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Abstract
Cyclic variability is investigated in an optically accessible single-cylinder spark-ignition 
research engine by introducing artificial exhaust gas in controlled amounts to the homog-
enous air–fuel mixture before ignition. A skip-fire scheme ensures the absence of internal 
exhaust gas recirculation (EGR) and allows the engine to be fired continuously for acquisi-
tion of large statistics. Four operating conditions ranging from a stable 0% EGR case up 
to a highly unstable extreme EGR case are analyzed to examine the increasing effects of 
homogeneous EGR on the cycle performance. To that end, high-speed measurements of 
the velocity field via particle image velocimetry and flame imaging in the tumble plane 
allow the determination of phenomena leading to various flame positions and sizes as well 
as faster and slower combustion cycles. Through extensive conditional statistical and mul-
tivariate correlation techniques, flames are found to be heavily influenced by large-scale 
velocity motion, especially with the presence of greater EGR which leads to lower flame 
speeds. The greater sensitivity of slower flames to variations in the velocity field manifests 
itself in an exponential increase in cyclic variability of the maximum in-cylinder pressure 
and causes misfire cycles where the flame is blown off or quenched at the cylinder roof. In 
the most extreme cycles at the highest EGR level, the state of the large-scale velocity struc-
tures at the time of ignition determines whether the flame propagates towards the center of 
the cylinder (and is blown off or quenched) or if the flame sustains growth by propagating 
within the lingering tumble vortex.
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1  Introduction

The need for a transition to cleaner energy systems has never been clearer as average global 
temperatures have steadily increased over the last 4 decades leading to dangerous changes 
in the earth’s climate (NOAA 2021). In 2020, the transport sector alone accounted for 20% 
of greenhouse gas emissions as CO2 (Crippa et al. 2021), with nearly half of that attributed 
to light duty vehicles (IEA: Tracking Transport 2021). Although the market for electric 
vehicles is growing rapidly, the industry and global infrastructure to support the industry 
is still in its infancy. Therefore, highly efficient internal combustion (IC) engines cannot be 
completely ruled out for passenger vehicles in the near future.

Researchers focusing on cleaner technologies, such as the retrofitting of current engines 
with viable e-fuels or the development of engines using hydrogen fuel, are faced with sig-
nificant challenges related to reliability, safety, availability of fuels, and more importantly 
for the environment, toxic gas emissions. Exhaust gas recirculation (EGR) in spark-ignition 
(SI) IC engines offers the advantage of reducing fuel consumption via the reduction of 
throttling loss at part-load conditions as well as reduced flame temperatures leading to a 
reduction of thermal NOx (Fontana and Galloni 2010). However, the benefits of decreasing 
fuel consumption and NOx emissions are counterbalanced by an increase in cycle-to-cycle 
variations (CCV) eventually leading to an exponential growth in cyclic instability.

Understanding the causes of CCV in SI engines has long been the focus of researchers 
in the pursuit of further optimizing modern engines (Ozdor et al. 1994). With the dawn of 
significant improvements in advanced imaging, laser, and computing technologies over the 
last decade, engine CCV has been studied with detailed spatial and temporal scales. Recent 
experimental studies have related the in-cylinder velocity to fired engine CCV (Buschbeck 
et al. 2012; Zeng et al. 2015, 2019; Bode et al. 2017, 2019; Schiffmann et al. 2017; Fach 
et al. 2022; Dreher et al. 2021; Hanuschkin et al. 2020) using high-speed particle image 
velocimetry (PIV) combined with other techniques such as in-cylinder pressure measure-
ments as well as flame and spark imaging. In particular, Buschbeck et al. and Zeng et al. 
studied homogenous mixtures with varying equivalence ratios to examine the influence of 
the flame speed on cyclic performance; it was shown that large-scale flow structures can 
have a significant effect on the flame development and subsequent combustion speed, a 
finding which is amplified when the flame speed is slower (Buschbeck et al. 2012; Zeng 
et al. 2019). The availability of larger sets of highly resolved engine data has also allowed 
for the use of advanced statistical techniques to study CCV. The investigation of condi-
tional statistics (Krüger et al. 2017; Stiehl et al. 2016), multivariate statistics (Schiffmann 
et  al. 2017; Truffin et  al. 2015), flow-feature correlations (Bode et  al. 2017, 2019; Fach 
et al. 2022), and machine learning techniques (Dreher et al. 2021; Hanuschkin et al. 2020; 
Kodavasal et al. 2018; Mauro et al. 2019) have shed new light on the causal chain of engine 
CCV.

This paper aims to combine the strategies of conditional statistics with multivariate 
analysis using a large data set obtained from parametric high-speed PIV and flame imag-
ing experiments with increasing levels of homogeneously-mixed external EGR to further 
delineate the causal chain for fired CCV in SI engines. First, the experimental setup and 
boundary conditions are described. Next, the effects of EGR on the engine performance, 
average flow field, and early flame kernel development are examined to establish a char-
acterization of the parametric operating points. Then, several flame features are defined 
and evaluated using a multivariate correlation approach and a relative feature importance 
analysis. With the highest correlated flame feature identified, the investigation is narrowed 
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down to a correlation field and conditional statistical analysis to identify the cause for such 
correlations between the flame and large-scale flows. Finally, a similar correlation field and 
conditional statistical analysis technique is used to examine the causal chain for misfires 
and cycles of very fast combustion in the highest EGR case.

2 � Experimental Setup

2.1 � Engine Test Bench and Boundary Conditions

The single-cylinder optically accessible research engine test stand at the Technical Uni-
versity of Darmstadt (Technische Universität Darmstadt) was employed in this investi-
gation. The engine’s optical access is granted through a quartz glass flat piston (with a 
Bowditch piston extension) and quartz glass cylinder liner with a pent roof. In this work, 
a well-documented spray-guided cylinder head with a compression ratio of 8.7:1 was used 
(Freudenhammer et  al. 2015; Geschwindner et  al. 2020; Welch et  al. 2020). The engine 
test stand has been designed to consistently operate with precisely controlled conditions 
to investigate phenomena in SI IC engines (Baum et al. 2014), namely in this study, the 
effect of external homogeneous EGR on combustion and CCV. To that end, a gas mixture 
system (GMS) was used to mix dry air (1.8% relative humidity) with the desired amount 
of pure nitrogen and carbon-dioxide gas upstream of a storage plenum before the gas mix-
ture entered a noise reduction plenum and finally the intake manifold. Figure 1a shows a 
simplified schematic of the GMS, the noise reduction plenum, the intake manifold, and 
the engine cylinder. Temperature and pressure probes are located throughout the test stand 
and are displayed in relevant locations in Fig. 1a. Air seeded with silicone oil droplets (see 
Sect. 2.2Optical Diagnostics) was introduced just after the noise reduction plenum to be 
used for the PIV and flame imaging. In addition, isooctane fuel was injected far upstream 
of the cylinder to allow sufficient evaporation and homogeneous mixing with the gas 
mixture.

