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A B S T R A C T   

Nanosecond Repetitively Pulsed Discharge (NRPD) is a promising ignition concept for introducing diesel-like 
process parameters for hard-to-ignite renewable fuels in Spark Ignition (SI) engines. Knowing whether an 
ignition event initiated by a series of nanosecond electrical discharges was successful or not gives the possibility 
of using this information for closed-loop ignition control. This paper presents a methodology for detecting 
successful ignition under NRPD ignition. 

After a nanosecond discharge, the heat loss from the particles (plasma-gas) between the electrodes and the 
surrounding gas is different if a robust flame kernel is established. If a flame kernel is present, the heat losses are 
lower, resulting in a lower local density of the gas between the electrodes. The breakdown voltage value of a 
nanosecond pulse is proportional to the local density. A control pulse is applied after the main ignition sequence 
to detect successful ignition. Lower breakdown voltages of the control pulse are present if a robust early flame 
kernel is present. The control pulse is applied before the pressure rises due to the presence of fast combustion, 
allowing ignition to be detected during the inflammation phase, thus allowing the possibility to place additional 
ignition events, if necessary. 

This technique was experimentally analyzed in a Constant Volume ignition Cell (CVC) and in a Rapid 
Compression Expansion Machine (RCEM). In the CVC at the ignitability limit, lower breakdown voltages of the 
control pulse are mostly measured when no pressure rise is measured. In the RCEM, the heat release rate is 
analyzed with a two-zone thermodynamic model, and the early flame kernel formation is monitored with 
Schlieren imaging. Some overlap exists in the control pulses’ breakdown voltages for the ignition and quenching 
experiments; nevertheless, the Schlieren videos outline that the overlapping cases have a similar flame kernel 
formation, and the difference arises thereafter.   

1. Introduction 

Robustly igniting air–fuel mixtures is a very important requirement 
in many applications. Examples are Spark Ignited internal combustion 
Engines (SI-Engines) and starting combustors for heating purposes or in 
gas turbine systems. 

Introducing hard-to-ignite fuels such as methane, biogas, or sewage 
gas and modifying the combustion process in SI-Engines to reach diesel- 
like efficiency (combustion of diluted mixtures or introducing diffusion- 
controlled spark ignited combustion schemes at high compression ra
tios) demands novel strategies for robust ignition. In SI-Engines, ignition 
influences the later stage of combustion. Ignition and early flame 
development limit the maximal Air-to-Fuel Ratio (AFR) and influence 

cycle-to-cycle variation [1]. Classical automotive ignition systems reach 
their limits for the heavy-duty, off-road, and power generation sectors 
[2,3]. As an alternative, Nanosecond Repetitively Pulsed Discharge 
(NRPD) can effectively ignite hard-to-ignite fuel–air mixtures [4–6]. An 
investigation in an optical pre-chamber has shown that NRPD is ad
vantageous for stable combustion near the ignitability limits compared 
to a state-of-the-art inductive ignition system [7,8]. Similar findings are 
reported in [5], where NRPD can better support the initial flame kernel 
and improve the ignition probability. The initial combustion process 
inside an optical single-cylinder engine is shortened when nanosecond 
pulsed ignition is used instead of a conventional ignition system; with 
shorter pulses, this effect is enhanced [9]. Nitrogen oxide emissions and 
specific fuel consumption can be reduced in engines when classical 
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ignition systems are changed in favor of ignition sources capable of 
producing NRPD [10,11]. NRPD has also been effectively applied to 
stabilize the flame in conditions similar to those of second-stage com
bustors of turbines [12,13]. 

In SI-Engines, classical inductive or capacitive ignition systems 
deliver one ignition event per engine cycle; the only actuating variable is 
the timing of the ignition. If the ignition is unsuccessful or the com
bustion process is non-optimal, the only possible adjustment is within 
the following engine cycle, where the fuel quantity or the ignition timing 
could be adjusted. In contrast, ignition detection during the early stage 
of combustion, in conjunction with a fast actuator, allows the engine to 
react to misfires within the same engine cycle. If the detection and 
actuation are sufficiently rapid, the slight advance of combustion 
phasing from the ideal location will have a minor impact. With an NRPD 
system, the number of pulses and the repetition frequency could be 
varied to stabilize the ignition process. This possibility of reacting on 
ignition detection is even more interesting for systems with direct fuel 
injection to the combustion chamber, where additional fuel could be 
applied within the same engine cycle. 

Current measurement by applying a DC voltage after ignition over 
the sparkplug electrodes in SI-Engines has been successfully used to 
detect abnormal combustion (misfire and knock) and the location of the 
peak pressures [14,15]. Several reactions in the combustion process 
include ions, which are detected by the current measurement and can be 
used for feedback control. Nevertheless, during early flame kernel for
mation, ions produced by the electrical discharge are likely still present 
between the electrodes making the reading inaccurate. Therefore, this 
technique is best suited for information between cycles, not during the 
ignition or early flame kernel event itself. 

The discharge current and voltage are affected by the surrounding 
gases. For example, in [16], the authors have shown that the spark 
discharge duration correlates with the fluid velocity around the spark
plug. Knowing the fluid velocity could help to gain information about 
the stochastic nature of the turbulence during the ignition event, which 
is known to impact the cycle-to-cycle variation [17]. Although the flow 
velocity could affect the later combustion stage and, in extreme cases, 
also result in flame quenching, knowing the fluid motion around the 
sparkplug does not directly correlate to reliable ignition detection. 

A fast flame detection technique based on the breakdown voltage 
measurement is introduced in [18], which presented an analysis of a 
second sparkplug used as a detecting probe. The authors could detect the 
flame front by applying a voltage slightly below the breakdown 
threshold across the gap, and once the flame arrives at the probe, the 
breakdown strength between the gap is reduced, triggering the 

breakdown event. The proposed active plasma probing method is much 
faster than ion current monitoring. It takes only 10 μs for the voltage to 
collapse, while it takes 800 μs for the ion current to rise to the maximal 
value. This investigation outlines the dependency of the breakdown 
voltage on the gas composition variation during combustion. However, 
due to the distance between the two sparkplugs (also physically con
strained), this approach is not suited to detect the establishment of the 
early flame kernel. 

