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Abstract: Lean burn spark ignition (SI) engines represent an effective solution for improving fuel
economy and reducing exhaust emissions and can be implemented both in conventional and hybrid
powertrains. On the other hand, lean operation increases cyclic variability with negative impact
on power output, engine efficiency, roughness, and operating stability. Although this phenomenon
has been widely investigated, the effects of flow field on the inception and development of flames
in direct injection spark ignition (DISI) engines under lean burn conditions is not yet completely
understood. In particular, the effect of spark plug geometry and electrode orientation with respect
to tumble motion has been minimally investigated. For these reasons, two different spark-plug
geometries (i.e., single- and double-ground electrode) and three different orientations (i.e., cross-,
counter-, and uni-flow with respect to the direction of tumble motion) were investigated in an
optically accessible DISI engine for understanding their influence on the initial phase of combustion.
The relative air—fuel ratio (AFR ) was changed from stoichiometric to lean burn (1.00 to 1.30) for
different spark timings around the maximum brake torque setting at fixed engine speed (2000 rpm).
An image processing procedure was developed for evaluating the morphological parameters of flame
kernels and studying the effects of spark plug design on engine operating stability. With a focus
on the correlation between the position where ignition occurs with the subsequent locations of the
flame kernel during the first phases of the combustion process, the analysis allowed the gathering of
a better understanding of the influence that the electrodes’ geometries and orientation can have on
the first stages of combustion development.

Keywords: spark plug design; flame kernel; optically accessible engine; lean burn

1. Introduction

Transition to renewable energy sources is significantly changing the automotive sector,
and, while fully electric powertrains are expected to dominate the passenger car sector
from 2035 afterwards, at least in the European Union, the internal combustion engine will
still constitute the backbone of transportation at least for the next decade. Climate change is
commonly agreed to be one of the most important challenges mankind has to face [1], and
the reduction of greenhouse gas emissions due to human activities is therefore crucial [2].
Different legislative approaches to slow down global warming are being implemented
worldwide (e.g., from gradual detachment from fossil fuel to completely banning the sale
of new gasoline and diesel vehicles by 2035 [3]) with various impacts of such measures
aimed at reducing greenhouse gas emissions [4].

Nevertheless, several studies [5-7] forecast that internal combustion engines (ICEs)
will continue to play an important role among vehicular propulsion systems for the next
decade (also foreseeing their application in hybrid powertrains or thanks to the use of
synthetic fuels) and for distributed energy generation solutions. In this context, gasoline
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direct injection (DI) in spark ignition (SI) engines has been widely adopted in recent years,
often in combination with engine downsizing and turbocharging, due to its capability to
significantly reduce knock tendency [8-10]. The possibility of implementing lean burn
combustion systems and reducing fuel consumption is a further advantage of DISI en-
gines [11-13], even if this operating regime requires specific aftertreatment systems [14] and
features lower combustion stability [15]. Cyclic variability is a well-known, yet not fully
understood effect, and is still being investigated [16]. The complexity is due to combination
of phenomena that take place simultaneously inside the combustion chamber [17]. The
use of lean mixtures leads to slower flame front propagation and emphasizes the effects
of flow field motion on the combustion process, thus resulting in excessive irregularity
of engine output, with increased cycle-to-cycle variability (CCV) and reduced thermal
efficiency [18-20].

In [21], the authors combined thermodynamic and optical analysis to study the com-
bustion process in a DI SI optically accessible engine, obtaining satisfactory results by
comparing the calculated volume of the burned fraction and the optically measured flame
area. Martinez et al. and Irimescu et al. in [22,23] investigated the effects of air-fuel ratio
and injection phasing on flame front propagation in an optically accessible DI SI engine,
demonstrating how the first predominantly affects the flame shape while the second affects
displacement with respect to the spark plug centre. By using the same methodologies,
Schirru et al. in [24] investigated the impact of spark plug orientation on flame kernel loca-
tion and the subsequent flame development process, noting the tendency of the first to form
toward the exhaust side. Nevertheless, the low turbulence level (engine speed of 1000 rpm)
did not allow the observing of appreciable difference in terms of the location or elongation
of the flame kernel. Moreover, Geiger et al. and Lee et al. in [25,26] demonstrated how
the implementation of different spark plug designs can extend the lean limit range where
the engine operates under stable conditions. Zhao et al. in [16] have studied CCV in a
spark-ignited engine using large-eddy simulation and correlated the flame topologies to
the peak pressure reached in the combustion chamber, finding how the flame volume shape
affects cylinder pressure development.

