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Abstract

This work investigates the flow dynamics of a radio-frequency (RF) non-equilibrium argon
atmospheric pressure plasma jet. The RF power is at a frequency of 50 Hz or 20 kHz.
Combined flow pattern visualizations (obtained by shadowgraphy) and gas temperature
distributions (obtained by Rayleigh scattering) are used to study the formation of transient
vortex structures in initial flow field shortly after the plasma is switched on and off in the case
of 50 Hz modulation. The transient vortex structures correlate well with observed temperature
differences. Experimental results of the fast modulated (20 kHz) plasma jet that does not induce
changes of the gas temperature are also presented. The latter result suggests that momentum
transfer by ions does not have dominant effect on the flow pattern close to the tube. It is argued

that the increased gas temperature and corresponding gas velocity increase at the tube exit
due to the plasma heating increases the admixing of surrounding air and reduces the effective
potential core length. With increasing plasma power a reduction of the effective potential core
length is observed with a minimum length for 5.6 W after which the length extends again.
Possible mechanisms related to viscosity effects and ionic momentum transfer are discussed.

Keywords: flow pattern, shadowgraphy, gas temperature, vortex structures, Kelvin Helmholtz

instability, effective potential core flow

(Some figures may appear in colour only in the online journal)

1. Introduction

Cold atmospheric pressure plasma jets (APPJs) are promising
tools for material processing and biomedical applications such
as wound healing, disinfection and decontamination [1-3].
They operate in open air with argon or helium as feed gas
where the effluent of the jet extends into open air environment,
which leads to air entrainment. Knowing the characteristics of
the flow is crucial for understanding the distribution, evolution,
transport, and chemical reactions of reactive species produced
in and carried by the flow, on which the applications rely.

The gas jet has been extensively investigated in the context
of fluid dynamics, thermal plasmas and combustion. In many

0022-3727/15/015203+14$33.00

of these studies Reynolds numbers in the range 1000-3000
are of interest. These conditions correspond to a transition or
semi-turbulent jet [4]. In fluid dynamics, the flow structure
of a gas jet is divided into (potential) core region, transition
region, self-similar region and terminal region based on the
local flow velocity distributions [5]. The potential core cor-
responds to the region in which the velocity field is not sig-
nificantly altered from the nozzle. In the transition region
the surrounding air starts to admix with the jet and (regular)
vortex structures are formed. In the self-similar region and
terminal region the jets is no longer strongly dependent on
the initial flow conditions of the nozzle and the vortex struc-
tures break down to smaller scales and can depending on the

© 2015 IOP Publishing Ltd  Printed in the UK
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Table 1. Research domains addressing the flow dynamics of a gas jet.

Parameters

Reference

Fluid dynamics

No plasma; Ty, ~ 300 K, some in heated gas [8]

[5-8, 10-15]

$* ~ 0.25 (He—air)-1.53 (CO,—air) [9];

Combustion
Thermal plasmas

He jets

Thame ~ 1000-3000 K; S ~ 0.1-1;

T, ~T;~ Ty~ 10000 K

Ionization degree >1% ; S ~ 0.07 [18];
T, ~ 300-500 K; n, ~ 10"-108 cm™

[16,17]

[18-21]

Tonization degree: 107°-107%; § ~ 0.15;

APPJs Ar jets (this work)

T, ~ 300900 K; n, ~ 10'2-10"* cm™3 [22]
Tonization degree: 1075-1077; S ~ 0.5-1.54;

[23-30]

# S indicates the density ratio of the core zone to the ambient surroundings.

Reynolds number lead to turbulence [5-7]. Table 1 gives the
main parameters of the effluent for a typical example taken
from fluid dynamics, combustion, thermal plasmas and non-
equilibrium plasmas.

Labus et al reported that the potential core length of an
axisymmetric free helium jet depends on the Reynolds number
at the nozzle exit. It reaches a maximum at a Reynolds number
of roughly 1500 and decreases afterwards [5]. Buoyancy has
been found to play a key role in the flow transition from lam-
inar to turbulent flow in the case of helium jets [13, 14]. This
effect has been observed for Richardson numbers between
3.53 x 1072 and 19 x 1073 [13]. The jet development for a
low density heated air gas jet at a Reynolds number of 10000
with laminar flow at the exit of the nozzle is dominated by
large scale vortex structures. These shear layer structures also
became more organized as the jet density was reduced relative
to the density of the ambient gas [8]. Both the flow dynamics
and possible instabilities in the jet strongly depend on the
conditions at the nozzle exit including the Reynolds number,
nozzle geometry and initial velocity [6, 11]. Hence it is often
difficult to make general conclusions on flow structures of dif-
ferent jets.