The goal of ignition is to start a self-sustained chemical reaction. The 
plasma expansion following a nanosecond discharge depends on the 
voltage supply but is not dependent on the mixture composition. 
Regardless of the plasma condition, there is always a zone where the 
ideal temperatures for the chemical reaction are present, leading to the 
establishment of an early flame kernel strongly affected by the gas 
composition [1,19,20]. The breakdown voltage under NRPD is investi
gated in [21,22], where it is shown that the peak voltage during a 
nanosecond discharge depends on the used electrode material and 
spacing, the density between the electrodes, and the pulse rise rate. After 
the discharge, the plasma recombination and cooling depend on the heat 
losses to the electrodes and the surrounding gas temperature. Therefore, 
it can be expected that if the delay between nanosecond pulses is long 
enough (on the order of milliseconds), the local density between the 
electrodes will be affected by the presence and strength of the early 
flame kernel. This could allow ignition detection by measuring the pulse 
breakdown voltage after early flame kernel formation, before any 
pressure increase due to combustion, and before significant flame front 
expansion. Such a methodology could allow for closed-loop ignition 
control with NRPD. In addition, detecting the early flame kernel could 
be valuable for other applications, such as energy-efficient flame stabi
lization or feedback control of thermoacoustic instabilities in second- 
stage combustors of gas turbines [23]. 

A consistent initialization of non-equilibrium plasma discharges for 
use in engine CFD codes is proposed in [24], where it is shown that the 
approach produces results that agree with experiments on the ignition of 
stoichiometric air-methane mixtures. Longer dwell times between pulses 
require more energy to establish flame propagation. Simulations show 
that using two 1.4 mJ pulses with a 300 μs dwell time is insufficient to 
establish a robust flame propagation, and 300 μs after the second 
discharge, the temperature between the electrodes falls below 800 K. In 
contrast, when the pulses have a dwell time of 100 μs, flame propagation 
is possible. The temperature between the electrodes after 300 μs exceed 
1500 K. Due to the minor heat release, the pressure is similar for the two 
cases, so the local density would be nearly half for the second case. 
Applying a third nanosecond pulse after 300 μs would result in different 
breakdown voltages for the two conditions and, therefore, detect the 
case where a flame front is present. 

This article presents a technique to detect successful ignition for 
methane-air mixtures ignited by NRPD based on breakdown voltage 
measurements. The paper is organized as follows: Sections 2.1 and 2.2 
present the two experimental setups used. The electrical characteriza
tion of NRPD is presented in Section 2.3, focusing on the factors affecting 
the current–voltage variation during the nanosecond discharge. Sections 
2.4 and 2.5 present two methods used to analyze the combustion pro
cess. The remaining part of Section 2 is dedicated to the theory needed to 
understand and motivate the ignition detection technique. Section 3 
presents, in the beginning, the analysis of the discharge variation during 
multiple pulses at high frequency; afterward, the ignition detection 
investigation results are shown (Sections 3.2 and 3.3). The presented 
results are then discussed and summarized in Sections 4 and 5. 

2. Materials and methods 

2.1. Experimental setup 1: Constant Volume ignition Cell (CVC) 

The CVC with a volume of 20 cm3 introduced in [25] is used to 
investigate the ignition of methane-air mixtures with NRPD. A 

Fig. 1. CVC setup: A-ignition cell, B-coaxial cable shield, C-current shunt.  
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commercial pulse generator from FID GmbH (model FID 15-10NK) 
generates nanosecond pulses of 50 ns duration and up to a 10 kHz 
Pulse Repetition Frequency (PRF). The maximal pulse amplitude over a 
100 Ω load is 15 kV. The pulse rise rate is 3–5 ns from 10 % to 50 % of the 
maximum. The Berkley Nucleonics 577 delay generator precisely con
trols each pulse delivered to the pulse generator. The pulse generator is 
connected via a 30 m coaxial cable with an impedance (Z) of 75 Ω to 
non-resistive sparkplugs. The voltage and current at the sparkplug are 
reconstructed with a shunt measurement in the middle of the 30 m cable 
using a Pearson current monitor (model 6584). The coaxial cable’s core 
is connected to the high-voltage sparkplug’s electrode, while the coaxial 
cable’s shield is connected to the ground electrode through the ignition 
cell. Fig. 1 shows a picture of the CVC setup. 

Two sparkplugs are used in the present work: a J-gap sparkplug (NGK 
5096) and a surface gap sparkplug (NGK 2522); appendix b provides 
pictures of the sparkplugs. The setup and current measurement tech
nique are described and validated in [21,22]. The error in the voltage 

measurement depends on the current probe with a precision of 1 % and a 
sensitivity of 1 V/A, which is attenuated four times to display on an 
oscilloscope with a DC gain accuracy of full scale (40 V) of 1.5 %. 
Assuming the worst-case scenario of linear error propagation, the error 
on a typically measured breakdown voltage of 10 kV is 5 %. Bronkhorst 
mass flow controllers allow for the precise adjustment of the methane- 
air equivalence ratio. In addition, the cell filling pressure is adjusted 
by an absolute pressure sensor (Keller PAA-33X with a precision of ±20 
mbar), while the combustion is monitored by a piezoelectric pressure 
transducer (Kistler 6052C with an accuracy of ±0.5 %) [26]. 

2.2. Experimental setup 2: Rapid Compression Expansion Machine 
(RCEM) 

The Rapid Compression Expansion Machine (RCEM) is a free-floating 
piston test rig with optical access through the cylinder head. Its 
advantage is that thermodynamic conditions can be reproduced, such as 
those in internal combustion engines or the second stages of turbine 
combustors. The RCEM has been successfully used for single-cycle in
vestigations of hydrogen-air and hydrogen-enriched methane-air 
mixture combustion [20,27], pre-chamber ignition [28], diesel-pilot 
ignited methane mixtures [29], and Homogenous Charge Compression 
Ignition (HCCI) combustion [30]. The RCEM has been extensively 
modified over the years to allow for different investigations. The 
working principle and the specification in the current configuration are 
detailed below. The machine consists of two main sections, the driving 
and experimental parts, connected by a rod. Fig. 2 depicts a schematic of 
the RCEM where the names of the components are reported. The red 
arrows represent the motion of the pistons during fast compression. 

A mass balance piston that allows for nearly vibration-free opera
tions divides the two parts and moves in the opposite direction of the 
working piston. After the combustion chamber’s scavenging procedure, 
the experiment starts by pushing the piston to Bottom Dead Center 
(BDC) and setting the driving air pressure to the desired value. After
ward, the combustion chamber is filled with air at 1.2 bar. The con
necting rod at the BDC is inside a sealed cavity that prevents the 
pressurized oil from acting on the connecting rod (starting position). The 
compression stroke begins by opening a valve that connects the pres
surized oil to the back of the piston rod and slowly pushes the piston out 
of the starting position. During this slow, throttled motion, fuel is 
injected into the combustion chamber. Due to the high injection pres
sures used (~100 bar) and the long time before the rapid compression 
starts (~2 s), the fuel has enough time and momentum to mix perfectly. 
The feed pressure is regulated with pressure regulators, and the in
jector’s voltage profile is controlled with a Skynam DMS06 driver. When 
the connecting rod exits the throttle valve, the pneumatic force of the air 
is transmitted to the oil via the mass balance piston that now acts on the 
full area of the rod. The pressure difference between the driving volume 
and the combustion chamber now determines the acceleration of the 
moving parts. The compression increases the pressure inside the com
bustion chamber, slowing the piston. The combustion further increases 
the pressure in the combustion chamber, pushing the piston back. The 
movement of the piston is determined by the kinetics of the process and 
not by kinematics, as is the case with conventional reciprocating en
gines. For the RCEM experiments, only the J gap sparkplug is used with 
the same ignition systems as in the CVC. Table 1 lists the RCEM 
specifications. 

