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Abstract

Cycle-To-Cycle Variability (CCV) must be  properly 
considered when modeling the ignition process in SI 
engines operating with ultra-lean mixtures. In this 

work, a strategy to model the impact of the ignition type on the 
CCV was developed using the RANS approach for turbulence 
modelling, performing multi-cycle simulations for the power-
cycle only. The spark-discharge was modelled through a set of 
Lagrangian particles, introduced along the sparkgap and inter-
acting with the surrounding Eulerian gas flow. Then, at each 
discharge event, the velocity of each particle was modified with 
a zero-divergence perturbation of the velocity field with respect 

to average conditions. Finally, the particles velocity was evolved 
according to the Simplified Langevin Model (SLM), which 
keeps memory of the initial perturbation and applies a Wiener 
process to simulate the stochastic interaction of each channel 
particle with the surrounding gas flow. The particles diameter 
was also evolved, according to both the energy transfer from 
the electrodes and the local stretched laminar flame speed. The 
proposed methodology was assessed against experimental 
measurements from a pent-roof high-tumble single-cylinder 
SI engine, equipped with an electrical circuit able to provide 
both standard and enhanced discharge events. Promising 
results were achieved in terms of predicted IMEP and its CoV.

Introduction

The Spark-Ignition (SI) engine technology is currently 
under continuous improvement, in order to achieve, 
simultaneously, the maximum thermal efficiency as 

well as near-zero pollutant and green-house gases emissions 
[1, 2, 3, 4, 5, 6]. This high industrial and academical interest 
is justified by several aspects, such as the low cost, the high 
power-to-weight ratio and the fuel flexibility, which make SI 
engines as one of the most interesting and feasible solutions 
towards a complete decarbonization of vehicles powertrain 
technology [7, 8, 9]. In this framework, combustion efficiency 
and control become fundamental at all conditions covered by 
the engine map [10, 11]. For example, at part-loads, the interest 
towards ultra-lean mixtures led to an increase of the combus-
tion Cycle-To-Cycle Variability (CCV), due to the stochastic 
nature of turbulent flow structures interacting with a flame 
front which is easy to quench [12, 13]. Therefore, high CCV 
values are an important limiting factor for the SI engine 
design, because associated with potential knocking phenomena 
(lower thermal efficiency) [14, 15] and misfiring events 
(enhanced unburned hydrocarbon emissions) [13].

A contribution to combustion CCV is also provided by 
the evolution of the spark-discharge in presence of high gas 
flow velocities close to the ignition zone [13, 16]. In fact, if, 
from one side, this condition allows to inhibit early 

combustion fluctuations by shortening the ignition delay [17], 
on the other hand a strong flow can produce spark blowouts 
and channel restrikes (re-ignitions), limiting the ignition 
process [16, 18, 19, 20]. As a consequence, cycle-to-cycle spark 
formation may become unstable, causing a higher CCV in the 
early flame development [16]. A possible solution is repre-
sented by the use of enhanced coil types, which can generate 
stronger spark-discharges for longer durations [16, 19, 20, 21].

In the present work, a methodology to predict the effects 
of the coil features on the combustion CCV of a SI engine is 
proposed. The developed strategy is based on the RANS 
approach for turbulence description and on a comprehensive 
model architecture to handle the different phenomena 
involved. The ignition stage is simulated through a Lagrangian 
approach, in which particles are introduced along the spark-
gap and interact with the surrounding Eulerian gas flow. At 
each discharge event, the channel velocity is homogeneously 
modified with a divergence-free perturbation with respect to 
average conditions. Then, the velocity of the channel particles 
is evolved according to a Simplified Langevin Model (SLM), 
which keeps memory of the initial perturbation and simulates, 
through the Wiener process, the stochastic diffusion generated 
by the random interactions of each particle with the molecules 
of the surrounding mixture. The particles diameters are also 
modified according to the heat provided by the electrical 
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circuit and the local laminar flame speed value. This last 
contribution makes the channel particles also markers of 
initial flame kernels. A pent-roof high-tumble single-cylinder 
SI engine, fueled with an ultra-lean (ϕ < 0.6) Isooctane-Air 
mixture, was selected for the assessment of the proposed 
methodology. At fixed engine conditions, a comparison 
between standard and enhanced coils was carried out. 
Numerical results from 20 independent single-cycle spark-
discharges showed consistent trends in terms of IMEP and 
CCV variations with respect to experimental data measured 
over 200 power-cycles. This demonstrated how the proposed 
numerical approach seems very promising for a preliminary 
estimation of the impact of the flame kernel growth process 
on combustion stability.

