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Abstract

The step responses of lean methane-air flames to non-thermal plasma

forcing is reported. The experimental setup consists of an axisymmetric

burner, with a nozzle made of a quartz tube. The equivalence ratio is 0.95,

allowing stabilization of the flame in a V-shape or an M-shape geometry, over

a central stainless steel rod. The plasma is produced by short pulses of 10-ns

duration, 8-kV maximum voltage amplitude, applied at 10 kHz. The central

rod is used as a cathode, while the anode is a stainless steel ring, fixed on

the outer surface of the quartz tube. Plasma forcing is produced by positive

or negative steps of plasma. The step response of the flame is investigated

through heat release rate (HRR) fluctuations, to facilitate comparisons with

flame response to acoustic perturbations. The chemiluminescence of CH∗

between two consecutive pulses was recorded using an intensified camera

equipped with an optical filter to estimate the HRR fluctuations. First, the

results show that the flame does not respond to each single plasma pulse,

but is affected only by the average plasma power, confirming the step nature



of the forcing. The temporal evolutions of HRR are analyzed and the flame

transfer functions are determined. A forcing mechanism, as a local increase

in the reactivity of the fluid close to the rod, is proposed and compared with

numerical simulations. Experiments and numerical simulations are in good

qualitative agreement.

Keywords: plasma-assisted combustion, flame dynamics, nanosecond

repetitively pulsed glow discharges, flame transfer function, G-equation

1. Introduction

Thermoacoustic instabilities of a combustion front result from the inter-

action of unsteady heat release rate in a flame and the acoustic modes of a

combustion chamber [1]. They can lead to high-amplitude oscillations of the

pressure, the flow field, and the flame. Avoiding the occurrence of combus-

tion instabilities is a major challenge in the design of modern stationary gas

turbines and aeroengines [2]. Recently, the use of non-equilibrium plasma

discharges to mitigate combustion instabilities has been studied [3–7]. In

particular, nanosecond repetitively pulsed (NRP) discharges were success-

fully applied to turbulent premixed flame configurations to control thermoa-

coustic instabilities [3, 4]. Full suppression of instabilities could be obtained

but, due to strongly coupled interaction mechanisms, detailed understanding

of this effect is still lacking.

Generally, plasma discharges may act on the flame through thermal,

chemical, and electric field effects, the latter affecting diffusive transport

of ions as well as the hydrodynamic field [8–12]. In the particular case of

NRP discharges, which are obtained for high values of the reduced electric
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field, the strong effect of the plasma on flame stability can only be attributed

to coupled thermal and chemical activation of the fluid [4, 13], due to the

nanosecond time scale of electric-field application. The effect of NRP dis-

charges could then be considered as a local increase in the reactivity of the

fluid.

To support this assertion and to evaluate the sensitivity of the flame re-

sponse to a non-thermal plasma, this study presents the effect of NRP glow

discharges, generated in the combustion area, on the dynamics of laminar

methane-air premixed flames. This configuration has been chosen to sim-

plify as much as possible the plasma-flame coupling, although admittedly

quite removed from industrial applications. Consequently, the effects of flow

fluctuations, gaseous mixture inhomogeneities, distance between plasma and

flame, or hydrodynamic effects of the plasma, are not investigated here. In-

stead, the step responses of laminar methane-air premixed flames to non-

thermal plasma forcing are investigated. Based on the deduced flame transfer

functions (FTFs), and on comparisons between experimental and simulated

flame dynamics, the effect of NRP glow discharges, as a local increase in the

reactivity of the fluid, is discussed.

2. Experimental setup

The experimental setup presented in Fig. 1 consists of a burner producing

a laminar flame, an electric system generating NRP glow discharges, and

diagnostics for plasma, flow and flame characterization.
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Figure 1: Schematic of the experimental setup.