The present work aims to contribute to gather a better understanding of how the
flame—fluid motion interaction affects kernel inception and cycle-to-cycle variability, with
a focus on the correlation between the location where ignition occurs (flame kernel) and
the successive positions of the flame, up to the location corresponding to the end of the
first kernel development, which is generally assumed to be coincident with the crank angle
at which 5% of the fuel mass is burnt (CA5). Therefore, thanks to optical techniques, two
different spark plug designs and three different electrodes’ orientations with respect to
the direction of tumble motion were investigated in an optically accessible DISI engine
operating under stoichiometric and lean burn conditions for different spark timings. The
displacement of the flame kernel with respect to the inception location was accurately
evaluated by applying ad hoc image processing, and correlations between flame kernel
displacement and its inception location for different combination of ignition hardware and
operating conditions were highlighted.

2. Experimental Setup and Methodology

Measurements were carried out on an optically accessible direct-injection spark-
ignition (DISI) single-cylinder four-stroke engine. A mass-produced automotive engine,
1.4 L displacement, 4-cylinder in-line, was suitably modified for the optical investigations.
The engine was equipped with a four-valve pent-roof head, while the crankcase was modi-
fied and designed for a single cylinder that features a Bowditch extended piston design.
Table 1 shows the engine specifications and the valves timing (CAD for crank angle degree,
B and A for before and after the top dead centre (TDC), respectively; reference is made to
the firing TDC).
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Table 1. Engine specifications.

Parameter Description
Displacement 399 cm?®
Stroke 81.3 mm
Bore 79 mm
Connecting rod 143 mm
Compression ratio 10:1
Number of valves 4
Exhaust valves opening 153 CAD ATDC
Exhaust valves closing 360 CAD ATDC
Intake valves opening 363 CAD BTDC
Intake valves closing 144 CAD BTDC
Fuel injection system DIWG
Start of injection 300 CAD BTDC

Figure 1 shows an overview of the experimental setup. Two different spark plugs
were tested, with single J-type electrode (Bosch YR7LEU) and a double J-type electrode
design (NGK DCPR8SEKC), respectively. The cross-flow orientation presents the electrodes
perpendicular to the tumble motion, which is predominantly developed along the x axis
in Figure 1, while the uni-/counter-flow orientations feature the electrodes parallel to the
tumble motion.

Spark plug

;/

Quartz
optical
windows

High speed camera

©

crankshaft

Exhaust side Exhaust Valves

Single
Electrode

Crossflow Uniflow Counterflow
Intake side Pressure
[Exhaust side Transducer
Double
Electrode
Crossflow Uni-, /Counterflow

Intake side

Intake Valves

Figure 1. Experimental setup (top left), detailed sketch of the elongated piston (top right), spark
plug orientations investigated (bottom left), and detailed sketch for the single electrode spark plug
in counterflow configuration (bottom right).
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The in-cylinder pressure traces were obtained as ensemble-averages of 200 consecutive
cycles recorded with a piezo-electric transducer (AVL GH12D) with an accuracy of 1%
and a crank angle resolution of 0.2 CAD. The intake air temperature was controlled at about
300 K and monitored with a thermocouple placed in the intake manifold.

A piezo-resistive sensor was used for measuring the absolute intake pressure with an
accuracy of +1%. Oil and water temperatures were regulated by a thermal conditioning
system including an electric heater and a heat exchanger. It was permitted to maintain the
water coolant temperature in the range between 330-335 K. The synchronization of various
control triggers for ignition, injection, and camera recording was achieved by using an
optical encoder mounted on the crankshaft to generate an external clock signal connected
to an AVL engine timing unit.

The direct-injection system featured wall-guided (WG) configuration and injection
pressure was maintained at 100 bar. The engine speed was fixed at 2000 rpm, and all cases
were examined in wide open throttle (WOT) conditions; relative air-fuel ratio (AFR]) or
lambda (A) was monitored with a UEGO (universal exhaust gas oxygen) sensor that featured
an accuracy of +1%. Table 2 lists engine operating conditions that were investigated (with
SA standing for spark advance).

Table 2. Operating conditions.

