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Abstract
In Part 1 of this Foundation paper, we introduced the main concepts and

the basic principles of combustion and plasmas. Part 2 will now examine the
topic of Plasma-Assisted Combustion (PAC) with an emphasis on applications
to novel combustion systems, particularly those of importance for energy tran-
sition. We start by providing an overview of laboratory experiments that have
helped unveil the main fundamental mechanisms of PAC. We also describe
some of the main advances achieved in numerical simulations of these rich and
complex phenomena in three dimensional, turbulent flames. We then review ap-
plications of PAC to practical combustion systems representative of industrial
configurations, emphasizing flame stabilization, lean blow-off limit extension,
thermo-acoustic instability control, supersonic combustion and plasma detona-
tion engines. Special attention is paid to the reduction of pollutants and the
optimization of plasma power.
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1 Challenges in combustion applications

Future combustion systems face many challenges, foremost meeting low CO2 and
pollutant emissions for a wide range of operating conditions. Additionally, to reduce
CO2 emissions it is planned to substitute fossil fuels with CO2-free fuels (hydrogen,
ammonia) or CO2-neutral fuels such as biofuels or synthetic fuels (also called e-
fuels), which requires increasing fuel flexibility in the combustion chambers. To
reduce pollutants, including NOx, SOx, particulates, and soot in hydrocarbon-air
flames, the current trend in the transportation, electric power generation, and heating
industries is to burn fuel in the lean premixed regime [1, 2]. This is particularly
important for NOx emissions, because NOx production via the well-known Zeldovich
reactions increases with the flame temperature. NOx emissions can be decreased
by operating in the lean combustion regime, i.e. with a higher air/fuel ratio than
under stoichiometric conditions. However, lean-premixed combustion faces many
challenges, such as the need to increase combustor operability (i.e. the ability to
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extend the limits of lean blow-off to prevent extinction during fast transient regimes),
control thermo-acoustic instabilities, and reduce CO and unburnt fuel near blow-
off [3,4]. For the aviation sector, other challenges include the ability to relight aircraft
engines under the cold and low-pressure conditions encountered at high altitudes. For
supersonic engines, the objective is to enhance ignition and mixing to ensure efficient
combustion.

The combustion of CO2-neutral fuels faces the same challenges as those of fossil
fuels. In addition, it is necessary to address the fuel flexibility challenges associated
with the variability in combustion properties of the different types of CO2-neutral
fuels. For CO2-free fuels, the control of NOx emissions poses different challenges for
hydrogen-air flames and NH3-air flames. Under stoichiometric conditions, hydrogen-
air flames reach higher temperatures than hydrocarbon-air flames, and therefore it
is even more important to operate under lean conditions to reduce NOx emissions.
For ammonia-air flames, in contrast, NOx emissions peak in the lean regime, as
a result of fuel-bound reactions (i.e. reactions corresponding to the production of
nitrogen atoms by dissociation of the fuel). Thus, different strategies must be used
for ammonia-air flames.

Plasma-Assisted Combustion (PAC) has emerged as an innovative solution to
address these challenges, thus helping reach the full potential of novel combustion
systems. Several types of discharges, including Dielectric Barrier Discharges (DBD),
Direct Current (DC) discharges, gliding arcs, microwave discharges, and Nanosecond
Repetitively Pulsed (NRP) discharges, have been used to generate plasmas for PAC
applications, as described in several review papers [5, 6]. Lean-flame stabilization,
key in NOx emission reduction, lean blow-off limit extension, and thermo-acoustic
instability control, has been less documented than ignition enhancement in previous
reviews ( [5–8]). It is therefore one of the main topics of this article. Plasma-assisted
stabilization of lean flames requires plasma sources that can be applied continuously
over extended periods of time with a power much lower than the thermal power of the
flames. For these reasons, NRP discharges (introduced at Stanford University [9]),
gliding arcs, and DBD discharges have been widely used for such applications.

The following sections provide an overview of current progress in PAC from funda-
mental understanding to industrial applications. Although the main focus is placed
on hydrocarbon fuels owing to the much larger body of literature available for these
traditional fuels, a few recent advances on plasma-assisted combustion of hydrogen
and ammonia flames will also be mentioned. Section 2 begins by exploring the abil-
ity of plasma to extend the lean blow-off (LBO) limits of combustors in academic
configurations. It then describes the fundamental thermo-chemical mechanisms of
flame stabilization by nonequilibrium plasmas. Following this, the state-of-the-art
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in numerical simulations of complex, three-dimensional, turbulent, plasma-assisted
flames is reviewed. The section concludes with a study of LBO extension in a model
combustor representative of the next generation of staged aeronautical engines. Sec-
tion 3 focuses on the impact of discharges on flame dynamics and thermo-acoustic
instabilities (TAI), reviewing several experiments to mitigate and control TAI using
plasma. The underlying physical mechanisms are also discussed, along with an ex-
ample of flame stabilization in a staged combustor representative of gas turbines for
electric power generation. Section 4 addresses the mechanisms of pollutant forma-
tion, particularly NOx and CO, in plasma-assisted flames. Finally, section 5 explores
the application of plasma-assisted combustion to supersonic combustors and pulse
detonation engines (PDE).

2 Extension of operability limits: lean blow-off

The capability to sustain ultra-lean combustion is important for turbine manufac-
turers as it increases the operability range of the systems. For example, in a gas
turbine, the fuel flow rate is controlled by an injection pump and the air flow rate
by the rotation of the compressor. When the thermal power needs to be reduced,
the fuel injection is decreased. The equivalence ratio immediately drops as the air
flow rate is kept constant because of the inertia of the rotor. Therefore, the power
decrease rate is controlled by the LBO limit. Extending the LBO limit allows faster
power transitions.

2.1 Lean blow-off experiments in lab-scale combustors

Lean-flame stabilization by nonequilibrium plasmas was successfully demonstrated
in several experiments with laboratory-scale combustors. Most of these experiments
used NRP discharges, with voltage pulses of nanosecond duration (typically 10 ns),
high amplitude (typically 10 kV), applied at frequencies of 10-300 kHz [10–22]. Infor-
mation about the nomenclature used to describe the various types of NRP discharges
is provided in the appendix. A few experiments were also performed with DBD dis-
charges [23], microwave discharges [24], or gliding arcs [25–28].

Figure 1 illustrates a demonstration by Di Sabatino et al. of lean blow-off ex-
tension using NRP discharges [16]. The experiment was conducted on a bluff-body
swirled stabilized burner operated with premixed air and CH4. For pressures from 1
to 5 bars, the flame becomes unstable when the equivalence ratio decreases. Apply-
ing the NRP discharges allows the flame to anchor back to the bluff-body and thus
the operability range increases.
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Figure 1: Stabilization of a lean swirled methane-air flame in the H-PPAC test rig,
at pressures between 1 and 5 bars. NRP discharges are switched on in lines 3 and 4.
Reproduced from DiSabatino et al. [16].
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Table 1 summarizes the operating conditions of several illustrative experiments
from the literature. The last column indicates by how much the LBO limit was
extended with plasma vs. without plasma. These experiments were conducted with
a variety of configurations, including laminar, bluff-body, swirled, and staged burners.

Laminar burners are used for fundamental studies to measure laminar flame prop-
erties, important in modeling and theory. Bluff-body and swirled burners are used
to stabilize flames when the flow velocity is higher than the flame speed by creating
a recirculation region where the flame can anchor.

In bluff-body burners, the recirculation zone is created by an obstacle (the bluff
body) placed in the high-speed flow. These burners are typically used for fundamen-
tal research and industrial furnaces.

In swirled burners, the recirculation zone is created by injecting the flow (or part
of it) with a strong tangential velocity. This creates a vortex with a depression at its
center causing the flow to recirculate (see figure 11 about vortex breakdown mech-
anisms). Compared to bluff-body burners, swirled burners provide more compact
flames and better stabilization in high-speed flows. They are widely used for power
gas turbines and jet engines.

In staged burners, the injection of fuel and/or air is divided into several stages
to reduce NOx emissions by optimizing fuel/air mixing (see Section 2.3). Staged
burners are used in advanced industrial gas turbines and jet engines. Two academic
examples will be discussed in Sections 2.3 and 3.4. The LDI (Lean Direct Injection)
burner is another advanced strategy to achieve ultralow NOx emissions, in particular
for aerospace propulsion [29].

In the various experiments reported in Table 1, the LBO was extended by 5% to
75% depending on the type of burner, fuel, pressure, and plasma parameters. Several
important conclusions can be drawn from these experiments:

• Nonequilibrium plasmas can stabilize lean flames with a wide variety of fuels,
including gaseous hydrocarbon fuels (natural gas, methane, propane), liquid
hydrocarbons (kerosene, synthetic fuels such as heptane and dodecane), as
well as zero-carbon fuels (hydrogen, ammonia).

• The electric power consumption of the plasma is very low, typically less than
0.1–1% of the flame thermal power.

• NRP discharges have been shown to work effectively up to at least 5 bars. This
is promising for industrial applications but additional studies are needed at the
significantly higher operating pressures (∼30 bars) of real combustors.

6

Page 6 of 84AUTHOR SUBMITTED MANUSCRIPT - PSST-107025.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



• Electrode configurations vary with burner geometry and constraints, and are
often integrated into the injection system —- for example, bluff bodies com-
monly serve as electrodes. At atmospheric pressure, typical gap distances are
around 5 mm. An optimal configuration has yet to be identified.

• There is a wide variety of electrode configurations and the optimal setup de-
pends on the geometry and constraints of each burner. In general, typical
interelectrode gaps are ∼5 mm for the experiments at atmospheric pressure.

Although gliding arcs have not been investigated for a wide range of conditions,
they seem to offer similar performances as NRP discharges for plasma-assisted flame
stabilization. They may become interesting for combustion stabilization at high
power, since they can typically deliver a higher average power than NRP discharges.
On the other hand, NRP discharges enable a more precise control of the deposited
plasma energy.
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Table 1: Experiments on lean flame stabilization with various types of discharges.
The last column indicates the degree of extension of the lean stability or LBO limit:
the fuel equivalence ratios without and with plasma are indicated when only one
condition was investigated, otherwise we indicate the average percentage of decrease
of fuel equivalence ratio. The swirled-staged stabilized combustor experiments of
Blanchard 2023 [19,30] are further discussed in section 2.3

Reference
Burner type

Electrode setup
– gap distance

Fuel
P

(bar)

Flame
power
(Pflame)

Plasma
power

(Pplasma)

Pplasma

Pflame

frep
(kHz)

LBO or
stability
extension

NRP Discharges

Pilla
2006 [10]

Bluff-body
Pin/Pin – 5 mm Propane 1 11 kW 70 W 0.6% 30 ∼ 10%

Heid
2009 [15]

Swirled
Pin/Ring – ∼ 3 mm Kerosene 3 50 kW < 500 W < 1% 30 0.44 → 0.21

Kim
2010 [11]

Swirled Mesoscale Array
Pin/Pin – 1 mm Methane 1 – 10 W – 15–50 ∼ 10%

Pham
2011 [12]

Bluff-body
Pin/Pin – 5 mm Methane 1 11 kW 70 W 0.6% 30 ∼ 10%

Barbosa
2015 [13]

Swirled staged
Pin/Ring – ∼ 10 mm Propane 1 11 kW 350 W 3.2% 30 0.4 → 0.11

Gomez
2017 [14]

Lean Direct Injection
Pin/Ring – 5 mm Methane 3.3 50 kW 500 W 1% 30 0.21 → 0.16

DiSabatino
2020 [16]

Swirled Bluff-body
Rod/Ring – ∼6 mm Methane 1 4.5 kW 31 W 0.7% 30 ∼ 5%

DiSabatino
2020 [16]

Swirled Bluff-body
Rod/Ring – ∼6 mm Methane 5 20 kW 65 W 0.3% 30 ∼ 5%

Vignat
2021 [17]

Swirled Spray
Pin/Plane – 5 mm

Methane,
Heptane,
Dodecane

1 5 kW < 100 W < 2% 20 ∼ 10%

Choe
2021 [18]

Swirled Bluff-body
Rod/Ring – 7 mm Ammonia 1 2 kW 39 W 1.9% 4 0.67 → 0.45

Blanchard
2023 [30]

Swirled staged
Pin/Ring – 7 mm Methane 1 150 kW 370 W 0.25% 100 0.56 → 0.42

Blanchard
2023 [19]

Swirled staged
Pin/Ring – 7 mm Methane 1 20–100 kW – < 0.5% 33 ∼ 40%, see

fig. 9

Aravind
2023 [20]

Swirled Bluff-body
Rod/Ring – 4 mm NH3/CH4 1–4 7–25 kW 45–150 W ∼ 0.6% 30 6–12%

Perrin-Terrin
2024 [21]

Swirled Cross-flow
Pin/Pin – 2.3 mm Hydrogen 1 2.2 kW 22 W 1% 15 0.22 → 0.18

Dielectric Barrier Discharges

Kim
2020 [23]

Swirled Bluff-body
Rod/Ring – 4 mm Methane 1 1–2 kW 20 W 1–2% 4 ∼15%

Microwave discharges

Michael
2013 [24]

Flat-flame Hencken
NA – NA Methane 1 750 W 75 W 10% 1 0.63 → 0.3

Gliding Arcs

Lin 2019 [31] Swirled Bluff-body
Rod/Cone – NA

Kerosene
5°C, -30°C 1 ∼ 2-10 kW 300–

460 W 5–15% ∼ 2 ∼ 40%

Tang
2021 [27]

Swirled Bluff-body
Rod/Ring – 5.5 mm Methane 1 1.3–6.6 kW 60 W 1% 7 & 25 ∼ 40%

Liu 2022 [26] Swirled staged
– Rod/Cone – NA

Methane 1 78 kW 8 W 0.1% 5 0.47 → 0.45
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(a) (b) (c)

Figure 2: Stabilization of a propane-air flame at 1 bar (Mini-PAC burner) with NRP
discharges. (a) Stable stoichiometric flame (ϕ ≈ 1) without plasma. (b) Lean flame
(ϕ ≈ 0.78) near LBO limit, without plasma. (c) Lean flame (ϕ ≈ 0.78) stabilized by
NRP discharge. The electric power of the NRP discharge is 75 W, which is 0.7% of
the 11 kW thermal power of the flame [10]. In these experiments, the transition from
stoichiometric to lean flame is obtained by increasing the air flow rate while keeping
the propane flow rate constant.