Numerical Models
A strategy based on a multi-physics modeling approach is 
selected to handle the interplay between all complex 
phenomena involved in a premixed SI combustion event. In 
particular, a coupled Lagrangian-Eulerian approach is chosen 
for the simulation of the ignition stage and the following 
initial flame development. Instead, the turbulent flame propa-
gation is modelled with an Eulerian-only strategy.

Spark-Channel Model
The spark-channel evolution is predicted by the use of 
Lagrangian particles, whose aim is to simulate the ignition 
event with a trade-off between a high accuracy level and low 
computational costs. At the ignition event, along the spark-gap 
centerline, a user-defined number of particles is introduced. 
Their temperature Tp and diameter dp are initialized as 
function of the breakdown stage features [22, 23, 24, 25], 
because only arc and glow stages of the spark-discharge are 
modelled in this work. Then, each particle, which represents 
a portion of the spark-channel and a possible ignited flame 
kernel, is evolved in terms of position and dimension. This is 
performed according to: the surrounding flow and mixture 
conditions, the heat available inside the channel after the 
breakdown stage and the electrical circuit support. In case 
two particles become too far from each other, the continuity 
of the channel and its shape consistency with the velocity field 
are guaranteed by a dynamic introduction of a new particle, 
whose initial properties (position, temperature, diameter and 
velocity) are averaged from the previous two particles.

Particle tracking To simulate the CCV of the spark-
channel spatial evolution, at each discharge event:

	 1.	 first, an initial perturbation Urnd is homogeneously 
applied to the velocity of all channel particles;

	 2.	 then, the velocity of each particle Up, (t) is evolved 
according to stochastic differential equations.

The aim of the initial perturbation Urnd is to mimic a 
random variation, with respect to average conditions, of the 
velocity field experienced by the early spark-channel

	 U U Up t rnd, =( ) = +0
� 	 (1)

In particular, for consistency reasons with the average 
fields and the physical aspects of turbulence, the Urnd vector, 
whose components are stochastic independent variables with 
a Gaussian distribution of zero-mean and u′ standard devia-
tion, is homogeneously applied to all channel particles to 
simulate a zero-divergence perturbation. Afterwards, the 
velocity of each particle is evolved, keeping memory of the 
initial perturbation, as

	 U U Up t t p t dt pd, ,; >( ) −( )= +0 	 (2)

where the velocity variation dUp is computed through the 
stochastic differential equations of the Langevin model [26]. 
This approach allows to simulate, starting from mean Eulerian 
flow quantities, the variation of a Lagrangian particle velocity 
according to the stochastic diffusion process generated by its 
random interactions with the molecules of the surrounding 
mixture [26, 27]. In this work, as a first step, the Simplified 
version of the Langevin Model (SLM) [26, 28, 29] is used
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where, along each spatial direction i = x, y, z, the variation 
of a particle velocity dUp,i is function of: the gravitational accel-
eration gi and the mean pressure gradient ∂ ∂�p xi/  (first RHS 
term), the difference between the particle Up,i and the mean flow 
�Ui velocities (second RHS term), the Wiener process dWi (third 
RHS term). This last term can be approximated as follows [26]

	 dW dti i=η 1 2/ 	 (4)

in which ηi is one of the three independent standardized 
Gaussian random variables of the vector η. Because the last 
RHS term of Eq. 3 simulates a random walk of the particle in 
the velocity space, the coefficent C0ε1/2 must be independent 
from dWi to maintain the Markovian nature of the system 
[26]. In particular, C0 should be a universal constant in the 
high-Reynolds-number limit [30, 31] with a value of C0= 2.1 
[32], while ε is the turbulence kinetic energy dissipation rate 
of the average flow field. Moreover, it is worth to mention that, 
thanks to SLM approach, the G parameter of Eq. 3 is not a 
tensor but a coefficient, equal along all spatial directions to

	 G C= − +
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0 ω 	 (5)

being ω = ε/k, with k as the turbulent kinetic energy. 
Therefore, the position of each particle xp representing a 
portion of the spark-channel can be computed according to

	 x x;p t t p t dt p t dt dt, , ,>( ) −( ) −( )= +0 U 	 (6)