2.3. Electrical characterization 

The pulse propagation time in the coaxial cable depends on the ca
ble’s capacitance and inductance per unit length. For the used cable, the 
propagation time is ca. five nanoseconds per meter [31]. Therefore, the 
50 ns long pulse is entirely contained inside ten meters of cable. The 
resulting setup can be described as a transmission line circuit [32]. A 
reflection occurs if the load impedance does not coincide with the 

Fig. 2. Schematic of the RCEM, component names, and working principle.  

Table 1 
RCEM setup.  

Bore 84 mm 
Stroke 180 mm 
Cylinder head Flat, two valves 
Piston bowl d = 52 mm, 4 mm depth 
Side windows’ optical access d = 36 mm 
In-cylinder pressure measurement 1 Piezoelectric Kistler 7061B (±0.5 %, 

0–250 bar) 
In-cylinder pressure measurement 2 

(used for pressure level correction) 
Kistler 4075A10 (±1 %, 0–10 bar), inserted 
in a fast switching adapter, Kistler 741A 

Heating Cylinder head and liner 
Fuel injection system Skynam DMS06 driver, Bosch HDEV 1 

injector 
Spark plug NGK 5096 
Ignition system NRPD, FID 15-10NK 
High-speed camera LaVision HSS6 
Light source (Xenon) Anklin Xenon Nova 300 
Plano-convex lens PCX 75 × 250 vis 0 

(Diameter × focal distance mm)  

Cstray Rplasma
Lstrayvtot

Fig. 3. Equivalent electrical circuit of the sparkplug.  
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cable’s impedance (Z). The total voltage (vtot) and current (itot) at the 
load are described by Equation (1) and Equation (2), where indices “i” 
and “r” are used for the incident and reflected waves, respectively. 

vtot = vi + vr (1)  

itot = ii − ir (2) 

The equivalent circuit for a coaxial cable connected to a sparkplug is 
depicted in Fig. 3. The load (sparkplug) is composed of a stray capaci
tance, a stray inductance, and a time-varying resistance. Because the 
load is compact (propagation time < 1 ns), the load can be treated as 
lumped. 

Due to the fast voltages and current transients, even small capaci
tance (Cstray) and inductance (Lstray) typical of sparkplugs (5–15 pF and 
5–10 nH [1,22,33]) could affect the current and voltage variation. With 
the used pulse generator (rise time ~10 ns), the stray parameters have a 
negligible impact on the voltage measurement over the spark gap before 
breakdown. The comparably small displacement currents (~20 A) 
during the voltage increase are insufficient to generate an appreciable 
voltage over the stray inductance. During the discharge, the currents and 
voltages vary faster than during the voltage rise and should be consid
ered for the precise calculation of the electric field applied to the plasma 
and its electrical resistance. 

Because the breakdown voltage value and the qualitative analysis of 
the discharge are not affected by the stray parameters, the stray 
inductance and capacitance are neglected in this work. Therefore, the 
load is purely resistive (R) and depends solely on the plasma conduc
tance. Notably, the total energy deposition, total current, and voltage 
measurements are not affected by the assumption of a purely resistive 
load. This assumption is helpful for the comprehension of the results. 
Therefore the termination is hereafter referred to as plasma resistance. 

When a pulse (voltage vi, current ii) arrives at the sparkplug, it is in 
part reflected and in part transmitted depending on the ratio between 
the varying air-plasma electrical resistance (R) and the coaxial cable 
impedance (Z). Before breakdown, air offers high resistance, and the 
pulse is reflected with the same polarity as the incident pulse. After 
breakdown, the electron density rapidly increases and reduces the 
electrical resistance to low values. When the plasma resistance is small 
(compared to the cable impedance), high currents flow through the gap, 
and the polarity of the reflection is inversed to the incident pulse 

polarity resulting in a low voltage drop over the gap. Fig. 4 shows a 
schematic representation of the discharge; the blue and red waveforms 
are used for the incident and reflected currents, respectively. 

The cable impedance links the current and voltage inside a coaxial 
cable. Therefore, the incident and reflected pulse current waveform 
measurements allow for calculating the voltage and current, according 
to Equation (3) and Equation (4), respectively. 

vg = Z(ii + ir) = Zii
2R

Z + R
(3)  

ig = ii − ir = ii
2Z

Z + R
(4) 

When the nanosecond pulse amplitude is high enough, there is a 
transition from streamer to spark [4]. During the spark phase, the cur
rent rises to several hundred amperes. Therefore, the electrical resis
tance between the electrodes varies by several orders of magnitude. 
Before the breakdown, the air-gas mixture acts as a good insulator. The 
resistance between the electrodes can be assumed to have an infinite 
resistance when compared to the coaxial cable impedance. The gener
ated transient plasma with high electron density is a good conductor. 
The 75 Ω cable impedance is negligible compared to the air-gas resis
tance (Z≪R), whereas it is the only factor to consider when a spark is 
present (Z≫R). Two extreme regimes are recognizable from Equation 
(3) and Equation (4): a doubling of the pulse voltage when air is between 
the electrodes (low current discharge), and a limitation of the trans
mitted current when the electron density is high (high current 
discharge). An intermediate regime (matching impedance) can be 
recognized where the power to the plasma is the highest, no reflection 
occurs, the total power is absorbed from the gas, and the plasma resis
tance is equal to the cable impedance. The features of these three re
gimes are summarized in Table 2. 

The cumulative energy per pulse deposited to the plasma (plasma 
energy) is calculated according to Equation (5). 

Eplasma =

∫ tend

t0
pg(t) =

∫ tend

t0
ig(t)vg(t)dt (5) 

The efficiency of the NRPD discharge is defined as the ratio of the 
plasma to the pulse energy, according to Equation (6). The pulse energy 
is the energy that would be deposited to an ideal load with resistance 
equal to the cable impedance (matched-load). The efficiency is zero for 
low-current (open-load) and high-current (short-load) cases. 

η =
Eplasma∫

v2
i

Z

(6) 

During a nanosecond discharge, the air plasma resistance undergoes 
the three regimes; therefore, its efficiency is always below unity. Higher 
efficiencies are reached the longer the plasma resistance is close to the 
cable impedance. The detailed measurement technique and factors that 
affect the breakdown voltage are described in [22]. 

2.4. Heat release rate analysis 

The combustion Heat Release Rate (HRR) inside the RCEM is esti
mated using a 2-zone thermodynamic model, accounting for compres
sion and expansion heating, wall heat losses, crevice volumes, and blow- 
by [34]. 