2.2 Mechanisms of flame stabilization

2.2.1 Experimental observations

Figure 2 shows a lean propane-air flame stabilized by an NRP discharge (2.5 mJ/pulse,
30 kHz pulse repetition frequency). This experiment was conducted in the Mini-PAC
facility, a 15-kW laboratory-scale combustor at atmospheric pressure operated at the
EM2C laboratory [10]. The premixed flame is stabilized by a bluff body, as described
in figure 3. Premixing is obtained by counter-injecting propane and air at the bot-
tom of the tube. Without plasma, the flame extinguishes at a fuel equivalence ratio
ϕ = 0.78 for the conditions of figure 2. When NRP discharges are applied at the
base of the flame, a stable flame is recovered.

During each voltage pulse, the gas located in the interelectrode region is excited,
dissociated, and ionized via electron-impact reactions as detailed in section 3.2 of the
companion article [32]. In air-fuel mixtures, most of the discharge energy is spent
to excite various electronic states of N2, in particular A3Σ+

u , B3Πg, a′1Σ−
u , C3Πu,

9
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Figure 3: Schematic of the mini-PAC burner, adapted from Pilla et al. [10].

collectively noted N2*. The remaining energy of the discharge excites other species
(in particular the vibrational states of N2), which subsequently decay via processes
such as vibrational-translational relaxation, resulting in slow gas heating on time
scales on the order of 10-100 µs. Immediately after the end of the pulse, N2* reacts
with the species present in the gap (O2 and fuel, as well as CO2 and H2O since the
discharge is located in the burnt gases). Reactions of N2* with molecular species
lead to dissociative quenching, such as in the following examples:

N∗
2 + O2 → N2 + O + O +∆T (1)

N∗
2 + CO2 → N2 + CO + O +∆T (2)

The dissociative quenching reactions have typical characteristic time scales on the
order of 10 ns. This is known as the ultrafast mechanism of dissociation and gas
heating, first proposed by Popov [33] and experimentally demonstrated in [34–39].
This ultrafast mechanism dissociates nearly all O2 molecules present in the gap and
increases the temperature by about 1000 K within a few tens of nanoseconds following
the pulse. The produced O radicals then quickly react with fuel molecules, noted
RH, resulting in the production of the free radicals OH and R. The typical time scale
for OH radical production is about 10 µs. If the discharge is produced in the fresh
gases, these radicals can initiate the chain propagation reactions of combustion. If
the discharge is produced in the burnt gases, long-lived radicals such as OH (lifetime
on the order of ms) are transported toward regions with fresh fuel, where they initiate
combustion reactions. The latter process is illustrated below with the case of the
Mini-PAC flame.

Xu et al. [40,41] studied the transition from the unstable flame of figure 2b to the
NRP-stabilized flame of figure 2c with pulses of 7 kV amplitude, 10 ns duration, and

10
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30 kHz frequency. To elucidate the stabilization mechanism, they performed syn-
chronized measurements of OH with Planar Laser-Induced Fluorescence (PLIF) and
of CH* chemiluminescence in the recirculation zone behind the bluff-body. Figure 4
shows temporally resolved composite images of the OH and CH* concentration fields
induced by the plasma. The O atoms produced by ultrafast dissociation between the
electrodes quickly oxidize the fuel to form OH radicals. These OH radicals are then
convected within the recirculation region and, after about 3 ms, reach the edge of the
shear layer between the fresh gases and the recirculation zone. At about 4 ms, CH*
appears at the bottom of the shear layer, indicating ignition of the fresh gases. The
flame then develops in the shear layer region. Stabilization is achieved after about
10 ms, which corresponds to the characteristic time of flow recirculation behind the
bluff-body.

2.2.2 Stabilization mechanism and characteristic time scales

The mechanism of flame stabilization is summarized schematically in figure 5. The
long-lived radicals and heat produced by each pulse are convected within the recir-
culation region behind the bluff body. They are transported toward the edges of the
burner and ignite the fresh gases when they reach the shear layer. There are several
time scales of interest in this process: the residence time of the gas within the inter-
electrode gap, τres, the characteristic recirculation time behind the bluff body, τrecirc,
and the period between two pulses, Tpulse = 1/frep. To generate radicals, the gas
must experience at least one pulse when it traverses the interelectrode gap. Thus,
the residence time of the gas between the electrodes must be longer than the time
between two pulses. For typical gas velocities on the order of 5 m/s and gap dis-
tances of 5 mm, pulse repetition frequencies (PRF) should be approximately 10 kHz
or higher. This is an important criterion for the design of stabilization or ignition in
PAC. The characteristic recirculation time behind the bluff body is also important
because it determines the characteristic response time of the flame to the plasma.

2.2.3 Numerical simulations and experimental validation

Simulating plasma-assisted turbulent flames is a complex multi-physics problem in-
volving plasma chemistry, combustion chemistry, turbulence, and heat transfer. As
mentioned in section 2 of the companion article [32], these phenomena occur over
a wide range of time (10−9 − 1 s) and length scales (10−6 − 1 m). Several detailed
kinetic mechanisms for plasma-assisted combustion have been developed over the
years [6, 43–51], and 1-D or 2-D simulations of PAC with hydrogen and low-order
hydrocarbons in simple laminar and quiescent cases have been performed. For ex-
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Figure 4: Composite images showing (left) normalized OH-PLIF images and (right)
normalized CH* emission images in the bluff-body region during the sequence of
stabilization of a lean propane-air Mini-PAC flame by a series of nanosecond pulses
at 30 kHz [40,41]. The CH* emission of the flame without plasma is subtracted from
the images. Adapted from Xu et al. [40]; reprinted by permission of the American
Institute of Aeronautics and Astronautics, Inc.
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Figure 5: Mechanism of flame stabilization in a bluff-body configuration following
a gas particle trajectory (top: Planar Laser-Induced Velocimetry image reproduced
from Pilla [42]). The stabilization mechanism proceeds in three steps. Step 1 between
A and B: generation of active species and heat by the discharge pulse. The gas
experiences Npulses during its residence time τres between the electrodes. Step 2
between B and C: transport of active species and heat toward the shear layers. Step
3 after C: stabilization of flame front.
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ample, Bak et al. [52] simulated PAC in a laminar premixed methane/air 2D flame;
Yin et al. [53], Tholin et al. [54], and Sharma et al. [55] simulated the ignition of
quiescent H2/air mixtures in 2D; Pavan and Guerra-Garcia [56] modeled the two-
way interactions in 1D between a plasma and a flame. However, 3D simulations in
turbulent conditions with detailed plasma and combustion chemistry are not feasible
today because of their high computational cost, especially given the wide range of
spatial scales required to model a combustion chamber. Even with reduced plasma-
induced kinetic mechanisms [48, 49], the computational cost of solving the coupled
problem with the Poisson equation, the Boltzmann equation for electrons, the con-
tinuity equation for the various species, and the Navier-Stokes equations remains
prohibitive.

To answer this challenge, Castela et al. [57] introduced a phenomenological model
to simulate the main plasma effects in air, namely ultrafast heating and O2 dissocia-
tion, thus removing the stringent requirements of solving detailed plasma chemistry.
The assumptions of the model are based on theoretical and experimental observa-
tions described in section 3.2 of the companion article [32]. For any air/fuel mixture,
the model assumes that 55% of the discharge energy is spent on ultrafast processes
(20% heating and 35% O2 dissociation) lasting a few tens of nanoseconds, and the
remaining 45% on vibrational excitation of N2, which then relaxes at millisecond
time scales and slowly transfers heat to the gas over a few tens of microseconds. As
discussed later, this breakdown has provided quantitative simulations in agreement
with PAC experiments in lean methane-air and hydrogen-air flames. Although the
model remains to be tested with other fuels, it is expected that the breakdown will
not vary much because a significant part of the ultrafast heating and dissociation are
due to the excess oxygen molecules present in lean flames. If there is less O2 in the
mixture, the fraction of energy spent on ultrafast processes decreases proportionally,
and the fraction of vibrational excitation of N2 increases. The originality of this
model is to capture both ultrafast and slow plasma phenomena. Because only one
balance equation for the vibrational energy is added to the standard reactive flow
balance equations, the increase of the computational cost is very limited. Thhus,
the model of Castela et al. is a good starting point to simulate PAC in any fuel,
including complex fuels for which detailed PAC mechanisms are not available.

The model of Castela et al. [57] was used by Bechane and Fiorina [58] and Blan-
chard et al. [59] to perform 3D simulations of plasma-assisted flames. These simula-
tions were conducted with LES (Large Eddy Simulations), a widely used method in
turbulent combustion modeling [60].

Blanchard et al. [59] experimentally validated the model of Castela et al. [57] for
the stabilization of a turbulent methane-air flame in the Mini-PAC burner. In that
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work, quantitative measurements of temperature and OH radical concentrations were
performed during a sequence of pulses leading from the nearly extinguished flame
(figure 2b) to the plasma-stabilized flame (figure 2c), and compared with the results
of LES. A selected set of comparisons are shown in figure 6. More details are given
in [59]. As seen in figure 6a, the flame stabilizes in about 5 ms (100 pulses), a time
comparable with the characteristic recirculation time of the flow behind the bluff
body, in accordance with the observations made in section 2.2.1. In the middle of
the interelectrode gap, the temporal evolution of the gas temperature measured from
the rotational temperature of the second positive system of N2 (figure 6b), and the
OH spatial profiles measured with Laser Induced Fluorescence (figure 6c), are closely
reproduced by LES.

In a related study, Bechane and Fiorina [58] performed LES simulations of the
ignition of the Mini-PAC flame with NRP discharges. Using the model of Castela et
al., the flame ignited within about 10 pulses. To test the importance of chemical ver-
sus thermal effects, they also simulated a case assuming that 55% of the energy went
into ultrafast heating and 45% into slow heating (i.e., neglecting the nonequilibrium
chemistry induced by the discharge). In that case, the flame did not ignite even after
100 pulses. This important finding shows that the nonequilibrium chemistry induced
by NRP discharges is the main mechanism for flame enhancement in PAC.

Recently, Malé et al. [61] also showed that kinetic simulations of PAC in natural
gas-hydrogen-air flames conducted with the model of Castela et al. [57] were in
excellent agreement with those obtained with the PACMAN detailed kinetic model
of Bellemans et al. [48, 49].

Based on these promising results, variants and refinements of the model of Castela
et al. were recently proposed to incorporate the effects of additional plasma reac-
tions [30, 62–64]. These models were successfully applied in LES to study various
phenomena induced by NRP discharges such as turbulent flame ignition [58,65], LBO
limit extension in staged combustors [61,62] and H2 swirl-stabilized flames [66], NOx

formation [67], thermo-acoustic instability suppression [68, 69], NH3-H2-air combus-
tion [63], and ignition kernel development [64]. These works show that phenomeno-
logical models such as those of Castela et al. [57] can quantitatively capture the
main mechanisms of plasma-assisted combustion. Thus the modeling of NRP plas-
mas in flames is now well in hand and can be used to understand the effects of
plasma-assisted combustion and to design and optimize practical systems.
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Figure 6: (a) Abel-inverted average OH* chemiluminescence images of the methane-
air flame evolution under the effect of a burst of discharges with 1.8 mJ/pulse applied
at 20 kHz (Mini-PAC burner). (b) Comparison of the experimental temperature
evolution (black symbols) and numerical predictions (red line) in the discharge region
during the stabilization sequence. (c) Comparison of the experimental radial profiles
of OH density measured 45 µs after each discharge in the middle of the interelectrode
gap (squares) with the profiles obtained with LES at the same time and location (solid
lines) during the stabilization sequence [59].
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2.3 Lean blow-off extension in a model aeronautical combustor

As previously mentioned, industry faces difficulties in reaching low emissions using
conventional combustors. To illustrate this point, figure 7 shows the emissions of CO
and NOx, two of the main pollutants emitted by combustion, as a function of the
temperature of the primary combustion zone. For hydrocarbon fuels, only a narrow
band of temperatures allows for low emissions of both pollutants. A conventional
combustor usually operates with only one type of injector. If the injector is designed
for low NOx emissions at high power, incomplete combustion, and thus increased CO
emissions, will occur at lower power. To circumvent these limitations, a promising
approach is to use two injectors generating two combustion zones: the first one is
designed to operate in the low emission band at high power, and the second one in the
low emission band at low power. This concept is called staged combustion. Stages can
be distributed axially or radially. This concept is already used in industrial systems
such as the Ansaldo GT24/GT26 gas turbine [70] or the Twin Annular Premixing
Swirled (TAPS) combustor [2, 71] but still presents challenges [3].