Flow dynamics in combustion is of the utmost importance
as it determines the mixing of fuel and air in non-premixed
flames and influences flame length [16, 17]. Buoyancy is
often important due to significant gas heating in this case
(1000-3000 K).

Pfender er al reported on the entrainment of surrounding
cold gas into an argon thermal plasma jet with shadowgraphy
and the coherent anti-Stokes Raman scattering technique
and confirmed that large scale flow structures govern the air
entrainment processes in the plasma jet close to the nozzle exit
and that the onset of turbulence results from the breakdown of
these flow structures [20]. Work of the same group [18] showed
that the organized vortex structures in a low density argon jet
with the Reynolds number 1000 and the ratio of jet to ambient
density of 0.07 are responsible for the rapid entrainment of
external air. Similar coherent structures have been found for
a thermal plasma. However at higher flow rates, small scale
turbulences are formed which is enhanced by the fluctuations
from the arc observed under these conditions. These findings
have been reproduced in models by Trelles [19].

Flow dynamics in non-equilibrium atmospheric pressure
jets have been received recently a lot of attention. Bradley

et al performed Schlieren photography on a micro-plasma jet
excited by 10 kHz AC with a voltage amplitude between 6 kV
and 9 kV fed by helium at atmospheric pressure [24-26]. They
reported that the length of the laminar flow regime when the
plasma is on is shorter than when the plasma is off. Although
gas temperatures have not been reported, gas heating was iden-
tified as the key mechanism leading to the velocity increase
of the gas and the reduction of the laminar length. Foletto
et al [27] reported the distance from the dielectric tube exit to
the transition point under different Reynolds numbers (100-
500), applied voltage (3.0-5.5 kV), and operating frequency
(2-50 kHz) in a similar AC driven helium jet. The transition
point being the spatial location at which the transition from
laminar to turbulent flow is observed. Foletto et al proposed
that the ionic wind produced by the plasma influences the posi-
tion of the transition point. The effect of gas temperature was
not considered in this work. Robert ef al studied the influence
of geometrical features, the pulse repetition rate, and the pres-
ence of a metallic target on the rare gas flow structuration in a
helium plasma jet [28]. They confirmed that the plasma affected
the transition from the laminar to turbulent flow regime for
the helium and neon plasma jet [29]. The authors also specu-
lated that for argon plasma jets the plasma action also might
play a key role in the transition from a laminar to a turbulent
flow. Boselli et al researched the fluid-dynamic behavior of a
nanosecond pulsed helium APPJ with a maximum excitation
frequency of 1 kHz by means of Schlieren photography [30].
They found that a transient turbulent structure is formed and
propagates along the gas flow after the plasma is ignited. They
proposed different possible mechanisms such as gas heating,
local pressure increase, the change of transport properties of
the fluid and the momentum transfer between ions and neutrals
to explain the observed turbulent front. Recently Papadopoulos
et al reported that the flow pattern change of a helium plasma
jet (10 kHz, 0-30 kV peak to peak) is related to the electro-
hydrodynamic force and the gas heating has little effect [31].
These conclusions have been obtained mainly by simulations
and the measurements of the gas temperature in jet by the rota-
tional temperature of N»(C). However, it is possible that the
obtained gas temperature is an underestimate as it has been
shown that the emission profile is hollow [32] and most likely
the temperature of the outer plasma core has been measured.
In addition the authors have assumed that the electrohydrody-
namic force has a spatially uniform distribution.
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Figure 1. Schematic representation of the shadowgraphy set up for
measuring flow dynamics.

