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Electric wind generation by nanosecond repetitively pulsed microplasmas

A nanosecond repetitively pulsed microplasma generated between two tungsten electrodes in a pin-to-pin configuration is used as a supply of charged species to produce an electrohydrodynamic phenomenon when placed near a DCbiased electrode. We employed high-frequency particle image velocimetry in order to study the produced flow. The generated flow velocities are around 2 m s -1 with a deposited average power on the order of 1 W. The main characteristics of this flow and the impact of the frequency and the DC field are discussed. In the end, we further explain the impact of each microplasma event on flow modification.

Introduction

Electrohydrodynamic (EHD) phenomena involving electrical discharges in air at atmospheric pressure are useful in many fields such as flow control (Moreau 2007, Corke et al. 2010), electrostatic precipitation (Zouzou & Moreau 2011), combustion [START_REF] Lawton | Electrical aspects of combustion[END_REF], Lacoste et al. 2017), food drying (Martynenko & Kudra 2016) and thrusters (Christenson & Moller 1967, Moreau et al. 2013, Xu et al. 2018).

Figure 1. Example of schematic diagram of a microplasma geometry to produce ionic wind. The distance dgap have to be smaller than the mm-scale and the distance d plate is longer than the cm-scale.

Furthermore, ionic or electric wind can be an important aspect of widely used discharge setups such as plasma jets (Robert et al. 2014, Darny et al. 2017).

The underlying theory of EHD flows was established several decades ago (Robinson 1961, Robinson 1962) : charged species drift due to an applied electric field and transfer momentum through collisions to the surrounding neutral species.

However, in contrast with the simplicity of the phenomenon, the underlying physics are very complex due to the combination of fluid mechanics, physics of plasmas and chemistry in air (Boeuf & Pitchford 2005, Nishida et al. 2014, Moreau et al. 2018).

In all the research areas listed above, corona discharges and dielectric barrier discharges (DBDs) are almost exclusively used. In flow control, DBDs are widely used thanks to their stability and ease of implementation due to their self-limiting characteristics preventing them to turn into arc discharges (Kogelschatz et al. 1997).

Usually the design of an actuator consists of predicting the flow pattern from the electric field profile and electrode geometry. However, the discharge regime and structure are also closely connected to the electric field and to the shape of the electrodes. Thus, the flow produced by a plasma actuator is not easily predictable and cannot be modified in a straightforward manner by changing the geometry (Moreau 2007, Corke et al. 2010).

A simple solution to address this problem could be the separation of the production of the charged species and their transport. Here, we suggest to use a microdischarge as a charge supplier and the use one or several electrodes to drive the charges via the electric field shape. The figure 1 shows an example of such a system composed by a microplasma generated between two pin electrodes and a plate biased by a DC voltage.

A similar idea with five electrodes has already been pursued with corona discharges (Colas et al. 2010), but the ion production and ion drift were not fully decoupled. Later, several studies [START_REF] Tirumala | [END_REF], Johnson et al. 2015) presented similar three-electrode geometry but focused on miniaturizing the plasma down the mm-scale for convective heat transfer purposes.

Concerning the DBDs, sliding discharge actuators involving three electrodes have also been designed (Moreau et al. 2008, Bayoda et al. 2015, Nishida et al. 2017) with the purpose of elongating the discharge rather than separating the production and transport of the charged species.

Microplasmas are generated by confining a discharge to the micrometer scale in order to enhance surface interaction. In the past, microplasmas have shown interesting properties for the applications, such as high electron temperature, electron density, low gas temperature and good stability (Becker et al. 2006, Mariotti & Sankaran 2010). By combining microplasmas with nanosecond repetitively pulsed (NRP) discharges, electron number density and temperature can be further increased [START_REF] Zhu | [END_REF], Huang et al. 2013, Orrière et al. 2018). NRP discharges in the spark regime with mm-scale gap distances have already been successfully applied in plasma assisted combustion due to their thermal, chemical and acoustic properties (Pilla et al. 2006, Pancheshnyi et al. 2006, Xu et al. 2015, Bölke et al. 2018). Many of the above properties of mm-scale NRP sparks may be preserved by microplasmas, which may also possess enhanced plasma properties. In air at atmospheric pressure, a very high ionization fraction of about 0.5 has already been reached (Orrière et al. 2018). Furthermore the use of nanosecond pulsing (≈ 10 ns) with a low duty cycle decouples the interaction between the large-scale electric field from that of the microplasma.

