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Abstract

®

CrossMark

The details of plasma channel motion are investigated by frame-by-frame image analysis of high
speed recording of a gliding arc. The gliding arc is operated in several noble gases at various
flow rates, voltages and artificial gravity levels. Several peculiarities in evolution of individual
glides are observed, described and discussed, such as accelerating motion of plasma channel or
shortcutting events of various kinds. Statistics of averaged parameters are significantly different
for buoyancy and gas drag dominated regimes, which is put into relation with differing flow

patterns for hypergravity and high gas flow.

Keywords: gliding arc, hypergravity, gas drag, buoyancy, flow dynamics, atmospheric pressure

plasma, centrifuge

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

1. Introduction

The electric arc is one of the oldest known plasma discharges
[1]. One of its typical features is the intensively ohmically
heated plasma channel. Consequently, a gravity-dependent
buoyant force arises, originating from the temperature and
density difference between the hot discharge channel and its
surrounding colder atmosphere. Buoyancy lifts the plasma
channel which then assumes a typical arc-like curved shape
between two fixed points. The arc is a typical example of a
thermal plasma [2], with gas and ion temperature as high as
electron temperature. While the plasma chemistry of the arc

0963-0252/17,/045014+15$33.00

can be successfully employed in many industrial applications
[3], it is its high temperature that typically governs its use [4].

However, if certain conditions are met, the plasma at
atmospheric pressure does not thermalise and cold non-ther-
mal plasma [5] with hot electrons yet relatively cold neutral
species can be produced—the atmospheric pressure glow
discharge (APGD) [6, 7]. Such discharge is fundamentally
different from the arc discharge in many essential character-
istics: besides having a low temperature of heavy species it
has also a lower conductivity, a lower ionisation degree and it
is usually diffuse. The APGD resembles its well known low
pressure counterpart even in appearance [8], including the

© 2017 I0P Publishing Ltd
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typical distribution of dark and luminous spaces [9]. The
APGD operates in various gases [9, 10], among them the
noble gases, nitrogen, oxygen and air being the most studied.
However, at higher pressures the instabilities in the cathode
region and thermalisation of the discharge column often lead
to a generally undesirable glow-to-arc transition. Various
ways to prevent the discharge from the glow-to-arc transition
have been proposed and successfully tested. Examples are
cooling the electrodes by water [11], scaling the discharge
down to microplasma dimensions [12], adding at least one
insulating layer between the electrodes (DBD configuration)
[13, 14], using microhollow cathode as a source of electrons
[15] or operating at flow rates high enough to cool the dis-
charge [16]. Current limited point-to-point atmospheric
pressure discharges were operated with both gas flow long-
itudinal [17] and transverse [18] in respect with the plasma
channel. If the transverse gas drag is strong enough, the
discharge will start to resemble the gliding arc discharge, with
prolonging plasma column and periodical reignitions [16].

The actual gliding arc discharge [19] is produced simi-
larly, but in the discharge electrodes geometries and config-
urations (typically slanted/divergent), which enables the
plasma channel, including its anchor points, to slide along the
electrodes. In gliding arc, the plasma channel is ignited in the
shortest path in-between the electrodes, where the electric
field is the strongest and then it is moved by two forces: (i) the
buoyant force and/or (ii) the gas drag. Typically, the device is
oriented in such way, that both of these forces act upwards. In
the common configuration, due to a divergent shape of the
electrodes, the higher the channel ascends, the longer it gets,
until it quenches at the moment when the power of the source
is not sufficient to sustain the discharge anymore [20, 21].
Consequently, a new plasma channel ignites at the shortest
electrode distance. This cycle, repeating in a quasi-periodic
manner with characteristic time period and gliding (repetition)
frequency, is one of the gliding arc most distinguishing fea-
tures. Using the parameters averaged over many cycles, the
gliding arc can be described sufficiently, even though the
discharge can be considered chaotic at shorter time scales and
individual glides can differ a lot due to unpredictable
microdynamics of the discharge [22] (e.g. breakdown phe-
nomena, discrete points of gliding arc connection to electro-
des, local sputtering effects, shortcutting events, hysteresis,
turbulent flow effects etc).

Although the name gliding arc suggests that the gliding
arc plasma is in thermal equilibrium, just as the typical arc is,
it can also be (and often is) strongly non-equilibrium and
more similar to non-thermal APGD. The question of thermal
(non) equilibrium in gliding arc discharge can be even more
complicated, as the discharge can consecutively change its
properties during one glide [23], from the ones nearly iden-
tical to a standard thermal arc at short channel lengths, to a
cold plasma at longer discharge channels. In both exper-
imental and theoretical studies, a lot of attention was paid to
proper identification of gliding discharge regime and to
comparison of arc and glow modes [24]. Another widely
researched topic concerning gliding arc are its electrical
properties [25, 26], the movement and characteristics of the

anchor points to the electrodes [27, 28], spectroscopy studies
[29], electrode geometry [30] and others [31, 32]. From the
application point of view, gliding arc is closely related to the
established protective devices against voltage surges, such as
circuit breakers and lightning arresters. In the current research
though, more attention is paid to gliding arc plasma chemistry
[33], enabling for example gas conversion and decontami-
nation [34, 35].

