
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 18.51.1.63

This content was downloaded on 12/04/2017 at 14:38

Please note that terms and conditions apply.

Localized pulsed nanosecond discharges in a counterflow nonpremixed flame environment

View the table of contents for this issue, or go to the journal homepage for more

2015 Plasma Sources Sci. Technol. 24 055010

(http://iopscience.iop.org/0963-0252/24/5/055010)

Home Search Collections Journals About Contact us My IOPscience

You may also be interested in:

Gas-confined barrier discharges: a simplified model for plasma dynamics in flame environments

C Guerra-Garcia and M Martinez-Sanchez

Plasma-assisted ignition and combustion: nanosecond discharges and development of kinetic

mechanisms

S M Starikovskaia

Plasma assisted ignition and high-speed flow control

I V Adamovich, I Choi, N Jiang et al.

Optical diagnostics of reactive species in atmospheric-pressure nonthermal plasma

Ryo Ono

Analysis of ionization wave dynamics in low-temperature plasma jets from fluid modeling supported

by experimental investigations

M Yousfi, O Eichwald, N Merbahi et al.

Mechanism of ultra-fast heating in a non-equilibrium weakly ionized air discharge plasma in high

electric fields

N L Aleksandrov, S V Kindysheva, M M Nudnova et al.

Dynamics of colliding microplasma jets

Claire Douat, Gérard Bauville, Michel Fleury et al.

Time-resolved temperature and O atom measurements in nanosecond pulse discharges in combustible

mixtures

Suzanne Lanier, Sherrie Bowman, David Burnette et al.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by DSpace@MIT

https://core.ac.uk/display/83233905?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0963-0252/24/5
http://iopscience.iop.org/0963-0252
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.1088/0022-3727/46/34/345204
http://iopscience.iop.org/article/10.1088/0022-3727/47/35/353001
http://iopscience.iop.org/article/10.1088/0022-3727/47/35/353001
http://iopscience.iop.org/article/10.1088/0963-0252/18/3/034018
http://iopscience.iop.org/article/10.1088/0022-3727/49/8/083001
http://iopscience.iop.org/article/10.1088/0963-0252/21/4/045003
http://iopscience.iop.org/article/10.1088/0963-0252/21/4/045003
http://iopscience.iop.org/article/10.1088/0022-3727/43/25/255201
http://iopscience.iop.org/article/10.1088/0022-3727/43/25/255201
http://iopscience.iop.org/article/10.1088/0963-0252/21/3/034010
http://iopscience.iop.org/article/10.1088/0022-3727/47/44/445204
http://iopscience.iop.org/article/10.1088/0022-3727/47/44/445204


1 © 2015 IOP Publishing Ltd Printed in the UK

1. Introduction

Non-thermal plasmas can assist flames in numerous ways 
[1, 2]. They can participate in the inflammation process [3], 
speeding it up [4, 5]. They can be used to mitigate thermo-
acoustic instabilities, facilitating the use of otherwise unstable 
ultra-lean flames [6]. More generally, plasmas can extend lean 
flammability limits [7], blow-out limits [8], increase flame 
speeds [9], and enable a more complete combustion [10].

The possibilities for impacting a flame with a plasma, 
through the additional chemistry it introduces [11–13], are 
varied; an important choice being where to position the plasma 
source relative to the flame. From this standpoint, two possi-
bilities have been explored: producing the plasma upstream of 
the flame, or overlapping plasma and flame.

In the first case, previous research has shown that the 
energy is transferred through a combination of thermal and 

non-thermal effects. In general, it is not easy to deliver very 
reactive species created by the plasma to the flame front when 
they are generated away from it due to their short lives. For 
example, a high E/n discharge in oxygen produces atomic 
oxygen in O(3P), O(1D), O(1S) states, ions O+2  and O+ , 
free electrons, excited molecular oxygen in O ( )∆a g2

1  and 
O ( )Σ+b g2

1  states and ozone O3. From these species, ozone 
and the excited molecular oxygen are the most stable spe-
cies, and all other species are quenched much faster. E.g. at 
300 K and atmospheric pressure, electron ion recombination 
for a concentration of electrons of ∼n 10e