Particle size evolution The temporal evolution of the 
spark-channel diameter is simulated, locally, through the 
variation of each particle dimension, considering:

	 1.	 the heat available inside the channel after the 
break-down stage;

	 2.	 the electrical circuit support;
	 3.	 the early laminar flame stage.
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This last contribution, which makes the channel particles 
also markers of initial flame kernels, is here included because 
the Lagrangian approach allows a flexible and grid-indepen-
dent modeling of the early laminar flame development. Some 
examples can be the possibility of estimating the local laminar 
flame stretch as function of each kernel curvature [33], as well 
as the tracking of early flames generated by spark-channels 
whose electrical circuit support is vanished before the achieve-
ment of a fully-developed turbulent stage. Similarly to [34, 
25], for each particle, both mass mp conservation and radius 
rp variation equations are solved

	 dm

dt
r s sp

p u lam
p

u
plasma= +









4 2π ρ

ρ
ρ

	 (7)

	 dr

dt
s s sp

plasma therm
u

b
lam= + + ρ

ρ
	 (8)

being ρp the particle density, while ρu and ρb the unburned 
and burned mixture densities at particle position. The effect 
of an initial fast expansion of the channel, due to the heat 
available inside the arc after the breakdown event, is modelled 
through splasma (see both Eqs. 7 and 8). As performed in [34, 
25], a dedicated submodel estimates the splasma value through 
an heat conduction equation applied to a 1D axisymmetric 
mesh, representing a wedge of the gas region around the spark-
gap centerline. The influence of the electrical circuit, which 
continuously provides heat during the channel evolution, is 
considered via stherm (see Eq. 8), which could be modelled as 
function of the particle temperature variation dTp/dt (Eq. 9), 
computed from the energy conservation equation of the 
particle itself (Eq. 10) [34, 25]
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where cp is the specific heat and �Qspk effη  the net thermal 
energy provided by the electrical circuit. This last contribution 
is estimated by a suitable electrical circuit sub-model, as 
described in the next section. The effect of the early laminar 
f lame development is included by computing the actual 
laminar flame speed slam

	 s I slam u lam= 0 , 	 (11)

as function of its unstrained value su,lam, estimated with 
the correlation proposed by Gulder [35], and the flame stretch 
I0. In this work, the empirical correlation proposed by Bray [36]

	 I
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=
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. 	 (12)

is selected for the I0 value computation, where C = 0.467, 
τ is computed as function of the burned Tb and unburned Tu 
mixture temperatures at particle position

	 τ = −T

T
b

u

1	 (13)

while K is the Karlovitz number according to [37]
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It is worth to mention that Bray’s correlation (Eq. 12) was 
extracted from experimental data of turbulent flames only 
[36] and does not include the modelling of the laminar flame 
thermo-diffusive instability (no dependency on Markstein 
length), which here, as a first step, is neglected. However, it 
allows to properly predict the quenching effects produced by 
extremely high levels of turbulence on the flame. This becomes 
extremely important especially when high flow velocities, and 
connected high turbulence intensity levels, are generated near 
the ignition zone. In fact, as reported in [16], to ignite ultra-
lean mixtures an increase of the gas flow velocity at the 
ignition position is usually adopted to inhibit the early 
combustion fluctuations by shortening the initial stage of 
combustion. Therefore, Eq. 12 is adopted on both this 
Lagrangian approach and the further Eulerian turbulent flame 
development, where it can be  still applied. As shown by 
Figure 1, if the maximum I0 value computed from Bray’s 
correlation is limited to 1 (no stretch), Eq. 12 is well suited to 
model the stretch effects generated by a high level of turbu-
lence, because of its dependency on Karlovitz number (Eq. 14).

Electrical circuit model A detailed model of a classical 
inductive ignition system is adopted in this work to consider 
with a satisfactory accuracy the effects produced by different 
coil types on the ignition process. The approach proposed in 
[25] was followed, therefore only the secondary circuit is 
modelled in detail, taking into account its resistance RS. The 
inter-electrode voltage VIe is computed including the cathode 
Vcf and the anode Vaf potential drops, as well as the gas column 
voltage fall

	 V al i pgc spark S
b c= 	 (15)

 FIGURE 1  Dependency of Bray’s correlation for stretch (Eq. 
12 with C = 0.467) on Karlovitz number (Eq. 14), assuming Tu 
and Tb equal to 300 K and 2000 K, respectively.
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which depends on the temporal evolution of the secondary 
circuit current iS, spark-channel length lspark and pressure p. 
As suggested by [38], Eq. 15 coefficients a, b and c change when 
the discharge moves from arc to glow stage. The time-variation 
of the secondary circuit energy dES/dt is computed according to:

•• the gross thermal power transferred to the spark-channel 
�Q V ispk IE S= ;

•• the heat losses along the circuit R iS S
2  (Joule effect).