2.1. Laminar premixed burner

An axisymmetric laminar burner, fed with a premixture of methane and

air, is used. The flows of gases, controlled by mass flowmeters, are injected at

the lowest part of a 120-cm long plenum. To minimize the boundary layer at

the outlet of the injection tube, the flow passes through a nozzle, similar to

that used by Mazas et al . [14], with a contraction ratio ratio of 86. Thus, the

internal profile of the burner allows a top-flat velocity profile at the outlet

of the injection tube. This tube is made from quartz of 1-mm thickness and

has an inner diameter of 7 mm. A stainless steel rod with a diameter of 0.85

mm is centered inside the quartz tube and oversteps its outlet by 2 mm. The

equivalence ratio is 0.95, allowing stabilization of the flame in a V-shape or

an M-shape geometry. The flow rates of gases are chosen to obtain a thermal

power released by the flame of 113 W, corresponding to a bulk velocity of

the flow at the outlet of the quartz tube of about four times the laminar

burning velocity for these conditions. The bulk flow velocity at the outlet of

the injection tube is 1.26 ms−1. The associated Reynolds number, based on

the inner diameter of the quartz tube, is 400.
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2.2. Nanosecond repetitively pulsed discharge system

Forcing by NRP discharges is generated with a solid-state pulse generator

(FID Technologies FPG 10-30NM10). High voltage pulses have 10-ns dura-

tion, 10-kHz repetition frequency, and up to 8-kV amplitude. The stainless

steel rod at the center of the burner is connected to the ground and serves as

the cathode. The anode is a stainless steel ring located at the outlet of the

quartz tube (see Figs. 1 and 2). It is important to note that, as the cathode

protrudes the quartz tube by 2 mm, and the anode is flush with its upper

face, the quartz tube is not located in the interelectrode area. Therefore, no

dielectric barrier discharges can be obtained. This can be verified in Fig. 2,

where the plasma and the electrodes are visible, but not the quartz tube,

located below the region of interest.

Energy deposited by the plasma is determined from the amplitude of the

voltage and current pulses through the electrodes, measured with a high volt-

age probe (Tektronix P6015A), and a Pearson Coil (Model 6565). Data are

recorded by an oscilloscope of 1 GHz sampling rate (Lecroy Wavepro 7100A).

The measurements are made with the flame present. Voltage and current sig-

nals are first synchronized. The voltage and conduction current waveforms

(obtained after subtracting the capacitive current from the total current) are

then multiplied and integrated to obtain the energy deposition per pulse [15].

The average power of the plasma is determined by multiplying the energy per

pulse by the repetition frequency of the discharge. Plasma power depends

strongly on applied voltage and thermal conditions between the electrodes.

For the M-flame, when the applied voltage is 7 kV, the averaged power of

the plasma, PP , is 1 W, while for an applied voltage of 8 kV, PP increases to
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2.2 W. For the V-flame, when the applied voltage is 8 kV, PP is 1.7 W. Cur-

rent measurements also permit confirmation of the glow regime of the NRP

discharges, i .e., low conduction current compared to the total current [16],

and to assess the non-thermal nature of the plasma.

Figure 2: Photographs of the M- and V-flames, a) and c) with NRP glow discharges at

10 kHz and 8-kV applied voltage, b) and d) without plasma (exposure time 0.8 s).

To illustrate the effect of the NRP glow discharges on the M- and V-

flames, Fig. 2 shows two combined photographs, a) and c) with NRP glow

discharges at 10 kHz and 8-kV applied voltage, and b) and d) without plasma.

