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 
Abstract—One of the aspects that are usually neglected during 

the design phase of an engine is the effect of the spark plug on the 
flow field inside the combustion chamber. Because of the difficulties 
in the experimental investigation of the mutual interaction between 
flow alteration and early flame kernel convection effect inside the 
engine combustion chamber, CFD-3D simulation is usually exploited 
in such cases. Experimentally speaking, a particular type of engine 
has to be used in order to directly observe the flame propagation 
process. In this study, a double electrode spark plug was fitted into an 
optically accessible engine and a high-speed camera was used to 
capture the initial stages of the combustion process. Both the arc and 
the kernel phases were observed. Then, a morphologic analysis was 
carried out and the position of the center of mass of the flame, 
relative to the spark plug position, was calculated. The crossflow 
orientation was chosen for the spark plug and the kernel growth 
process was observed for different air-fuel ratios. It was observed that 
during a normal cycle the flow field between the electrodes tends to 
transport the arc deforming it. Because of that, the kernel growth 
phase takes place away from the electrodes and the flame propagates 
with a preferential direction dictated by the flow field. 
 

Keywords—Combustion, Kernel growth, optically accessible 
engine, spark-ignition engine, spark plug orientation. 

I. INTRODUCTION 

N an era where the world is fighting a climate crisis due to 
greenhouse gases emissions, the transportation field is asked 

to improve its efficiency [1]. That task is particularly hard for 
car manufacturers that have to respect stricter limitations year 
after year on exhaust emissions of their vehicles. In this 
scenario, internal combustion engines need to be drastically 
improved with new designs and combustion’s techniques. As 
the spark-ignited engines seem to be more suitable for this 
“mission”, new combustion concepts have to be developed. 
One of these is the “ultra-lean” combustion which allows 
reducing the temperatures inside the combustion chamber and 
the NOx emissions as a consequence [2], [3]. Working with 
such lean mixtures and low temperatures also has its 
problems. Usually, it became hard to ignite the air-fuel 
mixture and so it was necessary to generate a stratified charge 
with a richer mixture in the proximity of the spark plug. With 

 
Andrea Schirru, Alessandro d’Adamo and Stefano Fontanesi are with the 

University of Modena and ReggioEmilia, Via Vivarelli 10, 41122 Modena, 
Italy (e-mail: alessandro.dadamo@unimore.it; stefano.fontanesi@unimore.it; 
schirru.andrea@alice.it). 

*Adrian Irimescu and Simona Merola are with CNR–Istituto Motori, via 
G. Marconi 4, 80125 Napoli, Italy (*corresponding author, e-mail: 
s.merola@im.cnr.it; *a.irimescu@im.cnr.it).  

this aim, GDI (Gasoline Direct Injection) systems were 
developed, where an injector inside the combustion chamber is 
employed to achieve such stratification.  

Another problem with ultra-lean combustion is the high 
value of cyclic variability. Cycle-to-cycle variability (CCV) is 
ultimately caused by the turbulent nature of the in-cylinder 
flow field [4], [5]. Given that combustion in ultra-lean 
condition is slower than usual, the effect of the turbulence is 
emphasized, and it can result in an excessive irregularity that 
can lead to reduced thermal efficiency, increased pollutant 
emission (e.g. incomplete combustion), and high fuel 
consumption [6]. As discovered by Schiffmann et al. [7], the 
very first stages of the combustion process have an extreme 
importance over the whole combustion event. That being said, 
increasing attention is needed during this phase.  

In particular, what triggers the combustion process in GDI 
engines is the spark plug. At first, its geometry has been 
extensively studied by many authors but recently, more 
attention was drawn to its orientation [8]. The effect of this 
parameter has been first analyzed from a numerical point of 
view exploiting CFD-3D simulations [9]. These types of 
analyses have the advantage to be fast, easily repeatable and 
low cost compared to experiments. On the other hand, the 
ignition process is characterized by time and spatial scales 
much smaller than the ones usually resolved in that type of 
simulations; as a result, the grid size and the time-step must be 
massively reduced, inevitably increasing computational 
efforts. Therefore, ignition models, with the ability to 
reproduce the effect of this phase without directly resolving it, 
must be developed. 