Four operating conditions (OCs) of increasing EGR were employed to compare the 
effects of EGR in a completely homogeneous environment during engine operation. The 
four OCs are based on the standard D-fired OC of the Darmstadt engine (Schmidt et al. 
2020), which has a part-load intake pressure of 0.4 bar and a speed of 1500 rpm. The con-
ditions in this work consist of a highly stable OC of 0% EGR, a stable OC of 10.5% EGR, 
an unstable OC of 12.9% EGR, and a highly unstable OC of 14.3% EGR. Here, stability is 
defined by the coefficient of variance (COV) of the maximum in-cylinder pressure Pcyl,max. 
The latter 2 OCs have higher COVs which also includes the misfire cycles, here defined 
as cycles whose gross indicated mean effective pressure (IMEPg) were negative. Table 1 
summarizes the differences in the boundary conditions for each OC. A skip-fire scheme 
was used in which for every combustion cycle the 6 following cycles were not ignited to 
allow residual exhaust gases to fully leave the system before the next ignition. Since this 
skip-firing scheme eliminated internal EGR due to valve overlap and other possible causes, 
the EGR OCs’ boundary conditions significantly changed from the standard D-fired OC. 
To achieve stable combustion with increasing EGR levels, less fuel had to be injected to 
achieve an equivalence ratio of 1 and the ignition timing had to be moved earlier, whereby 
the ignition timing tspark shown in Table 1 was optimized such that the crank angle at 50% 
mass fraction burned was 8°CA (degrees crank angle relative to compression TDC), fur-
ther reducing influencing factors for CCV.
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2.2 � Optical Diagnostics

Both optical techniques in this study involve the planar illumination of seeded oil drop-
lets. Particle image velocimetry in the symmetry (tumble) plane was used to measure the 
in-cylinder velocity from − 180°CA to − 4°CA (minus signifies before compression TDC) 
in increments of 2°CA. Figure 1b shows a schematic of the optical setup combined with 
the cross-sectional view of the engine in the symmetry plane as well as a top view of the 
imaging system. To acquire high-speed PIV in the engine, silicone oil droplets (≈ 0.5 µm, 
DOWSIL 510, Dow Corning) were nebulized in air by a Palas AGF 10.1 seeder and intro-
duced into the intake pipe immediately after the noise reduction plenum (see Fig. 1). The 
oil particles were then illuminated by two Nd:YVO4 laser sheets (FWHM ≈ 800  µm, 
200 µm at − 90°CA and − 30°CA, respectively) with optimized time separation dt between 
laser pulses (dt ranged from 18 to 32 µs). The planar Mie scattering of droplets was cap-
tured using a Phantom v2640 high-speed CMOS camera equipped with a 180 mm Sigma 

Fig. 1   a Engine test bench and boundary condition probe locations. b Optical setup for PIV and flame 
imaging
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lens (f/5.6), a 532 nm bandpass filter, and a correction lens (f =  + 2000, to counteract astig-
matism due to the curvature of the cylinder glass), as displayed in Fig. 1b. Finally, for each 
measurement day, a series of target images was captured, whereby a 058–5 dual-plane cali-
bration target (LaVision) was placed inside the engine and imaged to provide scaling and 
dewarping to the raw images in processing.

As previously mentioned, image pairs were captured from − 180°CA to − 4°CA at every 
second CAD, resulting in a measurement speed of 4.5 kHz. For the flame imaging, the sec-
ond frame of each image pair was used to extract the burnt gas areas where the oil droplets 
were evaporated by the flame and the Mie scattering signal is absent. Although this is a 
measurement of the burnt gas region and not a direct measurement of the flame, it serves as 
an indicator of the flame location. Therefore, extracted burnt gas regions will be referred to 
as the flame for the remainder of this work.

2.3 � Data Processing

Particle image velocimetry vectors were calculated using the commercial software DaVis 
10.1.2 (LaVison). First, images were masked to remove reflective objects, such as the spark 
plug and cylinder roof. The image pairs were run through a multi-pass cross-correlation 
vector calculation program consisting of perspective correction (using a 3rd order poly-
nomial based on calibration target images), 2 initial passes of interrogation window size 
64 × 64 with 50% overlap, then 2 final passes of size 32 × 32 with 75% overlap. After each 
pass, vector post-processing, namely a peak ratio criterion of 1.3 was used to remove vec-
tors whose first and second correlation peaks were below 1.3, a universal outlier detec-
tion consisting of a sliding median filter of size 7 vector × 7 vector was used, and finally a 
removal criterion of size 5 was used, meaning if less than 5 vectors are available out of a 
window overlap group, the entire group is removed.

Flame images were binarized using an in-house code developed in MATLAB (version 
R2021b). To achieve flame binarization from PIV images, the second image of each pair 

Table 1   Experimental boundary conditions. Combined standard uncertainties are indicated in parentheses

Condition No EGR Medium EGR High EGR Extreme EGR

EGR [%] 0(0) 10.5(0.4) 12.9(0.4) 14.3(0.4)
ṁ

air
[kg/h] 7.33(0.08) 6.63(0.08) 6.48(0.08) 6.40(0.08)

ṁ
N2

[kg/h] 0.00(0) 0.651(0.035) 0.810(0.035) 0.901(0.035)
ṁ

CO2
[kg/h] 0.00(0) 0.174(0.006) 0.216(0.006) 0.241(0.006)