However, as the applications of gliding arc usually
require its operation in a flow regime and the gas flow rates
tend to be relatively high (up to many tens of slm—standard
litres per minute), most of the studies have been carried out at
high flow rates. Even the studies [22, 36] concentrating on the
flow rate influence chose the lowest rate of as much as several
slm. As a result, the majority of these studies neglect the
influence of buoyant forces at all, as at such conditions the gas
flow governs the discharge dynamics. The upwards motion of
plasma channel is then mostly caused by gas drag. Turbulent
conditions, associated with high flow rate, perturb the plasma
channel evolution in rather chaotic way. The subtle effects of
buoyancy, plasma particles diffusion or even self-induced
electromagnetic forces are difficult to observe in such regimes
and thus were out of research focus.

Recently, we performed several experiments [37-40] with
gliding arc discharge at the centrifuge, which simulated the
hypergravity conditions up to 18¢ and thus allowed us to study
gliding arc in buoyancy dominated regime. The first results
proved the strong influence of increased gravity on the plasma
channel, such as higher frequency of gliding and lower max-
imum height reached by plasma. This paper aims to contribute to
the deeper understanding of the complex behaviour of gliding
arc discharge by a detailed study of the plasma channel motion.
This is achieved not only through averaged macroscopic para-
meters, but also by accentuating the instantaneous dynamics of
individual plasma channel evolution during one glide and by
comparing the results under hypergravity conditions with the
high flow rate conditions and other parameters.

2. Experimental

2.1. GRAVARC apparatus

Custom made gliding arc setup ‘GRAVARC’ (GRAVity
ARC) was specially constructed for operation under hyper-
gravity conditions (1g—18g) [41] in the Large Diameter
Centrifuge (LDC) of ESA/ESTEC (European Space
Research and Technology Centre of European Space Agency,
Noordwijk, the Netherlands). Full details of the experimental
setup are described in [38], including the pre-requisitions for
hypergravity experimentation at the centrifuge. Here, only a
brief description of the experimental setup follows.

In figure 1, the discharge chamber is schematically visua-
lised from the front view, including its dimensions. The front
and back walls of the discharge chamber were made from heat
resistant glass to enable direct visual observation of the dis-
charge using digital cameras. For standard photographs, cameras
Canon Power Shot A460 and Nikon D3100 were used, and for
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Figure 1. Schematic drawing of the discharge chamber, front view,
d=45mm and o = 72°.

high speed videos, the Casio EX-ZR100. The video recording
speed was 1000 frames per second (occasionally only 480 fps),
which was sufficient for the gliding speeds observed. The gas
was fed into the discharge chamber from the gas bottles via
fused silica tube (3 mm inner diameter) passing through the
bottom of the nonconductive discharge chamber, centred in-
between the electrodes. Four noble gases (4He, 2Ne, “°Ar and
8Kr) were chosen as working gases for this study, as their
atomic masses (which affect also dependent quantities, e.g.
thermal conductivity) cover a wide range, yet they, as monoa-
tomic non-reactive gases, are similar in other properties. The gas
flow rate was regulated by the calibrated needle valves and
generally was kept rather low. Typical values of the gas flow
rate ranged from tens of sccm (standard cubic centimetre per
minute) up to more than one slm (standard litre per minute) and
corresponding flow speeds at the end of tube nozzle from tenths
of ms~! up to more than 2m s L. However, the flow speeds at
higher positions in the discharge chamber were significantly
lower due to flow expansion. Opposite to the gas input, another
fused silica tube functioned as the gas exhaust. Before the
release to the ambient, the exhaust gas passed through a long
tubing which prevented any back-streaming of outer air into the
chamber.

Copper discharge electrodes were placed near the bottom
of the chamber. The minimum distance between them was
fixed at value of d = 4.5 mm and the angle « (see figure 1) at
value of 72°. The highest point of electrodes virtually divides
the discharge chamber into two sections: (i) interelectrode
region (up to 7 cm above the minimum distance position) and
(ii) the region above the electrodes. The border between these
two regions is marked by a grey dashed horizontal line in the
following figures, where appropriate.

The discharge’s power supply consisted of a variable
autotransformer (variac) and an inductance leakage type high-
voltage (HV) transformer with inherent current limitation.
The variable autotransformer input was a standard AC electric
power (230V, 50Hz). Its output (0%—100% of input) was
applied to primary winding of HV transformer. Secondary
winding of HV transformer was directly connected to dis-
charge electrodes. Open circuit transformation ratio of HV

transformer was 1:40. In such way, the suitable working
power to the gliding arc discharge could be set, with max-
imum available high voltage of 10kV. Electrical parameters
were measured both at (i) high voltage part of the circuit by
an oscilloscope with high voltage probe and current probe and
(i) low voltage part on the primary winding of the high
voltage transformer, where the effective voltage, current and
power were recorded by digital multimeters connected to PC.

