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Abstract: Re-ignition of aeroengines under high altitude conditions is of great importance to the safety
and use of lean-burn flame. This study is focused on the experimental and numerical characterization
of flow dynamics and flame re-ignition in a rectangular burner. A ring-needle type plasma actuator
was considered and run by high-voltage (HV) nanopulsed plasma generator. The electrical power
delivered to the fluid and an optimal value of reduced electric field (EN) was calculated considering
non-reactive flow. Smoke flow visualizations using a high-speed camera and proper orthogonal
decomposition (POD) were performed to recognize the most dominant flow structures. Experimental
results revealed the transport effects due to plasma discharge, such as the induced flow, that could
have a strong impact on the recirculation zone near the corners of combustor, improving the mixing
performance and reducing the ignition delay time. Two different numerical tools (ZDPlasKin and
Chemkin) were used to investigate the ignition characteristics. ZDPlasKin calculated the thermal
effect and the plasma kinetic of nanopulsed plasma discharge at the experimentally measured EN.
Finally, based on the output of ZDPlasKin, Chemkin estimated the flame ignition at low pressure
and low temperature conditions. It was noticed that time required to achieve the maximum flame
temperature with plasma actuation is significantly less than the auto-ignition time (‘clean case’,
simulation result of the model without considering the plasma effect). Maximum reduction in
ignition time was observed at inlet pressure 1 bar (3.5 × 10−5 s) with respect to the clean case
(1.1 × 10−3 s). However, as the inlet pressure is reduced, the ignition delay time was increased. At
0.6 bar flame ignition occurred in clean case at 0.0048 s and at 0.0022 s in presence of the plasma
actuation, a further decrease of the pressure up to 0.4 bar leads the ignition at 0.0027 s and 0.0063 s in
clean and plasma actuation, respectively.

Keywords: plasma assisted ignition; flow structures; nanopulsed plasma; ignition delay time; low
temperature; low pressure

1. Introduction

Lean and premixing combustion techniques are one of the most prominent methods of
lowering the flame temperature and subsequently NOx emissions, however, this approach
produces severe flame instabilities which have to be avoided. Moreover, at present, a major
challenge of aerospace combustors is ignition at high altitude conditions characterized by
low pressure and low temperature. In this context, several passive control strategies have
been used to investigate flame stabilization by modifying the combustor geometry in a
permanent way. However, plasma-assisted combustion technology is the most encouraging
technique to actively control the combustion characteristics under real-time operating
conditions [1].

These days, two different types of plasmas, one is the thermal plasma (equilibrium
plasma) in which rotational and vibrational temperatures and particularly the electron
temperature of active species are in thermal equilibrium and electron number density and
neutral gas temperature are very high, for example plasma torch and spark plug. The
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other type of plasma is the non-thermal plasma (NTP). It is also known as non-equilibrium
plasma or cold plasma. In NTP, the electrical power is primarily used to produce energetic
electrons useful for activating the reagents, while the gas temperature remains constant.
Recently, the use of NTP is considered one of the most promising techniques to improve
the flame ignition by shortening the ignition delay time, increasing lean flame stabilization,
accelerating low-temperature oxidation, and extending lean blowout limits [1,2]. NTP has
great capability to improve the flame ignition and combustion thanks to thermal effects
(via temperature rise), kinetic effects (via plasma generated vibrationally and electronically
excited molecules and neutral radicals), and transport effects. These last effects are given by
diffusion transport enhancement effect via fuel reforming and low temperature oxidation
and convective transport improvement due to plasma generated ionic wind, hydrodynamic
instability, and flow motion via Coulomb and Lorentz forces [3].