An estimation of the heat losses at the electrodes, in terms 
of efficiency ηeff of the energy transfer process to the gaseous 
mixture, is carried out following the approach of Herweg and 
Maly [39, 25].

Differently from [25], here the discharge profile in time 
of the secondary-circuit current iS, (t) can be directly provided 
to the model instead of the stored primary circuit energy. This 
allows a higher flexibility in the knowledge of the electrical 
circuit features, being the secondary current trend an easy-
measurable magnitude. As a consequence, the related total 
energy stored inside the circuit can be estimated afterwards, 
when the discharge is completed.

Further details about secondary circuit modeling and 
related coefficients (e.g. a, b and c of Eq. 15) are provided 
in [25].

Restrike model Partial restrikes, as well as complete reig-
nitions, are considered in this work, to mimic the behaviour 
of the spark-channel in a single power-cycle. An example of 
incomplete channel shortenings, also called short circuit 
restrikes, can be oserved in the work of Sayama [20]. Therefore, 
taking as physical basis the observations available in [40], the 
breakdown voltage Vbd is estimated with the following 
general expression

	 V a b
p

T
c

p

T
Lbd AB

u u
AB

n
, = + + ( )1 1 1

1δ 	 (16)

in which A and B are the two generic positions along the 
spark-channel where a shortening could happen, being δLAB 
the minimum distance between them. Coefficients a1, b1, c1 
and n1 are calibrated on experimental measurements of a 
single power-cycle, following the methodology used in [20]. 
As a consequence, any type of restrike event can be modelled 
between positions A and B if

	 V Vgc AB bd AB, ,> 	 (17)

where Vgc,AB is the gas-columns voltage drop computed 
from Eq. 15 by using the distance between A and B inside the 
corrugated spark-channel lspark,AB.

When a restrike event is detected, first a new set of 
Lagrangian particles is introduced along the minimum 
distance between positions A and B to represent the new 
spark-channel shape. The properties of the new particles, in 
terms of diameter, temperature and velocity, are computed by 
averaging the channel features in A and B. Then, the particles 
detached from the spark-channel are no more supported by 
the electrical circuit. Nevertheless, they are still evolved in 
terms of both position and dimension until a turbulent flame 
is generated, because representing possible ignited 
flame kernels.

Turbulent Combustion Model
The propagation of a self-sustained turbulent flame is predicted 
by using a classical Eulerian approach, based on the flamelet 
assumption: the Coherent Flame Model (CFM) [41, 42, 43, 
44]. Thanks to its methodology for the flame-turbulence inter-
action modelling, which is based on the evolution of flame 
surface density Σ field, the CFM can be easily coupled with a 
Lagrangian ignition model. In fact, from the spatial distribu-
tion of Lagrangian particles, both the volume Vspk and the 
cylindrical surface Sspk of the spark-channel can be estimated. 
Therefore, the ignition system effects can be transferred to the 
3D computational domain as

	 Σign
spk

spk

S

V
= 	 (18)

where Σign is an average flame surface density imposed 
by the channel over the occupied cells. Eq. 18 is valid not only 
for the arc sustained by the electrical circuit, but also for 
restriked channels. Since spark-timing, the reaction propaga-
tion on the Eulerian domain is solved by a transport equation 
for a combustion progress variable c [44, 43, 37]

	 ∂
∂

+∇ ⋅( ) −∇ ⋅ ∇( ) =ρ ρ µ ρ
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t
c c I st u u lamU 0 , Σ	 (19)

First, in order to simulate the laminar-only flame evolu-
tion, the source term of Eq. 19 depends only on the Σ distribu-
tion imposed by the Lagrangian ignition model (Eq. 18). Then, 
when the first channel diameter dspk exceeds the threshold 
value of 2.5 mm, it is assumed that a laminar-to-turbulent 
flame transition is possible. Hence, the following transport 
equation for the flame surface density Σ starts to be solved 
[42, 43, 37]
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still considering the electrical circuit effects (Eq. 18) 
imposed on cells occupied by any spark-channel (both 
sustained and restriked ones). In Eq. 20, the source S and 
destruction D terms are modelled following Choi-Huh 
strategy [37]