ṁ
fuel

[kg/h] 0.489(0.012) 0.434(0.012) 0.428(0.012) 0.418(0.012)
tspark [°CA]  − 24.6  − 39.0  − 47.0  − 51.2
λcalc [ − ] 1.00(0.02) 1.02(0.02) 1.01(0.02) 1.02(0.02)
Speed [rpm] 1500 1500 1500 1500
Pin,2 [bar] 0.400(0.001) 0.401(0.001) 0.402(0.001) 0.403(0.001)
Cycles [ − ] 483 966 1288 805
Tin,1 [K] 305.0(0.5) 305.1(0.5) 303.9(0.5) 303.5(0.5)
Tin,2 [K] 316.9(0.5) 317.1(0.5) 316.0(0.5) 315.7(0.5)
Tex,2 [K] 484.0(0.5) 456.7(0.5) 453.3(0.5) 450.5(0.5)
Pcyl,max − COV [%] 3.82 7.75 12.8 25.1
Misfires [%] 0 0 0.78 11.2
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beginning from the start of ignition until − 4°CA was selected. Then a mask was used to 
remove reflective surfaces as with PIV processing. The mask for the flame imaging was 
more conservative than with PIV because near the cylinder walls reflections decrease the 
signal-to-noise ratio, making it more difficult to discriminate between flame and particle 
signals. Next, flame images were separated by cycle and the binarization algorithm was 
used on each cycle. The binarization algorithm first normalizes all images in a cycle by 
dividing each pixel’s intensity by the maximum cyclic intensity. Then a sliding entropy fil-
ter of size 5 px × 5 px is applied, which outputs the entropy value of the surrounding pixel’s 
neighborhood (The MathWorks, Inc, 2021a). The next step divides the filtered images of a 
cycle by the first filtered image without a flame. Since flame images are divided by images 
without flames, pixels below a threshold criterion of < 1 signify burnt gas or a flame. Then 
remaining pixels are set to a value of 1, before undergoing an erosion, which removes pix-
els along the edges of remaining structures using a disk shape with a radius of 4 pixels. 
Then an area criterion of 200 pixels is applied, which removes flames smaller than 200 pix-
els in size. Finally, dilation of the same size as the erosion is applied to restore the flames 
to their original sizes and all holes within a flame are filled. Although the flame front and 
detailed wrinkling cannot be accurately captured with such an evaporation method (also 
due to the erosion and dilation processing steps), the bulk of the burnt gas region and flame 
curvature is well-captured and will be assumed to represent the cross-sectional flame for 
this work.

Further processing and generation of plots and figures was conducted using MATLAB 
(version R2021b) and some post-processing, for example, combining plots, was done using 
Inkscape (version 1.1.2).

3 � Results

3.1 � Effect of EGR on Performance and Flow

3.1.1 � In‑cylinder Pressure and Temperature

A characterization of the four OCs with varying levels of external EGR is required before 
further analysis of the flame and flow can be done. Figure 2a displays the mean and stand-
ard deviation (std) of the measured in-cylinder pressure Pcyl vs. crank-angle-degree (CAD). 
The mean pressure is represented by the solid lines and the std by the shaded areas. The 
pressure traces reveal that the maximum pressure Pcyl,max for each condition is relatively 
well phase-locked. This is due to the spark timing optimization, which was conducted to 
ensure that 50% mass fraction burned occurred at 8°CA for each OC as the combustion 
slows down significantly with the introduction of EGR. While this leads to varying ther-
modynamic and flow conditions near the spark plug at the time of ignition for each OC, a 
basis for comparison must be established when defining OCs. One effect of employing dif-
ferent spark timing can be observed by comparing the exhaust temperature Tex,2 (Table 1), 
which shows that earlier spark timing and increasing EGR leads to lower exhaust tempera-
tures; this is a decrease of 6% from no EGR to 10.5% EGR. If the spark timing were left 
constant, then the higher EGR cases would not properly burn and it would be impossible 
to analyze the relationships between the early flame and the flow field. Finally, it should 
be noted that for the 14.3% EGR OC, it was impossible to fully optimize the spark timing 
because the number of misfires increased exponentially when the spark timing was moved 
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any earlier. A further observation that can be made from Fig. 2a is a trend of decreasing 
maximum pressure Pcyl,max and an increase in variation as EGR increases. This is in line 
with the decreasing Tex,2 with increasing EGR.

To further compare the OCs to one another, especially in relation to their variability, 
a so-called violin plot of the Pcyl,max is displayed in Fig. 2b and was rendered using code 
from Bechtold (2016). The violin plots shown combine conventional box plots (white cir-
cle: median, black rectangle: inter-quartile range, and black whiskers: maximum and mini-
mum values), with the kernel density estimation (KDE) of the distribution of the Pcyl,max, 
represented by the shape and outline of the colored violins (scaled to the same maximum 
width and mirrored along the center line, respectively), and the scattered data (color-
shaded circles), which represent the corresponding Pcyl,max values where they occur along 
the y-axis, randomly distributed along the x-axis within the bounds of the violins. In addi-
tion, the mean Pcyl,max is represented by the white lines, and coincides very well with the 
median. Such a plot shows a more complete representation of the in-cylinder pressure vari-
ation than the pressure trace because it provides context for the high stds shown in Fig. 2a. 
All OCs exhibit mono-modal, almost normally distributed KDEs. The inter-quartile range 
and spread of the KDE increases steadily from the no-EGR to the 14.3% OC, while the 
median and mean decreases. The distributions of maximum in-cylinder pressures are nega-
tively skewed, which is evident in the longer tail of low pressures, even though misfire 
cycles are excluded. Notably, the upper bound of pressures is higher for the 12.9% and 
14.3% than for the 10.5% OC. This is likely an effect of the earlier ignition timing, which 
allows cycles with optimal conditions for flame growth, such as ideal flow structures and 
early flame positions, to reach higher cylinder pressures as the volume decreases during 
late compression. This scenario occurred less frequently in the cases of low CCV because 
the optimized ignition timing (using the mean of hundreds of cycles) was more representa-
tive of all the cycles.

3.1.2 � Mean Velocity

The prominence of extreme cycles for the higher EGR OCs and the large quantity of 
cycles acquired allows for conditional statistical analysis to be conducted to aid in the 

Fig. 2   a Mean and standard deviation (shaded area) of Pcyl for each EGR rate (misfires incluced). b Violin 
plot of Pcyl,max for each EGR rate
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understanding of cyclic variations within each OC. However, first the velocity field before 
ignition should be characterized to discern the effects of EGR on the flow field. Since 
solely the intake gas composition is changed between different OCs and the engine is oper-
ated in a skip-fire mode with 6 motored cycles prior to each analyzed fired cycle, no sig-
nificant effect of the gas composition on the average flow field is expected. Figure 3 shows 
the mean velocity field for each OC during the compression stroke at − 90°CA and at their 
respective ignition timing. The multi-colored colormap is chosen to help convey the lack 
of contrast between velocity magnitudes of each case at − 90°CA. In addition, the stream-
lines represent the flow direction and show that the velocities remain the same. These flow 
fields show that on average, the amount of EGR and the resulting slightly different engine 
temperatures do not have a significant effect on the in-cylinder velocity. Although the flow 
field during compression is unaffected by the gas composition, the mean velocity at the 
time of ignition does vary as the piston position and speed is different at the distinct igni-
tion timings of each OC (lower panel of Fig. 3).