Successful demonstrations of plasma-assisted ignition (PAI) has been performed by
using different NTPs—such as atmospheric pressure discharge, microwave discharge, radio
frequency discharge, corona discharge, surface discharge, direct current glow discharge
(DCGD), laser ignition, and dielectric barrier discharge (DBD) [4]. Among NTP technolo-
gies, the dielectric barrier discharge (DBD) is widely considered and credit goes to the
simplicity of its design and the wide range of operating modes. DBD plasma actuators
showed great interest in aeronautics due to reattaching of separated flows and controlling
of the boundary layer from transition to turbulence [5,6] due to the induced flow field,
hence they could be used also to modify the flow dynamics close to the recirculation area
of the combustors. The arrangement of DBD is based on two electrodes; one is connected
with high voltage while the other one is grounded. The time varying voltage is required
to drive the DBD in occurrence of capacitive coupling [4]. Basically, DBD is working into
two different operations modes: the sinusoidal wave form and nanosecond repetitively
pulsed discharge (NRPD). The NRPD has garnered much attention due to its wide capacity
of generating excited states and active radicals by ionization, dissociation, and electron
impact excitation reactions, which could be due to of high reduced electric field EN values
which improved the flame ignition [7]. Moreover, NRPD also generate the fast gas heating
which helps to improve the ignition via improvement in thermal pathways [8]. However,
during the NRPD electron impact reactions (plasma chemistry) have different time scales
than the gas phase reactions (combustion chemistry) [9].

Bernard [10,11] experimentally investigated a turbulent air jet under the effects of
DBD driven by sinusoidal generator. The turbulent spectrum, turbulent kinetic energy,
and velocity profiles have been analyzed; it was also noticed that DBD plasma actuation
could lead to improve the mixing performance. Xu [12] studied the impacts of AC-DBD
in coaxial methane/air burner. During the tests, the high-voltage electrode was around
the outer burner tube whereas an inner burner tube acted as a grounded electrode. The
authors noticed that flame structure was strongly affected by the electric field EN generated
by means of the AC-DBD plasma discharge.

Many experimental and numerical studies have been performed to develop the kinetic
model including plasma actuated reactions to investigate the ignition enhancement by
NRPD. Aleksandrov [9] performed the plasma kinetic modeling of CH4/air mixture and
revealed that the neutral radicals and active species produced through NRDP accelerated
the ignition process. However, only atoms and free radicals were considered in their
simulation work and the effects of excited species were neglected. Ju [7] studied the kinetic
mechanism by only including electronical species of oxygen and hydrogen by neglecting
the role of vibrational species. Kosarev [13] focused on the numerical and experimental
approaches to characterize the ignition kinetics of CH4:O2:Ar mixture at temperature
ranges of 1230 K to 1719 K and pressure of 0.3 bar to 1.1 bar by subjecting high-voltage
NRDP in the shock tube. It has been noticed that ignition times were considerably reduced
with the use of NRDP. However, this study neglected the evolution of vibrational and
electronical excitation species. Starik [14] investigated the combustion mechanism of
methane/air mixture, including kinetics of singlet oxygen but without the modeling of
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plasma discharge and vibrational species. Uddi [15] performed the experimental and
comparative measurements of oxygen atom in air and methane–air mixture subjecting
NRDP by using laser induced fluorescence, but they neglected the treatment of vibrational
species.

Although many studies have been performed during the last decade, the accurate
mechanism and fundamental knowledge of ignition enhancement by plasma discharge is
still at exploratory stages. Furthermore, few studies focused on the re-ignition of aeroengine
under high altitude conditions is of great importance to the safety and use of lean-burn.

Hence, this study performed a numerical characterization of the ignition delay time
in a rectangular burner, particularly under high altitude conditions. A ring-needle type
plasma actuator powered by a high-voltage nanosecond pulsed generator was used. Firstly,
an experimental analysis was performed. The electrical power delivered to the fluid and an
optimal value of reduced electric field (EN) was measured through dedicated experiments
under non-reactive flow, which could be appropriate for the numerical analysis of flame
ignition. Smoke flow visualizations were also carried out by using a high-resolution camera
to investigate the fluid dynamics effects of plasma actuation on the flow behavior. The
preliminary POD analysis was also performed to recognize the major dominant flow struc-
tures generated at different plasma actuation conditions. Finally, two different numerical
tools (ZDPlasKin and Chemkin) were used to investigate the flame ignition characteristics
under high altitude conditions.

2. Experimental Setup and Electrical Characterization

The experimental setup was implemented to study the effects on the flow of NRPD
such as the induced flow in the recirculation zone. A ring-needle plasma actuator was
installed in a rectangular burner and operated by nanosecond pulsed generator. The plasma
actuator consisted of two copper electrodes, one is a ring type electrode with the inner
diameter = 32 mm and the outer diameter = 52 mm, connected to the HV. The second one
is the grounded electrode that is a needle with a length of 330 mm and the diameter equal
to 1 mm, placed at the center of the ring electrode at the standoff distance s = 0 mm, and
acted as grounded. The standoff distance referred to the position of the needle electrode
from the upper edge of the ring electrode.

