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A new pre-combustion AC plasma jet igniter has been designed. The pre-combustion
plasma jet igniter can widen the ignition envelope for the aeroengine and reduce the power
consumption of the igniter. To fully exploit the ignition efficiency of the plasma jet,
experimental studies concerning the operational parameters and the discharge and arc
motion characteristics have been performed. The results showed that three discharge
modes were formed in the new igniter, namely, the Intermittent Breakdown Mode (IBM),
the Stable BreakdownMode (SBM) and the Stable-Intermittent Breakdownmode (S-IBM),
the three different discharge modes corresponding to different arc shapes and movement
processes. Moreover, the addition of kerosene readily changed the discharge state from
the SBM to the IBM. The discharge state and discharge power of the igniter were affected
by the working parameters. The discharge power increased with increase of the output
voltage of the regulator, and an increase in the air supply affected the discharge power
when the output voltage of the regulator was varied. After the addition of kerosene, the
discharge power of the igniter was reduced to a certain extent, the maximum reduction
being up to 47.7%.
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1 INTRODUCTION

Owing to their excellent characteristics, plasma sources have been widely studied and applied in
the fields of aviation (Starikovskiy and Aleksandrov, 2013), and industrial processing (Korzec
and Nettesheim, 2020) as first proposed by Langmuir in 1923. The plasma jet is particular is
studied in the field of aeroengine ignition (Kang et al., 2018), because of its high energy and
richness in active particles (Ju and Sun, 2015; Yu et al., 2018), which can widen the ignition
boundary and shorten the ignition delay time (Matveev et al., 2005; Wang et al., 2019).

Scientists worldwide have undertaken comprehensive studies on plasma ignition technology
and obtained in-depth information on topics such as the ignition mechanism and model testing
of igniters (Starikovskaia, 2006; Leonov et al., 2010; Ombrello et al., 2010). Wagner et al. (1989)
defined the concept of the plasma jet energy density, and performed much research on the
plasma assisted ignition mechanism and flame characteristics. It was pointed out that the plasma
could significantly accelerate the chain reaction of fuel and change the chemical reaction
pathway of conventional combustion ignition. The studies of Kosarev et al. (2016) revealed that
the influence of a non-equilibrium plasma on the ignition of a C2 hydrocarbon fuel is sustained

Edited by:
Xiao Liu,

Harbin Engineering University, China

Reviewed by:
Yingwen Yan,

Nanjing University of Aeronautics and
Astronautics, China

Hui Wang,
Harbin Institute of Technology, China

*Correspondence:
Jinlu Yu

yujinlu1@163.com

Specialty section:
This article was submitted to

Advanced Clean Fuel Technologies,
a section of the journal

Frontiers in Energy Research

Received: 19 February 2022
Accepted: 21 March 2022
Published: 04 April 2022

Citation:
Cheng W, Yu J, Jiang L, Miao Q,

Zhang L and Zhao B (2022)
Experimental Study on the Working
Characteristics of a Pre-combustion

AC Plasma Jet Igniter.
Front. Energy Res. 10:879534.

doi: 10.3389/fenrg.2022.879534

Frontiers in Energy Research | www.frontiersin.org April 2022 | Volume 10 | Article 8795341

ORIGINAL RESEARCH
published: 04 April 2022

doi: 10.3389/fenrg.2022.879534

http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2022.879534&domain=pdf&date_stamp=2022-04-04
https://www.frontiersin.org/articles/10.3389/fenrg.2022.879534/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.879534/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.879534/full
http://creativecommons.org/licenses/by/4.0/
mailto:yujinlu1@163.com
https://doi.org/10.3389/fenrg.2022.879534
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2022.879534


mainly by the electronic collision products O and H atoms,
and by hydrocarbon radicals in the discharge and afterglow;
the main mechanism of these active substances is the
electronic collision dissociation of fuel and oxygen. Yin
et al. (2013) measured the temperature and OH
concentration by a no-spark discharge (NSD) in a
rectangular quartz reactor. The results show that H2

collides with electrons or excited state N2, which lead to
the aggregation of H atoms and a reduction in the ignition
temperature by about 200 K. Kim et al. (Kim et al., 2011)
discussed the influence of the fuel inlet at Mach = 2.0 on the
ignition of the plasma torch. The results showed that the high-
temperature plasma may be used as an ignition source and as a
flame stabilizer to ignite a fresh fuel mixture; also, it was found
that the combustion inlet had little affection on the
combustion performance. Billingsley et al.(Billingsley et al.,
2005) performed an experiment which was based on
traditional plasma ignition technology, and injected
kerosene obliquely into a plasma jet; thereupon, kerosene
was atomized and then ignited by the plasma jet. The
results showed that this structure was conducive to
atomization of and ignition of the kerosene. Matveev et al.
(Matveev et al., 2010) described the concept of a plasma nozzle
and presented a variety of configurations of plasma igniter and
fuel nozzle, which provided a new approach for reducing
electrode ablation and energy consumption of the igniter.