2.2. Operating parameters

In this paper, the gliding arc is studied under a wide range of
conditions (gravity level, gas flow rate, voltage and working
gas). Operation in four different noble gases made the choice
of experimental parameters (especially the gas flow) rather
unstraightforward, as for achieving qualitatively the same
discharge regime in various gases, quantitatively different
experimental conditions had to be set. It was previously
shown [37] that substantially higher gas flow is needed to
maintain the gliding motion of plasma channel in helium (as
the lightest of noble gases), especially at 1g. At higher
gravity, increased g-force can induce the gliding even under
flow conditions resulting in a stable arc at 1g. The setting of
the helium gas flow rate has always been subject to these
peculiarities and because of this the helium gas flow rate is
always higher than the gas flow rate of other gases used in this
work. The same goes for the voltage, which has also been
kept higher for the discharge in helium.

The rms value of the voltage on the primary winding of
HV transformer (primary voltage) was chosen as the suitable
parameter for further discussions, as it was controlled directly
and kept constant during individual experiments, while the
actual instantaneous voltage on the electrodes (and also
instantaneous power consumed) varied during each glide, as
can be seen in figure 2(c).

2.3. Data processing

The main motivation of this work is to determine the various
mechanisms beyond the gliding arc periodic movement. For
this, the high speed video (480 or 1000 frames per second)
and long exposure (up to several seconds) photography were
employed. The video recordings were processed frame by
frame to trace several parameters describing the gliding arc
movement. A typical result of image processing of one full
glide of discharge in argon can be seen in figure 2(a). The
image in figure 2(b), composed of several video frames,
illustrates some of the measured quantities. These are:

* minimum bottom (b,;,)—the place of gliding arc ignition
at minimum interelectrode distance,

* instantaneous top (h)—the vertical distance between the
minimum bottom and the highest point reached by plasma
channel in the given frame,

e maximum reached height (h,,x)—the vertical distance
between the minimum bottom and the highest point
reached by plasma in one full glide, before new ignition,

« instantaneous bottom (b)—the vertical distance between
the minimum bottom and the lowest point of discharge
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Figure 2. Various characteristics of one full discharge channel glide. (a) Results of video frame sequence processing including the outlying
points (grey dashed line marks the upper border of the interelectrode region) (b) several video frames combined together to explain the
meaning of measured parameters, (c) oscillogram of instantaneous high voltage between the electrodes.

channel, which is in the majority of the cases one of the
plasma-electrode contact spots,
e h—b—the difference between instantaneous top and
instantaneous bottom,
discharge channel length /—the geometric length of the
discharge channel in the given frame,
one glide period—the time between the two successive
ignitions (it is effectively equivalent to a time difference
between the ignition at b,,;, and disruption of the plasma
channel at maximum elongation, because the new ignition
usually follows after the disruption without any or
minimal delay),
gliding frequency—reciprocal value of average glide
period.

L]

The processing of the frames was done in Mathematica
[42]. The programme worked with the set of large number of
consequent high speed video frames. Firstly, it converted each
video frame into black and white, then thinned the image of
single plasma channel captured in the frame into 1px wide
curve that was easy to work with and through various basic
mathematic functions, the programme determined all the
parameters listed above. The outlying points visible in
figure 2(a) usually originate from the frames when the
instantaneous voltage (50 Hz AC) was near zero and so the
discharge was too dark to be correctly evaluated by the pro-
gramme. These outliers can be eliminated from further data

processing and will not be presented in further graphs.
However, as the length [ is the parameter most prone to this
kind of processing error, the focus was preferentially on more
robust parameters, such as the instantaneous top or instanta-
neous bottom. Most of the parameters listed above describe
instantaneous position of plasma channel, evolve during each
glide and their evolution varies between the glides. This kind
of parameter was not averaged and when presented, an
exemplary glide was hand-picked to best represent the dis-
charge typical behaviour. On the other hand, the average
maximum height and the gliding frequency were always
calculated as an average value from at least ten (up to more
than hundred) individual glides.

3. Results

3.1. Evolution of the plasma channel during one glide period

The gliding arc discharge is typical by its quasi-periodic
evolution, igniting at the point of narrowest distance in-between
the electrodes, followed by the upwards movement of the hot
plasma channel and finishing by its disruption at the maximum
reachable length and immediate reignition back at the minimum
interelectrode distance [19]. There are two main forces gov-
erning the upwards movement of the plasma channel: (i) the
effective buoyant force Fy, = V-(pgas — Pplasma)-g and/or
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Figure 3. Evolution of the instantaneous top & during one full glide for various g-levels for gliding arc in four noble gases at various flow
rates and voltages (He: 650 sccm, 200 V, Ne: 150 sccm, 100 V, Ar: 150 sccm, 100 V, Kr: 400 sccm, 100 V). Grey dashed line in Kr

graph marks the upper border of the interelectrode region.

