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ABSTRACT

The thermal effects of a pulsed nanosecond dielectric barrier discharge plasma actuator (NSDBD) with varying pulse voltages and pulse
repetitive frequencies under different air pressures ranging from 0.1 to 1 bar are studied experimentally. By observing discharge features with
a charge-coupled device camera, the transition from a filamentary discharge mode to a diffuse mode with decreasing air pressure is described.
The filamentary streamers extend along the radius direction, forming a thicker yet more stable and uniform plasma region due to the increas-
ing ionized volume yielded by the decreasing air pressure to maintain the high values of the reduced electric field. The spatiotemporal tem-
perature distribution on the surface is captured by an infrared camera, indicating that the heated surface can be divided into three typical
regions with different features. Because gas heating is generated in the quenching process of excited molecules, the maximum temperature
increase on the surface occurs in the plasma region and attenuates downstream. The surface temperature increase is primarily caused by heat
convection from the residual heat in plasma and the heat generated by the dielectric losses. The results of heat flux on the surface suggest
that the rising applied voltage may not increase the heat flux in a moderate air pressure ranging from 0.6 to 0.8 bar. Different discharge
modes and discharge parameters exhibit markedly different thermal performances. Also, the Schlieren technique and the pressure sensor are
used to visualize the induced shock wave, estimate the thermal expansion region, and measure the overpressure strength. The results of the
overpressure strength at different air pressures are similar to the thermal features, which highlights the strong influence of the discharge
mode on the thermal effect of NSDBD plasma actuators.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0127251

I. INTRODUCTION

Active flow control adds energy or momentum to airflow in a
regulated manner and can be turned on or off as necessary, which has
become a rapidly developing area over the past few decades.’ Active

electrical discharge caused by the ionization of a fluid such as air sur-
rounding a high-voltage conductor. An ionized wind will be generated
near the wall when a pair of strip electrodes is set oppositely.'” A spark
discharge is applied in different actuators, such as plasma synthetic jet
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flow control via plasma actuators has attracted a lot of attention in
research due to its flexibility, high efficiency, and fast response. Active
flow control has been widely applied to improve aerodynamic perfor-
mance, including the elimination of flow separation on an airfoil, ™’
drag reduction,” noise control,”” and suppression of the vortex-
induced vibration of structures.””

Typically, the working principle of plasma actuators is based on
forming a low-temperature plasma through ionizing gas molecules
between a pair of electrodes under a high voltage. Various plasma
actuators are used based on different discharge types, such as corona,
dielectric barrier, and spark discharges. A corona discharge is an

actuators (PSJAs)'' and localized arc filament plasma actuators
(LAFPAs)."” A surface dielectric barrier discharge (DBD) plasma actu-
ator, which is typically composed of four primary parts (a high-voltage
power, an exposed electrode, an insulated electrode, and a dielectric
barrier between these two electrodes) has been applied to a variety of
flow control problems. For a DBD plasma actuator, the discharge fea-
tures heavily depend on the input waveform. As a widely used flow
control method, such as rolling moment control,''* a high-frequency
alternative current voltage-driven DBD plasma actuator (ACDBD) is
characterized by a relatively large-scale local flow motion known as
ionic wind. Compared to ACDBD, nanosecond dielectric barrier
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discharge plasma actuator (NSDBD) discharge supplied with a
nanosecond-scale pulse duration has a much higher power density,
leading to a fast-heating process. After each discharge pulse, energy
deposition occurs quickly in the vicinity of the discharge streamers to
form a strong thermalized area. This fast-heating process is essentially
a direct excitation of molecules by electron impacts followed by fast
quenching or decomposition with “hot” atom formation,"” which will
be discussed in detail in Sec. III C. Then, an induced shock wave origi-
nates at each discharge streamer and propagates to the surrounding
air.'® Therefore, the residual heat stemming from the energy deposi-
tion and the baroclinic vorticity caused by the interaction between the
induced shock wave and the mainstream are the two fundamental
characteristics of NSDBD plasma actuators, which have been regarded
as control mechanisms. An ACDBD also releases thermal energy to
the surrounding air.'” A series of ultrasounds was observed when an
ACDBD was excited at a few kHz frequencies by Zhang et al."® They
hypothesized that the streamer discharge in the positive-going cycle
plays an important role in generating the induced ultrasound.

NSDBD plasma actuators have been verified to be effective in
active flow control, including the suppression of flow separation over
an airfoil'”” ' or a backward-facing step”” and control of the
boundary-layer transition over a flat plate,”’ both experimentally and
numerically. Recently, some studies have addressed supersonic flow
control. An early attempt was made by Nishihara et al,”* who used an
NSDBD plasma actuator to control a Mach-5 flow over a cylinder.
Then, Bisek et al.”” and Zheng et al.”® numerically reproduced the
flow phenomenon observed by Nishihara et al.** using a phenomeno-
logical model and a self-similar plasma model, respectively. They
found that NSDBD plasma actuators effectively moved the standing
bow shock with a minimum energy budget and that the drag of the
cylinder decreased appreciably. Thus, a supersonic maneuver can be
achieved by changing the normal force and pitching moment using
NSDBD plasma actuators. Kinefuchi et al.””** experimentally and
numerically investigated the control effects of NSDBD on flow separa-
tion induced by an impinging oblique shock over a flat plate. They
found that the canted electrode can induce vorticity production, which
results in momentum transfer from the primary flow to the boundary
layer and consequently inhibits flow separation.