Kwonse and Dooseuk conducted a comparative study in
relation to the thermodynamic combustion reaction
processes of arc and jet plasmas (Kwonse and Dooseuk,
2018). It was found that the jet plasma had great
advantages over the arc plasma in terms of the reaction
time for combustion, the plasma volume, the energy and
transient temperature change, especially in the case of lean
combustion. The advantages of the plasma jet were
confirmed, thus providing some support for undertaking
experiments on plasma jet ignition technology in the
combustor model.

On the basis of current theories, plasma jet ignition has
been applied to various combustor models. In the conventional
turbofan engine combustor model, compared with the
conventional spark ignition technology, the plasma jet
ignition technology can greatly broaden the ignition
boundary and shorten the ignition delay time. Meanwhile,
the ignition delay time is positively correlated with the inlet
temperature of the combustor (Wang et al., 2019). In the
model of the ramjet combustor with a V-shaped flame
holder, the ignition delay time is significantly shortened for
a wide range of residual gas coefficients compared with the
spark ignition technology, and the ignition delay time is
positively correlated with the arc current of the igniter
(Zhao et al., 2020). From oil rich to oil lean, the ignition
delay time first decreases and then increases with increase of
the residual gas coefficient. In extreme cases (relatively oil lean
or oil rich), the ignition delay time increases greatly (Zhang
et al., 2018). In this research, the feasibility and superiority of
plasma jet ignition were verified by an experimental study of
the combustor model.

At present, the plasma jet igniter used in aero-engine ignition
is basically powered by DC power supply. DC power supply can
increase jet energy by increasing the arc current, but it will cause
rapid erosion of the electrode and reduce electrode life (Takita et
al., 2007). At the same time, larger and heavier airborne power
supply is needed to provide additional arc current. It is not
conducive to the promotion and application of plasma jet igniter
at the current stage. In order to reduce the igniter power without
affecting the injection energy, on the basis of the traditional
plasma jet igniter with air as working medium, AC power supply
is used to drive gliding arc discharge. Gliding arc plasma has the
advantages of balanced plasma and unbalanced plasma (Fridman
et al., 1999), which can be used as a moving ignition source (Gao
et al., 1999), and at the same time, it has less electrode ablation
(Naville et al., 1905). Kerosene is used as a pre-combustion fuel to
form a new type of pre-combustion AC plasma jet igniter.
Compared with the igniter which uses methane as the pre-
combustion fuel (Huang et al., 2018), kerosene is the own fuel
of the existing aircraft, which is easy to use. In order to fully
understand the pre-combustion AC plasma jet igniter, this
passage will focus on the working characteristics of the igniter,
which lays the foundation for the subsequent combustor model
ignition experiment.

2 EXPERIMENTAL

2.1 Pre-combustion AC Plasma Jet Igniter
The self-designed pre-combustion AC plasma jet igniter consists
of three units, that is an air supply unit, a fuel supply unit, and a
conductive system. The structure is illustrated in Figure 1. In the
air supply unit, air flows into the igniter through the air channel at
the side of the shell, which is then impacted by the hydro-cyclone.
Next, the air generates a cyclone, which is ejected from the
converging section of the igniter outlet. In the fuel supply
unit, kerosene is delivered to the igniter via the fuel inlet on
the shell, by the insulating sleeve which flows into the fuel channel
in the anode, then ejected from the hole because of the pressure
differential. Finally, kerosene is atomized forming a spray of fine
droplets. In the conductive system, the electrode interface touches
the anode by the electrode sleeve and connects to the high voltage

FIGURE 1 | Pre-combustion AC plasma jet igniter.
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output of the power source. The bottom of the shell which serves
as the cathode is connected to ground. The minimum diameter of
the igniter cathode is 14 mm, and the maximum diameter is
18 mm. The size of the igniter cathode ensure that the igniter can
be used for subsequent ignition experiments in various
combustion chambers. The diameter of the igniter outlet is
4 mm, the diameter of the anode is 4 mm, and the minimum
discharge gap between the electrodes is 3 mm. After the igniter
has been energized, the high voltage will form a powerful electric
field which is intensified between the anode and cathode and
when the electric field intensity increases to a certain level, the air
and the kerosene-air mixture will break down and form the arc.
When the fuel inlet opens, with the three systems acting in
unison, fuel and air are mixed at the igniter outlet to form an
oil-gas mixture, which is ignited by the electric arc, where upon a
pre-combustion plasma jet is formed under the action of swirling
flow, hence the combustible mixture in the combustion chamber
is ignited.

