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Abstract

This work reveals essential details of plasma-surface interaction in atmospheric air that are im-
portant for a wide range of applications, beginning from airflow control and up to the high-voltage
insulation. The paper discusses experimental data characterizing dynamics of development and
kinetics of energy coupling in surface dielectric barrier discharge (SDBD), atmospheric air plas-
mas sustained over dielectric surfaces, over a wide range of time scales. The experiments have
been conducted using microsecond pulse voltage waveform of single and alternating polarities.
Time-resolved discharge development and mechanisms of coupling with quiescent air are ana-
lyzed using nanosecond gate camera imaging, electrical measurements, and original surface
charge sensors. The results demonstrate several new, critically important processes overlooked in
previous studies. Specifically, it is shown that SDBD plasmas energy release may be significantly
increased by using an optimized waveform.
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1. Introduction

Beginning from early experiments [1]-[3], the analysis of mechanisms of a boundary-layer transition and sepa-
ration control using surface dielectric barrier discharge (SDBD) actuators continues to be one of the main trends
in active flow control studies. The numerous works are summarized in a set of reviews, [4]-[7] and references
within. It is a commonly accepted viewpoint that in the case of AC-powered SDBD the dominant mechanism of
a plasma-flow interaction is a near-wall flow entrainment by ions accelerated in a space charge region (EHD
flow acceleration), which is called an “ion wind”. This phenomenon appears to be well understood [8] [9]. The
magnitude of this effect is controlled by peak electric field and space charge density in the discharge (primarily
in near-electrode and/or streamer head regions). However, the increase of flow control authority is limited by
surface charge accumulation, which reduces the electric field in the plasma. It is also limited by the ionization
instability appearing in the form of discharge contraction (constriction in some papers), potentially making loca-
lized Joule heating a more significant effect. As a result, the use of EHD acceleration for high-speed flow con-
trol, at flow velocities of a few hundred m/s, remains challenging. Determining whether the actuator effect on

How to cite this paper: Houpt, A. and Leonov, S.B. (2015) Dynamics of Charge Transfer by Surface Electric Discharges in
Atmospheric Air. Journal of Applied Mathematics and Physics, 3, 1062-1071. http://dx.doi.org/10.4236/jamp.2015.38132



http://www.scirp.org/journal/jamp
http://dx.doi.org/10.4236/jamp.2015.38132
http://dx.doi.org/10.4236/jamp.2015.38132
http://www.scirp.org
mailto:sleonov@nd.edu

A. Houpt, S. B. Leonov

the flow at these conditions is caused by EHD body force or by localized Joule heating remains mostly an open
question.

In SDBD plasmas powered by high-voltage nanosecond pulse waveforms EHD acceleration appears to be in-
significant [10] [11]. The use of these plasma actuators in flows over airfoils at a non-zero angle of attack de-
monstrates significant modification in the flow pattern, resulting in boundary layer flow reattachment at high
flow velocities, M = 0.17 - 0.85, and over a wide range of pulse repetition rates [10] [12]. Some papers [11]
suggested that in this case the dominant effect of the plasma on the flow is caused by rapid localized heat gener-
ation in the actuator, rather than by EHD flow acceleration. Several papers [11] [13]-[15] consider the compres-
sion waves generated in nanosecond pulse DBD plasma actuators due to mechanism of fast heating [16] [17] as
the major agent of the plasma control effect. In spite of these detailed studies, there appears to be no direct evi-
dence that compression waves generated by heating on sub-acoustic time scale are indeed the dominant factor in
boundary layer tripping or generation of coherent flow structures.

In [18] there was shown that nanosecond (NS) SDBD plasmas generate high-amplitude, broadband, stochastic,
point-wise, near-surface perturbations on a long time scale (>100 ps) after the discharge pulse. It was demon-
strated experimentally that these “slow” perturbations, entirely different from previously observed compression
waves generated on a short time scale (~1 - 10 ps) after the pulse, are caused by discharge contraction and ori-
ginate from the ends of individual streamers where they attach to the surface. It was also demonstrated that dis-
charge contraction results in a significant increase of energy stored on the dielectric surface during and after the
NS discharge pulse, which in this case greatly exceeds energy dissipated as Joule heat (up to a factor of 3 - 4).

