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The improvement of the ignition and combustion performance of aerospace engines under extreme
conditions such as high altitude, low temperature, low pressure, and high speed is a research topic of
broad and current interest. Plasma technology has attracted increasing attention due to its significant
potential in improving ignition and combustion performance. Scientists and engineers have conducted
numerous investigations and experiments on the use of plasma technology in aerospace engines,
especially in aviation gas turbine engines, driving the research and applications of plasma-assisted
ignition (PAI) and plasma-assisted combustion (PAC). The aim of this comprehensive review paper is to
summarize and discuss the developments and applications of PAI and PAC in the fields of aerospace
engines during the last ten years, including ignition, lean blow-out, combustion efficiency, emission,
outlet temperature distribution quality, combustion stability, and fuel distribution. This review paper
mainly focuses on experimental research progress. We also introduce new applications of PAI and PAC
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in novel aerospace engines and discuss the prospects for its practical implementation.
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1. Introduction

A combustor with a high-temperature rise and high stability
can greatly increase the thrust-to-weight ratio or power-to-weight
ratio for military aerospace engines [1]. As flight altitude increases
and the speed and stability of combustion decrease, the engine
combustor requires a relatively wide lean blow-out (LBO) bound-
ary and high-temperature rise under extreme conditions. It also
requires a temperature field with high quality at the exit of the
combustor [2]. Due to economic and environmental considera-
tions, reductions in fuel consumption and pollutant emissions are
major goals in the development of combustors for civil aviation
engines [3]. Therefore, high combustion efficiency and low pollu-
tant emissions are required. Currently, several issues of the com-
bustor, including high-altitude LBO/ignition and ignition envelopes
smaller than the flight envelope, severely limit performance im-
provements of aerospace engines [4]. Plasma technology provides
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an effective method to improve ignition and combustion perfor-
mance [5-7]. Plasma is generated by the gas discharge and the
mixed gases are easily ignited due to the temperature rise ef-
fect, chemical reactions, and aerodynamic effect [8,9]. PAC refers
to the collision processes between plasma-generated high-energy
ions/electrons and fuel molecules. The breakage of the high-carbon
chains of molecules into low-carbon chains stimulates active par-
ticles and generates a large number of reactions, which greatly
improve the combustion reaction rate and combustion efficiency
[1,10].

PAI and PAC in aerospace engines have been investigated for
an extended period. Since the 1980s, UK Rolls-Royce Holdings
PLC, UK, General Electric Company, US, Alpha Pro Tech Ltd., US,
Princeton University, US, and the Russian Institute of High Temper-
ature Physics Research have made important contributions to apply
plasma technology to the ignition, combustion, and fuel atomiza-
tion of the combustor [7]. At present, research on the PAI and PAC
is mainly focused on non-equilibrium plasma [8]. The high-energy
ions/electrons generated in non-equilibrium plasma collide with
atoms, molecules, and other particles in combustible mix gas, pro-
ducing a large number of oxygen atoms, ozone, and active particles
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Nomenclature

ACDH  assisted combustion from dilution holes NOx oxides of nitrogen

ACPH  assisted combustion from primary holes NSPD  nano-second pulsed plasma discharge

Al artificial intelligence ORZ outside recirculation zone

ANN artificial neural network OTDF  overall temperature distribution factor

ccC conventional combustion PAC plasma-assisted combustion

CRZ central recirculation zone PACA  plasma-assisted combustion actuator

gl converlmonal spark igniter PAI plasma-assisted ignition

central zone RQL rich-quench-lean

DBD dlel_ectrlc bar“e? discharge RMPI recessed multichannel plasma igniter

ECN engine comgust;\(l)g network RMS root mean square

EINOx emission index NOy L.

FGM flamelet generated manifolds RR repetltlon rate

GA genetic algorithms GAPFI gliding arc plasma fuel injec- SN SW,lrl number . .

tor TAPS twin annular premixing swirler

ICAO International Civil Aviation Organization TP transient plasma ignition

LBO lean blow-out TRL technology readiness level

LDI lean direct injection TVC trapped-vortex combustor

LPM standard liters per minute U applied voltage of plasma-assisted combustion actua-

LPP lean premixed prevaporized tor

LTO landing and take-off o the excess air coefficient

NLP natural language processing © fuel-to-air equivalence ratio
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efficiency, emission, overall temperature distribution factor (OTDF),
combustion stability, and fuel distribution. We discuss a broad
range of PAI and PAC applications in new types of aerospace en-
gines, as well as future developments and challenges. Although
numerical simulations have made contributions in the study of PAI
and PAC, detailed research is still limited, and numerical simula-
tions urgently need to be verified by experimental results. There-
fore, this review paper focuses on experimental progress.

2. Basic concepts and principles
2.1. Plasma

Plasma, partially or completely ionized gas, contains charged
ions, free radicals, electrons, various active groups, and so on [13].
It is the fourth fundamental state of matter and is essentially dif-
ferent from the rest three states of matter: solid, liquid, and gas.
Plasma can be divided into thermodynamic equilibrium and non-
equilibrium plasma. In thermodynamic equilibrium plasma, elec-
tron, ion, and gas temperatures are completely consistent, while
the electron temperature of the non-equilibrium plasma is much
higher than ion and gas temperatures. The topics of degenerated
quantum plasma and relativistic plasma are beyond the scope of
plasma dynamics for aerospace engineering. Therefore, present dis-
cussions are focused on plasma that exists around atmospheric

Density n (cm)

Fig. 1. Density-temperature diagram. Reproduced from [11].

pressure, and on mixed thermal and non-thermal conditions. De-
scription of plasma is usually by its energy state and degree of
ionization. The classification of plasma is commonly recognized
by the electron number density and temperature in electron volts
or the static temperature as displaced in Fig. 1. It shows that
non-equilibrium plasmas are characterized by weaker electron and
ion densities in comparison to neutral molecules density. They
are further characterized by a low ionization degree in contrast
with thermal plasmas. It is worth noting that in such conditions,
electron-neutral and ion-neutral collisions play important roles
(excitation, ionization, dissociation) [11]. Generally, the plasma of
interest for aerospace applications is limited to an electron num-
ber density up to 102° jcm? and an overall temperature lower than
108 K.

Due to the high temperature of the thermodynamic equilibrium
plasma, it generally can be used for combustion, cutting, welding,
and other processes [14]. A typical application in combustion is
the spark plug-assisted ignition [15]. The discharge of the spark
plug generates thermodynamic equilibrium plasma, which induces
local combustible gas molecules to be heated and ignited. How-
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ever, this method with self-producing active substances depends
on the concentration of reactants: it is hard to maintain combus-
tion under rare and extreme conditions, such as at high altitudes
and plateaus. In addition, most of the ignition energy is utilized to
heat the electrodes and working gas, resulting in lower ignition ef-
ficiency. Here, non-equilibrium plasma has much stronger kinetic
activity because electrons with higher temperature collide and in-
duce decomposition and excitation subsequently rapidly forming a
large number of active radicals, clusters, and excited particles. The
uneven temperature fields of non-equilibrium plasma are benefi-
cial to the progress of chemical reactions: high-energy electrons
quickly activate the reactant molecules and gas temperature close
to room temperature can ensure the activation of reactants with-
out additional energy [12]. Plasma-assisted ignition, with the ad-
vantages of large ignition area, high energy, short delay time, and
high success rate, broadens the ignition envelope and achieves
rapid restart at high altitude. In addition, it improves the combus-
tion efficiency and flame blow-out speed, which also expands the
lean blow-out boundary and reduces pollutant emissions. More-
over, non-equilibrium plasma has a number of other applications,
such as surface modification, material processing, microelectron-
ics engineering, nanotechnology, energy, agriculture, environment,
biomedicine, and so on [16-25].

2.2. Plasma-assisted ignition and combustion

PAI produces Joule heat by plasma discharge, which rapidly
heats the working medium to form a high-temperature jet around
3000~5000 K [26]. The temperature of the combustible mixture
around the high temperature jet rises sharply to form a large area
of activation and accelerate the ignition process. PAC uses the ac-
tive particles generated in non-equilibrium plasma discharge to
accelerate combustion particle reactions, thereby improving the
fuel combustion performance [15]. Due to different mechanisms,
a plasma igniter and a PAC exciter are two different combustor
devices, resulting in different structures and external shapes for
the combustors. Fig. 2 shows the schematic of the ignition and
combustion in an aero-engine combustor with conventional spark
combustion mode and PAI&PAC.

