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Modeling of Thermal and Kinetic Processes in Non-Equilibrium Plasma
Ignition Applied to a Lean Combustion Engine
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ABSTRACT

In recent years novel ignition systems have been developed to enable stable and efficient engine operations with
lean mixtures. Among them, radio-frequency corona ignition systems create discharges that involve a much wider
region compared to traditional spark, and produce non equilibrium plasma with high levels of active radicals and
excited species. These devices considerably increase the early flame growth speed and extend stable operating
limits. With the aim of expanding the knowledge on high efficiency lean-burn SI engines, this paper investigates
and compares the combustion development generated by spark and corona ignitions through computational fluid
dynamics, within the Reynolds-Averaged Navier-Stokes framework for turbulence modeling. In order to
simultaneously take thermal and chemical effects into account, the Perfectly Stirred Reactor combustion model is
used. Experimental data are also collected for validation in an optical access engine, for different mixture levels,
from stoichiometric to very lean. The faster burn rate generated by the corona system in the initial stage of the
combustion is well predicted by the simulations, in all the relative air-fuel ratio conditions. Remarkably, as the
mixture becomes lean, simulations are able to capture the non-linear transition from fast to slow kernel growth,
before a self-sustainable flame propagation is established. This correlates very well with the measured engine
cyclic variability and the corresponding steep change in the duration of the flame kernel formation. Ultimately,
this study highlights the important role of the atomic oxygen, as active radical, in promoting and enhancing the
combustion initiated by a corona discharge, in addition to the volumetric ignition effect. By contrast, the validated
simulations allow to explain that the high-temperature thermal plasma generated in a traditional spark discharge
is insensitive to kinetic aspects.

INTRODUCTION

Current research effort to increase efficiency and reduce emissions has led to significant evolutions in spark
ignition (SI) engines, such as the adoptions of boosting, cooled external exhaust gas recirculation, water injection
and direct injection [1 - 12]. Beyond these technologies, the major research area towards clean and efficient internal
combustion engines (ICEs) is still the quest for stable lean operation. As a matter of fact, lean combustion may
cause excessive levels of cycle-to-cycle variability (CCV) or even misfires. These strategies are extremely
challenging for the ignition system, which is requested to initiate a stable and repeatable combustion with small
cyclic variation with very lean mixtures. Conventional spark plugs struggle at such unfavorable conditions.
Therefore, alternative ignition systems are being developed to extend stable operating conditions to burn leaner
mixtures than those achievable with traditional spark igniters [13, 14]. Multiple spark discharge [15 - 17],
continuous discharge [18], high energy ignition systems [19 - 21] and pre-chamber turbulent jet ignition [22 - 24]
can be considered upgrades of the conventional SI devices; these systems, based on the generation of thermal
plasma [25 - 27], show some improvement in extending the engine stable limit, but still present some issues such
as small ignition volume, heat losses through the electrodes [28], erosion and fouling.

A promising concept for internal combustion engine applications involves plasma-assisted ignition devices, such
as RF corona discharge [29 - 32], nanosecond pulsed discharge [33 - 38], microwave assisted discharge [39 - 42]
and dielectric barrier discharge [43 - 45]. The present work focuses on RF corona discharge, which produces a
strong electric field at a frequency of about 1 MHz. The physical aspects that play a role on the corona discharge
ignition can be identified in what follows:
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1- Kinetic enhancement: active radicals and excited species produced by electron impacts in the plasma can
be promoters of the ignition [46, 47].

2- Thermal enhancement: plasma increases temperature and accelerates chemical reactions and fuel
oxidation according to the Arrhenius law.

3- Transport enhancement: the ionic wind and the hydrodynamic and Rayleigh instabilities produced by
plasma change the local flow velocity and accelerate transition to turbulent regime and mixing [47 - 49].

The thermal effect is the predominant effect in all the equilibrium and near-equilibrium applications, for example
during the conventional spark discharge. The plasma generated in these applications is usually called “thermal
plasma”. In the kinetic enhancement, high-energy electrons and ions are produced, particularly active radicals (O,
OH, H, etc.) by means of electron impact dissociation, ion impact, recombination dissociation and collisional
dissociation of reactants with excited molecules. Moreover, plasma can produce long-lifetime reactive species,
e.g. ozone Os, or catalytic intermediate species, e.g. NO, which can further speed up low-temperature fuel
oxidation. Overall, in the RF corona ignition systems, the kinetic and thermal effects are known to be predominant.
These aspects can produce a considerable increase in the early flame growth speed, consequently reducing ignition
delay timings, making the kernel formation less susceptible to fluctuations, and therefore extending lean stable
operating limits of the engine.

