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Abstract 

The response of counterflow diffusion flames to sub-breakdown DC and AC electric fields, 

as well as their superposition with ns pulse discharge waveforms, is studied in the plane-to-

plane electrode geometry. Sub-breakdown DC and low-frequency AC electric fields cause the 

flame displacement toward the grounded electrode, in the direction of the applied field, 

indicating that the body force on the positive ions exceeds that on the electrons and negative 

ions. As the AC frequency increases, the flame response becomes less pronounced, due to the 

reduction of the electrohydrodynamic (EHD) body force impulse over the AC half-period. The 

electric field in the electrode gap is determined by ps Electric Field Induced Second Harmonic 

(E-FISH) generation, with absolute calibration using sub-breakdown ns pulses overlapped with 

the measured electric field waveform. The results show that the electric field distribution across 

the flame in the current saturation regime follows the Laplacian field. This indicates that the 

space charge density in the gap is too low to distort the applied DC or AC field, consistent with 

the kinetic modeling predictions. Combining a nanosecond pulse discharge with a sub-

breakdown DC field generates a diffuse plasma across the entire gap. Time-resolved and 

spatially resolved measurements of the electric field in the discharge indicate the ionization 

wave propagation between the electrodes. The present results do not exhibit a detectable flame 

displacement enhancement by ns discharge pulses combined with a sub-breakdown field, 

observed previously. Kinetic modeling calculations show that the absence of this effect in the 

plane-to-plane geometry is due to the rapid plasma self-shielding. This indicates that alternative 

electrode geometries limiting the self-shielding would be more effective for the plasma / electric 

field enhanced flameholding and flame stabilization applications. 
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1. Introduction  

     Employing electric fields and plasmas to control flame dynamics has attracted a growing 

interest in the field of plasma-assisted combustion, due to its considerable potential for higher 

combustion efficiency, reduced emissions, and better engine performance[1-5]. Particularly, the 

electric field interaction with the flame is promising for flame stabilization and emission 

reduction[6-9]. The flame can be regarded as a very weakly ionized plasma, which remains 

electrically neutral, while the external electric field induces transport of the charged species, 

producing electric current[10]. The response of premixed or non-premixed flames to external 

electric fields induced by sub-breakdown DC voltage, or AC waveforms of various frequencies, 

has been studied for over a century [11-15]. A number of interesting phenomena, such as the 

formation of vortices and bidirectional electrohydrodynamic (EHD) force, were observed in 

laminar non-premixed flames in a DC field [16, 17]. In premixed flames, applying a DC field to 

a stagnation flame or a Bunsen burner flame resulted in changing the flame structure, due to its 

self-adjustment to the perturbation of the flow field by the EHD force[18-20]. Applying an AC 

electric field can lead to flame oscillations, with the amplitude decreasing as the operating 

frequency increases. AC electric fields operating at a frequency of several kilohertz can also 

force the diffusion flame displacement, without detectable flame oscillations[21, 22]. DC and low-

frequency AC fields have been reported to have both the suppressing and enhancing effect on 

combustion instabilities in premixed flames of different geometries[23-26]. The observed 

phenomena and their interpretation are varied for different flames and electric field waveforms. 

Numerical studies have been performed to evaluate the impact of sub-breakdown DC and AC 

voltages on premixed and non-premixed flames [27-34]. In sub-breakdown fields the EHD force 

induced by the momentum transfer from the ions to the neutral species, rather than the direct 

chemical enhancement, dominates the flame dynamics and flow-chemistry interaction.  

A quantitative understanding of the interaction between the flame and the applied electric 

field requires non-intrusive diagnostics. Fialkov[10] gave an extensive review on ions in flames 

and measurements of charged species using Langmuir probes and mass-spectrometry. Over the 

past few decades, numerous studies have been performed to study the impact of the applied 

electric field on fluid mechanics and flame structures. Altendorfner et al[35] detected two-
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dimensional structures in a premixed flame perturbed by a DC field, using Particle Image 

Velocimetry (PIV) and Planar Laser-Induced Fluorescence (PLIF) techniques. It was concluded 

that the flame dynamics induced by the external field are mainly due to the EHD force, while 

the impact on the radical formation was less significant. Schmidt et al performed PIV at 6 kHz 

repetition rate to visualize the dynamics of a premixed propane/air flame in a DC field,  

verifying that the net body force induced by the ion drift current near the cathode causes the 

transition of a stable laminar flame to a highly unstable one[35]. Further, Park et al observed 

bidirectional EHD force and flow separation near a counterflow diffusion flame in a DC field[16]. 

Regarding the response of the electric field to the flame, the recent development of the Electric 

Field Induced Second Harmonic (E-FISH) technique[36, 37] resulted in several studies [38-41] 

where this method was used to measure the electric field applied to a flame. Measuring the 

electric field distribution is essential for quantifying the generation of the EHD force and for 

the rates of electrons impact reactions, which dominate the fluid mechanics and the kinetic 

pathways of plasma induced chemistry, respectively. However, E-FISH measurements in a 

flame require accurate calibration, which may be affected by the steep gradients of the neutral 

species number densities, temperature, electron density, and the electric field. 

The effect of a sub-breakdown electric field on an atmospheric pressure flame reaches 

saturation when the electric field exceeds a few kV/cm. Therefore efficient manipulation of the 

flame behavior requires a higher amplitude forcing, which necessitates the use of an electric 

discharge. A nanosecond (NS) pulse discharge is one of the most effective non-equilibrium 

plasma sources, due to the efficient generation of high-energy electrons, ions, radicals, and 

reactive species[3]. While most publications were devoted to the kinetic enhancement of 

combustion through radicals and excited species produced by ns pulses[42-45], much less work 

was done on the electric field-induced hydrodynamic effect by ns pulse discharges. Our 

previous work demonstrated that the electric field induced by the residual charges accumulated 

on the dielectric surface results in flame oscillations in a ns pulse, dielectric-barrier-discharge 

(DBD)[39]. The coupling of a nanosecond discharge with a DC electric field, either externally 

applied or generated by the residual charges, may change both the flame dynamics and the 

discharge kinetics.   
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The objective of this work is to analyze experimentally the response of a counterflow 

diffusion flame to external electric fields generated by DC, AC, or NS waveforms. First, the 

flame dynamics in sub-breakdown DC and AC electric fields are investigated, and the induced 

ion current is measured to quantify the hydrodynamic body force. Both nitrogen-diluted and 

argon-diluted flames are tested, with the stoichiometric fuel-oxygen ratio and the momentum 

balance maintained in the latter case. Second, a NS pulse waveform and its superposition with 

a moderate DC field are applied, both to calibrate the E-FISH signal and to generate an electric 

discharge in the diffusion flame. Finally, the steady state and transient electric fields in the flame 

are measured by ps E-FISH. The results demonstrate that the plasma self-shielding reduces the 

EHD force effect during the plasma-flame interaction. The interaction of the flame with the 

applied electric field and electric discharges, specifically the response of the flame to the AC 

field with and without ns discharge pulses, is also analyzed by kinetic modeling.  
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2. Methodology 

2.1 Experimental setup 

 

Figure 1 shows a schematic of the counterflow burner and the electric circuit. The 

counterflow configuration comprising of two opposing flow nozzles is used to generate the 

quasi-planar diffusion or premixed flames. The distance between the two nozzle exits is Δ0=15 

mm. The inner diameters of the coaxial circular nozzles, providing the main flow (fuel and 

oxidizer) and the co-flow (nitrogen, see Fig. 1(a)), are d1=10 mm and d2=16 mm, respectively. 