2.2 Experimental System of Discharge
Characteristics
The experimental system for studying the discharge
characteristics of the plasma igniter is shown in Figure 2. Air
is supplied by an air compressor, and the pressure is regulated by
the gas cylinder valve. The air is dried by an air dryer, then the air
flows through the flow regulating valve which is controlled by the
D08-1F mass flow control meter, finally flowing into the air
channel of the igniter. The power of the igniter is supplied by the
CTP-2000KP power unit. The maximum power output is 1 kW,
which is lower than the power of the DC plasma source. The
output power of the source can be changed by changing the
voltage of thematched voltage regulator. The fuel supply system is
self-designed and portable and can control automatically the fuel
flow. The precision of the fuel supply unit can reach 0.001 L/min;

control of fuel delivery is via an on-off solenoid valve. The
oscilloscope used was a Tektronix 4104B unit. The voltage
signal was monitored by a Tektronix P6015A high voltage
probe and the current signal was detected by a Tektronix
TCP0030 AC/DC dual purpose current probe.

3 RESULT AND DISCUSSION

3.1 Discharge Characteristics of the
Pre-combustion AC Plasma Jet Igniter
The discharge characteristics of the igniter refer in the main to the
variation in the characteristics of the voltage and electric current
responses of the igniter with time and as a function of other
variables, these characteristics reflecting the evolutionary changes
in the working power, discharge stability, voltage, and electric
current of the igniter.

3.1.1 Influence of Working Parameters on the
Discharge State
In the absence of kerosene, the voltage and current waveforms of
the igniter discharge are measured under different regulation
voltages (Ua = 40, 80, 120, 160, 200, 240 V) and different igniter
air supply rates (Wa = 10, 20, 30, 40, 50, 60 L/min). It was found
that there were three different discharge states for the igniter
under the different voltage and igniter air supply regimes. They
are Stable Breakdown Mode, Intermittent Breakdown Mode and
Stable-Intermittent Breakdown Mode.

(1) Stable Breakdown Mode

For the voltage regulatorUa = 240 V, the air supplyWa = 10 L/
min, and the discharge power of 276.0 W, the discharge
characteristics of igniter are presented in Figure 3, in which
Figure 3A is a macroscopic image of the voltage and current

FIGURE 2 | Experimental system for studying the discharge characteristics of the pre-combustion plasma jet igniter.
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waveforms; Figure 3B is an enlarged image of the gray box in
Figures 3A,C is a voltage and current waveform in a single cycle.

From the macroscopic viewpoint of the discharge voltage and
current waveforms of the igniter, the voltage waveform is regular
and zigzag, and revealing, on the whole, periodicity in the change
trend. The voltage is between −2 and 2 kV, and the current
waveform does not fluctuate abruptly. The current range is
between −0.6 and 0.6 A, and there is no particularly
prominent peak. The main reason for this is that the dielectric
property between the two electrodes changes after the igniter
breaks down, and only a low voltage is needed to maintain the
existence of the discharge channel when the arc persists. Even
when the arc is extinguished, given the lifetime of charged
particles is very short (ps order) (Itikawa, 2007), compared to
the lifetime of excited andmeta-stable particles is (μs and even ms
order) (Korolev et al., 2011; Zhao et al., 2014), the gap between the
electrodes is full of excited and meta-stable particles, and the
conductivity of electrode gap is enhanced. In the case of the time
duration for a short-lived arc, due to the existence of a similar
“memory effect”, only a relatively low voltage is needed to break
down the discharge again to generate the arc, so the peak voltage
is small.

In Figure 3B, it can be seen that the voltage peak obeys a law of
whereby the voltage increases gradually from a small value and
then there is a reversal in the voltage response which then
decreases rapidly. The positions indicated by arrows at a and
b represent the initial voltage peak in a particular change period,
and the region between a and b is the gliding period of the arc,
which has a period of 0.55 ms. The starting voltage peak at a is