The effectiveness of corona systems in extending the ignition lean stable limits and reducing ignition delay time
was tested in a pressurized vessel with gaseous fuels by Wang et al. [50]. Yu et al. [51] evaluated the ability to
ignite premixed mixtures under both quiescent and turbulent conditions in an optically accessible constant volume
chamber using methane-air and propane-air mixtures ranging from stoichiometric conditions to the lean ignitability
limits. They found that the corona is able to initiate multiple ignition spots in proximity of the igniter and
continuously impact the ignition flame propagation when a long energizing period is employed. They also tested
RF corona igniters under real engine operating conditions. In the work of Pineda et al. [52], the EGR tolerance
increase with respect to a conventional spark was found to be of 10-15% at boosted operation and 16-25% at
naturally aspirated operation. Schenk et al. [53] compared the corona to a transistor coil ignition system showing
the advantages of the corona system at high engine load, especially in the context of high in-cylinder charge
motion. Bresler et al. [54] made a comparison among a conventional spark igniter and other solutions (3-plug,
multi-strike, continuous discharge, plasma, and corona discharge ignitions) for a GDI turbocharged engine. They
found improvements in terms of fuel consumption, CCV, and EGR tolerance by using corona systems. Corona
ignition was also studied in optical engines. Idicheria and Najt [55] performed flame morphological analysis
without quantitative image-based results in a gasoline-fueled engine and found that corona ignition system allows
for more robust ignition, flame kernel formation, and flame propagation by producing multiple ignition sites
compared to the single spark location. In the work by Marko et al. [56] on natural gas engines, in addition to the
morphological analysis of the flames, quantitative results of projected flame area based on imaging analysis are
reported, at a single combustion stage, comparing RF corona and spark. Cimarello et al. [57, 58] compared RF
corona and conventional spark on an optical access engine, and a sensitivity analysis of the main corona control
parameters was carried out. Cruccolini et al. [59] tested an RF corona discharge igniter in an optical engine fueled
with methane and hydrogen-methane blend and a lean limit extension was found for both fuels. Flame speed
increase during combustion onset was assessed through indicating measurements and high-speed image
acquisitions.

To characterize the thermal and kinetic features of the discharge, non-equilibrium plasma streamers have been
investigated in recent years by using both experiments and simulations. The main goal of these studies was to
characterize their effect on ignition and to quantify the amount of radicals and excited species generated by the
electrical discharge. Mostly canonical electrode geometries (point-to-plane, pin-to plane, pin-to-pin) with simple
excitation schemes (constant or pulsed voltage) were investigated. Eichwald et al. [60] modeled a positive corona
discharge in air for a point-to-plane geometry. They found that monoatomic oxygen is mainly produced in the
secondary streamer, in agreement with experiments carried out with TALIF diagnostics. Qin and Pasko [61] found
that the streamer development (growth, decay, stable propagation) is affected not only by the external field, but

2



87
88
&9
90
91
92
93
94
95
96
97
98
99
100
101
102

103
104
105
106
107
108
109

110
111
112
113
114
115
116
117
118
119
120

121

122
123
124
125
126
127
128
129

the dimensions of the streamers also play an important role. Bagheri et al. [62] compared six different numerical
codes to model positive streamer discharges, considering three benchmark cases: they demonstrated that a good
agreement between models can be found when fine grids and small time-steps are used. Breden et al. [45] modeled
the discharge obtained with a corona igniter and a dielectric barrier discharge igniter. They found that the dielectric
barrier self-limits the discharge, avoiding the streamer-to-arc transition, but also resulting in a total radical yield
that saturates in time. On the contrary, the radical yield of the corona can continuously increase in time. Scarcelli
et al. [63, 64] and Zhang et al. [65] modeled a nanosecond pulsed discharge generated by a real pin igniter
geometry. The comparison with experimental results showed good agreement regarding bulk gas temperature and
atomic oxygen concentration. Also, the streamer-to-arc transition regime was accurately reproduced. The same
nanosecond pulsed discharge igniter was tested by Wolk and Ekoto [66] which performed pressure-rise
calorimetry and direct imaging of atomic oxygen and molecular nitrogen emission, evaluating radical production
and streamer-to-arc transition. As for RF corona ignition, Cruccolini et al. [67] performed the first plasma
modeling of a corona discharge with realistic igniter geometry and sinusoidal excitation cycles at 1| MHz. They
found that atomic oxygen is generated in axial direction during the discharges, before spreading away due to shock
waves. The cumulated atomic oxygen production is found to increase monotonically with time, cycle after cycle,
and its rising behavior can be approximated by a linear function.

From this extended review on the thermo-physical processes related to the corona ignition, a lack of modeling
work on real engine applications clearly arises. CFD simulations have the potential to enlighten crucial aspects
and parameters that determine engine behaviors with corona ignition. To the best of authors’ knowledge, no CFD
studies are available in the literature concerning the simulation of a full internal combustion engine ignited by
corona discharges. Within the context of plasma-assisted ignition systems utilized in ICEs, numerical simulations
of an actual combustion process can be very informative, therefore, this forms the main objective of this work, so
far lacking in the scientific literature.

Simulations can assist in understanding the interaction between the igniter and the flow field and in studying the
combustion behavior in lean mixture conditions. After an initial study simply under stoichiometric conditions
reported in [68], the aim of the present work is to numerically investigate the engine behavior with corona ignition
at various air-fuel ratios (ARF), up to unstable points, and compare the findings against the traditional spark
ignition. The ignition model is based on energy and active radical depositions. First the effects of the deposition
region shape and dimensions and the amount of deposited atomic oxygen are investigated, to assess the robustness
of the model and understand the main controlling parameters. Simulation predictions are then validated against
optical engine experiments, in terms of fuel mass burned and flame imaging. The results show that the engine lean
limit can be predicted though RANS simulations looking at the duration of the initial kernel development. The
corona discharge extends the stable operation by about 0.2 lambda points, with respect to a spark ignition, and the
simulations contribute to elucidating the mechanisms producing these results.