The existing literature on the flow characteristics of cold
atmospheric pressure plasma jets has several common points.
There is a transition point for a gas jet without plasma from
large-scale uniform (laminar in the references) to non-uniform
(turbulent in the references) flow. The determining factor for
that transition of the flow pattern in the effluent is still under
debate as illustrated by the different proposed mechanism for
similar jets. The physics behind the transient vortex structure
in the flow pattern shortly after the plasma is switched on or
off as reported by Boselli ef al is at least only poorly under-
stood. In addition, the reported results had a strong emphasis
on He jets in air, which has a density ratio of jet and ambient
gas of 0.14 while the Ar/air jet has a density ratio of 1.38.
This might lead to significant differences in flow and a likely
reduction of buoyancy driven effects.

Simulation work might be a suitable method to obtain the
mechanism behind these phenomena. However, the simula-
tions dealing with plasma-flow interactions [19, 33-35] are
mainly developed for thermal plasmas and have not reached
the same level of detail for non-equilibrium plasma [36].
The reported work in atmospheric pressure non-equilibrium
plasma jets has mainly been based on Schlieren imaging while
influencing factors such as gas temperatures and ion fluxes
have not been measured consistently.

The existing literature on APPJs tends to divide the
effluent in zones of laminar and turbulent flow based on
Schieren imaging. In the field of fluid mechanics, this is sup-
ported by flow velocity field measurement (standard devia-
tion of the velocity) [37] or the power spectra measurement
[8, 38]. In some cases, the plasma does not extend in the far
effluent region and ends in the transition region in which
only large scale vortex structures are observed. This is also
the case in the work presented in this article. To this end, we
will refer to effective potential core length. Effective is used
in this terminology as no velocity profiles are obtained as
should be the case for an exact determination of the potential
core region.

In fluid dynamics, carefully designed nozzles are used
while this is not the case with plasma jets. In several cases
a high voltage needle is present in the quartz tube that may
influence the initial flow conditions at the nozzle and trigger

Delay generator

—iCCD N

| =300 mm
continuum 0
laser U —
=250 mm X
H "\ Ul
RF
signal .
- oxygen or air
Amplifier Matching argon
box

Figure 2. Schematic representation of the setup for measuring gas
temperature by Rayleigh scattering.

additional disturbances to the flow. A direct comparison with
jet studies using nozzles should thus be done with care.

In this work, shadowgraphy is used to visualize the time
resolved flow dynamics of the effluent of an argon radio-
frequency (RF) atmospheric pressure plasma jet. The plasma
jet is modulated differently by a fast mode and a slow mode
in order to investigate the temporal development of the flow
pattern on different time scales when the plasma is on and/or
off. Complementary measurements were made of temporally
and spatially recorded gas temperatures and plasma optical
emissions profiles, which allows us to verify the thermal effect
on flow dynamics.

The article starts with a description of the experimental
setup including the plasma jet, the shadowgraphy setup and
the Rayleigh scattering setup. The experimental results follow,
consisting of the shadowgraphy images, the gas temperature,
and the visible plasma emission results under different oper-
ating conditions. Next the driving forces behind the the change
in the flow pattern are discussed followed by the conclusions.

2. Experimental setup

The plasma jet used in this work has been previously described
[39, 40]. The jet is excited by time modulated 13.6 MHz RF
voltages. Argon mixed with 2% oxygen is used as feed gas.

The modulation signal is produced by a delay generator
(BNC, Model 575 pulse/delay generator). In this work, the
RF signal is modulated at two frequencies: a fast modulation
mode at 20 kHz with duty cycle of 20% (10 us on, 40 us off)
and a slow modulation mode at 50 Hz with duty cycle of 50%
(10 ms on, 10 ms off). The delay generator is also used to
synchronize the plasma jet and the laser.

The average power dissipated by the plasma has been meas-
ured as in [41]. In the case of the 20 kHz modulation mode,
the average power is 3.5 W, while for the 50 Hz modulation
mode, the average power is 6.5 W if not otherwise indicated.
This difference in average powers comes from the fact that at
20 kHz the plasma was on for only 20% of each modulation
period (17.5 W of dissipated power while plasma is on), and
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Figure 3. Flow pattern at different gas flows. Images (a)—(f) are obtained during the plasma-off phase at 19 ms, and images (g)—(/) are
obtained during the plasma-on phase at 9 ms. The feed gas is argon mixed with 2% oxygen. The mass flow rate is marked on the images.

The power is 8.3 W with 50 Hz modulation, 50% duty cycle.

50% of the time at 50 Hz (13 W of dissipated power while
plasma is on).