In this section, we present a demonstration of LBO limit extension by NRP dis-
charges in a radially staged injector representative of aeronautical Lean Premixed
Prevaporized (LPP) injection systems [19, 72]. Experiments with an axially staged
combustor representative of power production gas turbines will be presented in sec-
tion 3.4.

The BIMER-PAC combustor of the EM2C laboratory is a radially staged combus-
tor operating with methane and air at atmospheric pressure and with flame powers
up to 150 kW. As shown in figure 8, BIMER-PAC is comprised of a plenum, an in-
jector, and a combustion chamber with a square cross-section of 15 cm width and 50
cm length. The first stage is the pilot stage with a single injection tube of diameter
4 mm, while the second stage (multipoint stage) is an annular inlet with 15 injection
holes of diameter 750 µm. Both stages create co-rotating swirled flows. A complete
description of BIMER-PAC is given in [19]. The design of this injector is representa-
tive of staged LPP combustors found in aircraft engines such as the TAPS or Lean
Direct Injection (LDI) combustors [2]. The pilot stage creates a fuel-rich flame used
to stabilize the lean and well-premixed multipoint flame, which produces most of the
power. The injection mode is characterized by a staging factor αp, defined as the
ratio of the pilot fuel over total fuel mass flow rates:

αp[%] =
ṁfuel, pilot

ṁfuel, total
(3)

The staging ratio can be adjusted with mass flow rate controllers. The air mass
flow rate is distributed 80% to the multipoint stage and 20% to the pilot stage.
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Figure 7: Influence of primary-zone temperature on CO and NOx emissions for hy-
drocarbon fuels. NOx emissions are driven by the Zeldovich mechanism. Reproduced
from [1].
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As shown in figure 8, NRP discharges are generated between the tip of a high
voltage electrode and the outlet of the pilot stage across a 7 mm gap. The electrode
crosses the flame front and is therefore exposed to high temperatures. To limit
erosion, it is water-cooled. NRP discharges are applied with a voltage of 8 kV, an
average energy per pulse of 3.6 mJ, and a frequency of 33 kHz [19]. This setup
generates rotating spark discharges, as shown in the picture on the right of figure 8.

The effects of the NRP discharges on this injection system were first studied by
Barbosa et al. [13], and then further investigated by Blanchard et al. [19] across a
wider range of parameters: thermal powers between 20 and 150 kW and staging
factors between 0% and 100%. Figure 9 shows the results from [19] except the
150 kW case1. In all conditions, the LBO limit is significantly extended with an
NRP discharge power of less than 0.5% of the flame power. For αp ≥ 20%, the
LBO limit is reduced by a factor of 2.8 in the most efficient case and 1.2 in the least
efficient case, representing a significant improvement in operability for this low-NOx

combustor. To understand the mechanism of LBO extension, the authors studied the
extinction sequence with CH* chemiluminescence, as shown in figure 10. Without
plasma assistance, the flame follows the extinction sequence illustrated in the top
row: starting as a V-shape flame, the flame intensity decreases progressively with
the equivalence ratio. When the equivalence ratio is further reduced, the flame starts
oscillating and quickly extinguishes. When plasma assistance is on, the flame can
sustain the oscillating phase, and when the equivalence ratio decreases to 0.44, the
flame takes a tulip shape and stops oscillating. The tulip flame is sustained down
to an equivalence ratio of 0.38, which represents a 32% extension of the LBO limit
compared with the case without plasma. The combustion efficiency of the tulip
flame was measured to be around 40%, which is sufficient to sustain combustion in
transient regimes, thus extending operability.

The change of flame shape is due to a change in the flow topology during the
extinction sequence [73]. To understand this, it is important to note that a swirled
flow presents a Central Recirculation Zone (CRZ) created by the vortex breakdown
mechanism described in [74]. The CRZ is a region in the chamber where the axial
velocity is negative. The flame usually stabilizes between the CRZ and the main flow
because of the lower flow velocity in that region, as illustrated in figure 11. In this
experiment, at high equivalence ratios, the flow presents a Conical Vortex Breakdown
(CVB) mode creating a conical CRZ. The flame base anchors inside the injector and
the branches follow the conical shape of the CRZ, thus shaping the flame as a V.
When the equivalence ratio is decreased, the breakdown mode shifts to the Bubble

1The authors mentioned that at 150 kW and αp = 40% the LBO was extended from 0.56 to
0.42, but they did not repeat the experiment as the facility reached the safety limit.
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Figure 8: (a) Schematic of the BIMER-PAC combustor. (b) Schematic of the staged
injector and NRP electrode system. (c) Photograph of the combustor operated at
40 kW with NRP discharges. (d) Close-up photograph of the injector with NRP
discharges. Several discharges can be seen as the exposure time of the photograph is
longer than the discharges repetition period.
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Figure 9: Top: stability map of BIMER-PAC with and without NRP discharges
for different fuel staging factors (αp is the fraction of fuel injected through the pilot
stage). Bottom: plasma-to-flame power ratio. Reproduced from Blanchard et al. [19].
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Figure 10: CH* chemiluminescence images during an LBO sequence in BIMER-PAC
(Pth = 50 kW; αp = 40%). Top row: without discharge. Bottom row: with NRP
discharges (frep = 33 kHz, Ep = 3.6 mJ). [Adapted from Blanchard et al. [19]]. The
fuel equivalence ratio is decreased by increasing the air flow rate while keeping the
methane flow rate constant at 5 Nm3/h (1 g/s).

Vortex Breakdown mode (BVB). In this mode, the CRZ forms a small central bubble,
thus shaping the flame as a tulip. In the BVB mode, the mixing between the pilot
stage and the multipoint flow is less effective. Therefore, the NRP discharges ignite
mostly the fuel from the pilot stage, explaining the lower combustion efficiency of
the tulip flame.

Finally, it should be noted that the lower performance in LBO extension at αp = 0
is because the plasma is created in a region with just air and no fuel. The O radicals
created by the discharge recombine before being able to oxidize the fuel and form
OH. Thus, no increase in performance can be achieved with the current electrode
position. The authors of [19] suggested to change the electrode position to increase
the performances at low staging factors.

Blanchard et al. [19] demonstrated that NRP discharges can improve operability
of low NOx combustors with only 0.2% of the flame power. By exploring the appli-
cation of various pulse patterns instead of applying the discharges continuously at a
constant repetition frequency, the plasma-to-flame power ratio required to stabilize
a lean flame can be decreased to 0.06%, and pollutant emissions can be further de-
creased (see section 4). These results demonstrate that plasma-assisted combustion
can increase the operability of real combustion systems in transient regimes, such as
sudden deceleration in aircraft engines or sudden reduction of power demand in a
power gas turbine.
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Conical Vortex 
Breakdown (CVB)

Bubble Vortex 
Breakdown (BVB)

Figure 11: Simplified schematic diagram of swirled flow topology (top). Axial ve-
locity field in a conical vortex breakdown CVB mode (middle) and bubble vortex
breakdown BVB mode (bottom) as computed in [75].

3 Control of thermo-acoustic instabilities

3.1 Introduction to thermo-acoustic instabilities

Another major challenge in aero-engines and stationary gas turbines is the ability to
control dynamic thermo-acoustic instabilities (TAIs). TAIs occur when the flow and
the combustion fluctuations are coupled by acoustic resonant modes of the chamber
as schematically shown in figure 12(a). The pressure oscillations of a TAI may reach
10% of the mean pressure and cause noise, vibrations and structural fatigue, thus
potentially leading to structural damage to the chamber. They can also increase heat
transfer to the combustor chamber walls and enhance pollutant emissions [4,76,77].

The frequencies of the oscillations depend in a complex way on the geometry
of the chamber, the design of the burner, the fuel, and the operating conditions.
To illustrate with a simple example, we consider the case of a combustion chamber
with an open outlet. In that case, longitudinal acoustic modes occur at frequencies
corresponding approximately to nc/4L, where n is an odd integer (n = 1, 3, 5, . . .),
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c is the speed of sound, and L is the length of the chamber. For an open chamber
of length 1 m, taking into account the speed of sound in combustion gases to be
around 800 m/s, typical frequencies of TAI oscillations are around 200 Hz (quarter-
wave mode), 600 Hz (three-quarter-wave mode), and so on. The measured TAI
frequencies deviate slightly from these estimated chamber mode frequencies due to
a frequency shift induced by the flame dynamics [78]. The TAIs reviewed in Table 2
fall within this range of frequencies.

The development of a TAI is governed by a source term of acoustic energy, given
by the Rayleigh integral,

∫∫∫
V
p′q′ dV , where V stands for the volume of the flow do-

main, and p′ and q′ for the fluctuations of pressure and Heat Release Rate (HRR) per
unit volume, respectively. The Rayleigh criterion [79] states that a positive Rayleigh
integral is a necessary condition for the development of thermo-acoustic instabilities.
As discussed in [80], to determine whether a TAI will develop, this source term must
be compared to the damping term, which is the sum of the dissipation of acoustic
energy in the system and the outgoing fluxes of acoustic energy. If the Rayleigh
integral is lower than the damping term, the instabilities do not develop. Therefore,
to mitigate TAI in engines, one can either increase the damping term or decrease the
Rayleigh integral. Several methods have been proposed to mitigate TAI in engines,
including passive methods such as Helmholtz dampers, and active methods with
acoustic excitation using driver units or fuel flow modulation [77]. Figure 12b illus-
trates how active mitigation techniques can be used in a closed-loop control scheme
to improve stability. However, these methods still lack flexibility, and novel actua-
tion techniques are desirable [81]. Plasma-assisted combustion using NRP discharges
offers an interesting alternative as the actuation source can be controlled by various
parameters: the applied voltage, the repetition frequency, and the pulsing pattern.

To describe and predict TAIs, researchers have developed several analytical ap-
proaches [4, 78, 82, 83]. One of these tools is the Flame-Transfer Function (FTF),
which characterizes the flame’s response to a flow perturbation, specifically how the
HRR, noted Q̇, responds to a change in velocity, pressure, or equivalence ratio [78].
For example, for the change in velocity u, the FTF is defined as:

F (ω) =
ˆ̇Q(ω)/ ¯̇Q

û(ω)/ū
(4)

where ¯̇Q is the mean value of the HRR, ˆ̇Q the Fourier transform of the HRR, ū the
mean flow velocity, û the flow velocity Fourier transform, and ω the frequency of the
perturbation. These analytical approaches help determine the safe operating range
for existing systems, serve as design tools for industry and, with further development,
will help understand the plasma influence on flame stabilization.
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Figure 12: (a) Schematic diagram of combustion instability coupled by acoustic
feedback. (b) An active control loop is used to stabilize the system. Reproduced
from Candel [4].

3.2 TAI experiments in lab-scale combustors

In [84], Lacoste et al. showed that NRP discharges were effective in reducing Turbu-
lence Induced Noise (TIN), i.e. the pressure fluctuations induced by velocity fluctu-
ations in turbulent flames. Specifically, they showed a strong attenuation of velocity
oscillations in a swirled, bluff-body stabilized methane-air flame (4 kW) at atmo-
spheric pressure. They attributed this effect to a better anchoring of the flame close
to the injector outlet thanks to the enhanced reactivity afforded by the discharges.

The control of TAI with NRP discharges was first demonstrated by Moeck et
al. [85] in a premixed natural gas/air swirled flame at atmospheric pressure (fig-
ure 13). With the NRP discharges applied continuously at 50 kHz, the flame
(ϕ = 0.66, Pthermal = 43 kW) moved closer to the injector, and a TAI with peak
pressure oscillations of 300 Pa at 150 Hz was nearly suppressed with a plasma power
of 0.7% of the flame thermal power. However, they also showed that TAI instabili-
ties (up to 2200 Pa) could be promoted in a stable flame of 92 kW when the NRP
discharge was applied at 30 kHz.

Moeck et al. [85] also explored a closed-loop control strategy in similar conditions
(ϕ = 0.62, Pthermal = 41 kW) exhibiting a TAI at 120 Hz. This time, the NRP dis-
charges were operated with bursts of 30 kHz nanosecond pulses, with bursts triggered
at various delays relative to the 8-ms pressure fluctuation period. The duration of
each burst was about 4 ms, corresponding to a duty cycle of 50%. The effect of
the NRP bursts on the acoustic pressure amplitude spectrum is shown in figure 14.
Moeck et al. obtained the very interesting result that pressure oscillations could be
either amplified or attenuated depending on the delay of the bursts. The maximum
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Figure 13: Experimental setup for TAI control in a premixed natural gas/air swirled
flame at atmospheric pressure. The plasma is formed in a pin-to-ring configuration.
Reproduced from Moeck et al. [85]

amplification and attenuation were achieved for delays of 2.2 ms and 6 ms, respec-
tively. The strongest TAI attenuation was therefore obtained when the discharge
bursts began near the minimum of the pressure oscillation, corresponding to a phase
shift of about 75% of the pressure fluctuation period. They suggested that the active
species generated by the discharge, mostly OH as discussed in section 2.2.1, increase
the burning velocity, promoting oscillations of the burning velocity and hence of the
heat release rate at the acoustic resonance frequency.

