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Abstract: Due to the depletion of conventional petroleum-based fuels and increasing environmental
concerns, industries have been developing new combustion technologies with acceptable cost ranges
and minimum system modifications for consumers. Among many approaches, the utilization of
plasma ignition systems is considered as a promising pathway to achieve greener transportation
while maintaining conventional internal combustion engine systems. Plasma contains highly reac-
tive radicals, and those have a great potential of enhancing chemical reactions that are beneficial
for reducing carbon emissions. The primary objective of this paper is to provide an overview of
currently available plasma-assisted combustion systems including recent achievements in research
and development, and technical challenges for successfully implementing a new ignition system.
This review will introduce various plasma-assisted combustion approaches from worldwide projects,
covering non-thermal and thermal plasma systems in internal combustion engines.

Keywords: plasma ignition; lean burn; thermal plasma; non-thermal plasma; plasma jet ignition;
laser-induced ignition; corona discharge ignition; microwave-assisted ignition

1. Introduction

Heat engines convert the thermal energy of fuel into mechanical work by burning fuel.
Since the invention of the internal combustion (IC) engines, they have been utilized in a
wide range of transportation and power generation sectors such as for automobiles, ships,
aircrafts, and generators for producing electrical energy. However, due to environmental
issues such as the continuous increase in oil prices and global warming, the demand for
eco-friendly and high-efficiency internal combustion engines are increasing. Approximately
27% of the total CO2 emission originates from the transportation sector, so the regulations
on CO2 emission in the automobile sector are becoming stricter [1]. It is noted that the
CO2 emissions are directly related to vehicle fuel efficiency and greenhouse gas emission
levels. Therefore, it is essential to develop innovative combustion technologies to reduce
CO2 emissions.

Gasoline engines can be applied to various fields because they produce less noise
and vibration compared to diesel engines, can be reduced in weight and size, and are
easy to run at high speeds. In addition, gasoline engines have fewer concerns with respect
to particulate matter (PM) than in diesel engines thanks to their relatively homogeneous
air–fuel mixture [2]. However, since gasoline engines have technical issues with combus-
tion stability and knocking, they are driven at a low compression ratio. Thus, the fuel
consumption of diesel engines is better than that of gasoline engines. To compensate for
this disadvantage, direct-injection spark ignition (DISI) engines that directly inject fuel into
the combustion chamber have been applied [3,4]. The DISI engines can be run with a higher
compression ratio and volumetric efficiency thanks to the evaporation cooling of directly
injected liquid fuel into the combustion chamber. In particular, the stratified combustion
DISI engine that burns a stratified mixture around the spark plug has shown excellent
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combustion stability even under the lean burn condition [5]. Thus, further improvement in
fuel consumption can be achieved. In addition, since the DISI engine directly injects fuel
into the cylinder, there is no delay and precise air–fuel ratio control is possible compared to
the port fuel injection (PFI), which injects fuel into the intake port [6].

In terms of exhaust emissions, in the case of DISI engines, a lesser amount of unburned
hydrocarbon (HC) emissions are generated compared to PFI engines, in which a fuel film is
formed on the wall of the intake port. On the other hand, oil dilution, deposits in injectors,
and cost increases due to high-pressure fuel injection devices and controllers remain to be
resolved issues for DISI engines [7,8]. Currently, DISI engines are being developed with
advanced combustion technologies such as lean burn, exhaust gas recirculation (EGR), and
turbochargers [9–11]. However, as these technologies are applied, the combustion stability
deteriorates. According to previous research, the minimum ignition energy increases as
the equivalence ratio decreases from around 1.0, the flow velocity of the mixer increases,
and the possibility of misfire or partial burn in engine operation has been reported to
increase. Peterson et al. investigated the misfire/partial burn tendency according to the
spark ignition energy based on the flow rate and distribution of the mixture inside the
combustion chamber of a spray-guided (SG)-DISI gasoline visualization engine [12]. It was
revealed that the lower the spark ignition energy, the higher the probability of abnormal
combustion, as shown in Figure 1.

Figure 1. The range of spark duration and spark energy during well-burned, misfire, and partial
burn cycles [12].

To overcome this technical issue, studies are being conducted to develop and apply
a new ignition system with a larger initial flame kernel than the conventional spark plug.
Most of the research is focused on developing a combustor that can implement a wider ini-
tial plasma channel within the combustion system and investigating the flame propagation
speed, combustion stability, and flammability limit. Previous studies reported a faster flame
propagation speed and expansion of the flammability limit compared to the conventional
spark ignition system. However, there needs to be more studies that apply the plasma
ignition system in a real-engine environment. In addition, primary data and efficiency
analyses are required to prove the validity of the developed system. Therefore, to achieve
the purpose of reducing CO2 more successfully and improving combustion stability by
applying the plasma-assisted ignition system to a direct injection gasoline engine, system
optimization through fundamental design, implementation of the ignition system, and
experiments under various conditions are needed. To this end, this review paper aims to
provide detailed information and perspective on the plasma-assisted combustion studies.
So far, major studies have been organized according to the main parameters, immediate
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results, and energy per event. In addition to plasma-assisted combustion, studies on novel
ignition and combustion methods were also reviewed.

2. Plasma-Assisted Combustion

Plasma refers to a gaseous state that is separated into negatively charged electrons
and positively charged ions at very high temperatures [13]. This can be generated through
electrical methods such as a direct current, very high frequency, and an electron beam. The
state of matter is generally divided into three categories: solid, liquid, and gas. When high
energy is applied in the gaseous state, it can be separated into free electrons and atomic
nuclei and finally become a plasma state, so it is also called the fourth state of matter. Since
plasma contains electrons with high energy levels and highly reactive active species, it can
cause the dissociation of reactants, ionization, and excitation of electrons [14]. Therefore,
when applied to a combustion system, it enables provision of a significant number of
free radicals, ions, and excited molecules that promote chemical reactions. Plasma can be
classified into thermal plasma and non-thermal plasma according to the temperature of
electrons, ions, and molecules. Figure 2 shows the electron and gas temperature ranges
in the normal, non-thermal plasma, and thermal plasma states. In a thermal plasma state,
sufficient kinetic energy is exchanged between electrons, ions, and molecules to achieve
thermal equilibrium. Therefore, about 50% of the energy of the plasma is consumed as heat
loss in the electrode or around it [2]. On the other hand, in the case of non-thermal plasma,
the temperature of electrons is significantly higher than that of ions and molecules. In this
case, the heat loss is low, and the chemical reaction can be promoted by using the high
energy level of the electrons. In conventional combustion, a flame kernel is generated at
one point and combustion proceeds as the flame expands. However, non-thermal plasma is
also called volumetric ignition because several flame kernels are generated and combustion
proceeds. Since multiple flame kernels occur and combustion proceeds in a wide volume,
the flame propagation speed can be improved. Detailed application examples of each
ignition approach are described in Sections 2.1 and 2.2.

Figure 2. Classification of thermal and non-thermal plasma according to temperature regimes (figure
modified from [15]).