The effects of the output voltage of the HV power supply and of the standoff distance
were analyzed, as reported in Table 1. At first, two different percentage values of the HV
voltage were considered, in particular 20% and 40% of the maximum output voltage of the
power supply Vmax, by keeping constant the standoff distance equal to 0 mm. Secondly,
the standoff distance varied from 0 mm to 20 mm and 40 mm at 40%Vmax applied voltage
and frequency.

Table 1. Plasma actuated experimental conditions.

Test Case No.
Actuator Configuration Actuation Conditions Standoff

Distance (mm)High-Voltage Ground Generator Amplitude (% Vmax) Frequency (% Fmax)

1.

Disk Needle Nanopulsed
Generator

20% 30% 00
2. 40% 30% 00
3. 40% 30% 20
4. 40% 30% 40

Figure 1 shows the sketch of the rectangular burner with the position of grounded
electrode (GND) and the high-voltage (HV) electrode, location of plasma, and expected
instantaneous streamlines. Plasma was generated at the tip of needle electrode and at the
corners of disk electrode as in Figure 1b. Figure 1c,d depicts the instantaneous velocity
streamlines for the test case at high-voltage amplitude equal to 40%Vmax, frequency equal
to 30% and standoff distance equal to 0 mm and 20 mm, respectively. They clearly define
the recirculation zone at the rectangular corners of the burner that could help to promote the
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combustion process. All the tests were conducted considering non-reactive flow at ambient
conditions. A faraday cage was used to protect the system from electromagnetic field
caused by high EN. Figure 2 depicts a detailed view of experimental setup for combustion
and electrical characterization. The electrical setup consisted of HV nanosecond pulsed
generator, current transformer, HV probe, oscilloscope, and a personal computer. The
current transformer and HV probe were connected to the oscilloscope to acquire the time
dependent voltage and current signals.
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3. Numerical Procedure

Numerical modeling of PAI has been performed by using a zero-dimensional plasma
kinetic model (ZDPlasKin) [16] and the chemical kinetic model (CHEMKIN) [17]. Figure 3
depicts the detailed explanation of numerical methodology. The extended version of
chemical kinetics mechanisms for methane/air plasma assisted combustion was imple-
mented from the literature by considering both electron impact reactions and gas phase
reactions [18–21]. The mechanism consisted of 161 species and 1382 reactions—including
charged transfer reactions, vibrationally excited reactions, electronically excited reactions,
three body recombination reactions, ionization, relaxation, and dissociation reactions. ZD-
PlasKin solver was used to predict the thermal and kinetic effects of NRPD on pre-mixed
methane/air at the same measured experimental reduced electric field EN. Boundary condi-
tions for numerical analysis in terms of pressure, temperature, and electrical feeding were
same as in Experimental Test 2 (Table 1). The Boltzmann equation solver was coupled with
ZDPlaskin to estimate the temporal evolution of neutral radicals and active species. Finally,
based on the output of ZDPlasKin, Chemkin was used to predict the flame ignition at high
altitude conditions—i.e., low pressure and low temperature. The closed homogenous batch
reactor was used for the ignition analysis. The detailed description of numerical procedure
and experimental validation of extended version of mechanism has been presented in our
previously published articles [22,23].
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4. Results and Discussions
4.1. Electrial Characterization

Table 2 presented the electrical output in terms of electrical power delivered to the
non-reactive flow at different plasma actuation conditions; in particular, the electrical power
per pulse and the mean electrical power were reported.
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Table 2. Electrical output of plasma actuated test cases.