Metal honeycombs placed in the main flow nozzles generate quasi-uniform flow velocity 

profiles. The honeycomb inserts inside each nozzle are placed approximately 10 mm from the 

exit, to allow the small-scale inhomogeneities to dissipate before the flow exits the nozzle. 

These perturbations may not dissipate completely, potentially affecting the flow stability in the 

gap between the nozzles. The estimated flow velocity of 0.265 m/s is based on the ratio of the 

volumetric flow rate to the nozzle cross-section. In the present work, both nitrogen and argon 

diluents are used. Nitrogen-diluted flames have been studied previously and can be used for 

 

Figure 1. Schematic of the counterflow burner assembly, electric circuit, and the laser beam path (a). 

Images of (b) the mesh electrode and (c) the flame. The acronyms NS, DC, AC, and HV indicate 

“nanosecond”, “direct current”, “alternating current”, and “high voltage”, respectively. R1=510 Ω, 

C1=141 pF，C2=30 pF，L1=1 mH，L2=0.25 mH. C3 is the stray capacitance of the AC amplifier, 

estimated to be ~60 pF. 
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comparison with the present results. On the other hand, electric breakdown is easier to produce 

in argon-diluted flames, which is critical for studies of ns pulse discharges combined with a DC 

electric field, such that the response of an argon-diluted flame to the DC field is also studied. 

The flame is maintained at the fuel-lean conditions, to preclude soot generation and keep the 

diameter of the flame close to that of the electrodes. Methane and oxygen, diluted in nitrogen 

or argon with the mole fractions of 0.136 and 0.424, respectively, are injected on the bottom 

and top, respectively, as shown in Fig. 1(a). The momenta of the argon-diluted methane and 

oxygen flows are matched, (0.136 ∙ MWCH4 + 0.864 ∙ MWAr)��  = (0.424 ∙ MWO2 + 0.576 ∙ 

MWAr) �� , where ��  is the volumetric flow rate, MW is the molar mass. In all cases, nitrogen 

is used for the top and bottom co-flows, with the estimated velocity of 0.3 and 0.1 m/s, 

respectively. The use of different top and bottom N2 co-flow velocities helps balance the 

buoyancy effect and reduces the flame curvature near the edges. Using the same co-flow 

velocities results in a more significant distortion of the flame. The Reynolds number based on 

the nozzle exit diameter is approximately Red = 130, to ensure that the shear layer instability 

and the disturbance of the mesh are insignificant. The gap between the injectors is much larger 

than the thickness of the mixing layer size in the counterflow diffusion flame, which is readily 

apparent from the predicted temperature distribution plotted in Fig. 5.  

Two parallel circular electrodes, made of tungsten wire mesh, are placed close to the 

nozzle exits, as shown in Fig. 1(b). In each electrode, the mesh is supported by a ceramic ring, 

with inner and outer diameters of 28 mm and 32 mm, and a thickness of 1 mm. The mesh is 

attached to the ring by a ceramic adhesive, and is connected to the electrode lead made of a 

copper rod (see Fig. 1(b)). The diameter of the tungsten wire is 50 μm, and the spacing of the 

wire in the mesh is approximately 0.8 mm. The flame diameter is about 30 mm (see Fig. 1(c)), 

close to the diameter of the electrodes. The entire experimental apparatus is placed on a three-

axis translation stage attached to the optical table, for the precise positioning of the burner 

relative to the laser beam. The high voltage waveform is applied to the bottom electrode, while 

the top electrode is grounded.  High-voltage DC (Glassman), AC (Trek 20/20 AC amplifier), 

and custom-made ns pulse[37-39] power supplies are employed to generate different voltage 

waveforms applied to the electrodes. In some of the experiments, a superposition of two voltage 
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waveforms is used, by connecting a DC or an AC power supply in parallel with the nanosecond 

pulse generator, as shown in Fig. 1(a). In this case, the nanosecond voltage pulse is overlapped 

with the DC or AC waveforms. In order to isolate the power supplies operating simultaneously, 

electronic components such as inductors, capacitors and resistors are used for LRC high-pass 

and LC low-pass filters, to protect the nanosecond pulse generator and the DC / AC power 

supplies, respectively, as shown in Fig. 1(a). The C3 capacitor shown in Fig. 1(a) is built into 

the Trek 20/20 AC amplifier, to ensure its independent use at AC frequencies below 3 kHz. 

When the DC power is used instead, this capacitor C3 is no longer a part of the circuit, and the 

inductor L2 is the only external component of the low-pass filter. The circuit in Fig. 1(a) enables 

the safe operation of the power supplies, while generating the desired superposition 

waveforms[46]. The voltage and current waveforms are measured by a Tektronix P-6015 high 

voltage probe and Pearson 2877 current probe, and recorded by a LeCroyWaverunner MXi-A 

digital oscilloscope with a 1 GHz sampling rate. 

To monitor the flame dynamics, the flame location (zf) is defined based on the broadband 

flame emission image taken by an ICCD camera (PIMAX 3) with a gate of 1 ms. The image is 

post-processed in MATLAB by integrating the signal intensity in the horizontal direction within 

the rectangular window marked in Fig. 2. The vertical flame position is defined as the location 

of the maximum of the integrated intensity, also plotted in Fig. 2. 

 

 

 

 

Figure 2. Determining the flame position. 



8 
 

2.2 Electric field measurements 

The electric field is measured by ps E-FISH generation using an Ekspla PL2143A 

Nd:YAG laser, of which the detailed description can be found elsewhere[37, 38]. The intensity of 

the E-FISH signal is 

��(��)~[��
��(�) (2�, 0, �, �)�
�����(�)��(�)]����� ����(��⋅!/�)
��⋅!/� #�

 , (1) 

where ��
��(�)
 is the third order susceptibility, � is the frequency, �
��� is the external electric 

field, ��(�) and ��(�)
 are the components of the electric field generated by the laser beam, N 

is the number density, L is the coherence length, and the last term in Eq. (1) is the phase 

matching factor. The coherence length of the laser beam is estimated to be approximately 6 cm, 

longer than the flame diameter of approximately 30 mm. The estimated laser beam Rayleigh 

range is 30 mm (based on the diameter of the laser beam near the focal point of approximately 