2.1. Thermal Plasma
2.1.1. Plasma Jet Ignition

Plasma jet ignition is a method of realizing a plasma jet by discharging 1–10 J of high
energy in a small cavity called a pre-chamber to form a plasma state and then creating a jet
through a small nozzle. Ignition energy can be improved via capacitive discharge through
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a large capacitor. A high voltage discharge caused by the induction ignition coil causes a
spark discharge and supplies a large amount of energy to the capacitor causing a crash. The
hydrodynamic effect of active species and high-velocity jets forms a high-current plasma
ignition source to improve combustion. The previous research on plasma jet ignition was
mainly focused on the optimization of combustion, nozzle length, cavity volume, and
extension of lean limits.

Yoshida et al. investigated various igniter designs in a constant volume chamber. Their
study revealed that the performance of the plasma jet igniter is greatly affected by design
factors such as the volume of the cavity and the size of the orifice [16]. As shown in Figure 3,
the cavity volume was controlled by changing the diameter and depth, and the size of the
nozzle was changed by adjusting the diameter (d1) of the center electrode and the diameter
(d2) of the ground electrode. The ejection angle (θ) of the jet was also adjusted. The flame
was visualized through the Schlieren method ambient pressure of 0.1 MPa, a temperature
of 313 K, and ignition energy of 5 J. Propane was used as a fuel, and the combustion test
was carried out under an equivalence ratio of 1.0. As a result of the experiment, it was
confirmed that the higher the cavity volume in the plasma jet igniter was, the higher the
maximum combustion chamber pressure and the faster flame propagation speed. It was
shown that the larger the nozzle area was, the smoother the plasma jet was ejected. As a
result of the ejection angle of the plasma ignition, it was confirmed that the case of 90◦ was
advantageous in promoting combustion, similar to the previous study.

Figure 3. Cross sectional view of plasma jet igniter [16].

In this study, the combustion enhancement ratio and index of combustion were calcu-
lated using the following formulas to quantify the effect of a plasma jet on combustion:

Combustion enhancement ratio (Ψ) = 1 − tpl/tcon (1)

(tpl: time duration to reach maximum pressure with plasma igniter, tcon: time duration to
reach maximum pressure with conventional igniter);

Index of combustion (Ic) = (Ppl,max/Pcon,max)/(tpl/tcon) (2)

(Pmax: Maximum chamber pressure with plasma igniter, Pcon: Maximum chamber pressure
with conventional ignitor).

As a result of the analysis, the combustion enhancement ratio increased from a mini-
mum of 0.05 to a maximum of 0.45. The igniter with a plasma jet ejection angle of 90◦ had a
value about twice more extensive than the 45◦ case. On the other hand, the combustion
index increased from a minimum of 1.0 to a maximum of 2.0. Meanwhile, as the plasma
jet igniter has problems in terms of heat loss and material durability in the process of
burning plasma using a tiny volume cavity and nozzle at high temperature, Gao et al.
developed a new igniter that minimized the contact between the thermal plasma and the
igniter wall. The igniter used in this study was called a rail plug which operates with the
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same a principle as a railgun [17]. The ignition occurred by accelerating plasma using the
Lorentz force. Figure 4 shows the railgun’s principle and the rail plug’s ignition process.
A strong magnetic field is formed between the electrodes when a DC voltage is applied
between the positive (+) and negative (−) poles. If Fleming’s left-hand rule is applied, it
can be seen that the force acts as shown in the figure.

Figure 4. Schematic diagram of a (a) railgun and the arc moving process of (b) a rail plug [17].

In the rail plug, an arc discharge is generated using a high energy of 210 V of DC
voltage and an ignition period of 1.6 ms, that is, 3 J/shot, accelerated by the Lorentz force
and ejected in the form of a jet. This igniter was applied to a four-cylinder 2.2-L natural
gas engine, and combustion characteristics were compared with the conventional spark
plug [18]. It was confirmed that the rail plug could expand the flammability limit with
improved combustion stability. The combustion stability results of available spark plugs
and rail plugs at 1200 rpm and full load (WOT; wide open throttle) conditions. The rail
plug showed a faster burning rate than conventional spark plugs, showing the potential
for knocking reduction. The enhancement of flame propagation was also confirmed in a
constant volume chamber test by Hall et al. [19]. As a result of the experiment, a high-flow
jet-type flame was generated, and the flame propagation per unit of time was confirmed to
be much faster, showing results consistent with previous studies. However, although the
developed rail plug was superior in terms of its heat transfer and durability to the plasma
jet igniter that has been traditionally studied, the improvements in the combustion stability
and flammability limit were not significant.

Kim et al. realized plasma jet ignition by adding an additional electric energy circuit
to commercially available ignition coils [20]. Experimental studies were conducted on the
relationship between flame thickness and speed between combustion with a conventional
spark plug and plasma combustion using a jet-type plug. Propane was used as the fuel, and
the initial pressure was 2, 3, and 4 bar in three cases, and the combustion proceeded while
changing the condition gradually from 1.0 to 1.9 in 0.1 units from lambda to lean conditions.
A high-speed camera was used to visualize the combustion inside the chamber while
numerical studies were also conducted through Ansys Fluent software. When combustion
was performed using a conventional spark plug, combustion progressed up to lambda 1.6.
Moreover, when comparing the flame propagation simultaneously, it was confirmed that
the flame thickness and combustion speed were significantly increased, thereby improving
the combustion efficiency.

In summary, plasma jet technology can improve combustion performance and extend
lean limits, however, it is practically challenging to commercialize due to enormous heat
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loss and material corrosion as high-temperature plasma directly contacts the igniter. Table 1
summarizes the plasma jet igniter’s development and combustion test results.

Table 1. Summary of plasma jet ignition studies.

Author Affiliation Main Parameter Main Results Energy Per event Ref.

Yoshida Nihon Univ. Orifice area↑
(Chamber exp.)

Peak pressure↑
Combustion duration↓ 5.0 J [16]

Gao Univ. Texas at Austin Rail plug application
(Engine exp.)

Lean limit↑
Combustion stability↑ [18]

Kim Mississippi state Univ
A/f ratio↑

Ignition energy↑
(Chamber exp.)

Lean limit↑
Flame speed↑ 2.03 J [20]

Ogawa Nihon Univ. Cavity volume↑
(Chamber exp.)

Luminous area ↑
Penetration depth ↑ 5.0 J [21]

Gao Univ. Texas at Austin
Discharge duration↑

Ignition energy↑
(Engine exp.)

Combustion stability↑
Combustion duration↓ 0.3–1.5 J [17]

Sasaki Nihon Univ.

Cavity depth↑
Orifice diameter↑
Ignition energy↑
(Chamber exp.)