High energy electrons in plasma collide with atoms or mole-
cules that are excited, dissociated, and ionized to generate a large
number of active reaction components [26,28]. Moreover, plasma
excitation will also produce intermediate species not generated in
the conventional combustion system, causing a new reaction chain
to change the combustion characteristic kinetics. Plasma discharge
not only generates active components and heats the combustible
mixture but disturbs the flow field and changes the combustion
state of the gas mixture. There are three main mechanisms of PAI
and PAC: thermal effects, chemical effects (chemical dynamics),
and transport effects (aerodynamics) [29-31]. The thermal effects
refer to the ability to instantly heat the medium in the discharge
area and cause its temperature to rapidly rise (also called the tem-
perature rise effect). The chemical effect is related to electrons
colliding with air or fuel molecules, subsequently leading to the
macromolecular hydrocarbon fuel being ionized into charged ac-
tive particles with low energy, and finally to O, and N; in air being
ionized into charged active particles which can oxidize active par-
ticles, thereby accelerating the chemical chain reaction [32]. The
transport effects occur through flow field disturbance during the
plasma discharge process as follows: 1) enhance the airflow turbu-
lence in the combustor and increase the mixing of fuels and air as
well as the contact area between the flame and the fresh mixture;
2) increase the directional migration of plasma in the mixed gas to
expand the flame surface/front area and increase the propagation
speed of flame, to enhance the stability of combustion [27,33,34].
Fig. 3 shows the schematic of the major enhancement pathways
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Fig. 2. The schematic of the ignition and combustion in aero-engine combustor: (a)
Conventional spark combustion mode, (b) Plasma assisted ignition and combustion
through plasma igniter or setting up gliding arc plasma at the combustor head.
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Fig. 3. The schematic of the major enhancement pathways of plasma-assisted com-
bustion. Reproduced from [27].

of plasma-assisted combustion, it indicates that plasma excitation
generates heat, radicals, excited species, electrons/ions to induce
fuel cracking and particle transport, and their synergetic effect fur-
ther increases the fuel combustion efficiency.

3. Research progress of plasma in the combustor of aerospace
engine

3.1. Performances for aero-engine combustor
The combustor is an important component of an aerospace gas

turbine engine [35]. Its function is to release the chemical energy
in the fuel through combustion with air entering the engine and
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Table 1

An overview of 10-year progress on PAI and PAC in aero-engine/gas turbine combustor.
Research contents Fuel Investigation method Combustor type Year Refs.
o Temperature Methane/Air Numerical simulation Coaxial jet combustor 2020 [37]
e Vorticity
e O3
o Ignition delay time Kerosene/Air Experimental investigation Model combustor 2020 [38]
e Spontaneous emission
e Ignition process Kerosene/Air Experimental investigation Swirl combustor 2020 [39]
o Flame shape
e LBO
o CH*
e Discharge distribution Methane/Air Experimental investigation Additive-manufactured 2020 [40]

o Lift-off height
e LBO
e OH*

e Ignition and flame propagation
process

e Temperature

e Chemical reaction rate

Methane/Air

e LBO Methane/Air
o CO/NOy

e Combustion oscillation Methane/Air

simulation

e LBO Methane/Air
e Flame expansion characteristics

e Burning velocity

e Maxstein length

e Temperature
e Combustion efficiency
e OTDF

Kerosene/Air

e Discharge characteristic
e Flame shapes
o Ignition delay time

Kerosene/Air

e Temperature
e Combustion efficiency
e CO

Kerosene/Air

o Swirling flow and flame shape
o pressure fluctuation spectra
e Static flame stability and emission

Methane/Air

o Inlet air temperature

e Outlet highest temperature
o OTDF

e Ignition boundary

Kerosene/Air

Numerical simulation

Experimental investigation

Experimental and numerical

Experimental investigation

Experimental investigation

Experimental investigation

Numerical simulation

Experimental investigation

Experimental investigation

thruster combustor

100 KW low-calorie fuel 2020 [41]
combustor

Swirl-stabilized combustor 2020 [42]

Cylindrical combustor 2019 [43]

Constant volume combustor 2019 [44]

Fan-shaped aero-engine 2019 [45]
annular combustor

Model combustor 2019 [46]
Aero-engine annular 2019 [47]
combustor
Realistic gas turbine combustor 2019 [48]
Aero-engine reverse-flow 2019 [49]
combustor

transform it into thermal energy, leading to a rapid expansion of
the gas due to the increase in total enthalpy. High-energy gas is
able to do work in the turbine and the exhaust nozzle. From the
perspective of engineering thermodynamics, the combustor is an
energy conversion device. The combustor of an aviation gas turbine
needs to work stably in a wide range of conditions, be started reli-
ably, and allow the engine to be accelerated to the rated state in a
short time [36]. Therefore, certain performance indicators must be
met to satisfy the operating conditions of the engine. The perfor-
mance indicators of the combustor are as follows: (1) combustion
efficiency; (2) starting ignition and high-altitude re-ignition; (3)
stable working range; (4) total pressure loss coefficient; (5) outlet
temperature distribution; (6) exhaust air pollution; (7) durability;
(8) combustion instability; (9) size and structure; (10) maintain-
ability.

Due to the performance requirements of high-altitude ignition
in aero-engines, the use of plasma in the combustor of aero-
engines for ignition and combustion-supporting applications is at-
tracting increasing attention. Researchers across the globe have
carried out an extensive investigation of transport effects. Table 1

summarizes the research on PAI and combustion-supporting tech-
nology in the field of aero-engine and gas turbine combustors in
the past ten years.

3.2. Ignition performance

The ignition performance of the combustor is the first impor-
tant link in the reliable operation of an aerospace engine and
should be investigated first. The key parameter for its evaluation
is the fuel-air ratio of lean ignition. At present, common igni-
tion methods of the combustor include electric spark ignition and
plasma ignition.

Because of its small size, simple structure, and ease of use, the
spark igniter is the most widely used form of ignition [86]. It can
convert electrical energy into thermal energy in a relatively small
volume, and it can also realize a complete control of the ignition
frequency, and the duration of energy released by each discharge.
A high-energy ignition device is shown in Fig. 4. The electric spark
ignition system adopted is mainly composed of a driving power
supply, ignition coil, ignition nozzle, ignition cable, etc. The boost
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Research contents Fuel Investigation method Combustor type Year Refs.
e Emissions Kerosene/Air Experimental investigation Aero-engine annular 2019 [50]
e Combustion efficiency combustor

e Outlet temperature

o Temperature Ci2Has Experimental and numerical Can-annular combustor of gas 2019 [51]
e Lean ignition limit investigations turbine

o Discharge process

e Chemical reaction rate

e Discharge characteristics Kerosene/Air Experimental investigation GAPFI swirl combustor 2019 [52]
e Ignition limit

e LBO

o Fuel reforming/SMD

e Sequential images of flame

e Temperature Kerosene/Air Experimental investigation Fan-shaped aero-engine 2019 [53]
e Combustion efficiency annular combustor

o OTDF/RTDF

e LBO

e Rate of heat release CHg4/N; Numerical investigation Three-coaxial burner 2019 [54]
e Ignition delay time

e Temperature

e Damkohler number

e Plasma ignition voltage Ci2Hys Experimental and numerical Can-annular combustor of gas 2019 [55,56]
characteristics investigations turbine

e Ignition process

e OTDF Methane/Air Numerical simulation Semi-cylindrical bluff-body 2018 [56]
e CO combustor

e temperature

e Electrical characteristics Kerosene/Air Experimental investigation V-shaped burner 2018 [57]
e Ignition process

e Ignition delays times

e Turbulent premixed flame Methane/Air Experimental investigation Dump burner 2018 [58]
e Discharge characteristic Kerosene/Air Experimental investigation Model combustor 2018 [59]
e Spectrum characteristic

e Jet characteristic

e Ignition characteristic

e Lean ignition limits Kerosene/Air Experimental investigation Aero-engine reverse-flow 2018 [60]
o Ignition delay time combustor

o Crossfire generated

e LBO Fuel/Air Experimental investigation Lean Direct Injection (LDI) 2017 [61]
e Sequential images of flame combustor

o CO/NOy

e Combustion Dynamics

e Combustion stability Methane/Air Experimental investigation Model gas turbine combustor 2017 [62]
e NO/CO

e Combustion efficiency Kerosene/Air Experimental investigation Model combustor 2016 [63]
e LBO

e Discharge characteristic Kerosene/Air Experimental investigation Model combustor 2016 [64]
e Jet characteristic

o Process of kerosene/air mixture

igniting

e Flammability limits and flame Natural gas/Air Experimental investigation Vortex chamber 2016 [65]
structure

e Optical emission spectroscopy

e Flame dynamics and stability Methane/Air Experimental investigation Swirl-stabilized combustor 2016 [66]
e LBO

e LBO Methane/Air Experimental investigation Swirl-stabilized combustor 2016 [67]
e Flame Stabilization

e OH number density

e Spectrally Resolved Emission

e Flame stability Propane/Air Experimental investigation Swirl combustor 2015 [68]

e LBO

(continued on next page)