200 µm[37], which minimizes the oscillatory behavior of the EFISH signal resulting from the 

beam focusing[47]. As indicated in Figure 1, the laser beam is parallel to the x-axis, passes 

through the vertical plane of symmetry of the flame (y=0), and is displaced in the vertical 

direction (parallel to the z-axis) using a translation stage. The focal point of the laser beam is 

located approximately at the center of the burner. The EFISH signal is integrated along the laser 

beam path between the electrodes, as shown in Fig. 1. For a 100 cm focal distance focusing lens 

used in the present work, the path averaging is nearly uniform (i.e., the signal contributions 

from different regions between the electrodes 3 cm in diameter are nearly the same)[48]. The E-

FISH signal is sensitive to the number density (i.e., the temperature) and the mixture 

composition. Therefore, it is critical that both the temperature and the electric field distributions 

are quasi-one-dimensional in the vertical direction. The effect of the laser beam steering, due 

to the temperature gradient across the flame, did not present a problem. On the spatial scale of 

the flame diameter, beam steering is a minor effect. The beam deviation between the flame and 

the detector (PMT) is more significant, but as long as the beam remains within the clear aperture 

of the components of the optical system (lenses, dichroic mirrors, and filters), this does not 

affect the measurement results. Finally, the diameter of the sensitive area of the PMT is about 

1 cm, such that no detectable reduction of the EFISH signal was observed when the beam 
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steering occurred. The stray second harmonic signal that may be produced by polar molecules 

in the mixture, or by second harmonic generation in the components of the optical system (such 

as lenses and filters) has been measured in the absence of the externally applied electric field, 

found to be insignificant, and subtracted from the second harmonic signal (EFISH signal) 

generated when the field was applied. 

The most critical issue in the E-FISH measurements is the absolute calibration, since the 

signal is dependent both on the temperature and species concentration distributions, which vary 

strongly across the flame front. Ren et al. attempted to calibrate the signal by calculating the 

susceptibility and the number density averaged along the laser beam path, based on the 

numerical predictions of species concentrations and temperature distributions[41]. However, the 

strong interaction between the external electric field and the flame makes the prediction of the 

flame structure challenging and uncertain.  

In our previous work, a self-calibration method was developed to obtain the absolute value 

of the electric field sustained in the ns discharge, by using the EFISH signal measured before 

breakdown[38, 39]. In the present work, we follow the same approach and superimpose a sub-

breakdown ns pulse on the DC or AC voltage waveforms, as illustrated in Fig. 3. The short 

pulse duration is essential, since in this case it does not produce a significant effect on the ion 

distribution in the gap, as well as on the flame. Basically, the pulse duration needs to be 

sufficiently short to preclude the significant drift of the charges and the resultant baseline field 

distortion. For the calibration pulse of ~ 100 ns duration (see Fig. 3(b)), the electric field 

perturbation caused by the drift of charges, estimated from the electron and ion mobilities and 

their number densities at the current saturation, does not exceed ~ 1% of the DC or AC electric 

field. Therefore, the DC or AC electric field distribution existing before the calibration pulse 

does not have time to change. Because of this, the calibration procedure isolates and measures 

the field produced only by the calibration pulse, while the EFISH signal due to the “pre-existing” 

baseline DC or AC field can be subtracted. In addition, the response of the flame position to a 

sub-breakdown ns pulse alone was negligible, as discussed in Section 3.3.  
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The electric field measured by EFISH, ($%.'.), is obtained as follows, 

$%.'. ( $)* + $,% , (2) 

where $,% is the field induced by the sub-breakdown NS pulse and $)* is the field induced 

by the constant DC voltage, which is being calibrated. �,% ( -,%/∆/, where -,% is the ns 

pulse voltage below the breakdown threshold and ∆/( 13.5 mm is the gap distance between 

two electrodes. Then  

|�,%| ( |�%.'.| 5 |�)*|      （|�,%| 6 |�)*|）, (3) 

|�,%| ( +|�%.'.| 5 |�)*|       （|�,%| 7 |�)*|）, (4) 

where |�| denotes the absolute value of the electric field. |�%.'.| is obtained from the E-FISH 

signal, S.H., such that 

|�%.'.| ( 8 9 √S. H. (5) 

|�,%| ( =8 9 √S. H.5 |�)*| (6) 

To account for the dependence of the calibration constant on the mixture composition and 

temperature, the calibration was performed at every measurement location (i.e., laser beam 

position between the electrodes), and for every set of experimental conditions, over a wide 

range of applied DC fields. At different measurement locations, the laser pulse energy was 

varied in the range of 2-10 mJ/pulse, to maintain a high signal-to-noise ratio, since the (EFISH) 

 

Figure 3. Superposition of a 3 kV, positive polarity DC voltage and a sub-breakdown, negative 

polarity NS pulse. (a) Zoom out; (b) Zoom in. 
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signal decreases significantly in the high temperature region. Figure 4(a) plots |�,%| versus 

the square root of the E-FISH signal, for a representative data set measured at Z = 0 in the flame 

with a 3 kV DC field applied (at the conditions of Fig. 3, near t = 0). The intercept of 

approximately 2.2 kV/cm represents the DC electric field in the middle of the gap between the 

electrodes. The electric field scales linearly with the square root of the signal, as expected, 

yielding the calibration constant, 8. The electric field waveform obtained from Eq. (6) is in 

excellent agreement with the ns pulse waveform (see Fig. 4(b)), demonstrating the validity of 

the calibration procedure. If the field in the gap were distorted by the calibration pulse, this 

would result in a strong deviation of the measured field from the applied Laplacian field and 

would indicate that the calibration was inaccurate. 

 

2.3 Kinetic modeling 

Since E-FISH provides the electric field averaged over the laser beam path, the field 

uniformity along the beam is critical to reducing the measurement uncertainty. Two types of 

modeling calculations were carried out, one to predict the two-dimensional profile of the 

unperturbed flame and the other to predict the Laplacian electric field distribution in the gap. 

The unperturbed flame structure was simulated using the OpenFOAM software with GRI-Mech 

1.2 methane oxidation mechanism[49]. The Laplacian field distribution was predicted by solving 

 

Figure 4. Calibration of the electric field measurements using a 10 Hz sub-breakdown ns pulse 

superimposed on the 3 kV DC electric field sustained in the counterflow diffusion flame: (a) �>? (
-,%/∆/ plotted versus the square root of the second harmonic signal generated by the superposition 

electric field (�%.'.); (b) ENS calculated from Eq. (6) vs. ns pulse voltage waveform (VNS). 
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the Laplace equation in MATLAB, for the given electrode geometry and electrode potentials 

set to 1 V and 0, respectively. 

Figure 5 shows the temperature and the Laplacian electric field distributions in the gap 

between the electrodes. The predicted near-planar flame, with slightly lifted edges due to 

buoyancy effects, agrees well with the experimental flame emission images such as the one 

shown in Figs. 1(c) and 3. It can also been seen that the electric field distribution between the 

electrodes (-5 mm< z < 5 mm, |@| < 15 mm) is nearly uniform, with an average value of 0.706 

V/cm. This is only about 5% lower compared to the ratio of the applied voltage and the electrode 

gap, 1 V/135 cm = 0.74 kV/cm. Away from the electrodes, at |@| > 15 mm, the electric field 

decreases to near zero within about 5 mm. 