Test Case No. Voltage Peak (V) Repetition Rate
(Hz)

Pulse Electrical
Power (W)

Mean Electrical
Power (W)

Uncertainty Pulse
Electrical Power (W)

1. 14,152.01 813.6697 644.4663 1.2581 70
2. 16,795.8 755.287 660.782 1.1974 70
3. 166.6829 1196.602 4.2125 0.0121 0.4
4. 189.9815 1059.098 6.2117 0.0158 0.5

It has been noticed that the power delivered to fluid is almost same in Test 1 and 2;
however, with the increase of standoff distances, it significantly reduced as in Test 3 and
4. Therefore, it was concluded that controlling of plasma discharge could be possible in
two ways, either to control voltage amplitude or to adjust the standoff distance by moving
needle in y-axis. The time dependent evolution of voltage-current characteristics at different
HV amplitude voltages and standoff distances has been shown in Figure 4. The voltage
signal was highly variable due to NRPD mode of actuation. The current signals presented
several high-amplitude spikes due to the plasma discharges that lead to a fast electrical
impedance change within the actuator. The maximum peak voltage was noticed in Test 2
which was selected for numerical analysis. The voltage signal and gap distance between
ring and needle electrodes were considered for the prediction of the EN, because EN is the
major factor to control energy deposition and production of active species during NRPD.
Energy obtained by electric field is transmitted to the various excitation states via electron
impacted reactions. The temporal evolution of EN of Test 2 is shown in Figure 5, it shows
the several peaks during the single pulse discharge. The mean integral value of EN in the
time interval of 10−6 was about 200 Td. This value has been previously proved to improve
the combustion characteristic time of methane flame [22–24]. Therefore, numerical analysis
of ignition characteristics has been performed by considering the electrical output of Test 2.
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4.2. Flow Visualization

The smoke flow visualizations have been carried out by using a high-resolution camera
(MEMRECAM GX-3). An advantage of the flow analysis under quiescent conditions is
that it could be possible to better analyze the plasma induced flow due to the momentum
transfer, which otherwise would be hidden by effects due to the chemical reactions.

The Plexiglas box was seeded with incense smoke. For assessing the ability of the
incense smoke seeding particles to follow the flow field, the particle relaxation time Tp and
the Stokes number St were evaluated.

Tp =
ρd2

18µ
(1)

The Stokes number is the ratio between the particle residence time and the characteris-
tic time of the carrier fluid corrected with the slip correction factor, Cc.

St =
vCcρd2

18µl
(2)

where ρp is the particle density, d is the particle diameter, v is a characteristic velocity scale
of the flow, µ is the fluid viscosity, l is a characteristic length scale of the flow, and Cc the
slip correction factor (or Cunningham’s correction factor) [25]. Chinese joss sticks were
used for seeding, it was estimated a particle diameter around 0.3 µm and a particle density
of 1.06 g/cm3 [26,27]. It was found that, at standard conditions (293 K and 101 kPa), the
slip correction factor was around 1.554 [28,29].

The particle residence time was estimated equal to 0.00004 s and the Stokes number St
equal to 0.0018, assuming v of 0.1 m/s (set to mean velocity measured in previous LDV
experiments) and l equal to 3.3 cm (inner diameter). According to [30], St << 0.1 returns an
acceptable flow tracing accuracy with errors below 1%.

Smoke flow visualizations at the downstream region of the exposed electrodes at
different HV voltage amplitudes (Tests 1–2) and standoff distances (Test 2, 3, and 4) were
performed for the identification of vortical flow pattern generated in quiescent atmospheric
air, as shown in Figures 6 and 7. It has been noticed that in Test 1 and Test 2, flow field
was uniformly distributed; only one leading vortex was observed on the corners of closed
box that could modify the flow recirculation in the burners, with an improvement of the
combustion. Moreover, with the increase of the standoff distance, as in Test 3 and Test 4,
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uniformity and mixing performance were gradually decreased, and the flow was moved to
upstream of the closed box.

Aerospace 2022, 8, x FOR PEER REVIEW 8 of 18 
 

 

The Plexiglas box was seeded with incense smoke. For assessing the ability of the 

incense smoke seeding particles to follow the flow field, the particle relaxation time 𝑇𝑝 

and the Stokes number St were evaluated. 

𝑇𝑝 =
𝜌𝑑2

18𝜇
 (1) 

The Stokes number is the ratio between the particle residence time and the character-

istic time of the carrier fluid corrected with the slip correction factor, Cc. 

𝑆𝑡 =
𝑣𝐶𝐶𝜌𝑑

2

18𝜇𝑙
 (2) 

where ρp is the particle density, d is the particle diameter, v is a characteristic velocity scale 

of the flow, μ is the fluid viscosity, l is a characteristic length scale of the flow, and Cc the 

slip correction factor (or Cunningham’s correction factor) [25]. Chinese joss sticks were 

used for seeding, it was estimated a particle diameter around 0.3 μm and a particle density 

of 1.06 g/cm3 [26,27]. It was found that, at standard conditions (293 K and 101 kPa), the 

slip correction factor was around 1.554 [28,29]. 

