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Periodic forced flow in a nanosecond pulsed cold
atmospheric pressure argon plasma jet

Thibault DARNY, Gérard BAUVILLE, Michel FLEURY, Stéphane PASQUIERS and Jodo SANTOS SOUSA

Université Paris-Saclay, CNRS, Laboratoire de Physique des Gaz et des Plasmas, 92405 Orsay, France

Abstract =

This paper is devoted to the study of the argon flow modification in‘a cold atmospheric
pressure plasma jet driven by nanosecond high voltage (HV){pulses, from single to multiple HV
shots applications. A schlieren optical bench has been designed iniorder to visualize the argon
flow downstream expansion in quiescent air, for moderate flow.rates below 1 standard liter
per minute. A coupled approach is used between_charge coupled device (CCD) schlieren
imaging and intensified CCD (ICCD) plasma plume imaging, both time-resolved. It is shown
that the application of only one HV pulse (i.e. single/HV shot) is enough to disturb the flow.
The disturbed flow exhibits ripple propagation, on a timescale similar to the flow velocity.
When operating in double HV shots, the second ionization wave can be used as a probe, to
instantly visualize the flow structuresany time after the first HV pulse application. For some
flow rates, the ripple can increase in amplitude'up to the point when it strongly deforms, or
even stops, the plasma plume expansion, after.which it is entrained by the flow and the plasma
plume retrieves its full usual expansion. When a series of HV pulses are applied, the maximal
disturbance of the flow is achieved for a certain pulse repetition frequency (PRF), specific of
each flow rate. It is associated with ripples alternation in the plasma plume, in a 3D helical-
like arrangement. For greater PR?,“the ripples progressively vanish, and the flow is clearly less
disturbed. Once the ripples have vanished, increasing further the PRF does not change the
plasma plume and" flow structures. We suggest that the repetitive plasma ignition
mechanically forces_the flow inside the capillary with consequences on the global flow
structure, similarly to a forced backward-facing step flow with actuator.

1. Introduction

Cold atmospheric pressure plasma jets (CAPPJ) have been extensively studied and used both
because of theirflexibility of uses and their ability to produce a wide range of reactive species
of interest. Ahese plasma devices allow to target a large panel of applications, in biomedicine
[1]—-[7], decontamination and depollution [8]—[10], analytical chemistry [11]-[13] and material
processing [14], [15]. Also, CAPPJ are challenging for experimental and numerical fundamental
studiesybecause of the need of highly time- and space-resolved non-intrusive characterization
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techniques [16]—[23] and the coupling of phenomena resulting from different timescale
features covering several orders of magnitude [24]. To this regard, a lot of effort has been
made to study the interaction between the plasma and the gas flow. As the production of the
reactive species occurs in the plasma plume and it is sensitive to the mixing with the ambient
air, one crucial mechanism for a better control of the reactive species production is,the
plasma-flow interaction. Since the first study on plasma-flow interaction in CAPPJ by Oh et al.
[25], a lot of other studies have been devoted to this aspect [26]—-[49]. Schlieren imaging is a
convenient method for flow visualization in CAPPJ [50].

A general ascertainment is that, in terms of flow modification, there are more studies on
helium CAPPJ [26]—[34], [38], [43]-[49] than on argon CAPPJ [35]—-[37], [39]-[42]. One possible
reason could be due to the simple fact that an argon jet expanding in air is more difficult to
visualize than a helium jet, when using schlieren imaging, because of\the much smaller
difference of density between argon and ambient air. In the context.of applications, the use
of argon CAPPJ instead of helium CAPPJ might be advantageousinsome cases. This is not only
because argon is cheaper than helium, but also because argon metastables have almost half
the energy of helium metastables, allowing for more delicate surface treatments [11]-
[13],[16]. Concerning the studies on the flow modification with argon CAPPJ, it should be
pointed out that, except for the study of Shao et al. [40].on an AC powered argon CAPPJ, all
the other studies considered argon CAPPJ powered in RF.[35], [36], [41], [42] and microwave
[37], [39]. For these latter power schemes, significant'gas heating is necessarily expected. In
those studies, it has been identified that large-scale coherent vortex structures are present in
the argon shear layer. Those vortex structures have been clearly imaged in the study of Zhang
et al. [36]. According to the authors, the plasma locally heats the argon, which results in a
decrease of the gas density, an increase of the.gas velocity and, thus, in a vortex formation in
the unstable shear layer that reduces the length of the argon potential core. Kubecka et al.
[39] have also found that the perturbationis ignited in the plasma plume region and is
released when the plasma powerfallss<down.This causes a sudden drop in the pressure inside
the capillary and the generation of a back=travelling flow. The authors have also shown that
this perturbation is entrained insthe argon flow, at the flow velocity. With an AC powered
argon CAPPJ, Shao et al. [40] have notably reported that forward momentum could be given
to the flow, with a, preservation of the laminar flow structure. The jet was oriented
horizontally, and a low flow rate (0.2 sIm) was used. With a numerical simulation, they have
concluded that anlectrohydrodynamic (EHD) effect explains their observation. For helium
CAPPJ, the studies that evidenced an EHD effect with ionic wind momentum transfer were
generally made"at low. Re with generally DC pulsed CAPPJ [28], [38], [45], [48], but not
systematically [30], [34]. Concerning the origin of the laminar to turbulent transition observed
with plasma,generation in helium CAPPJ [25], [29], [31], [32], Hasan et al. [48] have shown
that a significantiincrease of the Reynolds number (Re) is an unlikely explanation. To explain
the onsetof turbulence at low Re, Whalley et al. [27] have emphasized on the role of small
perturbations in the highly unstable helium shear layer, which grow as they move
downstream, based on the literature of free round jets instabilities [51], [52]. The authors
have shown that the gas temperature increase and the EHD force due to the plasma have a
negligible effect on the flow velocity field. Using particle image velocimetry, Morabit et al. [26]
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have demonstrated that the plasma generation only results in a minor increase of the gas
velocity at the capillary outlet. Furthermore, by measuring an increase of the quenching rate
of the laser induced fluorescence of OH, not only in the turbulent region but at all spatial
positions within the helium jet, they have concluded that the plasma generation plays a major
role on the development of the small instabilities on the highly unstable shear layer. Theorigin
of the perturbation generated by the ionization wave (IW) ignition was given by Lietz et al.
[44]. With a numerical modelling of helium CAPPJ, the authors have shown that the W ignition
at the inner electrode, inside the capillary, results in a fast gas heating that doubles the
pressure in the boundary layer. Then, the highly unstable helium shear layer, downstream of
the capillary outlet, is perturbed by the resulting acoustic wave propagation. According to the
model, the application of only one voltage pulse (single HV shot) is enough to destabilize the
helium shear layer. They have consequently demonstrated that the.flow modification does
not start in the plasma plume, but rather inside the capillary in thesvicinity of the inner
electrode. Hence, the excitation of the unstable helium shear layer'does not depend neither
on the gas heating nor on the EHD force in the plasma plume region:Van Doremael et al. [43]
have precisely quantified the effect of the gas heating and the EHD force in the plasma plume.
The rotational spectra of OH and N2 were used for the meéasurement of the gas temperature,
while Rayleigh scattering was used for the determination of the air distribution in the helium
flow. The authors have demonstrated that the flow.modification was neither due to plasma
heating nor to the EHD force related to the ionization/wave /W) propagation in the plasma
plume. It should be pointed out that in [27], [26] and [43], CAPPJ are not similarly powered.
While in [27] and [26] AC at respectively 50 kHz and 20'kHz was used, in [43] DC pulsed at 5
kHz was used. The flow perturbation resulting from plasma generation and its entrainment by
the helium flow was first evidenced/by.Bosellitet al. [29] and, then, by Qaisrani et al. [46].
Boselli et al. [29] are also most likely the firstto have suggested the effect of a pressure
variation to explain the phenomena. In the study of Boselli et al. [29], the CAPPJ was pulsed
powered (with damped voltage oscillations). For the first voltage period with the highest
amplitude, the risetime is of about 25'ns;, and subsequent voltage oscillations are damped in
500 ns. Qaisrani et al. [46] have used DC pulsed CAPPJ with a pulse duration of 1 us, but the
waveform was not shown and the risetime not mentioned. In the model of Lietz et al. [44], a
single voltage pulse of 50'ns duration and 30 ns risetime was considered. It could then be
expected that a DC pulsed plasma‘jet with ns and ps pulse duration allows to trigger this flow
perturbation. Nevertheless, to the extent that the pressure variation relies on the IW ignition,
it cannot be excluded that the same phenomenon may occur with an AC excitation. However,
given that it is not possible to precisely control when the IW is ignited when using an AC power,
this is potentially .more difficult to be confirmed. With a helium CAPPJ similar to that of
Qaisrani et al. [46], powered by DC square pulses of 10 us duration, Xian et al. [47] have found
that onerecise pulse repetition frequency (PRF) can maximize the flow perturbation (6 kHz
in their case). They have also observed twisted plasma plume shapes in a specific PRF range.
Outside thisirange, straight plasma plumes were observed. The authors have also suspected
the role played by pressure variations in their observations. Similar observations with a flow
rate-PRF dependence of the plasma plume shape, in a Neon CAPPJ, were previously reported
in [53]. Up to now, regarding the transition from a structured laminar flow to a more disturbed
flow, the role of the plasma perturbations on the shear layer excitation, resulting in the
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appearance and growth of vortex structures, has been well evidenced, both for helium and
argon CAPPJ. Nevertheless, it is worth mentioning that the origin and the magnitude of the
perturbations due to argon plasma jets powered in RF or microwave and helium plasma, jets
powered with DC pulses or in AC differ widely. Using argon CAPPJ powered in RF or microwave
automatically implies a consequent gas heating by the plasma. On the other hand, in helium
CAPPJ powered with DC pulses and in AC, the magnitude of the small perturbations resulting
from the plasma ignition is enough to destabilize the highly unstable helium shear layer. It'is
worth mentioning that according to fluid mechanics’ studies on free round_jets.of variable-
density, there is a fundamental distinction to highlight between helium and argon jets
expanding in quiescent air. Kyle and Sreenivasan [54] have indeed found that when the density
ratio between the jet fluid at the nozzle and the fluid present in the surroundings is greater
than 0.6, shear layer instabilities comparable to those of a constant density jet occur. But, for
a density ratio lower than 0.6, they have reported that intense oscillation'instabilities occur in
the shear layer. This mode, called by the authors “oscillating. mode”, is characterized by
pulsation frequencies, with the onset depending on the nozzle diameter, the gas velocity at
the nozzle exit, and the density ratio between the jet and‘its surroundings [55]. Comparing
helium and argon jets expanding in quiescent air, at_ atmospheric pressure and ambient
temperature, the density ratio changes by one order of magnitude, from 0.13 to 1.32,
respectively. This observation is of importance because, as an universal trend, the literature
on variable-density jets demonstrates that the intense shearlayer instabilities in the oscillating
mode with associated formation of large-scale ‘coherent vortex structures and periodic
features cannot occur for density ratios greater.than 0.6 [54]—[59]. Then, it can be expected
that a helium shear layer is more easily perturbated by small magnitude perturbations,
compared to an argon shear layer, because the latter is fundamentally less unstable. However,
a strong local heating of the gas, such as\with argon CAPPJ powered in RF or microwave, can
likely induce variations of density ratio in the'heated gas region in such manner that the strong
oscillation mode in the shear layer ean be triggered, similarly to pool fires [55].