M. Li, Z. Wang, R. Xu et al.

Table 1 (continued)

Aerospace Science and Technology 117 (2021) 106952

Research contents Fuel Investigation method Combustor type Year Refs.

o Emissions Methane/Air Experimental investigation Dump combustor 2015 [69]

e Combustion efficiency

e Swirling flow and flame shape

e Dynamic combustion instabilities

o The effects of O3 Methane/Air Experimental and numerical Low swirl burner 2015 [70]
investigations

e Flame shape Methane/Air Experimental investigation Microburner 2015 [71]

e LBO

e Velocity Kerosene/Air Numerical investigation Single cup combustor 2015 [72]

e Temperature

e Pressure

e Turbulent kinetic energy

e Ignition delay time Hydrogen/Air Experimental investigation Plasma flow reactor 2014 [73]

e Temperature

e OH concentration

e Ignition process Propane/Air Experimental investigation Model combustor 2013 [74]

e Temperature

e Ignition delay time

e Combustion oscillations - Experimental investigation Swirl-stabilized combustor 2013 [75]

e Flame shape

o CH* Propane/Air Experimental investigation Bluff-body combustor 2013 [76]

e OH LIF

e Temperature

e Flame position/lift-off height

e NO/NO;/CO Natural gas/Air Experimental investigation Swirl-stabilized combustor 2013 [77]

o CH*

e NO,/CO Liquefied petroleum gas/Air Experimental investigation Staged combustor 2013 [78]

e Flame shape

e Ignition process Propane/Air Numerical investigation Model combustor 2013 [79]

e Temperature

e Ignition delay time

o Ignition delay time Hydrogen/Air Experimental investigation Plasma flow reactor 2013 [80,81]

e Temperature

e OH concentration

e NO,/CO/THC Liquefied petroleum gas/Air Experimental investigation Staged combustor 2012 [82]

e Flame shape

e Combustion products (0,/CO) Propane/Air Experimental investigation Model combustor 2012 [83]

e Hydroxyl radical kinetics Hydrogen/Air Experimental investigation Plasma flow reactor 2011 [84]

e Temperature - Experimental and numerical 25 MW gas turbine combustor 2011 [85]

o NOy investigation

rectification in the ignition coil is converted into a DC pulsating
current, which charges the energy storage capacitor. When the
capacitor is full, the discharge current is transmitted to the igni-
tion tip through the discharge tube, choke coil, and ignition cable,
forming a high-energy arc spark [87].

The process of electric spark ignition is as follows [87,88]. Ac-
cording to the principle of the combustor ignition and circum-
ferential flame propagation, the ignition process consists of three
stages: 1) initial fire core formation, 2) fire core expansion and
development to form a single stable swirling flame, and 3) cir-
cumferential propagation of the flame and ignition of all nozzles.
The three-stage schematic diagram of the spark ignition process is
shown in Fig. 5, and the spark ignition test process is shown in
Fig. 6.

PAI is a relatively new type of advanced ignition method, which
has great application prospects in the aerospace field and un-
der extreme conditions of ignition. Compared with the electric
spark igniter, the plasma igniter has the advantages of large dis-
charge energy, soot resistance, and especially when it is ignited, a
strengthening effect on combustion. The PAI system uses air as the

working medium, and it is mainly composed of a plasma igniter,
a driving power supply, and a gas supply system [60]. The plasma
igniter is a non-transferred arc plasma jet igniter with high fre-
quency and high voltage pulse ignition. The cathode and anode
are made of 75% tungsten copper alloy, which is resistant to high
temperature and corrosion, and has good electrical conductivity.
The working medium adopts lateral air intake. When the ignition
gas (air) passes through the channel between the cathode and the
anode, a high-temperature plasma arc is generated under the ac-
tion of the plasma power source, and it is ejected in the form of a
high-temperature jet.

The PAI process is as follows. The power supply is turned on,
and the plasma igniter ignites the gas in the combustor: (1) the
plasma generator discharge breaks down the air medium, pro-
duces a high temperature plasma jet rich in active particles, and
forms an initial high-temperature fire core; (2) the formed initial
fire nucleus ignites the mixed gas to form a secondary fire nu-
cleus; (3) the flame front propagates to the central reflux area of
the combustor, so that the combustor can be ignited, as shown in
Fig. 7.
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Fig. 8 shows a comparison of the ignition process of a kerosene/
air mixture using plasma jet ignition and electric spark igni-
tion. The flame core area is much larger during PAI than electric
spark ignition. The combustible mixture in the area around the
PAl jet is rapidly ignited, and the flame propagates to the un-
burned area at a higher speed, significantly reducing the ignition
delay.

Liu et al. studied the effect of increasing/not increasing the ac-
tive components on the ignition boundary [51]. It can be seen
from Fig. 9 that the increase of active plasma components can
significantly broaden the lean ignition boundary of the combus-
tor, indicating that the active particles play an important role in
accelerating the chemical reaction and increasing the flame prop-
agation speed. The main reason is that the active particles such
as 0, NO, and O3 in the plasma can obviously promote the igni-
tion of the fuel. In particular, the Air Force Engineering University
of China proposed a type of recessed multichannel plasma igniter
(RMPI) in three-channel and five-channel configurations [90]. Com-
pared with the conventional spark igniter (CSI), the RMPI has a
shorter ignition delay time and faster flame development, which
can effectively broaden the lean ignition boundary. A three-channel
plasma igniter can widen the lean ignition boundary by 18%, while
a five-channel igniter can broaden the ignition boundary by 31%.
Therefore, the RMPI is more capable of achieving fast and reliable
ignition.

Zhao et al. studied the influence of spark ignition and PAI on ig-
nition delay time, as shown in Fig. 10 [38]. The results show that a
plasma jet ignition delay time is much shorter than that for spark
ignition in a wide range of excess air coefficients; the minimum
plasma jet ignition delay time shows a decrease of 88.74% when
compared to spark ignition in the same experimental conditions.
The main reason is that the active particles produced by plasma
discharge can significantly increase the chemical reaction rate of
the kerosene/air mixture: the active particles participate in the
chemical reaction of combustion, accelerate the combustion reac-
tion, and shorten the ignition delay time. Moreover, related studies
have shown that the higher the concentration of active particles is,
the shorter the resulting ignition delay time becomes [55]. The ef-
fect of the PAI and PAC becomes more evident with the increase
in particle concentration [47]. Adding plasma to the combustor
can reduce the critical ignition power and critical ignition dura-
tion time to a certain extent [41].

Compared with traditional electric spark ignition, PAI has the
following advantages [91-94]. (1) Large ignition area: traditional
electric spark ignition is usually a point-to-point ignition method,
and the ignition area of PAI can be a surface or even a three-
dimensional space. A large number of ignition streams can achieve
simultaneous ignition at multiple points, significantly increasing
the reliability of PAIL (2) The ignition delay time is short. PAI
has greater ignition energy than electric spark ignition, which
can quickly increase the temperature of the combustible mixture
around the ignition area, make the combustible mixture quickly
reach the combustion reaction conditions, and shorten the igni-
tion delay time. (3) High utilization rate of ignition energy. In
traditional spark ignition, only a small part of the electric en-
ergy is converted into ignition energy, and a large amount of
electric energy is used for light emission and heating electrodes,
in comparison, most of the electric energy consumed by PAI is
used for ignition, thereby improving the utilization rate of igni-
tion energy. (4) The combustible mixture is converted into ac-
tivated particles for combustion reaction, which greatly reduces
the generation of intermediate products, makes the combustion
reaction more complete, improves the fuel utilization rate, and
greatly reduces the emission of harmful substances. (5) The igni-
tion energy can be better coupled with the combustible mixture.
The macromolecular hydrocarbon fuel in the ignition area is ion-
ized into active particles with small activation energy, which in-
creases the chemical reaction rate of the combustible mixture and
shortens the reaction time, thereby improving the ignition perfor-
mance.
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Fig. 6. Light emission during the ignition sequence of propane (top) and n-heptane (bottom) fuels. Yellow corresponds to high light intensity, and dark red represents low
light emission. Reproduced from [89]. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

flow direction =

-

Fig. 7. The processes of plasma ignition with a DC plasma jet igniter. The output voltage of the designed plasma igniter is 100-170 V which depends on the gas flow rate,
power output current, plasma gas composition, and nozzle design. Reproduced from [57].