The particle residence time was estimated equal to 0.00004 s and the Stokes number 

St equal to 0.0018, assuming v of 0.1 m/s (set to mean velocity measured in previous LDV 

experiments) and l equal to 3.3 cm (inner diameter). According to [30], St << 0.1 returns an 

acceptable flow tracing accuracy with errors below 1%. 

Smoke flow visualizations at the downstream region of the exposed electrodes at dif-

ferent HV voltage amplitudes (Tests 1–2) and standoff distances (Test 2, 3, and 4) were 

performed for the identification of vortical flow pattern generated in quiescent atmos-

pheric air, as shown in Figures 6 and 7. It has been noticed that in Test 1 and Test 2, flow 

field was uniformly distributed; only one leading vortex was observed on the corners of 

closed box that could modify the flow recirculation in the burners, with an improvement 

of the combustion. Moreover, with the increase of the standoff distance, as in Test 3 and 

Test 4, uniformity and mixing performance were gradually decreased, and the flow was 

moved to upstream of the closed box. 

 

Figure 6. Comparative analysis of smoke flow visualizations at different percentage of amplitudes 

and fixed standoff distance 0 mm. 

Figure 6. Comparative analysis of smoke flow visualizations at different percentage of amplitudes
and fixed standoff distance 0 mm.

Aerospace 2022, 8, x FOR PEER REVIEW 9 of 18 
 

 

 

Figure 7. Comparative analysis of smoke flow visualizations at different standoff distances 0 mm, 

20 mm, and 40 mm at fixed percentage of amplitude. 

Moreover, for a deep analysis of the induced flow vortices and coherent structures, 

the preliminary investigation of POD analysis of non-reactive flow was performed, which 

allows the identification of dominant structures from random data. The sign and the in-

tensity of POD eigen structures represent the coherent flow structures. The relative con-

tribution of each mode to the flow field reconstruction is described by their energy. The 

first POD mode represents the most energetic flow structure, and it is strictly related to 

the flow variance. The relative mode energy is mainly consumed and distributed by the 

first three modes in all test cases as shown in Figure 8. Though, the influence of the first 

mode was relatively high, while POD modes above number 3 are less significant. Hence, 

only the first three modes were considered for the POD flow analysis. The POD structures 

at different amplitudes and standoff distances are shown in Figures 9 and 10, respectively. 

In Test 1, Mode 1, and Mode 2 were more symmetric and they have approximately the 

same relative energy as shown in Figure 8. However, in Test 2, Mode 1, and Mode 2 pre-

sent quite different structures and almost 80% of relative energy were captured by Mode 

1. Besides this, when the standoff distance was 0 mm, flow disturbances was quite at-

tached to the needle electrode and located on the downstream of closed box as in Test 1 

and 2; however, with the increase of standoff distance as in Test 3 and 4 the flow was 

moved to the corners and upstream of the rectangular box. 

 

Figure 8. Comparative characterization of relative energy of first 10 modes at different voltage am-

plitudes and standoff distances. 

  

Figure 7. Comparative analysis of smoke flow visualizations at different standoff distances 0 mm,
20 mm, and 40 mm at fixed percentage of amplitude.

Moreover, for a deep analysis of the induced flow vortices and coherent structures,
the preliminary investigation of POD analysis of non-reactive flow was performed, which
allows the identification of dominant structures from random data. The sign and the
intensity of POD eigen structures represent the coherent flow structures. The relative
contribution of each mode to the flow field reconstruction is described by their energy. The
first POD mode represents the most energetic flow structure, and it is strictly related to the
flow variance. The relative mode energy is mainly consumed and distributed by the first
three modes in all test cases as shown in Figure 8. Though, the influence of the first mode
was relatively high, while POD modes above number 3 are less significant. Hence, only
the first three modes were considered for the POD flow analysis. The POD structures at
different amplitudes and standoff distances are shown in Figures 9 and 10, respectively. In
Test 1, Mode 1, and Mode 2 were more symmetric and they have approximately the same
relative energy as shown in Figure 8. However, in Test 2, Mode 1, and Mode 2 present quite
different structures and almost 80% of relative energy were captured by Mode 1. Besides
this, when the standoff distance was 0 mm, flow disturbances was quite attached to the
needle electrode and located on the downstream of closed box as in Test 1 and 2; however,
with the increase of standoff distance as in Test 3 and 4 the flow was moved to the corners
and upstream of the rectangular box.
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Figure 10. POD analysis of first three modes at different standoff distances of 0 mm, 20 mm, and
40 mm, and fixed voltage amplitude.