Regarding the electrode edge effect, most of the E-FISH signal originates between the 

electrodes (i.e., at -5 mm < z < 5 mm, |@| < 15 mm). Since the E-FISH signal is proportional 

to the square of the electric field, it decreases rapidly at |@| > 15 mm. Therefore, as long as the 

flame remains flat during the experiments, the present system can be assumed to be quasi-one-

dimensional, with the parameters varying along the z coordinate, while the gradients in the 

radial direction can be neglected. 

To simulate the coupling between the charged particle transport induced by the applied 

electric field and the flame, we used a quasi-one-dimensional model developed and validated 

in our previous work[50]. The model incorporates the equations for neutral species, electron and 

 

Figure 5. Contour plots of the temperature and the Laplacian electric field distributions, obtained from 

two independent numerical simulations using OpenFOAM and MATLAB, respectively. 
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ion number densities, along with the Poisson equation for the electric potential. The net rate of 

chemi-ionization in the flame used by the model is inferred from the DC saturation current. At 

saturation, the current is equal to the net rate of electron-ion pair generation in the flame[50]. 

The rate of chemi-ionization is assumed to be a Gaussian distribution across the reaction zone, 

with the 1/e thickness of A = 1 mm, estimated from the flame emission images. The collisional 

coupling between the ions accelerated by the applied electric field (i.e., the Coulomb force) and 

the neutral flow is taken into account as a body force term in the quasi-one-dimensional Navier-

Stokes equations[51]. The boundary condition for the peak flow velocity variation at the location 

of the electrodes is set to BCD� ( �
E -, where F is the electrode gap and - is the baseline 

flow velocity. The time-dependent location of the flame is calculated as the time integral of the 

induced flow velocity. 

 

3. Results and discussion 

3.1 CH4/O2/N2 diffusion flame in a sub-breakdown DC field 

Figure 6 shows the location of the CH4/O2/N2 flame sustained in the sub-breakdown DC 

electric field applied in the vertical direction (orthogonal to the flame), plotted vs. the applied 

voltage. Note that the electric field in Figs. 6(a) and 6(b) have opposite polarities, positive and 

negative, respectively. The current density was obtained as the ratio of the current to the area 

of the mesh electrodes, which is close to the flame size. The applied voltage did not result in a 

detectable change of the flame size. The applied voltage is varied by 100 V increments, after 

which the flame maintaining the nearly planar geometry is stabilized at a certain location. When 

the positive polarity voltage remains below 0.7 kV, the flame moves upwards by only about 0.5 

mm, while the current density increases linearly with the voltage. At 0.7-0.9 kV, the flame 

suddenly moves up to z = 4 mm (see Fig. 6(a)). In the middle of this range, at 0.8 kV, the flame 

becomes unstable and oscillatory, as illustrated in Fig. 6(a). Above 0.9 kV, the flame no longer 

responds to the further voltage increase, while the current density reaches saturation. The inset 

images indicate that that the apparent flame luminescence weakens when the flame becomes 

two-dimensional, since the ICCD camera captures the emission integrated along the line of 
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sight. Previous studies[32, 52, 53] correlate this effect to the rotational component of the Coulomb 

force, which induces a variation of the strain rate and scalar dissipation rate of the flow.    

In the negative polarity voltage, the flame gradually moves down to z = -1 mm, in the 

direction of the electric field, at 0-0.4 kV, and remains approximately at z = -1 mm in the voltage 

range of 0.4-0.8 kV. At 0.8 kV, the flame becomes unstable and oscillates vertically between z 

= -1 mm and z = -4 mm. At 0.8-1.4 kV, the flame is stable and remains at approximately z = -4 

mm. When the voltage is increased to 1.5 kV, the flame suddenly moves back to z = -0.5 mm, 

while the current density is reduced to approximately -1.0 μA/cm2. For both positive and 

negative polarity, the results during the voltage reduction do not exhibit significant differences 

from the data obtained during the voltage increase, indicating weak hysteresis effects on the 

diffusion flame. 

 The results of Figure 6(b) are consistent with the previous work by Park et al[16], who 

studied the motion of counterflow diffusion flames driven by negative DC potentials. Basically, 

after a brief transient, the flame always moves toward the high-voltage electrode, and 

subsequently moves back as the voltage continues to increase. Since the flame moves towards 

the grounded electrode, positive heavy ions mass may play a more significant role compared to 

the electrons in producing the pressure gradient affecting the flame position[26]. Park et al also 

visualized the bidirectional EHD force induced by the negative DC electric field applied to a 

counterflow diffusion flame [16]. However, their work does not report the data in the positive 

    

Figure 6. Flame (CH4/O2/N2) position and the current density driven by the DC electric field, (a) 

positive polarity and (b) negative polarity. 
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polarity field. Regarding the sudden jump in the flame location (e.g., Fig. 6b, at 0.8 kV), 

opposing jets are known to exhibit bifurcations causing the asymmetry of the flow field, 

sensitive to small changes in the boundary conditions at low Reynolds numbers[54]. The 

electrohydrodynamic forcing may well enhance small perturbations in the boundary conditions, 

such as can be produced by the honeycomb inserts in the fuel and oxidize delivery nozzles, 

giving rise to a major change in the stable location of the flame. 

A modeling study by Belhi et al[52] simulated the impact of the DC electric field on a 

counterflow diffusion flame, based on the experiments of Park et al[16]. They solved the coupled 

Poisson equation, Navier-Stokes equations, and species transport equations using OpenFOAM 

software, using a 25-component, 76-step reaction mechanism including electrons, H3O
+ 

positive ions and five negative ions (O2
-, O-, OH-, CHO3

- and CO3
-), as well as a skeleton 

methane oxidation mechanism. The positive and negative ions are driven by the external electric 

field to form bidirectional EHD force, affecting the flame when the two forces are unbalanced,  

GHI
JIK 6 L HM

JM 5 HN
JNO (7) 

here J is the current density, J  is the mobility, and superscripts denote the positive ions, 

electrons, and negative ions. The asymmetry in the flame behavior between the positive and the 

negative voltage polarities has been previously attributed to the different distributions of 

positive and negative charged species (including negative ions formed by the electron 

attachment to O2 on the oxidizer side of the flame), based on the 2-D simulations including 

detailed ion-molecule reaction kinetics[52]. This affects the net electro-hydrodynamic (EHD) 

force and results in the asymmetric response of the flame. Specifically, for the negative voltage 

polarity, the flame displacement reduction at high voltages results from the EHD force pointing 

towards the grounded electrode. 