13 cm−3 through 
( ) ( )+ → ++ −eO O P O D2
3 1  takes  ∼0.5 μs [1]; quenching of 

the O(1D) state through the process ( ) ( )+ → +O D O O P O1
2

3
2 

occurs in  ∼1 ns [14]; and O(3P) recombines through 
( )+ + → +O P O O O O3

2 2 3 2 in  ∼1 μs [14]. Therefore, effec-
tive transport of these shorter life species can only be ensured 
either through an accompanying temperature increase or 
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through the creation of more stable intermediate species [9]. 
The temperature increase is due to a rapid heating of the gas, 
which depends primarily on the reduced electric field. For 
electric fields  ∼100 Td, the main source (∼10–15% of the 
total deposited energy) has been explained as self-quenching 
reactions of excited nitrogen ( )Σ+AN u2

3  [15, 16].
More specifically, when the non-thermal plasma is created 

in the oxidizer stream, the main energy paths that produce 
flame enhancement are the excitation of molecular oxygen 
to O ( )∆a g2

1  and O ( )Σ+b g2
1  [9, 17], and the creation of ozone 

[18]. If the oxidizer is air, NOx will also be generated and is 
a well-known promoter for oxidation reactions [19]. The role 
of the excited molecular oxygen is to reduce the activation 
barrier of O, H and OH formation; and the impact of ozone 
addition is that it acts as a cold transport means of O by attach-
ment to O2. Eventually, these two energy paths intensify the 
chain reactions at the reaction front by an enhanced produc-
tion of radicals. The relevance of the direct production of O 
atoms was evaluated by [20], who concluded that, in order for 
the discharge-produced O atoms to reach the reaction zone, 
the oxidizer temperature needed to increase above a certain 
threshold to avoid recombination of the atomic oxygen.

On the other hand, for a plasma produced in the fuel stream, 
the main kinetic path that is being activated is cracking of the 
large fuel molecules into smaller fragments, large unsaturated 
or branched hydrocarbons, and H2 [10, 21]. Similarly, when 
the plasma is produced in a premixed reactant stream, the 
main effect is to pre-oxidize the fuel with the subsequent heat 
release [22] and partial fuel conversion into H2, CO [8, 23], 
alcohols, aldehydes and peroxides [1].

A different story arises when the plasma is produced 
close enough to the reaction zone, a strategy known as  
in situ energy deposition. Recently, [24] showed that by 
overlapping a repetitively pulsed nanosecond discharge to a 
counterflow nonpremixed flame, atomic oxygen created by 
the discharge could directly participate in the combustion 
reactions. In this case, the discharge was not localized to the 
flame front but rather acted uniformly on the fuel and oxidizer 
regions as well as in the reaction zone. Better coupling of the 
plasma energy to the flame has been achieved using micro-
wave (MW) energy [25–27] and femto-second lasers [28]. In 
these cases, the plasma energy deposition was fully superim-
posed to the flame front. The coupling of the MW energy to 
the flame front was proposed to be through direct electron 
heating whereas, when using femto-second lasers, radicals (O 
atoms and hydrocarbon radicals) were thought to be readily 
created. An ultimate way of directly coupling the external 
energy to the flame was proposed by the authors of [29], who 
used a laser to draw a pre-ionization pattern for the discharge 
propagation and then increased the energy deposition using 
MW. All in all, a clear advantage of these different localized 
energy deposition strategies is that the energy is spatially cou-
pled to a specific region of interest, and contact with possible 
electrodes, that can erode or even melt, is avoided.

In this paper we explore another strategy to localize the 
plasma energy at the location of the flame, this time using 
high-voltage ns-duration discharges. It is here proposed that 

the unusual environment for plasma development encountered 
in a flame field, characterized by sharp gradients in compo-
sition, temperature and pre-ionization, can be exploited to 
achieve a selective breakdown of the flame alone by use of a 
fast modulated electric discharge.