Also, it is worth mentioning that among the wide variety of CAPPJ devices found in the
literature, independently of«the buffergas used, the gas injection geometry, resulting from
the HV electrode assembly, widely differs. Depending on the gas injection geometry used, the
gas can flow, prior te_its expansion outside of the capillary, through a hollowed inner HV
electrode inserted inside the capillary [12],[13],[17],[16], [19],
[201,[28],[441,[45],1531,[60],[61] or around a needle HV electrode [26],[29],[38],[43],[46],[47].
External HV ringselectrodes wrapped around the capillary are also used [25],[27],[49],[32]-
[34] and, in this'case, do.not interfere with the gas flow. Especially with a hollowed inner HV
electrode inserted inside the capillary, the gas flowing from the electrode to the capillary
undergoes.a,sudden expansion at their junction. This kind of geometry has been extensively
studied to model flow separation in fluid mechanics and it is known as the Backward-Facing
Step (BFS).. A recent review of BFS flow mechanisms has been published by Chen et al. [62],
with exhaustive descriptions of experimental and numerical studies and also of flow control
strategies. Briefly, BFS flows are essentially characterized by the development of highly
unstable”and unsteady flow regions, strongly coupled between each other. The vortex
dynamic between the different coupled regions can impact the whole flow structure. This
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problem is often considered as a difficult test case for computational fluid dynamics, because
it approaches the complexity degree of a real flow. Various Re have been investigated, for air
and water flows: low (laminar regime), moderate (transitional regime) and high (turbulent
regime). Depending on the geometric conditions and on the Re [63], very complex series of
vortices can be generated and a large variety of periodic modes can be defined. Frequency
bands rather than frequency peaks are usually observed because of a complex retroaction
mechanism through back traveling pressure waves [64]. Self-sustained oscillation modes have
also been observed and analyzed [65], due to the absolutely unstable flow. Some.remarkable
coherent structures have been reported: hairpin-like structure [66], spanwise spiraling flows
[67] and stationary helical vortices (SHV) with double helical structures wrapped around the
vortex tube [68].

Insofar as the shear layer of a free round jet is already fundamentally unstz&le, with a variable
degree depending on the density ratio between the fluid jet and the surroundings, attention
must be paid to consider all other potential sources of flow instabilities; especially the gas
injection geometry resulting from the HV electrode assembly used. To our knowledge, this
aspect has not yet been considered in the field of CAPPJ. It should also be noticed that the
plasma effect on the flow is very often described as “flow modifications” or “flow
perturbations”. It contrasts with the term “flow control” usually'used in the field of surface
DBD plasma actuators, where it has been shown that the flow structure can be changed and
controlled under appropriate plasma actuation parameters [39]—[71]. In this paper, we have
experimentally studied the plasma-flow interaction in a cold atmospheric pressure argon
plasma jet driven by nanosecond high voltage (HV) pulses, with an inner hollowed electrode
(hollowed needle) inserted inside the capillary. The effect of the application of a single HV
pulse (single HV shot) and of series of HV pulses.at.several PRF (multiple HV shots) are studied
for a flow rate range between 400 and 800 standard cubic centimeters per minute (sccm). This
flow rate range allows to work with a plasma plume expansion occurring in a laminar flow
region. Both the argon flow and the plasma plumes emission are visualized with time-resolved
imaging. Details of the experimental setup are given in section 2: the plasma jet reactor
geometry, the electrical parameters, thé triggering system for temporal visualization and the
specificities of the schlieren optical bench used. Results and discussions are presented in
section 3: argon flow,structure and plasma plume emission modification for single, double,
and a series of multiple shots of HV pulses at several PRF; analogies with flow control actuation
reported in BFS geometry. are'developed. Concluding remarks and perspectives are given in
section 4.

2. Experimental setup

The geometry of the plasma jet reactor used is shown in Figure 1(a.). This DBD coaxial
geometry is the same as that used in [12], [13], [16]. A cylindrical hollowed stainless-steel
needle (HV electrode; 1.2 mm inner diameter, 1.7 mm outer diameter and 100 mm long) was
insertedrinside the capillary, a cylindrical dielectric quartz tube of 1.7 mm inner diameter and
4:3.mm outer diameter. The distance between the HV electrode outlet and the capillary outlet
is 10 mm. Argon (ALPHAGAZ 1 purity, Air Liquid) was flushed through the HV electrode, then
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expanding for 10 mm through the quartz capillary and finally downstream of the capillary
outlet into quiescent air. The plasma jet reactor was oriented vertically, from top to bottom,
in the downstream direction. A coper foil (10 mm wide and 100 um thick) was wrapped.around
the quartz capillary tube and grounded. Its center is aligned with the HV electrode outlet. The
argon flow rate was adjusted between 300 and 800 sccm, using a mass flow controller (Brooks
Instruments SLA 5850S). The full scale of the flow controller is 1100 sccm. According to the
datasheet, the precision of the flow rate values is 0.7 % of the full scale for the flow rate range
used, which corresponds to 8 sccm.
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Figure 1 : 2D section of the cylindrical geometry of the argon plasma jet reactor used (a.). Schlieren optical bench
with the argon plasma jet oriented intheddownstream direction (b.).