3.3. Characteristics of lean blowout (LBO)

With the continuous increase in the thrust-to-mass ratio of
aero-engines and the increase in the fuel-air ratio of the com-
bustor, conventional combustors face greater challenges: increasing
fuel supply to achieve a high fuel-air ratio will lead to an increase
in the equivalent ratio of the main combustion zone, resulting in a
large amount of smoke in the heavy-duty state; if the smoke is re-
duced by increasing the air intake of the main combustion zone, it
will cause the poor performance of a lean blowout under the light-
duty state of the combustor. Therefore, improving the fuel-air ratio
while maintaining the LBO performance is an important issue [95].
Fig. 11 shows photos of flameout tests, where Fig. 11(a) is the test
of the PAC (¢ = 1), while Fig. 11(b) is the test of the lean blowout
limit (the excess air coefficient near the flameout).

The enhancement of the gliding arc plasma fuel injector (GAPFI)
is supposed to work via three pathways: thermal, kinetic, and
transport effects. Sequential images of flame with plasma and
without plasma at a decreasing equivalence ratio are shown in
Fig. 12. It can be seen from the figure that when there is no
plasma, the flameout phenomenon occurs when the equivalence

ratio is 0.62; and when the plasma exists, the flameout phe-
nomenon occurs when the equivalence ratio is 0.34. Here, the in-
crease in the concentration of active particles O and OH produced
during PAC can speed up the chemical reaction of kerosene com-
bustion, release more heat, improve the combustion efficiency of
aviation kerosene combustion, and expand the blowout boundary.
A broadening of the flammable range is observed with increased
applied power, as depicted in Fig. 13. Here, the flammable range
is considered as the equivalence ratio range where a visible flame
is observed. For an applied power of 390 W, the upper flamma-
bility limit is 2.2. This limit is 1.6 times greater than without
plasma. The broadening of the flammable range is a known result
in plasma-assisted combustion, and generally attributed to the “ex-
tra” energy supplied to the mixture by the plasma. Such thermal
effects can be predominant in gliding arc discharges. In addition,
some chemical effects could be considered, for example, hydrocar-
bon cracking and the NOy catalytic effect and production in the
discharge [65].

In order to investigate the ignition and LBO limits of gliding
arc plasma fuel injector (GAPFI) with plasma on and off, the GAPFI
is ignited with gliding arc discharge to obtain stable flame which
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Fig. 8. Differences between plasma ignition and electric spark ignition. The inlet air velocity in the combustor is 15 m/s, the kerosene flow rate is 0.816 L/min, the working
medium air flow rate of the Air Plasma Jet Igniter is 60 g/min, and the output current of the ignition drive power is 25 A. The output voltage of the electric spark igniter

driving power is 27 V. Reproduced from [64].

can last for 5 s; the gliding arc discharge is then turned off to
test the combustion stabilization. As shown in Fig. 14, the fuel-
lean ignition limits of GAPFI with plasma are extended near the
LBO boundary using 5°C and —30°C kerosene. This means GAPFI
can not only extend the LBO limit but also improve the ignition
to flame transition without an extinction limit within the plasma-
assisted flammable envelope [52].

Fig. 15 shows the LBO boundary map, and the area above the
LBO limit is the stable swirl flames area. When the equivalence
ratio is greater than that of LBO boundary, the swirl flame can
maintain stable combustion; when the equivalence ratio is less
than that on the LBO boundary, swirl flame extinguishment will
occur. PAC can keep the flame burning stably, indicating that the

plasma can broaden the LBO boundary. The LBO limit provides
a clear boundary that separates the area maintaining the flame
through the vortex stabilization from that in which the frame can-
not be stabilized by vortex but requires a plasma discharge to
stabilize.

Fig. 16 shows the variations of the LBO equivalence ratio with
the airflow rate. In the absence of plasma coupling, LBO is highly
dependent on the airflow rate; in the presence of plasma cou-
pling, LBO is only dependent on coupled plasma power, and has
nothing to do with the airflow rate. Fig. 16 also shows that with
the increase of plasma power, the LBO boundary becomes wider,
and the LBO at each power is significantly lower than that without
plasma.
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3.4. Combustion efficiency

Combustion efficiency is used to measure the completeness of
the conversion of chemical energy of fuel into thermal energy [96].
The higher the combustion efficiency, the higher the fuel utiliza-
tion rate. Plasma-assisted ignition and combustion have a signifi-
cant impact on the combustion efficiency of the combustor. Fig. 17
shows the combustion efficiency of conventional combustion and
PAC. PAC has higher combustion efficiency than CC under vary-
ing working conditions. Plasma discharge concentrates the energy
in an instant release, which increases the excitation intensity, pro-
duces an instantaneous sharp rise in temperature and pressure in
the discharge area, and causes strong disturbances in the flow field.
As a result, the mixing of fuel and air is enhanced, thereby increas-
ing the contact area between the flame front and fresh mixture
and achieving the goal of “transportation enhancement”.

Fig. 18(a) shows the influence of voltage and repetition rate
(RR) on combustion efficiency. The combustion efficiency was not
a strong function of the RR and voltage. However, due to the
highly non-equilibrium temperature characteristic of the nano-
second pulsed plasma discharge (NSPD), the increase of combus-
tion efficiency could be significant and on the order of 10% [69].
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(b) Test of lean blowout limit (lean fuel near flameout)

Fig. 11. Photos of the combustor in experiments. A rotating gliding arc discharge was
employed to the PACA, the discharge is driven by a sinusoidal plasma power (CTP-
2000S, Suman Electronics) with a frequency of 5-25 kHz, a modulation frequency
of 100 Hz to 1000 Hz, a maximum peak-to-peak voltage of 30 kV, a duty ratio of
10% to 99%, and a maximum output power of 500 W. Reproduced from [53].

Fig. 18(b) shows the effect of actuator position on combustion ef-
ficiency with different combustor excessive air coefficients. Firstly,
combustion efficiencies of normal combustion with different com-
bustor excessive air coefficients increased when Plasma-Assisted
Combustion Actuators (PACAs) were moved from secondary air
holes to dilution air holes. Atomized liquid kerosene in the primary
combustion zone could not be completely burned, and a portion
of unburned fuel would enter the mixing region. Secondary com-
bustion reactions occurring in the mixing region were intensified
when fresh air was introduced into the combustor through dilu-
tion air holes, which led to the combustion efficiency enhancement
[50].

In swirl combustion, the swirl number is used to describe the
strength of the swirl, which represents the aerodynamic character-
istics of swirling jets. When there is no plasma, the larger the swirl
number is, the stronger the swirl effect and the better the mixing
effect of fuel and air are, which means the higher the combustion
efficiency. For plasma combustion, the combustion efficiency of the
three swirling numbers is between 0.8-0.82, which is all larger
than the no plasma scheme. The introduction of plasma will result
in more electron collision and significantly improve the combus-
tion efficiency. Fig. 19 suggests that the improvement with NSPD
is comparable if not better than the effect of increasing SN.

Generally, the central recirculation zone (CRZ) is commonly
formed in the near field of the injector exit by the swirler and
used to stabilize the flame. A CRZ induced by the dielectric bar-
rier discharge (DBD) plasma actuation was observed in the low
swirl burner configuration (while there is no CRZ with DBD actu-
ation off), as shown in Fig. 20, which clearly demonstrated that
the mechanism of the combustion control by the plasma swirler
is mainly through the aerodynamic effect [97]. Although the above
paper only studied the variation of the CRZ flow fields and did
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Fig. 12. Sequential images of flame: (a) with plasma off and equivalence ratio decreasing to 0.62; (b) with plasma on equivalence ratio decreasing to 0.34. The effect of GAPFI
at the air flow velocity of 4.38 m/s with 5°C kerosene is taken for example. Reproduced from [52].
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Fig. 13. Flammable range of air-natural gas flow for different applied power. Image
of the plasma reactor with plasma-assisted combustion: equivalence ratio of 1.4 and
r.m.s. power of 395 W. Electrical-to-thermal power ratio of 12.3%. On the bottom
at right, a scheme of the reactor. The discharge (purple) is limited to the region
between the nozzle and the first turn of the helical electrode. The flame (blue) is
stabilized in the central axis. Reproduced from [67].

not carry out in-depth research on combustion performance (espe-
cially the combustion efficiency and NOy), we can predict that the
CRZ achieved by plasma can increase the fuel residence time in the
combustor, thus promoting complete combustion of fuel. As a re-
sult, combustion efficiency is significantly improved. In the mean-
time, it should also be noticed that the increased high-temperature
gas residence time is of no good for NOy.