Peak pressure↑
Plasma jet velocity↑ 2.5–10 J [22]

2.1.2. Laser Ignition

Laser-induced plasma ignition technology refers to a technology in which the laser
is focused on the desired point in the combustion chamber through a window to burn
by point thermal plasma generated through ionization and dissociation of the mixer. In
this technique, a high-power laser source, for example, Nd:YAG is usually used. A laser
pulse accumulates tens of millijoules of energy in a short period of time, such as a few
nanoseconds. Figure 5 schematically shows the comparison between conventional spark
ignition, laser-induced plasma ignition, and multi-point ignition. Unlike conventional spark
plugs, this technology has no heat loss because there is no heat transfer medium through
electrodes or conduction. Since it has a high degree of freedom in space, combustion can be
initiated at a desired time and point in the combustion chamber. Unlike other methods,
laser plasma ignition does not have electrodes, so it forms a smooth flame kernel. In
addition, it is possible to simultaneously ignite multiple points in the combustion chamber
according to the laser beam irradiation method, thereby shortening the combustion period
and improving efficiency.

Figure 5. Schematics of the combustion engines ignited by: (a) a spark plug, (b) a laser, and (c) shows
multi-point ignition.
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Weinrotter et al. compared the combustion characteristics and flammability limit
in a static combustion chamber using a Q-switched Nd:YAG laser and a general spark
plug [23]. Methane and air were used as the mixer, and the experiment was conducted at
an initial pressure of 4 MPa and an initial temperature of 473 K. As ignition energies, the
laser-induced plasma ignition and standard spark plug ignition were 25 mJ and 180 mJ,
respectively. As a result of the experiment, it was confirmed that the ignition delay period
was reduced by about 20%, and the maximum combustion pressure was higher when the
laser-induced plasma ignition technology was used. Laser-induced plasma ignition was
also shown to have an excellent performance in combustion stability calculated based on the
maximum combustion pressure. In this study, 1,800 repeated combustion experiments were
conducted to determine the combustion potential according to the air and fuel mixing ratio.
The ignition probability was calculated by distinguishing between normal combustion
and abnormal combustion based on the pressure of the static combustion chamber and
the amount of carbon monoxide generated in the combustion chamber. Figure 6 indicates
the probability of combustion according to the ratio of air and fuel through repeated
experiments. As can be seen from the experimental results, when the laser-induced plasma
ignition technology is applied, the flammability limit is extended, combustion occurs stably,
and low misfire or partial combustion can be expected when applied to an actual engine.

Figure 6. Comparison of the ignition probability of the laser ignition and conventional spark plug [24].
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Groß et al. applied a laser-induced plasma igniter to a 0.5 l single-cylinder direct
injection gasoline engine and investigated combustion and exhaust characteristics. Nd:YAG
was used as the laser source and the ignition energy was changed from 10 mJ to 50 mJ [24].
Before the engine test, the ignition point was matched by irradiating the laser to the
location where the plasma channel of the general spark plug was generated through the
visualization of the combustion chamber interior. The experiment was performed under two
conditions: homogeneous and stratified charge combustion. As a result of examining the
combustion characteristics, it was confirmed that the initial combustion speed and stability
were improved in the case of laser-induced plasma ignition under the homogeneous
combustion condition. As the ignition energy increased, the fluctuation rate of the urban
average adequate pressure decreased. However, under the stratified combustion condition,
it was found that the combustion stability deteriorated, and a more significant number of
hydrocarbons were generated than when a conventional spark plug was applied. It was
explained that it was challenging to form the conditions for combustion in the stratified
combustion condition, which was sensitive to the equivalence ratio of the ignition point and
the speed of the mixer because plasma was generated. This phenomenon was described by
Genzale et al. who also confirmed this. In this study, gasoline was directly injected into
a static combustion chamber and combustion was realized using a 10 mJ, 8 ns Nd:YAG
laser signal [25]. Before applying laser-induced plasma ignition, the distribution of liquid
and gaseous phases was found by performing a spray experiment in a static combustion
chamber. The laser was applied at a point of 1.0 by calculating the equivalence ratio in the
spray. As a result of the experiment, it was possible to control the ignition timing more
precisely than a general spark plug. However, even at the same point, the equivalence ratio
changed at every injection, so it was necessary to find an optimized ignition location and
optimized timing.

Tsunekane et al. investigated the flame propagation characteristics of laser-induced
plasma ignition and spark plugs using the Schlieren method in a static combustion cham-
ber [26]. Q-switched Nd:YAG was used as the laser source and the ignition energy was
2.7 mJ. The power intensity at the focal length of the laser was calculated to be 5 TW/cm3.
As a result of conducting a combustion experiment under the stoichiometric air–fuel ratio
of propane and air, it was confirmed that the conventional spark plug was formed at an
air–fuel ratio of 15.7. In contrast, in the case of laser-induced plasma ignition, the ignition
was enabled up to an air–fuel ratio of 17.2. In addition, it was confirmed that the flame front
propagated faster even with a 1/3 lower level of ignition energy than a general spark plug.

Pavel et al. analyzed combustion characteristics and emissions through the experiment
of a laser-induced plasma ignition engine constructed with an Nd:YAG/Cr4:YAG under the
condition of the 2000 rpm—2 bar condition [27]. Each laser spark plug was supplied with an
energy of 4 mJ, and the experiment was conducted under two conditions of lambda 1 and
1.25. In the condition of lambda 1, the engine brake power increased by 7.9% compared to
the case of conventional spark ignition when the laser ignition was applied and increased by
29% in the condition of lambda 1.25. In the case of fuel consumption, it decreased by 7.4%
under the lambda 1 condition and 21% under the lambda 1.25 condition, indicating that the
laser ignition was adequate under the lean condition. In terms of exhaust, when igniting
using laser-induced plasma, HC and CO decreased overall compared to the standard spark
ignition, but nitrogen oxide (NOx) increased.

Kumar et al. experimented with a condition where the mixture ratio of n-butane and
air was φ = 0.7 in a constant volume combustion chamber (CVCC) using laser-induced
plasma ignition. The experiment was conducted while changing the pulse width and
pulse repetition frequency as parameters. When using an Nd:YAG, the calculated energy
was about 14.3 mJ. Experimental results showed that the ignition success rate increased
and the ignition delay time decreased as the pulse width or pulse repetition frequency
increased. It has also been shown that combustion can be accelerated by increasing the
plasma temperature and active radicals [28].
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Pastor et al. (2017) injected diesel through a Bosch common rail injector into a combus-
tion chamber surrounded by a quartz window and performed image analysis using the
Schlieren method [29]. The combustion chamber is specially designed to reduce spray wall
impact. Plasma was induced via an Nd:YAG operating at 800 mJ energy. In the 50 Mpa
injection pressure condition, the equivalence ratio locally reached 12, and the ignition
success rate was 100%. In the case of conventional auto ignition, the ignition delay is about
2600 us, whereas when laser-induced plasma combustion is used, the ignition delay is
reduced to about 1000~1500 us. It has a more stable combustion than the spontaneous
combustion of a diesel engine. It was confirmed that moving the laser-inducted plasma
ignition along the spray axis directly affects the ignition delay.

Overall, laser-induced plasma ignition technology does not have any concerns about
heat loss or corrosion due to the igniter itself, which has been a problem in thermal plasma
igniters, but has disadvantages in that the cost and complexity increases when configuring
the system, and device cooling is difficult during continuous operation. In addition, when
applied to an actual engine, the ignition characteristics change significantly depending
on atmospheric conditions, so optimization of the ignition timing or point is required.
Therefore, it is expected to be used in fields such as fuel reforming in/out of a combustion
chamber rather than as a means of igniting. Table 2 shows the summary of the development
and combustion experiments of the laser-induced plasma igniter.