The setup used in shadowgraphy experiments is shown in
figure 1. A Big Sky ULTRA CFR Nd:YAG laser is used to
produce a laser beam which is focused by a spherical convex
lens (f = 25 mm) onto a 50 um pinhole. The plasma jet is
located in a way that the divergent laser beam can cover the
plasma effluent. A fluorescent plate (50 x 50 mm) is placed
between the plasma jet and a CCD camera (SBIG 2000 XM,
array dimensions 11.8 x 8.9 mm, 1600 x 1200 pixels) with
the fluorescent plane on the side of the jet. The position of the
jet is adjusted to obtain a full picture by the camera. The laser
operates at a wavelength of 266 nm and has a pulse duration of
8 ns. The shadowgraphy images are recorded in a single shot.

The gas temperature is obtained by Rayleigh scattering.
The principle of Rayleigh scattering and the setup has been
described in detail in [39, 42]. It is noted that the Rayleigh
scattering cross sections of air, O, and Ar differ less than
2% [43, 44]. Hence, the Rayleigh signal intensity does not
significantly depend on the varying gas composition in the
effluent. In order to compare the gas temperature distribution
with the flow dynamics by shadowgraphy, a laser sheath is

scanned through the plasma plume as is shown in figure 2.
The output laser beam from a Nd:YAG laser (Continuum
Powerlite Precision II 8010) has a diameter of 5 mm. A cylin-
drical convex lens (f = 25 mm) is utilized to focus the cylin-
drical laser beam into the laser sheath. The scattered signal is
collected by an intensified CCD camera (Stanford Computer
Optics, 4 Picos, 200 ps). The same delay generator is used
to synchronize all the signals. Other details of the setup are
identical to [39].

The photographs of the effluent were obtained with the
intensified CCD camera. Color images of the plasma jet are
taken with a CCD photo camera (SONY, Model: DSC-R1).

3. Experimental results

A description of the APPJ effluent is introduced to clarify
the terminology. As is shown later, when the plasma induced
flow emanates into the surrounding air, the flow characteris-
tics remain determined by the flow at the quartz tube exit for
a certain distance, showing no large-scale vortex structures.
Then subsequent vortex structures on the edge finally reach
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Figure 4. Time averaged images of the visible plasma effluent. The feed gas is argon mixed with 2% oxygen. The argon flow rate from
(a)—(f) is 1.5 slm, 2.0 slm, 2.5 slm, 3.0 slm, 3.5 sIm, 4.0 slm respectively. The average dissipated power is 8.3 W and the experimental

conditions are the same as in figure 3.

i
i 5

r9 mm ¥
1

Figure 5. The time resolved shadowgraphy images for the fast modulation case (20 kHz). The plasma is on from O us to 10 us and off from
10 us to 50 us. The feed gas is argon with 2% air. The flow rate is 1 slm.

the center line of the effluent. This region is marked as ‘effec-
tive potential core flow’ (in figures 3(h#) and (7)) following
the classification in [20]. As velocity measurements were not
performed in this work, the term ‘potential core flow’ cannot
conclusively be linked to this region of the APPJ; based on
the similarities of the flow profile and velocity measurements
pending, the term ‘effective potential core flow’ is used instead.
The position where vortex structures reach the center line
marks the beginning of the ‘transition region’. As is seen from
shadowgraphy images, the initial large scale vortex structures
breaks into small scale structures as the flow goes downstream,
which is similar as described in [7, 20]. Note that the plasma is
mainly present in the potential core zone and penetrates only
moderately the transition region (see further). To this end this
work focuses on the potential core and transition region.

3.1. Flow patterns at different gas flow rates

The results shown in this section are for the 50 Hz modula-
tion of the RF jet. The plasma is switched on at 0 ms and

off at 10 ms until 20 ms. The flow patterns obtained during
the plasma-off phase in one modulation period are shown
in figures 3(a)—(f), while the flow patterns obtained when
the plasma is on are shown in figures 3(g)—(/). The effec-
tive potential core flow length is shorter for a larger gas flow
rate and during the plasma-on phase when compared to the
plasma-off phase. The same observation was also reported
in [24-27].