To render an ignition model robust enough to be reliable in 
many different operative conditions, a database of 
experimental results is needed in order to have a successful 
validation. While in traditional engines it is impossible to 
observe the combustion process evolution, it can be done in 
optically accessible ones. Wang et al. [10] used an optically 
accessible engine to see the effect of the orientation of the 
spark plug. In their work, the kernel growth was observed 
from a plane parallel to the spark plug axis. They have shown 
that the kernel is transported by tumble motion and that the 
flame propagates in the same direction. It was also found that 
there is not a simple correlation between the spark plug’s 
orientation and kernel growth rate. That type of inconsistency 
in the results could also be the reason why Aleiferis et al. [11] 
and Anderson [12] found different spark plug orientation as 
optimal to reduce CCV. 
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 In this work, a double-electrode spark plug was fitted into 
an optically accessible GDI spark ignition (SI) engine. Both 
thermodynamic and optical analyses were carried out focusing 
on the first stages of the combustion process. Three different 
values of dilution ratio λ with three different spark timing 
were analyzed to see the effect that turbulence (and related 
interactions with the spark plug electrodes) has on flame 
propagation. A symmetric spark plug orientation with the 
electrodes perpendicular to the direction of tumble (crossflow 
configuration, achieved by placing an additional washer below 
the plug) was chosen to create a database suitable for ignition 
model validation in a CFD-3D environment. In a second stage, 
the default spark plug orientation was considered (by 
removing the additional washer) to observe the differences 
from the previous one. 

II. EXPERIMENTAL SETUP 

A. Engine 

Measurements were performed on an optically accessible 
direct injection spark ignition (DISI) engine; a mass-produced 
4 valves per cylinder head from a 1.4 litres Fiat 4-cylinder 
engine is coupled to the base by a custom flange. The base 
features a Bowditch design [13] to allow the combustion 
chamber to be visible through the piston crown (Fig. 1). The 
main parameters regarding the engine are collected in Table I 
(with CAD for crank angle degrees, “b” for before and “a” for 
after top dead centre TDC); it featured centrally located spark 
plug and side-mounted injector for wall-guided operation. 
Injection pressure was maintained at 100 bar. All cases were 
studied at wide open throttle (WOT) conditions; the air-fuel 
ratio was measured using a wide-band exhaust gas oxygen 
sensor, with an accuracy of ± 1%. The engine was operated in 
naturally aspirated mode with the air temperature inside the 
test cell around 290 K. 

 

 

Fig. 1 Schematic representation of the experimental setup and 
illustration of the optical accessibility through the piston via a UV-

enhanced mirror tilted at 45 degrees [14] 
 

Operating conditions are listed in Table II. The start of 

injection was the same for all conditions and the relative air-
fuel ratio (λ) value was varied by modifying the duration of 
injection (DOI). The spark advance (SA) was set so that the 
crank angle at which there is a mass fraction burnt MFB of 
50% (MFB50), was around 15 CAD aTDC. This was found to 
be a good compromise of ignition close to the point of 
maximum brake torque (MBT) as well as ensuring stable 
operation in a wide range of air-fuel ratios. 

 
TABLE I 

ENGINE SPECIFICATIONS 

Displacement 399 cm3 
Stroke 81.3 mm 
Bore 79 mm 

Connecting Rod 143 mm 
Compression Ratio 10:1 
Number of Valves 4 

Exhaust Valves Open 153 CAD aTDC 
Exhaust Valves Close 360 CAD aTDC 
Intake Valves Open 363 CAD bTDC 
Intake Valves Close 144 CAD bTDC 

 
TABLE II 

OPERATIVE CONDITIONS 

Rotation Speed λ SA [CAD] DOI [CAD] 