These pictures clearly show that the plasma is located within the flame, and

that the light intensity from the plasma is higher close to the cathode. It is

also noticed that the flames enhanced by plasma are slightly more compact

compared to the flames without plasma. Finally, plasma distribution is not

similar for both geometries: the plasma is distributed more homogeneously

into the M-flame than into the V-flame.
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2.3. Diagnostics

The measurements of CH∗ chemiluminescence are made with a 1024× 1024-

pixel intensified-CCD camera (Princeton Instruments PIMAX3) equipped

with a 10-nm bandpass filter (CVI Melles Griot F10-430.0-4-50.0M) cen-

tered at 430 nm. For determination of the heat release rate (HRR) based

on CH∗ emission (see next section), the signal collection is gated and light

emission of the flame, between the plasma pulses, is recorded. A delay gen-

erator (Berkeley Nucleonics BNC Model 575), synchronizes the FID pulse

generator and the camera. To increase the signal-to-noise ratio, images are

averaged over 200 events. After background subtraction, each image is spa-

tially averaged to obtain the CH∗ chemiluminescence intensity of the entire

combustion area. The temporal evolution of the CH∗ chemiluminescence is

then determined and analyzed to obtain the flame transfer functions (FTFs).

3. HRR experimental determination

The spontaneous emission of excited methylidyne radicals (CH∗) is used

to determine the HRR fluctuations of the flame. This technique has been

validated for perfectly premixed flames [17, 18], and is extended here, accord-

ing to previous studies [11, 4], for the determination of HRR fluctuations of

a flame submitted to plasma forcing. However, in order to verify that the

CH∗ emission is not affected by the plasma, optical emission spectroscopy

measurements were conducted in the wavelength range of the light collec-

tion, i .e., between 410 and 450 nm. Figure 3a presents a comparison of the

spectra obtained for the flame alone (black), and the flame enhanced by NRP

discharges (red). In the case of plasma forcing, because light emission from
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the plasma (mainly due to the N2 (C-B) transition, in the wavelength range

of interest), cannot be spatially separated from flame emission light (see

Fig. 2), the spectrum should be recorded between two plasma pulses. This

requirement fixed the acquisition settings, kept identical for the two spectra

presented on Fig. 3a, i .e., with an integration time of 98µs. The two spectra

obtained, with and without plasma enhancement, are identical. Therefore,

for similar acquisition conditions, the CH∗ chemiluminescence of the flame is

used to determine the HRR fluctuations with and without plasma forcing.

Figure 3: a) Comparison of flame spectrum with flame emission between two pulses of

NRP glow discharges, b) Temporal evolution of the global CH∗ emission of an M-flame

between two plasma pulses.

The step response of the flame to plasma forcing is studied, assuming

that the flame is only affected by the averaged electrical power deposited by

the plasma, as shown in Lacoste et al . [19], for NRP spark discharges applied

at a repetition rate varying from 10 to 80 kHz. In the present study, this

assumption has been validated by measuring the temporal evolution of the

CH∗-chemiluminescence of a flame during plasma forcing between two plasma

pulses, see Fig. 3b. The averaged CH∗ emission of the combustion zone is

almost constant between pulses, showing that the flame does not respond to

each nanosecond discharge, for the present repetition rate of 10 kHz.
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Thus, the step response of the flame to positive and negative plasma

forcing, referred to in the following as ’positive step’ and ’negative step’ of

plasma, is investigated by recording phase-locked images of the CH∗ emission.

The reference time, t0, corresponds to the beginning of the first high voltage

pulse for a positive step, or to the end of the last high voltage pulse, for a

negative step (see Fig. 4). In order to reach a steady-state regime of the

flame, negative steps have been investigated after applying NRP discharges

during at least 1 s, and positive steps have been studied after at least 2 s

of non-enhanced combustion. The difference between these two values can

be explained by the thermalization of the rod (faster heating than cooling

process).

Figure 4: Diagram of forcing sequences: forcing by a) a negative step, b) a positive step,

and c) a gated plasma, with a duty cycle of 50%.