This closed-loop control strategy with gated bursts of pulses was later confirmed
by [86] in a 230 W swirled laminar methane-air flame at atmospheric pressure sta-
bilized by NRP glow discharges of about 1 W. Maximum attenuation was obtained
when the bursts were exactly in phase opposition with the thermo-acoustic oscilla-
tions. However, they also showed that continuous forcing was just as effective in
terms of actuation authority, for only 25% more plasma power.

Following these promising observations, several experiments were performed to
control TAI in conditions closer to practical applications, i.e. (i) at high pressure up
to 7 bar and (ii) for systems presenting large amplitude of pressure fluctuations.

First, demonstrations at higher pressures were made up to 4 bar in a swirl-
stabilized flame [87,88], and up to 7 bar in a dump combustor [89].

Second, the successful mitigation of large-amplitude TAI fluctuations at atmo-
spheric pressure (1 to 4.5% of the mean pressure in the combustor, i.e. 1000 to
4500 Pa) was demonstrated by Kim et al. [90], Gomez del Campo et al. [14], and
Shanbhogue et al. [22, 91]. All these experiments used NRP spark discharges with
less than 1% of the flame thermal power (the flame power was up to 20 kW in these
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Figure 14: Mitigation and promotion of TAI in a swirled natural gas/air flame at
P = 1 atm (Pflame = 41 kW, ϕ = 0.62). Pressure spectrum without discharge
(black). Pressure spectra in the closed loop control cases, at maximum amplification
(blue) and maximum attenuation (red) of the pressure oscillations. PRF = 30 kHz,
Pplasma = 90 W. Adapted from Moeck et al. [85].

27

Page 27 of 84 AUTHOR SUBMITTED MANUSCRIPT - PSST-107025.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



works). The discharges were applied continuously (not in burst mode) at the base of
the flame, through the shear layers of the swirling flow, between a central electrode
and the metallic combustor wall. In all cases, the TAI was strongly attenuated or
nearly suppressed (factor 2 to 10 reduction of the peak pressure fluctuation ampli-
tude). As shown by Pavan et al. [92], high-energy NRP sparks are more efficient
at reducing the pressure oscillations than low energy streamers. Following this ob-
servation, Shanbhogue et al. [22] reduced the interelectrode gap of their previous
work [91] to enforce the formation of sparks during each voltage pulse. With this
modified setup, NRP discharge actuation was successful in fully suppressing insta-
bilities across a wide range of equivalence ratios, with best reduction by as much as
23 dB, as shown in figure 15. Furthermore, Shanbhogue et al. [91] also devised an
open-loop control strategy based on a reduced-order model to compute the acoustic
fluctuations. They included the acoustic energy flux brought into the system by the
discharges, describing it by an empirical function of the PRF. They then provided a
simple state-space model to control the TAI by acting on the PRF. With this active
control method, they were able to stabilize the flame at a set maximum fluctuation
amplitude by adjusting the PRF.

These results are compiled in Table 2 along with other experimental demonstra-
tions of TAI mitigation. As with LBO extension, these results were obtained for
PRFs between 10-100 kHz and low plasma-to-flame power ratios (less than 1%).
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Figure 15: TAI suppression in methane-air flames at various fuel equivalence ratios
with NRP sparks (8.64 mJ/pulse, PRF = 9 kHz, Pplasma = 78 W, Pflame = 6 kW,
P = 1 atm). Reproduced from Shanbhogue et al. [22].
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3.3 Mechanisms of thermo-acoustic instability mitigation

As seen in the previous examples, NRP discharges can help control TAI, either when
applied in continuous mode or with bursts of pulses in phase opposition with the
pressure fluctuations. It is interesting to understand how a continuously applied
NRP discharge can help control TAI. Recent works have provided insight into this
mechanism, as discussed below, but several open questions remain.

Pavan et al. [92] examined the discharges used in the conditions of the experiments
of Shanbhogue et al. [91] with a 14-kW, atmospheric pressure, methane/air swirled
combustor showing instabilities at 120-180 Hz. In these experiments, the discharges
were produced at the base of the flame near the injector. When applied continuously,
the discharges alternate between sequences of low-energy streamers (energy less than
100 µJ/pulse) and high-energy sparks (>13 mJ/pulse). The sparks are shown to
occur during the minimum of the pressure oscillations in the flame (figure 7a in
[92]). The sequence of spark pulses increases the HRR with a phase shifted from
the pressure fluctuations, thus providing a stabilization source. However, the reason
for the phase shift between the pressure and HRR fluctuations remains unexplained.
It is likely the result of a complex two-way interaction between the flame and the
plasma that requires further investigation [92,95]. The power deposited by the spark
pulses can be controlled by adjusting either the pulse voltage or, for more flexibility,
the pulse repetition frequency (PRF). Over the 3.5-ms duration corresponding to the
half-period of positive HRR for a TAI at 140 Hz, 3 to 300 pulses can be deposited
by varying the PRF from 1 to 100 kHz. This gives NRP discharges a considerable
range of actuation authority.

Yu et al. [88] measured the FTF of a 3-bar swirled methane-air flame with and
without NRP discharges. Without plasma, the 80-Hz heat release fluctuations at
the top and bottom of the flame were measured to be in phase, whereas they were
shifted by 180° once the plasma was applied (see Fig. 2 of [88]). Following the work
of [96] who showed that stabilization is obtained when the angular oscillations of
the bottom of the flame are in phase opposition with the flame vortex roll-up near
the top of the flame, Yu et al. [88] suggest that the angular oscillations are affected
by a plasma-induced increase in reactivity. However, the dependence of the phase
shift on the plasma parameters remains to be explained. It would also be interesting
to examine in future work how the flow velocity affects the stabilization process.
Given that the flow velocity in the burner was 12 m/s and that the flame reached
about half the combustion chamber height (which was 150 mm), the time for the
perturbations generated at the base to reach the top of the burner is 6.25 ms. This
time is exactly the half-period of the 80-Hz instability. A necessary condition for
stabilization in these conditions might be that the convection time of the plasma-
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Table 2: Experiments on thermo-acoustic instability control with NRP discharges
(pulse duration = 10 ns). The last column in this table indicates the degree of
attenuation of the thermo-acoustic instabilities. The overall sound pressure level (in
decibels) is equal to SPL (dB) = 20 log (prms/pref), with pref = 20µPa is the reference
pressure level. NG stands for natural gas. The sequential burner of Dharmaputra
2023 and 2024 [81,93] is further discussed in section 3.4.

Reference
Burner
type

Fuel
P

(bar)
Pflame Pplasma

Pplasma

Pflame

PRF
(kHz)

Instability
frequency,
amplitude

Reduction
of TAI

Lacoste
2013 [84]

Swirled
bluff-body

Methane
(ϕ = 0.7) 1 4 kW 40 W 1% 30 380 Hz,

urms = 1.3 m/s
Factor 10 on velo-
city fluctuation

Moeck
2013 [85] Swirled NG

(ϕ = 0.66) 1 43 kW 190 W,
315 W

0.44%,
0.7%

30,
50

150 Hz, 300 Pa Factor 5,
Factor >10

Moeck
2013 [85] Swirled NG

(ϕ = 0.63) 1 92 kW 190 W 0.2% 30 130 Hz, stable
flame (< 100 Pa)

Increase of TAI
up to 2200 Pa

Kim
2015 [90]

Dump
(swirl)

Methane
(ϕ =

0.8− 0.95)
1 6 kW 30 W 0.5% 15–30 150 Hz, 1000 Pa 25 dB (factor 18)

Gomez
2017 [14] LDI Methane

(ϕ = 0.66) 1 20 kW < 200 W < 1% 30 13 Hz, 2000 Pa Factor >10

Kim
2021 [89] Dump Methane,

Propane 7 20 kW < 100 W < 0.5% 5–110 200 Hz, 1600 Pa
(at 5 bar) 6–12 dB (factor 2-4)

Shanbhogue
2023 [91] Swirled Methane

(ϕ = 0.73) 1 14 kW 120 W 0.9% 9 180 Hz, 4500 Pa Factor 2 to 4

Shanbhogue
2024 [22] Swirled Methane

(ϕ = 0.7) 1 6 kW 78 W 1.3% 9 160 Hz, 1000 Pa 23 dB (factor 14)

Aravind
2024 [94]

Swirled
bluff-body

Methane
(ϕ = 0.75) 2 11.6 kW –

0.1–0.7,
0.4–1.4,
0.4–2.6

10,
30,
70

72 Hz, NA
TAI ×4 at low
power, TIN ÷2
at high power

Dharmaputra
2023 [81]

Sequential
burner

NG:H2

(90:10%)
(ϕg = 0.55?)

1 73 kW 1.1 W 0.0015% 10–40 330 Hz, 4000 Pa Factor 4

Dharmaputra
2024 [93]

Sequential
burner

NG:H2

(90:10%)
(ϕg = 0.55)

5.5 341 kW 29 W 0.008% 10 400 Hz,
15,000 Pa Factor 3
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induced perturbation is on the order of half the period of the TAI. This criterion
would impact the electrode positioning in the chamber for TAI mitigation.

Finally, as shown in the experimental and numerical work of Malé et al. [68],
further discussed in section 3.4 of this article, NRP discharges can produce plasma-
heated pockets of gas, creating a sink term of acoustic energy. This sink term is
advected to the unstable regions of the burner where it can balance the TAI oscilla-
tions.

In summary, plasmas can effectively reduce thermo-acoustic instabilities by in-
ducing HRR fluctuations that are shifted relative to the phase of the thermo-acoustic
fluctuations, both in open and closed loop actuation modes. The amount of energy
deposited during an oscillation period can be easily varied over a wide range by
adjusting the pulse repetition frequency. It should be noted that the electric field
must be above the breakdown threshold, which is about 2.6 kV/mm/bar when the
discharge is applied in gases at 300 K [97], and 0.5 kV/mm/bar when the discharges
are applied in the flame (assuming a temperature of about 1800 K, typical of lean
methane-air flames).

3.4 TAI mitigation in a model gas turbine combustor

We present in this section a demonstration of TAI control by NRP discharges in
a high-power sequential combustor representative of staged energy gas turbines.
The Constant Pressure Sequential Combustor (CPSC) is a recent breakthrough for
ground-based gas turbines, allowing power generation with ultra-low NOx emissions,
improved operability, and fuel flexibility [98, 99]. Its great fuel flexibility is an asset
for a quick decarbonation of power generation because conventional fuels can be di-
rectly replaced with new CO2 neutral fuels (biofuels), CO2 free fuels (hydrogen or
ammonia), or mixtures of natural gases and hydrogen [81].

A schematic of the model CPSC operated at ETH Zurich at atmospheric pressure
is shown in figure 16. The combustor is composed of two axially staged combustion
chambers separated by an intermediate section, called the sequential burner where
the hot gases issued from the first stage are diluted with cold air and where secondary
fuel is injected. The second stage is operated in the lean regime. The primary interest
of air dilution upstream of the sequential burner is to cool the hot gases exiting
the first stage down to a temperature slightly below the autoignition temperature,
thus delaying autoignition of the second stage while allowing the fuel injected in
the sequential burner to fully mix with the air-diluted flame products and prevent
the formation of fuel-rich pockets. The flow entering the second-stage combustion
chamber is then a well-premixed lean mixture whose combustion produces very low
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Figure 16: Schematic of the model Constant Pressure Sequential Combustor operated
at ETH Zurich. Reproduced from Shcherbanev et al. [100].

NOx emissions.
In practical operation, however, the CPSC faces two major issues that PAC seeks

to address. First, LBO may occur if the operating conditions change rapidly. Second,
TAI inherent to lean flames may develop in the two stages of the combustor. Recently,
several experimental studies were conducted in this combustor to address these two
issues. In these experiments, the first stage was injected with a lean mixture (ϕ = 0.8)
of natural gas (0.7 g/s) and air (15 g/s), producing a 35-kW flame. The hot gases
were then diluted with air (18 g/s) to decrease the mixture temperature to about
1000 K, i.e. just below the auto-ignition temperature. A mixture of natural gas
(NG) and hydrogen, with mass fractions varied from a comparatively low reactivity
fuel (LR) with 1.5% H2/98.5% NG, to a high reactivity fuel (HR) with 20% H2/80%
NG, was injected in the second stage. The global flow rate of the fuel was adjusted
to keep an overall fuel equivalence ratio close to 0.6 and thus a flame thermal power
around 37 kW in the second stage. The total thermal power in the CPSC was 72 kW
for all conditions.

A first beneficial effect of NRP discharges on flame ignition and stabilization was
demonstrated in [100]. Under the LR conditions without plasma, no ignition was
obtained in the second stage. However, it was possible to ignite and stabilize the
flame with NRP spark discharges of mean power 350 W (7 mJ/pulse at 50 kHz,
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V = 16.5 kV, gap distance of 5.1 mm, 0.5% of the flame thermal power). For the
HR conditions, the flame without plasma ignited and stabilized near the entrance of
the second stage. In that case, even a very low power NRP glow discharge of only
14 W (0.28 mJ/pulse at 50 kHz, V = 10.5 kV, 0.02% of the flame thermal power)
was sufficient to stabilize the flame. NRP spark discharges were more effective in
accelerating combustion, but they moved the ignition too far upstream into the
sequential burner, which is detrimental to NOx emissions as the fuel is not fully
premixed at the autoignition point. In summary, the LR flame can be stabilized
with about 0.5% of the flame thermal power, a typical value for PAC, and the HR
flame with a very low 0.02%, showing that blending H2 with natural gas considerably
decreases the plasma power requirements.