1000rpm 1.0 08 23 

 1.1 10 21 

 1.2 12 19.2 

 
It was chosen to employ a double electrode spark plug so it 

was possible to provide a complete view of the kernel right 
from its inception while ensuring performance levels 
comparable to those obtained with a ‘classical’ J-type ground 
electrode design [6]. A piezo-resistive transducer was used to 
measure the in-cylinder pressure with an accuracy of ± 1% 
and with a resolution of 0.2 CAD. A simplified heat release 
analysis, with constant ratio of specific heats [14], was 
performed for calculating combustion phasing parameters and 
volume fraction burned (VFB) traces. 

B. Optical Setup 

Early flame front propagation was investigated through 
cycle resolved digital imaging. Visualization was performed 
with a high-speed CMOS camera (CamRecord 5000, 8-bit, 16 
μm x 16 μm pixel size by Optronis, Kehl, Germany) equipped 
with a 50 mm Nikon objective. The camera worked in full 
chip configuration (512 x 512 pixel) acquiring 5000 frames 
per second with an exposure time of 167 μs. An aperture of 
f/2.8 was set to improve the signal-to-noise ratio without 
extensive saturation effects. Therefore, the set-up allowed the 
images to be recorded with a dwell time of 1.2 CAD at 1000 
rpm and a spatial resolution of 0.18 mm per pixel. The optical 
acquisition for each operative condition consisted of 40 frames 
per cycle after spark timing, during 100 consecutive engine 
cycles. 

A consolidated image processing procedure allowed the 
evaluation of macroscopic parameters related to flame 
morphology by applying a routine developed in Vision of 
National Instruments; details are reported in [15]-[17]. First of 
all, a mask was created for the images of each sequence to 
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identify the limit of the optical window (Fig. 2 (a)). Then a 
lookup table was used to modify contrast and brightness so 
that the flame boundaries were more defined (Fig. 2 (b)). 
Later, the image was binarized choosing various threshold 

settings for different λ values (from 15 for λ = 1.2, to 22 for 
the stoichiometric condition) (Fig. 2 (c)). In the end, a fast 
Fourier transform (FFT) filter is used to reduce the noise level 
in the binarized image (Fig. 2 (d)). 

 

 

Fig. 2 Image processing procedure: (a) Mask, (b) Lookup Table, (c) Binarization, (d) FFT Filter 
 

Advanced morphology functions applied to the binary 
images allowed the estimation of several flame parameters 
such as area, centre of mass position (CM) and Heywood 
circularity factor (HCF). 

Flame area (A) corresponded to the number of pixels 
included in the foreground of binary images. For our analysis, 
a coordinate system with the origin coincident with the spark 
plug axis has been used to define the position of the flame 
center of mass. Finally, HCF is defined as the ratio between 
the perimeter of the binarized image and the circumference of 
a circle with the same area. This parameter is an index of how 
deformed the flame front is. 

III. DATA ANALYSIS 

Once the image processing has been completed for each 
operative condition, the next step is to couple thermodynamic 
and optical data. That process is done thanks to a script 
developed in LabView of National Instrument.  

The MFB trace is calculated for all the optically acquired 
cycles using a simplified heat release rate analysis [14]. In that 
way, it is possible to obtain a coupling between crank angle 
(CA) and MFB. The next thing to do is to assign a CA to a 
certain image. To do that, the trigger signal of the camera is 
used. The signal can be divided into three main phases: rising 
edge, falling edge and a constant phase. This last phase 
corresponds to the period of time the camera chip is exposed 
to the light, so the final image will be a representation of all 
the different positions of the flame in such a time. During the 
image processing phase, all the optical data extracted from an 
image are relative to the moment in which the flame is larger 
during the exposure time. For this reason, the start of the 
falling edge (end of the exposure time) is considered to be 
more representative of the moment captured in a particular 
frame. Having finished this phase, it is now possible to have a 
good match between thermodynamic and optical data. 

