
in the momentum of the intake flow. In operating conditions with part load, a
backflow from the cylinder into the intake pipe occurs, which induces additional
high frequency pressure oscillations in the intake gas column. These pressure os-
cillations cause fluctuations of the intake jets’ magnitude and direction over the
valves. In the lower engine speed case B, these fluctuations are less significant and
appear more evenly distributed over the intake phase. In case D, however, these
oscillations result in a strong overshoot of the intake velocity, thus energizing the
tumble motion and creating a stronger vortex throughout the rest of the cycle [28].
A more detailed analysis of this phenomena is outside the scope of this paper and
subject of future work.
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Fig. 5 Phase-averaged flow fields and flame PDFs for all four operational conditions (columns)
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After examining the global flow evolution, the impact of these characteristics
on the near-wall flow and its interaction with the flame is discussed in the next
section.

3.4 Near-wall flow field

Figure 5 shows high-resolution phase-averaged flow fields of all four operating
conditions at selected CAs. At −15 ◦CA, the near-wall flow fields of operating
conditions A to C are very similar to the corresponding near-wall flow fields for
motored engine operation which were presented in [21]. The flow is directed in the
negative x-direction with decreasing flow magnitudes towards the top. Following
the tumble flow, in this location the streamlines of the average flow field curve
upwards. In instantaneous flow fields this region exhibits cross-flow-like structures
(not shown). Operating condition D has a different flow field with higher overall
magnitudes and a significantly less pronounced decrease of the velocity magnitudes
at the top of the FOV, which agrees with the trend discussed for the global flow
field.

The motored flow field measurements in [21] have shown that the velocity
magnitude decreases towards top dead center during late compression. The de-
celeration was found to be stronger for cases A, B, and C than for D. For fired
operation, this flow development is altered by the propagating flame. To investigate
the influence of the flame on the flow field, the 25 %, 50 % and 75 % iso-contours
of the flame PDFs (as shown in Fig. 3) are overlaid on the flow fields in Fig. 5.
For case A, the flow between the piston surface and the flame front is accelerated
significantly. The flame propagates from the top right to the bottom left. The gas
expansion within the flame causes an acceleration of the flow in front of the flame.
For case B, flow acceleration is much weaker, which agrees with the slower flame
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Fig. 6 Phase-averaged velocity boundary layer profiles for cases A to D. Vertical bars indicate
95 %-confidence intervals of every 6th data point. Crosses denote the position at which the flow
reaches 50 % of the maximum velocity (δ50).

propagation. The flow acceleration in front of the flame for case C is similar to
case A. The fluctuations of unburnt gas positions are smaller compared to B and
a significant acceleration of the flow downstream of the flame can be observed.
In contrast, Case D is again very different from the other operating conditions.
With increasing CA, the flow opposes the flame on the right side of the FOV and
the flow near the flame decelerates. Consequently, the overall velocity magnitudes
are reduced. This is in contrast to the motored flow fields, where the flow field
of case D has the smallest deceleration compared to the others [21]. It should
be emphasized that the observed phenomena are of a local nature and are not
necessarily representative for the complete combustion chamber. It is very likely
that for all cases a flow acceleration or deceleration in front of the flame can be
found depending on the location within the cylinder. Since the analysis of these
phenomena is naturally limited to the measurements conducted within the study,
these aspects are intended as the focus of future investigations. Nevertheless, the
different characteristics of the operating conditions reveal different flame-flow-wall
interaction scenarios.

In Fig. 6, normalized velocity profiles of the phase-averaged horizontal velocity
component Ux,n are shown to compare the evolution of the flow within the near-
wall region. The velocity profiles are extracted at x = 0 mm and are referenced
to the piston position ypiston. The velocities were averaged in local windows of
1 mm in the x-direction and 50µm in the y-direction. In this manner, a high
spatial resolution orthogonal to the piston was achieved while keeping the number
of velocity data sufficiently high. Results are shown for every 50 µm with the
first point being 25 µm from the piston surface. Values are linearly interpolated
in-between. The error bars shown for every 6th measurement point represent the
95 % confidence interval of the mean estimate. Due to the reduced number of cycles
for case D, the confidence intervals are significantly larger compared to the other
operating conditions. The previously described flow evolution can be observed in
Fig. 6; the flow accelerates for cases A to C and decelerates for case D.

To investigate the development of the velocity boundary layer, locations at
which the flow reaches 50 % of the maximum velocity (δ50) are highlighted in Fig.
6 with crosses. This metric was used, since the common definition of the boundary
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layer thickness δ99 is sensitive to fluctuations in the bulk flow. The maximum ve-
locity was extracted after applying a moving Gaussian filter with a width of 250µm
similar to that done in [21]. The velocities at δ50 are determined using a linear in-
terpolation between the neighboring results. Highly resolved measurements of the
motored flow in [21] have shown that the velocities at δ50 are very close or equal
within the region where the velocity profile is linear. The velocity gradients calcu-
lated from δ50 and the corresponding velocities are thus assumed to be close to the
wall gradient, although it should be emphasized that the measurement resolution
is not sufficient to resolve and confirm this directly.

4 Conclusions

Simultaneous flame and flow field measurements were carried out near the piston
surface of an optically accessible IC engine in fired operation using laser induced
fluorescence of SO2 and particle tracking velocimetry. The engine was operated
with premixed stoichiometric isooctane-air mixtures. Four operational conditions
including two engine speeds, 800 rpm and 1500 rpm, and two intake pressures,
0.4 bar and 0.95 bar, were investigated. For three operational conditions flame
propagation was similar within the field-of-view in terms of the flame growth
direction and the flame PDF was aligned parallel to the piston when the flame
approached the piston surface. For 1500 rpm and 0.4 bar intake pressure a different
global flow field evolution with a stronger tumble leads to changes in the flame
propagation and the near-wall flow field.The flame was inclined with respect to
the piston when the flame approached the piston surface. For fired engine opera-
tion, the boundary layer flow strongly deviated from motored engine conditions.
The near-wall flow was accelerated or decelerated depending on the orientation
of the flame towards the flow. This significantly affected the boundary layer de-
velopment. Flow acceleration rapidly increased while flow deceleration decreased
velocity gradients near the wall. This interaction of the flame and flow close to the
wall shows that the impact of the flame needs to be considered in boundary layer
modeling to correctly predict heat losses.
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