Another issue concerns the chemistry of the discharges producing electric wind.

According to (Johnson & Go 2017), humidity and ozone production are of particular concern. Methods have already been found to reduce ozone production for corona discharges, by changing the geometry (Chen & Davidson 2002[START_REF] Yehia | Conference Record of the 2005 Industry Applications Conference[END_REF] or heating the active electrode (Awad & Castle 1975). Humidity has a great impact on the discharge dynamics, chemistry and consequently produced ionic wind for corona discharges. As far as we know, there are no clear options to reduce the impact of humidity without employing a dehumidifier, and ozone reduction requires constraints upon the geometry.

The use of an NRP spark discharge could reduce the impact of humidity on plasma properties. A comparative study in pure N 2 and in N 2 with 0.9% H 2 O has already been conducted at atmospheric pressure for a NRP discharge at the mm scale (Van der Horst et al. 2012). The spark regime showed no difference in term of discharge form and electron number density. Fast gas heating was observed only with the addition of water vapor, but this is also expected because oxygen is present, as in the case of air (Rusterholtz et al. 2013).

Furthermore, ozone production is expected to be low when the electric field is high (greater than 500 Td) (Plank et al. 2014) or when species which can easily destroy O 3 are produced, e.g. N atoms or N O. Such species are expected to be produced in high densities in this type of discharge, as modeled by (Popov 2016) and suggested by the experimental results of (Orrière et al. 2018).

In this paper, we study the applicability of NRP microplasmas to produce EHD phenomena. In particular, we would like to separate the mechanisms of charge production and charge drift by using NRP microplasmas.

If decoupling is possible, then the microplasma can be treated as an ion source for designing EHD devices. EHD models already exist that treat the discharge as a simplifed ion source (Boeuf & Pitchford 2005[START_REF] Go | [END_REF]. Ideally, a full numerical model of the NRP microplasma would provide the correct input for the ion source. Such a model does not yet exist, but the literature on related NRP spark discharges (Rusterholtz et al. 2013, Popov 2016) and experimental on NRP microplasmas (Orrière et al. 2018) make it possible to approximate the amount of ionization and recombination in the discharge gap. Additional advantages could include the reduction of ozone production and sensitivity to humidity, although these subjects are outside the scope of this study. This paper is organized as follows, in section 2 we will present the reactor geometry and the experimental methods. We used passive probes to characterize the voltage, current and power of the microplasma and particle image velocimetry (PIV) and Schlieren photography to characterize the flow. We will present and discuss the results in section 3. The electrical characterization will be discussed first in section 3.1.

Then we will present velocity fields obtain by PIV measurements in section 3.2, under standards conditions previously defined at high repetition frequency (F N RP = 8 kHz).

The impact of the voltage applied to the third electrode will be shown in section 3.3.

In section 3.4, we will show time-resolved snapshots of the initial velocity fields when the microplasma is turned on with the flow initially at rest. We will also further study This method has already been introduced in a previous study (Orrière et al. 2018) as well as the calculation of the energy per pulse.
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The electrodes were inclined at an angle of 45°, as shown on figure 3, both in order to increase the electric field and to gain optical access to the microplasma region. A DC power supply (DEL Electronics, Model RLPS 40-150) was connected to the third electrode via a high voltage resistance R 3 (Powertron HTE152, 500 kΩ) in order to prevent short-circuits. The third electrode was a 8 cm diameter stainless steel plate with rounded edges and was placed at a distance d plate away from the microplasma reactor. In all cases, we used d plate = 40 mm and d gap = 200 µm.