Spark Advance

Spark Plug Design Orientation [CAD BTDC] A
8 1.15
1.00
Cross-flow 12 1.15
Single-electrode 10
16 1.15
_ 1.00
Uni-flow 12 1.30
1.00
Counter-flow 12 1.30
8 1.15
1.00
Cross-flow 12 1.15
Double-electrode 1.30
16 1.15
_ 1.00
Uni-flow 12 1.30

3. Heat Release Rate Analysis

Considering the difficulties to characterize the heat and mass losses of the in-cylinder
charge in an optical engine, mainly related to the high blow-by flow, the simplified approach
described in [27] for the calculation of the net heat release rate (HRR) was adopted. To
calculate the main engine performance and combustion parameters, e.g., the indicated
mean effective pressure (IMEP), its coefficient of variation (COV), and the net heat release
rate (HRR), a dedicated script was built using the National Instrument (NI) LabView 2020
software. IMEP and HRR were calculated for an ensemble average of 200 consecutive
engine cycles for each of the investigated engine operating conditions. The mass fraction
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burned (MFB) was then calculated on the basis of the integral of the net heat release rate,
obtained by means of Equation (1), as follows:

dQn =

xpxdV 4+

0% 1
V xdP 1
P oy )
where dQ)j, is the net heat rate release measured in Joules per crank angle, p is the in-cylinder
pressure in Pa, V is the instantaneous cylinder volume in m?, and 1 is the ratio of the specific

heat of the in-cylinder charge, which was set to 1.35. MFB was then calculated as:

Qr — Qst

MFB =
Qevo — Qst

@)
where the subscript “k” is related to the current crank angle position, while the subscript
“ST” refers to the crank angle at spark timing and “EVO” to the crank angle at the exhaust
valve opening. Once MFB was calculated, it was possible to identify the CA corresponding
to 5% MFB (CA5) and 50% MFB (CA50), taken as representative of the end of the first kernel
development angle and of the centre of weight of the flame propagation phase, respectively.

4. Optical Setup and Methodology

Digital imaging was performed by using a high-speed CMOS camera (CamRecord
5000, 8-bit, 16 um x 16 um pixel size by Optronis, Kehl, Germany) equipped with a
50 mm Nikon objective. The camera was set in full chip configuration with a resolution of
512 x 512 pixels and an acquisition speed of 5000 frames per second (equivalent to a dwell
time of 2.4 CAD at 2000 rpm), with an exposure time of 167 ps. The f-stop of the objective
was set at 2.8 to improve the signal-to-noise ratio without extensive saturation effects. The
optical setup allowed 0.19 mm/pixel spatial resolution. Ad-hoc image processing built in
NI Vision software environment was used for evaluating flame kernel displacement and
its morphology, based on the recorded optical data. As a starting point of the procedure,
a circular mask was applied to the images, to limit the investigated area to the quartz
window fitted on the piston top and to cut light from reflections at the boundaries of the
optical access. Then the level of contrast, gamma (which defines the relationship between a
pixel’s numerical value and its actual luminance), and brightness were fixed to improve
the quality of the images and reach a suitable level of luminosity of the “foreground” for
successive binarization. This was obtained by applying a threshold level that featured a
20% linear decrease from its initial value (2°) when AFR . was swept from stoichiometric to
lean burn conditions. Each binary image was treated with the same fast Fourier transform
(FFT) to correct drifts and remove small objects out of the foreground. A morphological
function permitted to evaluate the area and the coordinates X-Y of the luminous centroid
(LC) with respect to the origin of the reference system fixed on the spark plug axis. Finally,
the LC’s displacements along the Y-axis (DY) were calculated. DY corresponded to the
distance from the plug in the tumble direction; thus, it was considered positive if the flame
was elongated towards the exhaust valves. The steps applied for image processing are
illustrated in Figure 2.