	
S u l

D I s c c
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u lam

= ( )
= ( ) −( ) { }
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

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′α
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/

/,0 1
	 (21)

where α and β are model constant that need a proper 
calibration. In this work, their value is assumed as α = 0.5 and 
β = 0.1. Finally, when the fully turbulent flame is self-sustained 
and departs from the ignition region, the Lagrangian particle 
contribution vanishes. As a consequence, it is assumed that 
when a channel diameter dspk reaches a reasonable high value 
(5 mm), its particles can be removed.
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Assessment on a Research 
SI Engine

Experimental and Numerical 
Setup
A pent-roof single-cylinder SI engine, characterized by a 
compression ratio of CR = 12, a stroke to bore ratio of 1.3 and 
a premixed Isoocatane-Air mixture, was selected for the 
assessment of the proposed numerical approach. At fixed 
engine and mixture conditions, the performances of two 
different ignition systems were investigated. A classical coil 
(Case 02), characterized by the well-known triangular shaped 
current profile [16], is compared to an enhanced coil (Case 01), 
able to generate a higher starting secondary circuit current 
iS,0 and maintaining its value for a user-defined duration [16]. 
The features of the two selected conditions are reported in 
Table 1, where the spark-advance is the same and equal to SA 
= -29 CAD. For the sake of clarity, in this work the Crank 
Angle Degrees (CAD) are always expressed considering the 
compression Top Dead Center (TDC) as 0 CAD.

Numerical simulations were carried out with Lib-ICE, 
which is a set of solvers and libraries based on the OpenFOAM® 
open-source platform and where the proposed numerical 
models were implemented. Transport equations of mass, 
momentum and chemical species were solved with the RANS 
approach and the k - ε model was used for turbulence.

Full cycle simulations were performed to achieve a real-
istic in-cylinder flow field at spark-timing. A schematic of the 
in-cylinder tumble motion features is reported in Figure 2, 
while flow field details near the spark-plug are reported in 

Figure 3, where a region of high flow velocity and turbulence 
intensity can be observed.

A slice on a y-normal plane of the 3-D computational 
mesh used for combustion simulations is shown by Figure 4. 
The mean grid size is around 0.6 mm and the number of cells 
goes from a minimum value of 260k (TDC) to a maximum 
of 470k (60 CAD). The dynamic layering technique was 
employed to accommodate the piston motion and preserve 
optimal mesh size in the combustion chamber [45]. The 
selected rather coarse grid comes from a trade-off between 
the achievement of reliable results with low computational 
costs. This choice is justified by the target of this work, which 
is a preliminary assessment of the proposed methodology for 
predicting the spark-discharge CCV using a CFD 
RANS approach.

Results and Discussion
Numerical simulations of 20 independent single-cycle spark-
discharges were carried out for each investigated condition 
(Cases 01 and 02 of Table 1), starting from the same RANS 

TABLE 1 Engine and coil parameters of the investigated 
conditions: enhanched coil (Case 01) vs. classical coil (Case 02) 
(ϕ: equivalence ratio; iS,0: starting secondary circuit current 
(after breakdown stage); ΔtiS, 0: time-duration in which iS,0 is 
maintained constant; ω: engine rotational speed.)

Case ϕ [-] iS,0 [mA] ΔtiS, 0[ms] ω [rpm]
01 0.58 120 1 1200

02 0.58 80 0 1200

 FIGURE 2  Cylinder-head geometry and main flow features 
during compression stage: y-normal plane clip.

 FIGURE 3  Cold-flow initial conditions at spark-timing (-29 
CAD). (top figure) flow velocity U field; (bottom figure) 
turbulence intensity u′ field.

 FIGURE 4  In-cylinder mesh structure at spark-timing 
(-29 CAD).
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cold-flow fields (average conditions) at spark-advance. For 
each simulation:

•• a random perturbed initial velocity was estimated for the 
channel particles, according to Eq. 1;

•• a different initial seed was used for the prediction of ηi 
values (Eq. 4), to simulate a non-replicable random walk 
of the considered channel.