OPTICAL ACCESS SI ENGINE DESCRIPTION

Experimental data have been presented and discussed extensively in [57, 58], and only a brief description of the
available data is reported here, for the sake of comprehensiveness. The optical engine, shown in Figure 1, is a 500
cm’ single cylinder engine with pent-roof combustion chamber, four valves and reverse tumble intake port design,
that can be operated in Port Fuel Injection (PFI) or Direct Injection (DI) mode. In this study PFI is used, with
standard market European gasoline fuel [69, 70]. The combustion chamber is optically accessible through a 60-
mm diameter quartz window in the piston crown [71]. A Bowditch-type prolonged piston is used to accommodate
a 45-degree mirror which allows the optical access from the bottom. Graphite rings are used to avoid lubricant
presence in the combustion chamber, maintaining the quartz window clean.
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Figure 1. Optical access engine in firing condition.

The engine was controlled in terms of speed, throttle position, AFR, injection and ignition timing. Speed control
was obtained by means of an AVL 5700 dynamic brake, which is coupled to the optical engine. The air flow was
set by maintaining the throttle valve at a fixed position for the entire experimental campaign, ensuring a constant
airflow and tumble motion. A dedicated ECU was used to regulate the AFR by controlling the gasoline injected
mass and to command the ignition start. This control strategy results in a decreasing engine load as the AFR is
increased. A piezoresistive transducer (Kistler 4075A5) installed on the intake port measures the intake pressure
and a piezoelectric transducer (Kistler 6061 B) installed on one side of the chamber measures the in-cylinder
pressure. The angular position of the crankshaft is measured by an optical encoder (AVL 365C) with 0.1 CAD
resolution. In each operating point, 100 consecutive cycles are recorded and post-processed. A Vision Research
Phantom V710 high-speed CMOS camera coupled with a Nikon 55 mm {/2.8 lens was used to obtain flame images
recording the natural luminosity. The sampling rate was 20 kHz, corresponding to 0.3 CAD/frame at 1000 rpm,
and with a spatial resolution of 0.123 mm/pixel. Images are recorded in sync with the indicated pressure, collecting
63 consecutive combustion events for each operating condition. The main engine features are given in Table 1.
The ignition timing is adjusted to the Maximum Brake Torque (MBT) value as shown in Table 2, for each mixture
condition, and for each igniter.

Table 1. Engine data and operating conditions.

Displacement 500 cm®

Bore 0.085m

Stroke 0.088 m
Connecting rod 0.139m
Compression ratio 8.8:1

Number of valves 4

Engine speed 1000 rpm
Indicated Mean Effective Pressure | ~5 bar @ A=1
Intake valve open 329 CAD aTDC
Intake valve close 547 CAD aTDC
Exhaust valve open 170 CAD aTDC
Exhaust valve close 380 CAD aTDC
Fuel Standard European Gasoline, RON 95 MON 85
Injection PFI1
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Table 2. Experimental ignition timings.

A | Spark Ignition Timing | RF Corona Ignition Timing

[-] [CAD bTDC] [CAD bTDC]

1.0 20.5 6

1.2 25 9

1.4 40 16

1.5 46.5 -

1.6 - 32

1.65 - 32.5

1.7 - 35

COMPUTATIONAL METHOD

In this work, the CONVERGE v3.0 CFD software package [72, 73] is used as the computational framework for
the simulations. Figure 2.a shows the computational domain, divided in five different regions, i.e., plenum, throttle
body, intake port, combustion chamber and exhaust port. Since the engine is operated at part load, the throttle in
its actual position is included in the 3D domain. The code allows the calculation of the three-dimensional,
compressible, chemically-reacting flows in complex geometries with moving boundaries, and it is specifically
tailored for piston engine analysis. The code uses a modified cut-cell Cartesian method that eliminates the need
for the computational grid to be morphed into the geometry of interest, while still precisely representing the actual
boundary shape. This approach allows for the use of simple and efficient orthogonal grids, and completely
automates the mesh generation process. (Figure 2.b).

Figure 2. CFD engine model. Geometry: plenum in grey, throttle body in blue, intake port in green, combustion chamber in red and
exhaust port in yellow (a). Mesh (b).

The finite volume method is used to solve the overall set of compressible Favre-averaged equations. Conservation
of mass and momentum are solved via a pressure-velocity coupling algorithm, using the Pressure Implicit with
Splitting of Operators (PISO) method [74]. The transport equations of energy and species are solved after the
momentum predictor and the first corrector have been completed. Turbulence is solved after the PISO loop is
converged. Spatial discretization is second-order and time integration is based on the first order Euler implicit
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scheme, with variable timestep controlled by convective CFL below 1 during the combustion phase and 1.5
elsewhere.

The modeling approach is based on the RANS equations, using the Standard k-¢ turbulence model. The PSR
combustion model is adopted without turbulence-chemistry interaction. The SAGE chemical solver calculates the
reaction rates for each elementary reaction within each cell, while the CFD solver takes care of the transport
equations. Gasoline chemical kinetics has been modeled using the reduced mechanism based on the work of Liu
et al. [75] for the primary reference fuels (PRF) iso-octane and n-heptane, consisting of 48 species and 152
reactions. To model this blend, 95% of iso-octane and 5% of n-heptane by volume is used. Fuel injection is not
modeled directly, but fuel and air are perfectly mixed at the inlet boundary. Boundary conditions have been derived
from experiments and basically consist of time-varying values of static pressure and temperature for the inflow,
and static pressure for the outflow. In each engine point, multiple cycles were simulated to remove unwanted
effects due to the initialization. Generally, it was observed that from the third cycle RANS results became
repeatable, therefore, all the analyses presented in this work were done on the last simulated cycle.