A second beneficial effect regarding the suppression of TAI was recently demon-
strated in an experimental and numerical LES study by the same group [68]. The
experimental conditions were close to those of the previous case, except that only the
HR case was studied. The NRP discharges had an ultra-low mean power of 3.56 W
(3.56 mJ/pulse at 10 kHz, V = 9 kV, gap distance = 8 mm, 5× 10−3% of the flame
thermal power). Without plasma, a strong TAI at 308 Hz with a pressure fluctuation
amplitude of about 4 kPa appeared in the combustor. With plasma, the TAI was
almost entirely suppressed, as shown in figure 17.

Through LES of this experiment, Malé et al. [68] and Impagnatiello [101] showed
that the NRP discharges generate HRR fluctuations (q′) in phase opposition to the
pressure fluctuations (p′) in the sequential burner. Comparing OH* emission imaging
and LES, they showed that the HRR fluctuations are due to the creation in the mixing
section of periodic ignition kernels in phase opposition with the pressure fluctuations
in that region, see figure 18. The periodic ignition kernels are then convected toward
the second stage. This effect creates a sink term in the acoustic energy balance
equation that dampens the thermo-acoustic instability in both the first and second
stage combustion chambers, as shown in figure 19. The response time of plasma-
induced stabilization was found to be about 30 ms.

As already mentioned in section 2, the choice of plasma parameters is extremely
important for stabilization. Dharmaputra et al. (figure 3 of [81]) showed that pulses
at 12.5 kV with the same average power deposited of 3 W (10 kHz @ 0.3 mJ/pulse
and 40 kHz @ 0.08 mJ/pulse) have an opposite effect on the main TAI at 308 Hz and
on a secondary TAI at 260 Hz. In both cases, the main TAI is reduced. However,
the secondary TAI is suppressed at 10 kHz, whereas at 40 kHz it is amplified. This
effect was reproduced with LES by [101]. This shows again that NRP discharges can
either stabilize a thermo-acoustically unstable system, or destabilize a stable one.

The key effects of the PRF and applied voltage are further discussed by Dharma-
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Figure 17: Power spectrum of the acoustic pressure in the first stage combustion
chamber normalized with a reference pressure of 20 µPa, with and without NRP
discharge. The amplitude peak at 308 Hz is successfully suppressed by the NRP
discharges. Pflame = 73.4 kW, Pplasma = 3.6 W. Reproduced from Male et al. [68].

Figure 18: Planar cuts of the instantaneous averaged heat release rate without (top)
and with (bottom) NRP discharges. The periodic ignition kernels created by the
discharge are convected toward the sequential combustion chamber and stabilize the
TAI. Reproduced from Impagnatiello et al. [101].
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Figure 19: Fluctuations in pressure (black lines) and volume-averaged heat release
(red lines) in the first and second stages for both experiments (top) and LES (bottom)
under application of NRP discharge. The faint lines correspond to a continuation
of the LES without plasma. The time abscissa is normalized by the period of the
instability in the experiment (τexp = 1/308 Hz ≈ 3.25 ms) and in the simulation
(τsim = 1/324 Hz ≈ 3.09 ms). Reproduced from Male et al. [68].
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putra et al. in [81]. First, they note that stabilization is not possible below a
threshold electric field (about 2.2 kV/mm in their conditions), whatever the PRF.
Above that threshold field, the PRF should be adjusted so that the q′ produced by
the discharges is sufficient to control the TAI. However, above a certain value of the
PRF, the discharges increase the NOx levels. In the experiments of Malé et al. [68],
low PRFs around 10 kHz were sufficient to stabilize the TAI without increasing the
NOx levels. At 40 kHz, the NOx penalty significantly increased (factor 2). Dharma-
putra et al. [81] attributed this strong increase to the change in morphology of the
discharge. At 10 kHz, the discharge appears as a single filament along the interelec-
trode axis. At 40 kHz, the discharge bends along the axis of the flow, which can be
attributed to the convection of the heated channel not too far from the interelectrode
axis and the next pulse following a path in this heated channel [100]. The synergy
between the multiple pulses strongly enhances the heat release, leading to increased
NOx formation. Thus, the pulse frequency must be carefully chosen.

In addition, the PRF also has a strong influence on the probability of development
of an ignition kernel by a sequence of consecutive pulses. As shown by Lefkowitz,
Ombrello and co-workers [102–106], depending on the flow velocity and pulse repe-
tition frequency, the ignition kernels may be either fully coupled, partially coupled,
or fully decoupled, as a result of constructive or destructive interferences. These
interferences were explained numerically by Tanaja et al. [64], using LES simula-
tions with the phenomenological model of Castela et al. In the partially coupled
regime, [64] showed that the shock wave produced by a pulse convectively cools the
plasma created by the previous pulse, thus reducing the ignition probability. This
effect also depends on the gap distance, the energy deposited by each pulse, and
the flow velocity. As a result, the operating parameters of the discharge must be
carefully optimized.

Finally, in recent work, Dharmaputra et al. [93] experimentally succeeded in
controlling a 400-Hz TAI in a 343-kW CPSC at pressures up to 5.5 bar, with a fuel
blend of 90% natural gas and 10% hydrogen, and with only 0.008% of the flame
thermal power.

In summary, NRP discharges have been shown to successfully reduce TAI in
representative combustion systems. The key parameters include the reduced electric
field (which must be close to breakdown), the pulse repetition frequency (high enough
to deposit enough energy, but low enough to prevent excessive NOx formation), and
the residence time from the discharge to the combustion chamber. However, the
dependence of the FTF to these parameters remains to be explained. Fortunately,
there is now sufficient fundamental knowledge to model these phenomena and carry
out numerical simulations to design optimal actuation strategies. These advances
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now open the way to demonstrations in high-power, high-pressure combustors.

4 Pollutant emissions

As already mentioned, reducing pollutant emissions is a major issue in combustion
applications. Several agencies provide regulations to control the various pollutants:
for aviation, the International Civil Aviation Organization (ICAO) currently provides
a set of regulations described by CAEP/8 [107]. The strategy to burn fuels in a well-
premixed lean regime offers many advantages, namely the reduction of NOx thanks to
the lower flame temperatures, and the reduction of soot and unburned hydrocarbons
(UHC) thanks to the higher fraction of oxidizer. However, when plasma discharges
are applied in lean flames, they create radicals and heat that can in turn adversely
affect the formation of pollutants.

4.1 Experimental observations and mitigation strategies

4.1.1 Hydrocarbon-air flames

A detailed study on the formation of pollutants (NOx, CO) in a swirl-stabilized lean
methane-air flame was conducted by Kim et al. [23]. They used DBD discharges (at
7 kV and 4 kHz) with a plasma power of 1-2% of the thermal flame power to extend
the stability and LBO limits. The effect of the discharge on the concentrations of
CO and NOx was measured as a function of the fuel equivalence ratio. Their results
are shown in figure 20. Without plasma, CO and NOx follow the same trends as
previously highlighted in figure 7, i.e. a decrease of NO as the fuel equivalence ratio
decreases, and an increase of CO when the fuel equivalence ratio approaches the
LBO limit. With plasma, the LBO limit is extended by about 10%, from ϕ = 0.56 to
ϕ = 0.50. In addition, with plasma the increase in CO occurs at a lower equivalence
ratio and the peak emission is twice lower than without plasma. This demonstrates
that plasma can be used not only to increase flame stability, but also to reduce
CO emissions. However, the DBD discharge also induces a strong penalty on the
emissions of NO (figure 7b).

It is interesting to note that NO2 represents less than 1% of the total NOx pro-
duced in NRP discharges, the rest being NO [19, 22]. Malé et al. [67] performed
numerical simulations of NOx production in the CPSC, using a NOx/combustion
chemistry mechanism with the phenomenological model of Barleon et al. [62]. The re-
sults were found to be in good agreement with the measured NO concentrations, and
the plasma-induced NO increase was primarily attributed to the reaction N(2D)+O2

= NO + O.
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Figure 20: Effect of DBD on LBO extension in a swirl-stabilized methane/air flame
at P = 1 atm. The DBD extends the LBO limit from ϕ = 0.56 to ϕ = 0.50. (a)
NOx emissions significantly increase at relatively high plasma-to-flame power ratios
(1-2%) in the DBD-stabilized flame. (b) The CO emissions, on the other hand, are
largely reduced near the LBO limit. By comparison, O3 addition has less effect on
the LBO extension and CO emissions, but a negligible penalty on NOx emissions.
Reproduced from Kim et al. [23].
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Figure 21: LBO extension and NOx emissions as a function of the BIMER-PAC
global fuel equivalence ratio (keeping ṁCH4 constant). Pflame = 50 kW, αp = 80%,
Pplasma = 0.6%× Pflame. Adapted from Blanchard et al. [110].

The production of NOx in plasma-assisted flames is highly sensitive to the plasma
discharge power. Several studies with laboratory combustors [19,21,81,84,90,108,109]
have shown that the concentration of NO increases linearly with the plasma power,
and that even with only 1% of the flame thermal power, the NOx penalty is already
significant.

To keep the NOx penalty to a low level, plasma power mitigation strategies must
be used. A trade-off must thus be found between producing enough active species
to stabilize the flames while limiting the production of NOx. A promising strategy,
proposed by Blanchard et al. [19], consists in applying NRP discharges in burst
mode, with a carefully selected sequence of on- and off-pulses. With this method,
they were able to significantly extend the LBO limit of a 50-kW methane-air flame in
the BIMER-PAC facility without NO penalty, as shown in figure 21. Interestingly,
the lowest NOx penalties reported in the literature were obtained with a plasma
power less than 0.1% of the flame thermal power [19,26,81].
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H!

Figure 22: (a) Lean blow-off limits of ammonia/air flames with and without plasma,
(b) NOx emissions without and with plasma (ϕ = 0.94). Reproduced from Choe et
al. [18].

4.1.2 Hydrogen-air flames

Under stoichiometric conditions, hydrogen-air flames produce high NOx concentra-
tions (via the thermal Zeldovich reactions) because their adiabatic temperature is
higher than hydrocarbon-air flames. However, for applications of interest, hydrogen
flames can be operated in very lean regimes (fuel equivalence ratio typically < 0.3)
where NOx emissions are low. As for hydrocarbon flames, plasma can extend the
LBO limit but this comes at the expense of an increase in NOx emissions, even
though this increase can be limited by applying pulses in burst mode [21].

4.1.3 Ammonia-air flames

The NOx emissions of ammonia-air flames follow a very different trend than in
hydrocarbon-air or hydrogen-air flames. Instead of peaking near stoichiometric con-
ditions, NOx emissions in ammonia flames can have their maximum in lean condi-
tions [111]. This is because the main mechanism of NOx production is no longer
the thermal Zeldovich mechanism, but instead the so-called fuel-bound mechanism
where the nitrogen atoms forming NO come from the fuel itself. Plasmas have been
found to be effective for both LBO extension and NOx reduction [18, 112, 113]. It
should be noted that plasmas have very different effects on NH3 flames than on hy-
drocarbon or hydrogen flames. Whereas for hydrocarbon flames increasing discharge
power improves LBO limits but worsens NOx emissions, for NH3 flames increasing
discharge power or voltage offers the benefits of both improved flame stability and
NOx reductions, as shown in figure 22
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4.2 Mechanisms of NOx formation in PAC

There are several possible routes for the formation of NO in plasma-assisted flames.
First, the plasma may increase the gas temperature and the concentration of O, N,
or OH radicals, which enhance the formation of NO via the Zeldovich reactions [114]:

N2 + O ⇌ NO + N (5)

N + O2 ⇌ NO + O (6)

N + OH ⇌ NO + H (7)

Second, NO can be formed via dissociative quenching reactions involving excited
electronic states of N2 and N, which are formed by electron-impact excitation and
dissociation of N2. We term these reactions the "excited Zeldovich reactions":

(a) N∗
2 + O → NO + N kfa = 3× 10−10 cm3/s (8)

(b) N(2D) + O2 → NO + O kfb = 1.5× 10−12

(
T

300

)0.5

cm3/s (9)

The rate constant of reaction (a) is based on measurements and simulations of O, N,
and NO densities in the afterglow of a nanosecond discharge [115, 116]. Shkurenkov
et al. attempted to explain the high NO densities measured in their experiments
by assuming a near kinetic rate for the quenching reactions involving the following
excited electronic states of N2: B3Πg, B′3Σ−

u , W3∆u, C3Πu, E3Σ+
g , a′1Σ−

u , a1Πg,
w1∆u, a′′1Σ+

g . However, further work is needed to confirm these mechanisms of NO
formation by nonequilibrium discharges.

For ammonia-air flames, the pathways of NOx formation and depletion are quite
different than with hydrocarbons or hydrogen. First, as already mentioned, NO is
mainly formed from fuel-bound nitrogen atoms. In addition, discharges can also
decrease NOx via reducing reactions. This was observed by Choe et al. [18] in
ammonia-air flames where the NRP discharges led to a strong decrease in NO emis-
sions. Compared to the 2650 ppm observed at ϕ = 0.94 in the non-assisted flame,
NO concentrations were found to decrease with increasing plasma power, down to
about 1700 ppm at the highest plasma power in their study. Choe et al. attributed
this reduction to two potential reaction pathways: 1) The HO2 formed in the plasma
region can react with NO and NO2 through reactions:

NO + HO2 → OH + NO2 (10)

NO2 + HO2 → HONO + O2 (11)
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2) NO is consumed by reactions with NH2:

NO + NH2 → NNH + OH (12)

NH2 + NO → N2 + H2O (13)

which are the key reactions of the thermal de-NOx process [117]. For detailed reviews
on NOx formation/depletion mechanisms in plasma-assisted ammonia-air flames, the
reader is referred to the articles of Shah et al. [118] and Mao et al. [119].