Table 2. Summary of the effect of laser-induced plasma ignition on combustion.

Author Affiliation Main Parameter Main Results Energy Per Event Ref.

Weinrotter Vienna Univ. Tech.
H2 addition

Multi-ignition
(Chamber exp.)

Peak pressure↑
Combustion duration↓ 8–24 mJ [23]

Groß KIT Laser energy↑
(Engine exp.)

- Homogeneous
Combustion stability↑

Ignition delay↓
- Stratified

Combustion opposite trend

10—50 mJ [24]

Genzale Georgia Inst. Tech. Ignition timing
(Chamber exp.) Optimized ignition timing 2–15 mJ [25]

Tsunekane JST # of ignition↑
(Chamber exp.)

Flame area↑
Ignition limit↑ 2.7–11.7 mJ [26]

Pavel National Institute
for Laser, Romania

Laser-induced plasma
ignition

Engine brake power↑
BSFC↓ 4 mJ [27]

Kumar Univ. of Tokyo Pulse width and pulse
repetition frequency

Ignition success rate and
ignition delay 14.3 mJ [28]

Pastor CMT, Valencia Ignition location
(Chamber exp.) Optimized ignition location 800 mJ [29]

Phuod U.S. DOE Laser energy↑ Ignition limit↑ 15–200 mJ [30]

Weinrotter Vienna Univ. Tech.
Laser-induced

plasma ignition
(Chamber exp.)

Ignition limit↑
Peak pressure↑
Ignition delay↓

25 mJ [31]

2.2. Non-Thermal Plasma
2.2.1. Corona Ignition

Corona discharge is a technology that uses a chemical reaction with free radicals
generated by applying a high voltage to a small-diameter conductor metal and then ionizing
the surrounding gas into plasma. The electrode structure uses a small-diameter discharge
wire, needle, or sharply processed metal electrode to facilitate the discharge by generating
a strong electric field. Corona igniters have multiple electrodes, so multiple ignition flame
kernels can be formed during discharge. Utilizing nanosecond-pulsed plasma can improve
the corona’s power characteristics while retaining its ability to generate large amounts
of radicals. Both direct current and alternating current can be used as the supply power.



Energies 2023, 16, 1604 10 of 25

Shiraishi et al. developed a plasma igniter composed of a thin pin-shaped center electrode
and a cylindrical ground electrode, applied it to an engine, and performed a comparative
experiment with a general spark plug [32,33]. A streamer discharge was generated by
applying a DC voltage of 10–40 kV, a range in which arc discharge does not occur, through
a basic discharge test between the two electrodes. Figure 7 shows the discharge shape
according to atmospheric pressure and voltage.

Figure 7. Schematic of a volumetric plasma igniter and ignition characteristics according to the
applied voltage and ambient pressure [32].

In arc discharge, bright and thick plasma channels form locally inside the igniter,
whereas in the case of streamer discharge, it can be seen that thin and many plasma channels
extend to the ground electrode. These channels are also called volumetric discharges
because they do not occur only in one section but exist entirely inside the cylindrical igniter.
The electric field inside the cylindrical igniter can be expressed as the following equation:

Electric field strength E(r) =

 V

r·ln
(

r2
r1

)
 (3)

(V : applied voltage, r1: radius of central electrode, r2: distance between igniter center
and ground electrode).

Therefore, it can be seen that the luminosity of the streamer discharge near the center
electrode is high because the electric field becomes more extensive as the distance from the
surface of the electrode increases. In addition, it can be seen that the lower the applied volt-
age, the smaller the generated electric field is, so the luminous intensity lowers. The basic
experiment on the igniter confirmed that the applied voltage for the discharge increased as
the atmospheric pressure increased, and the streamer discharge was realized by applying a
voltage lower than the boundary voltage between the arc discharge and the streamer dis-
charge. In a single-cylinder port injection gasoline engine, combustion characteristics were
examined based on the internal pressure of the combustion chamber, and flame propagation
characteristics were compared through downward flame visualization in a visualization
engine having the same structure [32]. Ignition energies were 80 mJ and 60 mJ for general
spark plugs and streamer dischargers, respectively. As a result of the experiment, when the
streamer discharger was used, the ignition delay was shortened, and the maximum heat
dissipation rate was increased. In the flame visualization results, it was possible to confirm
the fast flame propagation speed and the large flame luminance. It was explained that the
reason for such a result was that the chemical reaction proceeded by the collision of the
electrons accelerated by the large electric field between the center electrode and the ground
electrode with the fuel molecules had a faster reaction rate than the reaction that was caused
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by a high temperature and high pressure. While the coefficient of variation (COV) of the
indicated mean effective pressure (IMEP) of the streamer discharge was maintained at 5%
or less even under the lean condition, demonstrating improved combustion stability.

Hampe et al. applied a high-frequency corona discharge igniter with five sharp peaks
developed by Borg Warner of Germany to a 0.1 l class 2-stroke engine and examined
combustion and exhaust characteristics [34]. Figure 8 shows the igniter and discharge
shape. The igniter applies an alternating voltage having a frequency of 6 kV and 4.98 MHz
to ignite through the corona discharge generated by a strong electric field at the tip of
the electrode.

Figure 8. Images of (a) the corona igniter and (b) the combustion initiation of the conventional spark
plug and corona igniter [34].

As a result of the primary combustion characteristics, it was confirmed that the max-
imum pressure in the combustion chamber increased, and the combustion period and
ignition point decreased. In terms of exhaust emissions, there was no significant difference
in nitrogen oxide emissions. However, it was confirmed that the hydrocarbons and carbon
monoxide were reduced based on the improved combustion speed and combustion effi-
ciency when the corona discharge was applied. After the engine test, it was reported that
there was no thermal damage or destruction in the igniter, so it proved that this improved
the thermal damage characteristics compared to the thermal plasma approach.

Hampe et al. examined combustion and flame characteristics by applying a corona ig-
niter with one and five electrodes, respectively, to a 0.5 l class single-cylinder direct injection
gasoline engine and a static combustion chamber to investigate the combustion character-
istics according to the number of igniter electrodes [34,35]. As a result, the combustible
lambda of the available spark plug was formed around 1.3, while the two corona igniters
were extended to 1.6, and it was confirmed that the igniter with more electrodes among
the two igniters had a faster combustion rate. As a result of measuring the volume of the
corona generated through the basic ignition experiment in the static combustion chamber,
the corona generated in the igniter with 5 electrodes was about twice as large. Furthermore,
when examining the occurrence of the corona discharge according to atmospheric pressure,
when there was one electrode, it was successful even under an atmospheric pressure of
6 MPa. However, when there were 5 electrodes, the atmospheric pressure was limited to
about 2 MPa. However, when examining the conditions inside the combustion chamber
of an actual gasoline engine, it was determined that an igniter with five electrodes would
be advantageous in terms of the combustion or exhaust because the ignition occurs at an
atmospheric pressure of 2 MPa or less.