3.2 � Effect of EGR on the Flame

Although the different EGR levels have no significant effect on the mean in-cylinder veloc-
ity, the combustion is greatly affected by the in-cylinder conditions at ignition, as evidenced 
by the decreasing flame speed, in-cylinder pressure, and temperature and by the increas-
ing variance of the pressure with increasing EGR levels. To examine the differences in 
combustion, the first approach is to investigate the early flame at each EGR level. Figure 4 
shows the spatial probability, or probability density function (PDF), of flames at early com-
bustion for each OC. The PDF is calculated using the entire sample of each case; therefore, 
a value of 1 means all cycles contain a flame at that pixel position. Although the different 
ignition times cause the flames to be in different stages of combustion at the same CAD for 
different OCs, towards the end of compression the kernel sizes become more similar. With 
the increase in CCV and misfire at higher EGR rates comes a decrease in the flame PDF. In 
addition, the presence of EGR increases the likelihood of a flame to propagate to the right 

Fig. 3   Mean velocity fields for each EGR case during the compression stroke (− 90°CA) and at the respec-
tive time of ignition (lower panel). The velocity magnitude is represented by the same color map and 
streamlines indicate the flow direction. The black square in the lower panels represents the region used to 
compute the mean velocity shown in Fig. 6
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of and below the spark plug; whereas for the 0% EGR case, most of the flames propagate 
towards the center of the cylinder until very late in the compression when the flames begin 
to grow around the spark plug. This exemplifies two phenomena: first, the direction of the 
flame propagation coincides with the mean flow direction at the time of ignition shown in 
the lower panels of Fig.  3. The preferential, often unidirectional propagation away from 
the spark plug may also be augmented by heat losses at the spark plug. Second, the faster 
flame speed of the no EGR case leads to a smaller influence of flow variations near the 
spark plug at the time of ignition and early flame growth, resulting in fewer variations of 
the flame position. On the contrary, with increasing EGR and decreasing flame speed, the 
flame’s position is more heavily affected by convection as the flame is influenced by the 
clockwise tumble motion displayed in Fig.  3. Furthermore, since there are more flames 
located below the spark plug with increasing EGR, there is likely a link to the extreme 
cycles associated with the more CCV-driven higher EGR cases which have some cycles 
with much faster combustion, as indicated by the violin plot in Fig. 2b. Finally, the 14.3% 
EGR case at − 10°CA highlights this case’s instability since the flames are relatively evenly 
spread out, but not above 50% probability.

To distinguish the flames between fast and slow combustion cycles, Fig. 5 displays the 
PDF of low-speed cycles (LC), high-speed cycles (HC), and all cycles at − 18°CA. In this 
case, LC and HC are defined as the 10% of cycles with the lowest and highest Pcyl,max, 
respectively. − 18°CA was selected to allow comparison of the early flames of each OC as 
they appear to have reached relatively similar development at this time. It is unsurprising 
that for 0% EGR both LC and HC have similar flame PDFs at − 18°CA since this is a very 
stable OC. This remains the case for 10.5% EGR with some HC cycles exhibiting flames 
surrounding the spark plug, a configuration which allows flame growth in all directions. 
For the 12.9% case, there are 10 cycles with misfire out of the sample of 1288 cycles, so 
the low flame density in the LC sample reveals very slow combustion for the remaining 
119 cycles and a tendency for the flame to propagate towards the center of the cylinder. 
On the HC side, 30% of the flames nearly cover the entire field of view (FOV) shown 
at − 18°CA and over 50% appear to the immediate left and right of the spark plug, show-
ing the stark contrast between LC and HC flames. Furthermore, more flames appear to the 
right of the spark plug than to the left, which is linked to the greater influence of the flow 
on the flame propagation and a higher tendency of the flow near the spark plug to move 

Fig. 4   Spatial flame probability (PDF) over all cycles for each level of EGR
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towards the right at ignition (compare Fig. 3) when compared with cases of lower EGR. 
Finally, for the 14.3% EGR case, there are 90 misfire cycles which explains the absence of 
flames on the LC side, while for HC, there is an even distribution of flames all around the 
spark plug, with a few more appearing to the right.

Figure 6 displays the mean flame centroid position for HC and LC cycles over all crank 
angles (indicated by the color bars) from ignition until − 4°CA. The left column represents 
LC and HC selected using the median Pcyl,max as the criterion, meaning half of the cycles 
are LC and the other half are HC, while the right column uses the 10% lowest and high-
est Pcyl,max cycles as its criterion for separation. The LC centroid trajectories are repre-
sented by the cool colormap, while the HC are represented by the warm colormap. In addi-
tion, blue (LC) and red (HC) vectors stemming from the first centroid at ignition represent 
the mean velocity in the black squares shown in Fig. 3 at the time of ignition. The arrow 
directions indicate the actual mean velocity directions in the square region and the arrow 
lengths represent the magnitude of the velocity (also displayed in the top left corner of each 
panel). When comparing trajectories of increasing EGR (with the exception of the 14.3% 
case), the difference between LC and HC increases, and this is also amplified when exam-
ining the extreme LC and HC trajectories on the right. This is unsurprising since the CCV 
increases greatly with more EGR. In addition, HC trajectories tend to be located further 
from the cylinder roof than for LC because they represent more even propagation through-
out the FOV. Another important phenomenon to note is that with increasing EGR the cen-
troids shift from beginning from the left of the spark plug to the right. While it was pos-
sible to observe a trend of some flames beginning to grow to the right of the spark plug in 
Figs. 4 and 5, it seemed that this higher population of flames to the right of the spark plug 
was simply due to more even and faster propagation of the flame. However, Fig. 6 shows 
that this trend is skewed towards the right of the spark plug, meaning many flames either 
begin to the right, or first appear to the right of the spark plug as they sporadically come 
in and out of the symmetry plane, then they propagate to the left of and surrounding the 
spark plug within this plane. This trend in the trajectory beginning correlates with a shift in 

Fig. 5   Spatial flame probability over selected samples at − 18°CA. HC and LC represent the probability 
over the 10% highest and lowest pressure cycles, respectively
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the average velocity around the spark plug, as the arrows rotate clockwise with increasing 
EGR and as a consequence thereof, with earlier ignition timing. In addition, the LC cen-
troid trajectories support the PDFs in Fig. 5 in that slower combustion cycle flames tend to 
be convected to the left and upward. The parametric increase in EGR in this study shows 
how convection begins to play a bigger role in the flame’s development since other com-
plex phenomena such as inhomogeneities in the mixture and gas composition are removed 
due to the experimental boundary conditions. Although the vectors in Fig. 6 do not appear 
to differ too greatly from LC to HC cycles, likely due to the large sampling region dulling 
local flow phenomena, some differences emerge: while a strong mean flow towards the 
left of the spark plug seems to aid combustion in the 0% OC, the change in general flow 
direction for the higher EGR OCs alternates this relation and a weaker flow, which is less 
likely to convect the flame towards quenching-relevant geometry, like the spark plug stem 
and cylinder head, and more likely to convect the flame with the tumble, is beneficial for 
faster combustion. In the highest EGR case, which has the greatest amount of instability, 
the velocity magnitude near the spark plug for LC is 37% (65% for the extreme cycles on 
the right) greater than for HC and is directed more toward the left. Interestingly, the general 
tumble trajectory does not change much for the median LC and HC cases despite these 

Fig. 6   Calculated mean centroid of the flame over time for each EGR rate using the median (left) and 10% 
extreme cycles (right) as the HC/LC criterion. LC and HC cycles are represented by the blue-pink (cool) 
and black-red-white (warm) color bars, respectively
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velocity differences, while the extreme case on the right leads to misfire in all LC cycles. 
Since there appears to be a correlation between the flame, the flow, and the in-cylinder 
pressure, these aspects are further explored in the next section to elucidate the mechanisms 
leading to IC engine CCV.