Combustion is initiated by a mix of energy and species deposition, without attempting to model the complex
phenomena underlying ignition, especially because for alternative igniters no established literature is available.
Depositions are characterized by a uniform spatial and temporal distribution. For the spark case, the deposition is
on a sphere between the electrode and counter-electrode (Figure 3.a): 2.5 mJ for 0.5 CAD, to simulate the
breakdown/arc phase, and additional 2.5 mJ for 10 CAD, to simulate the glow phase, are released into the gas as
indicated by measurements reported in [76] for this specific spark plug and conditions. For the RF corona case,
the source region is represented by four long and narrow cylinders (Figure 3.b): the deposition duration is 1.8
CAD, equivalent to commanded discharge duration of 300 ps at 1000 rpm. As it will be discussed later, cylinder
length and diameter are among the investigated parameters. The deposited energy varies according to the engine
conditions between 120 mJ (at stoichiometric condition) and 35 mJ (at the leanest mixture condition) as specified
by the available corresponding experimental values [77]. Simultaneously, an amount of atomic oxygen, identified
through parametric exploration around literature data [60 - 67], is also added, since atomic oxygen is the primary
active radical produced by an RF corona discharge in air [60]. In particular, Cruccolini et al. [67] studied the same
RF corona discharge used in this work modeling the axisymmetric and transient process of non-equilibrium plasma
generation. They found a range of atomic oxygen production between 2.5-10° and 8.5-10” kg per discharge event
of 300 ps on 4 pins. This data range is central to modeling the combustion process initiated by the non-equilibrium
plasma investigated in this paper. It is also worth pointing out that the deposition of just atomic oxygen, despite
might appear simplistic, is supported by several studies like [60] because other radicals such as OH are then
produced from O. It would also be almost impossible to include a detailed plasma chemistry together with the fuel
combustion kinetics, as of today.

Spark and corona ignition timings were set as in the engine experiments (cf. Table 2). Figure 4 shows an example
of the temperature plot for the spark (Figure 4.a) and corona igniter (Figure 4.b) at stoichiometric conditions, 1
CAD after the ignition timing. The slicing plane is different to accommodate the main features of the ignition
source, i.e., ZX plane through the ground electrode for the spark case, a plane rotated by 45 degrees slicing through
two tips and streamers for the corona igniter.

Various fixed and adaptive meshing refinement (AMR) strategies are used, ad-hoc temporally and spatially
activated. Fixed mesh refinement is used in the cylinder, in the valve seat regions and in the source regions.
Temperature-based AMR is used to resolve the flame front during the combustion, and velocity-based AMR is
used elsewhere to resolve complex flow structures. More details on the grids used are provided in the Table 3. A
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mesh sensitivity study has already been done for similar applications [70], and this mesh setup follows the common
best practices for engine RANS simulations using a grid size of 0.125 mm around the igniter (Figure 4.c.d).

Figure 3. Deposition regions. Spark (a). Corona (b).
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Figure 4. Temperature contours and grid resolution for spark and corona igniters at A=1, visualized 1 CAD after the ignition timing.

Table 3. Mesh details.

Maximum grid size in the cylinder and ports 2 mm
Velocity AMR size 1 mm
Temperature AMR size 0.5 mm
Minimum grid size (around igniter) 0.125 mm
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Maximum number of cells 1 500 000
Restitution time (hours/cycle) 40

RESULTS AND DISCUSSION

Results presentation and discussion are organized as follows. First, the simulation results for the conventional
spark igniter at different AFRs are presented, as baseline model assessment. Then, the corona igniter is studied in
depth, analyzing the effect of the length and the diameter of deposition region, and the amount of deposited atomic
oxygen. Finally, an overview of the flame development is presented, focusing on the first stages of the combustion.

The combustion analyses are quantitatively conducted in terms of normalized cumulative heat release and
corresponding mass fraction burned (MFB). Pressure traces are not directly comparable because the optical engine
data is affected by non-negligible blow-by, while the CFD model does not attempt to account for these effects due
to their complexities which would be outside the scope of this work. Flame structure is also qualitatively analyzed
by comparing experimental flame images with volume renderings of the computed temperature fields.

Combustion initiated by spark ignition

Spark discharge is an unsteady process that consumes a large amount of energy and has less kinetic enhancement
effect in combustion compared to non-equilibrium plasmas [47, 25, 36]. Here, the effect of atomic oxygen
deposition for a spark discharge is investigated. Figure 5 shows the comparison between experimental and
numerical results for the combustion started by a spark, at A = 1.0. The black curve is the average experimental
MFB, the red curve is the corresponding numerical simulation obtained by using energy deposition as ignition
source, while the dotted blue curve is the combustion initiated with combined energy and radical deposition. The
radical deposition consists of 5:10” kg of atomic oxygen, O, with a corresponding amount of molecular oxygen,
0., removed, to balance overall mass; the effect of this value will be justified and discussed in more detail later in
the next paragraph. The experimental combustion rate is very well reproduced by the simulations. Numerical
combustion rates with and without radicals are perfectly overlapped indicating that, as expected, the presence of
atomic oxygen is irrelevant in standard spark ignition at stoichiometric conditions. The effect of the presence of
atomic oxygen has also been investigated for cases with different AFR values, confirming that the radical
deposition does not produce differences in the burning rate. To better understand this phenomenon, a comparison
of the predicted maximum local temperature in the spark region during the ignition phase is shown in Figure 6.
Even if the presence of radicals increases the peak local temperature, the levels involved already exceed 10,000
K, therefore, the thermal effect dominates [47]. The bulk gas temperature achieved with the conventional spark
discharge is far above the low-temperature plasma range where radicals can have an impact in enhancing the
combustion.
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Figure 6. Effect of atomic oxygen deposition on maximum local temperature during the ignition stage, with spark igniter at 1 = 1.0.