Images of the visible plasma emission in the effluent, taken
for the same conditions as in figure 3, are shown in figure 4.
The length of the plasma effluent decreases slightly from
8 mm to 6 mm when the flow increases from 1.5 slm to 4 slm,
while the vortex structure at the edge of the effluent appear
at ~9 mm to ~3 mm.

3.2. Flow patterns for the 20 kHz modulated jet

As is shown in figure 5, at 20 kHz modulation frequency
the flow pattern is not significantly changed between the
plasma-on and off case during one modulation period. Vortex
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Figure 6. The time resolved plasma emission. The operating conditions are the same as in figure 5. The white corners indicate the end of
the quartz tube. The intensity is shown in a logarithmic scale in arbitrary units.
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Figure 7. The time resolved gas temperature under 20 kHz modulation. The operating conditions is the same as in figure 5.

structures appear at ~4 mm and the profile of the effluent
remains constant during the modulation period.

Time resolved plasma emission and gas temperature pro-
files are shown in figures 6 and 7. As is shown in figure 6,
the intensity of the plasma emission increases quickly after
the plasma is switched on and the strongest plasma emission
lies inside the quartz tube close to the exit. After the plasma is
switched off, the intensity decreases within 0.5 us.

In figure 7, the maximum gas temperature is on the axis
and it decreases to almost room temperature at the ~1 mm
radial position. This temperature distribution does not change
significantly during the whole period, which is consistent with
the same flow dynamics between the plasma-on and off phase.

It should be noted that for the gas temperature measurement,
since the diameter of the laser beam is only 5 mm, it can not
cover the entire effluent zone. As a result, the gas temperature
distribution of the entire effluent is obtained by combining
three different zones.

3.3. Time resolved flow patterns for the 50 Hz modulated jet

The time resolved flow pattern after the plasma is switched
on (0 ms) is shown in figure 8. The main characteristic of the
time resolved shadowgraphy is the formation of a transient
vortex across the whole diameter of the effluent at 0.1 ms.
Subsequently the structure expands along the gas flow and
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0.4 ms 0.65 ms
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0.25 ms

0.35 ms
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5.0 ms

Figure 8. The time resolved shadowgraphy under 50 Hz modulation. The feed gas is argon mixed with 2% oxygen. The flow rate is constant
at 2 slm. The plasma is switched on at 0 ms and off at 10 ms. The transient vortex structure is marked on the image recorded at 0.35 ms.

its size increases radially and axially until it evolves into the
newly formed expanding turbulent zone. After the plasma is
switched off (at 10 ms) as shown in figure 9, at 10.1 ms a con-
traction of the plasma effluent flow in radial direction occurs
and subsequently a similar irregular flow structure is formed
as during the ignition process. This structure propagates and
expands along the gas flow direction during ~2 ms.

Figure 10 shows that the visible plasma length increases
untill 0.4 ms, when it reaches its steady state. When the
plasma is switched off, the plasma emission vanishes within
1 ms. Note that the plasma emission reaches its maximum
size within ~3 us for 20 kHz case as can be seen in figure 6.
A higher preionization degree, metastable molecule and atom
density, or the higher dissipated power and voltage for 20 kHz
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Figure 9. 50 Hz modulation, time resolved shadowgraphy after the plasma is switched off at 10 ms. On the image of 10.7 ms, the transient
vortex structure is marked.
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Figure 10. Time and spatially resolved plasma emission profiles. The operating conditions are identical to the ones in figure 8. The white
corners indicate the exit of the quartz. The intensity is shown in a logarithmic scale in arbitrary units.
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Figure 11. Time and spatially resolved gas temperature profiles. The operating conditions are the same as the ones in figure 8.

compared to the 50 Hz case might be responsible for the faster
development of the discharge.

The corresponding spatially and time resolved gas tem-
perature profiles are shown in figure 11. An irregular high gas
temperature zone is formed after the plasma is ignited between
0.1 and 0.3 ms. This high gas temperature zone extends along
the axial direction, as observed in the shadowgraphy meas-
urements. Upstream from this high gas temperature zone, the
gas temperature distribution has a profile symmetric around
the centerline. Similarly, after the plasma is switched off, a
low gas temperature zone is formed as shown on the image at
10.3 ms and 10.4 ms. This low gas temperature also evolves
axially and radially and propagates upwards.