The aforementioned studies indicate that NSDBD is a novel and
potential technology for subsonic and supersonic flow control. Thus,
comprehensive investigations of the NSDBD’s characteristics in the
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induced shock and energy deposition have attracted the attention of
many researchers, which is of both fundamental and practical impor-
tance. Zhao et al.”” investigated the induced shock waves and subse-
quent flow dynamics of an NSDBD plasma actuator and attributed the
shock wave to a microblast. The time evolution of the shock pressure
profile follows the Friedlander equation well. Zhang et al.” studied the
induced shock wave and starting vortex features and found that the
velocity of a starting vortex markedly increases with a short pulse rise
time due to an increased reduced electric field E/N. For residual heat
accumulation, Correale et al.'® measured the energy deposition region
in different dielectric materials with various dielectric constants, vol-
ume resistivities, and thermal conductivities. They found that a high
dielectric strength and a low volumetric resistivity are preferred for a
barrier, together with a high heat capacitance and a low thermal con-
ductivity coefficient, to maximize the efficiency of the thermal energy
deposition induced by an NSDBD plasma actuator. Ndong et al.”’
indicated that geometric parameters, such as the electrode length and
gap, drastically modify the plasma behavior. According to the fast-
heating process, the application of icing mitigation on aircraft was
investigated.”” ™ Liu et al.” investigated the unsteady heat transfer
process over the airfoil/wing model exposed in frozen-cold airflows
and found that the thermal characteristics are closely coupled with the
boundary layer airflow. The anti-/deicing performance can be dramat-
ically improved by increasing the pulse repetition frequency (PRF).
Table I shows the voltage, PRF, air pressure, and energy input
involved in the current research on the NSDBD plasma actuator’s
characteristics. Thereinto, for the thermal effects, Starikovskii et al.””
estimated the gas temperature using emission spectra of 0 to 0 transi-
tion of the 2* system of the nitrogen molecule with an unresolved
rotational structure. They found that the temperature increase is 40 K
during the discharge phase and additional 100K after 1 us in the first
pulse on the discharge gap (energy input 11 mJ). Correale et al.” mea-
sured the surface temperature increase with different dielectric layer
thicknesses and materials and quantified the heating efficiency of the
NSDBD plasma actuator. In addition, for the low air pressure,
Nudnova et al.* indicated fast gas heating is almost independent of
pressure in the range 450-760 Torr (~0.6-1 atm) under a low applied
voltage between 17.5 and 20.5kV. However, the temperature increase
for 1 us reduces to 50-70 K at 300 Torr (~0.4atm). This change may
be highly related to the discharge mode transition, which is a function
of the applied high voltage and the gas pressure."' However, to date,

TABLE I. Parameters given in the literature for the NSDBD plasma actuators’ characteristics.

Authors Voltage (kV) PRF (kHz) Air pressure (atm) Energy input (m]J/cm per pulse)
Starikovskii et al.,"”” 2009 12, 25, 50 One pulse 0.3-1.8 0.2-0.6
Takashima et al.,”® 2011 10-20 0.1-1 1 0.3
Little et al.,” 2012 15 0.01-1 1 0.3
Ndong et al.,”' 2013 5,10 0.01 1 0.2
Correale ef al.,'**” 2015 10 0.1,1 1 0.08
Nudnova et al.,*’ 2015 17.5,20.5 One pulse 0.4-1 0.5 m]/mm3
Liu ef al.,”® 2019 10 1-6 1 0.2
Wei et al.,”* 2019 8 6 1 0.4
Zhang et al.,”’ 2019 13.5 0.5,1 1 0.5
Current study 25,35 1,2,3 0.1-1 0.75-2
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the thermal performance of an NSDBD plasma actuator is still unclear,
which is considered a dominant mechanism, particularly under a wide
range of air pressures from 0.1 to 1atm in the troposphere where the
air vehicles travel and with a high PRF. Therefore, the investigation of
NSDBD thermal performance at low air pressure has practical impor-
tance in the field of active flow control. As a first step, this paper aims
to systematically investigate the discharge characteristics of an
NSDBD plasma actuator under different air pressures in the quiescent
air with experiments and the corresponding efficiencies, as well as the
effects of residual heat stemming from the energy deposition on the
flow. Meanwhile, to compare with other research studies, extremely
high applied voltages and frequencies are used to explore the applica-
tion feasibility of NSDBD plasma actuators in the aeronautical
industry.

The remainder of this paper is organized as follows. Section II
describes the experimental setup. In Sec. IT], the energy input measure-
ment and discharge features captured by a charge-coupled device
(CCD) camera at different air pressures are first discussed in detail.
Then, temperature measurements using IR thermography on the sur-
face are conducted in quiescent air to estimate heat deposition on and
conduction to the dielectric surface. The surface temperature increase
is characterized against various parameters, such as the applied volt-
age, frequency, and air pressure. The dynamics and strength of the
induced shock and the evolution of the heated fluid are carefully dis-
cussed. Eventually, a comparison of the heating efficiency under vari-
ous air pressures is made. Finally, conclusions are provided in Sec. TV.

Il. EXPERIMENTAL SETUP
A. NSDBD plasma actuators

The NSDBD plasma actuator consists of two electrodes made of
0.01-mm-thick copper mounted on both sides of a dielectric layer,
which was made of four layers of Kapton films with a total thickness
of 0.02 mm. The spanwise length of the actuator was 100 mm, and the
widths of the exposed (L.) and insulated electrodes were 5 and 20 mm,
respectively, as shown in Fig. 1(a). In this study, the long-insulated
electrode is selected to maintain sufficient extension of the discharge
streamers. There was no gap or overlap between the two electrodes.
The actuator was placed flush on a 10-mm-thick acrylic flat plate as an
insulated plane to prevent plasma formation below the dielectric layer.
The insulated plane was placed on a thick foam plate to insulate the
heat transfer from the bottom surface. The coordinate system was

(a) Copper L f {_Jrc
shielding\ DAQ
PCB sensor—__ Induced i i
- Dielectric
7 3 ShQCk Wave barrier layer
Exposed =~ =~
H | electrode; Vi " Insulated
- L x V7 _Plasma/ ~ €lectrode
£ 3 __Insulated
e plane
(=) ~
5 mm 20 mm ~ Foam
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constructed at the junction of the edges of the two electrodes, as shown
in Fig. 1(a). The x axis coincides with the plasma streamer direction,
and the y axis points in the vertical direction.