4. HRR fluctuations

Figure 5 presents the temporal evolution of the HRR of an M-flame,

subjected to positive plasma forcing of 1 W (black squares), and 2.2 W (red

circles), and of a negative plasma forcing of 2.2 W (blue triangles). First,
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the response of the flame is relatively similar for positive and negative steps

of 2.2-W plasma, i .e., with a HRR peak of same intensity (about 6% of the

mean HRR), and similar duration (about 3 ms, defined as the full width half

maximum (FWHM) of the peak). It can also be noticed that the HRR does

not return to its initial value after applying the plasma steps, probably due

to the energy deposition by the plasma, of about 2% of the HRR. When the

plasma power is reduced to 1 W, the HRR peak duration remains the same,

but its amplitude is reduced to 3.5% of the HRR. After 100 ms, its level is

similar to that before the plasma step. These results show that the temporal

response of the flame is similar for the three different steps, but its amplitude

depends on the plasma power.

Figure 5: Influence of the plasma power on the response of an M-flame to positive and

negative steps of plasma.

Figure 6 compares the HRR temporal evolution of an M-flame subjected

to a positive step of 2.2-W plasma (red circles), with that of a V-flame

submitted to a positive step of 1.7-W plasma (green triangles). First, the

amplitude of the HRR peak is about 20% higher for the V-flame, compared
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Figure 6: Influence of the flame shape on the HRR response to a positive step of plasma.

to the M-flame, even though the forcing intensity was 25% lower. Thus, the

V-flame is more responsive to plasma forcing. Second, the duration of the

HRR peak obtained for the V-flame, about 9 ms, is three times longer than

for the M-flame. It can then be concluded that the geometry of the flame

affects the HRR response.

5. Transfer functions

As plasma formation is a highly nonlinear function of the input voltage,

harmonic forcing cannot be realized. However, for small forcing amplitudes,

the flame response can be considered as a linear time-invariant system. The

transfer function can then be determined from an arbitrary input signal with

sufficient frequency content in the relevant range. In order to validate the

use of the step response for determining the FTF, two methods of forcing

were compared: (i) a step forcing, and (ii) a gated mode with 50% duty cycle,

corresponding to a square-wave modulation of the high-frequency pulse-train.
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5.1. Definitions

From the step response of the flame to plasma forcing, method (i), the

FTF is calculated as follows. The time derivative of the step response of a

linear time-invariant system corresponds to the impulse response, where the

integral over the impulse is equal to the step amplitude. Since the Fourier

transform of the impulse response is identical to the transfer function, the

latter, denoted FPi
, can be simply obtained by taking a Fourier transform of

the time derivative of the step response, normalized with the step height:

FPi
(ω) = F

{
dQstep(t)/Q̄

dt

}
Q̄

Pp
, (1)

where F denotes the Fourier transform of a quantity, Qstep(t) is the temporal

evolution of the HRR, Q̄ is the average HRR of the flame, and Pp is the

average plasma power.

In the case of square-wave modulation with 50% duty cycle, method (ii),

the amplitude of the fundamental frequency component is related to the

square-wave amplitude by a factor of sinc(1/2), which follows from a Fourier

expansion of the square-wave signal. If the response of the HRR is only

evaluated at the fundamental frequency of the square wave, this factor must

be included in the evaluation of the transfer function to plasma forcing, which

can be expressed as:

FPii
(ω) =

F
{
Q(ω)/Q̄)

}
sinc(1/2) · PP (ω)/Q̄

= GP (ω)eiφP (ω), (2)

where Q(ω) is the temporal evolution of the HRR during forcing at the

angular frequency, ω, and PP is the averaged plasma power deposited during

half a period of the forcing. The transfer function can also be expressed in
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terms of a gain, GP , reflecting the level of the flame response, and a phase,

φP , representing a lag between the HRR fluctuation and the middle of each

half-period of the forcing. Square-wave modulation is applied for frequencies

varying from 36 to 288 Hz, for both V- and M-flames. For each forcing

frequency studied, 16 images, phase-locked with the forcing signal, have been

recorded, each image being an average of 200 events. Examples of V- and

M-flame motions induced by a plasma forcing at 80 Hz are presented in two

movies realized from the 16 CH∗ chemiluminescence images, see Figs. S1 and

S2 of the supplementary material.