797 V, the previous peak at a was 1541 V, a value which is 744 V
less; the starting voltage peak at b is 1059 V, and the previous peak
at b was 1296 V, a value which is less by 237 V. It can be
concluded that for different periods of change, although the
rules governing the changes in the peak voltage responses are
consistent, the starting peak voltages still have some differences,
and the ending peak voltages for the previous period are different
from the starting peak voltages for the next period. In going from
a to b, the peak voltage rises slowly, while the peak current
basically remains unchanged. At this stage, the increase in the
peak voltage is due to the elongation of the arc caused by the
breakdown between the two electrodes of the igniter under the
action of airflow. Tomaintain the arc, the voltage between the two
electrodes of the igniter should increase with the elongation of the
arc within the range of the maximum output power that can be
supplied by the power supply, in order to maintain the electric
field strength of the arc and further enable the arc to continue to
develop. At the same time, the arc plays a role similar to that of
the resistance of the arc. The current passes through the arc, and
the current only depends on the voltage between the two
electrodes of the igniter and the resistance value of the arc.
Under the joint action of the two, the final peak value of the
current is basically unchanged. The last voltage peak at a
corresponds to a large peak current, as shown by the circle at
c. The reason for the peak current appearing at this point is that
the arc has fully developed. After the voltage increases a certain
extent, a new arc is generated by breakdown at the shortest
electrode gap, and two arcs exist at the same time, so a prominent
peak in the current response is observed (Du, 2015).

FIGURE 3 | Discharge characteristics for the igniter at Ua = 240 V and Wa = 10 L/min. (A) Macro waveform of igniter discharge voltage and current. (B) Local
waveform of igniter discharge voltage and current. (C) Voltage and current waveforms for a single discharge cycle.
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Taking 10.623 ms in Figure 3B as the initial point and taking
one of the voltage and current cycles for analysis, as shown in
Figure 3C, it can be concluded that the duration of one cycle is
about 46 μs for the power frequency f1 = 22 kHz adopted in the
experiment. It can be seen that the discharge cycle after the igniter
breakdown is consistent with the power cycle. At the initial stage
of a cycle, with the rise of voltage, the current increases sharply. In
this breakdown event, the electron avalanche process increases,
and the number density of electrons in the arc and the
surrounding plasma increases rapidly. Because of the Joule
effect, the arc is also heated. When the voltage reaches its
peak, the electrons accelerate significantly. When the voltage
decreases, the current still increases and then reaches its
maximum value. The change between the voltage and current
is asynchronous. Under such conditions, the retardation time of
the current Δt = 8 μs. This time accounts for 17.4% of the
discharge cycle. Korolev (Korolev et al., 2011) attributed the
“hysteresis effect” of the rise in the current after the voltage
drop to a reduction in the gap resistance, which is related to the
formation of cathode spots on the arc (Zhao et al., 2013). In
Figure 3C, the voltage and current waveforms reveal periodicity,
but there are still some differences with the sinusoidal patterns,
which may be related to the change of conductivity and plasma
impedance during the discharge (Zhang et al., 2016). It can be
deduced from Figure 3B that the initial voltage peak of each cycle
of change does not start from 0, because there is only a drop in the
peak voltage, and the current always follows the voltage change
with a lag time, without the current being zero for a period of
time. Therefore, the arc can be viewed as always existing in the
whole discharge process, and the arc is not completely

extinguished at the junction of the two change cycles; there is
breakdown and a new arc is generated. In contrast, the generation
of a new arc and the extinction of the original arc occur almost at
the same time, and then the new arc is elongated under the action
of airflow, and this cycle is constantly repeating, hence the term
Stable Breakdown Mode (SBM) is used as a descriptor.

(2) Intermittent Breakdown Mode

When Ua = 40 V, Wa = 60 L/min, and the discharge power is
52.4 W, the discharge characteristics of igniter are shown in
Figure 4. In Figure 4A, compared with Figure 3A, there is a
great difference between the two modes. For the same time scale,
the current in Figure 4A no longer changes continuously in the
sinusoidal waveform, but shows intermittent peaks, which are
both positive and negative. The voltage waveform also does not
show the regular serrated edge in Figure 4A. On the whole, when
Ua = 40 V and Wa = 60 L/min, the voltage is concentrated
between −10 and 10 kV, which is much higher than that when
Ua = 240 V and Wa = 10 L/min, and the current is concentrated
between −0.8 and 0.8 A, which is the same as that when Ua =
240V and Wa = 10 L/min. There are two reasons for initially
comparing the differences in the voltage ranges. One is that the
voltage outputs of the voltage regulator are different. According
to the output characteristics of the power supply, when the power
frequency is fixed, the output power for different voltage regulator
values will be different, hence the respective peak voltages will be
different. The second reason is that the igniter is not always in a
breakdown state in accord with the current waveform. When
Ua = 40 V and Wa = 60 L/min, the airflow speed would be faster,

FIGURE 4 | Discharge characteristics of igniter when Ua = 40 V and Wa = 60 L/min. (A) Macro waveform of igniter discharge voltage and current. (B) Local
waveform of igniter discharge voltage and current. (C) Voltage and current waveforms in a single discharge cycle.
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and the “memory effect” after igniter breakdown would be
weaker. The environment when the igniter breaks down again
would be basically the same as that when igniter breaks down for
the first time, thus the breakdown voltage would basically
be equal.