4.3. Production of Active Particles

Different from traditional ignition techniques, which depend mainly on gas heating,
NTP provides enhancement through kinetics. This happens through collisions between
energetic electrons and abundant particles such as diatomic nitrogen and oxygen, finally
leading to the generation of radicals that promote ignition. In our previous studies, it
has been noticed that the deposition of nanopulsed plasma discharge decomposed the
methane/air and improved the concentrations of neutral radicals such as H, CH, OH, CH3,
O, and O3 by following the electron impact reactions [22–24].
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In this paper, numerical analysis of neutral radicals has been performed at different
inlets pressure aiming to see particularly the effects on concentration of particles at low
pressure. Experimental EN = 200 Td, inlet temperature equal to 300 K, and initial reaction
of CH4/N2/O2 were considered. Figure 11 showed the production of free radicals H, CH3,
O, O3, CH, and OH at three different inlet pressure values. It has been perceived that with
the use of plasma discharge active particles were produced; however, by decreasing the
inlet pressure, the concentrations of all neutral radicals were also significantly reduced and
minimum concentrations were observed at 0.4 bar. This effect could be due to the slow
speed of electron impacts reactions and low ionization process at low pressure conditions.
However, still the production rate of radicals is applicable to enhance the flame ignition
at low pressure as discussed in the next section of ignition process. At a pressure of 1 bar,
the peak concentration of all radicals ranges between 10−1 and 10−2 except CH which lies
between 10−3 and 10−4. Table 3 is showing the conditions that have been used to simulate
the plasma effects.
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Table 3. Production of active radicals during the pulse discharge.

Pressure H O OH CH CH3 O3

1 bar 0.02581 0.0671 0.001818 0.000175622 0.03046 0.05062

0.6 bar 0.000558261 0.00203 0.000944928 4.912 × 10−6 0.00146 0.00151

0.4 bar 2.96967 × 10−5 0.000108 6.22008 × 10−5 2.5848 × 10−7 8.967 × 10−5 6.6069 × 10−5

4.4. Ignition Characteristics at Low Pressure and Temperature Conditions

The impact of needle-ring nanopulsed plasma actuator on the flame ignition was
analyzed at low pressure and fixed inlet temperature and plasma actuation conditions.
Experiments showed that the transport effects of plasma needle-disk plasma actuator could
improve the mixing of the fuel/air mixture, which a possible contribution to the reduction
of ignition delay time. ZDPlasKin permitted to estimate the thermal and kinetics effects due
to the nanopulsed plasma discharge at the experimentally measured EN. Finally, based on
the thermal and kinetic outputs of ZDPlasKin, in terms of rise of the mixture temperature
and production of active species, Chemkin estimated the flame ignition at low pressure
and low temperature conditions. A closed homogeneous batch reactor (CHBR) was used to
predict the ignition delay time.

The closed homogenous batch reactor has been commonly used for the analysis of
ignition delay timings in Chemkin solver. Two important parameters were available in the
setting of solver to define the ignition process: maximum concentrations of OH species and
temperature inflection point. This means that the computation of ignition delay timings
could be predicted by maximum molar fraction of OH species and temperature inflection
point (TIP). The TIP is defined as the position where the rate of change of temperature with
reference to time is largest.