To visualize the argon»flow»expansion into quiescent air, a schlieren optical bench was
designed (Z-type.configuration), as shown in Figure 1(b.). Two parabolic mirrors of 2.03 m
focal length and-203 mm diameter (Edmund Optics®) were set in large precision gimbal mirror
holders (Optosigma®), allowing horizontal and vertical tilt control. The two mirrors are distant
of 4.25 m. A green light diode, driven by a DC generator, was used as a light source. The light
was first focused through a condenser lens to an adjustable rectangle slit (aligned with the
highest dimension in the vertical direction). The whole illumination assembly was set on a XY
millimeter translation stage and the slit was positioned at the focal length of the first mirror.
The knife edge (razor blade) was set at the focal point of the second mirror using a XYZ
micrometrics translation stage for fine adjustments of the knife position and of the cutoff
degree. The schlieren image was formed on the charge coupled device (CCD) camera sensor
(Retiga R6°, 2288x2200 pixels) using an achromatic doublet lens (250 mm focal length), moved
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with a 2-axis millimeter translation stage between the knife edge and the camera. In our
experimental conditions, a cutoff of about 10 % is still high enough to resolve the argon flow
in air. According to Seetles [72], the sensitivity is about few arcseconds when the “hand test ”
is validated, which is the case with the present schlieren optical bench. The resolution/onithe
images recorded by the CCD camera is 0.038 mm/pxl|, with an error of 2%. When the'position
of the region of interest was measured downstream of the capillary outlet (appearing in black
on the top of each schlieren image), the error of the delimited position wasrassumedito be 5
pixels (~ 200 um).

In what concerns the temporal resolution, the CDD camera used for schlieren imaging was
operated in trigged mode, as shown in Figure 2(a.).

a. 1™ pulse

/

1.446ins
At =xms [e— < &
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3 /
/
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Figure 2 : Gate mode of the CCD camerq\used for time-resolved schlieren imaging (a.). Temporal evolution of the
HV pulse applied on the anode (b.).

A delay generator (StandfordDG 535°) was used to gate the CCD camera, with the control of
the acquisition durationand delay. We have measured that the minimum integration time (for
a linear captor response with exposure time) is 1.446 ms. This integration time value was used
for the acquisition of all the schlieren images shown in this paper. The delay generator also
trigs another one(Standford DG 635°), which drives the HV pulse sequence in burst mode. The
temporal evolution ofithe HV pulse is shown in Figure 2(b.). For all the conditions shown in
the present paper, the applied voltage amplitude is fixed at 6 kV, for which the discharge peak
current fis of about 175 mA and the energy deposited per pulse is of about 20 wJ [11],[13],
[16],[20]. For each burst event, the delay of the first HV pulse, the number of HV pulses and
thePRF can be controlled. By varying the delay between the HV pulse in single shot (or the
first HV pulse of the series if multiple shots are applied) and the CCD camera gate, it is possible
to followsthe time dynamics of the flow response after the HV pulse application. The delay At
refers.to the period of time between the HV pulse and the end of the camera acquisition gate
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(last possible time recorded by the camera). The burst cycle is repeated every 500 ms (i.e. at
2 Hz). The 2 Hz burst frequency was primarily chosen due to the framerate limitation of the
CCD camera used, to ensure a proper camera response. We must underline that, for.the gas
flow range investigated in this work, even a 100 ms time delay between two HV pulses isstill
long enough to avoid the accumulation of two perturbations in the same schlieren images(i.e.
there is no interference between the last and the first pulse of two successive burst. Thus,
series of schlieren images made at 2 Hz were used to verify the reproducibilitysof the
phenomenon visualized. For each condition, a series of 20 schlieren images was taken. All the
schlieren images shown in the present paper are not accumulated and one image isichosen
over the series of 20 schlieren images.

For plasma plume imaging, a PI-MAX 4° intensified CCD (ICCD) camera was used, trigged by
the DG 535. The gate delay and integration time were controlled'by Lightfield software. A
Nikon® objective was mounted on the ICCD camera (AF MICRO_NIKKOR 60mm/1:2.8D)
allowing, in our conditions, a resolution of 0.032 mm/px| with an errorof 2 %. For plasma
visualization with the ICCD camera, gates of 500 ns duration were usedj,covering the temporal
region between 0 ns and 500 ns in Figure 2(b.). The ICCD gate was.delayed in order to integrate
over a given HV pulse in the series of HV pulses (first, secondror any others). All waveforms
are recorded with a LECROY WaveRunner 64Xi-A (600MHz 10Gs/s). The ICCD camera for
plasma plume visualization and the CCD camera for:schlieren visualization did not run
simultaneously, to avoid excessive air perturbation when schlﬁeren images were recorded. We
must also underline that in this case, evenfiair movement is visible in the background of the
schlieren images, the argon flow is not disturbed by the fan of the ICCD camera. As for
schlieren images, series of plasma plumes with 20 images were acquired for each condition.
Except for Figure 3(c.), all the plasma plumes.shown in the present paper result from the
numerical accumulation of 20 plasma plume images. For each image (CCD and ICCD), the
contrast is maximized using the whole range of the image intensity value. For ICCD images,
with the colormap used, the brighter and darker regions appear in yellow and black,
respectively.
N

3. Results and discussion
3.1 Single HV shot/and double HV shots operation

Figure 3(a.) shows schlieren images of the argon flow expansion downward the capillary
outlet, betwgen 800 and.400 sccm, without plasma activation. The transition point from
laminar to turbulent/regime (referred as “turbulent transition point” in the following) is
measured on the images, at the end of the laminar region of the flow. The turbulent transition
point distance is defined considering the origin at the capillary outlet (visible in black on the
top.of each image). The distance of the turbulent transition point is shown in Figure 3(b.)
(black squares) for each flow rate, resulting from the average of measurements on 20 different
images»At800 sccm, the turbulent transition point is located at 23.7 + 1.6 mm. When the flow
rate decreases, from 800 to 600 sccm, the turbulent transition point is gradually shifted
downwards (to 28.9 + 1.7 mm at 700 sccm and 38.0 + 2.6 mm at 600 sccm). It corresponds to
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the appearance of the established turbulence regime. At 500 sccm, the turbulent transition
point is strongly shifted to 67.0 £ 5.7 mm. The flow is in a transitional regime and the
fluctuation of the position of the turbulent transition point is more severe. It should be pointed
out that the error of the measurement is almost negligible (about 200 um) compared to.the
fluctuation of the position of the turbulent transition point. At 400 sccm, the flow issin a
laminar regime in the full visualization area (length of 91.7 mm). Figure 3(c.).shows the
emission of the plasma plumes in the same flow rate range, for single HV shot operation. It'is
worth mentioning that, in this flow rate range, the plasma plume expansion (its maximum
average length is plotted in red circles in Figure 3(b.)) is not limited by the position, of the
turbulent transition point, and benefits from the whole laminar region,of the argon flow
(except at 800 sccm, compare red circles and black squares in Figure 3(b.)). Hence, it results
in stable plasma plumes, as shown in Figure 3(d.), for each flow rate, with the numerical
accumulation of 20 plasma plumes, each obtained in single HV shot oepération. Comparing
Figure 3(c.) and Figure 3(d.), it should be noted that the .averaging process hides the
filamentary aspect of the plumes. This is due to the change of theposition of the filaments
between each HV shot. This pronounced filamentary aspect is characteristic of plumes of
argon plasma jet [20], compared to those obtained withhelium, which are rather diffuse and
homogeneous [17].
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Figure 3 : Schlieren images of the argon flowing downward the capillary outlet in the range 800-400 sccm, without
plasma activation (a.). Evolution of the position of the turbulent transition point and the length of the plasma
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plume downstream of the capillary outlet, with respect to the flow rate (b.). Plasma plumes emission in single HV
shot operation in the same flow rate range, without (c.) and with (d.) numerical accumulation (series of 20 images
per flow rate condition). The amplitude of the applied voltage is 6 kV.