(ii) the gas drag Fyq = 1/2~pgas'v2~Cd~A-v/|v , where V and
Pplasma are the volume and the mass density of plasma channel,
Peas 1 the mass density of the surrounding gas, g is gravita-
tional acceleration on the surface of Earth, v is the speed of the
plasma channel relative to the surrounding gas, Cy is the drag
coefficient and A is the cross-sectional area. The term v/|v|
characterises the orientation of the drag force, which can either
accelerate or decelerate the plasma channel, depending on
actual conditions. The difference of mass densities is directly
proportional to temperature differences. While the surrounding
atmosphere remains near room temperature (300 K), the plasma
channel temperature can be estimated, based on the reports of
other authors working with similar conditions [6, 8, 24, 26, 29],
to be around 1000-1500 K.

The details of the gliding arc evolution are to a great
extent governed by unpredictable and always changing
deviations from stability, often induced by local flow turbu-
lences, thermal effects, local roughness of electrodes and self
induced electromagnetic forces. As a result, individual glide
periods may vary, yet in most of the cases it is possible to find
an ‘average’ or typical glide.

In the sets of graphs in figures 3 and 4, the examples of
evolution of instantaneous top 4 in one gliding period—from
ignition until quenching—can be seen, either for various
gravity levels (figure 3), or various primary voltages
(figure 4). Each graph corresponds to one gas (colour coded
for easier orientation) and shows a typical full glide for each
various gravity or voltage. The situation in helium is different
from the other three gases, as the gas flow rate needed for
helium to glide was the highest. In this experiment, the
gravity induced changes underwent by the gliding arc in
helium were then rather low to be conclusively identified.

The hypergravity results (figure 3) for the heavier gases
are similar to each other. The plasma channel upwards
movement always speeded up with increasing g-level.
Moreover, the graphs show that the speed of plasma channel
movement under hypergravity is generally not linearly
dependent on time, but has rather a two-phase character (most
pronounced in neon). The movement in the first phase, in
lower positions of plasma channel, seems to be reluctant and
as the arc gets to higher positions (second phase), it accel-
erates. The different time needed for the arc to reach the
maximum top height is then mostly dependent on the duration
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Figure 4. Evolution of the instantaneous top / during one full glide for various primary voltages for gliding arc in four noble gases at various
flow rates (He: 1400 sccm, Ne: 400 scem, Ar: 400 sccm, Kr: 400 sccm) and 1g gravity level. The voltage range, from actual ignition voltage
up to the highest voltage limited either by the power supply or the parameters of the discharge chamber, is different for each gas. Grey dashed
line in Ne, Ar and Kr graphs marks the upper border of the interelectrode region.

of slow motion phase. It might be tempting to attribute the
two phase character to the plasma channel reaching the top of
the electrodes and ascending above them, but the heights at
which the acceleration of the plasma channel takes place are
too low which excludes this explanation.

The two-phase character is still present for some gases
also under normal, 1g gravity (see figure 4), again best visible
for neon, although the first phase is not so flat as in hyper-
gavity conditions and thus the two phases are less discerned.
Surprisingly, it seems that the higher the primary voltage, the
slower the movement of the plasma channel. This is probably
caused by the subtle effects of channel reignition, explained
in following paragraphs.

Due to AC 50 Hz operation, the discharge periodically
extinguishes (or almost extinguishes) when instantaneous
voltage comes close to zero and then reignites again. This off-
time between extinction and reignition usually lasts around
0.5 ms which is several orders longer than the recombination
time estimation (hundreds of nanoseconds). However, even
then the remaining ionisation is still present and substantially
higher than the natural ionisation degree. From the point of

view of plasma reactions it might be negligible but it has
tremendous influence on the breakdown of the new plasma
channel [43-45].

The next plasma channel reignites in the most favourable
position, i.e. where the rising voltage (after zero crossing) on
electrodes reaches the breakdown threshold first. This
breakdown voltage depends on the vertical position not only
due to angled electrodes, but also due to a local residual
ionisation, which depends on the system history. The highest
preionisation is directly in the wake of the last plasma channel
which spreads due to the diffusion omnidirectionally but also
rises upwards due to the gas drag and thermal buoyancy. At
high enough current densities (reached for high primary
voltages), there are so many excited and ionised particles
produced, that residual ionisation is sufficiently high even
above or below the current wake position. In that case the
next reignition can occur below the current wake position due
to higher electric field in narrower gap. So while the new
channel generally tends to reignite in the moving wake of the
previous channel, at sufficiently high residual ionisation it
may prefer the path at lower vertical position where the
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Figure 5. Three independent examples of shortcut events above electrodes. The time delay between successive video frames is 1 ms.
Experimental conditions: argon, 400 sccm, 120 V primary voltage, 1g.

breakdown voltage is lower. Effectively, this can reduce the
observed upward speed of the gliding arc. This slowed down
motion continues, until the growing concentration of accu-
mulating active particles in upper region overcomes the
electric field advantage of the lower position and the trans-
ition to faster movement occurs.