2. Experimental Arrangement

The experimental test cell is shown in Figure 1(a). The experiments have been performed in quiescent air at
atmospheric pressure. The discharge electrodes are made of adhesive copper tape 36 um thick, placed on the top
and bottom of an Al,O; dielectric plate 0.64 mm thick, used as a dielectric barrier, with the overlap between the
electrodes Ax = 10 mm [18]. The bottom (encapsulated) electrode was covered by Kapton dielectric film (50 um
thick). The bottom electrode was grounded, and the top electrode was powered by a microsecond scale pulse
power supply based on a TREK-20/20C high voltage amplifier. Figure 1 also illustrates the coordinate system
and the notations used in the present work, with the x axis directed parallel to the surface and perpendicular to
the high-voltage electrode edge, y axis parallel both to the surface and the high voltage electrode edge, and z axis
perpendicular to the surface. The origin of the coordinate system is at the edge of the high-voltage electrode.

The discharge diagnostics include a high voltage probe (Tektronix P6015A), a current probe (Pearson model
2877), an ICCD camera (Andor iStar, minimum gate 10 ns), and surface charge sensors (CS). The surface
charge sensors (CS) [18] are small rectangular shape copper strips with the dimensions x x y = 3 x 25 mm,
placed on the bottom of the Al,O; plate (dielectric barrier), covered by the Kapton dielectric tape layer, and then
shielded by a ground electrode, as shown in Figure 1(b). Four sensors were placed on the surface in the first
experimental series (Section 3.1) with the distance from the exposed electrode, x = 4, 8, 12, and 16 mm, corres-
pondingly. Five sensors were used in the second series (Section 4) with the distance from the exposed electrode
x =3,7.5,12, 16, and 21 mm, correspondingly. During the discharge operation, the time-dependent potential of
each sensor was measured by the high-voltage probes. Based on voltage and current waveform measurements
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Figure 1. Experimental test cell layout (a); Scheme of the charge sensor assembly (b).
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and ICCD plasma images, it may be concluded that the presence of a surface charge sensor has a negligible ef-
fect on DBD plasma parameters. The RC time constant of the sensor/voltage probe circuit is 7= RC = 6 ms. The
following equation was used to recalculate the surface electric potential U, from the measured value Uy, (R is
the resistance of the voltage probe), taking into account slow charge removal from the sensor via the high-
voltage probe:

Up(t):Um(t)-[l+2)+

o1 JUn () -de @)

Cl-R

In the first experimental series (Section 3.1) the power supply (TREK 20/20C plus function generator) oper-
ates in burst mode as shown in Figure 2(a) similar for positive and negative polarity pulses. The voltage ampli-
tude is U = 18 kV, duration of each pulse is t = 0.2 ms, repetition period T = 0.5 ms, and typical number of
pulses is N = 20. Figure 2(a) right shows the waveform in a more detailed view indicating the rather long fronts
of the voltage pulses dU/dt ~ 10° V/s.

The second experimental series (Section 3.2) was performed with a new version of the HV amplifier TREK
20/20C HS. A custom designed mixer of signals was used to make a waveform of HV power supply with alter-
nating polarity of the pulses in the burst. The typical waveform is shown in Figure 2(b). The voltage amplitude
is U = 12 - 15 kV, duration of each pulse is t = 0.05 ms, repetition period T = 0.5 ms, and typical number of
pulses is N = 16. Figure 2(b) right shows the waveform in a more detailed view indicating much shorter fronts
of the voltage pulses, dU/dt ~ 5 x 10° V/s, than those in the case of TREK 20/20C. Note, the pulse sequence
may start with a pulse of positive or negative polarity and the delay time between individual pulses may be ad-
justed independently. Figure 2(b) shows a well-recognized correlation between the current peaks and the charge
deposition events (charge sensors data). It is also seen that the electric charge can be deposited by some kind of
wave, which has quite a low speed: V¢, ~ 400 - 800 m/s for the positive polarity and V¢, ~ 300 - 400 m/s for the
negative polarity. The charge deposition also occurs due to a fast process related to the discharge contraction,

see below.
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Figure 2. Typical waveforms in a burst mode of single (a) and alternating (b) polarities. Discharge vol-
tage, Ud; discharge current Id; data from the first sensor, S1; and data from the second sensor, S2.
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3. Experimental Results
3.1. Single Polarity Waveform

The surface charge dynamics were measured by the CSs. Typical data for the charge deposition is shown in
Figure 3 at positive and negative polarity of the supplied voltage. Note that the sensor data starts from zero in
each new burst. The data from the first sensor, the nearest to the high voltage electrode, is significantly different
compared to the next sensors. In this area the dielectric surface is charged by the plasma and most of the charge
quickly dissipates before reaching the other sensors. The amplitude of the charge oscillations is as high as AU >
10 kV at both positive and negative polarities. Contrary to the first sensor, the sensors located far from the HV
electrode indicate the fast saturation of the surface charge deposited with a low magnitude of oscillations. It is
important to note that between the pulses the signal taken from the second sensor, and in some cases from the
third sensor (surface potential at this position), is higher than that of the first sensor, see Figure 3.