Voltages of 25 and 35kV were applied by a nanosecond pulse
generator (NPG 18/3500) with pulse repetition frequencies of 1000,
2000, and 3000 Hz. The applied voltage and current were measured
using a high-voltage probe (Tektronix P6015A) and a current shunt
probe (Megaimpulse CS-10/500), respectively. Both electrical signals
were recorded by an oscilloscope (Agilent DSO-2014A) with a band-
width of 100 MHz and a sampling rate of 2 GSa/s. In addition, a syn-
chronization system was set up using a synchronizer (BNC Delay
Pulse Generator 575-8C). A photocoupled circuit was used in the trig-
ger system to reduce the electromagnetic interference (EMI) in the
data acquisition system. The system was connected using high-voltage
coaxial cables (RG 217) with four shielding layers.

The plasma actuator was mounted into a constant volume low-
pressure chamber with three optical windows that were 200 mm in
diameter [Fig. 1(b)]. The top optical window was made of silicon with
a 95% transmittivity on the infrared wave and served as an observation
window for the infrared camera. The discharge images and schlieren
diagnostics were acquired through two side windows made of quartz.
When performing a specific optical experiment, the irrelevant win-
dows were covered with lids to avoid light getting inside the discharge
chamber. The discharge chamber was pumped down to 0.1 to 1.0 bar
in the experiments, and the initial pressure and temperature were
monitored by a pressure transductor (Kulite XT-190SM-250A) and a
thermocouple (TES-1310) mounted on the chamber bottom.
According to the ideal gas equation of state, the temperature might
decay slightly under a lower pressure when the volume is constant.
The initial temperature in the discharge chamber decreases by 0.8 K
from 1 to 0.1 atm. Table II shows the initial gas states of each case. In
addition, the measurement uncertainty of the initial gas state is 1.7 kPa
(~0.1%) and 0.1K (~0.4%), for pressure and temperature, respec-
tively, which lead to the density uncertainty of 0.02kgm™> (~1.6%)
subsequently.

B. Infrared thermography and discharge visualization

The surface temperature of the NSDBD plasma actuator was
measured using a midwave infrared camera (FLIR A6751 sc) with a
25-mm lens. Two calibrated temperature intervals ranging from 10 to

®) pe

® & |

= H

o 4=
Lok ®

FIG. 1. (a) Schematics of the NSDBD plasma actuator and setup of the pressure sensor; (b) schematic representation of experimental setup. (1) Surface DBD plasma actua-
tor, (2) observation window, (3) discharge chamber, (4) pressure transducer, (5) thermometer, (6) high-voltage flange, (7) current shunt, (8) voltage probe, (9) oscilloscope,
(10) nanosecond pulse generator, (11) synchronizer, (12) infrared camera/CCD camera, and (13) data acquisition (DAQ) system.
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TABLE Il. Initial gas state in the discharge chamber.

Cases (bar) 1 0.8 0.6 0.4 0.2 0.1

P (Pa) 103 182.9 80463.2 60640.5 41608.2 21008.6 11072.2
T (K) 295.61 29542 29558 295.65 29498 294.84
p (kg m ) 1215 0948 0.715 0490 0.248 0.131

90 and 35 to 150 °C were used, and the measurement accuracy was
0.018°C. In this paper, the change in temperature (AT = T, — Tipitial)
is reported rather than the absolute temperature. After each test, the
wall of the test section was removed to initialize the ambient condition.
All diagnostics were performed at least three times, and comparisons
of the results showed that the observations were repeatable. The initial
temperature Tia Of the dielectric layer was measured before each
experiment. The sampling frequency of the infrared camera was set at
100 Hz with a frame resolution of 4.2 pixels/mm. The infrared camera
was installed above a silicon window mounted on the discharge cham-
ber, which has a 95% transmissivity at infrared wavelengths. The sur-
face heat flux can be calculated from the temperature time series using
the one—dimensional semi-infinite model developed by Cook and
Felderman.”” This method has been widely used to calculate the sur-
face heat flux.”**** The equation is

POk T— Ty
SR =

where g, Tj, and t,, are the heat flux, surface temperature, and time of
step n, respectively; and p, Cp, and k are the density, specific heat
capacity, and thermal conductivity of the model surface material. In
this study, p, Cps and k are equal to 1420 kg/m3, 1090 J/kg K, and
0.12W/mK, respectively, for the Kapton tape used in the experiment.
Notably, Kapton polyimide film retains its physical properties over a
wide temperature range; especially, the density and specific heat capac-
ity have almost no changes in the temperature range of the experi-
ments. After a careful estimation,”” the measurement uncertainty of
thermal physical properties (caused by temperature) is neglected in
this study.