2. Selective electrical breakdown of a region of 
favorable ionization

In [30], it was demonstrated that when using repetitive pulsed 
nanosecond discharges a selective breakdown of a region of 
favorable ionization could be obtained, without bridging the 
inter-electrode space or even without contact with the elec-
trodes. The idea proposed was that layers of gas with very dif-
ferent ionization properties could be arranged in such a way as 
to create a dielectric barrier discharge (DBD)-type behavior, 
in which the role of the dielectric barrier was played by the 
most insulating gas [31].

In [30], the hypothesis was demonstrated using a layered 
gas structure with a layer of helium sandwiched between two 
nitrogen layers, and the parameters were chosen to have selec-
tive breakdown of the helium zone, while the nitrogen layers 
remained non-conductive. This was possible thanks to the very 
different ionization coefficients of helium and nitrogen. More 
specifically, the ionization coefficient α, or electron production 
per unit length, is given by Townsend’s semi-empirical formula:

⎜ ⎟
⎛
⎝

⎞
⎠

α
= −

n
F

G

E n
exp

/
,i

i
 (1)

where Fi and Gi are constants that depend on the composition, 
n is the local number density of the gas, and E/n is the local 
reduced electric field. In particular �G GHe N2. A detailed 
model was proposed to predict the different breakdown modes 
that could appear in such a configuration, which for fixed 
parameters and gradually increasing applied voltage were: no 
breakdown, breakdown of the helium layer alone and break-
down of the full gap. In essence the model only depended on a 
few parameters, mainly: the composition of the gases present, 
the temperature ratio of the layers, the ratio of thicknesses of 
the layers, the applied voltage, and the classical ndh parameter 
(where dh is the thickness of the easier to ionize layer).

When thinking about a nonpremixed flame, it can be very 
crudely described as a layer of heated gas (at the peak flame 
temperature) surrounded by colder gas (at the reactants tem-
perature) so that a similar situation can, in principle, take 
place. In this case, the main enhancement factor of the ioni-
zation coefficient in the flame with respect to the surrounding 
gas is the intensification of the reduced electric field through 
the gas density decrease with the temperature increase at 
constant pressure conditions ( ∼E n T/ ). The experiments 
described in what follows aim to explore this effect.

3. Experimental setup

The test bed of choice to assess the feasibility of directly 
coupling a ns-duration plasma to a flame is the laminar 
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counterflow nonpremixed flame with two parallel mesh elec-
trodes placed at the exit of the burner nozzles (figure 1).

This setup has two clear advantages. First, the applied elec-
tric field is aligned with the direction of variation of the gas 
properties and the platform is essentially one-dimensional. 
Second, the applied electric field is close to uniform so that 
the dominant gradients are due to the presence of the flame 
and differences in the jets, and not to the particular electrode 
geometry.

3.1. Counterflow burner

The nonpremixed flame experiments were performed in a 
counterflow burner that consisted on two concentric quartz 
nozzles with inner diameter of 15 mm. The fuel was injected 
from the top nozzle and the oxidizer from the bottom nozzle. 
Both flows were surrounded by a co-flow ring of inner diam-
eter 18 mm and outer diameter 22 mm through which nitrogen 
was injected to quench the periphery of the flame, provide 
isolation from the environment and reduce flame curvature. 
The tubes were separated by L   =   17 mm. Quartz was used to 
provide electrical insulation and avoid unwanted discharges. 
A schematic of the setup is shown in figure 2.

The bottom nozzle was placed on a two-axis translation 
stage, in the plane parallel to the nozzle exit, and with control 
over the inclination of this plane for precise positioning of 
both nozzles relative to each other.

The fuel, oxidizer and dilutant flows in the inner tubes were 
supplied via upstream sonic nozzles from compressed gas bot-
tles and the flow rate was varied using the upstream pressure. 
For the co-flows, the flow rate was measured using variable 
area flowmeters and varied using needle valves. Glass beads 
and ceramic honeycomb were inserted in the tubes as flow 
straighteners and turbulence suppression elements.