The numerical results, in terms of pressure p, apparent 
heat release rate AHRR, secondary current iS and inter-elec-
trode voltage VIE, are shown by Figures 5 and 6, for both Cases 
01 (left columns) and 02 (right columns). For clarity reasons, 
only 10 computed single-cycles are here represented (red lines) 
and compared with the experimental average behaviour over 
200 measured power-cycles (black lines). Also the related 
maximum and minimum limits, in which measurements are 
distributed, are shown.

As it can be observed from pressure and AHRR traces of 
the simulated random discharges (Figure 5), there is a quali-
tatively wider distribution of results achieved for Case 02 
(right column) if compared to Case 01 simulations (left 
column). Therefore, from a first rough estimation, an increase 
of the CCV is detected if a traditional coil (Case 02) is used 
instead of an enhanced one (Case 01). A possible explanation 
of this effect can rely on the higher sustain provided by the 
electrical circuit of Case 01 to the sparkdischarge, if compared 

to the classical coil behaviour. In fact, a longer discharge char-
acterized also by higher values of current (Figure 6, top row) 
seems able to generate high inter-electrode voltages for longer 
time durations (Figure 6, bottom row), hence longer sustained 
spark-channels (see Eq. 15). The consequent greater amount 
of thermal energy introduced by the electrical circuit of Case 
01, with respect to Case 02 one, seems to allow the generation 
of a fully-turbulent flame before the discharge completion, at 
least for the majority of the computed single-discharge events 
(Figure 5, bottom-left chart). This seems not happening for 
the traditional coil (Figure 5, bottom-right chart), where a 
higher ignition-delay is qualitatively observable.

To get more insight in the capabilities of the proposed 
methodology, Figure 7 shows a quantitative comparison 
between the measured indicated mean effective pressure 
(IMEP) and its coefficient of variation (CoV) over 200 experi-
mental power-cycles (dashed lines), with the variation of the 
same computed magnitudes (solid lines) as function of the 
considered numerical single-cycle discharges. As it can 
be observed from the right chart, the proposed numerical 
approach shows promising results in predicting the ignition 
system effects on the combustion CCV. In fact, the experi-
mental trend of a lower CCV if an enhanced coil is used in 
place of a classical one (from Case 02 to Case 01) seems 
captured, despite the few considered numerical cycles.

Nevertheless, few aspects need further investigations. 
First, the much higher IMEP predicted for both Cases 01 and 
02 with respect to the experimental value (Figure 7, left chart), 

 FIGURE 5  Computed pressure trends (top row), the related 
AHRR profiles (bottom row, solid lines) and the secondary 
current evolution (bottom row, dashed lines), for Cases 01 (left 
column) and 02 (right column). Results comes from 10 random 
initial perturbations Urnd of channel particles velocity. The 
experimental average behaviour over 200 measured power-
cycles is reported for all magnitudes with black lines. For 
pressures, also the envelope of maximum and minimum values 
for each crank angle is represented.

 FIGURE 6  Computed secondary current trends (top row) 
and the related inter-electrode voltage profiles (bottom row) 
for Cases 01 (left column) and 02 (right column). Results comes 
from 10 random initial perturbations Urnd of channel particles 
velocity. The experimental average behaviour over 200 
measured power-cycles is reported for all magnitudes with 
black lines, as well as the envelope of maximum and minimum 
values for each crank angle.
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despite the measured trend seems captured. From a qualitative 
point of view, this aspect can be also observed in Figure 5, 
where all pressure traces seem centered on a higher average 
pressure profile than the experimental one, as well as the 
related numerical AHRR seem to be too anticipated. A possible 
reason of this behaviour could be related to the near-DNS 
prediction of each single-cycle spark-channel length, which 
is consequently always longer (because more corrugated) than 
the ”average” channel evolution. As a consequence, more 
energy is introduced into the fresh mixture, producing an 
anticipated ignition. Therefore, the Lagrangian-Eulerian 
coupling needs probably to be improved to take into account 
this effect. Second, the impact on the combustion CCV 
provided by the fully-turbulent flame evolution inside a single-
cycle 3D f low field is clearly not considered, because all 
Eulerian fields are evolved according to flow average condi-
tions (RANS). Despite this topic is out of the scope of this 
work, a quantitative estimation of this effect needs to 
be provided to achieve a complete and reliable prediction of 
the combustion CCV of a SI engine. Third, the present assess-
ment was carried out by imposing the experimental average 
current trend (Figure 6, top row) for modelling the electrical 
circuit features. Hence, fluctuations of the secondary current 
are not taken into account. This, probably, could affect the 
inter-electrodes voltage trends, maybe generating wider fluc-
tuations (Figure 6, bottom row). Therefore, an investigation 
of the effect produced by imposing the energy stored into the 
secondary circuit instead of the current discharge profile 
should be considered.

