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Abstract: Reliable ignition is critical for improving the operating performance of modern combustor
and gas turbines. As an alternative to the traditional spark discharge ignition, plasma assisted
ignition has attracted more interest and been shown to be more effective in increasing ignition
probability, accelerating kernel growth, and decreasing ignition delay time. In this paper, the operating
characteristic of a typical self-designed plasma ignition system is investigated. Based on the optical
experiment, the plasma jet flow feature during discharge is analyzed. Then, a detailed numerical
study is carried out to investigate the effects of different plasma parameters on ignition enhancement
of a one can-annular combustor used in gas turbines. The results show that plasma indeed has a
good ability to expand the ignition limit and decrease the minimum ignition energy. For the studied
plasma ignitor, the initial discharge kernel is not a sphere but a jet flow cone with a length of about
30 mm. Besides, the numerical comparisons indicate that the additions of plasma active species
and the increases of initial energy, plasma jet flow length and discharge frequency can benefit the
acceleration of kernel growth and flame propagation via thermal, kinetic and transport pathways.
The present study may provide a suitable understanding of plasma assisted ignition in gas turbines
and a meaningful reference to develop high performance ignition systems.
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1. Introduction

Ignition reliability is a key index in designing combustors because it directly affects the operation
performance of gas turbines and their based power plant. In recent years, driven by the need for
energy conservation and emissions reduction, many lean combustion concepts including twin annular
premixing swirler (TAPS) [1], lean direct injection (LDI) [2], lean premixed prevaporized (LPP) [3],
trapped vortex combustion (TVC) [4], flameless combustion (FC) [5,6], and pressure gain combustion
(PGC) [7] were developed and attracted considerable attention. However, due to the fact that lean
mixtures have slow flame speeds and a highly unstable flame, reliable ignition becomes one of the
biggest challenges in the practice of lean combustion-based gas turbines. Besides, if affected by wet air
or carbon deposition, the combustor of gas turbines is usually inevitably confronted with performance
degradations of fuel spray nozzles and air swirlers, which can decrease ignition probability [8].
Therefore, developing an effective technology to achieve the reliable and robust ignition of gas turbines
under various extreme operation conditions is urgently needed.

Initial kernel formation with energy deposition, early kernel growth to generate flame, flame
stabilization and propagation to the whole reaction zone are the typical phases of ignition in gas turbine
combustors [9,10]. In order to achieve ignition enhancement, there are three types of pathways [11–15]:

Energies 2019, 12, 1511; doi:10.3390/en12081511 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/1996-1073/12/8/1511?type=check_update&version=1
http://dx.doi.org/10.3390/en12081511
http://www.mdpi.com/journal/energies


Energies 2019, 12, 1511 2 of 16

thermal, kinetic and transport. Thermal enhancement is increasing the reactant temperature to
accelerate the chemical reaction rate according to temperature-sensitive Arrhenius dependence. Kinetic
enhancement is realized by decreasing activation energies with the addition of many active key species
and radicals, which can effectively accelerate, bypass or modify the slow initiation reaction pathways.
Transport enhancement is accomplished by increasing the early kernel size (greater than the so-called
critical flame initiation radius) and motion with multi-channels/points or jet flow.

Plasma, considered as a distinct “fourth state of matter”, provides an unprecedented opportunity
for ignition control and enhancement owing to its unique capabilities in fast thermal heating via electron
collision [16], producing active species (such as O, H, OH, O3, HO2, and NO) [17,18], reforming fuel from
large molecules to small ones [19] and increasing kernel size and reactant mixing via ionic wind [20].
Over the past few decades, a large number of experimental [21–28] and numerical [29–36] investigations
have been carried out to study the performance and mechanism of various plasma assisted ignition
systems. Mariani et al. [37] measured the ignition performance of radio frequency sustained plasma in
engines and observed that plasma had a great ability to remarkably decrease ignition temperature and
extend lean limit. Wang et al. [38], Hwang et al. [39], Wolk et al. [40], Michael et al. [41], Ikeda et al. [42]
and Le et al. [43] respectively experimentally investigated the ignition characteristics of microwave
plasma under various operating conditions. Their results consistently showed that compared to
traditional spark thermal ignition, microwave assisted plasma ignition not only significantly extended
the lean limit (about 20%), but also greatly improved flame stability due to the large kernel volume and
the high amount of active species. Meanwhile, they also indicated that the ignition ability of plasma was
heavily dependent on the discharge type, ignitor structure and operating parameters. Sun et al. [44,45]
measured the effects of nanosecond pulsed plasma on ignition and extinction of CH4–O2–He diffusion
flames and demonstrated that the non-equilibrium plasma generated by nanosecond pulsed discharge
could make the conventional S-curve with separated ignition and extinction limits degenerate to
the stretched S-curve without ignition or extinction limit, which thereby enhanced ignition. Besides,
other studies [46–48] revealed that owing to non-equilibrium plasma, nanosecond pulsed discharge
promoted the transition from the early ignition kernel to a self-propagating flame, and the increase of
pulse frequency could effectively accelerate the growth of the kernel and reduce ignition delay time and
minimum ignition energy. Using the well-defined counter-flow combustion system, Ombrello et al. [49]
experimentally and numerically studied the kinetic ignition enhancement of CH4–air and H2–air
diffusion flames by non-equilibrium magnetic gliding arc plasma. It was found that plasma discharge
of air leaded to significant kinetic ignition enhancement, illustrated by large decreases in ignition
temperature for a broad range of strain rates. They also stated that a combination of thermal/equilibrium
plasma and non-thermal/non-equilibrium plasma might be a better choice for ignition enhancement.
More research investigations into plasma assisted ignition can be found in the papers by Ju and
Sun [50,51] and Starikovskiy and Aleksandrov [52].