For the results in section 4.1, the top quartz tube had a sil-
icon carbide heater (SER Starbar) inserted in it and was insu-
lated with a ceramic blanket.

The exit velocities of the jets were chosen to be momentum-
balanced, in order to have the stagnation plane for the colliding 
flows, and the flame, sitting close to the center of the burner 

gap. The velocities of the co-flows were chosen to be approxi-
mately the same as those of the respective main flows.

The flames considered were methane-air flames and, for the 
fuel jet, different degrees of dilution in nitrogen were tested 
(see figure 3). All experiments were performed at atmospheric 
pressure. Further details of the setup can be found in [32].

3.2. Discharge cell

Two stainless-steel square meshes of 50 mm width were placed 
at the exit of the nozzles to serve as electrodes. Accurate posi-
tioning of the electrodes relative to each other was achieved 
using alumina spacers. The capacitance of the discharge cell 
was measured to be 2.3 pF (maximum stored energy, for 
voltage pulses of 15 kV, of  ∼260 μJ pulse−1). The electrodes 
were directly connected to the power supply through a 15 m 
coaxial cable (RG 302/U) with an impedance of 75 Ω.

The top mesh was grounded and the bottom mesh was pow-
ered using a high voltage pulse generator (FID Technologies 
FPG 10–30NKS10). The voltage pulses were unipolar (posi-
tive), had a maximum amplitude ranging from 2 to 10 kV into 
a 100–500 Ω load, rise time of 2 ns and duration of around 
10 ns at 90% of maximum voltage. The repetition frequency 
could be varied in the range 2–30 kHz. A typical voltage pulse 
waveform (as measured at the discharge cell) for the experi-
ments performed is shown in figure 4.

The electrical properties of the discharge were monitored 
using a high voltage probe (LeCroy PPE 20 kV) and a current 
probe (Pearson 2877) coupled to a 20 dB attenuator (Agilent 
8493A-20). Both voltage and current were measured by an 
Agilent oscilloscope (1 GHz Infiniium 54835A).

3.3. Ns-resolved photography

To resolve the plasma dynamics of the nanosecond-duration 
discharge coupled to a flame, a PicoStar HR12 (LaVision 
GmbX) intensified charge-coupled device (ICCD) camera was 

Figure 1. The counterflow nonpremixed flame. Two parallel 
electrodes are placed at the nozzle exits. dh refers to the thickness 
of the high temperature region, and dc to the thickness of the lower 
temperature reactant flows.

Figure 2. Counterflow burner setup. (1) Concentric quartz tubes; 
(2) translation stages; (3) heater; (4) discharge cell.

Plasma Sources Sci. Technol. 24 (2015) 055010
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used. The timing between the image intensifier, the electronic 
shutter and the high voltage pulse generator was controlled with 
a delay generator (BNC Model 575). The images taken corre-
spond to the integrated emission over a broad wavelength range. 
Different delays of the camera were introduced with respect to 
the application of the voltage pulse to obtain the discharge evo-
lution in time. This time-resolved visualization assumes that 
the discharges are repeatable since the sequential images corre-
spond to different applied voltage pulses. The camera gate used 
was 0.5 ns. Images were delayed by 1 ns between them.

4. Results

4.1. Selective excitation of a high temperature/low  
density region

A preliminary experiment was performed to verify the 
hypothesis that high temperature regions in a flow can be ion-
ized selectively when applying ns-duration pulses. For this 

purpose, ns-pulses were applied across non-isothermal flow 
using the same opposed jets platform described in section 3.1. 
Helium was chosen as the working gas since the applied 
voltage required for breakdown is lower than for other gases 
(and compatible with the available equipment). The configu-
ration of the setup used in this experiment is shown in figure 5.

Helium was injected from both nozzles. The top jet was 
heated to 900 K and the bottom jet was at ambient tempera-
ture. The opposed jets were momentum balanced so that the 
stagnation plane lay in the middle of the gap, and ≈d dh c (see 
figure 5). The exit velocity of the cold jet was 2.5 m s−1. For 
this experiment, no nitrogen co-flow was used.