In addition, a CCD camera (PCO.pixelfly) with a Nikon AF
Microlens (60 mm f1:2.8D) was used to visualize the plasma generated
by the NSDBD plasma actuator. The camera exposure time was varied
with the PRF to keep the same numbers of pulses covered during one
exposure time. The sampling frequency was set at 10 Hz with a resolu-
tion of 1392 x 1040 pixels. The frame resolution was 14.35 pixels/mm.

qn =2 (1)

C. Overpressure measurement

A fast-response dynamic pressure transducer (model PCB
132A31) was used to record the pressure profiles of induced shock
waves. The pressure sensor was protected with copper shielding to
weaken the electromagnetic interference and mounted facing normal
to the actuator surface at the origin point, as shown in Fig. 1(a). The
rise time of the sensor was less than 0.5 us, and the resolution is 7 Pa.
The data were acquired by the DAQ device (Model NI Pxle-6368) at a
sampling frequency of 2 MHz. A height gauge (model Mitutoyo 192-
616) with a 0.05-mm resolution was used to measure the distance
from the sensor center to the actuator surface.
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D. Schlieren setup

A Schlieren technique was used to capture the shock structures
and estimate their propagation velocities. This optical diagnostic tech-
nique is based on the variation in the medium refractive index caused
by the change in the gas density.”” The Schlieren system (WCL250G)
was composed of a collimation and viewing system. A xenon lamp
with an intensity of 80-300 mW/cm® was used as a light source. To
obtain a high-resolution Schlieren image, a Nikon Nikkor Microlens
(105mm f1:2.8D) was used, producing a spatial image resolution of
approximately 0.11 mm/pixel. Shock structures were recorded using a
high-speed camera (FASTCAM SA-Z type 2100K-M-32GB) with a
resolution of 640 x 280 pixels. To record the propagation of the
induced shock, the frame rate and shutter of the high-speed camera
were set as 100 kHz and 0.25 us, respectively.

D. Uncertainty of the secondary parameters

To keep the confidence of secondary parameter’s uncertainty as a
function of measured parameter’s uncertainty, the uncertainty propa-
gation method was used in this study. Consider a derived quantity of
interest y, which is a general function F of N measured variables x;,
withi=1,2,...,N.

Yy = F(xl,xz,...,xN). (2)

The variance of y is

OF OF
Z:Z (‘i)xl axj x’ ,Xj)O'x, Oy

(0]

i=1

O'x, +2 774P(xi 7xj)o-x,o'x}»a (3)
]

where p(x;, x;) is the cross-correlation coefficient between x;, x;,
defined by

P(Xiy Xj) = COV(Xi, X})/OxiOy. (4)

When x; and x; are statistic independent, p(x;, x;) = 0 [cov(x;, x;) = 0]
and the Eq. (3) reduces to

®)

(6)

Here, t is the confidence coefficient.

lll. RESULTS AND DISCUSSION

To comprehensively investigate the thermal effects of NSDBD,
the energy input and discharge features are studied in detail first.
Then, surface temperature measurements using IR thermography are
conducted in quiescent air to estimate the heat deposition on and con-
duction to the dielectric surface. The surface temperature increase
is characterized by various parameters, such as the applied voltage,
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FIG. 2. Electrical aspects of a positive pulse discharge: voltage and current at (a) 25 and (c) 35kV, power and energy at (b) 25 and (d) 35kV at P= 0.1 bar.

frequency, and air pressure, and the underlying physical mechanisms
are carefully analyzed. The dynamics and strength of the induced
shock and the evolution of the heated fluid are presented. At last, the
efficiency of surface heating is discussed.

A. Energy input at different air pressures

First, the electrical properties of discharge in this study are investi-
gated. Figures 2(a) and 2(c) show typical waveforms of the applied volt-
age and the current of unit length for a positive polarity discharge at
0.1 bar. The measured peak voltage amplitudes are 25kV [Fig. 2(a)] and
35kV [Fig. 2(b)], respectively, with a duration time of approximately
10 ns. The results shown are average values of five repeated measure-
ments. Also, the measurement uncertainties are listed in Table III, and
the confidence coefficient is 3. Both cases share a short rise time of 4 ns.
A shorter rise time leads to an increase in the current amplitude and a
rapid energy deposition from the pulsed generator to the plasma
actuator.

The maximum currents are approximately 12 and 16 A/cm for
the peak voltage cases of 25 and 35kV, respectively, during the voltage
rise time. This current peak is caused by charge deposition resulting
from discharge near the exposed electrode when the electric field is suf-
ficient to initiate air breakdown. Following the first peak, there is no
obvious silent period due to an extremely short duration time. The sub-
sequent negative current trough occurs during the fall time of the volt-
age, where a new discharge occurs with a sufficient potential difference.
These current peaks and troughs manifest an asymmetry associated
with the completely different discharge regimes.”' Typical waveforms
of the electric power and energy are shown in Figs. 2(b) and 2(d).

TABLE lll. Uncertainties of parameters under 0.1 bar at 25 and 35kV in Fig. 2.

Current Power
(A/cm) (kW/cm)

Case Voltage
(0.1 bar) (V)

Energy
(mJ/cm)

25kV 200 (0.8%)
35kV 315 (0.9%)

0.41 (3.4%)
0.47 (2.9%)

10.5 (3.5%)
17.2 (3.1%)

0.0164 (3.5%)
0.0269 (3.1%)

The power peak results from the power transfer through the supply to
the actuator. The energy input of each pulse, integrated by the instanta-
neous power, reaches an asymptotic quantity of approximately
0.75mJ/cm at 25kV and 1.95 mJ/cm at 35KV at the end of the voltage
pulse.

Figure 3 plots the energy inputs as a function of the gas pressure
for the cases of 25 and 35kV. The energy inputs are approximately
7.5 mJ/pulse at 25kV and 20 m]J/pulse at 35kV with the 100 mm span-
wise length of the actuator. The energy input increases with the
applied voltage and depends on the gas pressure only marginally,
which is coincident with Nudnova’s observation.”” The PRF used in
measurements of the electrical properties of discharge is fixed at
1kHz. According to Zhang's work,” the PRF does not affect the elec-
trical parameters.