Related to this, there could be also another mechanism,
for which the maximum height reached in the previous glide
period is essential. At stable experimental conditions it is
likely that one glide was preceded by a very similar one. In
figures 3 and 4 it can be seen that for higher voltage /lower
g-level, the initial slow motion phase lasted longer and the
gliding arc ascended to higher A,,,,x. With higher A,,,x, longer
period of gliding (lower gliding frequency) is associated.
Thus, the excited or ionised particles that remained lingering
in lower region had more time for recombination before the
discharge reignites in low position again, than in the case
where the discharge resided in the low positions for all the
time. In the latter case, the movement is from the start faster,
because the plasma channel might benefit from high pre-
ionisation since the very beginning of its development.

Figure 4 reveals another interesting feature. In graph for
discharge in argon, at highest voltage, the growth of instan-
taneous top is interrupted by a sudden fall. The decrease in
instantaneous top happened after a new, shorter discharge
path was formed. This shortcut event has been observed also
by other authors [22]. Several examples of shortcutting events
captured at successive video frames can be seen in figure 5.
All three presented shortcuts happened above the interelec-
trode region, when the discharge reached near-maximum
height. The newly formed section of the plasma channel is
slightly brighter than rest of the plasma channel, but shortly
after full disappearance of the old pathway the light emission
intensity equalises again. The shortcut events above electro-
des were observed to occur at any phase of sine voltage
supply, i.e. not only during the zero-crossing.

Yet another situation, not visible at previous figures, is
demonstrated in figure 6—at higher gas flows the shortcut
events can appear even in the interelectrode space. In
figure 6(a), the evolution of gliding arc plasma channel in
relatively low gas flow conditions (280 sccm) is shown. It can
be seen, that in this case, the position of instantaneous top is

' »
\ ™ —-—
I I

linearly dependent on time throughout the whole glide and
gliding motion is continuous, until its quenching at maximum
height. The speed is constant at value of 0.25ms™".

The situation significantly changes when increasing the
gas flow rate to a higher value (1000 sccm), as is seen in
figure 6(b). If the detailed evolution depicted by red symbols
was ignored and the attention was only paid to the starting and
ending points (linear blue line), the increase in linear speed
(0.39m s~ would still be observed, just as expected [22, 37]
for an increased flow rate. However, in reality, the upwards
motion of the plasma channel is disrupted by several drops in
height and the piece-wise average speed (green colour in
figure 6(b)) of the plasma channel in each segment of the
evolution is higher than the overall linear approximation of the
average speed. As the microdynamics of the plasma channel is
governed by this higher, actual speed, the macroscopic
approach might in some cases lead to inaccurate conclusions.

The visual examples of interelectrode shortcut events can
be found in figure 7. The shortcut in interelectrode region
differs from the shortcuts above electrodes in several ways,
mainly that (i) it appears in lower part of interelectrode
region, (ii) one of the plasma to electrode contact points can
be affected too, and (iii) it happens only near the voltage zero
crossing and so it is effectively a channel reignition. As new
glide ignitions also happen close to voltage zero crossings
(note: with 50 Hz power supply this can be true only for
gliding frequencies below 100 Hz; if the gliding frequency
would be higher, the extinguishing necessarily happens also
at non-zero voltage), this low shortcut can resemble the new
glide ignition, however during shortcut at least one plasma to
electrode contact point maintains its position and the dis-
charge continues to propagate. The summary of the three
principal events leading to the shortening of plasma channel,
as observed during our experiments, is presented in table 1.

3.2. Maximum height and gliding frequency at normal gravity

The figures 3 and 4 are very useful to study the evolution
during one glide period, but they lack statistical value and
although they include the information about maximum
reached height A, before quenching of the discharge, they
are not convenient for further discussion of .. Figure 8
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Figure 6. Temporal evolution of instantaneous top for one full glide of gliding arc in argon at 100 V primary voltage in two different flow rate
conditions: (a) low gas flow rate = 280 sccm, (b) high gas flow rate = 1000 sccm.

Figure 7. Two independent examples of shortcut events in the
interelectrode region. The delay between successive video frames is
1 ms. Descent of one of the plasma-electrode contact points can be
seen in lower set of images as well. Experimental conditions: argon,
1000 sccm, 100 V primary voltage, 1g.

directly shows the dependency of average h,,x and gliding
frequency on the primary voltage for the four noble gases at
the same experimental conditions as in figure 4.

The average maximum height 4, shows the same
general trend for all four gases—it always increases with
voltage, as a higher voltage enables sustaining of a longer
plasma channel, thus higher #4,,,.. However, while the growth
of average h,,,x with voltage is stable for helium and krypton
gliding arcs, in neon and argon it exhibits a sudden transition
to higher values. The voltages, at which this transition occurs,
are different for neon and argon, as are the corresponding
values of average /... One may speculate that similar
transition regions exist also for helium and krypton, but are
out of hereby examined range.