3.5. Emissions

In recent years, the International Civil Aviation Organization
(ICAO) has formulated a number of emission standards to regu-
late the emission of pollutants from civil aviation engines, which
include smoke, CO, NOy, and HCs [98]. The emission standards for
NOy in particular have become increasingly stringent. The Annex
16 of the Chicago Convention promulgated by the ICAO stipulates
the standard landing and take-off cycle (LTO), which is divided
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into four stages: taxi, take-off, climb, and approach, as shown in
Fig. 21. Different amounts of emission are allowed in different
stages.

Different countries have developed plans to fabricate high-
performance and low-emission aerospace engines to reduce pollu-
tant emissions and meet the increasingly stringent environmental
protection regulations. Many low emission combustion technolo-
gies and novel combustors have been developed, such as Lean
Premixed Prevaporized (LPP) [100-103], Lean Direct Injection (LDI)
[104-108], Rich-Quench-Lean (RQL) [109-113], staged combustion
technology and Twin Annular Premixing Swirler (TAPS) combus-
tor [114-116], Trapped-vortex Combustor (TVC) [117-124], etc., as
shown in Fig. 22.

The reduction of pollutants can be achieved by PAI and PAC
technology, indicating that it is a good prospect in the field of low-
pollution combustion. Researchers have carried out a comparison
of emissions between plasma and conventional ignition, and the
results show that after the plasma is turned on, pollutant emis-
sions can be significantly reduced [56,78,82], as shown in Fig. 23
and Fig. 24.

As shown in Fig. 25, after the implementation of plasma-
assisted combustion, the region with a higher CO volume fraction
is located in the main combustion zone of the combustor and
it is significantly reduced in the downstream mixing zone. With
the PAC, the CO volume fraction level at the exit position is sig-
nificantly lower than that in the normal combustion state with-
out plasma-assisted technique, indicating that the active particles
participate in the chemical reaction of combustion in the main
combustion zone to accelerate the combustion reaction and pro-
mote the full combustion of the fuel, so that the incompletely
burned fuel remaining at the outlet is significantly reduced. Kim
et al. performed research on the influence of plasma on NOy emis-
sions (Fig. 26) [69], showing that NOy production is a linearly
increasing function with the applied voltage and plasma repetition
rate.

3.6. Outlet temperature of combustor (OTDF/RTDF)
An important development trend of aero-engine combustors is

high-temperature rise, and the quality of outlet temperature is one
of the important performance indicators of aero-engine combus-
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Fig. 14. Effect of plasma on the ignition and LBO limit using GAPFI with (a) 5°C and (b) —30°C kerosene. For the gliding arc plasma system, the steel fuel atomizer acts
as a high voltage electrode and the steel venturi nozzle is connected to the ground as an outer electrode. The plasma reactor is powered by a high voltage power supply
(CTD-1000Z) allowing a maximum voltage of 20 kV and rated power of 2000 W with AC discharge. Reproduced from [52].
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tors [125-127]. In particular, the outlet temperature distribution
and hot spot temperature play a decisive role in the performance,
life, and reliability of turbine components. The inhomogeneity of
the outlet temperature field must be reduced to ensure that the
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Fig. 17. Combustion efficiency of conventional combustion and plasma-assisted com-
bustion. (a) The discharge was driven by a sinusoidal plasma power supply with a
frequency in the range from 5-25 kHz, modulating the frequency of 100-1000 Hz,
a maximum peak-to-peak voltage of 30 kV, the duty ratio of 10-99%, and output
power of 500 W, and (b) The initial electron temperature is set by 5 eV, CH4-air
mixtures temperature is 300 K, the pressure is 101325 Pa, the inlet velocity is 10
m/s, a high-frequency sinusoidal voltage is applied to the two electrodes. Repro-
duced from [50] and [56], respectively.

turbine can operate normally in high-temperature and extreme
environments. With the continuous improvement of modern aero-
engines quality of the outlet temperature of the combustor, the
research on the characteristics of outlet temperature distribution
has also attracted more and more attention. A series of studies
have investigated the effect of PAC in the combustor. The results
show that the temperature distribution of the combustor is im-
proved when the PAC is employed.
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In general, the outlet overall temperature distribution factor
(OTDF) and the outlet radial temperature distribution factor (RTDF)
are two common indices to measure the outlet temperature distri-
bution of the combustor. OTDF refers to the ratio of the difference
between the highest total temperature and the average total tem-
perature of the combustor outlet section to the total temperature
rise of the combustor; RTDF is defined as the ratio of the differ-
ence between the highest average total radial temperature (which
is calculated by taking the arithmetic average in the circumferen-
tial direction on the total temperature of each point on the same
radius of the combustor outlet section) and the average total outlet
temperature to the temperature rise of the combustor.

Experiments have found that with the implementation of PAC,
the fuel is combusted as completely as possible in the upstream
main combustion zone [45]. In the downstream mixing zone near
the exit of the combustor, secondary air is added to mix with the
high-temperature gas uniformly, so that in PAC operating condi-
tions the degree of nonuniformity of the outlet temperature field
is smaller and the outlet temperature field is more uniform than
normal.

A Plasma-Assisted Combustion (PAC) test platform was devel-
oped to validate the feasibility of using PAC actuators to enhance
annular combustor performance. Two plans of PAC (using rotating
gliding arc discharge plasma) were designed, Assisted Combustion
from Primary Holes (ACPH) and Assisted Combustion from Dilution
Holes (ACDH). The OTDF and RTDF of the two plans can be seen
in Fig. 27. For ACPH, its OTDF and RTDF reach 0.3271 and 0.1243
respectively when « is 1 and Ug is 0 V, while its OTDF and RTDF
decrease to 0.3119 and 0.1196 respectively when Ug is 120 V. For
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ACDH, PAC decreases its OTDF and RTDF from 0.3368 and 0.1338
to 0.3289 and 0.1325, respectively [53].

The effect that improves the OTDF of ACPH is more obvious
than that of ACDH. On one hand, the fuel burns as completely as
possible in the main combustion zone, and high-temperature gas
is sufficiently far away from the combustor outlet to mix well. On
the other hand, it may be due to supplying air from primary holes
and dilution holes, which affects the original combustion in the
flame tube. The dilution holes are closer to the outlet of the com-
bustor, and the negative factor of additional air supplying affects
combustion more obviously than that in Plan A. It is clear that the
pattern factor of ACPH is more uniform and suitable for this com-
bustor than that of ACDH, but the PACA in the two schemes only
decreases the RTDF slightly [53].

Dielectric barrier discharge (DBD) plasma is a non-equilibrium
plasma, which has the advantages of a large available pressure
range, high reliability, small volume, etc. It is often used to design
plasma-assisted combustion actuators (PACA) that can be applied
to the combustor of aero-engines. The charged particles (electrons
and ions) move in DBD region and transfer momentum and energy
to neutral particles, which will enhance active particles transport,
form plasma vortexes and turbulence, generate active species, ac-
celerate chain reaction or create new chain reactions, and result in
an increase of the combustion efficiency. Usually, different types of
DBD PAC actuator are used to improve the performance of engines.
Deng et al. designed a parallel plate DBD PAC actuator for improv-
ing the reverse-flow combustor of a small realistic turboshaft aero-
engine, with the results indicating that the engineering application
of DBD PAC is feasible on the small combustor of aero-engine [49].
The OTDFs of PAC and CC are shown in Fig. 28. The uniformity of
the outlet temperature distribution is generally improved by using
PAC. The percent decrease in the OTDFs between PAC and CC was
11.1%-26.6%.

3.7. Combustion stability/oscillating combustion

Combustion oscillation is a manifestation of unstable combus-
tion [128]. In this phenomenon, the combustion parameters fluc-
tuate violently when the relationship between the internal sound
pressure in the combustor and the heat release reaches a certain
phase, and the parameters strengthen each other. On the one hand,
this oscillation can promote fuel-air mixing, enhance the mixing
effect, and facilitate the combustion in the combustor; on the other
hand, it will cause additional high-amplitude oscillations of pres-
sure, flow field, and flame, increase the thermal load, aggravate the
production of pollutants, affect the normal operation of the com-
bustor, and in serious cases would cause damage and destruction
of system components.
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As a new type of active control method in recent years, plasma
has distinct advantages compared to traditional control methods:
short delay, no moving parts or other complex structures, lower
energy consumption, and fewer pollutants; the associated ther-
mal and chemical effects can significantly affect the combustion
processes [129]. In recent years, experimentalists have found that
plasma can stabilize the flame, thereby slowing down the combus-
tion oscillation. Using plasma to control combustion oscillation in
the combustor has emerged as a valuable research topic.