B. Discharge characteristics

In this section, the effects of the air pressure, voltage amplitude,
and PRFs on discharge streamers are examined. The transformation

22 . : } :
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FIG. 3. Energy input per unit length vs pressure at 25 and 35 kV.
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between two discharge modes—diffuse mode and filamentary mode—
is captured using CCD images.

1. Effects of air pressure

Figure 4 shows images of a repetitive nanosecond pulse discharge
taken with a CCD camera under different air pressures and PRFs. The
camera exposure time was adjusted to keep ten discharge pulses dur-
ing the exposure to each PRF case. All images are acquired after 10 000
pulses. The locations of the exposed and insulated electrodes are
marked by the gray strip and dashed line, respectively, in the upper-
left image (35kV, PRF of 1kHz and 1bar). Considering the higher
voltage case of 35kV at 1 kHz as an example at atmospheric pressure
[the first column in Fig. 4(a)], the discharge is composed of many
streamers distributed along the length of the exposed electrode. The
discharge streamers propagate in a filamentary structure in the direc-
tion of the insulated electrode and form a plume-like shape at the
streamer end. These branching structures occur in the decaying period
of the positive voltage pulse, and there is a lower density of charges
and a reduced number of streamer channels compared to the process
in the rising period. The location, shape, and intensity of individual fil-
aments are fairly random due to a series of orderless discharge chan-
nels.”” When the discharge is sufficiently strong, these distinct
channels are distributed discretely. Although some filaments tend to
form at nearly the same positions, they are not caused by defects on
the electrodes. These inhomogeneous and separated channels charac-
teristic of the discharge are summarized as the filamentary mode."”
This mode is believed to be a contractive state of the discharge channel
caused by the instability of radial perturbations.”’ Gas heating is an

(a) Exposed electrode f=1kHz, P=0.8 bar @l f=1kHz, P= 0.6 bar

LET )
10 mm

(d)

25kV

\

FIG. 4. Images of the discharge at different gas pressures at PRF of (a
10000th pulse.

f=3kHz, P=1 bar f=3kHz, P=0.8 bar |l =3 kHz, P=0.6 bar
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important reason for this instability. For the lower voltage case of
25kV at 3kHz [the first column in Fig. 4(d)], the surface discharge is
less intense but also keeps the filamentary features.

When the air pressure decreases to 0.8 bar [the second column in
Fig. 4(a)], the discharge channel width decreases and becomes denser.
This change makes the filaments distribute more uniformly, prompt-
ing the transformation to diffuse mode. With the decrease in air pres-
sure to 0.6bar, the filaments disappear, and the plasma luminosity
descends significantly, as shown in Fig. 4(b). The plasma distributes
quasi-homogeneity along the electrode edge, presenting as the fila-
mentary/diffuse mixed mode. Several discharge streamers with a
higher luminosity can still be observed in this mode, which indicates
that the surface discharge supplied by a repetitive nanosecond pulse
was a microfilament discharge, which primarily consisted of a series of
discharge channels. At 25kV, the transformation will be delayed to a
lower air pressure condition of 0.4 bar, even at a high PRF of 3 kHz. In
addition, the discharge remains nearly constant when the air pressure
drops from 1 to 0.8 bar, which can be attributed to the relatively low
applied voltage inducing a marginally weaker discharge, which is less
susceptible to air density, particularly in the relatively high range of air
pressure.

As the air pressure drops further from 0.4 to 0.2 bar [the fifth col-
umn in Fig. 4(a)], the discharge gradually becomes a diffuse mode pre-
sented as a glow-like discharge. This result should be distinguished
from the glow discharge, which has a distinct discharge formation
mechanism. As shown in Figs. 6(c) and 6(d), both plasma length and
thickness increase with the descending air pressure because the ionized
volume should be increased due to the sparse air to maintain the high
values of the reduced electric field (E/N). The expansion of discharge

f=1kHz,P=0.4bar ll f=1kHz, P=0.2 bar |l f=1kHz, P=0.1 bar

kHz P =0.4 bar

f=2kHz, P=0.2 bar =2 kHz, P=0.1 bar

f=3kHz,P= O4bal f=3kHz, P=0.2bar 8 f=3 kHz, P=0.1 bar

ooy )

=3 kHz, P=0.2 bar |l /=3 kHz, P=0.1 bar

c) 3 at 35kV, and (d) 3kHz at 25kV. The exposure time is set as ten pulses after the

f=3kHz, P=0.4 bar
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FIG. 5. Normalized luminous intensity vs dimensionless length along the x direction at (a) 25 kV and (b) 35kV of 3 kHz PRF.

channels lends to a more stable state toward the radial direction, which
accounts for the absence of microfilaments. This trend is manifested at
the lowest air pressure of 0.1 bar.

As the air pressure drops from 1 to 0.1 bar, the discharge under-
goes the transition from the filamentary mode to the mixed mode and
the diffuse mode. The filamentary streamers extend along the radius
direction, forming a larger yet more stable and uniform plasma region.
The current for a diffuse discharge mode also occurs earlier than that
for a filamentary discharge, indicating that rapid heat is faster in the
former discharge mode. The plasma luminosity reduces to the mini-
mum in the mixed mode and increases again in the diffuse mode for
both cases of 25 and 35kV (averaged results in Fig. 5). Due to the
plasma volume increase in the diffuse mode, the plasma region tends
to have a larger luminosity. Figure 6 shows the plasma length and
thickness, which are estimated from the position with a 5% maximum
normalized luminous intensity captured by CCD images, and the
exposure time is set as one pulse in this study. The results are averaged
over repeated measurements, and the standard errors are marked. In
filamentary mode, the plasma length and thickness barely change, par-
ticularly for the 35kV case. When the discharge transforms to the