PIV measurements

Figure 3 shows a schematic diagram of the geometry. Two planes of the flow were studied: the XY plane parallel to the axis of the discharge and the perpendicular XZ plane slicing through the middle of the discharge (figure 3). To record both XY and XZ planes, the plate, the camera and the laser sheet was not moved, but we rotated the reactor around the X axis. Consequently, the Y axis is vertical when we recorded the XY plane, and the Z axis is vertical when we recorded the XZ plane. The 0.122 m 3 PMMA tank was seeded by droplets of Ondina Oil 915 with a size between 0.2 µm -1 µm provided by an aerosol generator (TOPAS ATM-200). A laser emitting at 532 nm (Nd:Yag Continuum Mesa) was shaped into a 1-mm thick laser sheet to illuminate the seeded particles. For PIV of the entire flow region between the microplasma and For PIV zoomed in on the region closed to the microplasma, we replaced the 60 mm objective with a long-range microscope (Distamax by Infinity, Model K2). The field of view was then 5.5 × 5.5 mm on the camera. The maximum frame rate of this system was 20 kHz. A trigger source (Stanford Research system DG645) synchronized all devices. Images were processed with the Davis 8 software using a double-pass algorithm where the field of view is divided into round interrogation windows that reduce in size with each pass (from 32 × 32 to 16 × 16 with 50% overlap), yielding a vector field spatial resolution of 329 µm or 82 µm for the zoomed experiment. In order to de-noise the snapshots, a two-dimensional median filter has been applied spatially with a kernel size of three points and then a median filter on five points temporally. The impulsion starts at t = 0 ns and reaches a maximum of 3 kV at t = 8 ns. After spark breakdown, the conduction current flowing into the discharge increased up to 33 A within 4 ns. Thus an energy of U plasma = 121 ± 15 µJ is deposited in the microplasma.

Results and discussion

Electrical characterization of the microplasma

The average power transferred in the discharge can then be calculated P = 0.97 W while the peak power is around 20 kW. No measurable effect of V plate has been observed in the range V plate ∈ [0 kV, 20 kV] on microplasma power consumption.

However, at V plate = -14 kV, a time-averaged current smaller than 5 µA flows from the third electrode positioned at d plate = 40 mm to the ground through the DC power supply. This contribution of 0.07 W is minor in comparison to the microplasma but should be taken into account for accurate measurements.

In a previous study, the discharge was placed in open air without seeded particles (Orrière et al. 2018), and the ionization fraction was found to be very high (1 × 10 19 cm 3 ) as well as the average reduced electric field (660 Td). Interestingly, the average power deposited in the NRP microplasma is of the same order of magnitude as for the corona discharges (0.1 W -1 W) usually used to produce ionic wind (Johnson & Go 2017). We will further see in the next sections that the flow velocities are also of the same order of magnitude. However, discharges characteristics are far different from those of a corona discharge since the energy density and the electric field during the breakdown are higher for NRP microplasmas. This should result in a better ion production efficiency since the electric field is close to that of the optimal electric field around 1000 Td for producing charged species [START_REF] Macheret | [END_REF]).

Flow fields

In this subsection, we show the PIV results and further explain the obtained velocity fields. Figure 5 shows the time-averaged velocity magnitude U and streamlines of the vector field in the XY (Figure 5 produced by applying a voltage of 16 kV across a 25 mm gap distance in a pin to plane geometry using the same PIV method and setup as in this work (Moreau et al. 2018).

In EHD flows, as long as space charge exists, momentum is transferred to the fluid in the direction of the local electric field. The maximum flow velocity region can be positioned away from the discharge, and this flow velocity can be maintained even if shear exists as in real fluid flows. We see that the flow accelerates near the discharge up to x = 10 mm and then remains constant up to x = 30 mm. This would imply that the EHD force exactly counters the viscous forces from x = 10 mm to x = 30 mm. The jet then splits up and down at the stagnation point where the velocity is nearly 0 m s -1 in the impingement region.

The velocity fields in the two planes are not the same due to the asymmetry of the configuration. In the XY plane, the maximum of the flow velocity is at the center of the jet, whereas in the XZ plane a decrease of the flow velocity is observed. This behavior can be due to the wake of the electrodes. Moreover, the presence of the discharge can enhance the wake effect over the electrodes, especially at high frequency

F N RP (Seydou Moumouni 2016).
PIV is considered as an intrusive measurement because particles can act on the plasma physics and chemistry. Considering the electrical characteristics, the applied voltage increases by less than 20% because the breakdown delay is longer, allowing the voltage pulse to reach a higher value before truncation due to low plasma impedance.