3.4. Flow dynamics as a function of average dissipated
power

As shown in figure 12, the effective potential core length when
the plasma is on does not change monotonically as function
of the dissipated power. This length has a minimum at ~6 W,
while for the plasma-off phase, the onset position of the large
scale vortex is constant at 9 mm from the quartz tube exit and
the effective potential core length is roughly 13 mm.

Images of the visible plasma jet in figure 13 illustrate that
the length of the plasma jet increases with increasing power,
from ~4 mm when the average dissipated power is 1.7 W
to ~9 mm when the dissipated power is 8.1 W.

4. Discussions

4.1. The effective potential core flow length

4.1.1. Effect of Reynolds and Richardson numbers. In a gas jet
with a circular cross-section such as studied in this work, the
initial conditions in the quartz tube determine the flow dynamics
in the near field region and the intermediate region as defined in
[6, 11, 12]. The Reynolds number (equation (1)) is considered
as one of determining factors of these initial conditions together
with gas velocity at the exit of the quartz tube. They will both be
affected by the gas heating and plasma constituents.

Re = pD (1)

u

where p is the gas density; v is the gas velocity; D is the char-
acteristic length, which equates the inner quartz tube diameter
and u is the dynamic viscosity [45].

Combining the data presented in table 2 and figure 3, Vortex
structures appear closer to the exit of the quartz tube when the
Reynolds number increases. It should also be noted in table 2
that even when the plasma is off in figures 3(a)—(f), at the exit
of the quartz tube the gas is not at room temperature.

At a given gas flow, the temperature at the exit of the quartz
tube increases when the plasma is on, increasing the gas
velocity at the quartz tube exit. The continuity equation pos-
tulates the following:
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Figure 12. Flow patterns as a function of average dissipated power. Images (a)—(i) are obtained during the plasma-on phase at 19 ms,
(j)—(r) during the plasma-off phase at 9 ms. The feed gas is argon mixed with 2% oxygen. The jet is RF-powered using 50 Hz modulation
with 50% duty cycle. The average dissipated power is indicated in the images. The gas flow rate is 2 slm.

Pplasma onUplasma onD =p plasma off Uplasma oftD

@)

Consequently, the p v in equation (1) remains constant.
According to equation (1), the Reynolds number decreases

when the plasma is on because of the increase in u. Still, for a

given gas flow in figure 3, the first vortex structure at the edge
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of the effluent appears closer to the exit of the quartz tube in
the plasma-on phase than in the plasma-off phase, regardless
to the lower value of the Reynolds number. Consequently, the
change in the value of the Reynolds number does not correlate
with the length of the effective potential core flow and the
appearance of the first vortex structure.
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Figure 13. Photographs of plasma effluent at different powers. The feed gas is argon mixed with 2% oxygen. The flow rate is 2 sim. The

power is marked on the image.

Table 2. The Reynolds numbers under different flow rate in figure 3.

Ar flow rate (slm) 1.5 2.0 2.5 3.0 3.5 4.0
Ar flow velocity at 300 K (m s7h 8.0 10.6 13.3 15.9 18.6 21.2
Gas temperature (K)* plasma on 870 745 735 640 635 605
plasma off 450 450 450 450 450 450
Reynolds number® plasma on 518 764 955 1273 1485 1797
plasma off 764 1018 1273 1528 1782 2037

% The gas temperature is obtained at the quartz tube exit by Rayleigh scattering.
b The Reynolds number is calculated at the quartz tube exit considering temperature dependent viscosity [45].

Note that the viscosity of the argon plasma might differ
from the viscosity of the pure gas flow, however, to the
authors' knowledge, there is no such data for non-equilibrium
plasma available in literature, so the viscosity is chosen from
the property of pure gas flow without plasma.

The Richardson number (equation (3)) expresses the ratio
of potential to kinetic energy and as such reflects the influ-
ence of buoyancy on the flow. If Ri > > 1, there is insufficient
kinetic energy to homogenize the fluids and buoyancy is dom-
inant in the flow, however if Ri < < 1 buoyancy has no strong
effect on the flow.

Ri — Dg (pc;o Peas) 3
v pgas

where v is the gas velocity; D is the characteristic length; g is

the gravitational acceleration; po, and pg,s are the gas density

of the surrounding and the core zone, respectively.