The calculation uses the working piston position and the measured 
cylinder pressure value. The data from both pressure sensors, the 
piezoelectric as well as the piezoresistive, are acquired at a 100 kHz 
sampling rate. The pressure trace is derived from the piezoelectric 
sensor pegged during the compression stroke using the piezoresistive 
sensor. The piston position is acquired with a 100 kHz sampling rate, 
and the sensor has a 0.02 mm resolution with an error below 0.1 %. 

Fig. 4. Discharge scheme.  

Table 2 
Regimes occurring during a nanoseconds pulsed discharge.   

Air/plasma 
resistance 

Voltage 
reflected 

Gap 
voltage 

Gap 
current 

Input 
power 

Low current 
discharge 
(open-load) 

R≫ Z vr = vi vg = 2vi ig = 0 pg = 0 

Matching 
impedance 
(matched- 
load) 

R = Z vr = 0 vg = vi ig =
vi

Z pg =
v2

i
Z 

High current 
discharge 
(short-load) 

R≪ Z vr = − vi vg = 0 Ig =
2vi

Z  
pg = 0  
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2.5. Schlieren imaging 

Fig. 5 (left) shows the Schlieren setup in the RCEM. A xenon lamp is 
used with a diaphragm to focus the light into a plano-convex lens to 
create collimated light. The collimated light enters the combustion 
chamber through the side window. Collimated light exits on the opposite 
window and is refocused through a plano-convex lens into an HSSX 
high-speed camera. 

The diaphragm is placed at the focal point of the convex lens to 
eliminate diverging beams and increase the sensitivity gradients of the 
setup. The video is recorded with a 672 × 1024 pixel resolution at 
20,000 FPS and an exposure of 2.5 µs. 

For analysis and better visualization, the videos are post processed. 
After ignition, each frame is compared against a background image to 
detect the apparent flame front. Suppose the intensity difference in one 
pixel is above a set threshold; then that pixel is treated as the flame front. 
Fig. 5 right shows one post processed frame at 1.5 ms after ignition. Blue 
colors are used to depict what is treaded as background, while the red 
colors mark the apparent flame front. 

2.6. Ignition detection 

The breakdown voltage under slowly increasing voltages scales 
approximately linearly with the density in the geometry under analysis 
[22]. The breakdown voltage of nanosecond pulsed discharges depends 
on the static breakdown voltage and on the pulse rise rate [22]. The 
scatter of this value depends on the appearance of the seed electron that 
starts the electron avalanche called the statistical time lag. The statis
tical time lag exponentially decreases at high electric fields [21]. These 
two features outline that even though large voltage transients are pre
sent under NRPD, the breakdown voltage value is still highly dependent 
on the local density if the pulse rise rate and electrode spacing are kept 
constant. 

In SI-Engines, combustion is initiated with an electrical discharge. 
During a nanosecond discharge during the first few tens of nanoseconds, 
the gas heats to approximately 50,000 K, and the pressure increases. The 
plasma is fully dissociated and ionized [35]. Following the discharge, a 
strong shock wave expands the plasma kernel, decreasing the pressure 
and temperature [1,35]. During the expansion, the plasma recombines, 
and if the mixture is ignitable, its surface turns into the flame front, a 
thin reaction sheet where the chemical reactions occur. While the initial 
plasma kernel growth (<100 μs) is not affected by the Air-to-Fuel Ratio 
(AFR), the following inflammation process is strongly affected by the gas 
composition, the flame curvature and stretch, and the flow velocity in 
the vicinity of the sparkplug. Following inflammation, a turbulent flame 
develops [19]. 

The idea behind the ignition detection technique is that inflamma
tion affects the local density following the nanosecond pulse after 
plasma kernel expansion. If the inflammation is successful, the heat 
losses from the gas present between the electrodes and the surrounding 
burned gas are lower than if the early flame is quenched. Lower heat 
losses will result in a lower local density. If a further nanosecond pulse is 
applied after the plasma kernel expansion, the breakdown voltage pro
vides insight into the local density and, therefore, the inflammation 
process. Furthermore, different AFRs result in different burned gas 
temperatures and, therefore, different cooling rates and local densities. 

The NRPD ignition pulse pattern for ignition detection purposes is 
therefore composed of the main pulse sequence at high PRF and an 
additional (control) pulse after a delay. Fig. 6 shows the voltage at the 
gap for a representative experiment in the RCEM. 

The main ignition sequence is composed of five pulses at 10 kHz, and 
the control pulse is placed 1.5 ms after the start of ignition. 

Fig. 5. Left, Schlieren setup in the RCEM through the cylinder head. Right, post processed high-speed frame.  

Fig. 6. Pulse pattern used for ignition detection in the RCEM.  
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3. Results 

The results chapter is divided as follows: Section 3.1 outlines the 
discharge features of the main ignition sequence for the two used 
sparkplugs performed in the CVC. This investigation is carried out at 10 
bar and ambient temperature. Section 3.2 presents the analysis of the 
ignition detection technique in the CVC performed at the ignitability 
limit. Moreover, also reported in Section 3.2 is a total of 190 experi
ments performed at two pressures, with the two sparkplugs and various 
delays between the main ignition sequence and the control pulse. 
Finally, Section 3.2 presents the ignition detection investigation per
formed in the RCEM. Sixty experiments are analyzed with the same 
pulse pattern at a constant ignition timing for different AFRs. 

3.1. Discharge analysis during multiple high voltage nanosecond pulses at 
10 kHz PRF 

Fig. 7 (upper left and right) shows the evolution of the voltage be
tween the sparkplug electrodes for the two different sparkplugs. Ten 
pulses at 10 kHz are applied in both experiments at a pressure of 10 bar 
and ambient temperature. The cell is filled with air and methane with an 
air-to-fuel ratio of λ = 1.6 for the surface gap sparkplug and λ = 1.35 for 

the J-gap sparkplug. 
The start of each pulse is shifted to zero time to match each pulse 

with the first pulse on a nanosecond timescale. The gap voltage for the 
first, second, third, and ninth pulses is depicted in the upper subplots in 
different colors. The maximal voltages that would appear across the gap 
if no discharge were present are shown in black for the same pulses. The 
cumulative energy deposited to the plasma, calculated according to 
Equation (5) is plotted for the same pulses with the same color scheme in 
the bottom subplots. 

The first pulse is of lower amplitude, which frequently occurs due to 
the internal circuit of the pulse generator. The first breakdown voltages 
are similar for the two different sparkplugs (ca. 18 kV) and at the second 
pulse. The time at which breakdown occurs varies between the two 
experiments and is approximately 15 and 30 ns after the start of the 
pulse. 