In figure 8 on the right, gliding frequency is presented as
a function of primary voltage too. The transition regions are

slightly less distinguishable than for /,,,, but as the gliding
frequency effectively combines information of h,, and
average speed of the plasma channel movement, some other
additional information can be deduced. The gliding frequency
seems to be the more sensitive parameter to changes in pri-
mary voltage than h,,,y, at least for the voltages resulting in
low A« The best example of this is a trend in helium, where
hmax 1s almost constant while the gliding frequency undergoes
major changes, indicating significant decelerating of plasma
channel at higher voltages. This is consistent with the dis-
cussion of instantaneous data in figure 4.

Interestingly, there is no clear dependence of gliding
frequency (or average /) on atomic mass for the rest of
noble gases under studied conditions. We can even see in
figure 8 the crossing of argon and neon curves. The lowest
gliding frequencies were measured for the discharge in argon
at two highest voltages and for krypton at all voltages. The
discharge channel at these conditions was reaching the
highest and thus had to travel the longest distance, which
resulted in the low gliding frequency. However, the gliding
frequencies of discharge in neon (and helium) at highest
voltages were also comparably low, although the average
hmax reached by discharge in neon was less than a half of
those in argon or krypton. The gliding frequency of discharge
in helium was the highest of all gases, mainly because of
higher gas flow rate that was necessary to induce gliding
motion in this noble gas.

To study the influence of a gas flow, the A, and gliding
frequency dependence on primary voltage was measured
again, now for 3 different gas flow rates, see figure 9. Argon
was chosen as working gas for this type of experiment, as it
underwent the most pronounced changes in previous over-
view experiment. The flow rates varied by 250 sccm below
and above the already presented value of 400 sccm. The
results revealed two main facts: (i) the sigmoid trend in
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Table 1. Qualitative overview of principal types of events leading to shortening of the plasma channel.

New glide ignition

Low shortcut High shortcut

Discharge characteristics No special conditions

Occurrence position Disrupts at maximum height,
ignites at minimum bottom

Significant decrease

Significant decrease

Zero crossing

Instantaneous top
Instantaneous bottom
Voltage phase

High gas flow Reaching high above
electrodes

Lower interelectrode region Region above electrodes

Minor decrease Decrease
Possible minor decrease No change
Zero crossing Any phase
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Figure 8. Average maximum height £,,,, and gliding frequency of gliding arc in four noble gases as a function of primary voltage at the same
experimental conditions as in figure 4. Grey dashed line in left graph marks the upper border of the interelectrode region.

average hy,x observed in previous figures—steadily growing
hmax, until the sharp increase at transition region, followed by
further minor growth—is present for all three flow rates, but
(ii) it is steeper and shifted towards higher voltages for higher
flow rates. It means, that the higher the gas flow, the higher
voltage is needed to maintain the same average hp.x. The
high gas flow results in higher energy losses in the plasma
channel [19], which have to be compensated by increased
voltage and thus increased supplied power. The gliding fre-
quency in figure 9 again shows more detail for lower voltages.
Even though the average h,,,x for low voltages was essen-
tially the same for all three gas flows, the frequency was
several times higher for high flow rate, indicating very fast
movement of plasma channel.

To further examine the transition region, of which the
position depends on both the gas flow rate and the voltage
(and on other parameters such as gas type, conceivably also
the gravity, etc), the average h., and gliding frequency of
discharge in argon are shown in figure 10 as functions of the
flow rate, now for constant primary voltage of 100 V. It can
be seen that the average /., decreases rapidly and stabilises
at almost constant value for higher flow rates while the
gliding frequency increases linearly and then roughly stabi-
lises as well. However, the flow rates, at which this stabili-
sation occurs, are notably different for the two parameters, so
for middle range of flow rates the gliding frequency still

increases significantly, even though the average h,,, already
remains constant. While the rapid decrease (grey box in
figure 10) of average h,.x seems to begin from the lowest
flow rates, there is a lower limit of gas flow, under which the
gliding ceases entirely.

3.2.1. Maximum height distribution at normal gravity
conditions. In all presented graphs of average /hy,x
(figures 8-10), the error bars were also included. While for
lower heights the standard deviations were so small that the
error bars are practically unnoticeable, for higher positions
they were more prominent and the most outstanding they
were for the transition region in-between. In figure 11, the
instantaneous glide data (top and bottom) for three lowest gas
flows from figure 10 (i.e. the grey box) represent this
behaviour well. The distribution of #,,,, is markedly different
for these 3 flow rates. One observes (i) low height stable
region (here at 280 sccm), (ii) transition (or unstable) region
(here at 190 sccm) and (iii) upper height stable region (here at
90 sccm). It can be seen, that for 90 and 280 sccm (the two
stable regimes), each individual glide extinguishes at
approximately the same /., just as expected on grounds
of small error bars in figure 10 for corresponding data points.
However, the case of intermediate flow rate of 190 sccm
shows that even though the average value of &, was slightly
above 8cm, in reality the individual gliding arcs reached
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Figure 9. Average maximum height /., and gliding frequency of gliding arc in argon at several flow rates (150, 400 and 650 sccm) and 1g
gravity level as a function of primary voltage. Grey dashed line in left graph marks the upper border of the interelectrode region.
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Figure 10. Average maximum height (black squares) and gliding
frequency (red circles) of gliding arc in argon for 100 V primary
voltage and 1g gravity level as a function of flow rate. Grey dashed
line marks the upper border of the interelectrode region. Grey box
marks the region of rapid &,,,, decrease, discussed in section 3.2.1.