Up until now, although significant progress has been made in the validation of plasma assisted
ignition, the detailed enhancement mechanisms are still not clear because of the complex multi-scale
physical and chemical interactions between plasma and flame. Besides, for the present experimental
investigations, most of them are performed using simple lab burners, such as constant volume
combustion chambers, counter-flow systems, flow tunnels, and swirled flow reactors, etc., but limited
to one focus on the gas turbine combustor under the actual operating conditions. Moreover, in terms
of numerical simulation, the plasma ignition kernel is usually replaced by a spherical heat source and
ignores the effects of jet flow and active species, which further restrict the understanding of the plasma
ignition mechanism and the design of advanced plasma ignition systems in practice. So, it is very
necessary to do more investigations on plasma assisted ignition.

In this study, an unpublished self-designed plasma ignition system which has been successfully
used in a gas turbine is presented. Firstly, the discharge and jet flow characteristics of the plasma
ignitor in air are optically measured to obtain the actual shape of the initial kernel. Then, taking one
can-annular combustor of a gas turbine as a sample and based on the above experimental results,
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the ignition process is numerically analyzed. Finally, the effects of several key factors including the
initial energy, concentration of active species generated by plasma, plasma jet flow length and discharge
frequency on combustor ignition performance are discussed in detail.

2. Experiment Setup and Numerical Strategy

2.1. Experiment Setup

Figure 1 presents the test rig to measure the plasma jet flow characteristic during discharge in air.
The basic experiment setup mainly consists of a plasma ignition system, a visualization measurement
system, and a data acquisition and control system. As shown in Figure 1, the plasma ignition system
is composed of the plasma ignitor, high voltage power source and cable. Once the high voltage
pulse energy is delivered to the ignitor, a strong electric field between the anode and cathode will be
established. When the electric field strength exceeds the breakdown threshold of air or a combustible
mixture, discharge channels and the initial kernel are established. In order to obtain a large ignition
kernel, several holes in the cathode wall and a unique structure for the anode are designed. More
detailed information on the plasma ignition system can be found in [53]. Besides, the images of plasma
jet flow during the discharge process are recorded by a high-speed camera (Phantom V7.3) with over
190 × 103 fps in the standard mode. The data acquisition and control system is used to trigger the
high voltage power source and camera, record the discharge images, and change the discharge pulse
parameters including voltage, frequency, and width.
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Figure 1. Schematic of the plasma ignition experiment setup.

2.2. Numerical Strategy

In the present study, a typical can-annular combustor (as shown in Figure 2) designed for gas
turbines is used to numerically analyze the effects of plasma parameters on the ignition process.
The length and outer diameter of the combustor are 760 mm and 1255 mm, respectively. There are
10 primary holes with a diameter of 14 mm, five dilution holes with a diameter of 13 mm (up) and
16 mm (down), and 10 rows cooling holes with diameter of 1–1.5 mm.

Comprehensively considering the basic ignition characteristics and the simulation ability of the
computer, a simple physical model shown in Figure 3a is selected as the computational domain. All of
its geometric parameters are consistent with the corresponding ones in Figure 2. Figure 3b presents the
location of the plasma ignitor. The structured grids are generated by ANSYS ICEM to discretize the
computational domain, and the grid densities near the ignition zone are sufficiently high. After the grid
convergence and mesh independence validations, the final total grid number used in this numerical
study is 360,000.
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Based on our previous numerical comparison and analysis [54], the ideal gas assumption and
pressure-based Navier–Stokes solver are employed to solve the equations. The viscosity of the
reactant mixture is considered, and the realizable k-ε turbulence model is selected. Gravity, buoyancy,
thermophoretic force, and radiation heat transfer are ignored. The eddy dissipation concept (EDC)
combustion model and cone spray model are employed. The numerical time step is 0.1 ms. The reaction
rate constant is calculated using the Arrhenius formula. Due the reasonable computational cost and
to discuss the effects of several plasma active key species on ignition enhancement, a reduced detail
chemical mechanism for air–C12H23 (12 species and 10 steps [55]) including the intermediate species of
O, OH, and CO, is used.

During numerical simulation, mass flow inlet boundaries are used for the inlet of air (0.19875
kg/s) and C12H23 (0.00600 kg/s) which are the actual values of one operating condition of a gas turbine.
The temperature and pressure of air are 366 K and 0.218 MPa, respectively. The outlet selects the
pressure outlet boundary. The ignition process simulation is realized by user defined function (UDF).

Figure 4 shows the numerical temperature fields of a can-annular combustor in Li [54] and the
above simple model. The comparison shows that there is little difference between them. This means
that it is feasible to numerically study the ignition process of a gas turbine combustor using the
presented simple computational domain and numerical approach.Energies 2019, 12, x FOR PEER REVIEW 5 of 16 
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3. Results Analysis and Discussion

3.1. Plasma Jet Flow Characteristics During Discharge

As mentioned above, the initial kernel size is an important factor affecting the ignition process
and directly dependent on the geometric and discharge characteristic of the plasma ignitor. To better
capture the jet flow information of plasma, the frequency and width of the discharge pulses are properly
increased in the present test. Based on the experiment setup shown in Figure 1, Figure 5 images one
discharge process of the self-designed plasma ignition system. As shown in Figure 5, a small initial
discharge kernel is generated at time of 0.4 ms with the trigger of a high voltage pulse. Then, due to
the design of the holes in cathode wall and the unique structure of the anode, the generated plasma or
the heated air expand quickly, which is the so-seen jet flow. After 2.4 ms, the jet flow size begins to
decrease gradually due to the interruption of the discharge.
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Besides, a careful inspection of Figure 5 reveals that for the designed plasma ignition system,
the discharge kernel is cylindrical or cone-shaped which is significantly different from the normal
sphere obtained by most conventional spark or high-energy ignition systems. In addition, according to
the further quantitative analysis (as shown in Figure 6), it is found that the maximum jet flow size has
a length of 30 mm and a diameter of 10 mm. The kernel filled by active species and high temperatures
(which is the highlighted area in Figure 6) has a length of 10 mm and a diameter of 6 mm, which is
larger than those of many other spark or plasma assisted ignition systems [56,57]. This may mean
that the present plasma ignition system has great potential to enhance the ignition performance of
combustors and to improve the operational ability of engines.
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3.2. Ignition Process Analysis in Gas Turbine Combustors