Figure 4(a.) shows time-resolved schlieren images of the dynamics of the argon flow
expansion, after the application of a single HV pulse (single HV shot operation). Thesdelay At
refers to the period of time between the HV pulse and the end of the camera acquisition gate,
as described in section 2. At At=0.85 ms, the argon flow is similar to theiplasma OFF case
depicted in Figure 3(a.). At At=1.70 ms, the flow structure visible on the image appears
essentially not impacted, except for a slight deformation with a small gas expansion, which is
barely visible on the left side of the flow laminar region (indicated by an.arrow.at 12.3 mm).
At At=2.90 ms, a ripple is visible inside the laminar region (also indicated by an arrow).
Upstream, argon spreads from the laminar region (referred as “flow, breakdown” in the
following). The flow breakdown is fully developed at 3.50 ms, and/@argon-flow spreads while it
is entrained downwards at 4.50 and 6.50 ms.

3 Single HV shot
.
At =0.85ms At=1.70 ms At =2.50ms At =2.90 ms At=3.50 ms At = 4.50 ms At =6.50 ms
o — o c—
£ B
£
=]
E -
(S ]
Q
(7]
o !
o :
o0
,:’h A
b . At=0.85ms At=1.70 ms-At=2.50ms At=2.90ms At=3.50ms At=4.50 ms At=6.50ms

800 sccm
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Figure 4 : Schlieren images of the argon flow dynamics at 800 sccm, after the application of one HV pulse (a.).
The delay At refers to the time interval between the HV pulse and the end of the camera acquisition gate. Plasma
plumes emission in double HV shots operation at 800 sccm (b.). The plasma emission is integrated over the second
HV pulse (500 ns), and the delay At between the two HV pulses is equal to that used for schlieren image
acquisition. The plasma plumes result of the numerical accumulation of 20 images for each delay. The amplitude
of the applied voltage is 6 kV.

Figure 4(b.) shows the plasma plumes emission in double HV shots operation.4As the drift
velocity of the flow perturbation is extremely slow compared to the IW propagation velocity
(~ 10 m/s vs 10°> m/s, respectively), the flow perturbation generated after the application of
the second HV pulse has no time to drift while the IW propagates. Then, the IW of the second
HV pulse can be used as a probe to highlight the flow structure resultingfrom the application
of the first HV pulse. The ICCD camera integrates plasma emission over the second HV pulse
and the delay At between the first and the second HV pulses correspondsexactly to the value
of At given in Figure 4(a.). As for Figure 3(d.), the plasma plumes are numeﬁcally accumulated
over 20 HV pulses. Interestingly, the plasma plume is already severely affected at At=1.70 ms,
when compared to the plume at At=0.85 ms. This results in a limited plasma plume length,
with a twisted plasma expansion at the tip (corresponding:to the beginning of the flow
breakdown observed on the schlieren image for the same delay). The plasma is also
characterized by a brighter emission at the tip. Afterwards, the length of the plasma plume
gradually increases over time, and the full lengthhis recovered around 4.50 ms. This
observation is of importance because it shows that the flow Structure is already affected by
the ignition of a single discharge event. Considering that the perturbation is generated at the
inner electrode tip inside the capillary when the.discharge is ignited, the drift velocity is 12.7
m/s (i.e. 21.6 mm traveled in 1.70 ms, taking the position of the plasma plume tip just before
the twisted region). This value is within 10:%.of the value of the mean flow velocity, estimated
to be 11.8 m/s, given that 800 sccm of argon flow through a 1.2 mm inner diameter hollowed
needle. Hence, the flow perturbation is likelyto be generated at the inner electrode and then
entrained by the flow. The time to.recover the full length of the plasma plume is consequently
explained by the time required to evacuate the perturbation. Furthermore, it should be noted
that the plasma plume is longer at0.85 ms in Figure 4(b.) (30.5 £ 1.4 mm) than in 3(d.) for 800
sccm (25.6 £ 2.2 mm mm)/or at6.50 ms in Figure 4(b.) (27.3 £ 1.8 mm). At the first HV shot,
the instantaneous voltage corresponding to the IW ignition at the inner electrode (not shown)
is 5.4 kV, which is close to.the maximum amplitude of the HV pulse (6 kV) according to its time
evolution (see Figure2(b.)). With a 0.85 ms delay between the two HV shots, the second IW
is ignited at 3.7 kV. (32 % smaller than for the first IW), still in the rising part of the HV pulse.
This could explain-why.the plasma plume at At=0.85 ms is significantly longer (+19%) at double
shots than at single .shot. operation, because, as the second IW initiates earlier, it has
consequently more time to propagate, due to the HV pulse temporal evolution. With a mean
flow velocity of 11.8 m/s, the perturbation generated at the first IW ignition should be located
close to'the capillary outlet at At=0.85 ms (the distance between the hollowed needle and the
capillary outlet’is 10 mm, as shown in Figure 1 (a.)). At At=6.50 ms, the perturbation has been
fully. evacuated and the plasma plume retrieves a length comparable to that of the first shot
in Figure3(d.). As a matter of fact, on the timescale of the IW propagation, the flow can be
considered as static, and, thus, the flow perturbation generated after the first HV pulse
application is static while the second IW propagates. When the second IW is launched at
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At=6.50 ms, it propagates in a non-perturbated flow as the perturbation had been evacuated
and, thus, its time and voltage of ignition is similar to those of an IW at single shot operation
or of the first IW at double shots operation. However, when the second IW is launched,and
the perturbation is still located inside the capillary or outside it but in the close vicinity of its
outlet (at At=0.85 ms, for instance), its time and voltage ignition are clearly lower:This
difference on the ignition time at the second HV pulse could hardly be explained by the
remaining electron density after the first IW propagation, due to the timescale involved (850
us). Indeed, for an argon streamer in argon, Hiibner et al. [73] have measured thatthe electron
density falls down to 1x10'2 cm3 after 1.1 ps, which is almost three orders of magnitude
shorter. Moreover, the charge deposition on the capillary wall, after only.one IW generation,
is expected in the order of only few nC [74]-[78].

Table 1 resumes the position of the brighter regions of the plasma plume\tips, associated to
the flow perturbation, with respect to the delay. The corresponding perturbation drift
velocities are also indicated. At 1.70 ms, the velocity is estimated taking into account the
distance between the tip of the hollowed needle (HV electrode, where the discharge is ignited)
and the position indicated on the plasma plume region in Figure 4(b.). From 2.50 to 3.50 ms,
the velocities are estimated between two successive positionsindicated on the plasma plume
images of Figure 4(b.).
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At (ms) Bright plasma plume'tip».. ¥ Flow perturbation drift
position (mm) velocity (m/s)
1.70 11.6 12.7
2.50 18.0 8.0
2.90 20.1 5.3
3.50 223 3.7

Table 1 : Flow pertubation positions and drift velocities estimated from the positions of the brighter regions of
the plasma plume tips indicated in Figure.4 (b.) for different delays At.

The evolution of the length of the plasma plume directly indicates the flow velocity profile
downstream of the capillary outlet. The argon flow velocity is close to the mean flow velocity
through the hollowed needle (in}er diameter) on the first 12 mm. It may correspond to the
region of the potential core, which'is rigorously defined by a homogenous concentration of
the fluid jet and a uniform velocity profile along the jet radius. Then, as the flow expands
downstream, it is slowed downswhile mixing with ambient air. Also, at 4.50 and 6.50 ms, the
IW is beyond the turbulent.transition point.