The next step is to select the images corresponding to the 
arc and kernel phase. For the first ones, there was more than 
one frame showing the arc for each cycle, so a CA-based filter 
was used to select only one image per cycle. In particular, the 

second image for each acquired cycle was chosen. To observe 
the kernel phase, images corresponding to MFB equal to 5% 
(MFB5), were selected. Because of the low accuracy of the 
method used to calculate MFB when its value is lower than 
10%, an area-based filter was used. This method is based on 
the assumption that there is a linear correlation between 
volume fraction burnt (VFB) and the flame area (Fig. 3). 
Please note that the “Area” on the ordinate axis has been 
normalized to the piston cross-section. 

 

 

Fig. 3 VFB vs Area, for the operative condition with λ = 1.1 
 

 

Fig. 4 Conventional coordinate system 
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Given that VFB is defined by (1), it is obvious that there is 
a direct correlation between MFB and VFB [18]: 

 

𝑉𝐹𝐵 ൌ ቈ1 ൅ ଵିெி஻

ቀఘೠ ఘ್ൗ ቁெி஻
቉
ିଵ

,                   (1) 

 
where ρ indicates the density of the unburnt (subscript “u”) 
and burnt (subscript “b”) mixture. The ratio between these two 
densities was assumed around 4 [18]. That being said, an 
average area for the images corresponding to MFB10 has been 
calculated so that the half of such area can be used as a filter 
to select the images corresponding to MFB5. In particular, an 
area of about 18000 pixels was found to be the one 
corresponding to MFB5 and an interval of ± 1000 pixels was 
used as a range around that area to select the right images. 

The last thing to do is the transformation of the value from 
pixel to mm (for distances/lengths), and mm2 for surfaces. For 
practical reasons the coordinates of the flame center of mass 

are transferred to a coordinate system with the origin centered 
on the spark plug axis (Fig. 4). 

IV. RESULTS 

In this section, the results extracted from both the 
thermodynamic and optical analysis will be presented. In 
particular, in the first part, a brief thermodynamic analysis will 
be carried out, followed by the presentation of the results from 
the optical analysis and in the end the comparison between the 
two different spark plug orientations will be shown. 

A. Thermodynamic Results 

In Fig. 5, the mean pressure traces regarding the three 
operative conditions with different λ values and spark timing 
settings are presented. As expected, the higher λ, the lower the 
maximum pressure is. 

 

 

Fig. 5 In-cylinder pressure traces for the three conditions 
 

An overview of engine performance can already be inferred 
from Fig. 5, with clear comparison shown in Fig. 6 (a). In fact, 
the conditions with lower λ values, that had a lower peak 
pressure than the richer ones, also have lower indicated mean 
effective pressure (IMEP) values. This result is derived from 
an average of 200 IMEP values for each operative condition, 
so it does not give any information on combustion stability. In 
Fig. 6 (b), the coefficient of variation (COV) of the IMEP is 
presented. As usual, having a slower combustion gives the 
turbulence a longer time to affect the flame propagation and so 
a larger COV is expected. That is confirmed in Fig. 6 (b), 
where it is possible to observe a trend where leaner conditions 
have higher COVs. 
 

 

Fig. 6 (a) Average IMEP 
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Fig. 6 (b) COV for the IMEP 

B. Optical Results 

Following the analysis of optical results, spark arc and 
flame propagation were the main areas of interest. A 
representative sequence of stoichiometric combustion is 
shown in Fig. 7. The images were chosen to illustrate how the 
flame propagated from spark timing to the moment it reaches 
the optical limit (and could no longer be visualized through 
the piston crown). 

The images proposed in Fig. 7 are in chronological order 
from left to right. It can be noticed that the arc was formed on 

the right hand side electrode and the flame features 
preferentially propagation in the same direction. Moreover, the 
flow field in the combustion chamber seems to influence this 
direction by pushing the flame from the intake to the exhaust 
side. That type of interaction can be found on the majority of 
the acquired sequences suggesting the presence of tumble 
motion. 