Ns-pulses of variable amplitude at frequency f    =   3 kHz 
were applied to the bottom mesh, the top mesh was grounded. 
The applied voltage was gradually increased to observe the 
transition from a fully confined plasma to the heated region to 
full breakdown of the gap.

Digital camera photographs of this experiment are shown 
in figure 6. Figure 6(a) demonstrates the confinement of the 
plasma emission to the heated jet when applying ns-pulses of 
7.4 kV amplitude (all quoted voltage levels are as measured 
at the discharge cell). The plasma emission extended to the 
approximate position of the stagnation plane.

By increasing the applied voltage, all other parameters 
fixed, the emission suddenly bridged the full gap although 
the two regions, of the hot and cold jets, could still be clearly 
identified due to the stronger emission from the hot jet. A 

Figure 3. Representative photographs of the baseline flames (the oxidizer is air in both cases). X fCH ,4  is the mole fraction of methane in the 
fuel jet. (a) Pure methane, =X 1fCH ,4 . (b) Methane diluted in nitrogen, =X 0.19fCH ,4 .

Figure 4. Representative voltage waveform of repetitive 
nanosecond high-voltage pulses.
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Figure 5. Schematic of the discharge development in a stratified 
gas flow.
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representative image of full-breakdown is shown in figure 6(b) 
for an applied volage of 12 kV. If the voltage was decreased 
to the initial value, confinement to the hot jet was recovered.

In all cases, the discharge observed had a diffuse and uni-
form glow-like appearance. The plasma emission was con-
fined to the helium jets, and the limiting streamlines (between 
the helium opposed jets and the ambient air) could be sharply 
identified visually, due to the very different ionization proper-
ties of the helium jets as compared to ambient air.

The results can be explained as follows. For low enough 
applied voltages, the breakdown threshold can be locally 
met within the high temperature jet while ionization cannot 
proceed in the low temperature jet. I.e. for a reduced elec-
tric field of 53 Td (7.4 kV over the 17 mm gap at 900 K and 
atmospheric pressure), and using the ionization parameters 
for helium = ⋅ −F 9.32 10He

21 m2 and =G 105He  Td [33], the 
product α dh h is close to 90, so that Meek’s criterion is met 
[33] (the subscript h refers to the heated jet). For the low-
temperature jet the E/n value is 18 Td and α dc c is too small for 
discharge development (the subscript c refers to the cold jet).

Once charged species are created in the hot layer it becomes 
partially conductive and the electric field across it decreases. 
When this happens, the electric field in the cold layer increases 
(since the voltage across the discharge gap remains the same) 
and avoidance of breakdown needs to be ensured accounting 
for this enhancement after plasma creation in the hot jet.

In conclusion, the images presented confirm that pulsed 
nanosecond discharges can be confined to regions of favorable 
ionization due to a local increase in the reduced electric field 
through its temperature dependence. The electrons created in 
the hot jet are free to drift towards the anode but their energy 
is too low to produce any further ionization and excitation in 
the cold region (or at least ionization and excitation are greatly 
reduced). As the voltage is increased, the breakdown threshold 
is reached in the cold jet and the transition to breakdown of the 
full gap can take place.

4.2. Plasma coupling to a flame

In terms of its electrical properties, the structure of the counter-
flow nonpremixed flame is partly similar to the configurations 
of section 4.1 and [30]: it consists on a high temperature layer 
surrounded by gas at a much lower temperature and higher 
density. For this configuration, the peak flame temperature 
and the thickness of the flame can be modified by the degree 
of dilution of the reactant flows and the strain rate, and the 
ionization coefficients F and G depend on the composition.

More specifically, the flame thickness is inversely pro-
portional to the square root of the product of pressure and 
strain rate, so that the ratio of the thickness of the high 
temperature region of the flame, dh, to the thickness of the 
lower temperature reactant zones, dc, scales as (see diagram 
in figure 1):

= −
−⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

d

d

L

d a p
2

ap
1 ,h

c h,ref ref ref

1

 (2)

where L is the distance between nozzles, p is the pressure, a 
the strain rate, and the subscript ‘ref’ refers to some reference 
quantities.