Considering the above plasma jet flow characteristic, Figures 7 and 8 respectively present the profile
and cross section (X = 130 mm) numerical temperature field evolution of a successful ignition process
of a can-annular combustor. Before ignition, the temperature of air is so low that the evaporation rate
of the fuel droplet is very slow. Once a discharge kernel is generated, the produced high temperature
can accelerate the evaporation of the droplet [10,14,16,58]. When the discharge heat energy is high
enough to trigger the chemical activity of the reactant, a local ignition kernel is formed. Subsequently,
owing to the comprehensive effects of plasma discharge in flow jet and active species (mainly including
O, OH and CO, etc.), the initial ignition kernel gradually grows and develops into a flame, as shown
at t = 6 ms. Then, the local flame rapidly propagates to the surrounding combustible reactant in the
secondary backflow zone. The temperature field at the time of 50 ms shows that the tangential flame
spread area is affected by the strong shear stress of the swirled air, and is now obviously larger than the
axial one. Later, with the propagation of the flame to the primary hole, the flame propagation speed in
the tangential direction will be slower than that in the axial direction. This is because for the present
combustor geometry and boundary conditions, the axial velocity of the flow field is high, as shown in
Figure 9. Besides, careful observation of Figures 7 and 8 reveals that up to a time of 150 ms, the flame
still mainly propagates in the secondary backflow zone and has not yet been into the main backflow
zone which has high turbulent kinetic energy and can easily cause the flame to extinguish. On this
basis, at a time of 260 ms, most of the reactants in the secondary backflow zone are ignited, and due to
the strong jet flow of air from the primary hole, the flame is rapidly transported to the main backflow
zone. After that, driven by the main backflow field, the flame gradually propagates towards the inlet
and then ignites the whole combustor head and forms the stable self-sustaining flame.

According to the above analysis, it can be concluded that both ignition parameters and flow field
distribution are important factors that affect ignition performance of a combustor. In order to realize
a successful ignition of a gas turbine under the actual operating condition, there are two necessary
constraints. Firstly, high temperature, large volume and massive active species for the initial ignition
process are needed to enhance the evaporation of the fuel droplet, the acceleration of the chemical
reaction, and the stable growth of flame kernel. Secondly, the heat generated by the formed local flame
must be higher than the cold flow, which ensures the stable propagation of the flame in the secondary
and main backflow zones. Otherwise, the generated ignition kernel or flame cannot be effectively
propagated and will be extinguished.
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3.3. Effects of Different Factors on Plasma Ignition Performance

Thermal, kinetic and transport are three well-known mechanisms for plasma ignition enhancement.
In order to better understand the plasma assisted ignition process in an actual gas turbine combustor,
this section will discuss the effects of the above three mechanisms by changing the initial energy, active
species concentration, jet flow length and discharge frequency.

• Energy and Active Species

The generation, evolution and disappearance of active species during plasma discharge result from
the multiscale interactions between electrons, positive and negative ions, and radicals. Such complex
physical and chemical processes usually imply that the type of active species are directly dependent on
the plasma discharge behavior and reactant properties. To the best of our knowledge, it is still very
difficult to accurately numerically simulate the detailed characteristics of plasma active species and
their effects on ignition or combustion using the commercial software ANSYS FLUENT. In order to
overcome this problem, the effects of plasma active species on the air–C12H23 based ignition process is
realized by simply varying the concentrations of the O atom, OH radical and CO [59,60].

Table 1 lists the detailed parameters of one-time ignition for numerical comparisons. From Table 1,
it is clearly seen that under the present operating conditions, both increasing ignition energy and
increasing active species can enhance the ignition performance. In the absence of plasma, the energy
to ignite the combustor is not less than 400 W. However, when the active species are added, the
corresponding energy can be decreased to 300 W. Besides, the comparisons of Cases A–E show that the
addition of plasma active species improves the combustor ignition ability. One of the main reasons
behind this is that the excited O, OH and CO will significantly contribute to the induction of the chain
reaction and the enhancement of chain propagation with fuel molecules, which effectively shorten the
ignition delay time. This is commonly regarded as the kinetic mechanism of plasma.

Table 1. The detailed ignition parameters and results.

Cases Initial Kernel Radius (mm) Initial Jet Flow Length (mm) Ignition Energy (W) Active Species Results

A

4 12
300

0 failure
B 1% (O+OH+CO) failure
C 2% O + 1% (OH+CO) successful
D 3% O + 1.5%(OH+CO) successful
E 4% O + 2%(OH+CO) successful

F 400 0 failure

G 500 0 successful

Further, the results shown in Figure 10 indicate that at lower concentrations of active species,
plasma can reduce the time needed for successful ignition (it is the difference between the initial time
and the time when temperature is up to 660 K and chemical reaction rate is up to 2.0 kmol/m3 s).
For example, the time in Case C is about 276 ms, but the time in Case D is only 215.5 ms, which means
that there was a decrease of 28%. However, in the case of strong plasma (i.e., Cases D and E), active
species have little effect on ignition behavior. Compared to OH and CO, O plays a more positive
role in ignition enhancement. The above results indicate that the generation and control of plasma
active species is the key factor to realize the compact design and performance optimization of plasma
ignition systems.