In order to have a more comprehensive understanding of the origins of CCV, a specific
investigation was performed, evaluating the correlation between the kernels and successive
flame locations during the process. More specifically, two frames were extracted from each
sequence of images; the first relative to the kernel inception (in the range 2.4-4.8 CAD AST)
when the spark arc was still observable, and the second close to the CA5 (£0.3%) mark.
Figure 3 shows images from five consecutive cycles, relative to the two selected CADs after
spark timing (4.4 and 16.4 CAD AST) for the operating condition with an AFR, of 1.15,
spark advance fixed at 12 CAD, cross-flow orientation, and single-plug design. From a
preliminary qualitative evaluation, it appears that the flame front propagates in the same
region where the kernel first develops. In order to obtain a quantitative analysis of the
effect, the Y-displacements of the kernel and of the CA5 flame were compared for all of
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the examined cases; after linear fitting, three regions were defined based on a calculated
coefficient of determination (R?). For a coefficient of determination between 1.0 and 0.7,
the case was considered a high-correlation region, from 0.7 to 0.5 a medium correlation,
and finally, below 0.5, the correlation was considered to be absent. As an example, Figure 4
reports the correlation related to the condition of Figure 3 by considering 20 consecutive
combustion sequences.

A B C D

(b)

Figure 2. (a) Sequence of steps applied for image processing: (A) original raw data, (B) circular mask
and gamma/brightness improvement, (C) image binarization, (D) FFT correction. (b) Flame area
morphologic details.

Sequence: 1 2 3 4 5
4.4

CAD AST

16.4
CAD AST

Figure 3. Selected images detected during the kernel phase (4.4 CAD AST) and CA5 (corresponding to
16.4 CAD AST) for the case of a single-electrode design in cross-flow orientation (A 1.15, SA 12 CAD).
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Figure 4. Comparison between the displacement along the direct tumble direction of the kernel and
CADb flames for the case of a single-electrode plug in cross-flow orientation (A = 1.15, SA =12 CAD;
the electrode is shown on the graph for scaling purpose only).

5. Results

A combined discussion of the results coming from the thermodynamic and optical
analysis is performed in this section; moreover, the information gathered in this work
have been further divided into three sub-sections. In the first and second sub-sections, the
findings obtained for the crossflow orientation (for the single- and for the double-electrode
spark plug designs), first for a fixed SA and for different AFR,, and then vice versa, are
discussed. Finally, in the third and last sub-section, the remaining investigated cases
are discussed (i.e., uni- and counter-flow configurations for single-electrode and uni- for
double-electrode). For the sake of brevity and improved flow of discussion, thermodynamic
parameters are mentioned in correlation with the observed flame-related phenomena, and
the text is focused on the optical data.

5.1. Cross-Flow Orientation, AFR,,; Effect

The cases that featured cross-flow orientation were intended to be “tumble biased”,
meaning that the kernel is more exposed to the ordered tumble motion rather than to the
effects of randomly directed turbulent motion. Fixed spark timing was chosen so as to
initiate the combustion process in the same conditions of fluid motion. Changes in air—fuel
ratio were enacted by reducing the injected fuel quantity, while maintaining the same WOT
setting. Figure 5 shows the in-cylinder pressure traces and the main engine operating
parameters.

The double-electrode spark plug allowed reaching slightly higher peak pressures
(i.e., about 0.3 and 1.0 bar difference for AFR 1.15 and 1.30, respectively), except for
the stoichiometric burn condition, for which no appreciable differences were noted. As
expected, increasing the air-fuel ratio resulted in lower IMEP values, with values around
8.4, 7.6, and 6.2 bar for AFR 1.00, 1.15, and 1.30, respectively. The IMEP did not show
noticeable differences when switching from the double to the single spark plug design,
except for the leaner burn condition investigated, wherein a slight increase of 3% in IMEP
was noted between the two spark plug designs. The COVyygp data show that the double-
electrode solution ensured a slight improvement in stability for the lean burn condition;
except for the stoichiometric case, a reduction of almost one percentage point in terms of
COVvgep was noted compared to the single-electrode type. The combustion phase during
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flame development featured a CA5 mark of about 14.0 and 18.0 CAD AST for AFR,, 1.00,
and 1.15, while for the leanest mixture, a difference of about 0.8 CAD between the two
configurations was noted (i.e., 23.6 and 24.4 CAD AST for double- and single-electrode
respectively), as to confirm the slower initial combustion phase and thus a longer time of
exposition to the turbulent motion and, as a consequence, a higher cyclic variability.

a5 r
«===Double A = 1.00

===Double A =1.15
====Double A =1.30
====Single A = 1.00
===Single A = 1.15

40

35
===Single A = 1.30
30

=
325
g
3
a
o 20
a
15
10 f
5
0
315 330 345 360 375 390 405 420 435 450
CAD
(a)
90 10.0%
85
o | . 80%
875 1 & 60% I
a 70 | §'
65 | > 40% &
= 3
60 | o
20%
55
5.0 0.0%

A=1.00 A=1.15 A=1.30 A=1.00 A=1.15 A=1.30

® Double m Single m Double m Single

(b)

Figure 5. (a) In-cylinder pressure traces (top) and (b) mean IMEP and COV values for both spark
plug designs and cross-flow orientation (AFRe; 1.00-1.15-1.30, SA 12 CAD).