Moeck et al. integrated nanosecond pulse discharge into the
swirling combustor [75]. It was found that the nanosecond pulse
discharge can significantly affect the flame shape under certain
conditions, and when the repetition frequency changes, the flame
shape will also be changed, accordingly. They also found that
adding nanosecond pulses under different conditions may reduce
oscillation in the original system (Fig. 29(a)) and may also make
the system change from a stable state to unstable oscillation
(Fig. 29(b)).

Rajasegar et al. investigated the reduction in flame dynamics
during plasma discharge. It was found that plasma strengthening
can reduce pressure fluctuations [66]. To further support the re-
duction in flame dynamics in the presence of plasma discharge,
the overall root mean square (RMS) value of the pressure fluctua-
tions (frequency integrated) for the three configurations is shown
in Fig. 30. The plasma discharge results in a significant reduction
in the pressure fluctuations in all the test cases. C1-P and C2-P
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showed an overall reduction of about 42% and 47% in RMS pressure
fluctuations when compared against their corresponding baseline
cases C1 and C2 even for the minimum plasma power addition
of 35 W. This also supports the idea that nonthermal effects of
the plasma discharge allow for stronger plasma-flame coupling at
leaner equivalence ratios. It is also observed from test case C3-P
that a progressive increase in the plasma power actually over-
energizes the flame, resulting in an undesirable increase in the
RMS pressure fluctuations.

Kim et al. studied the effects of nanosecond-pulsed plasma on
noise, heat release rate, pressure and other parameters when self-
excited oscillations occur in the combustion system and proposed
a mechanism of oscillation reduction through nanosecond-pulsed
plasma [69]. They believe that for a sudden expansion of com-
bustor, the combustion zone can be divided into two areas: the
central zone (CZ) and the outside recirculation zone (ORZ). The CZ
is less affected by flow disturbances, where the flame undergoes
relatively gentle combustion; the ORZ is greatly affected by the
vortex shedding, where the burned flame will produce larger oscil-
lations. The appearance of nanosecond-pulsed plasma changes the
shape of the flame to stabilize the combustion in the CZ, greatly
slowing down the oscillation amplitude and suppressing the com-
bustion oscillation phenomenon. The NSPD changed the shape of
the flame inside the combustor, and the base of the flame did not
move, the oscillating pressure fluctuations of the combustor could
be reduced significantly.
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3.8. Fuel reforming

The effect of plasma on fuel spray is presented in Fig. 31. The
results show that the drop sizes of kerosene spray further de-
crease via the gliding arc plasma effects of GAPFI. The ignition
limit and lean blow-out limit were largely extended. The effects
of GAPFI in fuel reforming are examined in reference [52]. The
typical detected reforming products in gas stages are presented
in Fig. 32. During gliding arc discharge, a large number of ac-
tive radicals (e.g., N2, Oz, NO, N;, N, NH, O, and OH) are gen-
erated by electron impact dissociation, collisional dissociation and
recombined dissociation effects. These electrons, ions, molecules,
and active species with high energy actively participate in split-
ting the C-H bond and C-C bond of hydrocarbon macromolecules
of kerosene during collisions and contribute to the dissociation of
hydrocarbon macromolecules into light ones with carbon num-
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ber less than 5. As shown in Fig. 32, products detected at the
gas stage include methane (CHg), ethane (CyHg), ethylene (CoHy),
acetylene (C;H;), propane (C3Hg), propylene (CzHg), allene (C3Hy),
propyne (C3Hg), and butane (C4Hg) (including three isomers: 1-
butene, isobutene, and 1,3-butadiene). Amongst these, CHy (1.26
SLM), CoH4 (1.31 SLM), and CH;, (2.30 SLM) are the major prod-
ucts. These light hydrocarbons have larger laminar flame propaga-
tion velocities and are easier to be ignited at low temperatures,
especially for olefins.

The fuel atomization effect can be more distinct by utilizing the
cracking effect of plasma, which can help improve the uniformity
of the fuel and air mixture, generate active particles that promote
the combustion chemical reaction, and thus solve the problems of
the aero-engine under special conditions [12,26,91]: slow ignition
speed, long ignition delay time, low combustion efficiency, lean
fuel flameout, high-altitude ignition, and nonuniformity in tem-
perature field at the exit of the combustor. Its features include
cracking fuel efficiently, assisting fuel atomization, generating a
large number of active particles, simple structure, and strong ver-
satility.

A large number of high-energy electrons and active particles
generated during the plasma discharge collide with the atomized
small fuel molecules, and the bonds between the high-carbon fuel
molecules are broken, forming low-carbon small molecules with a
lower “boiling point” [130]. On the one hand, the process of dis-
charging fuel oil can generate such low-carbon small molecules,
which participate in the combustion in the form of gaseous fuel
and thus can accelerate the process of combustion and flame prop-
agation, and improve the completeness of combustion; on the
other hand, the active particles generated in the discharge process,
such as oxygen atoms, ozone, ions, and active groups, participate
in the combustion reaction, increasing the rate of the chemical re-
action of combustion. Besides improving the combustion efficiency,
it also widens the range of stable combustion and LBO boundary,
improves the quality of the outlet temperature field, and reduces
pollutant emissions.
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Fig. 24. The generation of NOy, CO, and THC are compared with and without plasma. A total of 150 W of power was used for the generation of plasma. Reproduced from
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4. Application of plasma in the new aerospace engine combustor

With the development and gradual maturity of PAI and PAC
technology in aerospace engines, the use of plasma technology,
especially PAI technology, has gradually increased in several new
aerospace engines [131]. The utilization of PAI technology in
aerospace engines has many advantages, including accelerating the
physical and chemical process of fuel and oxidant combustion,
expanding the ignition concentration limit, increasing the flame
propagation speed, and significantly improving the ignition relia-
bility and combustion stability. Furthermore, plasma can be reused
multiple times in engines that require multiple starts and is an
ideal choice in the engine development stage.

4.1. Powder engine

A powder engine is an engine fuelled by metal or other high-
energy powders [132]. It has the advantages of insensitivity to
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temperature, good long-term storage, and strong environmental
adaptability. It also can be started multiple times, and the thrust
is adjustable. Powder engines with different fuel/oxidant combi-
nations can be used in different situations by adopting different
fuel/oxidant combinations. Two of the most representative powder
engines are the Al/AP powder engine and Mg/CO, powder engine
[133,134]. The Al/AP powder engine takes Al powder as fuel and
AP as oxidant. It is suitable for tasks that require long-term stor-
age, multiple starts, and adjustable thrust, such as an attitude orbit
control engine. The Mg/CO; engine takes Mg powder as fuel and
liquid CO, as oxidant. The Mg/CO, powder engine is planned for
use in rockets for Mars exploration tasks because liquid CO, can be
obtained from and produced on Mars to reduce the cost of Mars
exploration missions.

In the above-mentioned two powder engines, the processes of
AP decomposition in the AI/AP engines and the gasification of
the liquid carbon dioxide in the Mg/CO, engines consume a con-
siderable amount of heat, causing difficulties during ignition due
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to insufficient heat supply. Therefore, a powerful and reliable ig-
nition device is required to achieve multiple ignitions at differ-
ent flow rates. In the traditional scheme, one ignition engine is
used only for ignition. This solution has several problems, such
as difficulty in aligning the multiple start sequence, heavy struc-
tures, high ignition peak, and significant tailing [136]. Therefore,
Li et al. proposed a plasma igniter for the Mg/CO, powder en-
gine, as shown in Fig. 33 [135]. When the PAI start method is
used in the rocket engine, the powder-powder combustion form
is transformed into a partially active ion-powder combustion form.
This configuration substantially reduces the difficulty of engine ig-
nition and avoids the deflagration of the combustor caused by
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multiple starts and uneven mixing of the powder fuels and ox-
idizers, thereby improving the safety and convenience of engine
ignition under various working conditions [136]. In the test, the
plasma igniter showed good performance and stability during mul-
tiple ignitions, meeting the ignition requirements of powder en-
gines.

4.2. Pulse detonation engine

A pulse detonation engine is an engine whose thrust comes
from a continuous detonation wave with high temperature and
pressure that is generated by detonation [137]. Since this kind of
engine can compress gas without a compressor and other com-
ponents, it has a simple structure and thus it has a lower cost,
in addition to a high thrust-to-weight ratio. All of these advan-
tages make the pulse detonation engine a very good candidate for
aerospace vehicle power.