In order to further evaluate the enhancement performance of plasma ignition, Figure 11 compares
the maximum excess air coefficient which can reflect the lean ignition limit under different inlet air
temperatures. The greater the maximum excess air coefficient, the more lean the reactant. As pictured
in Figure 11, due to the effects of active species, the lean ignition limit of the combustor can be extended.
The enhancement is about 3% when the inlet air temperature varies from 280 K to 400 K. Meanwhile,
the results show that with the increase of inlet air temperature, the ignition performance is also
enhanced. This is because increasing air temperature is beneficial to the evaporation of fuel droplets,
the mixing and transportation of the reactant, and the induction of the chemical reaction.
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• Jet Flow Length of Plasma

In practice, besides the geometry of the ignitor, the complex electromagnetic coupling phenomena
can accelerate the movement of electrically charged particles, which then improve the jet flow of plasma.
Motivated by this reason, this section will discuss the effects of plasma jet flow length (changing from
4 mm to 20 mm) on the ignition process of a combustor. All other parameters are consistent with those
in Case C.

Table 2 gives the ignition results under different jet flow lengths. The results show that when the
length is larger than 8 mm, the combustor can be ignited successfully. This effectively verifies the
concept of critical flame initiation radius discussed by Chen et al. [61], Kim et al. [62], Kelley et al. [63]
and Lin et al. [64]. However, in Case H, the jet flow length is so small that the high temperature and
large number of active species are only gathered near the combustor wall and cannot be effectively
transported into the secondary backflow zone (as shown in Figure 12a), which leads to the generated
local flame kernel being very unstable. Besides, the fuel field distribution shown in Figure 12b reveals
that due to the effect of velocity profile, the mass fraction of the fuel near the combustor wall is less
than 0.045. Such a lean mixture will furtherly decrease the ignition ability of a combustor.
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Table 2. Combustor ignition ability under different plasma jet flow lengths.

Cases Initial Jet Flow Length (mm) Results

H 4 failure
I 8 successful
J 12 successful
K 16 successful
L 20 successful
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On this basis, Figure 13 compares the time varying average temperature and chemical reaction
rate of the combustor with different plasma jet flow lengths. The results show that with the increase of
jet flow length, although the combustor can be ignited successfully, the time for successful ignition
will be increased firstly and then decreased. For Cases I–L, the corresponding times for successful
ignition are 211 ms, 276 ms, 251 ms and 202 ms, respectively. This is because although increasing jet
flow length increases the kernel volume, the energy density is decreased as the initial ignition energy is
consistent. Lower energy densities cause flame instability. So, the time for successful ignition will
decrease when the jet flow length is slightly larger than the critical value (about 12 mm in this study).
Then, with the further increase of jet flow length, a larger backflow zone center area and larger high
mass fraction fuel area can be covered by the local flame kernel. When the positive effects exceed the
adverse ones, the time for successful ignition will be shortened.
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Figure 13. The changes of a combustor (a) average temperature and (b) chemical reaction rate with
time in Case I–L.
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From the above analysis, it can be concluded that plasma jet flow length is indeed an important
factor affecting the ignition performance of a combustor. Meanwhile, both the flow and fuel fields
should be considered comprehensively during the actual design of plasma ignition systems and
combustors. When the ignition energy is more concentrated in the center of the backflow zone and is
closer to the appropriate equivalent ratios, the ignition performance of the combustor is better.

• Discharge Frequency

Many available experimental investigations emphasized that at a constant discharge energy,
increasing the pulse number would benefit the plasma properties and extend the lean ignition limit.
In this section, the discharge frequency is varied from 19.2 Hz to 31.3 Hz, and all other parameters are
consistent with those in Case B.

Table 3 lists the ignition results under different discharge frequencies. From Table 3, it is observed
that the increase in discharge frequency can indeed enhance the ignition ability of a combustor.
Combined with the numerical temperature fields shown in Figures 14 and 15, we found that multi-time
discharge is helpful to improve the generation and propagation of the flame kernel. One of the main
reasons for this is that increasing the discharge frequency can effectively enhance the transport of
active species and heat to the surrounding mixture. Moreover, the results shown in Figures 14 and 15
also indicate that compared to Case N, Case O has a shorter time for successful ignition.

Table 3. Combustor ignition ability under different discharge frequencies.

Cases Discharge Frequency (Hz) Results

M 19.2 failure
N 23.8 successful
O 31.3 successful
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Figure 14. Numerical temperature field of combustor profile in Cases M–O.
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Figure 15. Numerical temperature field of combustor cross section (X = 130 mm) in Cases M–O.

To analyze the failure mechanism of Case M, Figure 16 illustrates the time varying average
temperature and chemical reaction rate of the combustor. The results show that although every
discharge can increase the chemical reaction rate, the formed local flame kernel is so small that
it extinguishes quickly before triggering next discharge. Since the ignition energy is difficult to
accumulate, the formed flame is usually very unstable and cannot self-sustain its propagation in the
combustor. On the other hand, in order to realize the ignition enhancement via control discharge
frequency, the time interval between two discharges should be shorter than the burnout time of the
previous discharge, especial for the early phase of ignition.
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Figure 16. The changes of combustor (a) average temperature and (b) chemical reaction rate with time
in Case M.

Overall, the ignition of combustor is a very complex transit chemical reaction process and its
performance can be significantly affected by ignition parameters, inlet conditions and flow field



Energies 2019, 12, 1511 13 of 16

distribution, etc. Therefore, in practice, the optimizing of various factors is very important to improve
the ignition ability of gas turbine combustors.