In addition to the stoichiometric condition, two additional lean conditions have been tested for the spark ignition,
ie, A =14 and A = 1.5. Figure 7 shows all three experimental MFB curves and the corresponding numerical
results. The ignition timing for each simulation case is set to the experimental value (Table 2) and no atomic
oxygen deposition is considered. The results clearly show that the combustion rate for the stoichiometric case is
faster than the corresponding rates for the lean cases. Since the behavior under different A values is well reproduced
by the combustion simulations ignited solely with thermal energy deposition, it can be inferred that the spark
ignition process is driven by the initial high-temperature thermal plasma (see Figure 6 again) and the impact of
atomic oxygen is irrelevant.
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Figure 7. AFR effect on MFB (1 = 1.0, 1 = 1.4 and 1 = 1.5) with spark ignition: experimental average cycle (dashed lines), numerical
RANS cycle (solid lines). Only thermal energy is deposited, no atomic oxygen.

Combustion initiated by corona ignition

The corona ignition concept is different and its ignition process is expected to be sensitive to both energy and
atomic oxygen depositions. As it will be shown in the following, active radicals play a role in the combustion
initiation. In addition, the length and shape of the streamer plasma channel are key features of the corona ignition
system, which require specific care.

Results of the experimental imaging tests reported in Table 4 show that the corona driving voltage and discharge
duration affect the streamer size, number and branching [58]. The driving voltage is a control parameter that affects
the peak electrode voltage, having a strong impact on discharge and combustion behavior, as investigated by
Cimarello et al. [58] and Discepoli et al. [77]. The streamer structures are visualized in Table 4 at different relative
air-fuel ratios, 1 CAD after the ignition command. The observation reveals that the streamer length decreases as A
increases. The averaged streamer features are reported in the same table under each image, i.e. streamer length,
ignition timing, driving voltage, charge density and thermal energy deposited on the gas. It is worth noticing that
the natural luminosity detected by the camera reduces increasing A, and images are not normalized for this effect.
Despite this observation, it is quite evident that the four streamers shorten at larger A values. However, some
uncertainty on the exact length data persists. During the engine tests, the ignition timing is adjusted to the MBT
for each mixture condition, i.e., the start needs to be advanced to accommodate the longer combustion duration
under lean conditions. The value of the driving voltage is the maximum possible level that guarantees a stable
corona discharge and avoids arc formation. The deposited energy values under engine conditions are derived from
the available corresponding experimental dataset [77] collected in a constant volume chamber, interpolating for
the actual pressure, temperature and voltage. The estimated atomic oxygen deposition is calculated from results of
Cruccolini et al. [67] that performed the first plasma modeling of a corona discharge with realistic igniter geometry
and sinusoidal excitation cycles at 1 MHz. Case 3 of [67] corresponds to the engine conditions explored in this
work in terms of gas density at the ignition timing. For that case, a single streamer discharge produces 3.9 mg/s of
atomic oxygen. Since the discharge duration is 300-10s, the atomic oxygen deposited mass is calculated as 3.9
mg/s - 300-10°s = 1.17-10° mg. This value has been multiplied by 4, since 4 streamers are produced for each
discharge: 1.17-10°mg - 4 =4.7-10" mg =~ 5-10” kg.
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Table 4. Structure of the corona streamers 1 CAD after ignition and average streamer data for different mixture conditions. Bold data are
directly used in the CFD models.

A 1.0 1.2 1.4 1.6 1.65 1.7

b 1

f 1

< 30 mm >

Streamer length
[mm] [77]

10 9.5 6.5 7 7.5 6

Ignition timing
[CAD bTDC] 6 9 16 32 32.5 35
[771

Driving voltage

53 49 40 34 34 30
V1[77]

Gas density

[ke/m?] [77] 6.25 6.05 5.40 3.70 3.65 3.45

Measured
thermal energy
deposited on the 120 100 55 45 40 35

gas [mJ] [77],
over 300 us

Estimated mass
of atomic oxygen
[kg] [67],
generated over
300 ps

510° 510° 510° 510° 510° 510°

Based on the above observations, in the CFD simulations streamers are modeled assuming that energy and radicals
can be deposited on four long and narrow cylindrical regions (Figure 3.b, and Figure 4.b,d). Since it has been
observed that the geometrical feature assumptions have a substantial impact on the simulation results, the effect
of length and diameter of these cylinders on the combustion development has been explored and reported here.
Figure 8 shows the results of this investigation in stoichiometric conditions, where the length suggested by the
experimental imaging is 10 mm. The experimental MFB (black curve) is compared with numerical curves obtained
with perturbed lengths (10 mm, 7.5 mm and 5 mm) and different diameters (0.125 mm and 0.25 mm). An additional
limiting case is included, resembling the spark deposition approach with four spherical regions (yellow curve)
having the same volume of the cylinders. Combustion rate obtained with the 10 mm length reproduces very well
the experimental trend at A = 1.0. Using shorter cylinder lengths, the start of combustion is delayed while the main
part of the turbulent combustion development is unchanged. On the contrary, the diameter does not produce
appreciable effects on the combustion rate, within the range of values tested and also considering the minimum
grid resolution adopted.