Similarly to Figure 4(b.), Figure 5 shows plasma plumes in double HV shots operation, but
before the delay At= 1470 ms and the associated brutal reduction of the plasma plume length.
At 1.00 ms,a ripple isclearly visible in the plasma plume. The amplitude of the ripple increases
while it/moves downwards, but the length of the plasma plume is not affected. The rippled
regions are also characterized by a brighter plasma emission. Note that the bright regions are
present at each HV pulse, and are not the result of the accumulation over 20 HV pulses. From
1.15.ms, it can be observed that the diameter of the plasma plume starts to shrink in the
rippled region. Finally, at 1.45 ms, the deformation constrains the plasma plume expansion,
andiits length is reduced. At this delay, among the plasma plumes acquired over the series of
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20 HV pulses, only few plasma plumes were brutally stopped. It consequently corresponds to
a delay close to the very beginning of the flow breakdown (precisely measured to start at 1.40
ms, when only one plasma plume was stopped over the series of HV pulses).

Figure 6(a.) shows the emission of the plasma plumes during the rippled phase (before the
flow breakdown) for flow rates between 800 and 400 sccm (step of 100 sccm). The plasma
plumes are imaged with the appropriate delay At, in order to visualize the ripple few hundreds
of us after its appearance (the delays are resumed in Table 2). From 800 to+500 sccm; the
ripple is well visible. The delay of appearance and the position of the ripplérare sensitive to
the flow rate. When the flow rate decreases, the delay of appearance increases, and the
position (pointed by white arrows Figure 6(a.)) is shifted downwards (resumedin.Table 2). It
should also be noted that the amplitude of the deformation is also sensitive to the flow rate.
When the flow rate decreases, the amplitude of the deformation isalso red\uced. At 400 sccm,
the ripple is still present, but barely visible. Moreover, the intensity. ofthe plasma emission in
the rippled region is also affected by the flow rate. While the plasma emission is more intense
in the rippled region from 800 to 500 sccm (even if the emission intensity decreases with
decreasing flow rate), this is not the case for 400 sccm. These differences on the ripple
characteristics have also a consequence on the onset /of the flow breakdown, as shown in
Figure 6(b.). The delays were chosen in order to visualize the very beginning of the flow
breakdown, as described when discussing the latest delay of \Figure 5. From 800 to 600 sccm,
the ripple still induces a flow breakdown with a narrowed pla’sma plume. But, from 500 sccm
down, the deformation is not strong enough.to trigger the flow breakdown, even if it is still
visible (barely at 400 sccm). It consequently appears that for exactly the same perturbation
event (the discharge ignition), the flow structure.is differently affected, depending on the flow
rate.

Double HV shots

At = 0.90ms At= 1.00ms At = 1.08ms At =1.15ms At =1.25ms At =1.35ms At =1.45ms

800 sccm

Figure 5::. Plasma plumes emission in double HV shots operation at 800 sccm. The plasma emission is integrated
over the second HV pulse (500 ns), and At corresponds to the delay between the two HV pulses. The plasma
plumesresult from the numerical accumulation of 20 images, for each delay. The amplitude of the applied voltage
is 6 kV.
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a. Double HV shots b. Double HV shots

800sccm 700sccm 600 sccm 500 sccm 400 sccm 800sccm 700sccm 600 sccm 500 sccm 400 sccm

At=1.08 ms At=1.40ms At=1.90 ms At=2.0ms At=3.20 ms At=1.40ms At=1.90 ms At=2.40ms At=2.60 ms

Figure 6 : Plasma plumes emission in double HV shots operation, during the rippled phase (a.) and the flow
breakdown phase (b.), from 800 to 400 sccm (step of 100 sccm).The plasma emission is integrated over the
second HV pulse (500 ns), and At corresponds to the delay between the'twe HV pulses. The plasma plumes result
from the numerical accumulation of 20 images, for each delay. The amplitude of the applied voltage is 6 kV.

Table 2 resumes, for each flow rate, the delay. of appearance of the ripple and its position, the
corresponding propagation velocity and the relative difference to the mean flow velocity.

Flow Delay of Distance | Propagation | Mean flow | Velocities Re
rate | appearance | from the velocity of velocity relative number
(sccm) | of the ripple | hollowed the (hollowed | difference | (hollowed

after the HV | needletip | perturbation needle needle
pulse (mm) (m/s) inner inner
application N diameter) diameter)
(ms) (m/s)
800 0.93 13.9 14.9 11.8 21% 1241
700 1.10 14.9 13.5 10.3 24% 1086
600 1.30 15.8 12.2 8.8 28% 930
500 1.90 19.6 10.3 7.4 28% 775
400 3.0 26.4 8.8 5.9 33% 620

Table 2 : Delay/of appearance.and position of the ripple after the HV pulse application, measured on plasma
plumes images (not shown) numerically accumulated over 20 HV pulses. The corresponding perturbation
propagationwvelocities aré compared to the mean flow velocities. The corresponding Reynolds number (Re) are
also given, with the argon density at atmospheric pressure and ambient temperature.

For allflow rates, it appears that the propagation velocity of the perturbation generated when
the HV pulse is applied is higher than the mean flow velocity (between 21 % and 33 %). It
should, be also pointed out that these mean flow velocities represent high values (inner
diameter of the hollowed needle considered), which are likely overestimated in the concerned
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regions for 500 and 400 sccm (9.6 mm and 16.4 mm downstream of the capillary outlet,
respectively).

Figure 7 shows schlieren images of the argon flow from 800 to 400 sccm, but for later delays
after the HV pulse application. These images show that, for all the flow rates, the ripple
continues to propagate in the laminar flow structure (pointed by black arrows), ance it has
passed the flow breakdown point. For the higher flow rates (800 and 700 sccm), the distance
between the point of flow breakdown and the turbulence transition point is. small, which
reduces the time interval to observe the ripple propagation after the flow breakdown point:
Working with moderate flow rates makes the observation easier, because‘the laminar region
is much longer. It appears clearly that the lower the flow rate, the fartherthe time.interval of
appearance of the ripple and, consequently, the longer the distance travelled by these flow
deformations. As the ripples propagate, their amplitude increases.This increase in amplitude
is especially visible at low flow rates, as the ripples are present over.a'longer period of time.
The very moderate impact on the plasma plumes at 400 sccm seen. in Figure 6 is explained by
the fact the necessary amplitude to significantly disturb the plasma plume occurs far
downstream from the plasma plume region. Consequently, the flow modification mechanism
cannot be explained by ionic wind action or direct heating in the plasma plume region. The
modification operates through a perturbation, which s likely generated in the early phase of
the discharge development inside the capillary, whén the IWhis ignited at the inner electrode.
The origin of this perturbation has been described by/Lietz e?al. [44], for helium CAPPJ. The
authors reported that one IW ignition results in a fast temperature increase in the HV
electrode region, which results in doubling the pressure in this region. The authors have also
shown that the resulting acoustic wave propagates and disturbs the unstable helium shear
layer, downstream of the capillary outlet. Itis:likely that, in our experimental conditions, with
a pulsed argon atmospheric pressure plasma jet, the origin of the observed perturbation also
lies in a pressure increase closé to.the tip of the hollowed needle due to a local fast heating
resulting from the IW ignition. However, in our case with an argon plasma jet, the flow is
significantly perturbated despite of the fundamentally less unstable features of the argon
shear layer [54]. According toTable 2, the pressure wave propagates at a group velocity, which
is significantly higher than the mean flow velocity. More details on the perturbation
mechanism, with consideration of the gas injection geometry, are given in the section 3.3. The
flow modification appears, then, as a direct consequence of the relaxation of this
perturbation. For a‘single.|W évent, the relaxation time and the observed flow deformation
directly depend on the flow rate value. To the best of our knowledge, it is the first time that
such phenomenon with.a single HV shot approach is experimentally evidenced for an
atmospheric/pressuredplasma jet. Also, to the extent that the IW propagation itself does not
affect the flow structure (only its ignition does), the double HV shots technique can be directly
used to/probe the flow structure, by varying the time delay between the two HV pulses and
surveying the light emission of the second IW. This allows to instantaneously image the argon
flow in a non-intrusive way, tracking very precisely the dynamic of the flow perturbation
generated after the first IW ignition.
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Single HV shot
800 sccm 700 sccm 600 sccm 500 sccm 400 sccm

At=2.90 ms At=3.50 ms At=7.00 ms At=7.50 ms At=12.5ms

Figure 7 : Schlieren images of the argon flow after the.application.of one HV pulse for flow rates between 800
and 400 sccm. The delays At refer to the time interval between the HV pulse application and the end of the camera
acquisition gate. The amplitude of the applied voltage is 6 kV.