The first effect observed is that the amplitude of the surface charge is strongly influenced by a pre-history of
SDBD operation. Three modes are considered for further analysis:

1) the surface is uncharged before the burst by means of application of a conducting brush;

2) the surface is charged by a previous burst of opposite polarity with no discharge contraction at negative
polarity; and

3) the surface is charged by a previous burst of opposite polarity and a discharge contraction is observed at
negative polarity.

The first pulse of the burst delivers the maximal electric charge compared to the next pulses except for CS3
and CS4 for the negative polarity. In the last case some charge “bleeding” to the areas far from the HV electrode,
x > 10 mm, is observed. This pattern drastically changes when the contraction of the SDBD at negative polarity
takes place. The most apparent difference between surface charge density dynamics in alternating polarity mode
and single polarity mode discharges is in significantly higher charge transfer to the surface in the alternating po-
larity discharge. There is a substantial difference in transferred charge value and dynamics in regular discharge
mode (streamer type discharge at positive polarity and diffusive pattern at negative polarity) compared to con-
traction mode at negative polarity. The contraction is typically observed at the first pulse in the burst and only if
this burst is presided by positive polarity pulses. Figure 4 shows the camera images of SDBD at the end of the
first pulse in negative burst. The deposited charge distribution is considerably different in these two cases, as it
is shown in Figure 5.

Several studies [19] [20] report that increasing the driving voltage above a certain threshold or increasing the
pulse duration to microsecond range results in the formation of leaders, or “negative surface spark” structures in
the negative polarity discharge. In nanosecond duration, negative polarity pulses (zuse << 100 ns), the genera-
tion of “negative sparks” appears unlikely. The work [21] discussed the transition of NS SDBD to a “filamenta-
ry” mode although it looks to be a different process than considered in the current paper.
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Figure 3. Surface charge sensors typical traces. S1-S4—sensor numbers from closest to exposed electrode to the furthest

away. (a) Positive polarity; (b) Negative polarity.
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Figure 4. ISSD camera images of the SDBD in diffusive (a) and contrac-
tion (b) mode. Negative polarity, first pulse in the burst.
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Figure 5. Electric potential distribution over the surface at and after the negative pulses. (a) No discharge contraction; (b)
Discharge contraction observed.

An analysis of the data collected by the charge sensors was used to quantify the effect of discharge contrac-
tion and waveform polarity on charge transfer and energy coupled. The result of these measurements is summa-
rized in Figure 5. The electric potential distribution is shown for five moments in time: at the beginning of the
first pulse in the burst, t = 50 us; at the end of the first pulse, t = 180 ps; after the first pulse, t = 300 ps; right af-
ter the 20" pulse, t = 10.2 ms; and 10 ms after the burst, t = 20 ms. The processes of charge accumulation and
bleeding from the area in the immediate vicinity of the exposed electrode are well recognized. The result of the
discharge contraction appears in a significantly more distant zone of charged surface. An integral charge depo-
sited in the case of contraction is estimated to be as high as Q > 1 uC while it is about Q ~ 0.1 uC in the case of
diffusive discharge. An electrostatic energy stored on the surface is estimated to be E > 10 mJ in contraction
mode and ten times less in the case of the diffusive mode.

The data processing indicates that the discharge contraction significantly increases the energy stored on the
dielectric surface, which in this case may exceed the energy dissipated as Joule heat. The stored energy is dissi-
pated if the discharge pulse is followed by an opposite polarity pulse. In a single polarity discharge, on the other
hand, surface charge accumulation limits energy coupled to the plasma by subsequent pulses.

3.2. Alternating Polarity Waveform

For the second experimental series with the alternating polarity of pulses the analysis of the charge deposition
dynamics and distribution over the dielectric surface is fulfilled based on the data of the charge sensors. Figure
2(b) and Figure 6 presents the recalculated set of the oscilloscope records: the measured values are refined
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Figure 6. The surface electric potential dynamics depending on the pulse number, detail view. (a) The first positive and neg-
ative pulses; (b) The 8™ positive and negative pulses.

using Equation (1). Three datasets are shown for comparison: alternating polarity (two charts, for sensors S1-S4
and for S1-S3, S5), positive polarity, and negative polarity pulse sequences. The amplitude of the supplied vol-
tage (HV amplifier output without the test cell) is similar for all three cases, U = 15 kV. Note, some residual
surface charge may remain on the dielectric surface originating from a previous burst regardless of surface neu-
tralization procedure.