Mariani et al. investigated the combustion and exhaust characteristics of a 1.6 l
class direct injection multi-cylinder gasoline engine using an igniter with five electrodes
among the systems used in the previous study [36]. The experiment was carried out
under the conditions of an engine speed 1400 rpm, indicated mean effective pressure of
0.4–0.1 MPa, intake air dilution with nitrogen from 0–30%, and an equivalence ratio 0.6–1.0.
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As a result, it was confirmed that the flammability limit was formed at an equivalence ratio
of 0.6 when the corona igniter was applied, while the general spark plug was only 0.75,
so the flammability limit was extended. In addition, it was shown that the combustion
stability was improved by maintaining the variation rate of the indicated mean effective
pressure below 5%, even under such a lean mixture. Due to the excellent combustion
characteristics of the corona igniter, the fuel consumption rate was reduced by up to 5%,
and it was confirmed that the hydrocarbon and carbon monoxide emissions were also
reduced. However, it was explained that the nitrogen oxide increased by about 16% on
average because the temperature inside the combustion chamber increased more rapidly.
After all, the maximum value of the combustion chamber pressure and the pressure increase
rate during corona discharge were significant.

Pineda et al. conducted an experiment on a 0.5 l single-cylinder gasoline engine [37].
They investigated the characteristics of the combustion and exhaust gases (HC, CO, NOx)
by installing a corona ignitor adjacent to the injector. As a result of the experiment, when
the radio frequency corona discharge ignition system was applied in the naturally aspirated
condition, the COV IMEP was slightly reduced compared to the combustion of a general
spark plug. When the same level of fuel was consumed, the HC and CO levels were similar,
and the engine operated at a higher EGR condition with fewer NOx emissions. When the
radio frequency corona discharge ignition was applied in the boost condition, less fuel
was consumed when producing the same output as compared to a general spark plug
combustion, and the exhaust gas was significantly reduced.

Zembi et al. experimented with a 500 cc single-cylinder visualization engine using
corona ignition and analyzed the combustion process through the Reynolds-Averaged
Navier-Stokes computational fluid dynamics (CFD) simulation [38]. The results were
analyzed while changing lambda as an experimental variable. The presence of active
radicals did not affect the spark’s combustion rate. On the other hand, the atomic oxygen
affected accelerating the nuclear and initial flame propagation caused by the corona ignition.
As a result of the simulation, when RF corona ignition was applied, a large amount of
mixture related to the discharge increased, which took about 4 times faster to reach 1%
Mass Fraction Burned.

Poggiani et al. conducted a study on the combustion characteristics under lean
combustion conditions when using a corona plasma spark in a 500 cc optical access PFI
engine. The standard European market gasoline fuel RON = 95 was used. When a corona
plasma spark was used under the 1000 rpm experimental conditions, the lean burn limit
was extended by about 0.25 from lambda 1.4 to 1.65 compared to conventional spark plugs.
As a result of the average of 100 cycles, the IMEP max was about 1 bar lower. The NOx
was emitted on average by 200 ppm more. The time for the mass fraction burned (MFB) to
reach 1% was 4 times faster, and it was 2 times faster to reach 5%. Through this, the effect
of a large capacity of corona ignition discharge on initial combustion was confirmed [39].

Cruccolini et al. compared combustion through a conventional spark plug and a
corona plasma igniter through a 500 cc single-cylinder optical engine in a four-cylinder
engine. The fuels were tested for CH4 and H2 (35%)-CH4 (65%) mixtures, rpm was fixed
at 1000 rpm, and lambda was changed from 1.0 to 2.0 and compared under the same
experimental conditions. The energy delivered at the optical engine test points ranged from
2 to 5 mJ for conventional spark plugs and 10 to 20 mJ for corona igniters. As a result of
the experiment, when using the corona plasma igniter, CA0-5, which represents the initial
combustion rate, was about 10 degrees lower than that of the existing spark plug based
on the crank angle. Through this, it can be seen that the combustion rate was improved.
For the fuel CH4, H2-CH4, the respective lean limits were approximately lambda 1.5 and
1.9 for conventional spark plugs, and approximately lambda 1.65 and 2.0 for corona plasma
igniters. Therefore, the lean limit was improved when using a corona plasma igniter [40].
The comparison of flame evolution in the combustion chamber is shown in Figure 9.
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Figure 9. Flame fronts evolution; λ = 1.6. Images are cropped in correspondence to the optical limit
(30 mm radius) [40].

Overall, the ignition technology using corona discharge is the closest technology to
commercialization because it can implement an ignition system that is relatively simple
and has little risk of corrosion. Advanced corona discharge igniters have completed the
system development and are known to be preparing for commercialization through engine
durability, system modification, and supplementation. However, research on this is neces-
sary since more needs to be clarified on the principle and process of promoting a chemical
reaction using a non-thermal plasma. Table 3 summarizes the corona discharge igniter’s
development and combustion test results.

Table 3. Summary of effect of corona ignition on combustion.

Author Affiliation Main Parameter Main Results Energy Per Event Ref.

Shiraishi Nissan Motor Streamer discharge
(Engine exp.)

Peak pressure↑
Ignition delay↓
Flame speed↑

60 mJ [32]

Shiraishi Nissan Motor Streamer discharge
(Engine exp.)

Flame area↑
Flame speed↑

O radical↑
60 mJ [33]

Hampe MOT GmbH RFSI application
(Engine exp.)

Peak pressure↑
IMEP↑

Fuel consumption↓
CO, HC, and NOx ↓

Combustion duration↓

>55 mJ [34]
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Table 3. Cont.

Author Affiliation Main Parameter Main Results Energy Per Event Ref.

Mariani Uni. Orléans
RFSI application

Equivalence ratio↓
(Engine exp.)

Combustion stability↑
Lean limit↑

Fuel consumption↓
CO and HC↓

NOx↑

- [36]

Pineda Uni. California
RF corona discharge
ignition application

(Engine exp.)

Combustion stability↑
Fuel consumption↓

Knock↓
265–670 mJ [37]

Zembi Università degli
Studi di Perugia

RF corona discharge
ignition application
Equivalence ratio

(Engine exp.)

Active radicals↑
Flame speed↑ 35–120 mJ [38]

Poggiani Università degli
Studi di Perugia A/f ratio

Flame speed↑
Lean limit↑

NOx↑
50 mJ [39]

Cruccolini Università degli
Studi di Perugia Fuel, A/f ratio Flame speed↑

Lean limit↑ 10–20 mJ [40]

Serizawa Daihatsu Motor HF electric field application O radical↑
NOx↑

120 mJ [41]

2.2.2. Microwave-Assisted Ignition

Microwave-assisted plasma ignition is a technology that uses a high-frequency fluctu-
ating electric field to heat free electrons in a flame to increase the energy level of oxygen
or hydroxide ions to promote combustion. Conventional spark plugs generate ignition
by discharging the ignition coil, but this technology emits microwaves before ignition
occurs. Then, the energy level of the surrounding fuel molecules increases, and when
ignition occurs, the chemical reaction is accelerated, resulting in smooth combustion. Ju
et al. studied the reaction rate according to the energy level of hydrocarbon fuels, which is
a state in which fuel molecules are in an excited state, that is, in Equations (5) and (6) in the
following equations, in a steady state. It was confirmed that the reaction rate was about
2000 times faster than that of Equation (4) [42].