Wang et al. used a plasma igniter to ignite a pulse detonation
engine. The effects of the initial conditions were evaluated, includ-
ing the equivalence ratio, a temperature range of 280 K to 430
K, and a pressure range of 1 to 6 atm. Ignition delays were re-
duced by up to a factor of 5, and the deflagration-to-detonation
time was lower than in conventional capacitive discharge systems
[138].

Rodriguez et al. tested the plasma igniter system of a pulse det-
onation engine in a dynamic flow ethylene/air mixing combustor
[139], as shown in Fig. 34. The experiments showed that the tran-
sient plasma ignition (TPI) was more effective and reliable than
spark plug ignition and significantly improved the deflagration-
to-detonation transition (DDT) performance. The TPI two-electrode
concept proved to be the most effective configuration. Compared
with the capacitor discharge spark plug configuration, the DDT
distance and time were reduced by an average of 17% and 41%,
respectively.

Daniel et al. developed a miniaturized PAI device [140], as
shown in Fig. 35. The upper-left diagram shows a 12-ns transient
plasma igniter, and the lower-left diagram shows an 85-ns tran-
sient plasma ignition. On the right is a 12-ns transient plasma
igniter. The experiments showed that an ignition delay similar to
previous experiments could be achieved even if a smaller electrode
geometry and a lower energy level were used.

4.3. Pasty propellant

A paste engine is a new type of engine that combines the ad-
vantages of solid and liquid rocket motors. The solid propellant is
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modified to have a consistency similar to toothpaste. The engine
structure is simpler than that of a liquid rocket engine, and the
engine is capable of multiple starts, and the thrust is adjustable.
PAI has been widely used in paste engines, and an example is
shown in Fig. 36 [141-143]. Zhou tested three PAls: electric corona,
electric arc, and the composite operation mode of double plasma
of electric corona and electric arc [141]. He used PAls to ignite
double base pasty propellant and composite pasty propellant. The
ignition delay is shown in Table 2. Zhou thought the composite
operation mode of double plasma of electric corona and the elec-
tric arc was the best to use for the pasty propellant. The results
showed that the ignition system has high power and good reliabil-
ity. The ignition time of the composite plasma is longer than that
of the conventional ignition powder, and the initial pressure peak
in the ignition of the powder disappears. The PAl method can sat-
isfy the performance requirements of the paste engine for multiple
starts.
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Table 2
The ignition delay of different kinds of PAI [141].

PAI Ignition delay (ms)

Electric corona double base pasty propellant Fail
composite pasty propellant 297

Electric arc double base pasty propellant Fail mostly
composite pasty propellant Fail mostly

Composite (electric corona double base pasty propellant 328

and electric arc) composite pasty propellant 188

5. Prospects and challenges
5.1. Improvement in PAI and PAC technology readiness level (TRL)

Researchers conducted numerous combustor verification tests
to promote the use of plasma in actual combustors. Fig. 37 shows
the roadmap of the development and technological maturity of the
aero-engine combustor. Currently, PAI and PAC are mostly in the
TRL3-TRL4 stage, and some projects are in the design and exper-
imental stage of the full annular combustor (TRL5). On the one
hand, the use of combustor models and simplified test conditions
in experiments does not fully reproduce all physical phenomena
occurring in a real combustor. The parameters of the expansion
combustion process at high-speed airflows vary significantly, and
the influencing factors are complicated. On the other hand, there
are interactions and coupling design issues between the plasma
and the combustor. The choice of plasma type and the manner in
which it participates in the combustion process affect the plasma
performance. In addition, the ignition device in aerospace engines
is generally heavy to meet the current high ignition voltage, which
contradicts the requirement of being lightweight [63]. Therefore,
the requirements of low weight and small size of these types of
aerospace engines have not been achieved to date.

5.2. Configuration at the head of the aero-engine combustor

Currently, two main schemes exist for injecting plasma into
the combustor of aerospace engines, namely, the pre-generation
of plasma, which is then sprayed into the combustor liner, and the
addition of a plasma combustion-supporting exciter in the com-
bustor to generate plasma directly. In some configurations, the ex-
isting electric spark igniter is replaced by a plasma igniter, whereas
in others, a combustor head based on three-dimensional rotating
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sliding arc plasma is used (Fig. 38) [144]. In this new type of
combustor head, the internal/external electrodes are configured to
form the head of the three-dimensional rotating sliding arc com-
bustor without changing the existing structure of the combustor of
aerospace engines. The head of the combustor allows for PAI and
PAC, taking advantage of the use of plasma for both aspects and
achieving high-efficiency combustion of aerospace engines.

The advantage of a plasma-enhanced combustion dome is that
the discharge position is as close as possible to the main com-
bustion zone, and the generated active particles can participate in
the combustion chemical reaction as soon as it happens, reducing
the probability of active particle recombination [145]. More impor-
tantly, the atomized fuel passes through the high-energy electron
zone. The fuel gas as a mixture in this region is more conducive
to the ignition and combustion of the combustor, and it can be
more effective and reliable under broad conditions even without
the need for a traditional spark igniter on the wall of the combus-
tor liner.
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The plasma atomization nozzle designed for engineering appli-
cations of the aerospace engine combustor has to have a simple
structure, strong versatility, and provide good ignition performance
and fuel atomization. In addition, the PAI and PAC can only be
achieved by replacing the head of the original combustor liner;
thus, the structure, size, and flow distribution have to be the
same as that of the original combustor. One solution proposed in
Ref. [144] is that the swirling gas that drives the three-dimensional
rotating gliding arc plasma exciter comes from the inlet gas of
the combustor. The swirling flow is generated by a vane-type ax-
ial flow swirled at the head without the use of external bleed
air.

5.3. PAI/PAC high-fidelity multiphysics supplementary simulation model

Due to the low maturity of the current PAI/PAC technology, de-
signers are mainly concentrated on the development of exciters
and the mechanism of combustion [146-150]. The high exper-
imental cost and limitations of detection methods have largely
restricted the progress of experimental research. Therefore, nu-
merical simulation of PAI/PAC in engine combustor is gradually
becoming a research hotspot [151-156].

Plasma combustion has spanned multiple time and space
scales; therefore, it is necessary to promote the PAI/PAC numer-
ical simulation research with the advancement in multiphysics
modeling and simulation. The simulation research of plasma en-
hanced combustion mainly includes the numerical simulation of
the plasma excitation process and enhanced combustion process.
The plasma-enhanced combustion process involves the combina-
tion of plasma dynamics and combustion dynamics. It is a typical
multi-scale problem in space and time with large degrees of free-
dom, in which there is a strong coupling between electron and
electromagnetic field. Because the associated physical and chem-
ical processes are very complex, there are rigorous requirements
on the mesh quality, discrete format, and solution method. Plasma
enhanced combustion multiphysics modeling requires that elec-
tronic field, heat transfer, and turbulence were simultaneously
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coupled to simulate the fuel-air mixture, as described in Fig. 39
[56].

In current numerical simulations, the effects of plasma, which
are represented by equivalent heating zone and active particle
source term [47,72], generally enter the inlet boundary, fluid mo-
tion equation, and component transport equation without tak-
ing the plasma excitation process into account and establishing
a multiphysics-field coupling model of plasma-enhanced combus-
tion. The current DBD plasma actuation model established by com-
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Fig. 36. Experimental device for plasma ignition of a paste propellant. Reproduced
from [141].

mercial software has not been tested by experiments, and its
accuracy is not guaranteed. The classical plasma model breaks
down because the electrons move much faster than ions, the elec-
tron density in the sheath area is very low and the electric field
strength is high. This is different from the study of plasma char-
acteristics under simple conditions such as low pressure and static
environment; the environmental conditions for plasma excitation
and control combustion are very complicated, and the parame-
ters such as flow velocity and pressure vary widely. Only with
the help of high time-space resolution tests such as laser diagnosis
and high accuracy modeling and simulation can we obtain key pa-
rameters such as electron density, electron temperature, reduced
electric field, molecules in excited states, intermediate products,
and the density of active radicals, etc. [157]. The specific type of
plasma device depends on the application, and the physics gov-
erning the interaction between the plasma and the combustion
processes, which can be drastically different from each other. A
simple Venn diagram can illustrate the various interactions be-
tween plasma and combustion, as shown in Fig. 40 [158].