5 Enhancement of supersonic combustion

5.1 Supersonic combustors

Another active field of plasma-assisted combustion is the enhancement of supersonic
combustion to fly at hypersonic speeds (Mach > 5). Air-breathing hypersonic aircraft
use a scramjet engine, as illustrated in figure 23. The inlet air (≈ Mach 5) is slowed
down to supersonic speed (typically Mach 2) via a specially shaped duct. Then, fuel
is injected, mixed and burned in a constant or slightly diverging area section. The
burned gases exhaust through an expanding nozzle to provide thrust. The challenge
has often been compared to “lighting a match in a hurricane and keeping it lit for 30
minutes”.

The typical flight corridor of hypersonic aircraft is shown in figure 24. At low al-
titudes, atmospheric drag becomes important, which limits the propulsion efficiency,
and the high degree of air compression may cause excessive heating leading to struc-
tural damage. At high altitudes, the flame blows off because of the low atmospheric
oxygen density and low pressure conditions inside the combustor.

Several flight tests of scramjets were conducted in the past 20 years (figure 25).
In 2004, under the Hyper-X program, NASA conducted two successful flight exper-
iments with a hydrogen-air scramjet engine: the X-43A vehicule launched in March
2004 operated for 11 s and reached Mach 6.83, and the following attempt in Novem-
ber 2004 flew for about 10 s and reached Mach 9.68. Soon after, the US Air Force
conducted the X-51A series of flight experiments (HyTech program) with a scramjet
operating with JP7 fuel. The objective was to launch the vehicle from a B-52 aircraft,
to accelerate it to Mach 4.8 with a booster rocket, and to reach Mach 6 with the
scramjet after separation from the booster. On the fourth attempt in 2013, X-51A
accelerated to Mach 5.1 and flew for 210 s, thus demonstrating the transition from
subsonic to supersonic combustion and breaking the record for the longest-duration
hypersonic flight experiment. Although the vehicle did not reach the target velocity
of Mach 6, the program provided a wealth of experience for future missions.
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Figure 23: Schematic of a scramjet engine as part of a Turbine Based Combined
Cycle (TBCC) engine. The turbine is used to accelerate the vehicle from take-off to
Mach ≈ 3, then the dual ramjet/scramjet engine (bottom part) takes over with a
transition from ramjet to scramjet mode at flight Mach numbers between 5 and 6.
Reproduced from [120].

Comprehensive reviews of research and flight experiments with scramjet engines,
along with challenges and mitigation strategies, can be found in several reviews such
as those of Leonov (2018) [123], Cai et al. [124], Yu et al. (2020) [29] and Lv et al.
(2022) [125]. Leonov [123] identifies three main areas where plasmas can help improve
the operation of scramjet engines. These include (1) plasma-assisted ignition, and
(more importantly) flame holding, in conditions where the fuel-air temperature is
below the self-ignition threshold, (2) fuel-air mixing intensification, and (3) enhance-
ment of combustion in the transition regime from ramjet to scramjet operation, and
control of combustion instabilities. As indicated on figure 24, plasma assistance may
be most useful in the range Mach 5-6, where the transition from subsonic to su-
personic speed leads to a significant decrease of the static temperature and of the
fuel-air mixing efficiency. In addition, plasma can help extend the flight corridor to
higher altitudes, which has the advantage of reducing the environmental footprint of
water emission in the stratosphere, as the photochemical lifetime of water decreases
by a factor 3 between the altitudes of 30 and 35 km [121].

The reviews of Leonov [123] and Cai [124] provide extensive overviews of the
various plasma solutions investigated by research teams around the world. Some
of the early efforts used DC plasma torches to inject an ionized fuel mixture into
the crossflow of incoming air, and showed effective ignition at velocities up to about
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Figure 24: Flight domain of air-breathing vehicles. Regions where PAC may be
the most effective correspond to the high-altitude range and to the transition from
ramjet to scramjet operation around Mach 5-6 (purple area). q is the dynamic
pressure, q = 1

2
ρv2. The LAERTE point corresponds to the experiments of Vincent-

Randonnier et al. [121]. For reference, the highest velocities reached by the two suc-
cessful X-43A flight experiments (hydrogen-fueled) were Mach 7 at 28.5 km altitude
(March 2004) and Mach 9.6 at 36.3 km (November 2004). The X-51A Waverider
(JP7-fueled) reached Mach 5.1 at 21 km altitude May 2013. Adapted with Axel
Vincent-Randonnier from [122].
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X-43A X-51A

Figure 25: X-43A Hypersonic Experimental Vehicle (this image is stated to have been
released into the public domain. It is included within this article on that basis.) and
X-51A Waverider hypersonic flight demonstrator (this X-51A Waverider, U.S. Air
Force graphic has been obtained by the authors from the Wikimedia website, where
it is stated to have been released into the public domain. It is included within this
article on that basis.).

100 m/s. To operate at the higher speeds of scramjets, researchers have focused on
nonequilibrium filamentary discharges produced between electrodes mounted flush
to the surface of the duct.

An example from the Stanford group [126] is shown in figure 26. Sonic or subsonic
jets of hydrogen are injected through flush-mounted nozzles into an oxygen crossflow
at M = 1.7–2.3. A plasma created by a 50-kHz NRP discharge is used to ignite the
hydrogen-oxygen flame. The electrodes are also flush-mounted to minimize stagna-
tion pressure losses inside the duct. Flame ignition is obtained in a configuration
combining an upstream subsonic oblique jet and a downstream sonic transverse jet.

Leonov and co-workers [122, 123, 127–129] investigated the use of near-surface,
quasi-DC discharges between flush-mounted electrodes positioned upstream or down-
stream of the fuel injector, as shown in figures 27a-b. They later found that better
results were obtained when the quasi-DC discharges were co-located with the fuel
injector, as shown in figure 27c. In this latter configuration, called Plasma-Injection
Module (or PIM), 100-mm long plasma filaments propagate into the crossflow (figure
28). The advantage of this configuration is that the discharge chemically activates
the fuel and promotes mixing with the air flow via the streamwise vortices (figure
28b) induced by thermal inhomogeneities in the fuel jet. The filamentary channel was
characterized as a weakly nonequilibrium plasma (temperature around 3000–6000 K,
electron density around 1015 − 1016 cm−3, reduced electric field around 10 Td) pro-
ducing large amounts of radical species [127]. The filament propagates into the flow
up to a length of about 10 cm, and periodically restrikes at frequencies on the order
of a few kHz. Although the importance of nonequilibrium chemistry was shown to
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Figure 26: OH PLIF images (red) superposed with a typical schlieren image at the
same flow conditions (a) without plasma (b) with plasma (reproduced from [126]).

be more significant than the thermal effects, the relative importance of combustion
enhancement by the produced radicals and by the enhanced mixing is still an open
question.

Braun et al. [130] studied a Q-DC discharge setup with 4 PIM modules inspired
from the setup of Leonov et al. in a high-power (1-2 MW) ethylene-air scramjet
operating at a stagnation temperature and pressure of T0 = 475 K and P0 = 240 kPa.
It should be noted that the PIMs had to be located downstream of the cavity and that
the spatial extent of the gliding arcs was fairly short due to thermal and geometrical
constraints. Although the effects were limited to a narrow range of non-optimal
burning conditions, the authors were able to push the system past the threshold
of heat release required to transition from scram-mode to ram-mode with ∼8 kW
of PIM power (< 1% of the thermal power of the scramjet). A similar effect was
obtained by flowing additional fuel, but in that case the required thermal power was
higher (∼12 kW), demonstrating that the PIM system is more effective than fuel
addition to promote the transition.

Another widely studied configuration is the non-thermal multi-channel gliding
arc (MCGA) plasma. Several studies in cavity-based supersonic combustors have
shown the MCGA ability to enhance ignition and combustion [131], and to suppress
combustion mode transitions [132].

Ombrello et al. [134] demonstrated enhanced ignition and combustion in an
ethylene-air cavity at Mach 2 using nanosecond-pulsed high-frequency discharges
(NPHFDs) at PRFs in the range 1.5-300 kHz. Ignition was obtained over a wide
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(a) (b) (c)

Figure 27: Three configurations studied by Leonov and co-workers: (a) electrode
upstream of fuel injection, (b) electrode downstream of fuel injection, (c) electrode
co-located with fuel injection (reproduced from from Leonov [123]).

Figure 28: Filaments created by 3 PIM modules in the experiment of Leonov et al.
(reproduced from Leonov et al. [128]).
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Figure 29: Flush-mounted Plasma/H2-injector module producing a quasi-DC arc
discharge in a supersonic air crossflow at Mach 2 (p0 = 0.413 MPa, T0 = 1538 K) in
the LAPCAT2 Dual Mode Ramjet combustor at the LAERTE facility of ONERA.
Hydrogen jet conditions: p0 = 0.760 MPa, T0 = 303 K, jet-to-crossflow momentum
ratio: J = 2.00). The crossflow conditions are close to the minimum self-ignition
temperature at 0.4 MPa. Global fuel-equivalence ratio: ϕ = 0.18. Plasma power:
1.4 kW. Left column: instantaneous and averaged Schlieren images of the flow. Mid-
dle: photographs of the gliding arc. Right: superposition of Schlieren and discharge
images (reproduced from Vincent-Randonnier et al. [121]).
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Figure 30: 3D numerical simulation of the filamentary arc produced by a PIM module
and convected by the flow in the LAERTE facility. The contour of the white area
is the 5000 K isotherm. The simulation corresponds to the instant when the arc is
fully extended, just before restrike. Adapted from Rocamora et al. [133].

range of fuel equivalence ratios and with five times less power than with a tradi-
tional capacitive spark discharge. They attributed the improved performance to the
production of large amounts of O radicals and to the synergy between successive
pulses.

An alternative configuration to the PIM system of Leonov et al. was recently
developed by Vincent-Randonnier et al. [121] for the LAPCAT2 Dual Mode Scramjet
combustor of the LAERTE facility at ONERA. Hydrogen is injected into a supersonic
air crossflow (Mach 2) through a nozzle containing a coaxial high voltage electrode.
The coaxial injection module is mounted flush with the LAPCAT2 chamber’s wall.
A quasi-DC discharge is produced between the central electrode and the wall of the
combustor. The plasma filament extends a few centimeters into the crossflow (figure
29), with periodic restrikes as in a gliding arc. The crossflow conditions are around
the minimum self-ignition temperature (T0 = 1490 K at p0 = 0.41 MPa). The static
pressure inside the chamber is about 0.06 MPa. These conditions correspond to a
flight Mach number of 6.25 and an altitude of 32.5 km, as indicated by the point
noted LAERTE on figure 24. In a first series of tests with a plasma power of about
1.4 kW, combustion was significantly enhanced as seen from the photographs and
pressure traces of figure 31. In recent unpublished work, Vincent-Randonnier, Pilla,
and Labaune (private communication 2025) decreased the stagnation temperature
below the minimum self-ignition threshold and increased the plasma power up to
about 3 kW. In these conditions, they succeeded in sustaining combustion with the
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Figure 31: Pressure profile along the LAERTE combustor before fuel injection (black
line) and at ϕ = 0.18 before (blue), during (red) and after (green) plasma activation.
p0 = 0.41 MPa, T0 = 1490 K, ṁair = 316 g/s, ṁH2 = 1.7 g/s). Inset: photographs of
supersonic combustion without plasma (top) and with plasma (bottom). Reproduced
from Vincent-Randonnier et al. [121].

plasma on, whereas ignition was not possible without plasma. The plasma power
was less than 1.8% of the thermal power of the supersonic flame, estimated to be
around 160 kW.

In recent work, Rocamora et al. [133] performed the first LES of H2-air igni-
tion and combustion sustainment at Mach 2 with a PIM configuration. In these 3D
simulations, the dynamics of the gliding arc are computed with the restrike model
developed by Bourlet et al. [135], as shown in figure 30. The simulations also cou-
ple the thermal effects of the gliding arc with combustion kinetics, thus allowing
the study of combustion enhancement via thermal, chemical, and turbulent mixing
effects.

In addition to the selected results described in this article, it should be noted that
the number of publications on scramjet combustion has increased extremely fast in
recent years, especially from researchers in China, and it is expected that the field
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will continue to advance quickly as experimental devices and simulation tools are in
place to better understand and optimize these complex systems.

5.2 Detonation-based combustors

An alternative approach to the systems described above is to make use of a supersonic
combustion wave, a detonation, described in section 2.1.5 of the companion paper
[32]. Extensive research on this process, both fundamental and applied, has been
pushed by the development of pressure gain process propulsive systems, such as
Pulsed Detonation Engines (PDE) [136], Rotating Detonation Engines (RDE) [137],
standing oblique detonation ramjet (SODRAMJET, also known as shock-induced
combustion ramjet or SHCRAMJET, not discussed in this review). Furthermore,
fundamental understanding of the mechanisms of detonation wave formation are key
in risk-mitigation for combustion research and more specifically in the applications
listed previously. Knowing fuel-specific values of combustible concentration limits
(such as lower explosive and flammability limits), as well as the parameters that lead
to or hinder the transition to a detonation (such as temperature and concentration
gradients, critical tube dimensions, and critical energy) are important for maintaining
safe practices and handling, even in low-pressure, lean, or low-speed studies.