3.2 Multiple HV shots operation

Due to the timescale of the complete relaxation of the flow after the application of one HV
pulse, memory effects are strongly expected when the plasma jet is used in pulsed repetition
mode. Figure 8 shows schlieren'images ofithe argon jet when a series of HV pulses are applied
at PRF between 1.5 and 10 kHz\For each flow rate, the delay At always refers to the time
interval between the application of the first HV pulse of the series and the end of the camera
acquisition gate. For a.given PRF, the number of HV pulses applied n is given by n =
At X PRF + 1. Consequently, the higher the PRF, the higher the number of HV pulses applied
before the end of the'camera.acquisition gate. For each flow rate, the delay At is chosen in
order to visualize.the flow after the flow breakdown ignition in single HV shot operation.
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Multiple HV shots

1.5kHz 2.0kHz 3.0kHz 6.0kHz 10kHz

400 sccm
At=12.5ms

600 sccm
At=3.9ms

800 sccm
At=3.00 ms

Figure 8 : Schlieren images ' gon flow between 800 and 400 sccm (step of 200 sccm), with HV pulses
repetitively applied at PR een 1 d 10 kHz. The delay At refer to the time interval between the application
of the first HV pulse and t the camera acquisition gate. The amplitude of the applied voltage is 6 kV.

At 400 sccm and e flow exhibits a radial splitting, with a net separation between
. The flow perturbation point, corresponding to the beginning of

e at 6.0 and 10 kHz, without radial splitting. At 600 sccm, the radial splitting
1.5 to 3.0 kHz. The flow perturbation point gradually moves upwards, and the

ears, and the flow perturbation point moves downwards. Finally, at 800 sccm, the radial
itting still occurs at 6.0 kHz and is not visible at 10 kHz. It can also be observed that, from
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1.5 to 6.0 kHz, the flow breakdown point gradually moves upwards, and then downwards at
10 kHz.

Figure 9 shows the detailed evolution of the mean flow perturbation point, measuredias the
distance to the capillary outlet, with respect to the HV PRF, for flow rates between 400 and
800 sccm. The position is manually measured on each schlieren image, and it corresponds to
the beginning of the change of the diameter of the straight flow region. Each paoint results
from the average of measurements on 20 different schlieren images.
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Figure 9 : Evolution of the flow\perturbation point with the HV PRF for flow rates between 400 and 800 sccm (step
of 100 sccm). Each point results from the average of measurements on 20 different schlieren images.

At 400 sccm, the mean flow perturbation point progressively moves upwards from 0.5 to 2
kHz and is well localized (24:1 + 1.1 mm and 18.3 + 0.6 mm, respectively). It corresponds to
the development.of the radial splitting depicted in Figure 8. At 2.5 kHz, the flow perturbation
point starts to tmove downwards, and the radial splitting has almost vanished. The flow
structure alternates from one image to another between straight expansion and a barely
visible splitting, which increases the fluctuation of the flow perturbation point (25.6 + 6.8 mm).
At 3 kHz, the radial splitting has completely vanished (straight flow expansion in Figure 8), and
the flow perturbation point is strongly shifted downwards (39.6 + 2.3 mm). Then, for higher
PRF, @plateau is reached, and the flow perturbation point remains in the same position within
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the fluctuations. At 500 sccm, the maximal development of the radial splitting occurs at 2.5
kHz (11.5 £ 0.6 mm). The splitting vanishes around 4 kHz, and the plateau with a straight flow
expansion is reached around 5 kHz (26.8 £ 1.5 mm). For the other higher flow rates, a similar
behavior is observed with the increasing of the PRF. The radial splitting develops at low PRF,
and the flow perturbation point moves upwards quasi-linearly with the PRF. With increasing
PRF, the radial splitting gradually disappears, and the flow perturbation point moves
downwards, before finally vanishing, when the straight flow expansion is réached. It appears
clearly that when the flow rate increases, the PRF of transition and the PRF range of transition
between the two phases (radial splitting and straight flow) also increase.

Table 3 resumes, for all the flow rates, the PRF associated with the maximum development of
the radial splitting and with the appearance of the straight flow expansion, once the splitting
has vanished. In the PRF range between those two PRF, the radial\splitting gradually
disappears.

Flow rate Radial splitting Appearance of the
(sccm) maximum straight flow
development expansion
(kHz) (kHz)
400 2.0 y 3.0
500 2.5 4.0
600 3.0 5.0
700 4.0/4.5 7.0
800 4.5/5.0 8.0

Table 3 : PRF associated with the maximum development of the radial splitting and with the appearance of the
straight flow expansion, for flow rates between 400 and 800 sccm.

These observations show that the effect of the PRF on the flow structure directly depends on
the flow rate used. The PRF/as alsoidiréct consequences on the plasma plumes shape, as it is
illustrated in Figure 10, whichshows plasma plume emissions at 600 sccm, for PRF between
0.5 and 20 kHz. For each PRF, the plasma emission is integrated over the HV pulse the closest
to At=3.9 ms after the first:HV pulse application, which corresponds to the At of Figure 8 for
600 sccm. From 0.5 to 3.0 kHz, the plasma plume length decreases and the ripple alternation
changes. The minimal length at 3.0 kHz corresponds to the maximal development of the radial
splitting depicted in Figure 8. With naked eyes, these plumes appear with stationary 3D-
helical-like structure. Whenithe PRF increases, the progressive disappearance of the ripples
corresponds'to the gradual vanishing of the radial splitting, and the flow perturbation point
moves downward. The PRF of the appearance of the straight plasma plume at 5 kHz (see
Figure 10) corresponds to the PRF of the appearance of the straight flow expansion in Table
3, also depicted in Figure 8. Once the flow exhibits a straight expansion, the flow perturbation
(images at 6 and 10 kHz in Figure 8) does not impact the plasma plume expansion (the reason
behind it'is discussed in the section 3.3).
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Multiple HV shots

0.5kHz 1.0kHz 1.5kHz 2.0kHz 2.5kHz 3.0kHz

3.5kHz 4.0kHz 4.5kHz 5.0kHz 10kHz 20kHz ~

600 sccm

1]

Figure 10 : Plasma plumes emission at 600 sccm for multiple HV shots operation, for PRF between 0.5 and 20 kHz.
The plasma emission is integrated (500 ns) over thexHV pulse the closest to At=3.9 ms after the first HV pulse
application. The plumes result from ‘the.numerical accumulation of 20 images. The amplitude of the applied
voltage is 6 kV.

Table 4 resumes the PRF of the ripple disappearance in the plasma plumes for flow rates
between 800 and 400 sccms™ ™

Flow rate PRF of ripple disappearance
(sscm) (straight plasma plume)
(kHz)
400 2.5
500 3.5
600 5.0
700 6.5
800 7.0

Table 4 : PRF associated with the ripples’ disaperance in the plasma plumes, for flow rates between 400 and 800
sccm.

The PRF ofithe ripples’ disappearance can be found in the PRF range corresponding to the
radial splitting gradual disappearance shown in Figure 9. These phenomena cannot only be
explained by the effect of the accumulation of multiple perturbations inside the gas flow.
Otherwise, for a fixed delay At, the higher the number of HV pulses, the more affected the
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flow would be. Instead, beyond a precise transition PRF, depending on the flow rate, and
corresponding to the PRF of the appearance of the straight flow expansion, the flow structure
is globally reorganized and much less disturbed.