The FTFs obtained for M- and V-flames with the two methods are com-

pared in Figs. 7 and 8, respectively (solid lines and scatters). Even with

some quantitative discrepancy, the FTFs are in relatively good agreement:

the slopes of the phases, and the shapes and amplitudes of the gains are

similar. These results show that the step response approach, method (i),

can be used for the determination of FTFs for a forcing by non-thermal

plasma generated by NRP discharges. However, further investigation will

be necessary to understand the differences obtained for the two methods of

determining the FTF, especially concerning the maximum gain amplitude,

with a discrepancy up to 40% for the V-flame.

5.2. Effect of the forcing amplitude on the FTF

Figure 7 presents the effect of plasma power on the transfer functions of

M-flames. At frequencies lower than 350 Hz, the phase of the FTFs is nearly

linear and not significantly affected by the plasma power. This is consistent

with what is observed in Fig. 5, where the FWHMs of the HRR peaks are

similar for the two forcing amplitudes. For frequencies higher than 350 Hz,
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the phase for the 1-W plasma forcing goes up very rapidly. However, since

the gain simultaneously reaches a very low value, this could be related to

experimental uncertainty.

Figure 7: FTFs of M-flames subjected to a positive step of 1-W plasma, a positive step of

2.2-W plasma, and gated NRP discharges at various forcing frequencies.

The gain is slightly affected by the plasma power. First, the maximum

amplitude of the gain is about 20% higher for plasma forcing with the lowest

amplitude. Second, the gain shape is globally shifted to higher frequencies

when the forcing amplitude is increased. These results are similar to those

obtained for acoustic forcing. It is well known that the transfer function

magnitude decreases with increasing amplitude of the acoustic forcing [20,

21]. In addition, Schuller et al . [22] have shown that, in the case of transfer

functions of premixed laminar flames subjected to flow perturbations, the

flame dynamics is governed by two parameters: the ratio of the burning

velocity to the mean flow velocity, and a reduced frequency, ω∗, defined as:

ω∗ =
ωR

SL cos(α)
, (3)
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where R is a characteristic dimension of the flame, SL the laminar burning

velocity, and α the half angle at the top of the flame. This reduced frequency

corresponds to the flame Strouhal number, Stf , defined by Lieuwen in [23].

In this study, forcing by plasma increases the power of the reactive front

by up to 2% (calculated from 2.2 W of electrical power deposited by the

plasma, and 113 W of flame thermal power). Without any assumptions about

the energy deposition pathway, this additional energy source will lead to a

global increase of the burning velocity of the flame. Therefore, as the plasma

power is increased, ω∗ is expected to shift to higher frequencies. When the

plasma power of the forcing is increased from 1 to 2.2 W, the shift of the gain

maximum is 50 Hz (between 150 and 200 Hz, see Fig. 7). Taking into account

the experimental conditions, this shift would correspond to an increase in

global burning velocity of about 30%. This value is in the range of that

which could be expected. As a comparison, if the the fresh gases were heated

by a thermal source of 2 W, the increase of temperature would be about

40 K, corresponding to 25% increase of SL. Therefore the reduced frequency

ω∗ likely remains a relevant parameter for the flame dynamics induced by

plasma forcing.

5.3. Transfer functions of V- and M-flames

To assess whether the reduced frequency is a relevant parameter for

plasma forcing, transfer functions of V- and M-flames as a function of ω∗

are compared in Fig. 8. The transfer functions obtained for V- and M-flames

were determined for an amplitude of plasma forcing of 1.7 and 2.2 W, respec-

tively. These values are not identical but close, therefore in the calculation

of ω∗, it was assumed that their effect on the burning velocity of the flame
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is linear.

Figure 8: FTFs of V-flames subjected to a positive step of 1.7-W plasma and forced

with gated NRP discharges at various frequencies, and FTF of an M-flame subjected to a

positive step of 2.2-W plasma.

In Fig. 8, the phases of FTFs obtained for V- and M-flames are very

similar at ω∗ lower than six, while for higher ω∗, the response is slower for

the V-flame compared to the M-flame. The gain of the V-flame is higher than

for the M-flame, but their shapes are similar, with a maximum obtained for

an ω∗ of about 4.