An essential dissimilarity between the bipolar pulse and the single polarity pulse trains is apparent. Looking at
CS2-CS4 a change of the surface potential during the single polarity pulses is negligibly small compared to al-
ternating polarity pulses, except for the first pulse. The stepwise modulation of the surface potential for a bipolar
pulse train means a significant charge transfer (read: electrical current) up to Q > 1 puC with each pulse. Second,
a surface area relevant to the charge deposition is bigger for the bipolar pulses than for the single polarity, espe-
cially the negative polarity pulses. The length of the charge deposition area is x < 12 mm in the case of single
polarity while for the bipolar pulsing it is x > 21 mm. The third important feature of the discharge operation is a
“swing” effect of the surface potential. This phenomenon appears as a result of an increase of the amplitude of
charge deposition during a few first pulses, see Figure 6. The nature of the swing effect is an increase of effec-
tive longitudinal electric field E, = (Ux — U,)/x per pulse due to a rise of the charge of opposite polarity depo-
sited in the previous pulse. All features described above are closely related to the process of the discharge con-
traction.

Detailed data on the surface charge dynamics is presented in Figure 6 for the first pair of pulses, and for the
8" pairs of pulses taken in two realizations. These data are complemented with the images in Figure 7 synchro-
nized to the HV pulses and taken with exposure time 7= 100 ps. The first positive pulse leads to a more or less
slow and gradual charging of the dielectric surface. The discharge looks to be diffusive, as it is shown in Figure
7(a). The first negative pulse demonstrates a two-stage process of the surface “recharging”: a slow charge depo-
sition followed by a stepwise process of charge transfer up to the position of CS3. This second stage correlated
well to the start of the discharge contraction, see Figure 7(d). The contraction process is observed to be stronger
during the latter pulses for both polarity pulses. Finally the discharge propagates far from the HV electrode by a
single stroke at positive polarity pulses and by 2 or several strokes at negative polarity pulses, as it is shown in
Figure 6(b) and Figure 7(c) and Figure 7(f).

As it was shown in previous work [18], surface charge decay occurs on three significantly different time
scales: t~ 1 ps, t~ 100 ps, and t > 10?s. The t ~ 1 ps time scale process is likely to be controlled by near-surface
charge drift in the plasma in the “reverse” electric field sustained during the voltage reduction on the electrode.
This fast process could not be observed in current experimental series because of the HV pulses time scale. The
slower surface charge removal process is likely caused by an ion drift and a drift of surface-trapped charges. In
the current test this time scale occurs a bit shorter, t ~ 30 us, and may be explained by a replacement of the di-
electric material, Alumina ceramics vs Kapton. Both these processes result in additional energy release near and
at the dielectric surface. The time scale for the rapid process of surface charge decay depends strongly on the
distance from the electrode, as illustrated in Figure 6. Basically, surface charge is removed more rapidly from
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(d) (®)
Figure 7. Discharge images, taken sequentially in the burst. Top row ((a)-(c)) positive polarity; bottom

row ((d)-(f)) negative polarity. The pulse pair number is #1 ((a) and (d)), #2 ((b) and (e)), and #8 ((c)
and (f)). The HV electrode and CS positions are indicated by insertion in (b) and (e) images.

the region close to the high-voltage electrode, and the asymptotic surface charge density is typically lower com-
pared to regions further away from the electrode. The charge deposited on the dielectric surface further away
from the electrode stays there for a longer time, and a significant fraction of it, up to o~ 0.2 uC/cm?, remains
there until arrival of an opposite polarity pulse. The last time scale is approximate and strongly depends on the
ambient conditions, such that the residual charge can be detected on the surface after several hours.

The distribution of the electric potential over the dielectric surface is shown in Figure 8 for the positive and
the negative polarities of the supplied voltage. It is acquired from the charge sensor data and is shown for three
moments in time: 1) maximal voltage at the first pulse in the burst, t = 50 ps and 250 ps; 2) maximal voltage at
the fifth pulse in the burst, t = 2550 ps and 2750 ps; and after the fifth pulse in the burst, t = 2650 ps and 2850
ps. For comparison, the distribution of the surface potential for single polarity pulses are shown as well.

The discharge contraction, which is observed to begin on the 3" pulse at the latest, significantly increases the
surface area charged by the plasma. No less important to the energy balance is that those portions of the electric
charge (deposited far from the HV electrode) are not being removed from the surface after the pulse but remain
there before the pulse of opposite polarity comes.