A further investigation is carried out to better understand the interaction between the streamer geometry
assumptions and the subsequent combustion development. The maximum local temperature during the ignition
process, shown in Figure 9, increases for smaller cylinder volumes. For the case with spheres, it goes even farther,
well above 10,000 K, despite the spheres volume is the same as the 10x0.25 mm cylinders case. The area-to-
volume ratio has a major impact on local temperatures. Despite this, combustion rates present a completely
opposite trend: combustion develops faster using longer cylinders where the initial temperature remains lower,
while using spheres that generate high temperatures combustion develops more slowly. The explanation of this
behavior can be provided by observing the temperature contours in Figure 10. These images show the simulated
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flame propagation around the corona streamers location, at three instants after the ignition on a cut plane passing
through the kernels. Differences in the flame propagation over time reflect differences in the global combustion
progress. In particular, the flame shape strongly varies in terms of surface area. The simulation with high area-to-
volume ratio of the initial kernel is characterized by a larger burnt gas zone and a wider flame at the same time
instants, whereas the simulation with spheres, i.e. with the lower area-to-volume ratio, shows a retarded flame
region. The flame expansion highlights that, using longer cylinders, flame is able to propagate from the very
beginning, and grows much faster towards the rest of the chamber. On the other hand, using more compact
cylinders or spheres, kernel propagations are progressively hindered, and flames are confined near the igniter for
longer times. In essence, as long as the local temperature reaches values above about 3000 K, the overall flame
propagation is mainly affected by the flame area, and therefore by the mass and heat diffusion processes, rather
than by the chemical reactivity which remains very high.

A similar behavior has also been observed for lean mixture cases, but not reported for the sake of brevity. Overall,
this suggests that the streamer penetration, generated by the corona discharge, plays a critical role in the kernel
development, their initial length being the main influential parameter affecting the engine combustion
performance.

Having assessed the effects of the ignition source geometrical aspects, it can then be observed that the best match
in Figure 8 is obtained by utilizing the actual measured length, i.e., =10 mm. Therefore, for each mixture condition
that will be investigated in the rest of the of this work, streamer lengths derived from experimental imaging will
be assumed as the most reliable (Table 4). Regarding the diameter, being results rather insensitive to the values
tested, a constant value of 0.25 mm will also be kept, in order to have a larger number of computational cells
falling inside the deposition regions.
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Figure 8. Effect of cylinders length on MFB in stoichiometric conditions.
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Figure 10. Temperature fields (range 500-3,000 K), at 1, 6, and 11 CAD after ignition timing, in stoichiometric conditions.

As discussed in the introduction, the main objective of the work is the quantification of the role of non-equilibrium
plasma with low-temperature active radicals. Therefore, the focus of the analysis will now switch to understanding
the impact of the atomic oxygen on kernel growth and combustion rates originated from corona discharges.

Predictions of the engine combustion process are shown in Figure 11 at A = 1.0 (a) and A = 1.6 (b), against
corresponding measurements. The black dashed curve is the experimental average cycle for each case. Colored
curve bundles provide the sensitivity to the amount of radicals deposited in the form of atomic oxygen, with
varying shades of green and blue, at L = 1.0 and A = 1.6, respectively. The explored values range from absolute no
radicals up to a very large amount of 1-10® kg of O, if compared to the expected values [67] reported in Table 4.
The deposition of atomic oxygen requires a mass compensation, as previously mentioned, since atomic oxygen is
chemically created by decomposition from O,. A lack of compensation would lead to local alterations of the
mixture conditions, with unphysical results at increasing concentrations. Focusing, for instance, on stoichiometric
conditions (Figure 11.a) the atomic oxygen is shown to have a double effect, one on the ignition delay and one on
the subsequent flame speed.

1. The first one is visible in the early combustion stage, since atomic oxygen reduces the kernel
development time confirming that radicals are ignition promoters. In addition, the early flame growth is
also accelerated (up to CA10). As a matter of fact, from a fundamental point of view, the effect of
atomic oxygen addition is expected to increase the laminar flame speed, as shown in Appendix (Figure
A 1), by about 10% to 15%, in the current operating conditions of the corona discharge igniter.

2. The second one refers to the main turbulent combustion development (CA10 to CA90), which is
characterized by a marginally faster flame growth speed, as observed by the curve slopes at varying
deposited oxygen mass. The justification can be the late combustion phasing achieved with less amount
of oxygen radical, leading to slightly lower temperatures in the chamber and therefore lower flame speed.

At A = 1.0 the model, considering the expected amount of atomic oxygen 5-10° kg [67], matches the corona
experimental combustion progress, suggesting that the adopted initial value is close to reality.

The impact of O presence in the plasma channel is amplified when the mixture is lean, as visible at A = 1.6 (Figure
11.b). The two effects mentioned above are well visible also in lean operation. In this case the model, despite
underpredicting the measured turbulent combustion rates (CA10 to CA90), is accurate enough in estimating
ignition delays and kernel growth durations (up to CA10) if the best estimate for the amount of O is used, i.e.,
5-10° kg (Table 4). It is also very important to note that with lower or no amount of radicals misfires are predicted.