In this section, the fuel is pure methane, the oxidizer is 
air, the experiment is performed at atmospheric pressure, and 
the strain rate is 25 s−1. For these conditions, the ratio of the 
peak temperature of the flame to the ambient temperature is 
estimated as ≈T T/ 6.8max amb  and the geometrical factor as 

≈d d/ 0.9h c . Using these parameters and the simplified esti-
mation of [30], an applied voltage of  ∼15 kV should enable 
a selective breakdown of the flame high temperature region 
without exciting the reactant jets.

Figure 7 shows representative sequential images of the 
emission evolution during application of the 1000th pulse in a 
train. With the exposure time used, the emission corresponds 
almost exclusively to transitions of the second positive system 

Figure 6. Effect of increasing the applied voltage for ns-pulses in a stratified flow. Only half of the domain is shown to highlight the 
transition of breakdown modes with the applied voltage increase. At the lower voltage ( =V 7.4p  kV) selective excitation of the high 
temperature (low density) region is observed, whereas for the higher voltage ( =V 12p  kV) there is full breakdown of the gap. The exposure 
time of the camera is 1/6 s, corresponding to the accumulation of 500 voltage pulses. (a) =V 7.4p  kV. (b) =V 12p  kV.
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of molecular nitrogen. Note that, without voltage pulse appli-
cation, no light is captured by the camera, even in the presence 
of the flame, so that the emission corresponds to the plasma 
excitation alone. The localization of the discharge to the 
regions of high temperature, high E/n, is clear in these images: 
the emission comes from either the flame region (low n) or 
from the sharp edges of the square electrodes (high E). Indeed, 
when applying voltage pulses of  ∼15.5 kV amplitude, 20 ns 
duration, and at a repetition rate of 25 kHz, the excitation cre-
ated by the ns-pulses was confined to the flame region alone.

It must be clarified that although the flame power is  ∼65 W 
and the maximum electrical power that could be delivered to 
the flame at 25 kHz is  ∼6.5 W, or 10% of flame power, the 
actual power that was coupled to the flame was  <1% since 
the inter-electrode gap was not bridged by the conductive 
path [34].

Tests with lower pulse repetition frequencies also led to 
the localization, but a frequency of 25 kHz was selected for 
illustrative purposes. For the frequencies accessible with 
the power supply, the applied pulses should behave almost 

Figure 7. Time evolution of the plasma emission coupled to the flame. Images correspond to sequential photographs during pulse number 
1000 in a train. The exposure time is 0.5 ns. The electrodes’ positions are marked by the white lines. The elongated ellipsoidal emission 
corresponds to plasma coupled to flame; the smaller circular emission regions are an experimental artifact as a result of using square 
electrodes with sharp edges.
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independently as the typical recombination time for ∼n 10e
12

–1013 cm−3 is on the order of a few microseconds (using the 
dissociative recombination rate of [35]), as compared to the 
time between pulses of 40 μs. In addition, the role of cumula-
tive heating is minimal due to the low energy release.

Photographs of the evolution of the plasma, during applica-
tion of a voltage pulse, were taken with an exposure time of 

0.5 ns and a delay between images of 1 ns to record the emis-
sion evolution in space and time at the timescale relevant to 
the plasma emission (section 3.3). The mean of 10 images was 
used in the results presented in figures 8 and 9.

From these images, the evolution in time of the integrated 
emission of a region 9.5 mm along the center of the flame and 
17 mm across the flame, is shown in figure 8(a). The black cir-
cles correspond to the 10 individual photographs taken and the 
continuous red line is the average value across those images. 
The emission lasts for  ∼10 ns, consistent with the time of the 
discharge development. This time is shorter than the high-
voltage pulse and indicates the time of low-density region 
ionization and electric field redistribution in the gap. It should 
be noted that the collisional quenching of the N2(C Πu

3 ) state at 
atmospheric pressure conditions is an extremely fast process: 

Figure 8. Time evolution of the integrated plasma emission and spatial profiles across the flame (pulse number 1000). z is measured from 
the anode (bottom nozzle), as defined in figure 1. The black circles in (a) correspond to individual photographs and the continuous red line 
is the averaging across all images taken. (a) Time evolution. (b) Spatial profile.
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Figure 9. Time evolution of the integrated plasma emission and spatial profiles across the flame (pulse numbers 2, 100, 1000 and 10 000).  
z is measured from the anode (bottom nozzle), as defined in figure 1. (a) Time evolution. (b) Spatial profile at peak emission, 4 ns.
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Table 1. Measured FWHM of plasma emission.