3.3 � Flame Correlations

3.3.1 � Definition of Flame Features

Rather than employing machine learning (ML) methods requiring hundreds (Hanuschkin 
et al. 2020) or several thousand (Dreher et al. 2021) cycles to predict CCV, this work pro-
poses the use of the correlation between several flame features and the flow field to select 
specific OCs and features to closer analyze the relationships between the flame, flow, and 
CCV. Building from the feature importance analysis allowed by the decision tree-based 
ML models used in the same engine for flames of a full-load OC (Hanuschkin et al. 2020), 
this work uses the 10 features with the highest calculated importance to examine their rel-
evance in the homogenous EGR OCs. Table 2 lists the flame features used in this work 
with the previously used names given by Hanuschkin et  al. (2020) and new descriptive 
names. As in the previous work using only flame images for analysis (Hanuschkin et al. 
2020), each feature represents one calculated quantity for each flame image, for example, 
centroidX is the x-coordinate of the centroid for the flame of one cycle at one CAD and 
can be correlated to other quantities of the same cycle such as Pcyl,max. Position-related fea-
tures are denoted with the gray shaded background and size-related features have a white 
background.

3.3.2 � Correlation Between Flame and Combustion Speed

The correlations between the flame features and Pcyl,max over CAD (for each flame 
image) is the first set of quantities to examine in the delineation of the causal chain of 
the CCV caused by EGR. The Pearson correlation coefficient R is calculated using the 

Table 2   List of flame features for analysis

Feature Hanuschkin et al. (2020) Feature Descrip�on

centroidX f1 Centroid x (horizontal direc�on) 

centroidY f2 Centroid y (ver�cal direc�on) 

le�mostX f9 x-coordinate of le�most point

le�mostY f10 y-coordinate of le�most point

bo�omX f13 x-coordinate of bo�ommost point

bo�omY f14 y-coordinate of bo�ommost point

area f20 Total cross-sec�onal area

contourXstd f30 x-coordinate of contour points std

distanceMean f31 Distance of contour points to centroid (mean)

distanceStd f32 Distance of contour points to centroid (std)

The gray shaded section denotes position-related features and the white zone denotes size-related features
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linear regression of the scattered data at each CAD, that is, one flame feature value and 
one Pcyl,max for every cycle at each CAD. The correlation of all 10 features to Pcyl,max is 
displayed in Fig. 7. The position-related (gray zone) and size-related (white zone) features 
each have self-similar trends to one another. The x-position-related features show increas-
ing correlation of up to 0.6 shortly after ignition as the flame first appears in the FOV 
and begins to grow near the spark plug. This is due to the either left or right early flame 
development, which turns out to be a decisive factor in higher EGR cases. Then correlation 
values decrease, as the initial flame kernel expands. In the case of leftmostX the correla-
tion switches sign and increases again. Towards TDC, cycles that exhibit a delayed flame 
development into the left half of the cylinder result in low Pcyl,max. On the other hand, the 
y-position-related features have a relatively steady or an increase in correlation to Pcyl,max. 
For the higher EGR-cases these features tend to correlate with the cross-sectional area and 
are simultaneously bound by the upward moving piston.

As EGR levels are increased, correlations generally increase which indicates a link 
between the pressure COV and the flame development. Initially, x-position features have 
positive correlation which means that a flame whose center position is further to the right 
is likely to have faster combustion. Maximum correlation values of up to 0.6 are observed 
already at − 30°CA, roughly 40–50 CADs before maximum cylinder pressures are reached, 
which emphasizes the importance of early combustion on the subsequent flame growth. 
Conversely, y-position features generally have negative correlations to the pressure, indi-
cating an inverse relationship, that is, a flame whose y-position is located closer to the 
piston (more negative y-position) is likely to exhibit faster combustion. The size-related 
features, especially the cross-sectional flame area, exhibit constant increasing correlations, 
which shows that the cross-sectional flame area represents the flame volume well.

Fig. 7   Correlation between Pcyl,max and flame feature for each EGR rate. The gray shaded section denotes 
position-related features and the white zone denotes size-related features. Each correlation starts shortly 
after ignition. Correlations which are not significant (significance level of 0.05) are shown as dashed lines
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3.3.3 � Flame‑Flow Correlations

To correlate flame features with the flow, each PIV vector at a certain position and CAD 
can be correlated with a flame feature over all cycles. The resulting correlations can then 
be displayed in the position of the corresponding vector on a 2D plot with a colormap 
representing the R values to allow a spatial analysis of the feature and flow field’s correla-
tion. The method of spatial correlations with flow fields has already been utilized in opti-
cal research engines to examine the relationship between cyclic features such as the IMEP 
(Bode et al. 2017), the spark position (Bode et al. 2019), and the flame position (Fach et al. 
2022) with the velocity.

In this work, the spatial flame-flow correlations are first compared with one another 
and with the features from the different EGR levels on one coherent chart before specific 
OCs and features are selected for closer examination. For the flame features, one CAD, 
namely − 30°CA was selected based on the high correlations between the x-position fea-
tures and the maximum in-cylinder pressure displayed in Fig. 7. At − 30°CA the 0% EGR 
OC is not included since the ignition occurs later; however, the correlations of the no EGR 
OC at later CADs are lower than those with higher EGR since the flow has less of an effect 
on the flame development in this case, and are thus less relevant. A reduction of complexity 
must first be done because the resulting number of correlation fields is 2670 (3 OCs × 10 
features × 89 PIV CADs). Figure 8 displays the comparison of spatio-temporal average cor-
relations between the flame feature and the x- and y-component of velocity by taking the 
mean absolute value of R over all flow fields and CADs. To ensure a high probability that 
the correlation R is significant (and a low probability of observing the null hypothesis), 
each correlation undergoes a significance filter in which the p-values must be less than 
0.05, where low p-values mean a more significant correlation in R (The MathWorks, Inc, 
2021b). The resulting quantity is the correlation coefficient normalized to all possible vec-
tor positions over each CAD in time. As the quantities are normalized, they offer a direct 
comparison of the correlation between the velocity and flame features at each EGR level. 