3.3 Mechanism of flow modification

The effect of the excitation PRF on the flow structure must be considered together with'the
specificity of the geometry of the gas injection used. Indeed, as shown(in Figure 1, the
hollowed needle’s inner diameter and the capillary’s inner diameter are of 1.2 mmand 1.7
mm, respectively. Consequently, the argon flowing from the hollowed needle to the capillary
undergoes a sudden expansion at their junction. Figure 11 sketches out the BFSflow field with

the main regions delimited. o

Separated shear layer

Ar flow mmp <
) &) ()

Recircula@t@

Readjusting boundary layer
@,.___

Xr(t) Meafifeattachment point
4

Inner HV electrode

Figure 11 : Schematic 2D view of the backward-facing.step flow field with the argon injection geometry of Figure
1(a.). These flow features do not depend on the nature of the gas used, for a same Re number. No HV pulse is
applied on the inner HV electrode.”

Under the effect of the adverse pressuregradient following the flow expansion, a recirculation
bubble with a reversal flow is formed, right.after the step. In this region, the maximum mean
velocity of the reversal flow velocity could be'about 20 % of the free flow velocity [79]. Above
the recirculation bubble, a separatedishear layer is formed (mixing layer), with the roll-up of
vortices by Kelvin-Helmholtz instability. Large coherent structures are formed and organized
in a periodic manner [80]. The:separated shear layer is curved and finally impacts the wall at
the mean reattachment point,/At this point, the flow structure is dominated by the large
coherent structure and the position of the mean reattached point fluctuates in time due to
the disparity of vortex size. Periodic impacts of the large scale structure on the wall is referred
as the vortex shedding mode of the BFS flow [81]. Downstream of the reattachment point, the
flow relaxes with' the development of an internal boundary layer (called recovered or
readjusting boundary. layer). It has been observed that large scale coherent structures can
survive in this region, far downstream from the reattachment point [80].

Several flow'controlstrategies with different actuation techniques have been applied on BFS
flow (see Table 4.in [62]), from external acoustic actuators to plasma actuators. By setting a
surface,DBD. plasma actuator on the step corner in a BFS flow geometry, Benard et al. [82]
have clearly, shown that the mean reattachment point and flow instability modes can be
changed with plasma periodic perturbations, according to plasma actuation parameters. The
authors proceeded with a parametric study of the voltage amplitude, burst frequency and
duty cycle. They have shown that the dynamic of the shear layer upstream and downstream
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of the mean reattachment point can be strongly influenced by the periodic perturbations
imposed by the plasma actuator, when the excitation is tuned at the appropriate frequency
compared to the flow instability mode. Under the plasma actuation, the authors have shown
that the recirculation bubble and the mean reattachment point location can be minimized,
the pressure fluctuation on the wall can be maximized and the vortex pairing can be enhanced
downstream of the mean reattachment point. They have also shown that depending on the
forcing mode, the pressure fluctuations on the wall and the mean reattachment point oscillate
at the frequency imposed by the plasma actuator. Several other studies have alse.shown BFS
flow control with plasma actuators [83]—[88].

What is quite remarkable for atmospheric pressure plasma jets with an‘inner hellowed HV
electrode inserted inside a capillary is that the IW is naturally ignited at the triple point
between the inner electrode, the rare gas and the capillary surface,which eresponds exactly
to the recirculating bubble region of the BFS flow. Thus, it could be expected that the sudden
pressure increase due to the IW ignition changes the force balanceiin the reattachment region
of the BFS flow. Consequently, the periodic application of the HV pulses mechanically forces
the flow, through the periodic increase of pressure at each pulse. This is analog to what is
reported for BFS flow control with plasma actuation, but here witha full 3D geometry due to
the annular capillary expansion. In our gas injection ‘geemetry, the step is localized 10 mm
upstream of the capillary outlet. According to Figure 16 of the numerical study of Erturk [89],
for Re between 600 and 1300, the reattachment point quctua’tes roughly between 10 and 30
Xr/h, depending on the scenario. In our condition, h is.0.25 mm, which means that X, should
naturally fluctuate between 2.5 mm and 7.5 mm, and, thus, be always located inside the
capillary over the Re range considered in this, work (see Table 2). As so, the flow region
expanding downstream of the capillary outlet.in quiescent air corresponds to the unsteady
readjusting boundary layer (shear layer).

Figure 12 sketches out the vortex pairing mechanism of large-scale coherent vortex rings
downstream of the capillary outlet, in‘the readjusted boundary layer expanding in quiescent
air. The evolution of the flow structure, and of the rippled plasma plumes, could be explained
by the alternation of vortex rings,\through the vortex paring mode. In single HV shot operation,
the generation of one vortex/pair could be expected. According to Benard et al. [82], the
structure is formed during an almost stationary phase (temporal growing without spatial
development), and then moved,and grown by fluid entrainment. It could correspond to the
very beginning of the rippled phase in our condition (see Figure 6(a.) and Table 2), evidenced
with double HV shots. Also, the vortex pair generation is triggered by the pressure wave, which
propagates at a group velocity higher than the mean flow velocity, according to Table 2. The
increasing deformation of the flow and of the rippled plasma plumes (see Figure 6(b.)) could
be due to'the growth of the vortex pair while it is entrained by the flow. Thus, the modification
of plasma emission intensity, always observed as brighter in the rippled regions could be
explained by.alocal pressure variation. Indeed, one vortex is an attractor to the other, and the
pairing generates between those two vortices a local pressure gradient. The brighter plasma
emission could be explained by a higher reduced electric field due to local pressure decrease
between the vortex pair. Finally, depending on the growth of the vortex pair and on the drop
of the argon concentration in the pinched region of the potential core, the IW propagation
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can be completely stopped. It is worth mentioning that Kyle and Sreenivasan [54] have shown
that the vortex rings are formed by the intense oscillations in the shear layer, but only when
the density ratio between the fluid jet and its surroundings is lower than 0.6. They have
described that the pair of vortex rings, once it has grown enough, completely pinches:and
breaks the jet potential core. They have also indicated that, in this region, /the fluid
concentration should exhibit a very sharp drop. A radial fluid ejection from the pinched region
can also occur (side jet) [54],[90]. It may explain the argon ejection at thelleft and the right
sides of the straight flow observed in Figure 4(a.), well visible at At=3.50 ms. As.the density
ratio with the argon jet is of about 1.32, we suggest that, in our case, the vortex rings.are not
initially formed in the argon shear layer downstream of the capillary, but rather inside the
capillary (see Figure 11). This may explain why the very beginning of/the flow, perturbation
with the ripple formation cannot be visualized using schlieren imaging; because the argon
potential core is pinched by argon vortex rings. However, the very beginning of the flow
perturbation can be easily visualized using the double HV shots.technique, as the second IW
propagates inside the argon potential core. We have also observed that, on the non-
accumulated ICCD images (single acquisition), the bright region in the ripples is present at
each pulse, without modification of the filamentary aspectiof the IW:This may be an indication
that these bright regions in the ripples are not due to air admixture and mainly result from a
change of pressure distribution inside the potential.core. Nevertheless, time- and space-
resolved spectroscopy is mandatory to evidence or exclude:aimmixing on the plasma emission,
especially as a function of the delays in double HV shots operation. It is likely that air admixture
becomes significant during the flow breakdoewn, and also in the region of the helical
arrangement of the plasma plumes when multiple HV shots are used.