In the spirit of the application-focus of this work, a brief description of the work-
ing principle of each system is given. A pulsed detonation engine is a tube with one
closed-end filled with a premixed combustible gaseous mixture in which a detonation
wave is ignited. As it propagates along the tube, the wave provides thrust. The sec-
tion is then purged and the cycle repeated at high frequencies. A rotating detonation
engine is a cylindrical chamber (or annulus) in which a gaseous combustible mixture
is continuously injected. A detonation wave is ignited and rotates azimuthally close
to the injection surface, with the hot products ejected and replaced by unburned
gases, allowing the detonation to keep propagating and therefore producing thrust.
The detailed operating principle of these systems falls outside the scope of this pub-
lication and can be found in references [138,139]. These systems have the benefit of
a wide range of efficient velocity operation of the propelled device, from Mach 1.2
to 5, as well as a theoretical increased efficiency with regards to deflagration-based
propulsion systems [140]. Unlike the technologies described in the previous section,
they can also be comparatively shorter given that compression and combustion both
occur through a detonation wave. The integration of these engines into high tech-
nological readiness level (TRL) structures requires the consideration of detonation
characteristics: materials with high strength to withstand large pressure variations
and high temperatures are necessary, and efficient, reliable "at will" ignition under
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a wide range of conditions is compulsory.
Much like other combustion research, plasmas have been suggested to tackle some

of the problems for the operation of these propulsion systems. In this article, two
categories using nonequilibrium plasmas will be addressed: (i) Initiating a detonation
wave; (ii) Enhancing the propagation of a detonation wave.

5.2.1 Initiation of a detonation wave with nonequilibrium plasma

One of the key study areas in the detonation field is the method of initiation of a
detonation wave. Two processes exist: direct initiation or deflagration-to-detonation
transition (DDT). In the former, an energy source such as a spark is used to ignite
a combustible mixture, depositing sufficient energy that a blast wave is formed and
drives a detonation wave. This typically requires large amounts of energy (4 kJ spark
in stoichiometric hydrogen-air mixture at 1 bar [141]), unfeasible in practical appli-
cations given the requirements for frequent and repeated ignitions. In the latter, a
flame is ignited using much lower energies (1 mJ spark in stoichiometric propane-air
at 1 bar [142]) and then accelerated through complex multi-physics phenomena, in-
cluding but not limited to turbulence, pre-compression of the medium ahead of the
wave, roughness of the tube in which the flame propagates, concentration and tem-
perature gradients formed by the flame, pressure waves formed by its acceleration,
and number of ignition points. Since the start of the XXIst century, multiple authors
have suggested the use of various configurations of both nonequilibrium and equilib-
rium plasmas in order to ignite a detonation wave in a shorter distance and/or shorter
time as compared to sparks. Length reduction would allow for smaller propulsive
devices, while time reduction would allow for higher operating frequencies. This will
be the focus of this section.

Pioneering work in this topic was done by Starikovskiy, Rakitin and Zhukov be-
tween 2003 and 2012 [144–148] and is summarized in [149]. Through an extensive
series of experiments involving multiple fuels, over a very wide range of pressures
(from 150 mbar to 1 bar), they studied the effect of nanosecond plasmas, in sin-
gle and multi-point ignition, on the reduction of both the DDT time and distance.
Their work showed the multiple effects a nonequilibrium plasma could have on the
ignition of a detonation wave. They demonstrated shorter DDT lengths and times
for a nanosecond multi-point discharge compared to a microsecond spark discharge
despite the latter depositing almost 5 times the amount of energy (3 J in the ns,
15 J in the µs) as shown in Figure 32. They also studied different discharge types,
namely streamer, transient and spark discharges. Transient and spark discharges
were found to lead to fast and short DDT. Streamer discharges enabled the study of
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Figure 32: Variations in flame velocity for different pressures and mixtures for
nanosecond (full symbols) and microsecond ignition (empty symbols) using the same
multi-cell discharge cell (right of the figure). In propane/butane mixture, with (black)
and without (red) dilution. Reproduced from Zhukov et al. [143].

the gradient mechanism of Zeldovich [150], which led to a DDT with longer time and
equivalent length as the other discharge types but with one third of the deposited
energy. This mechanism, not to be confused with the Zeldovich mechanism of for-
mation of NOx discussed earlier in this paper, explains that, in a volume filled with a
combustible mixture susceptible to multi-stage ignition, a gradient of parameters can
be formed, and ignition will develop according to the gradient mechanism suggested
by Zeldovich [150]. In this case, under conditions of non-uniform spatial distribution
of temperature/density of chemically active species, a spontaneous combustion wave
propagates with a speed determined by the spatial inhomogeneity of the ignition
delay time. The speed of such a spontaneous wave can exceed the speed of sound
in the medium. A consequence of the development of such a scenario is the rapid
formation of shock waves and, in a particular case, detonation waves.

Around the same time, a few other groups were developing ignition methods
using nonequilibrium plasma. One such group first presented a Transient Plasma
Ignition (TPI) device in the form of a corona discharge designed [151] and tested
in conditions closer to real PDE operating conditions as compared to the previous
works, performed by Wang [152], Sinibaldi [153], Hutchenson [154], Bubsy [155],
Cathey [156] and Singleton [157] et al. in the group of Gundersen. The setup,
which consisted of an anode rod in a metallic circular tube, was designed such that
multiple streamers would be formed and propagate radially. The role of the TPI was
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evaluated in ground testing PDE facilities for a wide range of conditions, including
different fuels (hydrogen, ethylene, propane and aviation gasoline, also known as
avgas), equivalence ratios, and mass-flow rates. Results agree that in general, the
radial streamers enabled multipoint ignition, leading to fast flames driven by shocks.
When compared to spark ignition, for equivalent energy deposition, DDT distance
can be reduced by 20% and time by a factor of 2.5, while increasing the ignition
probability and extending the operability range.

They pursued more work in transient plasma igniters, such as the one developed
by Singleton et al. [158,159]. In their study, they tested two nanosecond discharges:
an 85 ns, 90 kV pulse with 800 mJ of deposited energy, referred to as a pseudo-spark
and a 12 ns, 60 kV with 180 mJ of deposited energy referred to as a transient plasma
igniter. These two igniters were tested in a real PDE configuration (ethylene-air
mixture pre-heated to 490 K, 0.35 kg/s mass flow rate, 40 Hz ignition frequency).
They varied the equivalence ratio in the range ϕ = 0.6 − 1.2 and compared the ig-
nition delay time for both discharges. They found minimal differences between the
two igniters despite the large disparity in energy deposition, except at lean condi-
tions (ϕ = 0.6) where the pseudo-spark significantly outperformed the low energy
discharge. They attributed the higher energy efficiency of the 12 ns pulse system to a
higher estimated volumetric energy. Indeed, due to its smaller size, the 12 ns igniter
was estimated to deposit 270 mJ/cm3, compared to 15 mJ/cm3. It is important to
note that when using a traditional spark, a detonation wave did not occur, hinting
that the production of active radicals is likely a key phenomenon.

Leftkowitz et al. [44] compared ignition times in a pin-to-pin configuration for a
PDE-like setup with varying equivalence ratios of ethylene-air and avgas-air. They
tested both an automotive multiple-spark discharge (MSD, 17 mJ across 3 pulses)
and NRP discharges (6-64 mJ across a range of pulses at 40 kHz). The deposited
energy had no effect on the ignition time and distance in ethylene. In avgas, however,
the NRP showed a 25% reduction of ignition time for stoichiometric mixtures at
equivalent deposited energies, and a significant extension of the limits of ignition
compared to the MSD. It is important to note however that the authors reported no
difference in the DDT time, regardless of the conditions tested.

Zheng et al. [160–162] similarly looked at ignition of a detonation wave using an
AC dielectric-barrier discharge (DBD) compared to a spark discharge for hydrogen-
air, acetylene-air, and propane-air mixtures at ϕ = 0.625. They found that the AC
DBD led to a DDT length reduction of 55% for the propane mixture, 60% for the
hydrogen mixture and 90% for the acetylene mixture, despite the lower deposited
energy in the DBD (0.2 J) compared to the spark (0.5 J). They attributed these
results to a faster shock-flame coupling thanks to the enhanced chemical kinetics
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Figure 33: Variations of DDT distance and time with increasing number of applied
pulses. Flame ignited by spark. Pre-pulses applied on a 4×500 mm DBD (1 mm gap
channel). Reproduced from Vorenkamp et al. [166].

caused by the formation of reactive radicals such a O(1D).
The above works studied the formation of a detonation wave ignited by a nonequi-

librium plasma and compared it to a thermal spark. Other authors have, however,
suggested instead to ignite the mixture with low energy igniters and to use a nonequi-
librium plasma to accelerate the DDT. For instance, Gray et al. [163, 164] studied
the effect of nanosecond plasma in a pulsed 100 kHz pin-to-ring configuration on the
flame propagation velocity and DDT length in a hydrogen-air mixture downstream
of ignition. Upon ignition with a spark, they found that for 100 applied pulses, the
propagation velocity was increased, leading to consistently successful DDT. When
the plasma was not applied, DDT never occurred and the flame propagated much
slower. This acceleration was explained by a combination of radical production and
thermal effect of the plasma as well as shock-flame interaction. They later studied
this interaction effect in a set of 8 pin-to-pin electrodes near the wall [165]. Similarly,
they found that the pulsed plasma accelerated the flame to transition velocities and
much importance was attributed to the shock-flame interaction.

Vorenkamp et al. [166, 167] experimentally studied the variation of DDT length
and time in a microchannel in a dimethyl ether (DME) oxygen mixture diluted in
argon (ϕ = 0.7). They ignited the mixture with a thermal spark and studied its
propagation through a medium which had been conditioned by a plasma formed in
a 60 cm long plane-to-plane DBD discharge with varying number of pulses. They
were able to reduce the DDT length and time quite significantly by doing this, but
this decrease was not proportional to the number of pulses past 30. Indeed, if more
pre-pulses were applied, the DDT length and time began to increase again, even
increasing past the case where no plasma was applied. This was attributed in part
to excessive partial fuel oxidation ahead of the flame, which caused heat release ahead
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of the flame. Shi et al. [168, 169] ran numerical simulations in a similar geometry
for a hydrogen and oxygen mixture and came to similar conclusions about the role
of radical production by plasma and its competition with fuel consumption. Further
experiments in a similar test-chamber are currently done by Thawko et al. [170,171],
where the role of ozone is studied for the initiation of a detonation wave based on
the gradient mechanism of Zeldovich.

The gradient mechanism of Zeldovich was also studied by Lafaurie et al. [172],
where a gradient of density of atomic oxygen is generated using nanosecond plasma in
order to reduce the DDT distance. O-TALIF measurements confirmed the formation
of a gradient of atomic oxygen in air, and its effect on DDT distance and time was
studied under action of different gradients [173].

Zhou et al. [174, 175] performed several numerical studies in order to show the
potential effect of a plane-to-plane AC DBD discharge on DDT acceleration, as well as
its relative effect for varying equivalence ratios. Their results show that the addition
of the nonequilibrium plasma leads to a reduction of the DDT length and time on
the order of 10%, with diminishing efficiency as the equivalence ratio increases past
the stoichiometric conditions.

Tropina et al. [176,177] developed a numerical study in which they compared the
DDT length and time of a propagating flame which encounters two regions of laser-
induced plasma. The comparison was done for a hydrogen-air mixture propagating
in a tube with obstacles. After these obstacles, two plasma regions are encountered
by the flame. The nonequilibrium plasma was simulated as a source of radicals, while
the equilibrium plasma was simulated by Joule heating. The radicals were found to
be more efficient at accelerating the flame and therefore decreasing the DDT distance
and time than simply heating the gas, although both had an effect.

The plasma-assisted detonation community is uniquely placed to improve the
fundamental understanding of deflagration-to-detonation transition as plasma actu-
ation allows for decoupling the complex, multi-physics phenomena initiating DDT.
For example, applying plasma to form a gradient of active radicals at ignition al-
lows for the study of gradient mechanisms of Zeldovich. This section has highlighted
the many solutions and methods used by different groups over the last two decades,
generally aimed at enhancing the DDT efficiency. Efforts have focused on obtaining
a shorter transition length or time, with a clear purpose in propulsion applications.
Insights gained over the last two decades show the importance of radical production
in flame and transition acceleration, either at or downstream from ignition. Flame-
shock coupling is a major driver of the transition, and several groups have recently
focused on the Zeldovich gradient mechanism to develop "ideal" conditions for the
transition. Ultimately, further experimental and numerical research into these topics
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will benefit both fundamental and applied understanding of the DDT.

5.2.2 Enhancing the detonability of a mixture using nonequilibrium plasma

Reliable ignition of detonations in a short time and distance is not the only techno-
logical barrier to overcome in order to implement working detonation engines. The
recent increased interest in RDEs culminated in 2021 with the first test flight of a
working rotating detonation engine to produce thrust at high altitudes [137]. How-
ever, these types of propulsive systems face issues due to their cyclical nature: the
detonation wave must propagate in a gas that is not always completely fresh due
to the remains of combustion products. In this regard, several solutions have been
studied using plasma.