To observe the local voltage and current waveforms clearly
and to ascertain the rules which govern the changes in the
discharge, it is necessary to examine the forward breakdown,
and reverse breakdown discharge waveforms shown in the gray
box in Figure 4A and amplify them to get Figure 4B. The
position indicated by the arrow at d is one of the breakdown
voltage peaks, and the breakdown voltage value is 7699 V, which
is much higher than the values 797 V at a and 1059 V at b in
Figure 3B. In the voltage waveform in Figure 4B, the increase in
the peak voltage still exists in the two breakdown processes, but
it is not as obvious as in Figure 3B; this is related to the
insufficient development of voltage over the short time
between the two breakdowns. In Figure 4B, it can be
observed clearly that the current breaks down in both the
forward and reverse processes. The light red color block
covers the discharge period between forward breakdown and
reverse breakdown, and the gray color block covers the
discharge period between two adjacent reverse breakdowns.
From the width of the two color blocks, it can be seen clearly
seen that the discharge period for breakdown in the opposite
direction is larger than that for breakdown in the same
direction. The difference between the two types of discharge
cycles comes from voltage commutation. On the one hand, the
gray color block covers two power supply cycles. On the other
hand, the red color block covers two and a half power supply

cycles, so there is a difference in the discharge cycles. It can be
seen from Figure 4A that the occurrence of the two types of
discharge cycles is random, accounting for 50% each, and the
discharge laws of the two types are basically consistent.
Figure 4C shows a discharge period in the same direction as
the breakdown. It can be seen that the discharge period is 93 µs,
which is about equal to two power supply periods. The current
also lags behind the change of voltage, but the lag time Δt = 1 μs
is smaller than Δt = 8 μs in Figure 3C, which shows that
different working parameters such as the voltage regulator
voltage and the air supply of the igniter affect the lag time.

Combining (A), (B) and (C) in Figure 4, it can be seen that the
igniter discharge mode at this time is different from the igniter
discharge mode when Ua = 240 V and Wa = 10 L/min, and the
current only periodically appears at the breakdown peak,

FIGURE 5 | Discharge characteristics of igniter when Ua = 120 V and Wa = 30 L/min. (A) Macro waveform of igniter discharge voltage and current. (B) Local
waveform of igniter discharge voltage and current. (C) Voltage and current waveforms in a single discharge cycle.

FIGURE 6 | Distribution diagram for the discharge mode under different
working conditions.
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indicating that the arc does not exist continuously, but
periodically appears intermittently along with the igniter
breakdown, hence the terminology Intermittent Breakdown
Mode (IBM).

(3) Stable-Intermittent Breakdown Mode (S-IBM)

When Ua = 120 V,Wa = 30 L/min, and the discharge power is
105.1 W, the discharge characteristics are as shown in Figure 5.
Compared with the SBM and the IBM, the peak voltage in
Figure 5A is between that of the SBM and the IBM, and the
peak current is similar for all three modes. From Figure 5B, the
peak voltage is cluttered and there is no regularity in the change in
the voltage response. The breakdown peak is prominent. In
comparison with the SBM, the regularity of the current
waveform is poor, and the breakdown peak is prominent. In
comparison with the IBM, the current response for the positive
and negative breakdown cycles alternates in the Stable-
Intermittent Breakdown Mode (S-IBM). From Figure 5C, for
a single discharge cycle, the current not only has sinusoidal
waveform typical of that for the SBM and a well-defined
breakdown peak as in the IBM, but also the breakdown peak
is significantly larger than the sinusoidal waveform. The current
delay time Δt = 1 μs is the same as that for the IBM. Given that the
working conditions for this mode of operation share some of the
characteristics of both the IBM and the SBM, this working
condition is termed the S-IBM. In this discharge mode, when
the arc continues to glide, breakdown continues to occur,
resulting in an additional peak current.

In the absence of kerosene, the discharge patterns under the
different working conditions as shown in Figure 6. When Ua =
40 V, the discharge mode of the igniter is IBM. When 10 L/min ≤
Wa ≤ 50 L/min, the discharge mode transitions from the IBM
through the S-IBM to the SBM with the increase of the igniter air
supply; also, the transition zone becomes wider with increase in
the air supply of the igniter.