Compared to the FTF obtained for V- and M-flames by Durox et al . [20],

these results are similar to those obtained for acoustic forcing, with a forcing

amplitude of 6.6%, i .e., in the linear regime of the flame response. The

main difference is that for plasma forcing the gain maxima are obtained at

ω∗ = 4, while for acoustic forcing the maximum gains were at ω∗ = 10.

Further investigation will be necessary to determine the main reason for

this shift. However, considering that the flame response to plasma forcing

is driven by an increase in the burning velocity, it is not surprising that the
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transfer function has similar characteristics to that corresponding to acoustic

forcing. For both forcing types, the flame response originates from purely

kinematic mechanisms. For a stationary premixed flame, advection by the

flow and upstream propagation of the reactive front balance in each point.

While acoustic forcing perturbs the flame surface through advection, plasma

forcing acts on the propagation speed, which has a magnitude comparable

to the flow velocity. The characteristic time scale for both mechanisms is

therefore given by the ratio of the flame height to the bulk velocity in both

cases. Consequently, ω∗ should also be a relevant parameter for the flame

response to plasma forcing.

6. Discussion

When forcing by plasma is applied, the geometry of the flame changes,

inducing variations in the HRR. In order to assess whether the main action

of the plasma forcing could be attributed to a local increase in the reactivity

of the flame close to the rod, the temporal evolution of an M-flame forced

by a positive step of 1-W plasma has been simulated and compared with

corresponding CH∗-chemiluminescence images acquired experimentally.

6.1. Numerical model

Kinematically perturbed flames can be modeled based on theG-equation [24]:

∂G

∂t
+ v · ∇G = SF |∇G|, (4)

where v is the flow velocity and SF is the burning velocity. G represents a

scalar field whose isosurface G = 0 corresponds to the flame front. According

to Eq. (4), the flame is advected by the flow and propagates normal to itself
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with a velocity SF . This model has been successfully used for the deter-

mination of transfer functions of elementary, acoustically perturbed laminar

premixed flames [22]. Because of the small size of the flame investigated in the

present work, curvature effects are significant (see Fig. 2), and the burning

velocity must be modified accordingly. This is modeled as SF = SL(1−Lκ),

where L is the Markstein length, and κ = −∇ · (∇G/|∇G|) is the local

curvature of the front. The G-equation (4) was solved numerically using a

2nd-order TVD Runge–Kutta scheme [25], for time integration, and a 5th-

order WENO scheme for spatial discretization [26], in combination with a

standard reinitialization procedure [27].

To model the effect of plasma forcing on the flame, we consider a local

increase in the reactivity of the flame, altering the burning velocity without

affecting the flow field. The impact of the NRP glow discharges on the local

SL is expressed as:

SL,NRP =
[
SL

(
1 + 30% step(t− t0)

)]
, r < 1.5 mm (5)

Here, step(t) is a smoothed step-function in the form of a hyperbolic tangent

with a rise time of 0.3 ms, and r is the radial coordinate with origin at the

center of the rod. The magnitude and spatial distribution of the increase

in burning velocity resulting from the discharges is estimated based on the

average energy deposition and visual inspection of Fig. 2. In this model, the

burning velocity is not affected by the plasma for r > 1.5 mm.

To obtain a flame shape in the simulation that agrees well with the one

observed experimentally, it is necessary to use a measured velocity field in

Eq. (4). Axial and radial components of the flow field in the presence of an

M-flame were measured in the center plane by particle image velocimetry

18



(PIV). The measurements were made without NRP discharges. Titanium

dioxide particles were used, and the spatial resolution was 100µm.

6.2. Flame dynamics

Figure 9: Comparison between the temporal evolution of the CH∗ chemiluminescence

(upper row), and simulation of the G-field (lower row), for a positive step of 1-W plasma,

starting at t0. In the simulation, the flame front corresponds to the thickened line G = 0,

the fresh gases to the blue area G < 0, and the burnt gases to the red area G > 0.