Figure 12 shows the comparative analysis of ignition delay time of clean case (without
plasma) and plasma actuation at different inlet pressures at constant inlet mixture tempera-
ture equal to 1400 K and EN = 200 Td. It was noticed that the time required to achieve the
maximum flame temperature with plasma actuation is significantly reduced in comparison
with autoignition time (clean case, without plasma actuation). At 1 bar, the ignition time
was 1.1 × 10−3 s while it was reduced at 3.5 × 10−5 s in presence of plasma actuation.
However, lowering the inlet pressure, the ignition delay time increased for both the clean
case (without plasma effect) and plasma assisted case. Results showed that plasma-assisted
ignition is more efficient at low pressures. At 0.6 bar flame ignition occurred in case without
plasma effects at (0.0048 s) and plasma assisted ignition (0.0022 s), simultaneously, at 0.4
bar it achieved at 0.0063 s and 0.0027 s without and with plasma actuation, respectively.
Figure 13 depicts the temporal evolution of maximum molar concentration of OH species
at different inlet pressures during the inlet plasma discharge. It has been noticed that maxi-
mum OH concentrations were produced at the same time at which temperature inflection
point was achieved. At the same pressure, the maximum OH is higher and reached in
a shorter time in the case of plasma actuation than in the case without plasma. It is also
possible to see the evolution of the OH during the first stage.

Ignition in low-temperature repetitively pulsed nanosecond discharge plasmas occurs
mainly due to plasma chemical radical species reactions rather than due to rapid localized
heating. In particular, the ignition enhancement is due to the conversion of electron
energy into the bond energy of free/active radicals produced during the plasma discharge
processes. Then, the bond energy of free/active radicals is transformed into internal energy
during the ignition process.
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Adding to this, flame ignition analysis was also carried out at low inlet mixture
temperature by putting constant inlet pressure of 0.4 bar and 0.6 bar. Figure 14 shows the
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comparative behavior of ignition delay time at different low inlet temperature ranges from
1000 K to 1300 K, investigating the time required to achieve the maximum combustion
temperature. It has been noted that, with the increase of inlet temperature, ignition time
was reduced, and minimum reduction was observed at 1300 K for both 0.4 bar and 0.6 bar;
however, the reduction effect was bit high at 0.6 bar than the 0.4 bar. At a low temperature
of 1000 K, ignition times were observed at 0.013 s and 0.010 s for 0.4 and 0.6 bar, respectively.
Moreover, the maximum combustion temperature of all initial mixture temperature values
was similar around 2700 K for both mixture pressure values. Simultaneously, the parametric
study at different inlet temperatures was performed at two different operating pressure
values and the results are shown in Figure 15. It has been noticed that the rise of the inlet
temperature reduced the influence of the ignition delay time on the operating pressure.
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5. Conclusions

The present work investigated the experimental and numerical characterization of flow
structures and ignition delay time, particularly at high altitude conditions—i.e., low inlet
pressure and temperature. Plasma assisted ring-needle plasma actuator was developed and
powered by a high-voltage nanosecond pulse generator. The electrical characterization has
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been performed considering different percentage values of the HV amplitude and different
standoff distances. The mean power and optimum value of EN were experimentally
measured and used in the numerical study for the prediction of the ignition delay time.
Smoke flow visualizations and the POD analysis showed the transport effects of the plasma
discharges, which generated an induced flow in the recirculation zone near the corners
of the combustor, with a possible effect on the mixing of the fuel/air mixture. Finally,
predictions of the ignition delay time for the case without plasma effects and the plasma
assisted ignition cases at different inlet pressure and temperature values were performed,
assuming for the plasma effects the experimental EN equal to 200 Td. It was noticed that
the time required to achieve the maximum flame temperature with PAI is significantly
reduced in comparison with the autoignition time. Maximum reduction in ignition time
was observed at 1 bar (3.5 × 10−5 s) with respect to the case without plasma (1.1 × 10−3 s).
However, decreasing the inlet pressure, the ignition delay time of clean and PAI were
increased. At 0.6 bar the flame ignition occurred at 0.0022 s in case without plasma and at
0.0048 s for the PAI, while at 0.4 bar it was achieved at 0.0027 s and 0.0063 s without and
with PAI, respectively. The flame ignition analysis was also carried out at different inlet
temperature values at constant operating pressure, equal to 0.4 bar and 0.6 bar. It has been
noted that with the increase of the inlet temperature, the ignition delay time was reduced,
and the minimum reduction was observed at 1300 K for both 0.4 bar and 0.6 bar; however,
the reduction was less significant at 0.6 bar than at 0.4 bar. At a low temperature of 1000 K,
the ignition delay time was equal to 0.013 s and 0.010 s for 0.4 and 0.6 bar, respectively.
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