The analysis performed above allows us to quantify the energy balance of the discharge in the considered
configuration. The total energy coupled at the regular pulse (after, at least, 5 pairs of pulses) is calculated by
means of a typical method [18] using the data on the discharge voltage and current. The electrostatic energy
stored on the dielectric surface is estimated based on the data of the charge sensors. The potential of the surface
at x > 35 mm is assumed to be negligibly small. Note, the discharge demonstrates a significant scattering in the
parameters especially when the contraction takes place. Some data in Table 1, such as the total energy release
during the pulse, reflect statistically processed values. Most data, such as an electrostatic energy which is stored
on the surface between the pulses, is acquired in an individual run which possesses typical parameters for this
test series.

An observation of Table 1 allows for a few conclusions to be made. The total energy coupled during the HV
pulse for the alternating polarity supplying pattern is 2 - 4 times higher than that of the single polarity pulses.
The electrostatic energy stored on the dielectric surface is significantly higher as well mainly because of the re-
markably bigger area of charged surface. In the case of single polarity some portion of this energy remains on
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Figure 8. Typical distribution of the electric potential over the surface for the 1% pulse in the
burst, at the 5™ pulse, after the 5™ pulse, and for a single polarity at the 8" pulse. (a) Positive po-
larity; (b) Negative polarity.

Table 1. Energy balance of the SDBD powered by 50 ps pulses of alternating and single polarity, U = 14 kV.

Parameter Alternating polarity pulses Single polarity pulses
Pulse polarity + - + -
Total energy coupled per regular pulse, mJ 6+2 6+2 15+05 2+05
Electrostatic energy at Upax, 1% pulse, mJ 4.4 3.6 2.8 2.2
Electrostatic energy at Unmax, regular pulse, mJ 7.4 6.8 35 2.8
Electrostatic energy 100 s after pulse, mJ 3.1 2.7 0.6 0.2

the surface between the pulses but most of it dissipates with a time scale of t ~ 30 ps. Contrary to that, in the
case of alternating polarity a significant fraction of the energy is conserved on the surface in the electrostatic
form. It partially releases at an opposite polarity pulse.

The dynamics of the surface potential distribution during an individual pulse and after it is presented in Fig-
ure 9. An initial distribution at t = 0 is established by the previous pulse of opposite polarity. Before the dis-
charge contraction t < 40 s the potential grows almost linearly in the area x < 16 mm. This pattern roughly cor-
responds to the semi-empirical phenomenological models considered in [22] [23]. Then, at t > 40 ys, the process
of the discharge contraction modifies the surface potential to have a more flatprofile. After the decrease of the
HV electrode voltage, the surface potential distribution relaxes in the near-electrode zone but remains stable at
x > 10 mm. The “flash” of the discharge contraction occurs at the time of maximal value of the electric field.
The spatial resolution of the CSs does not allow a real value of the local electric field to be measured but does
allow for an estimate of the lower limit of the electric field for the contraction development, E . > 15 kV/cm.
Based on the experimental data of this test series the contraction “flash” may be roughly characterized by the
following parameters: duration of current peak t < 100 ns, electric charge deposited 0.1 uC < Q < 1 uC, and
electric current 1 > 1 A

4. Summary

This experimental study of atmospheric SDBD examines different supplied voltage waveforms in terms of sur-
face charge dynamics and energy release in the near-surface gas. It also extends the experimental findings of
previous work [18] from nanosecond time scale pulses to microsecond time scale pulses. There appears to be lit-
tle difference in the physical processes between these time scales. But this variance in time scale may be appar-
ent in the dynamics of interaction with high-speed flow. The time scales discussed in this paper (>10 ps) are
higher than a characteristic gas dynamic time in high-speed flow (~10 ps) whereas previous works are on a scale
smaller (~10 - 100 ns) than this.

The time-dependent distribution of the surface electric potential is measured by means of original charge
sensors. It is shown that the alternating polarity of the supplied voltage gives a significant benefit in the
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pulse, Upax = 15 kV.

discharge area and the power deposition, increasing it by a factor of 2 - 4. The key factor of the discharge dy-
namics is the development of ionization instability that appears in the contraction of the discharge current and
formation of the filamentary structure of the plasma for both positive and negative polarities. The contraction
significantly increases the effective area of the electric charge deposition. A main criterion of the discharge con-
traction is the generation of a zone with a high level of longitudinal electric field, not less than 15 kV/cm, rea-
lized at a change of the sign of the surface charge.

The results demonstrate that surface plasma actuator control authority may be remarkably increased by using
an alternating polarity pulse waveform, which is more effective than the removal of surface charge between the
pulses.
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