either much higher or much lower. Interestingly, most of them
were reaching either the A, values of lower or upper stable
region. The A, in unstable transition regions seems to be
oscillating between these two stable values and the steep, but
continuous, drop (in figure 10) or rise (in figures 8 and 9) of
average hp,.x is in fact just the gradual shift in the probability
of occurrence of these two values.

Several more features can be noticed in figure 11. For
90 sccm flow rate, many individual glides are disrupted by
shortcut events in the region above the electrodes (one
example is marked by grey triangle), just like described in
section 3.1. Further it can be seen that the higher the channel
ascended, the bigger was the vertical distance between its
instantaneous bottom and instantaneous top. This was always
the case when the gliding arc reached above the interelectrode

10

region, as plasma-electrode contact points, here corresp-
onding to the instantaneous bottom, can not move above the
electrode top edge (causing horizontal parts of blue curves,
one example is marked by grey circle). Smaller and more
gradual separation of the instantaneous top and bottom
sometimes occurred also in the interelectrode region, when
the movement of plasma channel on electrodes slowed down
(one example is marked by grey rectangle). The reason of this
is probably the discontinuous movement of the plasma-
electrode contact points, which rather ‘jump’ between local
irregularities of the electrode surface. The plasma channel
tends to ‘stick’ to the little bumps on the electrode edge
surface, where local electric field is intensified. Just when the
upwards forces overcome the advantages of this location, the
contact point moves higher to another such one. This can
cause the relatively slower movement of the plasma channel
on the electrodes than in the central, unobstructed part of the
plasma channel, resulting in different speed in instantaneous
bottom and top. However, the contact point movement over
the electrode roughness is a random process and the slowed
movement is not always observable and even when it is, it’s
magnitude differs as well.

3.3. Maximum height and gliding frequency in hypergravity

In figure 12, more results obtained in hypergravity conditions
are shown. Krypton was chosen as a working gas here,
because the hypergravity had more pronounced influence on
the discharge in krypton than in other gases, as is visible for
example in figure 3 (the biggest decrease in maximum
height). The effects of increased gravity on gliding arc are
presented for three krypton gas flow rates (the same flow rates
as in figure 9). The basic trend of increasing gravity influence
is similar to that of increasing flow rate and opposite to that of
increasing voltage at 1g conditions. It increases the gliding
frequency and decreases the average hy... The transition
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Figure 11. Continuous record (10 s) of instantaneous top and instantaneous bottom of gliding arc in argon. In the plot corresponding to
280 sccm, a magnified section of 3 s long interval is shown too. Grey dashed lines mark the upper border of the interelectrode region. Grey
circle, rectangle and triangle mark the features discussed in the text.
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Figure 13. Continuous record (3 s) of instantaneous top and instantaneous bottom of the gliding arc in krypton in the transition region (at 8g
and medium flow rate). Grey dashed line marks the upper border of the interelectrode region.

region is again present, but its significance varies among the
three flow rates. The steep decrease in average h,x is the
most pronounced for high gas flow rate. For medium gas flow
rate it becomes less visible, yet still observable and for the
lowest gas flow rate the decrease in average /., is gradual
and the transition region can be distinguished only by the
largest error bar at 12g. Importantly, the graph also shows that
increasing the gas flow, the transition region shifts to lower g-
levels, confirming the joint influence of the gas flow and
buoyant forces on plasma channel movement.

3.3.1. Maximum height distribution in hypergravity. Similarly
to figure 11, figure 13 also presents the instantaneous glide
data, but now under hypergravity conditions. It shows the
evolution of gliding motion for selected transition region data
point in figure 12 (medium gas flow, 8g hypergravity, marked
by the grey circle). Unlike before, there are not two (upper
and lower) stable values of maximum height that could be
distinguished. The increase in average k., seems to be no
longer a steep jump, as it was at 1g, it appears more gradual in
hypergravity and various maximum heights are represented.

3.4. Gas flow rate and hypergravity effects—similarities and
differences

The main forces that drive the plasma channel upwards are
the drag of gas flowing in the direction of gliding and the
gravity dependent buoyant force acting on a heated plasma
channel. In our experiment, these forces always acted
simultaneously and so the upward force could be increased
both by increasing the flow rate and/or increasing the g-level.
With a stronger resulting force, the channel moved upwards
faster. However, the faster moving channel suffered from
more massive losses [19] of internal energy and excited
plasma particles. As the losses increased, the power supply
was not able to sustain the plasma channel over certain length
and thus the maximum height necessarily decreased.
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At low gas flow rate and/or low gravity, the forces that
maintain the gliding motion became weaker and so the glid-
ing was slower. As the movement was slower and steadier,
the energy and particle losses got smaller and more remaining
excited particles helped to form the plasma, reducing the
power requirements for further prolonging and sustaining of
the plasma channel. The example of gliding arc appearance at
1g and low gas flow conditions can be seen in figure 14,
upper row.