A comparison of the maximum local temperature obtained from the simulations during the ignition phase is shown
in Figure 12. The atomic oxygen deposition increases the maximum local temperature during this phase. The
impact of radicals is now substantial, as opposed to what was observed for the spark case (Figure 5 and Figure 6).
In the corona ignition process the combustion rate changes in response to a variation in the initial O concentration.
Since the maximum temperature reached in the ignition stage is now much smaller than in the spark case, and the
regime is much closer to a non-equilibrium low-temperature plasma, the chemical kinetic enhancement due to the
active species become very relevant.
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Figure 12. Effect of atomic oxygen deposition on maximum local temperature during the ignition stage, at A = 1.0 (a) and . = 1.6 (b).

Beside the stoichiometric condition, three additional mixture conditions have been simulated for the corona
ignition, i.e., A = 1.4, 1.6 and 1.7. The ignition parameters are again specified according to the available
measurements in each case, in order to reproduce the experimental conditions and values. Table 4 lists these values
used for the CFD model setup. The amount of deposited atomic oxygen is kept fixed, at the level of 5-10° kg,
according to the best available estimate from the work of Cruccolini et al. [67]. It is also worth noticing that as A
increases streamer lengths and deposited thermal energies are decreased.

Figure 13 shows the predicted MFB curves compared to the experimental measurements. As expected, as the
mixture gets leaner the combustion progress decelerates, and remarkably, simulations are able to capture this trend.
The predicted combustion rates, however, seem to have a shorter flame kernel development compared to the
experiments, as the kernel growth transitions to flame propagation earlier and the turbulent burning rate is slightly
slower in the simulations, except for A = 1.0 where the agreement is adequate. This underestimation of the
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394  combustion rate is particularly evident for A = 1.6 case, while for the leanest case (A = 1.7) the gap between
395  numerical and experimental results is reduced. Overall, the results in Figure 13 support the fact that RANS
396  calculations are able to predict combustions initiated by corona discharge ignition systems, provided the spatial
397  description of the ignition source and the presence of active radicals are properly evaluated.
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399 Figure 13. AFR effect on MFB (A = 1.0, A= 1.4, A= 1.6 and A = 1.7) with corona igniter: experimental average cycle (dashed lines),
400 numerical RANS cycle (solid lines). Ignition parameters as in Table 4.

401 Comparison between spark and corona ignition — Combustion analysis

402  After the extensive parametric model assessment and validation presented above, the combustion started by the
403  two different igniters is now compared. Figure 14 shows the two MFB curves at A = 1.0 reported from the ignition
404  timing. The spark timing is 20 CAD bTDC, while the corona ignition timing is 6 CAD bTDC (as listed also in
405  Table 2). The advantage of the corona ignition compared to the conventional spark discharge mainly concerns the
406  beginning of the combustion up to about CA 10, as clearly observed also in [57 - 59]. The corona discharge shortens
407  the kernel formation stage by about 10-12 CAD. The simulations reproduce this aspect correctly. The turbulent
408  combustion rate is then quite similar, in that after the kernel growth stage the turbulent flame front propagation is
409  notinfluenced by the igniter anymore, being the flame far away from it. This aspect will be further discussed later,
410  analyzing the flame structures.
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Figure 14. Comparison of MFB for stoichiometric combustion with spark and corona igniter.

To get more persuasive conclusions about the robustness of the RANS model, the CAl, i.e. CAmrai-CAgpark
(corresponding to an equivalent average flame radius value of about 9 mm) has been analyzed, comparing the
current numerical results with previous engine tests reported in Cimarello et al. [57]. Predictions shown in Figure
15.a confirm that the corona ignition is about four times faster than the spark in reaching the CAl in all the
operating conditions, due to the volumetric ignition effect assisted by the presence of active radicals.

From the simulation point of view, the most remarkable result that can be observed, however, is the ability of the
model to predict a change in the CA1 vs. A curves at the lean limit, as observed in the engine measurements. The
lean limit, as shown in Figure 15.b, is actually determined by the sudden rise of the coefficient of variation of the
indicated mean effective pressure (COV of IMEP) vs. the relative air-fuel ratio, denoting that combustion
instabilities kicks in. This knee point is reflected in the CA1 curves too. The combustion becomes unstable after
that point, where large cycle-to-cycle variabilities are observed. The RANS-based model is not meant for capturing
such phenomena related to turbulent fluctuations, but the behavior of the average combustion duration is still
predicted (Figure 15.a). This suggests that the fundamental aspects underlying the corona ignition process, relevant
to SI engine applications, are correctly captured and included in the proposed RANS model.

From the above discussion, the most important aspects for the prediction accuracy of the corona ignition can be
summarized in the necessity for (1) an adequate geometrical representation of the streamer plasma channels and
for (2) the quantitative estimation of atomic oxygen.
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Comparison between spark and corona ignition — Flame structure

The maximum influence of the corona ignition is in the early stage of the combustion. As visible in Figure 4, the
flame kernel generated by the spark ignition is confined in the small region between the electrodes, and therefore
the flame needs time to expand and grow in the combustion chamber. On the contrary, the corona discharge
involves immediately a wide volume, the flame surface area is considerably larger, and the propagation inside the
combustion chamber takes place very rapidly.