When the output voltage of the voltage regulator is low, the
output power of the power supply is low, and this is not
enough to provide the energy needed for the continuous

gliding of the arc, so the IBM occurs. Under the same air
supply, with increase in the voltage regulator, the output
power of the power supply also increases. After breakdown,
the voltage margin needed to provide elongation of the arc
also becomes larger, and this condition can support the
gliding of the arc for a longer distance, and in this process,
gliding is accompanied by intermittent breakdown. Under the
condition of a low air supply, with increase in the voltage
regulator, the discharge mode can readily be changed from the
S-IBM to the SBM. The reason for this is that when the air
supply is relatively low, the cooling effect of the air flow on the
arc is weak and it is easier to produce a local thermodynamic
equilibrium (LTE) state in the plasma. The conductivity of the
arc increases, the impedance decreases and the peak value of
the current increases. Before the arc reaches the maximum
length, the output power of the power supply can guarantee a

FIGURE 7 | Changes in the igniter voltage and current before and after
introduction of kerosene for Wa = 30 L/min and Ua = 120 V.

FIGURE 8 | Distribution diagrams for the discharge modes under
different working conditions after introduction of kerosene.

FIGURE 9 | Power diagram for the igniter under various working
conditions in the absence of kerosene.
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large and stable peak value for the current. With an increase in
the air supply, the cooling effect of the air flow on the arc is
enhanced, the outlet velocity of the igniter is accelerated, and
the peak value of the sinusoidal waveform for the current is
reduced. The locally balanced plasma only exists in the early
stages of arc development. With the continuous increase in arc
length, the arc reverts into an unbalanced plasma arc, which is
more prone to intermittent breakdown, so the igniter is more
likely to change from the SBM to the S-IBM; also, the smaller
the output is for the voltage regulator, the smaller will be the
air supply for the igniter during the transition, and this shows
that the discharge mode of the igniter is determined under the
joint action of the two parameters.

When Wa = 30 L/min and Ua = 120 V, the voltage and
current changes before and after the introduction of kerosene
are presented in Figure 7. It can be observed that the voltage
and current amplitudes are greatly improved after the
introduction of kerosene, an increase of almost 200% of
that in the absence of kerosene. This result indicates that
the fuel has a great influence on the discharge waveform of
the igniter. It was also noted that the discharge state changed
for various working conditions after the introduction of
kerosene is introduced, the respective distribution diagrams
for the discharge modes being shown in Figure 8.

Compared with the corresponding working conditions in
Figure 6, it can be found that when Ua = 40 V or Ua = 240 V,
the discharge state of the igniter remains the same as the original
mode. When 40 V < Ua < 240 V, a large part of the original SBM
is changed into the S-IBM. After the introduction of kerosene, the
fuel passes through the discharge channel and interacts with the
arc generated by of the igniter breakdown. On the one hand,
kerosene is partially cracked, and this process consumes energy
from the arc. On the other hand, kerosene at normal temperature
takes away part of the heat generated by the arc, hence the arc is
cooled somewhat, and this is equivalent to increasing the air flow.
Therefore, when the power supply output is at amedium level, the
discharge state of arc changes from LTE to an unbalanced state,
which is reflected in the change of the discharge mode from the
SBM to the S-IBM. The change of the discharge mode has a great

influence on the ability of the igniter to undergo ignition, and the
change of discharge mode affects the thermal effect of the plasma
jet, which further affects the ignition performance of the igniter.

3.1.2 Influence of Working Parameters on the
Discharge Power
The discharge power P of the igniter under different operating
conditions in the absence of kerosene is shown in Figure 9. The
overall discharge power of the igniter is in the range of 25–275W.
When the air supply is kept constant, the discharge power of the
igniter increases with the output voltage of the regulator, and the
response is basically linear; however, the growth rate differs for
various low rates of the air; the larger the air supply, the smaller
the rate of growth. The trend in the rate of growth illustrates that
the output voltage of the regulator directly affects the discharge
power of the igniter; to improve the discharge power output of the
igniter, increase in output the voltage of the regulator would be a
more direct and useful method.

When the voltage of the regulator is kept constant, the
relationship between the discharge power of the igniter and
the air supply of the igniter is not linear but is related to the
specific regulator voltage. When Ua ≤ 80 V, for the same
regulator voltage, the discharge power of the igniter
increases as the air supply of the igniter increases, but the
absolute difference between the discharge power
corresponding to the various air supply rates is small. That
is because when the flow rate of the air supply rate increases,
the flow rate of the mixture of charged and uncharged
particles accelerates, the difficulty of media breakdown
increases, the ability to stabilize the arc decreases and the
ability to stabilize the power supply rises, and these factors in
turn bring about an increase in the power of the igniter. When
the voltage of the regulator is relatively low, the maximum
power output from the power supply is low, so the absolute
difference between the various igniter gas supplies is small,
but the relative difference is still large; for example at Ua =
40 V, Wa = 10 L/min the igniter discharge power p = 32 W;
when Wa = 60 L/min, the igniter discharge power p = 52 W, a

FIGURE 10 | Ignition power diagram for introduction of kerosene.