However, there is a substantial difference between the
two forces, as the gas flow introduced through a single bottom
nozzle leads to strongly non-homogeneous drag force while
the hypergravity field is nearly homogeneous over the dis-
charge space (lateral and vertical gradients in LDC gondola
cause differences in order of tenths of g which do not influ-
ence the experiment significantly). Some of the resulting
differences in gliding arc appearance can be noticed on long
exposure photographs in figure 14. The middle set of pho-
tographs represents the gliding arc at high gas flow condi-
tions, while the lower set of photographs was taken during
hypergravity experiments from inside the centrifuge gondola
at 18g. At both high gas flow and high gravity conditions, the
strong upwards force caused high gliding frequency (in
comparison with the upper row of photographs), so each of
these long-exposure photographs comprises of many indivi-
dual glides overlaying each other. Loss of temporal resolution
makes the following of single filament difficult but it enables
the image to carry the additional statistical information.

The above-mentioned difference in gravity field and gas
flow velocity field leads to different shapes of the plasma
region. In the middle row of photographs, the high gas flow in
the axis of the nozzle results in a turbulent flow and plasma
channel deformation. This gas drag induced deformation is
more evident in the lower parts of interelectrode region,
where the flux of gas is not yet dispersed.

As the thermal buoyancy force is spread over the whole
plasma channel, the photographs in the lower row do not
exhibit the central ridge. However, the plasma channel seems
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Figure 14. Long exposure photographs of gliding arc in four noble gases (He, Ne, Ar, Kr). Upper row: 1g gravity level, low gas flow. Middle
row: 1g gravity level, high gas flow (1 slm higher). Lower row: 18g hypergravity level, low gas flow. The voltage and exposure time of
photographs might differ in individual photographs and they are not important for discussion in this article. For broader set of conditions,
more images can be found in [37]. Reproduced from [37]. © IOP Publishing Ltd. All rights reserved.
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to be subjected to a random warping, forming small undula-
tions. Overlaying minor irregularities can even mask the arc-
like shape beneath. In a homogeneous gravity field, the
buoyancy inhomogeneities leading to the channel warping
can be caused by the local temperature variations in plasma
channel. While these temperature deviations might not be
significant enough to cause a visible plasma channel defor-
mation under normal gravity, their influence becomes inten-
sified at higher g-levels, where the sufficiently uneven forces
acting on colder and hotter sections of the plasma channel
result in its deformation.

This difference in character of both forces can also
explain the presence /absence of well separated A, values in
transition region, observed only for regimes dominated by the
gas flow. Gas drag affects every plasma channel approxi-
mately the same and its effect is not very sensitive to local
variation in temperature. As a result, every channel is bended
in a similar way. As the gas drag is concentrated in the lower
parts of the inter-electrode region, high gliding speed and
therefore high losses make the channel susceptible to
quenching there. If any individual plasma channel happens to
escape this turbulent region, the channel then can expand to
its maximum elongation almost as in the case of low gas flow.
The result is that observed h,,,, values fall into two separate
sets—(i) either in lower, turbulent region or (ii) region
corresponding to full extension of the channel in the calm area
above the electrodes.

In contrast, the hypergravity is spatially homogenous, but
its warping effects depend on local temperature variations. As
aresult, each channel is developing differently, i.e. randomly.
High particle and heat losses due to high gliding speeds make
the channel susceptible to quenching as well, but due to
randomness of each channel, the h,,,, distribution is much
wider.

4. Conclusion

In this work, AC gliding arc discharge was studied under a wide
range of conditions by varying the type of gas and the flow rate,
the supplied voltage and even the artificial gravity level. The
focus of the investigation was on the characteristics of plasma
channel upwards movement originating from the gravity
dependent buoyant force and the flow rate dependent gas drag.

Detailed study of instantaneous position of moving
plasma channel during one glide revealed that peculiarities of
residual ionisation in plasma channel wake can affect the
plasma channel motion. At certain conditions the nonlinear,
sometimes even non-monotonous glides were observed.
Three types of plasma channel shortening events, dis-
tinguished by vertical position and voltage phase at occur-
rence, were identified.

A quasi-periodic character of the gliding arc discharge
encourages to complement the individual glide data by the
statistical approach over many glides. The averaged max-
imum height reached by plasma channel was found to follow
conceptually similar dependence on various parameters. The
maximum height distribution in transition region is though
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significantly different in the gas flow and in the gravity
dominated regimes. The long-exposure photographs showing
the general appearance of the gliding arc plasma helped to
link this behaviour in transition region to the differences in
spatial distribution of the two forces acting on plasma
channel.
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