Finally, Figures 8 and 9 allow to visualize, for a single-
discharge event of Cases 01 and 02, the 3-D behaviour of the 
Lagrangian ignition model and its coupling with the Eulerian 
turbulent flame development, respectively. This last aspect is 
represented through a c = 0.8 iso-surface, which identifies the 
evolution of the almost fully burned mixture volume; to 
be precise, of the 3-D region where the probability to find 
burned gases is higher than 80%. For consistency reasons, 
similar (in terms of magnitude) perturbed initial velocities of 
the spark-channel are considered from Cases 01 (top row of 
each box figure) and 02 (bottom row of each box figure). 
Starting from -28 CAD, when both discharges have similar 
behaviours (only 1 CAD after spark-advance), the enhanced 

coil shows higher capabilities in sustaining longer arcs, hence 
igniting a wider mixture region, as time progresses. This can 
be observed at -22 CAD, when the classical coil is almost at 
its discharge end, with the burned region mainly overlapped 
to previous restrikes.

At the same time, the enhanced ignition system is still 
able to sustain a long and corrugated arc, which seems to 
control the burned mixture region. The discrepancy between 
the two investigated ignition systems increases at -16 and -10 
CAD. With the enhanced coil, a fully-turbulent self-sustained 
flame seems to develop close to the discharge end. In fact, at 
-10 CAD all Lagrangian particles are removed, because the 
mixture is completely burned close to spark-plug region. The 
classical coil, instead, shows an appreciable ignition delay, 
because the early flame propagation seem more controlled by 
restriked channels.

 FIGURE 7  Variation of computed (solid lines) values of 
IMEP (left chart) and its CoV (right chart) as function of the 
considered number of single-cycle discharges, compared to 
measured values (dashed lines) over 200 experimental cycles.

 FIGURE 8  Evolution of a simulated electrically-sustained 
sparkchannel (particles marked with bigger black squares and 
a more intense colour) and all its restriked portions (particles 
marked with smaller black squares and a less intense colour) 
from -28 CAD (top figure) to -10 CAD (bottom figure). In each 
figure (black box) are compared results from Case 01, 
perturbation of +86.15 % (top row), and Case 02, perturbation 
of +82.67 % (bottom row), over y-normal (left column) and 
z-normal (right column) planes.
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Conclusions
A numerical model is proposed to predict the impact of the 
ignition system features on the combustion CCV of SI engines. 
The methodology is based on a Lagrangian description of the 
spark-channel evolution, including restrikes modelling and 
early laminar flame development, coupled with an Eulerian 
approach for the propagation of the fully-turbulent self-
sustained flame. Starting from RANS average flow conditions, 
first, the particles velocity is modified at spark-advance, with 
an homogeneous and zero-divergence perturbation. Then, 
each channel is evolved according to the Simplified Langevin 
Model (SLM), which keeps memory of the initial perturbation 
and simulates a random walk of the particles in the velocity 
space, due to stochastic interactions (Wiener process). A 
preliminary assessment of the proposed modelling approach 
was carried out on a pent-roof high-tumble single-cylinder SI 
engine, run with an ultra-lean premixed Isooctane-Air 

mixture. At fixed engine conditions, two different ignition 
systems were investigated: a classical coil, characterized by 
the well-known triangular shaped current profile, and an 
enhanced coil, able to generate higher currents for a user-
defined durations. After the simulation of 20 independent 
single-cycle spark-discharges, the proposed model seems able 
to qualitatively estimate the increase of the comustion CCV, 
as well as the IMEP reduction, observed from experimental 
measurements over 200 power-cycles when the classical coil 
is used in place of the enhanced one. Some aspects need 
further investigations, such as: the overprediction of the IMEP 
on both conditions, the not-considered impact on combustion 
CCV of the fully-turbulent flame propagation on single-cycle 
conditions, and the effect produced by the fluctuations of the 
secondary current. Nevertheless, the proposed methodology 
seems very promising to provide a fast and reliable prelimi-
nary estimation of the impact produced by the ignition system 
features on the combustion stability of new generation SI 
engines, operated at part-loads.
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