Ali Cherif et al. [178, 179] studied the interactions between a detonation wave
and a nonequilibrium plasma generated in a plane-to-plane configuration. Testing
was done for mixtures of hydrogen-oxygen and methane-oxygen, with and without
argon dilution. A nanosecond discharge was applied in the "fresh" gas ahead of a
self-sustained detonation wave. When propagating in this region, the detonation
dynamics were immediately modified, as the cell size was reduced by a factor of up
to two. This was explained by the generation of radicals such as atomic oxygen and
atomic hydrogen in the discharge, leading to an increased sensitivity of the fresh
mixture to detonation propagation results. Tropina et al. [176,177] obtained similar
results in their previously described numerical studies, where the detonation cell size
decreased in half with increasing atomic oxygen concentration, due in part to the
decrease of the induction length by up to 90%.

Zhu et al. [180] implemented a nonequilibrium plasma in a ground testing RDE
facility. They compared the reliable operation of the engine for a narrow (4.75 mm)
and a wide (27 mm) combustion chamber with and without plasma. Their aim was
to enable the propagation of a detonation wave by enhancing the detonability of the
mixture from plasma active radical production. For the wide combustion chamber,
the effects of the plasma were limited due to difficulty of the discharge to close the gap
and the results were complex to interpret because the engine functioned well without
the addition of radicals. In the narrow chamber without plasma, they observed a
brief period of unstable detonation for an equivalence ratio of ϕ = 1.2. Upon igniting
the 3 kHz, 40 kV nanosecond plasma, they were able to extend the range of unstable
detonation for equivalence ratios ϕ = 1 − 1.4 and observed several detonation re-
ignition events. They explained these results with plasma kinetic modeling and a
Zeldovich Neumann Döring (ZND) detonation model showing that the plasma led to
significant cell size reduction and therefore increased detonability.
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Although fewer studies exist on detonability enhancement, all results seem to
point towards a demonstrable effect of nonequilibrium plasma to enhance the range
of propagation of a self-sustained detonation wave due to the formation of radicals.
This is a promising result for the field of propulsion, specifically to overcome potential
issues in rotating detonation engines.

In brief conclusion, the field of plasma-assisted detonation, while still emergent,
already seems to offer some solutions to practical challenges posed by supersonic
combustion. Further research is necessary into the fundamental aspects of DTT,
hopefully enabling, a more complete understanding of the mechanisms leading to
detonation formation. This could be achieved by specifically acting on a subset of
the possible phenomena, for example, gradients of concentration, leading to safer
practices and new technology development.

6 Conclusions and recommendations for future research

Intense research on plasma-assisted combustion for the past two decades has brought
a wealth of fundamental results to understand the thermal, chemical and transport
effects of plasmas in flames. Nonequilibrium plasma have been shown to be an
effective method to promote lean flame stabilization, extend operability limits, mit-
igate thermo-acoustic instabilities, and enhance supersonic combustion. They were
also shown to be energy efficient, as the required electrical power is typically be-
tween 0.001% and 1% of the flame thermal power. The systems used to produce
these plasma are typically based on solid state technologies that have the advantages
of being compact, lightweight, and power efficient. Remarkable progress has also
been accomplished in the past few years regarding numerical simulations of plasma-
assisted combustion. The effects induced by nonequilibrium discharges can now be
incorporated into the conventional computational fluid dynamics tools of the com-
bustion community, opening the way to representative simulations for the design
and optimization of plasma systems under a wide range of conditions. As a result,
these advances have attracted strong interest from the combustion community who is
currently applying nonequilibrium plasmas to various innovative staged combustion
systems representative of aircraft and power generation gas turbines to decrease NOx

emissions, improve performance, and increase fuel flexibility. Promising results were
also obtained for the enhancement of combustion in supersonic and detonation-based
engines.

Several challenges remain at this stage. First, the demonstration experiments
have been limited to pressures below 7 bars and flame powers below a few 100 kW.
However, the pressure in gas turbines can be much higher, as high pressures increase
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the combustion outlet temperature and thus the conversion efficiency. Current jet
engines operate at pressures up to 40 bars and powers on the order of 10 MW, and
for stationary gas turbines the pressure and power can be up to 30 bars and 600 MW,
respectively. As the pressure increases, electrical breakdown becomes more difficult.
In a 2000 K combustor at 40 bars, for example, the breakdown voltage across a
5 mm gap is around 80 kV. These high voltages require careful handling and may
pose electromagnetic interference issues. Adjustments may be necessary to reduce
the inter-electrode distance or to apply different voltage excitation patterns to ensure
efficient and safe operation under these high-pressure conditions. In addition, high
pressures are also associated with higher gas densities, which may have an impact on
the effectiveness of the plasma because of changes in the frequency of collisions. In
particular, nonequilibrium conditions are more difficult to sustain at high pressure
because three-body reactions are enhanced, and the plasma diameter and uniformity
decrease. Higher flame powers also mean that higher discharge powers are required.
Thus, additional efforts should be pursued to examine novel discharge types and
pulsing patterns to continue reducing the required plasma power.

Second, another challenge is to gain a better understanding of the formation
mechanisms of pollutants, particularly NOx, in plasma-assisted flames. Further work
is required to determine the discharge conditions that will allow sufficient radicals
production while minimizing the formation of NOx and other pollutants.

Third, extension to flames with synthetic fuels, hydrogen, ammonia, and mix-
tures of these fuels with conventional fossil fuels is becoming of increasing interest.
Combustion of these fuels faces similar challenges in terms of LBO and TAI as tra-
ditional fossil fuels. Although several experimental studies have shown that PAC is
also highly effective for these fuels, there are still several issues to examine, notably
the ability to control flashback with the highly reactive hydrogen flames, or to reduce
NOx in ammonia flames.

Fourth, active control strategies for the reduction of thermo-acoustic instabilities
must still be implemented. To this end, it is required to better understand the inter-
coupling between the flame, the flow and the plasma to incorporate in existing TAI
models the various discharge parameters such as plasma power, PRF, and reduced
electric field.

Fifth, demonstrations in more realistic environments, such as an annular combus-
tor or a can-combustor with high Reynolds number, multiple flames, and azimuthal
acoustic modes are still missing.

Finally, the integration of plasma systems requires more detailed investigations.
PAC systems using the electrodes already in place for device ignition, with minor
modifications, would be the ideal option to ensure drop-in solutions. However, these
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Figure 34: Typical powers and flow velocities in combustion applications. The or-
ders of magnitude are indicative. Bold frames indicate applications for which PAC
is currently being investigated. Future potential areas of interest include include
industrial kilns and furnaces.

electrodes are often placed near the combustion chamber wall, which may not be
the most effective location for PAC. Thus further work is needed to ensure effective
combustion enhancement while minimizing modifications to the chamber.

Plasma-assisted combustion shows great promise as a flexible, versatile, energy-
efficient technology to answer the issues of combustion systems with both traditional
and novel fuels. In addition to the power production and transportation applications
covered in this article, there are many other areas where PAC could potentially
bring solutions. These include notably industrial furnaces for chemical and material
processing as generally indicated in figure 34.
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Appendix: Nomenclature of NRP discharge regimes

NRP discharges can produce different plasma regimes, depending on the applied volt-
age, pulse duration, energy per pulse, and initial gas temperature and composition.
As their nomenclature can be confusing to readers not familiar with the field, we
provide here a short summary of the various types mentioned in the NRP literature.
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Streamer (or ionization wave, or corona): For a comprehensive discussion
of streamer physics and characteristics, the reader is referred to the tutorial review
of Nijdam et al. [181]. Basically, all discharges initiate with an electrode avalanche,
which corresponds to the multiplication of electrons under ionizing collisions. When
the electron number density reaches a critical value (Meek-Loeb criterion), the head
and tail of the avalanche start propagating much faster under the enhanced local field
created by space charges. A streamer is created. Typical electron number densities
in the streamer head are on the order of 1013-1015 cm−3. The degree of gas heating
is typically low (< 200 K). The speed of propagation of streamers depends on the
electric field and the gas, with typical values on the order of 1 mm/ns. If the streamer
fades before reaching the opposite electrode, the discharge takes the form of a corona,
with localized emission around the electrode. If the electric field is maintained past
the moment that the streamer has traversed the interelectrode gap (for a 10-ns pulse
applied in air in a 5 mm gap at atmospheric pressure, the streamer will cross the
gap in 5 ns, and the voltage continues to be applied for another 5 ns), the plasma
parameters become uniform across the gap and the discharge transforms into a glow
or a spark. These regimes are described next.

Glow discharge: Once the streamer has crossed the gap, conduction current
flows through the discharge. The channel undergoes Joule heating and thermal dif-
fusion cooling. If the latter dominates, the gas temperature does not increase signifi-
cantly (typically < 200 K), the electron number density stays below 1015 cm−3. The
conduction current is typically < 1 A and the deposited electric energy is typically
< 100 µJ. This regime is often referred to as an NRP glow discharge, by analogy to
DC glow discharges [182].

Spark: Above a certain pulse energy, Joule heating may dominate over diffusive
cooling of the channel after the streamer has crossed the gap. In air, the gas tem-
perature increases significantly (> 1000 K) and the electron density reaches values
between 1015 cm−3 and full ionization. Typical conduction currents are > 10 A and
the deposited energy is on the order of mJ. Three types of spark discharges can be
encountered:

Non-thermal spark: This is the case if the gas temperature increase (∼ 1000 K)
remains much below the electron temperature. Ionization increases to 1015-1017
cm−3 and significant molecular dissociation occurs. Typical examples are described
in [34,37]. In air, the diameter of the non-thermal spark is ∼ 1 mm. The plasma is in
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a state of both thermal and chemical nonequilibrium, hence the name nonequilibrium
spark.

Thermal spark: If sufficient ionization is created along the centerline of the
discharge axis (or near the electrodes), a narrow strongly ionized filament (∼ 100 µm
in diameter) appears on the axis of the discharge, as observed by [183–191]. Owing
to the high frequency of electron-ion collisions, the gas and electron temperatures
equalize during the pulse at high values on the order of 20,000 – 60,000 K. Because
the equality of Te and Tg corresponds to the definition of a thermal plasma, the
term of thermal spark was introduced in [191] to characterize this nanosecond spark
regime. It should be noted however that the plasma is not necessarily in chemical
equilibrium. The kinetic mechanism describing the transition to the thermal spark
was shown to be caused by multi-step ionization kinetics of atomic and molecular
species [192] and was numerically simulated in 2D by Zhang et al. [193].

LTE spark: If the pulse duration is longer than the characteristic time of chem-
ical reactions, the plasma can reach chemical equilibrium in addition to thermal
equilibrium during the pulse. The combination of thermal and chemical equilibrium
corresponds to Local Thermodynamic Equilibrium. Hence the name LTE spark.
The LTE spark was evidenced by Maillard et al. [194], who also characterized non-
thermal, thermal and LTE sparks in a CO2 discharge. They showed that the diameter
of the thermal and LTE sparks are on the order of 100 µm, and that they are simul-
taneously surrounded by a wider non-thermal region of diameter around 1 mm.

The frontier between the glow and spark regimes is usually clearly seen as it is ac-
companied by an abrupt and strong increase in light emission and deposited energy.
On the other hand, the frontier between the nonequilibrium and the thermal/LTE
spark is not easily observed visually, and there is practically no change in deposited
energy at the limits between the nonequilibrium, thermal, and LTE discharges. The
conduction current is practically the same in all three cases: however, the current
density in the narrow channel of LTE/thermal sparks is much higher than in the
wider channel of nonequilibrium sparks. To distinguish these regimes, it is often
necessary to resort to optical measurements of electron number density. In air, sev-
eral emission features can be used to distinguish between these regimes: N2 second
positive emission is clearly seen in nonequilibrium sparks but not in thermal/LTE
sparks, whereas the latter discharges feature prominent lines of atomic ions. Finally,
it should be noted that the thermal and LTE spark channels are surrounded by a
nonthermal spark channel [194]. Beyond their impact on the thermochemical state
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of the plasma, the various plasma regimes also influence flow dynamics with the
creation of shock waves and flow recirculation regions in the post-discharge. For pin-
to-pin NRP discharges, Roger et al. [195] provided a simple criterion; they showed
that recirculation occurs when the temperature of the plasma at the end of the pulse
is about 10 times higher than the temperature of the ambient gases surrounding the
plasma kernel (Tplasma/Tambient > 10).

Table 3 provides estimates of the plasma properties in the various regimes, based
on the aforementioned observations in ambient or preheated air and CO2 at atmo-
spheric pressure.

Table 3: Charateristics of NRP regimes in ambient gases between pin-pin electrodes
(the limits are indicative and should not be taken too strictly).

Regime
name Energy Diameter Gas heating

( +∆Tgas)
Electron number
density ( cm−3 )

Conduction
current

Corona < 1µJ – < 200 K ∼1013 − 1015 < 1 A

Glow < 100 µJ – < 200 K ∼1013 − 1015 < 1 A

Nonequilibrium
Spark ∼mJ ∼1 mm ∼1000 K ∼1015 − 1017 ∼10− 100 A

Thermal
spark ∼mJ ∼100 µm 20− 60kK

∼1019 (fully
ionized) ∼1− 100 A

LTE spark ∼mJ ∼100 µm 20− 60kK
∼ 1019 (fully

ionized) ∼10− 100 A
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