The simulation results by Belhi et al[52] and by Di Renzo et al[53], agree well with the flame 

displacement data and the bidirectional EHD force detected by Park et al[16]. However, there is 

insufficient experimental data to verify the predicted electric field and charge density 

distributions. These result in somewhat conflicting conclusions regarding the electric field and 

ion density distributions in the flame in the presence of a DC electric field. For example, Xiong 
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et al[55] assumed that the electric field at the location of a counterflow diffusion flame is zero, 

which was also adopted by Ren et al[23] when modeling a premixed flame response to a low-

frequency AC field. However, Belhi et al[52] showed that at high applied voltages, the potential 

in the electrode gap varies approximately linearly, i.e., that the electric field remains nearly 

uniform and is not affected by the flame. Therefore one of the objectives of the present work is 

to use the E-FISH technique to measure the electric field at the conditions where the flat flame 

and parallel electrodes provide nearly one-dimensional geometry, simplifying the interpretation 

of the E-FISH measurements. 

Figure 7 plots the vertical distribution of the electric field of the electrode gap when +3 

kV and -3 kV DC voltage is applied (i.e., in the current saturation regime). The flame images 

are also shown in the figures, with the electrodes highlighted. The flame position uncertainty is 

approximately 200 μm; the thickness of the flame is about 1-2 mm, and the laser beam diameter 

at the focal point is approximately 200 μm. It can be seen that, although the flame is located at 

different positions (zf ≈ 4 mm and zf ≈ 0 mm) for different voltage polarities, the electric field 

distributions are similar, ranging from 2 to 2.7 kV/cm. This is close to the Laplacian electric 

field, marked in the figures, calculated as the ratio of the applied voltage and the electrode gap, 

|�)*| P 3 kV S 13.5 mm ( 2.22 kV/cm (8) 

The average electric field in the gap measured for positive polarity is very close to 2.22 

kV/cm, while the result for negative polarity is slightly higher and even reaches 2.7 kV/cm. 

  

Figure 7. DC electric field distributions in a CH4/O2/N2 diffusion flame: (a) positive polarity, and (b) 

negative polarity.  
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However, this difference is within the measurement uncertainty (see Fig. 7(b)), which is mainly 

controlled by the accuracy of the calibration. The uncertainty of the measurements near the 

flame front is higher compared to those in the low-temperature flow, since the higher laser pulse 

necessary at the lower number density results in stronger background from the optics. No 

detectable deviation from the constant Laplacian field was found, indicating that the effect of 

the space charges near the electrodes at the present conditions (in the current saturation regime) 

is insignificant, which will be further discussed later.          

 

  



18 
 

3.2 CH4/O2/N2 diffusion flame in a sub-breakdown AC field 

  

  

Figure 8. CH4/O2/N2 flame displacement driven by sub-breakdown AC voltage waveforms at different 

frequencies, (a) 0.1 Hz, (b) 10 Hz, (c) 100 Hz, and (d) 1 kHz. 

 

Figure 8 shows the time-resolved applied voltage, current density, and flame position in 

the AC electric field with the voltage amplitude of 3 kV and frequencies of 0.1 Hz - 1 kHz. At 

a very low frequency (0.1 Hz), the response time of the flame to the electric field is sufficiently 

rapid, such that the effect of the AC electric field is close to that in the DC electric field, with 

almost no phase difference. As the frequency increases to 10 Hz, the flame response is delayed 

relative to the voltage waveform, and the oscillation amplitude is decreasing. The major 

difference between the flame displacement data plotted in Figs. 8(a) and 8(b) is that the 

characteristic time for the EHD force variation, UVWE ( /
�XY , changes from UVWE P 1.6 s 

(much longer compared to the characteristic flow time, UY�Z[ ( \]
�^  P 50 ms) to UVWE P 16 

ms (comparable to UY�Z[), respectively. Therefore Figs. 8(a) and (b) illustrate the quasi-steady-

state and transient responses of the flame to the EHD forcing, respectively. Comparing these 

two cases suggests that the bifurcation observed in Fig. 8(a) and in Fig. 6 may be caused by the 

slowly growing instabilities in the flow field, which do not have time to develop in the transient 
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flow. When the frequency is increased to 1 kHz, the flame oscillations are no longer detectable, 

although the variation in current density becomes more pronounced due to the capacitive 

current. Instead, a slight steady offset of the flame position is detected, about 0.3 mm. Guerra-

Garcia et al[21] reported a similar offset and developed a semi-empirical model to explain the 

effect of the high-frequency AC field on the flame. They concluded that the external AC electric 

field causes high-frequency oscillations of the ions in the flame, partially balancing the local 

two-dimensional flow stretching and thereby stabilizing the flame at a new location. 

The E-FISH measurements are also carried out in the AC field, using a similar calibration 

method as discussed above, by superposing a 1 kHz AC waveform with sub-breakdown ns 

pulses repeated at 10 Hz. The ns pulses are applied near-zero AC voltage to avoid breakdown. 

Figure 9 plots the time-resolved electric field measured at z=0 and z=2 mm, which follows the 

AC voltage waveform without a phase shift, as expected. Again, these results indicate that the 

electric field applied perpendicular to the flame remains Laplacian, with no indication of a 

significant space charge accumulation in the gap. The E-FISH signal approaches minimum 

when the AC voltage decreases to zero. 

    

 

Figure 9. Time-resolved AC electric field measurements in the CH4/O2/N2 diffusion flame, at z=0 and 

z=2 mm. AC frequency 1 kHz, amplitude 3 kV.  
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Figure 10. Left: modeling predictions (lines) for the electric field, current density, and flame 

displacement in the sub-breakdown AC electric field, plotted together with experimental data (symbols) 

for the electric field (for 1 kHz, at z=0), current density (for 10 Hz, 100 Hz, and 1 kHz) and flame 

displacement (for 10 Hz). Right: predicted ion density (n+), electron density (ne), and electric field (E) 

distributions for different voltage phases, π/2 (positive saturation peak), π (zero applied field), 3π/2 

(negative saturation peak), and 2π (zero applied field). Grounded electrode is on the right. Top row: 

f=10 Hz, middle row: f=100 Hz, bottom row: f=1 kHz. 