We observed no significant differences on the discharge current and energy when particles are added.

The reverse process is also possible. The main assumption of the PIV technique is that the seed particles track the fluid flow faithfully. Plasmas are known to greatly affect particle motion though charging effects and the presence of the electric field. To examine this potential problem, we used another flow diagnostic: Schlieren imaging which does not require particles. The Schlieren photographs are presented for several d gap distances in Appendix A. These images, performed in equivalent conditions as for figure 5 but without particles, prove that the flow exists in non-seeded air.

Furthermore, the velocity reaches zero at the plate, as expected for fluid flow but not in the case of electrostatic precipitation [START_REF] Defoort | 11ème conférence de la Société Française d'Electrostatique[END_REF]. A recent study of the ionic wind produced by a corona discharge has shown a strong agreement between time-resolved Schlieren photographs and PIV velocity fields (Moreau et al. 2019).

Thus, the plasma does not affect the PIV results in a major way. We will further discuss this point in section 3.4.

V plate variation

In this section we further investigate the influence of V plate on the flow velocity. Six V plate voltages have been tried from -16 kV to 16 kV. We report on figure 6 This implies that either positive or negative ions produced by the microplasma contribute to the EHD force in about equal number. Also, the spatial separation of the regions of charge generation (microplasma) and charge transport (to the plate) has successfully separated the ions such that only ions of one polarity contributes to EHD. Otherwise the positive and negative ion contributions would cancel each other.

To reduce any possible influence of the DC field on the microplasma, a positive V plate should be used to decrease the voltage difference between the high-voltage electrode of the microplasma and the plate, given that the pulse voltage is also positive.

Let us now consider the shape of the central axial velocity U c . A plateau is observed for x ∈ [10 mm, 30 mn] and should be due to the equilibrium between forces which are moving the fluid and those which dissipate the inertial energy of the flow via viscosity. For the negative polarity, we show the velocity profiles at x = d plate /2 in both the XZ and XY plane on figure 6 

Transient phenomena

In this section, we investigate the transient properties of EHD flows produced by NRP microplasmas in order to get a more detailed understanding of the EHD phenomenon. This first flow acceleration observable upon switching on the microplasma should not be due to seed particle precipitation. The contribution to the total velocity of a The high-velocity region of the jet displaces the fluid downstream due to conservation of mass flux, accelerating the flow in the downstream region. Thus, the jet front is never perfectly sharp. Therefore, the unsteady flow produced by the microplasma at F N RP = 8 kHz is similar to that of typical pulsed jets.

However, in our case, the flow is generated by the electric wind, and a substantial force can be applied where there is space charge. We may ask whether an impulse injection of EHD force due to the drift of the ions may also contribute to this first acceleration. Ions can drift much faster than the jet front: with an ion mobility of the expected ions in air between 2 × 10 -4 m 2 V -1 s -1 and 3 × 10 -4 m 2 V -1 s -1 [START_REF] Radzig | Reference Data on Atoms, Molecules, and Ions' number 31[END_REF] and a mean electric field E = 0.35 × 10 6 V m -1 between the microplasma and the plate, the ion drift velocity should be v i ≈ 80 m s -1 . Therefore the ions can drift and transfer their momentum to the fluid very quickly. To investigate this possibility, we studied a case with F N RP = 100 Hz. A low frequency as 100 Hz allows us to understand the impact of each microplasma event upon the induced flow. Unfortunately, the discharge cannot be classified as a NRP discharge since the frequency is too low. Thus, the discharge should be very different with regard to memory effects between cases with F N RP = 8 kHz and F N RP = 100 Hz.

However, we believe that the EHD properties of both discharges should be similar.