CH
(

X2Π
)
+ O→ HCO2 + e– (4)

CH
(

A2∆
)
+ O→ HCO2 + e– (5)

CH
(

B2∑
–)

+ O→ HCO2 + e– (6)

Groff et al. examined the behavior of floating flames by placing a burner using ethylene,
methane, and propane fuel, where the electric field is the largest in a static combustion
chamber designed in the TM010 mode [43]. A magnetron system generated microwaves
with a variable frequency of 0.8–2.5 GHz of the 150 W class. Using a high-speed camera,
the location of the flame was determined, the speed was calculated, and the shape was
observed. As a result of the experiment, it was confirmed that when the microwave was
applied, a deflection of the shape was generated, and the flame speed was increased relative
to that of a general flame. Although there was a difference in the amount of increase in the
flame speed depending on the fuel, it was confirmed that it increased from a minimum of
4.5% to a maximum of 6.4%. They explained that the reason for this result was that the
rapidly fluctuating electric field increased the rotational energy of free electrons in the flame,
and the chemical reaction was promoted in the process of transferring energy via collision
with other molecules, that is, fuel or oxygen. Maclatchy et al. also examined propane
flames using a 2.5 GHz magnetron of a 500 W class. When microwaves were applied, there
was no significant effect at the equivalence ratio of 0.8–1.3 [44]. It was confirmed that the
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flame speed increased by about 2%. This study measured the temperature of electrons in
plasma using a Langmuir probe. It was confirmed that the temperature increased by 55%
compared to the general case when microwaves were applied to the flame surface.

Stockman et al. studied the effect of microwaves on the flame by locating the methane
levitation flame where the electric field in the waveguide is most robust using a 1.3 kW class
magnetron at 2.45 GHz and a waveguide with a TE010 mode [45]. In this study, the flame
temperature, velocity, and hydroxyl concentration were measured using filtered Rayleigh
scattering (FRS), particle image velocimetry (PIV), and planar laser-induced fluorescence
(PLIF). As a result of the experiment, it was confirmed that the flame speed increased based
on the fact that the location of the flame moved closer to the burner when microwaves
were applied in the form of a continuous wave. There was a difference in the amount
that it increased depending on the equivalence ratio condition, but it was found to have
risen from a minimum of 6% to a maximum of 20%. Moreover, although the shape of the
flame surface was flat in a normal flame, the deflection was observed when microwaves
were applied. As a result of measuring the hydroxyl concentration at the flame surface,
the maximum value increased by about 6.5% when microwaves were applied, and it was
found that the decreasing trend was small along the flame axis. Figure 10 shows the results
of PIV and PLIF when the normal injury flame and microwave are applied.

Figure 10. Comparison of PIV images between: (a) without the microwave and (b) with microwave-
assisted plasma ignition at ∅:0.78 (CH_4); the OH-number density between: (c) without the mi-
crowave and (d) with microwave-assisted plasma ignition at ∅:0.76 (CH_4) [45].

As a result of measuring the flame temperature, it was confirmed that it increased from
a minimum of 100 degrees Celsius to a maximum of 200 degrees Celsius when microwaves
were applied. Furthermore, as a result of calculating the amount of energy absorbed by the
flame front based on the temperature rise result, it was found to be about 20–40 W, which
was 13–26% of the 150 W inputted.

Imagineering is known as the first company to manufacture microwave-assisted ig-
niters and apply them to internal combustion engines. Ikeda et al. developed a microwave-
assisted plasma ignition system by modifying a 2.45 GHz, 700 W magnetron installed in a
microwave oven [46]. The structure of the system is shown in Figure 11.

The system can be divided into entire subdivisions. First, the control system that
transmits a signal to the magnetron generates a signal going to the spark plug and the
magnetron. Since the applied time and period of the spark plug signal and the magnetron
signal compared to the reference signal can be adjusted respectively, the signal time and
period can be manipulated variables in the experiment. The second is the microwave
transmitter. In this part, a microwave is generated using a magnetron and injected into
a spark plug through a waveguide, a coaxial cable, and a stub tuner. The waveguide is
mainly used in the TM010 mode and has the characteristic that the electric field is generated
at the maximum along the central axis of the waveguide. Finally, the spark plug that
causes the ignition. There is a method of propagating the transmitted microwave through a



Energies 2023, 16, 1604 16 of 25

separate antenna or a center electrode. The former does not require a separate electronic
circuit because there is a channel to which the DC voltage and microwaves are applied,
but an antenna is required. They first manufactured an igniter using an antenna in the
research and development stage. When an antenna was installed in the place of the pressure
sensor-type spark plug and an ignition test was conducted, the amount of hydroxyl radical
increased about 300 times when the microwaves were applied. It was confirmed that the
possibility of a microwave-assisted igniter was identified. After that, they applied it to a
single-cylinder gasoline engine and examined the combustion and exhaust characteristics.
The experiment was conducted at an average city effective pressure of 0.275 MPa with an
engine speed of 2000 rpm. As a result of the experiment, in the case of a normal spark, the
combustion stability rapidly decreased at the point where the air–fuel ratio was about 19.3,
whereas, in the case of applying the microwave-assisted igniter, the fluctuation rate of the
urban average effective pressure could be maintained below 5% even in the case of 24.1.
According to the extended flammability limit, it was possible to realize lean combustion,
and it was possible to improve fuel efficiency by up to 5%. In exhaust emissions, it was
confirmed that carbon monoxide decreased, but nitrogen oxides slightly increased.

Figure 11. Schematic of the microwave-assisted plasma ignition system.

Wolk et al. studied the flame propagation characteristics according to the application
of microwave-assisted igniters [47]. In this study, the shape and propagation speed of
the flame were investigated through flame visualization using the Schlieren method in
a static combustion chamber with the same 2.45 GHz, 500 W magnetron system as in
the previous study. Methane was used as the fuel, and ignition tests were performed at
an initial pressure of 0.1–0.7 MPa and an initial temperature of 300 K. As a result of the
experiment, when a general spark plug and a microwave auxiliary igniter were applied,
the flame propagation speed had a maximum value around 1.0 in the equivalence ratio. It
was shown that flame propagation was accelerated as the flame rise time was reduced. In
addition, the lean/rich flammability limit was extended regardless of the initial pressure.
Figure 12 shows the flame propagation according to the initial pressure and the size of the
flame core.
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Figure 12. Schematic of (a) a conventional spark plug, (b) a microwave-assisted plasma ignition
(∅:0.75) and (c) a flame kernel size result [47].