 

Figure 10 shows the quasi-one-dimensional modeling predictions of the flame position in 

the sub-breakdown AC field (10 Hz, 100 Hz, 1kHz), plotted together with the distributions of 

10 Hz 

100 Hz 

1 kHz 
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the electric field in the middle of the gap and the current density. Note that the applicability of 

the present model is limited to the conditions when the characteristic time for the EHD force 

variation, UVWE ( /
�XY , is shorter compared to the characteristic flow time, UY�Z[ ( \]

�^ , i.e., 

when _ ≳ ^
X\] = 1 Hz. Therefore the model is not applicable for f = 0.1 Hz and for the DC 

field. It can be seen that the modeling predictions, specifically the electric field distribution and 

the current density, are consistent with the experimental data plotted in Fig. 9. First, the electric 

field in the gap follows the applied voltage, except for the brief periods when the applied voltage 

is sufficiently low, such that the charge separation in the weakly-ionized plasma is sufficient 

for the plasma self-shielding. This effect is relatively modest, due to the low electron / ion 

density, and disappears when the voltage increases, the ions and electrons become completely 

separated, and the current approaches saturation. Therefore the electric field in the flame 

remains near zero only at relatively low applied electric fields, below ≈1 kV. Second, the 

induced current waveforms (a nearly rectangular waveform at 10 Hz, a “sloping plateau” 

waveform with transient maxima at 100 Hz, and a phase-shifted waveform dominated by the 

capacitive current at 1 kHz), are similar to those measured in the experiment (see Fig. 8). The 

phase and amplitude of the flame oscillations at 10 Hz are reproduced by the model fairly well, 

indicating the correct magnitude of the coupling between the EHD force and the flame. Finally, 

the model predicts a dramatic reduction of the flame oscillation amplitude with the AC 

frequency, only about ~ 0.1 mm at 100 Hz, and less than 10 µm at 1 kHz, as also observed in 

the experiments. The predicted peak ion density in the gap during saturation, ≈ 109 cm-3, is 

consistent with the higher fidelity 2-D modeling predictions of Belhi et al [52] (at the present 

conditions, both the measured saturation current density and the predicted ion density are lower 

by about a factor of two). 

 

3.3 CH4/O2/Ar flame in a ns pulse discharge, with and without DC offset 

In this section, argon is used as the diluent, to reduce the breakdown threshold and 

facilitate plasma generation. First, to study the flame response to a ns pulse discharge with the 

DC offset, a baseline set of measurements was made to quantify the displacement of the argon-

diluted flame in a sub-breakdown DC field. The results are summarized in Fig. 11. It can be 
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seen that for the positive polarity, the flame response to the DC voltage below 1 kV is similar 

to that of the nitrogen-diluted flame, in which the flame gradually moves to the top (grounded) 

electrode (compare with Fig. 6). However, a major difference is that when the voltage exceeds 

1.2 kV, the argon-diluted flame moves back to the high-voltage electrode (see Fig. 11(a)). For 

the negative polarity, the behavior of the argon-diluted is similar to that of the nitrogen-diluted 

flame (compared Figs. 6(b) and 11(b)). Figure 11 shows that the downward displacement and 

the upward recovery of the flame occur at approximately 0.7 kV and 1.4 kV, respectively. The 

maximum displacement of the argon-diluted flame is approximately 3.0-3.5 mm, slightly less 

than 4 mm for the nitrogen-diluted flame. The response of the argon-diluted flame to the 

positive and negative polarity DC voltage is fairly symmetric (see Figs. 11(a, b): the flame is 

displaced in the opposite directions, with the displacement increasing first and then decreasing, 

as the applied voltage increases. For both polarities, the maximum displacement occurs in the 

range of 0.6 to 0.9 kV, with the uncertainty most likely affected by the buoyancy effect. Note 

that for the same fuel and oxygen flow rates, the momenta of the upper and lower flows in the 

argon-diluted flames are balanced, which places the stagnation plane in the middle of the gap 

and may be responsible for the symmetric flame response to the DC field polarity. 

 

 

Figure 11. Flame (CH4/O2/Ar) displacement and the current density driven by the DC electric field, for 

(a) positive polarity and (b) negative polarity.  

 

Second, the focus is on the effect of a ns pulse discharge overlapped with the flame. Figure 

12 shows the waveforms of voltage and current for both pulse polarities. The pulse peak voltage 

is approximately 14 kV, and the voltage rise time is approximately 50 ns. When the voltage 
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approaches the peak value, breakdown occurs between the electrodes, and the current increases 

rapidly to 8-10 A. Thus, the current pulse lags in time behind the voltage pulse by approximately 

40 ns later, and decays as the voltage decreases. 

 

 

Figure 13 shows sequential images of the positive polarity, nanosecond pulse discharge 

plasma sustained in the flame at the pulse repetition rate of 10 Hz. The image in the left panel 

in the first row, taken with a long camera gate of 1 ms, visualizes the flame emission. The 

middle panel image in the same row, taken with a camera gate of 400 ns, incorporates the entire 

nanosecond pulse, visualizing the morphology of the plasma. The image in the right panel, 

again taken with a 1 ms camera gate, incorporates both the flame and the plasma emission. The 

images in the remaining nine panels are taken with the camera gate of 10 ns, to illustrate the 

transient plasma emission. The time stamps in the images are consistent with the timing of the 

voltage and current waveform in Fig. 12. In the positive polarity pulse, at t = -19 ns, breakdown 

begins first above the flame, in the O2/Ar flow, generating a diffuse plasma. Subsequently, the 

ionization wave traverses the flame and reaches the bottom electrode. At t = 9 ns, the plasma 

becomes more constricted, and filaments are detected near the top electrode (cathode). The 

filaments are likely anchored by the individual wires in the mesh electrode. 

 

 

Figure 12. Ns pulse discharge voltage and current waveforms for the positive and negative polarity, 

operated at 10 Hz and sustained in the CH4/O2/Ar counterflow diffusion flame. 



24 
 

 

Figure 13. Top row, left to right: 1 ms gate flame emission image, 400-ns gate ns pulse discharge image, 

and 1 ms gate image of both the plasma and flame. Remaining rows: collage of single-shot, 10-ns camera 

gate plasma emission images. Positive polarity 10 Hz ns discharge sustained in the CH4/O2/Ar 

counterflow diffusion flame. 

 

 

Figure 14 shows the flame and plasma emission images in the negative polarity ns pulse 

discharge operated at the same conditions, organized in the same way. Again, breakdown begins 

above the flame (in O2/Ar flow), after which the ionization wave propagates across the flame 

front, toward the bottom electrode (cathode). Similar to the positive polarity discharge, the 

plasma near the cathode (now the bottom electrode) becomes strongly filamentary, with the 

filaments more pronounced compared to the positive polarity pulse. It can also be seen that the 

flame acts as the boundary between two distinct plasma domains, quasi-uniform above the 

flame and strongly filamentary below the flame (in CH4/Ar flow). 

Both for positive polarity (Fig. 13) and negative polarity (Fig. 14) pulses, the discharge 

filamentation is likely triggered by the localized instability development in the cathode layer 

near the mesh wires (top electrode in Fig. 13, bottom electrode in Fig. 14). The discharge 

constriction in the bulk of the plasma on a ns time scale is sensitive to the electron impact 

ionization cross section, and primarily to its dependence on the reduced electric field. Although 

the ionization potentials of O2 and CH4 are close, the ionization cross section of methane in the 
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electron energy range of 15-50 eV is significantly higher compared to that of molecular oxygen. 

Therefore methane is ionized more easily during the discharge pulse, leading to a higher 

electron density and its more significant nonuniformity on the spatial scale of the mesh spacing. 

As a result, more pronounced filamentation occurs when the cathode is located on the fuel side 

(below the flame), as is apparent from Fig. 14. 