4.0
32
243

o —

diffuse mode, they increase exponentially with decreasing air density.
In general, an increase in the voltage amplitude results in a growth of
plasma volume. The voltage increase will increase the longitudinal and
transverse components of the local electric fields. The increase in the
transverse electric field causes a thicker plasma layer. In contrast, the
longitudinal electric field increase leads to a larger ionization wave
speed, leading to a plasma layer length growth."’ However, the two
voltage cases examined in this study share little difference in the
plasma volume. When the applied voltage reaches 25 kV, the discharge
becomes saturated in the plasma volume. The persistent increase in
voltage causes a radius growth of filamentary channels, forming a
plume-like structure instead of the plasma volume growth. The fila-
ment-to-diffuse transition is a common feature as a function of the
amplitude and polarity of the applied voltage, the gas pressure, and the
gas mixture composition.'

2. Effects of PRF

Each column of Figs. 4(a)-4(c) shows discharge images of 35 kV
at different PRFs with the same air pressure. Results indicate that
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FIG. 6. Plasma length and thickness at (a) and (b) 25kV and (c) and (d) 35kV vs air pressure.
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the PRF does weakly affect the streamer distribution, luminosity,
and discharge mode transition within the current air pressure range.
These results imply that although the plasma accumulation grows in a
fixed time interval, the discharge formation mechanism is nearly
unchanged. The discharge intensity weakens at an air pressure of
0.1bar and a PRF of 2 and 3 kHz [the sixth column in Figs. 4(b) and
4(c)]. At high voltage and low air density, the air in the vicinity of the
exposed electrode cannot maintain an intense discharge. The dis-
charge intensity will attenuate to accommodate the increased PREF,
which can strongly influence the residual heat deposition. Similar
observations can be made for the plasma length and thickness [Figs.
6(c) and 6(d)], which tend to diminish with increasing PRF. In addi-
tion, the PRF rarely affects the discharge properties in a lower voltage
amplitude case of 25 kV. However, the PRF plays an important role in
flow control because the interrelation between the residual heat accu-
mulation and the characteristic time in flow can strongly improve the
control efficiency, as discussed in Sec. 111 C.

C. Heat transfer on the dielectric layer surface

The gas heating process of an NSDBD plasma actuator is primar-
ily caused by the complex collisions, reactions, and interactions
between energetic electrons, ions, and excited molecules generated in
the plasma region.”” Driven by the intense electrical field, energetic
electrons impact N, and O, molecules, which will be excited to high
electronic states from the ground state. Then, these excited molecules
can be dissociated by electron impact. The dissociation leads to the
transfer of the excess energy into the translational degrees of freedom
of the produced oxygen atoms. The energy released in collisions of
thermalized oxygen atoms is expended on the rotational excitation of
molecules and gas heating, and the rotational energy relaxes into the
translational energy during multiple collisons.” The kinetic energy in
this quenching process is rapidly transferred into the surrounding gas.

In addition to the collisional quenching of excited electronic
states of N, molecules by O,, the excited oxygen atoms o('D)
quenched primarily by O, and N, molecules also provide excitation
energy to the gas heating. The quenching process of the excited oxygen
atoms O('D), which are generated in O, dissociation, proceeds
through the formation of an intermediate complex.”’ These two
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quenching processes dominate the heat transfer on gas heating at
E/N <200 Td, while at E/N > 400 Td, the dissociation reactions of N,
molecules by electron impact and the processes involving charged par-
ticles make the primary contribution.”’ Another important contribu-
tion to gas heating when the degree of dissociation of O, molecules is
sufficiently high is the reaction of the vibrational-translational relaxa-
tion of the vibrational levels N,(v/) by excited oxygen atoms oCP).
This process is considered to provide slow heating that occurs on a
time scale of approximately 200 us.”” In this section, the heat transfer
caused by residual heat on the surface was studied. The surface tem-
peratures were spanwise averaged by repeated measurements. The
uncertainty is 0.27 K (~0.6% of peak value) in the rapid temperature
increase stage (10s), for the case under 0.8 atm and actuated at 3kHz
PRF and 25kV. Here, the heat flux uncertainty and residual heat
uncertainty were roughly estimated by root mean square errors of
arithmetic mean values of repeated measurements with the confidence
coefficient of 3, which are 101.5W/m? (~2.2% of peak value) and
0.0054 W (~1.4% of peak value), respectively.

1. Surface heating behaviors in long-term activation

A longer-duration case of 250s in standard air pressure was
investigated first to gain the global characteristics of surface heat trans-
fer. In this study, ten Kapton film layers each with a thickness of
0.5mm and an applied voltage of 22kV were used to avoid surface
material failure caused by residual heat. All data were averaged along
the spanwise direction. Figure 7(a) plots the time variation of tempera-
ture rise at x/L, = 0.2 with different PRFs. The entire temperature
increase can be divided into two stages: a rapid temperature increase
in the initial 10s and then slow growth until a steady-state value at
long times. A high PRF strongly increases the heat accumulation in
the same period. The surface temperature increases with the operation
time, analogous to the exponential curves. Figure 7(b) shows the heat
flux variations at x/L. = 0.2 calculated by the one-dimensional semi-
infinite model. In the rapid increase stage, the heat flux rises quickly
and reaches a peak value, which indicates that the heat in the discharge
transfers to the surface of the dielectric layer in a short time. Then,
the heat flux decreases to a steady value, which implies that the
temperature increase slows down gradually, and heat transfer achieves
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a balance when the heat increment from the gas equals the heat dissi-
pation in the dielectric substrate. This process can also be observed in
spanwise-averaged temperature changes at different times, as shown
in Fig. 7(d). The streamwise (x direction) variation in the temperature
increase at t =60 s with different PRFs is shown in Fig. 7(c). The dis-
tribution is similar to that in early work of Correale et al.”’ The highest
temperature occurs near the edge of the electrode (x/L. = 0.2) and
gradually reduces downstream in the insulated electrode direction,
attaining a value near room temperature. No noteworthy changes are
observed between the PRF cases in terms of the tendency to increase
the temperature distribution.