4. Conclusions

The effects of plasma on the ignition process is investigated for the combustor of gas turbines.
Taking one self-designed plasma ignition system as an example, high speed imaging is utilized to
capture the jet flow development of plasma. On this basis, the plasma assisted ignition phase and
the performance of the combustor are numerically analyzed at different ranges of initial energy,
active species concentration, jet flow length and discharge frequency. The major findings of this study
are summarized as follows:

(1) In contrast with the conventional spark ignitor, the present measured ignitor possesses the obvious
plasma jet flow feature during discharge. Based on the effective design geometry, the jet flow
length can be larger than 30 mm.

(2) The actual ignition process of a gas turbine combustor is related to the ignition parameters,
backflow zone and fuel distributions. Therefore, realizing the complex optimization of different
factors is the key to improve combustor ignition ability.

(3) The application of plasma can significantly enhance the ignition performance, not only for time
for successful ignition but also for lean ignition limit. Besides, initial energy, active species
concentration, jet flow length and discharge frequency are very critical factors affecting the
ignition process. With the increase of the above four parameters, the ignition ability can be
enhanced to different degrees.

(4) Although the effects of plasma on ignition is analyzed, the detailed physical and chemical process
of plasma generation and evolution are not considered in this study due to limitations in the
numerical approach and software. This means that many enhancement mechanisms of plasma
assisted ignition cannot be clearly understood. Therefore, it is very necessary to develop an
effective tool to improve the numerical precision of plasma assisted ignition.

Author Contributions: S.L. performed the numerical simulation of ignition processes under different operating
conditions. N.Z. was responsible for the numerical analysis and wrote the main parts of paper. J.Z. and J.Y. did
the experiments involving plasma discharge in air. Z.L. did the numerical model validation. H.Z. provided the
result analysis of plasma jet flow characteristics.

Funding: This research was funded by the National Nature Science Foundation of China (Grant No. 51709059), the
Province Nature Science Foundation of Heilongjiang (Grant No. QC2017045) and the Fundamental Research Funds
for the Central Universities (Grant No. HEUCFJ170304, Grant No. HEUCFP201719, Grant No. HEUCFM180302).

Conflicts of Interest: We declare that we have no conflict of interest.

References

1. Foust, M.; Thomsen, D.; Stickles, R.; Cooper, C.; Dodds, W. Development of the GE Aviation Low Emissions
TAPS Combustor for next Generation Aircraft Engines. In Proceedings of the 50th AIAA Aerospace
Sciences Meeting Including the New Horizons Forum and Aerospace Exposition, Nashville, TN, USA,
09–12 January 2012.

2. Deepika, V.; Chakravarthy, S.R.; Muruganandam, T.M.; Bharathi, N.R. Multi-Swirl Lean Direct Injection
Burner for Enhanced Combustion Stability and Low Pollutant Emissions. In Proceedings of the ASME 2017
Gas Turbine India Conference, Bangalore, India, 7–8 December 2017.

3. Gokulakrishnan, P.; Ramotowski, M.J.; Gaines, G.; Fuller, C.; Joklik, R.; Eskin, L.D.; Klassen, M.S.; Roby, R.J.
A Novel Low Nox Lean, Premixed, and Prevaporized Combustion System for Liquid Fuels. J. Eng. Gas
Turbines Power 2008, 130, 051501. [CrossRef]

4. Zhao, D.; Gutmark, E.; Goey, P.D. A review of cavity-based trapped vortex, ultra-compact, high-g, inter-turbine
combustors. Prog. Energy Combust. 2018, 66, 42–82. [CrossRef]

5. Perpignan, A.A.V.; Rao, A.G.; Roekaerts, D.J.E.M. Flameless combustion and its potential towards gas
turbines. Prog. Energy Combust. 2018, 69, 28–62. [CrossRef]

http://dx.doi.org/10.1115/1.2904889
http://dx.doi.org/10.1016/j.pecs.2017.12.001
http://dx.doi.org/10.1016/j.pecs.2018.06.002


Energies 2019, 12, 1511 14 of 16

6. Khidr, K.I.; Eldrainy, Y.A.; EL-Kassaby, M.M. Towards lower gas turbine emissions: Flameless distributed
combustion. Renew. Sust. Energy Rev. 2017, 67, 1237–1266. [CrossRef]

7. Snyder, P.H.; Nalim, M. Pressure Gain Combustion Application to Marine and Industrial Gas Turbines.
In Proceedings of the ASME Turbo Expo 2012: Turbine Technical Conference and Exposition, Copenhagen,
Denmark, 11–15 June 2012.

8. Zhao, N.B.; Wen, X.Y.; Li, S.Y. A Review on Gas Turbine Anomaly Detection for Implementing Health
Management. In Proceedings of the ASME Turbo Expo 2016: Turbomachinery Technical Conference and
Exposition, Seoul, Korea, 13–17 June 2016.

9. Jaravel, T.; Labahn, J.; Sforzo, B.; Seitzman, J.; Ihme, M. Numerical study of the ignition behavior of a
post-discharge kernel in a turbulent stratified crossflow. Proc. Combust. Inst. 2019, 37, 5065–5072. [CrossRef]

10. Jones, W.P.; Tyliszczak, A. Large eddy simulation of spark ignition in a gas turbine combustor.
Flow Turbul. Combust. 2010, 85, 711–734. [CrossRef]

11. Liao, Y.H.; Sun, M.C.; Lai, R.Y. Application of Plasma Discharges to the Ignition of a Jet Diffusion Flame.
In Proceedings of the ASME 2017 Fluids Engineering Division Summer Meeting, Waikoloa, HI, USA,
30 July–3 August 2017.

12. Qiao, Y.; Mao, R.; Lin, Y. Large Eddy Simulation of the Ignition Performance in a Lean Burn Combustor.
In Proceedings of the ASME Turbo Expo 2015: Turbine Technical Conference and Exposition, Montreal, QC,
Canada, 15–19 June 2015.