 

 

Figure 14. Top row, left to right: 1 ms gate flame emission image, 400-ns gate ns pulse discharge image, 

and 1 ms gate image of both the plasma and flame. Remaining rows: collage of single-shot, 10-ns camera 

gate plasma emission images. Negative polarity 10 Hz ns discharge sustained in the CH4/O2/Ar 

counterflow diffusion flame. 

 

To enhance the effect of a nanosecond pulse discharge on the flame, a DC voltage was 

superimposed on the ns pulse train. Previous work[56, 57] suggests that combining a repetitive 

nanosecond pulse discharge with a DC offset may enhance the excited species generation and 

produce ignition more efficiently. The present measurements show that when the ionizing 

pulses, at the repetition rate ranging from 10 Hz to 1 kHz, are superimposed on the DC field, 

the flame position remains the same. However, the morphology of the ns pulse / DC plasma 

changes significantly. Figure 15 shows the plasma emission images in the CH4/O2/Ar 

counterflow diffusion flame, as well as the flame emission obtained with a 1 ms camera gate. 

The plasma is generated by the positive polarity ns discharge pulses at 10 Hz, combined with a 

negative polarity DC voltage offset of 500 V. Although the flame is displaced by approximately 
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1 mm in the 500 V DC field, adding the ns pulses does not change the flame position, within 

the uncertainty of the present measurements. Increasing the pulse repetition rate to 500 Hz does 

not change this result. However, comparing Fig. 15 to Figs. 13 and 14 showing the ns pulse 

plasma emission, the ns pulse / DC plasma appears more extensive and diffuse, although the 

filament formation near the mesh electrodes is still evident. 

 

 

Figure 15. Top row, left to right: 1 ms gate flame emission image, 400-ns gate ns pulse discharge image, 

and 1 ms gate image of both the plasma and flame. Remaining rows: collage of single-shot, 10-ns camera 

gate plasma emission images. Positive polarity 10 Hz ns discharge with a 500 V negative DC offset 

sustained in the CH4/O2/Ar counterflow diffusion flame. 

 

The plasma emission images show that the breakdown begins near the flame location 

approximately at t = -17 ns. In a similar repetitively pulsed ns discharge sustained in a 

counterflow diffusion flame, Guerra-Garcia et al[58] also reported breakdown originating near 

the flame region, where ionization occurs faster due to the lower number density. The steep 

number density gradient in the gap, with the low-temperature flow close to the electrodes, 

results in the delayed ionization near the electrodes. After the breakdown onset, the ionization 

wave rapidly propagates in both directions, within a few nanoseconds, filling the entire gap by 

approximately t = -6 ns. A diffuse plasma is sustained for over 30 ns, during which the current 
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is maintained at approximately 2.5 A (see Fig. 16). Approximately by t = 28 ns, the plasma 

emission near the flame decays, forming a dark region in the middle of the gap (see Fig. 15). 

Compared to a ns pulse discharge alone (Figs. 13 and 14), the breakdown onset near the 

flame is more pronounced in the presence of a DC electric field, indicating a higher pre-

ionization in the flame when a DC voltage is applied. Also, it is apparent that overlapping a 

sub-breakdown DC field with a ns pulse discharge reduces the filamentation and makes the 

plasma more uniform, most likely by enhancing the electron transport between the pulses and 

reducing the electron density gradients. A similar effect has been observed recently in a ns pulse 

discharge overlapped with a sub-breakdown RF field[59]. We also conjecture that the electrons 

are generated within the high-temperature reaction zone by chemi-ionization reactions, and 

transported by the DC field into the oxidizer flow to provide the residual “seed” ionization for 

the ns pulses. This effect is similar to increasing the pulse repetition rate, which is known to 

considerably improve the plasma uniformity[60] as well as affect the streamer branching[61]. 

These results suggest that the combination of a nanosecond pulse discharge and a sub-

breakdown DC field, which results in plasma stabilization at high pressures, may also be 

promising for plasma-assisted combustion applications. 

Electric field distribution in the nearly diffuse plasma shown in Figure 15 has been 

measured by EFISH. Figure 16 plots the time-resolved electric field measured at several vertical 

locations, z = 0, -3 and 3 mm. Before the breakdown, a weak electric field offset is detected due 

to the presence of the 500 V DC voltage. This corresponds to the Laplacian field of 

approximately 0.37 kV/cm, near the detection limit of the E-FISH diagnostics, such that this 

weak DC field is measured with a significant uncertainty. Starting at t=-60 ns, the electric field 

begins to increase, as the applied pulse voltage increases. The data in the range from t=-60 ns 

to t=-20 ns have been used for the electric field calibration before breakdown. At t=-20 ns, 

breakdown begins to develop near the flame, which is consistent with the plasma emission 

images in Fig. 15. At z = 0, i.e., close to the flame location, breakdown occurs at approximately 

6 kV/cm, and the electric field subsequently decreases below the Laplacian field, due to the 

charge separation and plasma self-shielding. Based on the predicted temperature distribution in 

the reaction zone, plotted in Fig. 5, and the electric field measurements in the ns pulse discharge, 
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shown in Fig. 16, the peak reduced electric field during the discharge pulse is estimated to be 

E/N ≈ 6 kV/cm / 4·1018 cm-3 = 1.5·10-15 V·cm2 = 150 Td. The breakdown time moment and 

electric field threshold differ from location to location. Near the flame, breakdown occurs at t=-

20 ns, at the electric field of approximately 8 kV/cm. At z = 4 mm (on the oxidizer side), 

breakdown occurs at t=-3 ns, at the electric field of approximately 10 kV/cm. Again, these 

results are consistent with the plasma emission images in Fig. 15, which indicate a faster 

ionization wave propagation toward the bottom electrode and the resultant plasma shielding 

effect on the electric field.  

  

Figure 16. Time-resolved electric field distributions in a positive polarity ns pulse discharge at the 

repetition rate of 10 Hz, overlapped with a 500 V (sub-breakdown), negative polarity DC field sustained 

in a CH4/O2/Ar counterflow diffusion flame. The flame is located approximately z = -1 mm. 
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3.4 CH4/O2/Ar flame, superposition of AC with NS ionizing pulses 

 

 

 

Figure 17. Left: modeling predictions for the electric field, current density, and flame displacement in 

the sub-breakdown AC electric field overlapped with a ns pulse discharge train. Right: ion density (ni) 

and electron density (ne) distributions at different voltage phases, π/2 (positive saturation peak), π (zero 

applied field), 3π/2 (negative saturation peak), and 2π (zero applied field). Grounded electrode is on the 

right. AC frequency 10 Hz, ns pulse repetition rate is twice the AC frequency (20 Hz). 