FIGURE 11 | Comparison of igniter power with and without the
introduction of kerosene.
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value which has increased by 62.5%. At Ua ≥ 200 V, the igniter
discharge power decreases with increase in the air supply at
the same regulator voltage, and the absolute difference is also
increased compared to the situation for the lower regulator
voltages; this is related to the increase in the maximum
power that can be output from the power supply. For
example at Ua = 240 V, the discharge power of the igniter
p = 208 W at Wa = 60 L/min, and at p = 275 W at Wa = 10 L/
min. This is because as the voltage of the regulator increases,
the discharge mode of the igniter also changes, that is, from
IBM to S-IBM and then to SBM, as can be seen from Figure 6.
The igniter is basically in the SBM when the arc plasma is in
LTE and the temperature is relatively high The larger the air
supply to the igniter, the stronger the cooling effect, the more
unstable the arc in the LTE state becomes, thus the lower the
degree of ionization of the arc, the increase in the impedance
of the arc, the reduction of the current through the arc, hence
resulting in the discharge power of the igniter being reduced.

When kerosene is introduced, the discharge power
response diagrams for several working conditions are
presented in Figure 10. When the air supply for the igniter
is kept constant, the trend for the discharge power remains
constant the increase in the regulator voltage. The response
curve for the discharge power of the igniter as a function of the
voltage change of the regulator was analyzed for Wa = 20 L/
min and Wa = 30 L/min, with and without the introduction of
kerosene, as shown in Figure 11. It can be seen clearly from
the graph, that after introduction of kerosene to the igniter,
the discharge power of the igniter is reduced. When Wa =
20 L/min and Ua = 40 V, the discharge power is reduced from
a value of 44 W in the absence of kerosene to 23 W after
kerosene is introduced, the decline reaching 47.7%. At Ua =
240 V, the discharge power decreased from 262 W in the
absence of kerosene to 211 W after kerosene was
introduced, the decline being 19.5% this time; this result
indicated that with increase of the voltage regulator,

FIGURE 12 | Frontal arc movement process in one cycle whenWa = 10 L/min and Ua = 40 V. (A) t = 0 ms, (B) t = 0.05 ms, (C) t = 0.10 ms, (D) t = 0.15 ms, (E) t =
0.20 ms, (F) t = 0.25 ms, (G) t = 0.30 ms, (H) t = 0.35 ms, (I) t = 0.40 ms, (J) t = 0.45 ms.

FIGURE 13 | Arc gliding process atWa = 10 L/min and Ua = 240 V. (A) t = 0 ms, (B) t = 0.05 ms, (C) t = 0.10 ms, (D) t = 0.15 ms, (E) t = 0.20 ms, (F) t = 0.25 ms,
(G) t = 0.30 ms, (H) t = 0.35 ms, (I) t = 0.40 ms, (J) t = 0.45 ms.
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although the absolute value for the decrease of the discharge
power increased after kerosene was introduced, the range also
decreased. In general, the introduction of kerosene is
beneficial to achieving a reduction in discharge power
requirements for the igniter.

3.2 Arc Motion Characteristics of
Pre-combustion AC Plasma Jet Igniter
To better understand the fundamental differences in the three
discharge states, the characteristics of front of the arc for the
three discharge states were studied and analyzed. In the
experiment, the video frame settings of a high-speed
camera were as follows: the filming frame rate was
20,000 fps, and the exposure time was 0.05 ms. The
movement process for the front of the arc in one cycle
when Wa = 10 L/min and Ua = 40 V is shown in Figure 12.
The discharge state corresponding to this working condition
is IBM, and the red circle in the figure represents the edge of
the igniter outlet hole. On the whole, the arc is a brilliant
white, and the arc shape is clear. Given that the focal length of
the high-speed camera does not change during filming, it can
be inferred that under this working condition, the arc basically
slides near the same plane, and the displacement in the axial
direction of the igniter is small. The arc glides in the red circle,
which indicates that the arc does not cross the igniter outlet
hole to the metal end face at one end of the igniter outer shell,
and this further indicates that the arc moves in the same plane.
When t = 0 ms, the arc is generated at the shortest gap between
the two electrodes. At this time, the arc is a quasi-balanced
plasma column (Du, 2015), which slides counterclockwise
between the two electrodes under the swirling flow in the
exit area of the igniter. The arc length is continuously
lengthening, and the shape of the arc gradually becomes
distorted under the action of the airflow. The longer the
length of the arc, the greater the energy needed to maintain
the arc and the higher the power provided by the power
supply. When the output power of the power supply