Figure 6 shows the R? values for the single- and double-ground electrode designs, for
the three investigated air—fuel ratios. An evident trend of decreasing R? with increasing
AFR, values was noted for the single-electrode design, with R? above 0.7 for the first
two settings and slightly above the 0.5 value for the leanest case. On the other hand, for
the double-electrode design, no significant correlation between kernel position and flame
displacement at CA5 was observed. Given the intended tumble bias, this seems to suggest
that only the single-electrode type is, to some extent, sensitive to the effects of this ordered
fluid motion.
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1.0 o e e o e e e e e e
HIGH CORRELATION

0.9 | ZONE

08

0.7 oo o o o e e e o o e R R e o o o o o o

MEDIUM CORRELATION
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ZONE

A=1.00 A=1.15 A=1.30

W Double electrode  m Single electrode

Figure 6. Coefficient of determination R? of the linear fit between kernel position and flame displace-
ment at CA5 for cross-flow orientation, different AFR ) values, and fixed spark advance (12 CA).

In addition to the information given by the flame position at the CA5 mark, further
useful observations can be made by analysing the evolution of R? throughout the kernel
formation and development. Figure 7a—c show the evolution, as a function of the crank
angle after spark timing, of the mean R? values for three AFR, cases and the two plug
configurations. It is immediately evident that the double-electrode type features a steeper
decrease of the correlation parameter, thus explaining the overall figures obtained at CA5.
For both spark plugs, the evolution is dilated in time as the air-fuel mixture becomes
leaner (please note the different CAD scales for each case when passing from Figure 7a to
Figure 7b and then Figure 7c). This can be related to the fact that a leaner mixture results in
reduced laminar flame speed and therefore in longer combustion duration, especially in
its initial stages. Therefore, the effect of tumble motion is more pronounced compared to
stoichiometric conditions (Figure 7a), meaning that displacement along the Y axis is more
likely to be governed by the ordered fluid motion when the interaction is lengthened. Slight
improvements in mixture homogeneity could be another explanation, since the reduced
injected fuel quantity is more likely to lead to lower mixture composition gradients and
thus to a lower influence of local laminar flame speed.

1.0 === e e e e e e e e e
HIGH CORRELATION
0.9 ZONE
0.8
0.7 oo o o o o o o i
MEDIUM CORRELATION
0.6
.TI'°-5 ............................................
[- 4
LOW CORRELATION
04 r ZONE
03
0.2 - -m Double electrode
0.1
-0-Single electrode
0.0 . . . . . ,
4.4 6.8 9.2 11.6 14.0 16.4 18.8
CAD AST
(a)

Figure 7. Cont.
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HIGH CORRELATION
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ZONE @

LOW CORRELATION

0.4 ZONE

0.2 | -m-Double electrode

-0-Single electrode A=1.15
0.0 : : ' : : ' '

4.4 6.8 9.2 116 14.0 164 18.8 21.2
CAD AST

MEDIUM CORRELATION
ZONE

LOW CORRELATION
ZONE

0.2 -i-Double electrode

-@-Single electrode A=1.30
0.0 L : . : . : : : )

4.4 6.8 9.2 11.6 14.0 16.4 18.8 21.2 23.6 26.0
CAD AST

(©)

Figure 7. Evolution of the coefficient of determination R? of the linear fit between kernel position
and flame displacement at CA5 during the early stages of combustion for the cross-flow orientation
for the stoichiometric AFR; value (a), for AFR,¢ 1.15 (b), and for AFR; 1.30 (c). For all of the above
reported cases, the spark advance was fixed at 12 CA.

As an overall conclusion, for the cross-flow orientation, the single-electrode design
seems more likely to show a higher level of correlation between kernel and flame dis-
placement. Moreover, as already highlighted in [16], the lack of a preferential direction
for the displacement of the kernel seems to be beneficial in terms of combustion stability,
especially for lean mixtures: in other words, the double-electrode geometry, which shows a
lower correlation between the initial kernel position and the flame displacement at CA5,
is also showing slightly higher peak pressure values and slightly lower COV values for
lean mixtures.