 

The present experimental results do not exhibit the enhancement of the flame displacement 

when the ns discharge pulses are superposed on the DC or AC electric field. To study further 

the effect of the ns pulse discharge on the flame sustained in a sub-breakdown field, kinetic 

modeling calculations were carried out to predict the flame response to a superposition of ns 

discharge pulses with a sub-breakdown AC field. In the model, each ionizing pulse generates 

the total number of electron / ion pairs of 1012 cm-3, taken from the high-fidelity modelling 

predictions in our previous work at similar conditions[62]. Figure 17 shows that adding the 

ionizing pulses to the AC field increases the predicted flame oscillation amplitude at 10 Hz by 

approximately 50% (compare to Fig. 10(a)). At higher frequencies, the effect of ns discharge 

pulses becomes more pronounced in the relative terms (oscillation amplitude increases by over 

a factor of 2 at 100 Hz), but the absolute increase remains insignificant, of the order of 0.1 mm, 

which cannot be detected in the experiment. Although ns pulse ionization increases the electron 

density in the flame over an order of magnitude, at higher electron densities the plasma rapidly 

shields itself from the externally applied electric field (see Fig. 17(b)), such that the Coulomb 

body force on the bulk of the plasma remains low. 
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4. Summary 

The present work studies the response of counterflow diffusion flames to sub-breakdown 

DC and AC electric fields, as well as their superposition with ns pulse discharge waveforms. In 

all cases, the electric field is applied perpendicular to the flame front. Based on the experimental 

data and the modeling predictions, the following conclusions can be made. 

Sub-breakdown DC electric field causes the displacement of the counterflow diffusion 

flames. At the applied voltage of 0-3 kV (Laplacian electric field of 0-2.2 kV/cm), the amplitude 

of the flame displacement varies within 0-4 mm. Although in some cases the flame 

displacement is reduced as the voltage is increased further, the net displacement is toward the 

grounded electrode, i.e., in the direction of the applied electric field. This indicates that the body 

force on the positive ions exceeds that on the electrons and negative ions combined. The sub-

breakdown AC field, operated at a low frequency (up to 10 Hz), results in a similar effect. As 

the operating frequency increases above a few tens of Hz, the flame response becomes less 

pronounced until it can no longer be detected. Kinetic modeling calculations show that this is 

caused by the reduction of the EHD body force impulse over the AC half-period, as expected. 

The electric field in the gap between the electrodes is determined by ps E-FISH generation, 

with absolute calibration using sub-breakdown ns pulses overlapped with the measured electric 

field waveform. The results show that at the current saturation conditions, the electric field 

distribution across the diffusion flame follows the Laplacian field, indicating that the space 

charge density is too small to significantly distort the applied DC or AC field (see Fig. 7). This 

result is at variance with the recent E-FISH measurements of the electric field distribution in a 

counterflow CH4-O2-N2 flame at similar conditions[63]. In Ref. [63], a significant deviation from 

the Laplacian field (by up to a factor of 3) was inferred from the E-FISH measurements and 

attributed to space charge accumulation near the electrodes. In this work, the current is saturated 

at a high applied voltage of ± 3 kV (see Fig. 6), which possibly reduces the effect of charge 

separation on the field in the gap. It is also noted that the present calibration using nanosecond 

pulses should be somewhat more accurate than the calibration in Ref. [63], where longer 

(microsecond duration) calibration pulses were used, such that the measurement results may 

have been affected by the ion drift (space charge variation) during the pulse. For the cases of 
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AC applied voltages, the present electric field distribution measurements are consistent with 

the field and space charge (ion and electron) density distributions in the gap predicted by the 

kinetic modeling, as well as with the current density data (see Fig. 10). 

A nanosecond pulse discharge is generated across the diffusion flame, where the 

breakdown threshold is lowered significantly compared to a room temperature flow. The 

plasma appears strikingly different on two different sides of the flame. The side adjacent to the 

anode appears diffuse, while the side next to the cathode is filamentary. When the nanosecond 

pulse discharge is coupled with a negative polarity DC offset of -500 V, the plasma becomes 

diffuse in the entire space between the electrodes. Time-resolved and spatially-resolved 

measurements of the electric field in the ns pulse discharge plasma between the electrodes are 

performed, with the results consistent with the plasma emission images indicating the ionization 

wave propagation between the electrodes. The present experimental results do not exhibit the 

flame displacement enhancement by the ns discharge pulses combined with a sub-breakdown 

field, observed in our previous work[39]. Kinetic modeling calculations show that the absence 

of this effect in the plane-to-plane electrode geometry is due to the rapid plasma self-shielding 

at higher electron densities. Indeed, in Ref. [39], both the ns pulse discharge and the sub-

breakdown field were sustained between two dielectric-covered parallel rod electrodes, which 

limits the plasma self-shielding and therefore enhances the impulse of the EHD body force. 

Therefore this and similar electrode geometries, e.g., rod-to-plane, pin-to-plane, and pin-to-pin 

would be more effective for plasma-assisted flameholding and flame stabilization applications. 
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Appendix. Kinetic Model Description 

To model the flow entrainment by the electrohydrodynamic (EHD) force produced in the 

plasma, we used a quasi-one-dimensional electric discharge model coupled with the flow 

equations. The model incorporates equations for the ion and for the electron densities, Poisson 

equation for the electric potential, and motion and continuity equations for the entrained flow:  
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In Eqs. (A1-A5), ni and ne are the ion and electron densities, kion is the electron impact 

ionization rate coefficient, h�Z�(i) is the rate of chemi-ionization in the reaction zone of the 

flame, βei the electron-ion recombination rate coefficient, t is the electric potential, e is the 

elementary charge, �c ( + am
ac  is the vertical electric field, u is the induced flow velocity, uv 

is the baseline main flow velocity, N is the total number density, m is the molecular mass, μi and 

μe are the ion and electron mobilities, Di and De are their diffusion coefficients, 
Eb
wb ( �pq

� , 
Ek
wk (

�pqkdxgy f
�  , 8z  is the Boltzmann constant, and o  is the dynamic viscosity. The temperature 

distribution across the flame,  

{(i) ( ({CD� + {DC|) · ~Ndg�g�k��
� fl 5 {DC|,                (A6) 

is taken from the predictions of the two-dimensional steady-state flame simulation without 

forcing, using OpenFoam. In Eq. (6), i��D� is the peak temperature location, {CD�=1800 K, 

{DC| =300 K, and � =1 mm. The last term in Eq. (A4) accounts for the pressure gradient 

between two opposing flows, generated by the flow entrainment caused by the EHD force. The 

time-dependent flame position, i��D�(�), is obtained by integrating the induced velocity.  
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The electron and ion mobilities and the Townsend ionization coefficient are taken from 

Ref.[64], 

J� ( /.��9/v�
�∗  �Cl
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�∗  �Cl

�⋅�  ,   �∗ ( �({�@@)  �vv
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The initial conditions assume a quasi-neutral plasma (ne = ni) sustained by chemi-ionization in 

the flame. The width of the chemi-ionization region, �=1 mm, is assumed to be the same as 

flame thickness, and the rate of chemi-ionization in the reaction zone, h�Z�(i) ( hv ·
~Ndg��]/l

� fl
, is chosen to match the experimental saturation current density. The system of Eqs. 

(A1-A5) is solved with the following boundary conditions: 
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where N0 is the ambient number density. 
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