Fig. 8   Sum of correlation over the field and over CADs normalized to the total sum at all available vector 
positions. Flame features are calculated at − 30°CA
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Therefore, Fig. 8 presents a non-ML-based feature importance in terms of their relation-
ship to the flow. The correlations agree generally well with Fig. 7 in that increasing EGR 
and CCV leads to increasing correlation. However, at the highest EGR level, the x-position 
features of the flame correlate less with the flow than at 12.9% EGR which is probably 
due to the significant amount of out of FOV and plane motion of the flames present in the 
14.3% EGR OC. While the correlations in Fig. 7 relate the flame to the in-cylinder pres-
sure, and thereby CCV, Fig. 8 relates the flame features at − 30°CA to the flow, at which 
point the flame may be underdeveloped (due to the many partial misfires), out of the plane 
(due to the greater influence of convection on the flame), or highly developed and out of 
the FOV, washing out the correlations. The correlations also agree well with Fig. 7 in that 
features related to the position of the flame have higher correlations than those related to 
the size, which is because most of the flames at − 30°CA are very small in the FOV. There-
fore, the direction of the initial flame propagation plays a large role in the determination 
of the cyclic performance. In addition to higher EGR having higher correlations, Vy com-
ponent correlations are also generally greater than Vx correlations, indicating that upward 
motion induced by the compression has a more significant role in the placement and shape 
of the flame or it is more descriptive of the final tumble position. It is especially interesting 
to consider the flame feature with the greatest correlations: centroidX. The y-component 
of the velocity correlates higher than the x-component even for the x-coordinate of the 
flame’s centroid, meaning that the centroid’s horizontal position is more sensitive to varia-
tions in the upward flow.

Since the highest correlations between the flame (at − 30°CA) and the flow occur for the 
12.9% EGR OC, further analysis of this EGR condition can be done to better understand 
the link between the velocity field and the flame development. Figure 9 displays the aver-
age spatial correlation between flow fields from the late intake phase until late compression 
and flame features at − 30°CA. It is not only remarkable that significant correlations exist 
between the flame and the velocity fields as early as the intake phase, but also that peaks in 
average correlation correspond to physical events such as the closing of the intake valves, 
the appearance of the tumble center within the given FOV, and the piston deceleration. 
Furthermore, such a visualization provides context for quantities in Fig. 8 that are averaged 
over all CADs. Each flame feature has a phase-locked correlation to the physical events 

Fig. 9   Sum of correlation over the field at each CAD normalized to the total sum at all available vector 
positions. Flame features are calculated at − 30°CA
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dictating the in-cylinder velocity. However, while Figs. 8 and 9 provide a broad general-
ized overview of the relationships between flame features and velocity fields, they cannot 
provide spatial information about these relationships; yet they offer a hint to which specific 
correlation fields may be of note.

Building from the analysis of Figs.  8 and 9, the flame feature with the greatest cor-
relations to the flow fields, centroidX, can be further examined at the CADs with physi-
cal events highlighted by the vertical dot-dash lines in Fig.  9. Figure  10 shows the cor-
relation fields of the horizontal and vertical velocity components with centroidX at the 
highlighted relevant CADs. The blue-white-red colormap represents the quantity of the 
correlations with dark blue and red corresponding to a high negative and positive correla-
tion, respectively. The vector field displayed represents the mean velocity magnitude and 
direction over all cycles at each interrogation window (showing every 6th vector). As the 

Fig. 10   Correlation field for Vx (left) and Vy (right) and centroidX (calculated at − 30°CA) at selected CADs
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correlations represent linear regression relationships between scattered data, a schematic of 
arrow directions is displayed to help explain the physical meaning of a positive correlation 
in terms of the velocity component and the horizontal location of the centroid. Moreover, 
two point locations labeled Point 1 and 2 are indicated by a blue and red pixel and large 
arrows to describe the point locations for the scatter plots shown in Fig. 11. In addition to 
the aforementioned significance filter which removes locations with a low probability of 
having a significant correlation, the symmetric colormap also removes additional locations 
of very low correlation by the white color.

At − 132°CA, when the intake valves close, the Vx side of Fig.  10 shows widespread 
significant negative correlations averaging R ≈  − 0.30, especially in the region to the left 
and below the spark plug. Since all of the vectors in this negative R region point towards 
the right, it indicates a tendency for positive x-direction velocities this early in the engine 
cycle to correlate with a more leftward flame centroid. The negative correlations for the 
Vy field are on average greater (R ≈ − 0.35) with a larger presence on the intake side 
between y =  − 20 and − 40 mm. Since most of these negative correlations occur where the 
mean velocity is pointed in the positive y-direction, this indicates that greater upward (or 
less downward) velocities in these regions at the time of the intake valve closing corre-
late to more leftward flames at − 30°CA. As the tumble center begins to come into view 
at − 114°CA, the Vx correlations seem to not change much apart from the decrease in the 
area of negative R values and the emergence of very low positively correlated locations 
below the tumble center. On the Vy side a similar trend to − 132°CA is observed, but the 
region of negative correlation has grown and velocities in the region tend to be more verti-
cally oriented.

In late compression at − 60°CA, the correlations near the cylinder roof and especially 
near the spark plug increase and become strongly positive for the Vx side. This change of 
signs is confirmed by negative correlations between Vx at − 132°CA and − 60°CA close to 
the cylinder head. An analysis of conditioned flow fields (not shown) reveals that cycles 
featuring an initially stronger upwards directed flow of the tumble lead to lower veloci-
ties near the cylinder head and a slightly shifted tumble center during late compression. 
At this stage in the cycle, the flow’s tumble center is still visible in the FOV as the piston 
compresses it towards the exhaust valves. To the left of the spark plug, positive Vx -cen-
troidX correlations averaging R ≈ 0.50 and a positive Vx indicate that higher velocities 

Fig. 11   Scatter plot of selected points of the correlation field at − 46°CA in Fig. 10
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into the spark plug correlate to the flame growing to the right at − 30°CA. On the Vy side, 
the greatest correlations (R ≈  − 0.55) occur near the tumble center to the right and below 
the spark plug. At the locations of peak negative correlations, the velocity remains in the 
positive y-direction indicating that greater velocities there lead to the flame growing to the 
left at − 30°CA. The trends continue for both velocity components at the time of ignition 
(-46°CA), but the peak correlations reach up to an average of positive and negative 0.65 
near the spark plug. To aid in the interpretation, Fig. 11 displays scatter plots of the Vx and 
Vy data with the centroidX at the two points indicated in Fig. 10. While the average vector 
arrows in Fig. 10 point in one direction, the scatter plots indicate that there is a wide range 
of positive and negative velocities for both components which follow a linear trend (indi-
cated by the solid red regression line). The region around centroidX = 5 mm shows fewer 
data due to the spark plug geometry at this position and since the flames at − 30°CA are 
typically either to the left or right of the spark plug.