Similar energy deposition in the two cases is achieved with the first 
discharge (pulse 2) and amounts to 15 mJ and 11 mJ, respectively. The 
energy deposition and maximal gap voltage per pulse decrease rapidly 
for the J-gap sparkplug. After one pulse, the energy per discharge is 
approximately constant at ca. 3 mJ. Additionally, for the surface 
sparkplug, the maximal gap voltage decreases but at a much slower 
pace. In fact, due to the longer discharge time available (the breakdown 
happens earlier) and the still relatively high maximal gap voltage of 16 
kV, the energy deposit to the plasma increases for the third pulse up to 
28 mJ. Afterward, the breakdown voltage decreases, as does the 
plasma’s energy back to ca. 25 mJ. 

The energy deposition to the plasma is the highest when the cable 
impedance links the current and gap voltage, according to Equation (7). 
When this condition is fulfilled, the plasma impedance equals that of the 
cable; there is no reflection and, therefore, no energy dissipation. 

Ugap,Pmax = Igap,Pmax Z (7) 

Assuming that the impedance varies linearly from infinity to zero 
during the transition from streamer to spark, higher plasma energy is 
achieved with a lower voltage decrease rate. Slower voltage decrease 
rates after a breakdown are visible for the surface sparkplug. The effi
ciency of discharge for the surface gap sparkplug is 39 %, while that for 
the J-gap sparkplug is approximately 7 %. 

3.2. Ignition detection in the constant volume cell 

Fig. 8 shows the gap current and voltage for a 20-pulse ignition at 10 
kHz with one control pulse 5 ms after ignition start using the J-gap 
sparkplug. 

Fig. 7. Pulse voltage waveform for pulses 1, 2, 3, and 9 in a ten-pulse ignition sequence at 10 kHz PRF and 10 bar, on the left for the surface gap sparkplug and on the 
right for a J-gap sparkplug. 

Fig. 8. Pulse pattern for ignition detection, 5 bar λ = 1.5, J-gap sparkplug.  
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The first pulse was not enough to achieve breakdown, visible from 
the low peak gap current. The measured 5 A peak current for the first 
pulse is in line with the expected capacitive current for the present 
voltage rise rate and the capacitance of the sparkplug. The second pulse 
is the first one where the breakdown is possible due to the higher pulse 
amplitude at approximately 18 kV. For the following pulses at 10 kHz 
(0.2–1.9 ms), the maximal voltage between the electrodes is approxi
mately 2.5 kV. The reduced local density between the electrodes due to 
the heating resulting from the previous pulse and the presence of active 
and charged species can explain this behavior. 

The pulse used to evaluate the ignition is the control pulse at 5 ms. 
The control pulse’s maximal gap voltage for the depicted case is 7.3 kV, 
and the energy it deposits to the plasma is 13 mJ. 

Fig. 9 (left) summarizes the results of 50 repetitions at 5 bar, ambient 
temperature, and a λ of 1.5 with the same pulse pattern as above, the 
effectiveness of the ignition detection method. An ignition is treated as 

successful if, the pressure increases by more than one bar. On the left, a 
boxplot is used to group the statistics of the breakdown voltage where 
ignition was successful and where quenching was present. The red 
vertical line depicts the median, while the blue rectangle outlines the 
region between the 25th and 75th percentiles, and the black marks 
extend to the most extreme data point. The red plus represents the 
outliers. In the middle, the waveforms of the recorded voltages during 
the control pulse for the extreme cases of ignition (highest breakdown 
voltage red line) and quenching (lowest breakdown voltage purple line) 
are depicted. The black lines on the same plot are used to show the 
voltage that would develop over the gap if there was no breakdown 
(prospective voltage). On the right, the pressure against time is also 
reported for the two extreme cases. 

Breakdown voltages above 18 kV were measured for the nine cases 
where no ignition was detected, while voltages as low as 7.3 KV were 
measured when the pressure rise suggested successful ignition. The two 
black waveforms in Fig. 9 left overlap, outlining that the difference in 
breakdown voltage is not due to different applied voltages. The pressure 
waveforms against time show that the control pulse is applied before a 
significant pressure rise due to combustion are present. 

Fig. 10 depicts the statistics of the ignition detection for different 
delay times of the control pulse for the surface sparkplug operated at λ =
1.35 and 10 bar. Each group comprises two boxplots, one for the cases 
where ignition was successful (right), and one for the cases where 
quenching occurred (left). The main ignition is performed with ten 
pulses at 10 kHz. 

For delay times below 1.5, the statistics indicate the possibility of 
distinguishing between ignition and quenching. Nevertheless, it is clear 
that some overlay is present. The control pulse is always placed before a 
notable pressure increase inside the constant volume cell and is thus 
feasible for a possible closed-loop reaction scheme. 

3.3. RCEM experiment 

The rapid compression before combustion in the RCEM replicates 
pressure and temperature conditions at ignition timing much closer to 
those of an Engine when compared to the CVC setup. The geometry and 
piston motion allow for flame propagations and HRR similar to those in 
engines. Furthermore, the optical accesses allow for analyzing the 

Fig. 9. Ignition detection for the J-gap sparkplug, 50 repetitions, 5 bar, and λ = 1.5. Statistics boxplot (left), voltage waveforms (middle) and pressure evolution 
(right) of the extreme cases. 

Fig. 10. Statistical boxplot of the ignition detection with the surface gap 
sparkplug for different delays of the control pulse, 20 repetitions each, 10 Bar, 
λ = 1.35,and surface sparkplug. 
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ignition event and early flame propagation with Schlieren imaging. The 
RCEM is therefore used to analyze the ignition detection technique by 
performing six sets of experiments, each with ten repetitions. The same 
parameters are used in each experiment except for the injected methane 
mass. This results in the same pressure and temperature trajectory 
during compression but different expansion trajectories, depending on 
the combustion. During the filling process, the air mass slightly scatters 
between different experiments, which results in a slight variation in λ 
(up to 7 %). The walls of the RCEM are heated to 60 ◦C, and the 
compression process further increases the temperature before ignition. 
For these experiments, the J-gap sparkplug is used. The main ignition is 
achieved with five pulses at 10 kHz, and the control pulse is at 1.5 ms. 

Fig. 11 (left) shows in double logarithmic scale the pressure–volume 
trace for three different experiments having three different λ values; the 
star represents the spark timing, while the dots represent the control 
pulses’ location. In Fig. 11 (right), the pressures and piston positions are 
depicted against time (in red and blue, respectively). 

A straight line in the double logarithmic plot shows that the 
compression process is very close to polytropic, because, for a polytropic 
change of state, pVn is constant (with p being the pressure, V the volume, 

and n the polytropic exponent). The location of the control pulse is well 
before the deviation from the straight line outlining that the detection of 
successful ignition is achieved before notable heat release takes place. 