13. Mastorakos, E. Forced ignition of turbulent spray flames. Proc. Combust. Inst. 2017, 36, 2367–2383. [CrossRef]
14. Boileau, M.; Staffelbach, G.; Cuenot, B.; Poinsot, T.; Bérat, C. LES of an ignition sequence in a gas turbine

engine. Combust. Flame 2008, 154, 2–22. [CrossRef]
15. Moin, P.; Apte, S.V. Large-eddy simulation of realistic gas turbine combustors. AIAA J. 2006, 44, 698–708.

[CrossRef]
16. Adamovich, I.V.; Choi, I.; Jiang, N.; Kim, J.H.; Keshav, S.; Lempert, W.R.; Samimy MUddi, M. Plasma assisted

ignition and high-speed flow control: Non-Thermal and thermal effects. Plasma Sources Sci. T. 2009, 18,
034018. [CrossRef]

17. Takita, K.; Abe, N.; Masuya, G.; Ju, Y.G. Ignition enhancement by addition of NO and NO2 from a N2/O2

plasma torch in a supersonic flow. Proc. Combust. Inst. 2007, 31, 2489–2496. [CrossRef]
18. Aleksandrov, N.L.; Kindysheva, S.V.; Kosarev, I.N.; Starikovskaia, S.M.; Starikovskii, A.Y. Mechanism of

ignition by non-equilibrium plasma. Proc. Combust. Inst. 2009, 32, 205–212. [CrossRef]
19. Kim, W.; Mungal, M.G.; Cappelli, M.A. The role of in situ reforming in plasma enhanced ultra lean premixed

methane/air flames. Combust. Flame 2010, 157, 374–383. [CrossRef]
20. Xu, K.G. Plasma sheath behavior and ionic wind effect in electric field modified flames. Combust. Flame 2014,

161, 1678–1686. [CrossRef]
21. Starikovskii, A.Y.; Anikin, N.B.; Kosarev, I.N.; Mintoussov, E.I.; Nudnova, M.M.; Rakitin, A.E.; Roupassov, D.V.;

Starikovskaia, S.M.; Zhukov, V.P. Nanosecond-pulsed discharges for plasma-assisted combustion and
aerodynamics. J. Propuls. Power 2008, 24, 1182–1197. [CrossRef]

22. Starikovskii, A.Y.; Anikin, N.B.; Kosarev, I.N.; Mintoussov, E.I.; Starikovskaia, S.M.; Zhukov, V.P.
Plasma-assisted combustion. Pure Appl. Chem. 2006, 78, 1265–1298. [CrossRef]

23. Matveev, I.; Matveeva, S.; Gutsol, A. Non-Equilibrium Plasma Igniters and Pilots for Aerospace
Application. In Proceedings of the 43rd AIAA Aerospace Sciences Meeting and Exhibit, Reno, NV,
USA, 10–13 January 2005.

24. Lou, G.; Bao, A.; Nishihara, M.; Keshav, S.; Utkin, Y.G.; Rich, J.W.; Lempert, W.R.; Adamovich, I.V.
Ignition of premixed hydrocarbon-air flows by repetitively pulsed, nanosecond pulse duration plasma.
Proc. Combust. Inst. 2007, 31, 3327–3334. [CrossRef]

25. Guan, Y.; Zhao, G.; Xiao, X. Design and experiments of plasma jet igniter for aeroengine. Propuls. Power Res.
2013, 2, 188–193. [CrossRef]

26. Kosarev, I.N.; Kindysheva, S.V.; Momot, R.M.; Plastinin, E.A.; Aleksandrov, N.L.; Starikovskiy, A.Y.
Comparative study of nonequilibrium plasma generation and plasma-assisted ignition for C2-hydrocarbons.
Combust. Flame 2016, 165, 259–271. [CrossRef]

27. Zhao, F.; Li, S.; Ren, Y.; Yao, Q.; Yuan, Y. Investigation of mechanisms in plasma-assisted ignition of dispersed
coal particle streams. Fuel 2016, 186, 518–524. [CrossRef]

http://dx.doi.org/10.1016/j.rser.2016.09.032
http://dx.doi.org/10.1016/j.proci.2018.06.226
http://dx.doi.org/10.1007/s10494-010-9289-9
http://dx.doi.org/10.1016/j.proci.2016.08.044
http://dx.doi.org/10.1016/j.combustflame.2008.02.006
http://dx.doi.org/10.2514/1.14606
http://dx.doi.org/10.1088/0963-0252/18/3/034018
http://dx.doi.org/10.1016/j.proci.2006.07.108
http://dx.doi.org/10.1016/j.proci.2008.06.124
http://dx.doi.org/10.1016/j.combustflame.2009.06.016
http://dx.doi.org/10.1016/j.combustflame.2013.12.008
http://dx.doi.org/10.2514/1.24576
http://dx.doi.org/10.1351/pac200678061265
http://dx.doi.org/10.1016/j.proci.2006.07.126
http://dx.doi.org/10.1016/j.jppr.2013.07.005
http://dx.doi.org/10.1016/j.combustflame.2015.12.011
http://dx.doi.org/10.1016/j.fuel.2016.08.078


Energies 2019, 12, 1511 15 of 16

28. Singleton, D.; Pendleton, S.J.; Gundersen, M.A. The role of non-thermal transient plasma for enhanced flame
ignition in C2H4-air. J. Phys. D Appl. Phys. 2010, 44, 022001. [CrossRef]

29. Mao, X.; Li, G.; Chen, Q.; Zhao, Y. Kinetic effects of nanosecond discharge on ignition delay time. Chin. J.
Chem. Eng. 2016, 24, 1719–1727. [CrossRef]