Pulse number FWHM [mm]

2 2.2
100 2.6
1000 2.6
10 000 2.7
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using the deactivation rate constant of N2(C Πu
3 , ν = 0) by 

O2 given in [36], the quenching time of N2(C Πu
3 , ν = 0) in 

atmospheric pressure air at ambient temperature is  ∼0.7 ns. 
That is why the emission in nanosecond time scale reflects 
mainly the rate of C3 state population by electron impact.

The evolution in time of the emission profiles across the 
flame are shown in figure 8(b). The localization of the pro-
files is evident: except for a region  ∼6 mm wide, there is no 
emission. The discharge develops during a few nanoseconds 
(the emission reaches the maximal value between the 2nd–
4th nanosecond after the discharge start). After this point 
the redistribution of the electric field leads to a significant 
decrease of the excitation rate and emission of the nitrogen 
second positive system (figure 8(b)). The electrical field 
decreases in the conductive flame zone and increases in cold 
parts of the flow. The bottom surface of the flame located at 
6 mm above the anode, becomes a virtual cathode for the new 
discharge gap 0–6 mm. Figure 8(b) demonstrates the higher 
emission from this virtual cathode layer at the time 6–10 ns 
after the discharge start. This effect explains the asymmetry 
of the emission profile during the late phases of the discharge 
development.

The experiment was repeated for pulses number 2, 100, 
1000 and 10 000 in a train. Figure 9 compares the evolution 
in time of the integrated emission and of the emission profiles 
across the flame (at peak emission) for the different pulses. 
The profiles are very similar in all cases, indicating that all 
the pulses have an equivalent impact on the gas. Note that 
no firm conclusions should be derived from the slight shift 
of the profile of pulse 10 000 with respect to the other pulses 
since slight regulations were made during the experiment to 
the flow of the nitrogen shroud. Table 1 summarizes the full 
width at half maximum (FWHM) of the emission at 4 ns. The 
emission profile width increases from pulse number 2 to pulse 
number 100 because of the formation of a steady-state pre-
ionization distribution, and remains constant after this point.

A final comment must be made related to the, globally, very-
fuel rich flame used in this experiment. In this case the fuel 
jet was pure methane, leading to a sooty flame (figure 3(a)),  
and prompting the doubt of whether there could be a pos-
sible reinforcement due to the presence of soot particles. This 
point was addressed by checking the strategy with non-sooty, 
highly diluted flames, for which the same coupling was visu-
ally observed.

5. Further discussion

5.1. Chemi-ionization electrons

For completeness of the discussion, it must be recognized 
that, aside from the composition and temperature gradients 
accounted for, there is an additional factor that affects the elec-
trical energy coupling, arising from the natural pre-ionization 
present at the flame front. Even before applying an electric 
field above the breakdown threshold, ions and electrons are 
generated within the high-temperature zones of hydrocarbon 
flames in amounts much in excess of thermodynamic equi-
librium values [37]. This excess ionization is due to chemi-
ionization reactions, the most important reaction being:

⟶+ ++ −eCH O CHO , (3)

where the CH is either in ground state or electronically excited 
[38]. Since the CH radicals are only present in the reaction 
zone of hydrocarbon flames, that is where high populations of 
charged species are encountered [39]; e.g. the FWHM of the 
electron density profile has been reported to be δ ∼ 0.6i  mm, 
for a stoichiometric premixed methane-air flame [40, 41]. Note 
that this thickness may vary with the flame parameters but, in 

Figure 10. Selective ns-duration high-voltage excitation of the fuel jet by choice of dilutants. Top jet (fuel) is diluted in helium, bottom jet 
(oxidizer) is diluted in nitrogen. (a) Baseline flame. (b) Discharge coupled to fuel jet.