From the right subplot, it can be seen that the combustion process 
influences the piston motion in the RCEM. In fact, a faster pressure in
crease after Top Dead Center (TDC) results in a higher piston accelera
tion. During compression, the pressure traces for the different 
experiments overlap before ignition. After ignition, there is a rather long 
time when the pressure curves still overlap because the heat release rate 
is slow. The pressure curves diverge only after the combustion process 
starts. 

The spark timing in SI-Engines is usually adjusted to achieve 
(whenever possible) the best efficiency. This results in having the center 
of combustion at a rather constant position, usually at 8 ◦CA after TDC. 
Variation in spark timing results in different breakdown voltages due to 
increasing density during compression. For the current investigation, 
the spark timing is kept constant to test the ignition detection technique 
without additional variation and to have similar densities at ignition 
timing for the different operating points tested. 

Fig. 12 shows the statistics of the control pulses’ breakdown voltage 
against λ on the left. Fig. 12 on the right shows the breakdown voltage 
against the burned gas temperature when 10 % of the fuel mass is 
burned, estimated with the two-zone thermodynamic model [34]. 

The median of the control pulses’ breakdown voltage increases with 
increasing λ, except for the last group (λ = 2.4). The scatter of the data 
tends to increase as well. The inverse trend is recognized for an 
increasing temperature of the burned zone. 

Fig. 13 shows four images at 1.5, 2.5, 5, and 10 ms taken from the 
Schlieren recording for the experiments where the highest breakdown 
voltage of 14 kV was recorded. 

In this experiment, it can be seen that the zone that reacts does not 
show a clear flame front when the control pulse is applied (1.5 ms) and 
that at 10 ms, hardly any difference in density can be seen from the 
Schlieren video. This indicates that there was no successful initiation of 
a combustion process. 

Fig. 14 shows four frames where the lowest breakdown voltage of 
3.6 kV is recorded. 

In this case (λ = 1.4), a clear flame front can be detected at the end of 
the ignition process (1.5 ms). 

Fig. 15 shows, on the left, the voltage waveforms of the two extreme 
cases reported in Fig. 13 (blue) and Fig. 14 (red). On the right, the 
burned and unburned zone temperatures from the HRR analysis are 

Fig. 11. Pressure traces in the RCEM: pressure, volume (left); pressure and 
position vs. time (right). 

Fig. 12. Boxplots of the control pulse breakdown voltage vs. λ (left) and vs. 
flame temperature (right). 

Fig. 13. Four frames of the high-speed Schlieren video for the maximum 
recorded voltage of the control pulse (breakdown voltage of 14 kV, λ = 2.2). 
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depicted for the two cases. 
The breakdown voltage for the quenching experiment is four times 

higher than the one where the lowest breakdown voltage is recorded. 
The temperature during compression before combustion is approxi
mately 500 K, while the burned temperatures exceed 2000 K for the 
depicted case. Similar pressures are present during compression stroke 
for the leaner case, while the burned temperature is lower and peaks at 
around 1650 K. The combustion process affects the pressure and the 
temperature in the unburned zone during the expansion stroke. 

Fig. 16 shows the HRR analysis for five experiments in the RCEM. 
The colors are used to identify the different experiments with different λ. 
The solid line depicts the heat release rate, while the dashed line shows 
its integration (i.e., the cumulative heat released). 

Lower λ gives, as expected, a faster heat release. For the experiments 
at λ values of 1.4, 1.5, and 1.6, the measurement window was long 
enough to capture the complete combustion event. For λ = 1.8, only a 
portion of the combustion process is captured. In contrast, ignition was 
not possible for λ = 2.1, or the inflammation phase took so long that 
capturing the HRR during the first 100 ms was not possible. 

Fig. 14. Four frames of the high-speed Schlieren video for the minimum 
recorded voltage of the control pulse (breakdown voltage of 3.6 kV, λ = 1.4). 

Fig. 15. Voltage waveform of the extreme cases (left) and temperature evolu
tion from two-zone thermodynamic analysis (right). 

Fig. 16. HRR of 5 experiments in the RCEM with varying AFR.  

Fig. 17. Breakdown voltage of the control pulse vs. ignition delay in the RCEM 
for all the experiments in the RCEM. 

Fig. 18. Four frames of the high-speed Schlieren video for the lowest break
down voltage where no HRR is detected (breakdown voltage of 6.6 kV, λ = 2.1). 
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Fig. 17 shows the measured breakdown voltage of the control pulse 
against the ignition delay time (Δtign), defined as the time between 
ignition and 10 % of mass fuel converted. Ten percent is used to avoid 
capturing very slow burning occurrences. All the experiments that could 
not reach 10 % fuel conversion are depicted on the furthest right of 
Fig. 17 and labeled “Quenching”. 

The graph is divided into three regions. The red line is the one where 
all the breakdown voltage values are higher than the highest one where 
ignition was detected (>8.5 kV). We call this the quenching voltage 
threshold. The green region is the region where all the recorded 
breakdown voltages lie below the lowest voltage recorded where no 
HRR was present (6.6 kV). This line is referred to as the ignition voltage 
threshold. The yellow area lies between these two thresholds (6.6–8.5 
kV). 

When faster burning cycles are present (<38 ms), a breakdown 
voltage below the ignition voltage threshold is always measured. This 
means that these cycles can be divided from those where the flame 
quenches without superposition. The area between the two thresholds 
(yellow) outlines an area where combustion and quenching are hard to 
detect. 

Fig. 19. Four frames of the high-speed Schlieren video for the highest break
down voltage where the HRR is detected (breakdown voltage of 8.5 kV, λ 
= 1.8). 

Fig. 20. HRR of the two thresholds (quenching and ignition).  

Fig. 21. Apparent flame area measured at 5 ms after ignition vs. break
down voltage. 

Fig. 22. Breakdown voltage of the control pulse vs. apparent flame area at 5 ms 
after ignition. 

Fig. 23. Breakdown voltage variation as a function of apparent flame area 
and λ. 
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Fig. 18 depicts four frames of the Schlieren videos at 1.5, 2.5, 10, and 
40 ms after the start of ignition for the point that defines the ignition 
voltage threshold line. The first frame shows the instant where the 
control pulse is applied. 

Despite the very high overall λ of 2.1, a flame kernel is clearly visible 
which expands over the entire visible area. 

Fig. 19 shows four Schlieren video frames (1.5, 2.5, 10, and 40 ms) 
for the point that defines the quenching voltage threshold. 

The overall λ is 1.8, but similar images to the case of the ignition 
voltage threshold are present. Similar recordings are also visible for the 
other 6 cases in the yellow zone, two with no ignition and four with slow 
HRR. All the pictures of the flame propagation in this region are reported 
in Section 3.3. 

Fig. 20 shows the HRR analysis for the points that define the two 
thresholds. 