When a series of HV pulses are applied, thealternation of the vortex street could change with
the PRF, as shown by Benard et al. [82].with plasma actuation. The change of vortex
alternation downstream of the eapillary outlet could consequently explain the observed
change of the ripple alternation inplasma plumes (see Figure 10). According to Yoshioka et al.
[91], a forcing at a low PRF allow to promote the formation of large-scale structures with an
enhancement of the vortex paifing mechanism. Furthermore, the authors have observed that
a forcing at high PRF dissipates thedorganized motion right after the step, which results in a
non-altered flow. This.could explain in our case the disappearance of the ripple in the plasma
plume and the appearance of a more stable flow structure with a longer straight flow
expansion for PRF higherthatthe transition PRF reported in Figure 9, Table 3 and Table 4. To
the extent that the oscillations of the mean reattachment point are dominated by the local
forcing due to.the HV pulsé repetition, the large-scale coherent structures have likely no time
to be formed if the oscillations are too fast. This could also explain why the transition PRF for
ripple disappearanceidncreases with the flow rate, as the higher is the latter, the higher is the
natural frequency of vortex shedding.
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Ar flow

Figure 12 : Schematic 2D view of the vortex pairing mechanism with altermﬂion of large-scale coherent vortex rings
downstream of the capillary outlet.

An exhaustive identification and characterization.of excited flow modes is beyond the scope
of this paper. Nevertheless, we have observed some large coherent structures as those
reported in the literature of BFS flow. Figure:d3 shows a schlieren image of the argon flow at
300 sccm, excited with the repetition of 300, HV pulses at 20 kHz. A double helical structure is
clearly visible (albeit transiently). inside the flow. It is also visible in Figure 8 in the far
downstream region of the flow fora400 sccm flow rate at 10 kHz. The double helical structure
in BFS flow has been reported by Sheu et a/. [68].

Plasma helical and double heIicaIRationary structure with helium CAPPJ have been previously
reported in the literature [61]; [92]. We assume that this is also a direct consequence of the
forced BFS flow by the periodic plasma perturbations. In [61], the inner holowed HV electrode
(0.8 mm exit hole) was.insertedsin a 4 mm inner diameter capillary (i.e. expansion ratio of 5).
The effect of the/ PRF onithe plasma structure likely relies on the global flow structure
reorganization with variations in the large-scale coherent structures. This is also true for the
Neon plasma’ plumes in. [53], with variations between helical structure and hairpin like
structure, depending on the flow rate-PRF couple. For the chiral plasma (helical shape)
reporteddn [92], the'authors are also in the case of a BFS flow geometry, with the use of two
connected capillaries of different diameters.
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Multiple HV shots
300 sccm

Figure 13 : Schlieren image of the argon flow expansion downstreamof tl‘e capillary outlet at 300 sccm, excited
by the repetition of 300 HV pulses at 20 kHz (At=13.9 ms).

Cold atmospheric pressure plasma jet devices could be potentially used as new devices for
BFS flow excitation, with the advantage ofithe natural plasma ignition in the step vicinity,
which does not require the modification, of the step profile with additional electrode
assembly. It also offers a largevariety of parameters to investigate; for instance, the electric
condition close to the HV electrede is.imposed by the position of the grounded electrode.
Beyond the variation of the voltage amplitude, the influence of the voltage slope on the flow
structure could also be expected\93]. Indeed, the variation of the fast temperature increase
rate could change the amplitude of the pressure wave generated at the IW ignition, and,
consequently, change the force /balance in the reattachment flow region. The major
modification of the flowfield and instabilities inside the capillary, depending on the gas
injection geometryand HV electrode assembly used, could be of importance for the variation
of reactive species production from one CAPPJ geometry to another. This reinforces the
influence of therelectrodeconfiguration on the reactive species production [94].

4. Conclusions

In this papeér, we have studied the plasma-flow interaction in a cold atmospheric pressure
argonplasma jet (CAPPJ) driven by nanosecond HV pulses. A particular attention was paid to
the time dynamics of the argon flow structure and plasma plume modifications, resulting from
the application of a single HV pulse (single HV shot) to a series of HV pulses at several PRF
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(multiple HV shots). A specifically designed schlieren optical bench with a good sensitivity (in
the range of few arcseconds) allowed to visualize the argon flow expansion in quiescent air.
Moderate flow rates were investigated, between 400 and 800 sccm, chosen for plasma plume
expansion in a laminar flow region. It was observed that the application of a single HV pulse is
enough to disturb the flow, as previously reported for helium CAPPJ. After the HV pulse
application, a ripple propagation was observed in the argon flow, on a timescale related to the
flow mean velocity. Using the ability of the IW to follow the denser regionsf the argon flow,
a double HV shots technique was used, setting the appropriate delay betweenithe two HV
shots and integrating the plasma emission over the second HV pulse. Thus, the secend IW
could be used as a probe, to instantly visualize the flow structure any time after the application
of the first HV pulse. For some flow rates, the ripple can increase in amplitude up to the point
when it strongly deforms, or even stops, the plasma plume expansion«{(flow breakdown), after
which it is entrained by the flow and the plasma plume retrieves its full.usual expansion. The
deformation in the rippled region is also systematically associated with @ brighter plasma
emission. This could result from the pinching of the argon potential ¢ore by the pairing of
growing vortex rings. Because one vortex ring is an attractor.to another, the pairing locally
induces a pressure gradient, up to the point where the potential core breaks when the vortex
rings have grown enough. The complete pinching of the argon potential core, with the
concomitant drop of argon density, likely results in the brutal stopping of the IW propagation.
Prior to the flow breakdown, the brighter IW emission could be associated to a local variation
of the reduced electric field E/N, due to the change of pressure distribution inside the pinch
of the potential core. In a total non-intrusive way, the propagation of the argon IW inside the
argon potential core reflects its topology. Indeed, the IW propagation is not only naturally
sensitive to local changes of pressureddistribution, but it also directly indicates the end of the
argon potential core, by its brutal stop.

Furthermore, when a series of HV pulses were applied and the PRF was progressively
increased, precise PRF, specificcof each flow rate and increasing with it, were found to
maximize the disturbance of the flow (radial splitting). Rippled plasma plumes (3D-helical-like)
were observed in the PRF range.exactly corresponding to the radial splitting of the flow.
Additionally, precise thresholdPRFwere also found, also specific of each flow rate and also
increasing with it, beyond which the flow was clearly less disturbed (straight flow expansion)
and straight plasma plumes were observed. We suggest that the formation of coherent vortex
structures do not bégininthe argon shear layer downstream of the capillary outlet, but rather
inside the capillary in the vicinity of the inner hollowed HV electrode. This is a consequence of
the gas injection ' geometry used, because the argon flowing through the HV electrode
undergoes a'sudden expansion at its outlet, still inside the capillary. This kind of geometry is
referenced.as backward-facing step (BFS) and has been extensively studied in the field of
detached-reattached flow. BFS flows are known for their complex dynamics, with generation
of variousiseries/of vortices, 3D in nature, through distinct but strongly coupled unstable and
unsteady flow regions, over a wide range of periodic modes. Thus, it is likely that the periodic
pressure increase in the HV electrode vicinity, at each IW ignition, mechanically forces the
flow and'locally changes the force balance in the reattachment region. This cause to enhance
or'inhibit, depending on the forcing frequency with respect to the flow rate, the formation
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and alternation of large coherent vortex structures in the recovered boundary layer region of
the BFS flow. This region extends further than the capillary outlet, where the argon flow starts
to expand in quiescent air. This plasma effect on the flow structure is analog to what is
reported in the literature for flow control by BFS forcing, where plasma actuation effect:has
been demonstrated. By conception, one advantage of CAPPJ is that the plasma ismnaturally
ignited in the step vicinity and, consequently, it does not require the addition of actuations
devices to force the flow. Also, the unique ability of CAPPJ to propagate plasma at long
distances from the electrodes could be of interest in the study of forced BFS flow:

The proposed flow control mechanism for CAPPJ only relies on a flow excitation at the
appropriate frequencies, through the repetitive pressure increase generated at each IW
ignition. This could be easily generalized to other DC pulsed CAPPJ devices, ‘depending on
which instabilities modes are accessible to the flow and to which fre&uencies the flow
instability is sensitive. Because the CAPPJ geometries widely differ from'one device to another,
the plasma-flow interaction must be studied also taking into account<the potential flow
instabilities inside the capillary, due to the gas injection geometry and the assembly of the HV
electrode. It is worth mentioning that the reduction of the plasma plume length is not always
necessarily due to the appearance of turbulence and can occuriin a more ordered flow regime,
as reported in the present paper.
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