Figure 11. Spatially resolved emission from CH* at 431.4 nm, case 
of selective ns-duration high-voltage excitation of the fuel jet by 
choice of dilutants. z is measured from the anode (bottom nozzle), 
in this case, the origin of the measurement is arbitrary.
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general, will be of the order of a fraction of a mm, which is 
much less than the thickness of the high temperature region: 
δ < di h. The chemi-ionization fraction of a flame depends pri-
marily on the equivalence ratio and ranges from ≈ −n n/ 10i

8

–10−7, where the peak is encountered at stoichiometric condi-
tions [42]. This pre-existing ionization will impact the way the 
electrical energy is coupled to the gas [27, 41, 43, 44].

In particular, when using pulsed discharges, these electrons 
serve as an initial seeding for the development of the electron 
avalanches upon application of a high-voltage pulse. Note that 
the high density plasma seed is encountered precisely within 
the high temperature region, exacerbating the differences 
between the cold and hot regions of the gas and contributing 
to the localization of the discharge. These seed electrons can 
also facilitate the sustained operation of the discharge by pro-
viding a minimum population of electrons at all times, since 
normally the repetitive pulsed discharge strategy relies on 
the use of high frequency to maintain this baseline level [34, 
45]. Indeed, if the chemi-ionization electron density is higher 
than the minimum electron density between two consecutive 
voltage pulses (due to the recombination of the discharge-
produced electrons), then the seed electrons available for the 
upcoming pulse will be the chemi-ionization electrons, and so 
a single pulse would behave similarly to continuous pulses. 
This was observed in the experiments by the very similar 
emission profiles for pulses number 2, 100, 1000, and 10 000 
in a train. Finally, this pre-ionization also contributes to the 
homogeneity of the discharge: for a high number of simulta-
neous primary avalanches adjacent avalanches will overlap, 
smoothing out the local gradients [46, 47].

5.2. Versatility of the coupling

As a final comment, the discussion can be extended to include 
other excitation modes; determined by the composition, the 
geometry of the burner, the pressure and the strain rate. As 
an illustrative example, by choosing gases with very different 
electrical properties for the oxidizer and fuel jets, the excita-
tion can be favored in either. This can be done by diluting 
the methane and the oxygen in different inert gases. E.g. for 
a fuel jet of ( =CH :He 0.125:0.8754 ) and an oxidizer jet of 
(O =: N 0.41:0.592 2 ) at a strain rate of 40 s−1, selective exci-
tation of the fuel jet is possible, as shown in figure 10. In this 
case, the voltage pulses had 15.5 kV amplitude and a repeti-
tion frequency f    =   25 kHz.

Figure 11 shows the spatially resolved, across the flame, 
emission around the 431.4 nm peak of the CH band without 
applied pulses and after the accumulation of 100 ns-pulses 
(integrated emission in 4 ms). The peak of excited CH marks 
the position of the flame front. When applying the high voltage 
ns-pulses strategy, the fuel is activated, shown by the presence 
of excited CH out of the flame front region.

6. Conclusion

The experiments reported have confirmed that gas excitation 
by high voltage ns-duration pulses can be fully coupled to 

the flame region, demonstrating that selective excitation of 
the flame and in situ plasma coupling is possible when using 
pulsed voltage within a wide range of parameters. In this 
case, the selective plasma energy deposition is possible due 
to a combination of the medium stratification and the pres-
ence of chemi-ionization electrons. Note that the laminar 
counterflow flame platform can be used as a building block 
for the more readily encountered turbulent nonpremixed 
flame. Therefore, these results offer a partial image of the 
energy coupling in a complex combustion situation with 
flamelets and hot spots.

Future work should address the impact this localized 
plasma strategy can have on the flame as well as the kinetics 
of the coupling.
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