Optical data can be particularly useful to investigate the flame kernel formation and the initial combustion
development. A detailed analysis of the flame structure is provided in Figure 16 and Figure 17, by comparing the
experimental and numerical flames at different timings, observed from the same bottom view. Figure 16 refers to
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stoichiometric conditions, while Figure 17 to lean conditions at A = 1.4. Since the high-speed camera captures the
natural flame luminosity of the whole flame converting it to a 12-bit-depth grayscale, to have a better visual
comparison the simulated flame is shown creating the volumetric rendering of the temperature field, with the color
code in the range 1200-2200 K [69]. Five different timings are reported and compared. The red circles mark the
edge of the optical access. The spark-ignited flame grows gradually and slowly, as expected. The corona-ignited
flame develops very quickly to a large enflamed area. The four streamers generate lobes which eventually merge
into a single flame. For the A = 1.0 case, the flame produced by the spark starts to expand outside of the electrode
region 8 CAD after ignition, while at the same time instant, the flame generated by the corona is much larger and
about to reach the optical access limit. For the A = 1.4 lean case, the flame produced by the corona reaches the
optical access limit 12 CAD after the ignition, when the flame generated by the spark is still confined between the
electrodes; only 16 CAD after the ignition, the spark-generated flame starts to penetrate into the main chamber. In
all cases, the flames slightly move towards the exhaust valves due to a slight bulk charge motion. Another notable
feature is that the main expansion is along the chamber roof edge, which is expected because of the larger volume
present in this direction.

Overall, RANS simulations are able to reproduce the marked differences in the early flame kernel growth observed
in experimental images. This simulation approach is proved to be a viable tool for studying and optimizing SI
engines by applying advanced ignition systems, like the corona discharge igniter which generates a non-
equilibrium plasma.
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CONCLUSIONS

The study analyzes the combustion behavior of a corona ignited flame compared to a standard spark ignited
process, in an optically accessible SI engine, by means of RANS simulations. The corona discharge produces a
non-equilibrium and low-temperature plasma, that involves a large ignition volume through the streamers.
Conversely, the spark discharge produces a thermal plasma localized in a small ignition volume. Simulations are
compared with optical engine data, at various AFRs, in order assess the effect of the mixture compositions. The
main findings related to this work are listed below:

1. Investigations on the effect of active radicals deposition (atomic oxygen) reveal that the initial combustion
development and therefore the peak local temperature is highly dependent on the discharge type.

e The combustion rate obtained with the spark is unaffected by the presence of active radicals, since
the local temperatures reached exceed 10,000 K, typical of a thermal plasma.

e By contrast, the speed-up effect on the kernel growth and initial combustion stage obtained with
the corona igniter is due to the presence of atomic oxygen, within a relatively low-temperature
plasma, that remains below 3000 K.

2. The chemical kinetics model for the combustion is able to properly consider the effect originated from
radical deposition, successfully replicating the experimental corona ignition behavior. The atomic oxygen
mainly affects the early combustion stage, since it reduces the ignition delay timing, confirming that
radicals are promoters of the ignition and transition to stable flame. This effect is amplified with lean
mixtures.

3. Simulations confirm that corona ignition is about four time faster in reaching the 1% MFB in all the
operating conditions, as shown by experimental data, due to the large volume of mixture involved in the
discharge and thanks to the radical production.

4. The combustion evolution of the corona ignited flame vs. the spark ignited flame, is markedly different.
Validated CFD results allow to identify the main controlling factors, specifically the role of active radicals
and of the volumetric ignition sources produced by corona streamers.

Further works will investigate possible improvements and analyses, with the possibility of performing LES
simulations to analyze and compare the cycle-to-cycle variability produced by the spark and the corona igniter.
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NOMENCLATURE
ACIS Advanced Corona Ignition System
AFR Air-Fuel Ratio
AMR Adaptive Meshing Refinement
aTDC After Top Dead Center
bTDC Before Top Dead Center
CAl Crank Angle Interval between ignition timing and MFB 1%
CA10 Crank Angle Interval between ignition timing and MFB 10%
CA20 Crank Angle Interval between ignition timing and MFB 20%
CAD Crank Angle Degree
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CCV Cycle-to-Cycle Variability

CFD Computational Fluid Dynamics

DI Direct Injection

ECU Engine Control Unit

EGR Exhaust Gas Recirculation

GDI Gasoline Direct Injection

ICE Internal Combustion Engine

MBT Maximum Brake Torque timing

MFB Mass Fraction Burned

MON Motor Octane Number

PFI Port Fuel Injection

PISO Pressure Implicit with Splitting of Operators

PRF Primary Reference Fuel

PSR Perfectly Stirred Reactor

RANS Reynolds Averaged Navier-Stokes

RF Radio-Frequency

RON Research Octane Number

RPM Revolutions Per Minute

SI Spark Ignition

A Relative Air-Fuel Ratio
APPENDIX

Figure A 1 shows the laminar flame speed enhancement with atomic oxygen addition as a function of the
equivalent ratio. The results are obtained from 1D laminar premixed flame calculations at 101325 Pa and 300 K,
using a gasoline surrogate constituting of 95% iso-octane and 5% n-heptane by volume. The laminar flame speed
is substantially enhanced, with the larger effects for very lean or rich equivalence ratios. Specifically, this
enhancement ranges from 10% to 15% when an atomic oxygen concentration of 8000 ppm is used. This
concentration corresponds to the generation rate of 3.9 mg/s of O in the streamer volume observed in [67] and
leading to the mass reported in Table 4. Specific data for validation, regarding gasoline fuel and atomic oxygen
radical, are not available in the literature, but the trend shown in Figure A 1 is very similar to what is reported for
lighter hydrocarbons, like propane and methane, with O3 addition [78 - 80], under equivalent O ppm seeding.
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