Figure 8(a) shows the velocity magnitude field in the XY plane for F N RP = 100 Hz. The main structure remains the same as for figure 5, but we observe two differences: the velocity is lower (by a factor ×2.5), and there is no plateau because the acceleration is maintained until x = 30 mm. The counterbalancing viscous force is too low due to the very low generated velocity, allowing the flow to continue accelerating further downstream. In order to have a better view near the microplasma, we used a long-range microscope instead of the objective to get a magnified velocity field. Note that the laser sheet was about 1 mm thick, so the field height and width are no longer very large compared to that of the laser sheet. We reported on figure 8(b) the magnified velocity field in the XY plane.

We acquired 8192 snapshots of the velocity fields to obtain figure 8 This low frequency case has shown that a significant acceleration is applied near the microplasma but also farther. This occurs between t×F N RP = 0 to t×F N RP = 0.1 (t ∈ [0 ms, 1 ms]) in the entire space between the microplasma and the plate. As in the case of F N RP = 8 kHz, the long-range EHD force explains why the maximum velocity is found to be far from the microplasma. However the maximum acceleration, and thus the maximum EHD force, is applied near the microplasma. Thus, the physical mechanism of this acceleration phenomenon should be very fast compared to the microplasma period (10 ms). The characteristic pressure waves produced by NRP sparks can move at a velocity of 340 m s -1 in open air but the reported acceleration does not have an ovoid shape around the microplasma. It then should be due to ions which are moving at a mean velocity of v i = 80 m s -1 and cross the 40 mm within 0.5 ms (corresponding to t × F N RP = 0.05 on figure 9).

The fast-acting, long-range EHD force due to ion drift for the low-frequency case should also occur in the flow presented in figure 7. The ions are moving faster than the fluid and can accelerate the fluid before the jet front. By using low PRF with fast PIV, it is possible to obtain the clear time profiles of each acceleration event (figure 9).

Conclusion

We have reported on the use of a nanosecond repetitively pulsed microplasma to produce ionic wind in air at atmospheric pressure when a third electrode is used to provide the DC field to drive EHD flow. We have discussed first the main flow characteristics obtained with F N RP = 8 kHz, V plate = -14 kV and d gap = 200 µm. The obtained flow velocity obtained with our geometry was about 2 m s -1 with a power of about 1 W. These characteristics are on the order of magnitude of conventional discharges used to produce ionic wind such as corona discharges or DBDs. We showed that the flow field depends strongly on the magnitude of V plate but not on its polarity, indicating that the microplasma can produce both positive and negative ions that survive long enough to generate EHD in a large volume.

The use of the high-frequency PIV measurements enable the investigation of the transient properties of this flow. We observed the formation of the steady-state flow with the two accelerations operating at slow and fast time scales, corresponding to flows driven by advection and ion drift, respectively. The steady state flow at F N RP = 8 kHz is very similar to the behavior of an unsteady inertial jet with the advection of the jet front. However, by decreasing F N RP to 100 Hz, the advective jet front is no longer visible very far from microplasma (at x > 5 mm). At these distances, fluid motion is due instead to ion drift-based acceleration, a mechanism which acts at long range.

Several future prospects are expected. Those results highlights the flexibility to act upon the produced flow with precise timing. The surface covered by the microplasma is small (hundreds of microns) but we have showed that it can affect large areas by adding the third electrode. Furthermore, microplasmas can be used as arrays to affect larger areas.

When the charge production and charge transport are decoupled, numerical modeling can be used to design a microplasma actuator which can address specific problems where EHD flows are needed.

EHD theory and an experiment involving a simplified geometry (2D) could be easily compared. These properties can be used to enhance the velocity, or to expand or concentrate the produced flow.

Flow velocities and the average power were comparable with other discharges types. However, the high electric field and expected electron number density in this type of discharge can result in the generation of chemical species which cannot be obtained by corona discharges or DBD. Furthermore, the high electron number density provide by the NRP microplasma does not generate faster EHD flows than coronas or DBDs discharges with our geometry. Therefore, there is no evidence that EHD flows properties will be enhanced only by increasing the maximum electron number density of the microdischarge. Also, independent of charge density, charge transport in the EHD flow zone is critical. Further studies should focus on the ratio of the charges collected on the plate versus the charges produced by the microplasma, e. g.

by measuring the current flowing through the third electrode.