Despite the arrow schematic in Fig. 10 and the scatter plots of data near the spark plug 
in Fig. 11, it can still be quite difficult to interpret the meaning of the correlation fields 
at the time of ignition. Therefore, it is helpful to investigate conditional statistics using 
the cycles of extreme centroidX as the criterion for separation to directly examine the role 
of convection on the flame propagation. Figure 12a shows the mean velocity fields of the 
50 lowest (left with blue box) and highest (right with red box) centroidX cycles. There is 
a substantial difference in average flow direction and magnitude for the two samples. In 
the high centroidX cases, the tumble center is shifted into the FOV next to the spark plug 
and a region of strong horizontal flow from the intake to the exhaust side is visible, which 
directly affects the spark plug gap region. Subsequently, the flames with highest centroidX 
are convected to the right side, in stark contrast to the lower centroidX cycles, which 
appear to the left. The location of the tumble center in the case of the low centroidX sam-
ple is nearly out of the FOV and there is a large vertical flow structure that reaches from the 
piston surface to the spark plug. This high vertical velocity region below and to the right 

Fig. 12   a Conditional statistics of the velocity components for 12.9% EGR at − 46°CA, b flame propagation 
PDF with flow model, and box plots of Pcyl,max for the 50 lowest and highest centroidX cycles
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of the spark plug is similar in location to the high negative Vy-centroidX correlation region 
in Fig. 10. This confirms that very high upward-directed velocities to the right of the spark 
plug inhibit the flame’s growth in that region, leading to a preferred development and con-
vection towards the center of the cylinder. The comparison between the velocity magnitude 
fields shown on the bottom of Fig. 12a further shows the importance of higher magnitude 
velocities reaching from the piston surface to the right of the spark plug in inhibiting the 
flame growth there.

In Fig. 12b, the conditional PDFs of the flame at − 30°CA and − 18°CA are shown to 
summarize a flame-flow model taken from the mean velocities where vectors are available 
at the corresponding CADs (not shown). Beginning with the lowest centroidX cycles (blue 
box), the large upward flow directed from the piston towards the bottom right tip and to 
the right of the spark plug forces the early flame to begin its propagation away from the 
flow structure. At − 18°CA, the flame within the symmetry plane is partially attached to 
the spark plug and convected towards the intake valves (much of it out of the FOV) by the 
remaining upward- and leftward-directed flow from the piston motion. In the case of the 
highest centroidX cycles, the combination of the presence of the large tumble vortex center 
to the right of the spark plug (with a strong leftward flow below the tumble) and the right-
ward-directed velocity starting at the left side of the spark plug cause the flame to propa-
gate to the right (also out of the plane and FOV). At − 30°CA, the tumble center remains in 
the FOV to the right of the spark plug and the flames appear to follow the clockwise con-
vection, moving to the left below the tumble center. At − 18°CA, the flame occupies nearly 
the entire region to the right of the spark plug as the leftward flow stemming from the 
compression of the tumble continues to convect it towards the center. While it is clear that 
some of the flame is cut off by the given FOV, the cross-sectional flame area from the high 
centroidX sample is significantly larger, which helps explain why the Pcyl,max box plots on 
the right side of Fig. 12b are different, especially in terms of mean (oval) and median (red 
line) maximum in-cylinder pressure. Since centroidX was calculated at − 30°CA, a time 
when it correlates relatively high with Pcyl,max (compare Fig.  7), the conditioned cycles 
of extreme left and right centroidX are not only linked to the stark differences in the flow 
field, but also to slower and faster combustion, as evidenced by a mean and median Pcyl,max 
difference of over 1 bar between samples. Therefore, Fig. 12 exhibits a tendency for the 
early flame’s direction of propagation to predict whether the flame will grow quickly or 
slowly and this is directly correlated with the state of the velocity at the time of ignition. 
If the flow field is characterized by a strong upward flow onto the right side of the spark 
plug, the flame is likely to first propagate to the left, where it is convected further upward 
towards the intake valves, causing it to lose heat at the walls. The consequence is a slower 
growth of the flame as it must develop against a strong flow that directs its propagation 
along the walls, leading to lower Pcyl,max. However, when the clockwise tumble center lin-
gers close to the spark plug, a rightward-directed flow influences the flame to propagate 
first to the right, where it can grow in a region of lower velocity, then it is propelled by the 
vortex and then free to quickly grow with a strong leftward velocity towards the rest of the 
unburnt cylinder gas, leading to higher Pcyl,max.

3.3.4 � Correlation of Large‑scale Flow Structures to CCV

Earlier research has used planar PIV and flame imaging to show that large-scale flow struc-
tures play an important role in determining cyclic combustion speed (Buschbeck et al. 2012; 
Zeng et al. 2019). In the present work, a link between flame features and the combustion speed 
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(compare Fig. 7) and a link between the flame features and flow field has been shown. Fig-
ure 12 shows a correlation between the flow field, the flame’s x-position, and the in-cylinder 
pressure. However, to further strengthen the contention of the present work that there is a sig-
nificant correlation between the flame position, size, and large-scale velocity structures to the 
combustion speed, conditional analysis of the most unstable case (14.3% EGR) with 90 mis-
fire cycles is selected due to the amplification of the effects causing CCV. Although the same 
trends for the correlations between flow and Pcyl,max occur in the 12.9% EGR case, albeit with 
slightly lower correlations, the 14.3% case offers the unique opportunity to examine the differ-
ences between a large number of misfire cycles and fast combustion cycles. For the most acute 
comparison, conditional statistics between the 90 misfire cycles and the 90 greatest Pcyl,max 
cycles are compared in Fig. 13. In Fig. 13a the conditional mean velocity field for the misfire 
(left, blue box) and the fast combustion (right, red box) cycles is shown for the intake, com-
pression, and the time of ignition. During intake at − 180°CA and compression at − 90°CA, 
the differences between the velocities are subtle, with the main characteristic difference being 
greater velocity magnitudes and a more compact tumble center in the case of the misfire set. 
However, at the time of ignition, greater disparity is apparent. As was observed with cycles 
with low centroidX (compare Fig. 12), misfire cycles have a greater bulk velocity structure 
extending from the piston surface to the spark plug than their counterpart’s flow field. Fur-
thermore, the fast combustion flow fields also have a stronger horizontal flow across the spark 
plug from the intake to the exhaust side. However, it is interesting to note that both sets exhibit 
a mean tumble vortex center of similar size and position, despite the aforementioned contrasts. 
This indicates that the presence of the tumble center to the right of the spark plug is far from 
the lone influencing attribute causing faster flame growth. Rather, the flame’s growth is deter-
mined by the direction and magnitude of the flow surrounding the spark plug, as discussed 