The corresponding spatiotemporal variations in the spanwise-
averaged temperature at PRFs of 1, 2, and 3 kHz are plotted in Fig. 8
as contour fields. The horizontal axis is the dimensional length in x
distance, and the vertical axis is the time. The dashed lines mark the
edge of the insulated electrode. According to the spatiotemporal tem-
perature distribution, the dielectric surface can be divided into three
typical regions in the streamwise direction distinguished by two inflec-
tion points (red dots in Fig. 8): the plasma region, the insulated elec-
trode region, and the far-field region.'” Large temperature increases
are observed near the exposed electrode corresponding to the plasma
region (0 <x/L. < 1). At 1kHz, the temperature increment reached
40K at t=220 s but only takes several seconds to approach 40K in
the 3 kHz case. The denser isotherms near the exposed electrode dur-
ing the early period after activation also indicate this rapid increase
stage, particularly in the high PRF case. Because the plasma is the
dominant heating source, the spanwise-averaged surface temperature
is much higher than that in the other two regions. Due to the absence
of plasma, the surface temperature in the insulated electrode region is
low. Although the temperature continues to grow in this region, the
growth rate has become moderate. The first inflection point in the iso-
therms also highlights this change. The temperature increase in the
dielectric surface is caused by the heat generated by the dielectric losses
and the heat transfer from the residual heat in plasma. This process
exchanges the thermal energy from the induced flow, although it is
small for an NSDBD plasma actuator. Part of the thermal energy in
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FIG. 8. Spanwise-averaged spatiotemporal temperature distribution of the NSDBD
plasma actuator at different PRFs.
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the dielectric layer is transferred to the far-field region through internal
thermal conduction. In the far-field region, the surface temperature
drops considerably near the edge of the insulated electrode, which is
indicated by the second inflection point in the isotherms. The local
heating in this region is provided by thermal convection with the
ambient air and internal thermal conduction from the upstream areas.
The thermal conduction inside the dielectric layer is slow due to the
small thermal conductivity of the dielectric material of only 0.12 W/mK,
compared to that of the copper electrodes, which was approximately
400 W/mK.

2. Surface heating behaviors at different air pressures

In this section, the rapid temperature increase stage around the
first 10s is chosen to investigate the thermal characteristics of varying
air pressures. Examples of instantaneous surface temperature increases
at 35kV are plotted in a top view of the plasma actuator in Fig. 9.
Three different air pressure conditions of 0.2, 0.6, and 1bar are
selected to represent three typical discharge modes for comparison.
The isotherms of 2, 5, 10, 20, and 40 K are marked with solid black
lines. As shown in Figs. 9(c1)-9(c3) (Multimedia view), in a standard
atmosphere, the discharge leads to an inhomogeneous temperature
increment in the spanwise direction near the exposed electrode (0
<x/Le < 1). In all three PRF cases, the high-temperature spots con-
centrate from x/L, = 0 to 0.5 (Fig. 8), where the maximum tempera-
ture rise is more than twice that in the streamer head of x/L. = 1.4.
Babaeva et al.” indicated that the predicted ionization occurs primar-
ily in the streamer head and propagates downstream under a high
electric field in a positive nanosecond pulse discharge. The electrical
field reduces quickly on the dielectric surface, leading to an attenuated
ionization source and the deceleration of the ionization wave. Because
gas heating is generated in the quenching process of excited molecules,
the local strength of the electron impact ionization source strongly
affects the temperature rise in the gas. The weakened gas heating along
with the streamer channel direction is a result of the ionization attenu-
ation starting from the streamer head propagating downstream. Most
gas heating concentrates on the upstream side of discharge streamers.
In the mixed mode at 0.6bar, as shown in Figs. 9(b1)-9(b3), the
increase in temperature becomes uniform along the spanwise direc-
tion. The high-temperature spots corresponding to the filamentary
streamers disappear gradually. Considering PRF of 2 kHz as an exam-
ple, the isotherm of 2 K is located on average at x/L. = 2.1[Fig. 9(b2)],
which is the smallest among the cases of x/L. = 2.6 [Fig. 9(a2)] at
0.2bar and /L, = 3.1 [Fig. 9(c2)] at 1bar. This result indicates that
the heating region decreases streamwise when the filaments shrink
with decreasing air pressure and increase again due to the plasma vol-
ume growth at a lower air density at 0.2bar. Although PRFs rarely
affect discharge features, the heating region and the maximum tem-
perature rise increase markedly with increasing PRF in all pressure
cases of the same energy input after 10000 pulses. While a more
homogeneous surface temperature along the streamwise direction is
observed at 0.2bar [Figs. 9(al)-9(a3)], the temperature rise in the
upstream side of the plasma is also much more evident, which is con-
sistent with the observation of the most intense discharge [see the sixth
column in Fig. 4(b)].