Finally, it may be possible to obtain similar properties using a transient spark, whose generation involves simpler electronics. Transient sparks have already been

shown to have similar characteristics as the discharge we used in this study in terms of the high-electron number density and high-conduction current (Janda et al. 2014).
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The obtained field was then a 80 × 64 vector grid. Finally the plate was a circle of aluminum tape with a diameter of 40 mm. The plate distance was d plate = 40 mm and the applied potential was V plate = -16 kV.

Appendix A.2. Schlieren imaging

As shown on figure A1, we used a Z-type system with two spherical mirrors 50 mm in diameter and 1.016 m in focal length. A high-power diode (Luminus CBT-120, green) produced 1 µs light pulses. We used the electrical circuit described by (Willert et al. 2012). The entrance slit was adjusted to 1 mm-height, and the knife-edge was positioned to cutoff 80% of the light. A camera (JAI model CV-M2) with a 1600×1200 pixel CCD sensor recorded the images. To minimize jitter, we used the PIV mode of the camera, taking dual images at a frequency of 15 Hz.

To fit entire field on the sensor, we used d plate = 35 mm because the field width was 37 mm. To match the experimental conditions of the PIV measurements, we used V plate = -14 kV. Then we observe from the flow velocity fields (figures A2(g-i)) that the maximum flow velocity does not significantly change with increasing gap distance, while the diameter of the generated flow weakly increases. Thus the dissipated power by the forced convection from EHD should not be significantly different, even though the deposited energy increases linearly with gap distance. The additional energy is spent thermally. On figure A2(c) and (f), we further see buoyancy effects in the XY plane. Thus in our studied range, only the mm-scale spark discharge exhibits natural convection due to gas heating by the discharge. When no EHD force is present, the natural convection is directed vertically from the electrodes (Xu et al. 2015). The flow velocity field in the XZ plane (figure A2(i)) remains unchanged in its topology. The distance d gap could be an interesting parameter for tuning the relative influence of EHD or gas heating on the flow field.

Appendix A.3. Results

Figures A2 shows Schlieren
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 2 Figure 2. Schematic diagram of the electrical circuit and setup

Figure 3 .

 3 Figure 3. Schematic diagram of the geometry of the three electrode setup. The planes XY and XZ represent the laser sheet positions for PIV measurements.

Figure 4

 4 Figure 4 shows an example of typical electrical waveforms of the microplasma after applying pulses at a repetition frequency F N RP = 8 kHz during the PIV measurement.

Figure 4 .

 4 Figure 4. Single shot measurement of the applied voltage, current and deposited energy for F N RP = 8 kHz.

  Figure 5. (a) Mean velocity field superimposed by streamlines of the vector field in the XY plane where the position of the microplasma is x = y = z = 0 mm and the position of the third plate electrode is x = 40 mm with V plate = -14 kV (b) in the XZ plane

  (a) the axial velocity U c , which represents the mean axial velocity at the center of the jet in the two planes (U c = U x (y = z = 0)). A great dependance of the flow velocity on | V plate | is observed, thus further confirming flow production by ionic wind. No significant differences between the negative and the positive polarity of the plate are observed. It follows that imposing either a negative or a positive electric field attracts the opposite charged species to the plate.

Figure 6 .

 6 Figure 6. (a) Axial velocity Uc along the axis (Uc = Ux(y = z = 0 mm))with varying V plate , d plate = 40 mm and F N RP = 8 kHz. Profiles are extracted from the XY plane. (b) Axial velocity profiles in the XZ and XY plane for x = 20 mm and V plate ∈ [-8 kV; -16 kV].

Figure 7

 7 Figure 7(a) is a series of time-resolved snapshots of the velocity magnitude in the XZ plane upon switching on the microplasma initially at t = 0 ms. Figure 7(b) shows the corresponding axial component at the center of the flow at the indicated time t. From figure 7(a), we can see that the flow studied in section 3.2 takes around 40 ms to be formed. The XZ profile observed in figure 5(b), with the maximum flow velocity not positioned at the center of the jet, is seen at the very beginning of the series at t = 3 ms. Thereafter, the jet front continues to move towards the plate at a speed of about 2 m s -1 until impingement. The flow acceleration does not occur only with the movement of the jet front. A flow velocity around 0.5 m s -1 is observed downstream of the jet front at t ∈ [3 ms, 22 ms], which is especially clear on figure 7(b).