The same HRR is measured between the two experiments until 20 ms 
after ignition. After 20 ms for the experiment with the higher λ expo
nential growth versus time is present, while for the lower λ a slow linear 

growth is found. 
Fig. 21 shows the apparent flame area at 5 ms against the measured 

breakdown voltage of the control pulse. The apparent flame area is 
calculated with an arbitrary unit calculated as the number of all the 
pixels that are treated as flame (a.u.), as explained in Section 2.5. The 
red line represents a fit line between the data points, while the dashed 
pink lines represent the error (one-σ) around the fit. 

The breakdown voltage of the control pulse decreases as the 
apparent flame area increases. 

Fig. 22 groups all the experiments in two boxplots. On the left, the 
experiments with an apparent flame area at 5 ms below 800 a.u. 
(Af < 800) are shown, while on the right, those above 800 a.u. 
(Af > 800) are displayed. 

The 800 a.u. apparent flame area at 5 ms divides the two breakdown 
groups without superposition, where lower breakdown voltages are 
present for larger apparent flame areas. The two groups present some 
overlap if later times or larger threshold flames are chosen. 

Fig. 23 shows the breakdown voltage of the control pulse as a 

Fig. 24. Four frames of the high-speed Schlieren video where no HRR is 
detected (breakdown voltage of 8.1 kV, λ = 2). 

Fig. 25. Four frames of the high-speed Schlieren video where no HRR is 
detected (breakdown voltage of 7.2 kV, λ = 2.1). 

Fig. 26. Four frames of the high-speed Schlieren video where no HRR is 
detected (breakdown voltage of 6.6 kV, λ = 2.1). 

Fig. 27. Four frames of the high-speed Schlieren video where the HRR is 
detected (breakdown voltage of 7.7 kV, λ = 1.8). 
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function of the flame area at 5 ms and the overall λ. 
Lower breakdown voltages of the control pulse are present when 

larger initial flame kernels and lower AFR are present. 

4. Discussion 

The discharge variation analysis shows that when a train of pulses at 
10 kHz is applied, the breakdown voltage for subsequent pulses de
creases. After a nanosecond discharge, the temperature between the 
electrodes is expected to be several tens of thousands of Kelvin [36]. 
Afterward, the plasma expansion and heat losses cool the region be
tween the electrodes. After 100 μs, the local density of the gas is still 
expected to be highly reduced; furthermore, ionized atoms and mole
cules can still be present between the electrodes, reducing the break
down strength of the gas between the electrodes. A much higher 
breakdown voltage is present for the following pulses for the surface gap 
sparkplug. The reason is twofold. First, the geometry of the surface gap 
sparkplug results in a more homogeneous electric field, which can result 

in a larger plasma surface; therefore, the energy is deposited over a 
broader volume. Second, the surface gap sparkplug has a higher heat 
range (NGK 7 vs. 12). The surface gap sparkplug has a better heat 
dissipation capability between the gap and the sparkplug thread. Both 
influences would result in a higher local density between the electrodes 
for the surface gap sparkplug, increasing its breakdown strength for 
subsequent pulses. The larger plasma surface could also explain the 
voltage decrease behavior during the pulse for the surface sparkplug, 
where slower decrease rates are measured. The energy during the pulse 
is deposited over a larger volume, reducing the temperature increase 
and, therefore, the ionization frequency and current growth. Different 
stray parameters are present due to the different geometries and con
struction of the sparkplugs under analysis. A higher stray inductance or 
lower stray capacitance of the surface sparkplug could also explain the 
slower voltage decrease rate after the breakdown. 

The initial plasma kernel growth (up to ca. 100 μs) is not affected by 
the AFR. Non-thermal plasma discharge simulations show a similar 
temperature profile for times below 100 μs for different fuels and 

Fig. 28. Four frames of the high-speed Schlieren video where the HRR is 
detected (breakdown voltage of 7.2 kV, λ = 1.8). 

Fig. 29. Four frames of the high-speed Schlieren video where the HRR is 
detected breakdown voltage of 8.5 kV, λ = 1.8). 

Fig. 30. Four frames of the high-speed Schlieren video where the HRR is 
detected (breakdown voltage of 8.2 kV, λ = 1.6). 

Fig. 31. Four frames of the high-speed Schlieren video where the HRR is 
detected (breakdown voltage of 6.7 kV, λ = 1.7). 
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dilutions [24]. After ca. 100 μs, the early flame kernel is influenced by 
the in-cylinder conditions. During this phase, the kernel’s presence, and 
dimension affect the local temperature and therefore the density. The 
breakdown strength of the gas is consequently also affected. The 
breakdown voltage of an additional pulse (control pulse) placed in this 
phase returns lower values when a strong kernel is present. 

The possibility of using the control pulse breakdown voltage for 
ignition detection purposes is investigated at the ignitability limit inside 
the CVC. A lower breakdown voltage is observed when the ignition is 
successful. The ideal time for ignition detection is different for the two 
investigated sparkplugs, probably depending on the sparkplug’s heat 
range, the number of pulses used in the main ignition sequence, and the 
different gas densities and compositions. There is an ideal dwell time for 
the delay between the end of the main ignition sequence and the control 
pulse between 0.5 and 5 ms. When the dwell time is too short, the 
breakdown voltage value is still affected by the previous discharge, 
while when the delay is too long, the local density between the elec
trodes decreases back to the value typical of quenching conditions. 

The breakdown voltage for ignition and quenching experiments in 
the CVC shows some overlap. One reason is that the breakdown voltage 
value under nanosecond pulses naturally scatters due to the stochastic 
nature of the seed electron appearance. Furthermore, even if an early 
flame could be formed and correctly detected by the ignition detection 
technique, the flame could quench at a later stage without giving a 
measurable pressure rise. Conversely, when the control pulse detects no 
early flame, this pulse could be the one responsible for starting the 
combustion process. From the analysis in the RCEM, these extreme cases 
can be recognized thanks to Schlieren imaging and a detailed heat 
release analysis. 

Inside the RCEM, experiments at different λ are performed. The dwell 
time between the last pulse of the main ignition sequence and the con
trol pulse is 1 ms for all experiments. This time delay is insufficient in all 
the experiments for an appreciable pressure increase due to combustion. 
The only factors that can explain a decrease in gas breakdown strength 
are higher local temperature (density) and/or higher density of active 
and excited species, both reducible to the presence of a flame kernel. 

The breakdown voltage of the control pulse increases with increasing 
lambda. This is in line with the theory behind the ignition detection 
method. The heat losses between the burned gas present between the 
electrodes and the flame kernel are lower if λ is lower due to the higher 

flame temperatures. Similar effects are reported in [18], where higher 
voltage strengths are present in the flame front of reacting mixtures for 
higher AFRs. The minimum voltage necessary to have a breakdown 
when the flame arrived at the sparkplug increased from 3.3 kV to 4 kV 
for a λ increase from 1.2 to 1.6 [18]. The voltage increase ratio is 
inversely proportional to the adiabatic flame temperature ratio (2080 K 
vs. 1730 K). 