As can be seen in the figure, when the initial pressure is low, it can be seen that there
is a significant difference between the case where microwaves are applied and the growth
of the flame core generated from the general spark plug, whereas the higher the initial
pressure is, the difference between the two igniters in terms of the shape and size of the
flame core can be seen to decrease. This is because the energy of the average electron is
proportional to the size of the reduced electric field, that is, E/N. The variable E stands
for the magnitude of the electric field, and N stands for the number density (number of
particles per unit volume). When the initial pressure is high, the number of particles per
unit volume is large, so the denominator increases, and the average energy of the electrons
decreases. To express this physically, it can be explained that the reaction could not be
effectively improved because the mean free path of the electrons was shortened as the
atmospheric pressure increased. It did not receive sufficient acceleration and lost energy
by colliding with surrounding molecules. In accordance with this effect, it was confirmed
that the effect of the microwave-assisted igniter on the flame development/growth time
decreased as the initial atmospheric pressure increased.

Hwang et al. studied the laminar flame development when they applied microwave-
assisted plasma ignition [48]. The experiment was conducted with a 1.4 L CVCC 2.45 GHz
magnetron (700 W) system. Compared with the existing spark plug, the microwave-assisted
plasma extended the lean limit from the equivalence ratio of 0.6 to 0.5, and the flame propa-
gation speed increased by about 20%. As the mixture was richer and the initial pressure
was higher, the effect of improving the combustion flame propagation rate decreased.
They extended their study by applying the system in a single cylinder engine system [49].
Pressure, combustion stability, and fuel consumption were comparatively analyzed in a
single-cylinder engine test. As a result of imaging the hydroxyl (OH) radicals, it was con-
firmed that a faster chemical reaction occurred when microwaves were applied. As a result
of the single-cylinder experiment, the lambda was extended to 1.55. Microwave-assisted
plasma improved fuel efficiency by 6% compared to the existing spark system and increased
the pressure peak and heat release rate. Hwang et al. also analyzed the flame properties in
the same experimental equipment system through optical emission spectroscopy (OES) and
high-speed imaging [50]. As a result, when microwave-assisted plasma was applied, the
electron temperature was increased by 5,000 K compared to when only the conventional
spark was operated as shown in Figure 13. It was confirmed that the flame propagation
was improved by increasing the reactive radicals on the flame surface due to the microwave
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emission. Moreover, as a result of exhaust gas analysis, CO emission decreased, but NOx
emission increased due to an increase in the cylinder internal temperature.

Figure 13. Emission spectrum from (a) a conventional spark (TCI), (b) a microwave-assisted plasma
ignition system (MAPIS) experiment, and an emission comparison by an experiment and SPARTAN
simulation (c) TCI, and (d) MAPIS under a 0.1 MPa and air condition [50].

Zhang et al. tested the ignition performance of microwave-assisted ignition (MAI) with
a spherical flame premixed with CH4 and air after CO2 dilution to analyze the applicability
of MAI under EGR conditions [51]. The experiment was conducted in a 1.6 L static chamber
while changing the CO2 dilution ratio to 0–20% and the equivalence ratio to 0.5 to 1.0. At
an equivalence ratio of 1.0, the CO2 dilution limit is 8% in the normal SI mode and extends
to 20% in the MAI mode. At an 8% dilution of CO2, the lean limit was extended from
0.7 to 0.6. As the intensity of microwaves increased, the time window tended to increase,
and as the CO2 dilution ratio increased, the time window tended to decrease. A single
microwave pulse of 1 kHz induces a more intense plasma jet and significantly affects the
ignition success rate. Therefore, the performance of MAI is improved by increasing the
intensity of the microwave to control the plasma jet direction when the CO2 dilution ratio
is high.

Wu et al. conducted a study on the effect of the microwave delay time and pulse
waveform on ignition and energy coupling enhancement. Experiments were conducted
inside the CVCC to maintain a constant equivalence ratio of the methane–air mixture. The
pulse width of the microwave was changed from 80 to 200 µs and the energy was adjusted
from 400 to 1000 W. Using a fixed incident energy results in a higher power and shorter
pulse width waveforms, increasing the ignition and coupling energies. The increase in the
ignition energy is directly related to the binding energy. It is recommended to delay the
microwave emission by 0.1–0.3 ms for optimal energy coupling [52].

In summary, the ignition technology using a microwave is a technology that can reduce
corrosion of the igniter and improve combustion by using non-thermal plasma, which has
a lower temperature than the thermal plasma and has the potential to be commercialized
at a relatively low price. In addition, although basic combustion experiments have been
sufficiently performed, the cases applied to internal combustion engines are extremely rare.
It can be said that this is a technology that requires optimization in terms of the shape of the
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microwave delivery system and spark plug. Table 4 summarizes the experimental results
for the microwave-assisted combustion.

Table 4. Summary of effect of microwave-assisted plasma ignition on combustion.

Author Affiliation Main Parameter Main Results Energy Per Event Ref.

Groff GM Microwave
(Waveguide exp.)

Flame deflection↑
Flame speed↑ 250 W (CW) [43]

Maclatchy Acadia Univ. Microwave
(Waveguide exp.)

Flame speed↑
Flame temperature↑

500 W (CW)
Continuous wave [44]

Stockman Univ. Princeton A/F ratio↑
(Waveguide exp.)

Flame temperature↑
OH number density↑

Flame speed↑
Lean limit↑

1.3 kW (CW) [45]

Wolk UC Berkeley Initial pressure↑
(Chamber exp.)

Flame speed↓
Flame deflection↓ 225 mJ [47]

Hwang KAIST Microwave
(Chamber exp.)

Lean limit↑
Flame speed↑ 700 W [48]

Hwang KAIST Microwave
(Chamber, engine exp.)

Combustion pressure↑
Combustion stability↑

Fuel consumption↓
3 kW [49]

Hwang KAIST Microwave
(Chamber, engine exp.)

Electron temperature↑
Flame speed↑ 3 kW [50]

Zhang Huazhong Univ. EGR condition
(Chamber exp.) Lean limit↑ 150 mJ [51]

Wu Huazhong Univ. uw energy↑ Coupled energy↑ 400–1000 W [52]

Ikeda Imagineering Microwave
(Bench exp.)

OH radical↑
Discharge intensity↑ - [53]

Ikeda Imagineering A/F ratio↑
(Engine exp.)

Lean limit↑
Combustion stability↑

CO↓ NOx↑
- [54]

Defilippo UC Berkeley uw energy↑
(Engine exp.)

Combustion stability↑
Fuel consumption↓ 130–1640 mJ [55]

Hammack Michigan state
Univ.

uw energy↑
(Waveguide exp.)

Flame temperature↑
OH number density↑ 200–1000 W (CW) [56]

Michael Univ. Princeton uw energy↑

Flame temperature↑
Flame speed↑

Flame luminosity↑
Lean limit↑

25–50 mJ [57]

3. Other Ignition Systems

In the previous chapter, plasma-assisted combustion is primarily divided into ther-
mal and non-thermal plasma, and is further subdivided according to the assist method.
Moreover, it was found that using various types of plasma ignition can amplify the ignition
energy and promote combustion. In this chapter, we will introduce plasma and recent
novel studies related to ignition and combustion.