For the region from the exit of the quartz tube to the onset
of first vortex structure the gas velocity and the characteristic
length can be approximated as equal to the initial conditions at
the exit of the quartz tube [5]. The gas density at the core zone
depends on the gas temperature and the Richardson number
is approximately Ri ~ 107*; consequently the buoyancy
effect due to the density differences should not be important
throughout the investigated region. Indeed the density ratio
Ar-air is 1.54 at room temperature and reaches 0.5 for the
heated jet. This is still significantly larger than for the He jet
at room temperature.

1

Table 3. Gas flow velocity for the condition of 2 slm argon +2%
0O, as shown in figures 3(b) and (/) at the position of the exit of the
quartz tube.

Plasma on Plasma off
Gas temperature (K) 745 450
Gas velocity (m s™") 26.3 15.9

4.1.2. Effect of flow velocity. As shown in figure 3, the
increase in gas flow velocity at the quartz tube exit causes
the decrease in the effective potential core flow length. The
increase in flow velocity can come from experiment control
(increasing the gas flow) or by switching on the plasma and
increasing gas temperature, as shown in table 3.

The reason for the appearance of vortex structures at the edge
of the effluent stems from the velocity gradient between the
effluent of the jet and the surrounding air. Due to the velocity
difference a perturbation develops in a thin layer at the edge of
the effluent where vortex structures start forming, as reported in
[20]. For a larger velocity difference, the perturbation develops
earlier in the jet and the vortex structures appear closer to the exit
of the quartz tube and the effective potential core length reduces.

Velocity gradients also lead to Kelvin—Helmholtz insta-
bilities [12, 17, 23]. Particularly in reports of simulations per-
formed for a DC arc plasma jet this mechanism is highlighted
[19]. However, further work is needed to show whether
Kelvin—Helmholtz instabilities are triggered by the plasma
and involved in the initial formation of the observed large
vortex structures under the present experimental conditions.
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Figure 14. The effective potential core length and the onset position of vortex structures at the edge of the effluent and the visible plasma
emission (a) and the gas temperature distribution (b) at variable powers. The gas temperature is obtained on the axis of symmetry. The error
bar of effective potential core flow length is estimated on the stream line formed along the flow.

4.1.3. The effect of ion momentum transfer. As mentioned
previously, there is debate whether the momentum transfer
from ions or ion wind to neutrals may accelerate the veloc-
ity of the gas flow in APPJs [27]. The momentum transfer
from ions to neutrals is represented by the electrohydrody-
namics (EHD) force and widely investigated in plasma actua-
tors to manipulate the flow in the near wall boundary layer by
increasing the velocity in the boundary [46—49]. A necessary
condition for this effect to be important is the occurrence of
zones with space charge separation. In the jet itself this can
be achieved in the ionization fronts. If the effect of the ion
drag would be important compared to e.g. thermal effects, one
should observe some obvious flow pattern distortion when
the plasma is switched off and/or on, which is not the case at
20 kHz modulation as shown in figure 5.

While in guided streamers (or plasma bullets) the streamer
head propagation induces a charge separation this is less likely
the case at 13.5 MHz as the electron density remains con-
stant during one RF cycle [22]. Nonetheless it is found that
the visual emission of the plasma is growing on a time scale
of 0.4 ms (for the 50 Hz modulation case) and 3 us (for the
20 kHz modulation case) (see section 3.3). Charge separation
will be present at the edge of this growing ionization front. We
use the approach of Boeuf et al to estimate an order of magni-
tude of the ion momentum transfer possibly generated by this
process [50]. The intensity of the electric field ~100 V cm™
as deduced from a maximum expected 7, of 3 eV in an Ar
plasma [22, 51]. The propagation velocity of the growing
ionization front over several RF cycles has been found by van
Gessel et al in a similar jet to be 10100 km s~' when only
considering the N»(C) emission [52]. From the non-spectral
resolved images in figures 6 and 10, a maximum velocity of
the order of 1 km s™! can be deduced in the 20 kHz case while
10 m s~ in the 50 Hz case. Considering that the gas tempera-
ture is of the order of 900 K, the increased velocity due to the
EHD force (4 v = eoEZ/(pgasvbune[)) (for the lowest velocity) is
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most likely on the order of 10™* m s~!, at least four orders of
magnitude smaller than the flow velocity. This confirms the
experimental conclusion that the effect of ion wind on the gas
flow velocity close to the quartz tube exit will be negligible.