reaches the maximum value, the thermodynamic balance
cannot be maintained, the arc changes to an unbalanced
state and continues to grow until it disappears, and then a
new arc is generated at the shortest electrode gap and
continues a repeat of the previous process. It can be readily
calculated that one gliding period for the arc is 0.45 ms, and
the average gliding angular velocity of the arc in one period
ω1 = 488.89°/ms.

The gliding process for the front of the arc at Wa = 10 L/min
and Ua = 240 V is shown in Figure 13. The discharge state
corresponding to this working condition is SBM. In this discharge
state, the arc is generally purplish red with high curvature, and it
basically does not slide on the same plane, resulting in a fuzzy arc.
In the SBM discharge stage, the arc is basically in a local
equilibrium state, with a high degree of ionization for the arc,
large arc energy, more energy radiating outward and of short
wavelength, so the arc observed is purple in color. In the process
of gliding, it can be observed clearly that the arc crosses the red
circle, indicating that the arc is at one end of the igniter shell and
on the metal end face of the igniter outlet, and the length of the
arc is relatively long. To facilitate the analysis of the gliding
angular velocity of the arc as in Figure 13J, the tangent line of the
front end of the arc is used for measurement of the angle, in which
the red arc dashed line represents the arc position and the red
straight dashed line represents the tangent line at the front end of
the arc, thus a value for the gliding angular velocity of the arc
ω2 = 304.44/ms may be obtained. When ω2<ω1, on the one hand,
because the arc exceeds the exit end face of the igniter, the airflow
speed decreases, resulting in a decrease in the gliding speed of the
arc. On the other hand, because the arc is very tortuous and
twisted, the difficulty of gliding increases, which makes the
gliding angular velocity for the arc for the SBM less than that
for the IBM.

The front of the arc at different times when Wa = 30 L/min
and Ua = 120 V is shown in Figure 14. The discharge state
corresponding to this working condition is S-IBM. On the
whole, the color of the arc in this state is between those for the
IBM and the SBM, and the degree of distortion of the arc

FIGURE 14 | Arc gliding process atWa = 30 L/min and Ua = 120 V. (A) t = 0 ms, (B) t = 0.05 ms, (C) t = 0.10 ms, (D) t = 0.15 ms, (E) t = 0.20 ms, (F) t = 0.25 ms,
(G) t = 0.30 ms, (H) t = 0.35 ms, (I) t = 0.40 ms, (J) t = 0.45 ms.
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shape also lies between those for the two discharge states, thus
the arc is said to be in a transitional state. It can be seen that in
the same filming image, basically two arcs appear, which is
due to the fast air flow speed and the fast arc gliding speed,
which exceeds the shutter speed, resulting in the phenomenon
of multiple arcs. In addition, the dual nature of the image is
also related to the accompanying breakdown under the
S-IBM, and additional breakdown of the discharge occurs
at adjacent times, which is shown in Figure 14J. Compared
with the IBM and the SBM, there is no obvious period for the
arc under this working condition, which is related to the
mixing of breakdown modes when the igniter discharges,
hence resulting in a disordered discharge.

4 CONCLUSION

This paper introduces a pre-combustion plasma jet igniter
driven by AC power supply, and mainly studies the discharge
characteristics and arc motion characteristics of the igniter.
The igniter exhibited three discharge states which formed
under different working conditions, that is, the IBM, the SBM
and the S-IBM. Three different discharge states represent
different energy and motion characteristics of arc, which
provides a basis for the future study of igniter self-ignition
characteristics and pre-combustion jet characteristics. By
studying the influence of different arc states on self-
ignition and pre-combustion flame formation, we can find
out the most favorable discharge state for ignition,
and control the discharge state to maximize ignition
efficiency.

The experiment also found that after the introduction of
kerosene, the discharge power of the igniter decreased to a
certain extent, with a maximum decrease of 47.7%, which
provided a new idea for reducing the energy consumption of the
plasma igniter and changed the previous method of increasing the
discharge energy to improve the ignition energy. High energy
consumption is a difficult problem that restricts the practical
direction of the plasma igniter in the aero-engine, so this
discovery provides a new direction for realizing the application of
the plasma igniter with low energy consumption and high ignition
energy in the aero-engine.
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