30. Mao, X.; Rousso, A.; Chen, Q.; Ju, Y.G. Numerical modeling of ignition enhancement of CH4/O2/He mixtures
using a hybrid repetitive nanosecond and DC discharge. Proc. Combust. Inst. 2019, 37, 5545–5552. [CrossRef]

31. Castela, M.; Fiorina, B.; Coussement, A.; Gicquel, O.; Darabiha, N.; Laux, C.O. Modelling the impact of
non-equilibrium discharges on reactive mixtures for simulations of plasma-assisted ignition in turbulent
flows. Combust. Flame 2016, 166, 133–147. [CrossRef]

32. Castela, M.; Stepanyan, S.; Fiorina, B.; Coussement, A.; Gicquel, O.; Darabiha, N.; Laux, C.O. A 3-D DNS
and experimental study of the effect of the recirculating flow pattern inside a reactive kernel produced by
nanosecond plasma discharges in a methane-air mixture. Proc. Combust. Inst. 2017, 36, 4095–4103. [CrossRef]

33. Casey, T.A.; Han, J.; Belhi, M.; Arias, P.G.; Bisetti, F.; Im, H.G.; Chen, J.Y. Simulations of planar non-thermal
plasma assisted ignition at atmospheric pressure. Proc. Combust. Inst. 2017, 36, 4155–4163. [CrossRef]

34. Yang, S.; Nagaraja, S.; Sun, W.; Yang, V. A Detailed Comparison of Thermal and Nanosecond Plasma
Assisted Ignition of Hydrogen-Air Mixtures. In Proceedings of the 53rd AIAA Aerospace Sciences Meeting,
Kissimmee, FL, USA, 5–9 January 2015.

35. Yang, S.; Nagaraja, S.; Sun, W.; Yang, V. Multiscale modeling and general theory of non-equilibrium
plasma-assisted ignition and combustion. J. Phys. D Appl. Phys. 2017, 50, 433001. [CrossRef]

36. Han, J.; Yamashita, H. Numerical study of the effects of non-equilibrium plasma on the ignition delay of a
methane-air mixture using detailed ion chemical kinetics. Combust. Flame 2014, 161, 2064–2072. [CrossRef]

37. Mariani, A.; Foucher, F. Radio frequency spark plug: An ignition system for modern internal combustion
engines. Appl. Energy 2014, 122, 151–161. [CrossRef]

38. Wang, Z.; Huang, J.; Wang, Q.; Hou, L.; Zhang, G. Experimental study of microwave resonance plasma
ignition of methane-air mixture in a constant volume cylinder. Combust. Flame 2015, 162, 2561–2568.
[CrossRef]

39. Hwang, J.; Bae, C.; Park, J.; Choe, W.; Cha, J.; Woo, S. Microwave-assisted plasma ignition in a constant
volume combustion chamber. Combust. Flame 2016, 167, 86–96. [CrossRef]

40. Wolk, B.; DeFilippo, A.; Chen, J.Y.; Dibble, R.; Nishiyama, A.; Ikeda, Y. Enhancement of flame development
by microwave-assisted spark ignition in constant volume combustion chamber. Combust. Flame 2013, 160,
1225–1234. [CrossRef]

41. Michael, J.B.; Chng, T.L.; Miles, R.B. Sustained propagation of ultra-lean methane/air flames with pulsed
microwave energy deposition. Combust. Flame 2013, 160, 796–807. [CrossRef]

42. Ikeda, Y.; Nishiyama, A.; Wachi, Y.; Kaneko, M. Research and Development of Microwave Plasma Combustion Engine
(Part I: Concept of Plasma Combustion and Plasma Generation Technique); sae technical papers, no. 2009-01-1050;
Sae International: Warrendale, PA, USA, 2019.

43. Le, M.K.; Nishiyama, A.; Serizawa, T.; Ikeda, Y. Applications of a multi-point microwave discharge igniter in
a multi-cylinder gasoline engine. Proc. Combust. Inst. 2019, 37, 5621–5628. [CrossRef]

44. Sun, W.; Won, S.H.; Ombrello, T.; Carter, C.; Ju, Y.G. Direct ignition and S-curve transition by in situ
nanosecond pulsed discharge in methane/oxygen/helium counter-flow flame. Proc. Combust. Inst. 2013, 34,
847–855. [CrossRef]

45. Sun, W.T.; Won, S.H.; Ju, Y.G. In situ plasma activated low temperature chemistry and the S-curve transition
in DME/oxygen/helium mixture. Combust. Flame 2014, 161, 2054–2063. [CrossRef]

46. Lefkowitz, J.K.; Guo, P.; Ombrello, T.; Won, S.H.; Stevens, C.A.; Hoke, J.L.; Schauer, F.; Ju, Y.G. Schlieren
imaging and pulsed detonation engine testing of ignition by a nanosecond repetitively pulsed discharge.
Combust. Flame 2015, 162, 2496–2507. [CrossRef]

47. Bonebrake, J.M.; Blunck, D.L.; Lefkowitz, J.K.; Ombrello, T.M. The effect of nanosecond pulsed high frequency
discharges on the temperature evolution of ignition kernels. Proc. Combust. Inst. 2019, 37, 5561–5568.
[CrossRef]

48. Pancheshnyi, S.V.; Lacoste, D.A.; Bourdon, A.; Laux, C.O. Ignition of propane-air mixtures by a repetitively
pulsed nanosecond discharge. IEEE Trans. Plasma Sci. 2006, 34, 2478–2487. [CrossRef]