Figure 7 .

 7 Figure 7. (a) Snapshots of the velocity magnitude after switching on the NRP microplasma at t = 0 with the same experimental conditions as in section 3.2 (V plate = -14 kV, F N RP = 8 kHz, d plate = 40 mm), (b) axial velocity Ux for y = 0 mm at different times after switching on the discharge. We show only the XZ plane.

  charged seed particle due to electrostatic drift is relatively high at low fluid velocity compared to high fluid velocity (like on figure 7(a) and (b) at t = 3 ms). However, in the early step at t = 3 ms or t = 13 ms, we can see on figure 7(a) that the flow streamlines bypass parallel to the plate at x = 40 mm. If the movement of particles were mainly due to precipitation, the streamlines would follow the electric field and terminate perpendicular to the plate. Furthermore, the axial velocity profile on figure 7(b) shows zero velocity of the flow near the plate even at t > 30 ms, as discussed in section 3.2 for time-averaged flow fields. The time-resolved velocity profiles of unsteady inertial jets also typically exhibit this first flow acceleration in front of the jet. Similar two-step accelerations have been seen in the experimental work of (Zong & Kotsonis 2018) on a plasma synthetic jet.

Figure 8 .

 8 Figure 8. (a) Mean velocity field in the XY plane where the position of the microplasma is x = y = z = 0 mm and the position of the third plate electrode is x = 40 mm with F N RP = 100 Hz and V plate = -14 kV. The black rectangle highlights the measured domain of figure (b). (b) Mean velocity field in the XY plane by using a higher magnification near the microplasma. A black rectangle on figure (a) highlights the limits of figure (b).

Figure 9 .

 9 Figure 9. (a) Axial velocity Ux at several x locations averaged over 50 impulsions with F N RP = 100 Hz. Data has been obtained with the same set of figure 8 (a) and have been denoised by using a running mean with a kernel of 3 points. (b) Axial velocity Ux at several x locations computed over 50 impulsions and data has been obtained with the set of figure 8(b). Arrows highlight the acceleration corresponding to flow advection.

  figure 9(a) for the large field and on figure 9(b) for the magnified field. The discharge ignition is positioned at t = 0 ms. On figure 9(a), a flow acceleration followed by a smooth velocity decrease are observed almost simultaneously at every reported value of x. A similar behavior is observed on figure 9(b). A second bump indicated by arrows is visible and appears later. The shift in time between the curves for x = 1 mm, 2 mm

Figure A1 .

 A1 Figure A1. Schematic diagram of the setup for Schlieren imaging

  Figures A2 shows Schlieren and PIV measurements for three different d gap distances : 50 µm, 200 µm and 2 mm. Discharges are repeated at a frequency F N RP = 8 kHz, and the ratio U plasma /d gap has been kept constant.We can see on figures A2(a-f) that the variation of contrast representative of the gas density increases with the gap distance. Furthermore the signal of the pressure wave (figures A2(a-c)) following the generation of a spark discharge also increases with the gap distance.

Figure A2 .

 A2 Figure A2. Snapshots of the Schlieren imaging for (a) dgap = 50 µm, (b) dgap = 200 µm, (c) dgap = 2 mm, averaged schlieren images over 200 snapshots for (d) dgap = 50 µm, (e) dgap = 200 µm, (f) dgap = 2 mm and average velocity magnitude field for (g) dgap = 50 µm, (h) dgap = 200 µm, (i) dgap = 2 mm. Schlieren photography has been taken in the XY plane while the flow velocity fields have been taken in the XZ plane.

Appendix A. d gap variation

In this section, we study the variation of the gap distance of the microplasma. In particular, we compare the microplasma regime with a discharge at the mm-scale.

We used a PIV system different from the previously reported setup to acquire the mean velocity field. In addition, we used a Schlieren imaging experiment to compare the shape of the flow with the PIV measurement. This technique does not require seed particles and can work in open air. We mention in the following only the