The images in Fig. 8, are referred to the two extreme 
conditions λ = 1.0 and λ = 1.2. The first noticeable thing is the 
difference in brightness between the two. The stoichiometric 
one is brighter (as expected) meaning that a larger amount of 
energy has been released (so higher concentration of active 
species is likely to be present) in comparison to the leaner 
condition. Then, some considerations on CCV can be done. 
While in the stoichiometric condition, the flame propagates in 
an almost circular way, the second condition has a much more 
distorted shape. That may be due to the longer time that the 
turbulence has influenced the flame front from spark timing to 
the captured moment. Moreover, the direction in which the 
flame propagates seems to be much more variable than in the 
first condition. 

 

 

Fig 7 Representative sequence of the flame propagation process for the stoichiometric condition 
 

 

Fig. 8 Four images corresponding to MFB5 are presented for two conditions: (a) λ = 1.0; (b) λ = 1.2; a perimeter line is superimposed to 
improve the image visibility 
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The marked differences between the images in Fig. 8 (b) 
result in greater COV for the leaner condition, confirming the 
trend shown before in Fig. 6 (b). That being said, a more 
global analysis will now be carried out to observe the way in 
which an average cycle for a certain operative condition would 
behave. At this stage, both the arc and the kernel phase will be 
considered. 

While analyzing the results, it is important to keep in mind 
that the arc deformation along direction “y” is mostly due to 
the flow field direction with respect to the electrodes (i.e. 
organized tumble motion and turbulence); along “x” it’s a 
more complex phenomenon, with an additional degree of 
freedom. Given that the spark plug features two ground J-type 
electrodes, symmetric with respect to the “y” axis, the CM 
position along “x” gives an indication on which side has the 
higher probability to create a spark. It is important to 
remember that the spark is generated along the lowest 
resistance path and so local temperatures, micro-turbulence 
and local mixture composition play a key role in the result. 

Observing the graph regarding CM Y, for both arc and 
kernel phase, a trend can be noted, where for operative 
conditions with leaner mixtures, both the arc and the kernel 
tend to propagate towards the exhaust side supporting the 
hypothesis that tumble motion persisted during the combustion 
phase. While looking at the arc results it must also be 
considered that, for the three different λ values, three different 
SA have been used. So, the slight differences in CM Y for the 

arc phase of the considered operative conditions are probably 
the result of different tumble and turbulence intensities for 
each spark timing. That’s coherent with what is normally 
observed; in fact, leaner conditions are more conditioned by 
tumble, having the greater SA and that same effect has an 
impact of the rest of the combustion process. 

It is important to note that, having considered the flame 
center of mass, the asymmetry in flame propagation is less 
visible compared to the situation of showing the extreme 
points reached by the flame. Moreover, comparing the 
dimensions of the electrodes summarized in Fig. 10, and the 
values presented in Fig. 9, it can be seen that the CM is always 
between the electrodes, except for the condition with λ = 1.2 
where the most probable kernel CM position is just 0.6 mm far 
from the electrodes along the “y” direction. 

Moving to graphs in Figs. 9 (c) and (f), the decision to 
consider the perimeter as a parameter of the arc deformation 
comes from the consideration that compared to the kernel, the 
arc has an almost linear shape and so the HCF would not be a 
suitable parameter. 

It can be observed that the differences between the different 
operative conditions are almost negligible in terms of arc 
perimeter, in fact, a difference of less than 3% is found 
between the two extreme conditions. Such contained 
difference is probably caused by lower turbulence intensity in 
the combustion chamber because of the reduced rotational 
speed. 