49. Ombrello, T.; Ju, Y.G.; Fridman, A. Kinetic ignition enhancement of diffusion flames by nonequilibrium
magnetic gliding arc plasma. AIAA J. 2008, 46, 2424–2433. [CrossRef]

http://dx.doi.org/10.1088/0022-3727/44/2/022001
http://dx.doi.org/10.1016/j.cjche.2016.05.014
http://dx.doi.org/10.1016/j.proci.2018.05.106
http://dx.doi.org/10.1016/j.combustflame.2016.01.009
http://dx.doi.org/10.1016/j.proci.2016.06.174
http://dx.doi.org/10.1016/j.proci.2016.08.083
http://dx.doi.org/10.1088/1361-6463/aa87ee
http://dx.doi.org/10.1016/j.combustflame.2014.01.025
http://dx.doi.org/10.1016/j.apenergy.2014.02.009
http://dx.doi.org/10.1016/j.combustflame.2015.03.004
http://dx.doi.org/10.1016/j.combustflame.2016.02.023
http://dx.doi.org/10.1016/j.combustflame.2013.02.004
http://dx.doi.org/10.1016/j.combustflame.2012.12.006
http://dx.doi.org/10.1016/j.proci.2018.06.033
http://dx.doi.org/10.1016/j.proci.2012.06.104
http://dx.doi.org/10.1016/j.combustflame.2014.01.028
http://dx.doi.org/10.1016/j.combustflame.2015.02.019
http://dx.doi.org/10.1016/j.proci.2018.06.027
http://dx.doi.org/10.1109/TPS.2006.876421
http://dx.doi.org/10.2514/1.33005


Energies 2019, 12, 1511 16 of 16

50. Ju, Y.G.; Sun, W.T. Plasma assisted combustion: Dynamics and chemistry. Prog. Energy Combust. 2015, 48,
21–83. [CrossRef]

51. Ju, Y.G.; Sun, W.T. Plasma assisted combustion: Progress, challenges, and opportunities. Combust. Flame
2015, 162, 529–532. [CrossRef]

52. Starikovskiy, A.; Aleksandrov, N. Plasma-assisted ignition and combustion. Prog. Energy Combust. 2013, 39,
61–110. [CrossRef]

53. Yang, G.Z. Numerical Simulation and Structural Design of Continuous Plasma Generator. Master’s Thesis,
Harbin Engineering University, Harbin, China, 2011.

54. Li, Y.J. Research on Performance of Flame Ignition and Extinction of can Annular Combustor. PH.D. Thesis,
Harbin Engineering University, Harbin, China, 2013.

55. Zhang, J.G. Numerical Simulation and Experimental Research on Plasma Ignition and Combustion
Enhancement. Master’s Thesis, Harbin Engineering University, Harbin, China, 2018.

56. Badawy, T.; Bao, X.; Xu, H. Impact of spark plug gap on flame kernel propagation and engine performance.
Appl. Energy. 2017, 191, 311–327. [CrossRef]

57. Padala, S.; Nishiyama, A.; Ikeda, Y. Flame size measurements of premixed propane-air mixtures ignited by
microwave-enhanced plasma. Proc. Combust. Inst. 2017, 36, 4113–4119. [CrossRef]

58. Lin, B.; Wu, Y.; Zhu, Y.; Song, F.; Bian, D. Experimental investigation of gliding arc plasma fuel injector for
ignition and extinction performance improvement. Appl. Energy 2019, 235, 1017–1026. [CrossRef]

59. Brühl, S.P.; Russell, M.W.; Gómez, B.J.; Grigioni, G.M.; Feugeas, J.N.; Ricard, A. A study by emission
spectroscopy of the active species in pulsed DC discharges. J. Phys. D Appl. Phys. 1997, 30, 2917. [CrossRef]

60. Rao, X.; Hemawan, K.; Wichman, I.; Carter, C.; Grotjohn, T.; Asmussen, J.; Lee, T. Combustion dynamics
for energetically enhanced flames using direct microwave energy coupling. Proc. Combust. Inst. 2011, 33,
3233–3240. [CrossRef]

61. Chen, Z.; Burke, M.P.; Ju, Y.G. On the critical flame radius and minimum ignition energy for spherical flame
initiation. Proc. Combust. Inst. 2011, 33, 1219–1226. [CrossRef]

62. Kim, H.H.; Won, S.H.; Santner, J.; Chen, Z.; Ju, Y.G. Measurements of the critical initiation radius and
unsteady propagation of n-decane/air premixed flames. Proc. Combust. Inst. 2013, 34, 929–936. [CrossRef]

63. Kelley, A.P.; Jomaas, G.; Law, C.K. Critical radius for sustained propagation of spark-ignited spherical flames.
Combust. Flame 2009, 156, 1006–1013. [CrossRef]

64. Lin, B.X.; Wu, Y.; Zhang, Z.B.; Chen, Z. Multi-channel nanosecond discharge plasma ignition of premixed
propane/air under normal and sub-atmospheric pressures. Combust. Flame 2017, 182, 102–113. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.pecs.2014.12.002
http://dx.doi.org/10.1016/j.combustflame.2015.01.017
http://dx.doi.org/10.1016/j.pecs.2012.05.003
http://dx.doi.org/10.1016/j.apenergy.2017.01.059
http://dx.doi.org/10.1016/j.proci.2016.06.168
http://dx.doi.org/10.1016/j.apenergy.2018.11.026
http://dx.doi.org/10.1088/0022-3727/30/21/002
http://dx.doi.org/10.1016/j.proci.2010.06.024
http://dx.doi.org/10.1016/j.proci.2010.05.005
http://dx.doi.org/10.1016/j.proci.2012.07.035
http://dx.doi.org/10.1016/j.combustflame.2008.12.005
http://dx.doi.org/10.1016/j.combustflame.2017.04.022
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experiment Setup and Numerical Strategy 
	Experiment Setup 
	Numerical Strategy 

	Results Analysis and Discussion 
	Plasma Jet Flow Characteristics During Discharge 
	Ignition Process Analysis in Gas Turbine Combustors 
	Effects of Different Factors on Plasma Ignition Performance 

	Conclusions 
	References