5.2. Crossflow Orientation, Spark-Timing Effect

As reported in the previous sub-section, spark timing was initially fixed to ensure
the same fluid motion conditions during ignition. In a second step, the air—fuel ratio was
kept constant and spark timing was varied. The AFR,, 1.15 condition was chosen, to
allow sweeping the ignition advance in a range that ensured knock-free operation from
one side (for more advanced timings) and acceptable combustion stability from the other
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side (for more retarded timings). For the sake of brevity, Figure 8 shows only the IMEP and
COV plots without reporting the mean in-cylinder pressure traces, as these did not show
particular trends or differences between spark plug geometries.

9.0 10.0%
85 [
8.0% [
80 | _ ;
g 75 E 6.0% |
& 70 =
L 4.0%
6.5 >
2 g
6.0 |
2.0%
55
X 0.0%
SA8 SA12 SA16 SA8 SA12 SAl6
® Double m Single ®m Double m Single

Figure 8. IMEP and COVyygp for both spark plug electrode designs and cross-flow orientation
(AFR, 1.15, SA 8-12-16 CAD).

In line with the results discussed in the previous sub-section, the IMEP did not show
any appreciable difference when switching from one spark plug design to the other. The
COVy\mpp was lower than 3.0% for SA16, while, when delaying the spark event, the cyclic
variability rapidly increased, up to about 5.0% for SA8, although differences in terms of
COVmMmEep between the two spark plugs were only noticeable for the SA12 timing.

Again, the two plug designs featured opposite trends in terms of correlation between
the Y-axis displacement of kernel and flame at CA5, as shown in Figure 9. As expected,
only the single-electrode case showed somehow higher correlation values, given that more
extensive tumble effects should result in the same displacement direction as that of the
organized fluid motion.

O o e e e e e e e e e G CORRELATION

09 | ZONE

LOW CORRELATION
ZONE

R2 (Y axis)
© © o o
N w » w

o
-

e
=)

SA8 SA12 SA16
CAD

m Double Electrode  m Single Electrode

Figure 9. Coefficient of determination R? of linear fit between the Y-axis displacement of kernel and
flame at CA 5 for the cross-flow orientation for different spark advances and fixed AFR (1.15).

Figure 10 shows, for the SA16 case as an example, the R? evolution as a function of
crank angle from spark timing. Again, the single-electrode spark plug design shows an
evident sensitivity to the tumble motion, while, for the double-electrode, the correlation is
rapidly vanishing.

In conclusion, for the cross-flow orientation and for a given AFR, value, no signifi-
cant differences between the two electrode geometries could be highlighted for different
spark timings.
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Figure 10. Evolution of the coefficient of determination R? of the linear fit between kernel position
and flame displacement at CA5 during the early stages of combustion during the early stages of the
combustion process for the cross-flow orientation at fixed SA (16 CAD) and AFR (1.15).

5.3. Uni-Flow and Counter-Flow Orientations

Further investigations were performed by considering the spark plug orientation par-
allel to the tumble motion corresponding to uni- and counter-flow for the single-electrode
and uni-flow for the double-electrode. Looking at Figure 11b, no significant differences
were found in terms of IMEP or its COV when changing spark plug orientation. More
noticeable changes were recorded for peak pressure (Figure 11a) when comparing the
counter-flow condition with double uni-/counter-flow and single uni-flow configurations.
In more detail, the former featured lower peak pressure values for each investigated air-fuel
ratio (an overall decrease of 1.5-1.8 bar was noted).
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Figure 11. Cont.
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Figure 11. (a) In-cylinder pressure traces (top) and (b) mean IMEP and COV values for both spark
plug designs and uni-/counter-flow orientations (A = 1.00-1.30, SA 12 CAD).

Figure 12a shows the mean values of the determination factor R? and (b) its evolution
during the early stage of the combustion process for the stoichiometric and the leaner air—
fuel ratio mixture. Starting with Figure 12a, it is possible to note the lack of any significant
correlation for all of the cases with this orientation. Moving to Figure 12b,c, just as for
the ARF,, sweep, the single-electrode design shows a less steep decrease compared to
the double-electrode type. The trend recorded for the counter-flow single-electrode case
was closer to the uni-flow double-electrode type but without highlighting any relevant
correlation value. On the contrary, the uni-flow orientation for the single-electrode type
acts as a shield with respect to direct tumble, ensuring R? values in the high-correlation
region, while the wake downstream of the plug seems to favor early flame propagation.