Fig. 13   a Conditional average velocity fields for 14.3% EGR with the 90 misfire cycles (left) and the 90 
cycles with the highest Pcyl,max (right). b The correlation between the horizontal (left) and vertical (right) 
velocity components with Pcyl,max. c Propagation of the conditional flame PDF and flow model
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with Fig. 12. In this case, the flow around the tumble center varies strongly between the two 
samples leading to distinct velocity structures around the spark plug at ignition.

Since there are distinct characteristics that emerge in the contrasting conditional flow fields 
near the spark plug, they also appear in the correlation fields (over all cycles, not conditionally 
separated) displayed in Fig. 13b. Although correlations are generally lower than those appear-
ing for centroidX at ignition (for the flame at − 30°CA for 12.9% EGR), they have the same 
structures. The correlation fields displayed lead to the conclusion that cycles of faster combus-
tion correlate with stronger rightward velocities and weaker upward velocities near the spark 
plug.

To summarize a conceptual model for the extreme cycles, Fig. 13c displays the PDFs of 
the early flame as well as a flow diagram which takes into account the flow at − 50°CA and 
the corresponding velocity fields at the times of the flame PDFs (not shown). For the misfire 
cycles (left, blue box), it may be surprising to observe the presence of early flame kernels 
despite the negative IMEPg criterion. Nevertheless, the significant bulk flow stemming from 
the piston’s approach to TDC forces the flame to develop towards the left, before blowing off 
or quenching at the cylinder roof out of the measurement plane. Conversely, the fast combus-
tion cycles sustain flame growth towards the right side due to the horizontal flow across the 
spark gap and the lack of high velocities forcing the flame against the roof due to the loca-
tion of the tumble center. In contrast to the flames conditioned to high centroidX shown in 
Fig. 12b, the fast combustion flames for 14.3% EGR exhibit less clockwise convection along 
the tumble vortex center because the velocities surrounding the vortex center are more moder-
ate. However, similar to the case of centroidX for 12.9% EGR, after an initial rightward propa-
gation, the flame grows quickly in the low velocity vortex center before being convected by 
the leftward flow above the piston towards the rest of the unburnt gas in the cylinder.

The analysis accompanied with Figs. 12 and 13 shows that the velocity in the vicinity of 
the spark plug at the time of ignition is critical in determining the cyclic combustion speed. 
However, when comparing the differences in velocity of HC and LC shown in Fig. 6, analyz-
ing the velocity at the spark plug alone is not enough to predict fast and slow cycles since 
depending on the OC, higher velocity directed towards the intake valves leads to either slow 
or fast combustion. Because the flame development, and consequently the combustion speed, 
correlates with the velocity significantly as early as the intake phase, the entire flow history 
can provide context for an accurate prediction of the cyclic performance. In a previous study 
with the same engine under full-load conditions, ML techniques used the flow history from 
intake until ignition and flame features to predict cycles with high and low Pcyl,max (Dreher 
et al. 2021). Although the engine was operated under different conditions such as the intake 
pressure, ignition timing, and internal EGR levels, the horizontal velocity near the spark plug 
was found to be important in the prediction of CCV similar to the present study. In addition, 
the conditional velocity fields displayed that a stronger horizontal flow across the spark plug 
yields higher in-cylinder pressure. The agreement of results with entirely different OCs is a 
promising finding that aspects of the analysis of this work can translate to different engine 
configurations.

4 � Conclusions

Various levels of homogeneously mixed exhaust gas recirculation were introduced in a 
port fuel injection SI engine experiment operating in a skip-fire scheme to ensure proper 
reactant homogeneity at ignition. The incremental increase in externally-controlled 
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EGR levels led to an exponential increase in cyclic variance. By employing simultane-
ous high-speed PIV and planar Mie scattering techniques for thousands of cycles, the 
causes of CCV were investigated by examining the conditional statistics and multivari-
ate correlations of the flame development and the velocity fields in the symmetry plane 
of the engine.

Although the mean flow field in compression was unaffected by the varying EGR levels, 
combustion was slowed down with increasing EGR, allowing for an increase in the flame’s 
sensitivity to variations in the in-cylinder velocity. Since there were no differences in gas 
homogeneity nor the thermodynamic conditions at and after ignition for a given OC, the 
measured CCV was truly due to observable variations in the bulk velocity field. In the 
stable case of 0% EGR, flames were always directed towards the center of the cylinder due 
to the bulk motion induced by the piston at the time of the ignition, causing a tendency for 
the flame kernel to grow evenly from the center to the cylinder walls. However, to achieve 
combustion with increasing EGR levels, the spark timing had to be moved earlier to coun-
teract the slowed flame speeds. Consequentially, in higher EGR cases, the flames could be 
convected by the presence of a lingering tumble vortex center near the spark plug, encour-
aging flame propagation from right to left following the clockwise vortex. Conversely, 
when the tumble center shifts further right or there is a stronger upward velocity from the 
piston surface onto the spark plug tip, the flame is directed towards the center of the cylin-
der from right to left. In the most sensitive condition with 14.3% EGR, significant correla-
tions between the maximum in-cylinder pressure and the velocity components show that 
large-scale velocity structures play a crucial role in determining combustion speed. Similar 
to the conditions affecting the direction of the flame propagation in the 12.9% case, the 
presence of a higher magnitude upward velocity directed towards the bottom of the spark 
plug can cause the flame to not only propagate to the left, but also towards the intake valves 
where they either blow off, or quickly quench at the wall, leading to misfire. Moreover, the 
lack of this bulk flow directly below the spark plug and an increased velocity from the left 
to right across the spark plug gap encourages faster combustion.

In future work, analysis of the spark through high-speed imaging of the plasma and 
spark energy measurements in combination with the flame and flow analysis techniques 
of this work can help complete the knowledge of the causal chain of cyclic variations with 
increasing EGR. Furthermore, the extension of the measurement and analysis techniques 
employed in this work to internally-induced EGR with species concentration measure-
ments will be invaluable in the design of near-future highly optimized IC engines.
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