 

 

(a)                                                                             (d) 
 

 

(b)                                                                                (e) 
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(c)                                                                            (f) 

Fig. 9 Average optical results, for the arc phase (a), (b), (c) and flame kernel (d), (e), (f) 
 

 

Fig. 10 Geometrical properties of the double J-type electrode spark 
plug 

C. Spark Plug Orientation 

In this section, a comparison between two spark plug 
orientations (i.e. the previous situation with crossflow 
configuration, compared to the default condition, with the 
additional washer removed) is proposed. The two 
configurations have been called “A” (designated as 
“Crossflow” in Fig. 10) and “B” (identified as “Default” in 
Fig. 10). The first one is the crossflow configuration and the 
second one is the default configuration with the electrode’s 
direction rotated by around 50 degrees. The default orientation 
is conditioned by the way the treading is done inside the 
engine’s head and on the spark plug while the orientation was 
modified to obtain the crossflow’s one by adding a washer 
(width = 1.3 mm), to the spark plug. 

Fig. 11 shows the position of the center of mass, expressed 
according to a polar coordinate system centered in the spark 
plug axis. Distance (Fig. 11 (a)), and direction (Fig. 11 (b)), 
were both analyzed. 

Starting with the distance, the observed trend for 
configuration A is confirmed in the second one. In fact, for 
both configurations, the average flame center of mass is 
further from the spark plug for leaner conditions. Moreover, 
the electrodes’ orientation also seems to affect the local flow 
field. One hypothesis is that in configuration B the electrodes 
behave like a barrier from the flow field resulting in lower 
flame transportation. 

For the direction in which the flame is deformed, given that 
the tumble direction is assumed to be at 90 degrees, it can be 
seen that the flames tend to propagate towards a direction 
around 65 degrees for all configurations, suggesting a 
combined effect of the tumble and another air flow inside the 
combustion chamber. The reason for this additional ordered 
fluid motion is unclear (i.e. the four valves configuration 
should result in tumble and practically zero swirl). One 
possible explanation is that the operative cylinder is coupled 
with mass produced head derived by a four-cylinder engine, so 
the temperature distribution on the cylinder liner might not be 
uniform. Anyway, while a trend with λ can still be observed, 
the influence of the spark plug orientation seems to be less 
important. Please notice that while considering these operative 
conditions with different λ values, the difference in the spark 
timing can be the dominant motivation of such trends. 

The effect different configurations have on the engine 
performance can be observed in Fig. 12. While the same trend 
is maintained varying λ for both the spark plug orientations, a 
small difference for both the IMEP and COV values has been 
observed. In fact, slightly lower IMEP value together with a 
higher COV (Figs. 12 (a) and (b) respectively), was found for 
the crossflow configuration in comparison with the default 
one. More in detailed analysis, exploiting both CFD and 
experimental tools will be needed to explain such trends. 

V. CONCLUSIONS AND FURTHER DEVELOPMENTS 

During this work, a DISI optically accessible engine, fitted 
with a double J-type ground electrode spark plug has been 
exploited to investigate the effect of different λ values and 
spark timing on flame front propagation. Optical and 
thermodynamic analyses have been carried out and the results 
were presented in two main sections. The effect of tumble 
motion was observed as both the kernel and the arc tend to 
deform preferentially towards the exhaust side; only small 
asymmetries were observed because of the reduced turbulence 
levels. These are correlated with the chosen rotational speed 
(1000 rpm), which does not seem to be high enough to 
generate a strong turbulent flow field. Then, the effect of the 
spark plug orientation was discussed and it was observed that 
while it may have a considerable effect on the distance at 
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which the center of mass is translated by the flow field, it does 
not seem to be so relevant with respect to the direction in 
which the flame is propagating. 

As for future developments in this field, the same analysis 
will be carried out for higher rotational speeds to observe the 

different effect higher turbulence intensity has on flame 
propagation. Moreover, other spark plug’s orientations will be 
tested such as “the parallel flow”, so that the influence the 
electrodes have on the local flow field will be deeply 
investigated. 

 

       

(a)                                                                                          (b) 

Fig. 11 Comparison between two spark plug orientations in terms of (a) distance from the spark plug axis and (b) direction in which the center 
of mass has been transported 

 

       

(a)                                                                                            (b) 

Fig. 12 Thermodynamic comparison between two spark plug orientations 
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