3.1. Multi-Spark Ignition

The formation of the initial flame kernel is critical as it affects the combustion and
flame propagation process. In addition, multi-spark ignition uses multiple sparks to burn
differently than the existing engine that uses one spark plug. Therefore, a high ignition
energy is expected to be delivered in the initial stage compared to conventional engine
combustion, and stable combustion is possible.

Feng et al. performed a simultaneous electro-optical diagnostic analysis using the
Schlieren method on the combustion characteristics when multiple plasmas were installed
in a scramjet combustor [58]. A comparison of the combustion with single and multi-channel
gliding arcs was analyzed. Compared to the ignition with a single-channel arc, when ignited
with a multi-channel arc, multiple flame kernels are simultaneously generated by multiple
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sparks, so the probability of the initial flame formation is high, and the initial flame area
is wide. Ignition time was reduced by 61%, and flame propagation time was reduced by
48%. Based on this analysis, the effect of the multi-channel gliding arc plasma application
on supersonic combustion was confirmed. Lin et al. proposed plasma-assisted ignition
using a multi-channel spark discharge to improve the ignition of lean burn combustors
at low pressures [59]. The firing of single-channel spark discharges and concentrated
and distributed multi-channel spark discharges in the combustion chamber of a stainless
steel cylindrical pressure vessel with an inner diameter of 5 cm were compared. The
effects of different equivalence ratios and pressures in propane/air mixtures were analyzed.
The ignition of the lean propane/air mixture at a low pressure was difficult for a single-
channel spark discharge. Although the flame initiation time was reduced by accelerating
the propagation of the multi-channel spark discharge (MSD) ignition to the flame, it did not
significantly change the subsequent flame propagation. Although the distributed MSD had
a larger ignition kernel than the concentrated MSD, the ignition performance was lower. In
MSD design, they concluded that kernel nesting is a more desirable method. Zhao et al.
conducted research on a new ignition system using multiple sparks. In this study, the
ignition characteristics of a single spark plug and spark plugs separated by three spaces
were compared while maintaining the same ignition energy. In CVCC, the n-pentane/air
mixture was tested under conditions of an equivalence ratio of 0.6 to 0.8, and the distance
between three multiple spark channels was adjusted from 1 to 2.5 mm. The experiment
was repeated 10 times for each condition. Applying the new multi-channel spark plugs
at discharge formed a larger ignition kernel than a single-channel and extended the lean
ignition limit. The shorter the distance was between the three multiple spark channels, the
higher the ignition probability was [60].

3.2. Pre-Chamber Ignition

In a general engine, fuel and air are mixed in one main combustion chamber and
combustion proceeds. A pre-chamber is a small chamber containing a spark plug. Ignition
starts, and the burned flame spreads to the main chamber through the jet nozzle. This
has the advantage of shortening the combustion time, reducing knock, and realizing lean
burn. Pre-chamber ignition is divided into active and passive according to the type of
configuration. Passive systems contain only one spark plug in the pre-chamber. The active
system has a spark plug in the pre-chamber and a second small injector for auxiliary fuel
injection. In the passive system, the mixture enters the pre-combustion chamber during
the compression stroke, and when the spark plug is ignited, the flame is propagated to the
main chamber. On the other hand, the active system has an injector in the pre-chamber, so
a small amount of fuel is injected, ignition occurs, and the flame is propagated to the main
chamber. A historic chart of the research and development on the pre-chamber system is
shown in Figure 14. At the beginning of the study, research was conducted in the direction
of improving the swirl and turbulence through a passive-style pre-chamber shape [61–63].
After that, active style research was conducted to form a rich mixer by auxiliary injection
into the pre-chamber [64,65], and research was conducted in the direction of gradually
increasing the volume of the pre-chamber [66].
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Figure 14. Research and development on the active and passive pre-chamber configurations (image
redrawn from [67].

Attard et al. analyzed the combustion and exhaust gases with a 2.4 L single-cylinder
engine test [68]. When using liquid gasoline as fuel, the lean limit increased to 1.4 for the
normal spark plug combustion and 1.9 if the jet ignition was used. When the main combus-
tion chamber injected liquid gasoline, and the pre-chamber injected gaseous propane, the
lean limit was increased to 2.07. As the lean limit was increased, NOx decreased to near
zero emissions. Maximum thermal efficiency was around 20% for normal flame combustion
and up to 41% for jet ignition. Benajes et al. analyzed the effect of adding hydrogen in a
passive pre-chamber system through a numerical methodology [69]. Through this method,
gasoline and hydrogen were mixed and evaluated under the same dilution conditions as
Lambda 1.9. The CFD model was created via the CONVERGE CFD software, with an en-
gine displacement of 404 cm3 and a compression ratio of 13.4:1. Both the pre-chamber and
the main chamber burned stably under lean conditions as the lambda was 1.9. Increasing
the hydrogen concentration in the mixture showed significant thermodynamic benefits by
increasing the speed of the laminar flame and decreasing the flame thickness. However, as
the unburned gas temperature increased, NOx increased.

4. Conclusions

Plasma-assisted ignition systems are continuously being researched in various fields
such as aviation, gas turbines, engines, and turbulence flames. In this paper, plasma jet
ignition and laser ignition, which belong to thermal plasma, and corona ignition and
microwave-assisted ignition, which belong to non-thermal plasma, were subdivided ac-
cording to the plasma ignition assist method, and the studies conducted so far were
reviewed. Recent impressive studies other than plasma-assisted ignition were also re-
viewed. Plasma-assisted ignition has advantages such as increased combustion speed,
pressure, and extended flammability limits. Combustion characteristics depend on the
electrical pulse characteristics, discharge current method, initial pressure, air–fuel ratio,
and fuel composition. However, it has not been extensively validated for the application in
current vehicles. Several studies are needed, such those studying the physics of plasma
ignition discharge, chemical dynamics, fluid dynamics, and the interaction of high-voltage
electric fields. Additionally, the lack of efficient and validated plasma modeling leaves gaps
in experimental and numerical studies. In this way, in order to trust a high-performance
ignition system such as plasma-assisted ignition, extensive theoretical, experimental, and
numerical research will continue to be required.
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Abbreviations
BSFC Brake-specific fuel consumption
CFD Computational fluid dynamics
CI Compression ignition
CO2 Carbon dioxide
CO Coefficient of variation
CVCC Constant volume combustion chamber
DISI Direct injection spark ignition
EGR Exhaust gas recirculation
FRS Filtered Rayleigh scattering
HC Hydrocarbons
IC Internal combustion
IMEP Indicated mean effective pressure
MAI Microwave assisted spark ignition
MFB Mass fraction burn
MSD Multi-channel spark discharge
Nd:YAG Neodymium-doped yttrium aluminum garnet
NOX Nitrogen oxide
OES Optical emission spectroscopy
PFI Port fuel injection
PIV Particle image velocimetry
PLIF Planar laser-induced fluorescence
PM Particulate matter
SG Spray-guided
SI Spark ignition
WOT Wide open throttle
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