Finally, as far as the combustion development is concerned, it was noted that, for both
air—fuel ratios, the single-electrode design in counter-flow orientation resulted in a slower
combustion development compared to the other cases. Differences of about 0.8 and 1.2
CAD at CA5, and of about 1.6 and 2.8 CAD at CA50 for AFR;; 1.00 and 1.30, respectively,
were noted. This further emphasizes the different flame—fluid interaction with respect to
spark plug design and orientation, as well as the influence this phenomenon exerts on the
initial stages of combustion.
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Figure 12. Cont.
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Figure 12. (a) Coefficient of determination R? of linear fit between the Y-axis displacement of
kernel and flame at CA5 for different orientations. (b,c): Evolution of R? (along the Y axis) during
the early stages of the combustion process for different spark orientations at 1.00 (middle) and
1.30 AFR,¢ (bottom).

6. Conclusions

Using data recorded on an optically accessible DISI engine, this study aimed to
understand and correlate the flame kernel formation process with the subsequent flame
development for different spark plug geometries and electrode orientations with respect to
tumble motion, especially for lean mixtures. While only minor differences were noted in
terms of IMEP among all of the configurations under investigation, a slight reduction in
CCV when employing double-electrode spark plugs compared to the single-electrode was
recorded for the cross-flow orientation for the lean mixtures.

A new parameter was defined for correlating the position where ignition occurs with
the subsequent locations of the flame kernel during the first phases of the combustion
process, thus allowing the gathering of a better understanding of the interactions between
the combustion process and fluid flow characteristics.
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The spark plug design and the electrodes’ orientation were shown to influence how
the kernel evolves, especially for lean mixtures. The main findings can be summarized
as follows:

e  For the cross-flow orientation and for all of the three AFR,| investigated, the single-
electrode design resulted in higher R? correlation coefficient values between the initial
kernel position and flame displacement at CA5 compared to the double-electrode type,
showing a higher sensitivity to the effects of the tumble fluid motion.

e  For the cross-flow orientation, and for the leanest AFR,| investigated, the double-
electrode geometry, which showed a lower sensitivity to the effects of the tumble
fluid motion, also showed some noticeable improvements in terms of both IMEP and
combustion stability in comparison with the single-electrode design.

e As far as the uni-/counter-flow orientations are concerned, a substantial lack of
correlation between initial kernel position and flame displacement at CA5 was found
for all electrode geometries and orientations, while some noticeable effects in terms
of peak pressure were found only for the single-electrode geometry in counter-flow
orientation.

All of these findings emphasize the complexity of the phenomena underlying the flame
kernel formation process. If the engine performance parameters appear to be influenced in
a minor way, with the only CCV showing a slight reduction when employing the double-
electrode spark plug design, the conclusion is quite different from the optical point of
view. Moreover, the increasing use of numeric simulation software, then the ever more
accurate boundary conditions required to reduce the predicted error between numeric
results and experimental measures, leads to the possibility of extending the current study
with new operative conditions for building a database on flame kernel characteristics useful
for validating CFD codes.
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Abbreviations

A Lambda

AFRrel Air—fuel relative ratio

AST After spark timing

ATDC  After top dead centre

BTDC  Before top dead centre

CA5 Crank angle at 5% of burned mass fraction
CA50 Crank angle at 50% of burned mass fraction
CAD Crank angle degree

CcCcv Cycle to cycle variability

Ccov Coefficient of variation
DI Direct injection
DISI Direct-injection spark ignition

ETU Engine timing unit
EVC Exhaust valve closing
EVO Exhaust valve opening
FFT Fast Fourier transform



Energies 2022, 15, 3393 16 of 17

GDI Gasoline direct injection
HRR Heat release rate

ICE Internal combustion engine
IMEP  Indicated mean effective pressure
vc Intake valve closure

VO Intake valve opening

LC Luminous centroid

MFB Mass fraction burned

SA Spark advance

SI Spark ignition

SOI Start of injection

ST Spark timing

TDC Top dead centre

UEGO  Universal exhaust gas oxygen
WG Wall-guided

WOT  Wide open throttle
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