4.14. The effect of average dissipated power. Figure 14(a)
shows that the effective potential core flow length is not a lin-
ear function of the dissipated power. Also, at ~6 W the visual
plasma length equals the potential core length and for higher
powers both the visual plasma length and potential core length
increase.

Increasing gas heating would lead to increased velocities and
an earlier perturbation development in the jet as discussed above.
However, the change in Ar viscosity with temperature could be
responsible for the delayed onset of the vortex structures at the
edge of the effluent at higher powers. This effect might become
more pronounced in the transition region with the increase in
plasma length and increase gas temperature in the far effluent in
figure 14(b). Besides the gas temperature dependence of the vis-
cosity, the produced plasma might also affect viscosity [53, 54].

Although experiments at average powers of 6.5 W at 50 Hz
and 3.5 W at 20 kHz modulation have shown that the effect of
ionic species in the plasma has a negligible effect on the flow,
at higher powers significant charge separation can be present
at the visible plasma tip in the transition region. Note that also
a relatively large amount of ionic species has been measured
by mass spectrometry in the near afterglow for this APPJ [55].
The situation close to the visible jet tip might be very similar
to the drift zone in a DC corona discharge in which typical
flow velocities induced by ion drag of the order of 1 m s™" are
found [56]. Even for lower velocity values as estimated above,
the effect of EHD force can not be a priori neglected due to
the strongly reduced axial jet velocity in the transition regime.
Further research, especially the velocity field measurement,
is needed to give a definitive conclusion on the nature of the
stabilizing effect on the effluent at high powers.
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Figure 15. Upper and lower boundary of the transient vortex structure and the gas temperature structure on the axis of symmetry when
the plasma is (a) on () off. The zero position is the exit of the quartz tube. 0 ms and 10 ms corresponds to the time when the plasma is
switched on and off, respectively. The upper and lower markers indicate the axial size of structures. Examples are shown in figures 8 and 9.

4.2. The origin of the large-scale transient vortex structure

It is shown in figures 8 and 9 that there is a transient vortex
structure formed when the plasma is switched on and off.
Compared to the gas temperature distribution, a high gas tem-
perature zone is formed after the plasma is ignited between
0.1-0.3 ms in figure 11. This high gas temperature zone
extends along the axial direction. Its growth velocity is highly
correlated with the propagation velocity of the transient vortex
structure in the flow as shown in figure 15(a) in which both
the position of the high gas temperature zone and the tran-
sient vortex structure are plotted. When the plasma is switched
off a lower gas temperature zone is formed as can be seen in
figure 11 at + = 10.3 mm. The growth of the lower tempera-
ture zone is also highly correlated to the propagation speed
of the transient vortex structure in the flow as is shown in
figure 15(b).

Based on these correlations we can conclude that the reason
behind this phenomenon relates to the difference in veloci-
ties of the gas flow originating from the quartz tube when the
plasma is on and off. Shortly after the plasma is switched on,
the less dense and faster moving flow from the tube interacts
with the slower moving flow downstream, forming a vortex
in the whole cross-section of the effluent. Similarly when the
plasma is switched off, the onset of denser but slower flow
from the quartz tube triggers a perturbation in the flow and
causes a similar large-scale vortex that travels downstream.

5. Conclusions

It is shown for the APPJ studied in this work that the reduc-
tion of the effective potential core flow in the plasma effluent
is due to gas heating. Gas heating leads to increased gas flow
velocities in the early effluent and the induced larger velocity
difference triggers the onset of the vortex structures at the
jet effluent. The changes in the effective potential core flow
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length are not found not to be correlated with a change in the
Reynolds number.

In addition, it is shown that the velocity change due to
gas temperature changes induced by plasma modulation lead
to the occurrence of large-scale transient vortex structure of
which the propagation velocity strongly correlates with the
change in gas temperature distribution.

In the case of higher plasma powers, the plasma is able to
stabilize the flow and extend the effective potential core flow
length. Two possible explanations are given: (1) stabilizing
effects due to an increase in viscosity with increasing gas tem-
perature and (2) charge separation at the edge of the plasma
plume leading to ionic momentum transfer.
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