Figure 9 presents CH∗ chemiluminescence images and corresponding sim-

ulations of the G-field of an M-flame forced by a positive step of 1-W plasma.

The first column corresponds to the flame prior to the forcing, the second

and third columns correspond to the flame 2.25 and 10.25 ms, respectively,

after the beginning of the step. The dashed lines correspond to the initial

locations of the upper part and the tip of the flame. Both experiments and

simulations show a shorter flame after initiation of the plasma, on a time

scale as short as 2.25 ms. The middle part of the flame moves upstream,

closer to the rod, and the global height of the flame decreases. The experi-

mental and numerical images are in good qualitative agreement. Therefore,

forcing by the plasma may be explained by a local increase of the burning
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velocity close to the rod. Further investigation will be necessary to provide

quantitative comparison.

7. Conclusion

The step response of laminar premixed methane-air flames to non-thermal

plasma forcing has been investigated by analyzing the temporal evolution of

the HRR when applying positive and negative steps of plasma, generated by

NRP glow discharges.

Flame transfer functions were determined from the step response of the

flame to plasma forcing. The results obtained are in good agreement with

those from a gated plasma at various frequencies.

Similar to the results obtained in the literature for acoustic forcing, the

reduced frequency, ω∗, is identified as a key parameter for the flame response

to non-thermal plasma forcing.

A local increase in the reactivity of the flame close to the rod appears

to be the main mechanism of plasma forcing. Further investigation will be

necessary for quantitative comparisons of experimental and simulated FTFs.
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Figure captions

Figure 1: Schematic of the experimental setup.

Figure 2: Photographs of the M- and V-flames, a) and c) with NRP glow

discharges at 10 kHz and 8-kV applied voltage, b) and d) without plasma.

Figure 3: a) Comparison of flame spectrum with flame emission between

two pulses of NRP glow discharges, b) Temporal evolution of the global CH∗

emission of an M-flame between two plasma pulses.

Figure 4: Diagram of forcing sequences: forcing by a) a negative step, b)

a positive step, and c) a gated plasma, with a duty cycle of 50%.

Figure 5: Influence of the plasma power on the response of an M-flame

to positive and negative steps of plasma.

Figure 6: Influence of the flame shape on the HRR response to a positive

step of plasma.

Figure 7: FTFs of M-flames subjected to a positive step of 1-W plasma, a

positive step of 2.2-W plasma, and gated NRP discharges at various forcing

frequencies.

Figure 8: FTFs of V-flames subjected to a positive step of 1.7-W plasma

and forced with gated NRP discharges at various frequencies, and FTF of an

M-flame subjected to a positive step of 2.2-W plasma.

Figure 9: Comparison between the temporal evolution of the CH∗ chemi-

luminescence (upper row), and simulation of the G-field (lower row), for a

positive step of 1-W plasma, starting at t0. In the simulation, the flame

front corresponds to the thickened line G = 0, the fresh gases to the blue

area G < 0, and the burnt gases to the red area G > 0.
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Supplemental material

Figure S1: Movie of a V-flame subjected to a 1.7-W plasma forcing at

80 Hz, realized from 16 CH*-chemiluminescence images, taken phase-locked

with the forcing signal.

Figure S2: Movie of an M-flame subjected to a 2.2-W plasma forcing at

80 Hz, realized from 16 CH*-chemiluminescence images, taken phase-locked

with the forcing signal.

25


	Introduction
	Experimental setup
	Laminar premixed burner
	Nanosecond repetitively pulsed discharge system
	blackDiagnostics

	blackHRR experimental determination
	HRR fluctuations
	Transfer functions
	Definitions
	Effect of the forcing amplitude on the FTF
	Transfer functions of V- and M-flames

	Discussion
	Numerical model
	Flame dynamics

	Conclusion