The simulation developed currently is generally for gaseous
fuel. The composition of kerosene liquid combustion in the
aerospace combustors is complex and it also involves atomiza-
tion, evaporation and other processes, which makes the simulation
more difficult. About the gaseous fuel, a zero-dimensional plasma-
combustion simulation model is developed to calculate the time
evolution of species and temperature in the hybrid NSD and DC
discharge [155,156]. The model integrates the plasma kinetics
solver ZDPlasKin [159] and the chemical kinetics solver CHEMKIN
using a time-splitting method. The electron energy distribution
function (EEDF) and the rate coefficients of electron impact re-
actions are calculated by a Boltzmann equation solver (BOLSIG+)
[160] incorporated into ZDPlasKin. The numerical results using the
above model agreed well with the experimental results about the
species concentration, as shown in Fig. 41, which can validate the
plasma-combustion kinetic model and the numerical methods.
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Specifically, BOLSIG+ is a Boltzmann equation solver. It pro-
vides information on collision cross sections according to electron
energy. Thus, it is widely used in plasma kinetic modeling for
many applications such as dielectric barrier discharge, nanosecond
pulse discharge, and arc discharge. The main utility of BOLSIG+ is
to obtain electron transport coefficients and collision rate coeffi-
cients from more fundamental cross section data, which can then
be used as input for fluid models.

Future research needs to address the common requirements of
PAI and PAC, establish a multiphysics coupling simulation model
for plasma excitation, develop experimentally verified high-fidelity
numerical simulation software, and provide guidance and tools for
the performance optimization of PAI and PAC.

5.4. Artificial intelligence in the field of plasma ignition and combustion

Artificial Intelligence (abbreviated as Al) is a newly emerging
science and technology that investigates and develops theories,
methods, techniques and applications for simulating and expand-
ing human intelligence. Al, as a wide-ranging branch of computer
science, attempts to understand the essence of intelligence and
build new smart machines capable of performing tasks that typi-
cally require human intelligence, i.e. they can react in a similar way
to human intelligence. Research in this field includes robotics, lan-
guage recognition, image recognition, natural language processing
(NLP), and expert systems, etc. [162-165]. Al consists of five ma-
jor branches, i.e. expert systems, artificial neural networks (ANNs),
genetic algorithms (GA), fuzzy logic and various hybrid systems,
which are combinations of two or more of the branches mentioned
previously.

Al has gained rapid advancements in many technical fields in-
cluding computer vision, speech recognition, machine learning, and
natural language processing. New technical fields such as swarm
intelligence, big data, and human-machine hybrid intelligence are
becoming research hotspots in academia and industry. Al has pen-
etrated into many areas ranging from medical care, security, to au-
tomobiles and robots, partially replacing the role of human beings.
Also, the application of Al in the field of aerospace combustion
attracts more and more attentions, as shown in Fig. 42. Artificial
intelligence for the modeling and control of combustion processes
is comprehensively reviewed [166]. It outlines an understanding of
how Al systems operate by way of presenting a number of prob-
lems in the different disciplines of combustion engineering. Results
presented in this paper, are testimony to the potential of Al as a
design tool in many areas of combustion engineering. In the ref-
erence [167], artificial neural networks (ANN) technique combined
with flamelet generated manifolds (FGM) is proposed to mitigate
the memory issue of FGM models. It is shown that the present
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ANN models can properly replicate the FGM table for most of the
species mass fractions. The network models with relative error less
than 5% are considered in RANS and LES to simulate the Engine
Combustion Network (ECN) Spray H flames. Also, Park predicted
the operation characteristics of gas turbine combustor using ANN
[168]. The predictive model was developed based on real-time op-
erating data of gas turbine. It turns out that the model can be used
for monitoring and diagnosing combustor operation.

Deep learning is a subset of a broader family of machine learn-
ing in Al that attempts to use multiple processing layers (neural
networks) consisting of complex hierarchical structures or multiple
nonlinear transformations to perform high-level abstract on data.
Deep learning can be understood as the extension and develop-
ment of neural networks. Neural networks are computing systems
with interconnected nodes that work like neurons in the human
brain and biological neural networks. Using algorithms, they can
recognize hidden patterns and correlations in raw data, cluster and
classify it, and continuously learn and improve in a similar man-
ner to living things. Zhong et al. propose a deep learning method
for solving the partial differential equations in thermal plasma
models, as illustrated in Fig. 43 [169]. In this method a deep feed-
forward neural network is constructed to surrogate the solution
of the model. They demonstrate the power of this deep learning
method by solving a 1-D arc decaying model which consists of
three cases: stationary arc, transient arc without considering radial
velocity, and transient arc with radial velocity respectively. The re-
sults show that the deep neural networks have excellent ability to
express the governing equations of thermal plasmas.

Al technology has brought about a new wave of applications
in many fields such as autonomous driving, robotics, and medi-
cal treatment, the industry of aerospace engine should explore its
possibilities. Considering the needs of industrial upgrading, Al has
many potential applications in every part of the full life cycle of
aerospace engine, and its perspective of application will also be
broader. Therefore, in the future, Al will penetrate into the field
of plasma ignition and combustion by providing a novel and pow-
erful deep leaning technique to improve the numerical simulation
method of solving plasma partial differential equations. Through
Al and big data techniques, the data analysis and machine learning
platform can be established to classify, regress and correlated the
experimental data of plasma ignition and combustion, and extract
their features, based on which a more realistic and comprehensive
plasma combustion model can be developed. Such a model and its
simulations can reduce the cost by partially replacing the expen-
sive physical tests and also verify the previously developed plasma
ignition and combustion models.
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Fig. 43. Diagram of a deep neural network for thermal plasma modeling. A large multi-layer feed-forward neural network is used to surrogate the solution of differential
equations describing thermal plasmas. A smaller neural network is used to express the plasma properties in differential equations. Reproduced from [169].

6. Concluding remarks

PAI has the following advantages. 1) The PAI source is a con-
tinuous high-temperature jet with a high energy of ignition and
high efficiency for heating the unburned mixture; therefore, PAI is
suitable for extreme environments. 2) The plasma igniter gener-
ates a high-speed jet and penetrates deep into the mixed gas. The
plasma contacts the mixed gas inside the combustor liner and the
ignition source can enter the central area of the combustor liner.
PAI requires a low fuel-air ratio and airflow speed near the igniter.
3) The high-speed hot jet enhances the turbulent pulsation inten-
sity of the airflow in the combustor and improves the mixing of
fuel and air, facilitating the rapid atomization and evaporation of
the fuel. 4) A large number of active atoms and groups generated
during the discharge of PAI reduces the activation energy of the
chemical reactions, shortens the ignition delay time, and acceler-
ates the chemical kinetics of combustion.

Plasma technology has significant technical advantages for solv-
ing the key problems of combustion in advanced aerospace en-
gines. PAI and PAC technology significantly improve the perfor-
mance of the aero-engine combustors in high-altitude and ex-
treme environments. Compared with electric spark ignition, PAI
has higher spark energy and larger penetrating power, and directly
ignites the atomized fuel. It challenges the traditional combustor
through the head swirler (generating a recirculation zone to stabi-
lize the flame). As Ref. [69] pointed out, Fig. 19 suggests that the
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improvement with NSPD is comparable if not better than the ef-
fect of increasing swirl number. This observation implies that the
NSPD may completely augment or replace the role of swirl in the
flame stabilization process. However, the complex coupling mech-
anism of the swirl flow and turbulent flame in the combustor of
the swirl combustion mode remains a cosmopolitan science puzzle
to date; at the same time, current PAI and PAC technology do not
meet the requirements of engineering applications. The reasons are
as follows. In order to improve the energy conversion efficiency
and combustion enhancement effect of plasma excitation, it is
needed to explore excitation methods with higher excitation inten-
sity and higher efficiency on the basis of existing research. In order
to have good compatibility with aircraft engines, it is necessary
to develop plasma excitation equipment with small volume, small
weight, long life, and suitable for a wide range of pressure, tem-
perature, and humidity. The current manufacturing and processing
of plasma igniter electrodes are quite difficult, and anode ablation
is a big issue. It is urgent to explore more on the global design of
the igniter and the selection and processing of electrode materials.
Electromagnetic interference is relatively large in plasma excitation
combustion, and electromagnetic pulse protection technology can-
not meet the requirements [156]. Therefore, future research should
be focused on two aspects: 1) clarify the mechanisms of swirling
turbulent combustion, and 2) investigate the physical phenomena
and internal mechanisms of PAI and PAC from multiple aspects. PAI
and PAC technology show significant prospects for engineering ap-
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plications since it provides reliable ignition and stable combustion
of aerospace engines under extreme working environments.
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