The authors attribute the higher breakdown strength to the lower ion 
density and temperatures present in the flame front of diluted combus
tion, having lower reaction rates. 

From the heat release rate analysis, it is clear that the fast-burning 
cycles and the cycles where no initial flame kernel is visible are distin
guishable from their breakdown voltage value. The cycles with ignition 
delay times below 38 ms have a breakdown voltage lower than 6 kV, 
which is less than the lowest recorded breakdown voltage of 6.6 kV 
present when no HRR is present. 

Experiments with lower HRR sometimes overlap with experiments 
where no HRR is detected. Similar flame kernels are detected from the 
Schlieren video analysis for these experiments. The difference in HRR 
rises in a later stage of combustion, as is visible from the HRR analysis. 

The breakdown voltage’s control pulse decreases with lower AFRs 
and larger areas of the initial flame kernels. Both effects result in lower 
local density between the electrodes. On the one hand, lower λ results in 
higher local temperatures and, therefore, lower density. On the other 
hand, a larger flame area reduces the surface-to-volume ratio reducing 
the specific heat losses. This influence further explains the overlapping 
experiments where similar local density (i.e., breakdown voltage) can be 
found in experiments with a large flame area and a high λ or experiments 
having a small flame area and a lower λ value. 

The prospective voltage of the control pulse remains constant for all 
the experiments, and the breakdown voltage for all the experiments in 
the RCEM occurs during the rising part of the nanosecond pulse 
(Fig. 15). Therefore as investigated in [21,22], the breakdown voltage 
linearly depends on the gas density. The highest measured breakdown 
voltage in the RCEM is approximately four times higher than the lowest. 
This correlates well with the temperature ratio of the burned gas 
(~2000 K) estimated with the two-zone thermodynamic analysis 
calculated for the experiments with a fast HRR and temperatures before 
combustion of 500 K, which is the temperature present in the RCEM at 
ignition timing due to the polytropic compression. Since the difference 

Fig. 32. J gap sparkplug (left), surface gap sparkplug (right).  
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between the unburned and burned zone decreases for increasing AFR, 
the maximal possible density ratio decreases. Nevertheless, with a 
compression temperature of 900 K (typical of engines) and a highly 
diluted combustion (λ = 2) the adiabatic flame temperature is above 
1900 K, which still gives theoretical density ratios between unburned 
and burned zone above 2. 

5. Conclusions 

The presented ignition detection technique provides the possibility 
of combustion monitoring based on the breakdown voltage value of an 
additional pulse during inflammation after ignition. Several factors in
fluence the breakdown voltage value: the sparkplug geometry and its 
heat range, the initial pressure, and temperature, the rising rate of the 
applied voltage, the number of pulses of the main ignition sequence, etc. 
Nevertheless, if most factors are kept constant, the technique is a reliable 
ignition diagnostic technique. A further limitation of the proposed 
method is the ideal location of the control pulse. The sooner the failed 
ignition is detected, the more time is available to react to quenching. The 
disadvantage of short dwell times is that later flame quenching is 
impossible to capture, as has been seen in some RCEM experiments with 
a high air excess ratio. 

This technique offers the advantage of being a very fast detection 
method. The breakdown voltage value is affected by the inflammation 
process only a few hundred microseconds after the ignition event, well 
before there is an increase in pressure due to the heat release. The 
control pulse is applied in the CVC before the pressure increases and in 
the RCEM before the pressure deviates from polytropic compression. 
Such a velocity of detection is usually reserved for optical detection 
methods. Nevertheless, the proposed technique only relies on measuring 
the breakdown voltage of one additional discharge after ignition in the 
same location. This gives the theoretical possibility of fast closed-loop 
control of ignition with NRPD, where additional pulses are delivered 
to better ignite the mixtures when a high breakdown voltage of the 
control pulse is present. Even a coupling of fast ignition detection with a 
direct fuel injection system could be possible, allowing the possibility of 
providing more fuel before a new ignition attempt. 

For in-vehicle applications, one approach for monitoring the success 
of ignition is the shunt measurement in the middle of the high-voltage 
cable, which gives the advantage of no need to place a voltage probe 
near the sparkplug. Furthermore, if the supplied pulse is stable 
throughout the operations, ignition success can be characterized only by 
the reflected voltage’s maximal value. Since a typical engine ECU does 
not have a sufficient sampling rate to represent the shunt measurement, 
a trigger circuit could be applied, for example, to stop the ignition 
process when the reflected voltage falls below a given threshold. 

Since the breakdown voltage of the control pulse decreases with 
decreasing λ, the technique could also be used to detect λ at the spark
plug location in applications where this measurement is impossible, for 
example, in active pre-chambers and stratified combustion. The preci
sion of the technique is limited, but a deviation in λ of ca. 0.2 is feasible 
to detect with one-sigma confidence in the RCEM (Fig. 12). If the λ 
estimation goal is the optimization of variables such as injection timing 
or duration inside an active pre-chamber, the repetition of the mea
surement could increase the precision of the estimation. 

Because multi-spark inductive coils are currently state-of-the-art 
ignition systems in various vehicles, this technique could probably 
also be applied without an NRPD ignition system. Nevertheless, one 
problem is counterintuitively bounded by the fast-rising pulse nature of 
NRPD. One would assume that the breakdown voltage value scatter 
would decrease with decreasing voltage gradients. Nevertheless, the 
dependence of the seed electron generation rate on a reduced electric 
field could result in less scatter with NRPD, making this diagnostic 
technique not applicable or less precise with comparable slow- 
increasing voltage systems. Therefore, the ignition diagnostic tech
nique in future works should also be investigated with state-of-the-art 

multi-spark ignition systems. 
The current investigation is performed in setups where the charge 

motion is nonexistent (CVC) or highly reduced (RCEM) when compared 
to internal combustion engines. Turbulence could move the flame kernel 
away from the electrodes making the detection more difficult. In future 
research, the effect of turbulence on the ignition diagnostic technique 
should be evaluated in SI-Engines. After assessment in engines, the 
technique could be applied, for example, to reduce cycle-to-cycle 
variability. 
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Appendix A 

A.1. Schlieren imaging 

a.1 Schlieren images for the experiments without heat release rate 
but breadkwon voltage below the quenching voltage threschold. 

See Figs. 24–26. 
a.2 Schlieren images for the experiments with heat release rate but 

breakdown voltage above the ignition voltage threshold. 
See Figs. 27–31. 

A.2. Sparkplugs 

Fig. 32 shows the two different sparkplugs used in the present work a 
J-gap sparkplug (NGK 5096) and a surface gap sparkplug (NGK 2522). 

Appendix B. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.enconman.2023.117382. 
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