Based on the measured surface temperature increase distribution,
the spanwise-averaged spatiotemporal profiles at the different air pres-
sures and PRFs in the rapid increase stage are plotted in Fig. 10.
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FIG. 9. Instantaneous surface temperature distributions after the 10 000th pulse at 35kV in the cases of (a1) 1, (a2) 2, (a3) 3kHz at 0.2bar; (b1) 1, (b2) 2, (b3) 3kHz at
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Isotherms at 2, 5, 10, 20, and 30 K are extracted with solid lines. The
three typical regions can still be distinguished by the isotherm at a low
temperature (marked by the black dashed line), which pervades all
spatiotemporal ranges. In the far-field region divided by the edge of
the insulated electrode, the temperature is nearly unchanged in the
rapid temperature increase stage in all cases. This result is likely caused
by slow thermal conduction inside the dielectric layer and the long dis-
tance from the upstream heated gas. The steep slope of this isotherm
in the far-field region also suggests a tenuous temperature change, par-
ticularly in low air pressure cases. In contrast, the subdued slope
implies that the temperature rises nearly synchronously in this region,
which can present the plasma region’s heating features well. In addi-
tion, the intensive isotherms indicate a more significant temperature
growth rate. In the plasma region, the temperature growth rate
decreases with more tenuous air, independent of the discharge mode.
The maximum temperature markedly decreases from the filamentary
mode to the diffuse mode but only marginally decreases from 0.4 to
0.2 bar in the diffuse mode.

To evaluate the heating process on the surface in more detail, the
heat flux is calculated using the one-dimensional semi-infinite model,
as shown in Fig. 11. The residual heat power on the dielectric layer
above the insulated electrode region (from x/L. = 0 to 4) is integrated
and plotted in Fig. 12. The heat flux distribution indicates that the
maximum occurs around x/L. = 0.2 (x=1 mm), independent of the
applied voltage and PRF, which is consistent with the observation by
Correale et al.”” On the dielectric surface from x/L. = 0.2 to 4, the heat
flux curve decreases smoothly. Dielectric heating occurs in the dielec-
tric layer, in addition to the convective heat transfer of the heating gas.
The total heat transfer on the surface typically increases within 1s,
reaching a constant value.

scitation.org/journal/phf

At a relatively high air pressure (filamentary mode), the trends of
heat flux density with air pressure are different for the two applied vol-
tages. At 25kV and 1kHz [Fig. 11(a)], the heat flux remains at a similar
level (approximately 1500 W/m? at the peak value) for air pressures rang-
ing from 1 to 0.4 bar. Comparatively, at 35kV and 1kHz [Fig. 11(d)],
the maximum heat flux decreases markedly from 2400 to 500 W/m®
when the air pressure drops from 1 to 0.2bar. At 25kV, 0.6 bar, and
1kHz, the residual heat power is 0.12'W [Fig. 12(a)], even larger than
the same air pressure case of 35kV at 0.085 W [Fig. 12(d)]. This phe-
nomenon, which agrees with the observation of discharge characteris-
tics shown in Fig. 4, is stronger at high PRF, which indicates that the
discharge intensity of a relatively high voltage heavily depends on the
air density. Comparing Figs. 11(c) and 11(f) suggests that increasing
the applied voltage may not increase the heat flux at moderate air pres-
sures ranging from 0.6 to 0.8 bar. When PRF rises, the residual heat
increases monotonically in both cases. Also, at 25kV and 1kHz, a low
air pressure case at 0.4 bar retains a high residual heat value, while at 2
and 3 kHz, the residual heats decrease, indicating that there is a critical
air density for different PRFs corresponding to the transition from the
filamentary mode to the diffuse mode.

With the low air pressure at 0.4 bar in a diffuse discharge, the resid-
ual heat power suddenly drops to a lower level at 25kV and PRF of 2 or
3kHz but maintains this level when the air pressure further drops to
0.1bar in both voltage cases. The maximum heat flux in the plasma
region marginally decreases with pressure from 0.4 to 0.1bar, but the
heat flux in the original insulated region increases due to a longer plasma,
leading to an irregular variation in the total heat [Figs. 12(a)-12(c)].
The residual heat power still increases monotonically with PRF. The
heat increment caused by increasing voltage marginally reduces for the
diffuse mode compared to the filamentary mode. A large residual heat
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FIG. 12. Residual heat on the dielectric surface above the insulated electrode area in the rapid temperature increase stage in the cases of (a) 1, (b) 2, (c) 3kHz at 25kV, and

(d) 1, (e) 2, () 3kHz at 35kV.

drop occurs at 0.1 bar at 35 kV and PRFs of 2 and 3 kHz, which may be
caused by insufficient air for discharge under a high voltage and fre-
quency power supply. These results imply that the applied voltage
amplitude and PRF are not decisive factors in heat generation in diffuse
mode and are even counterproductive under high voltage and high-
frequency activation. Thus, heat transfer is strongly associated with the
discharge mode. Compared to the diffuse mode, the gas heating process
is more acute in the filamentary mode. At 25kV, when the air pressure
drops below a critical value, the heat transfer will jump from a high
value to a low value. However, at a higher voltage of 35KV, the surface
heat transfer decreases with the air pressure drop accompanied by the
attenuation of filaments and then remains at a constant value approxi-
mately in the diffuse mode (0.6 to 0.2 bar).

D. Induced shock wave dynamics and evolution
of heated fluid

1. Induced shock structures and overpressure

The Schlieren images acquired at four typical times are shown in
Fig. 13(a), where the frames show the shockwaves from the first, 100th,
1000th, and 10000th pulses of 35kV at 1kHz. The induced shock
wavefront consists of a semicylindrical shock and a planar shock. The
semicylindrical shock expands from the alignment line of the exposed
and insulated electrodes. Planar shock propagates upward parallel to
the discharge streamers, which corresponds to the most gas heating in
the discharge region. The shock structures are the same as those
observed by Zhao et al.”’ and are produced through a quick pressure
increase caused by the intense energy density in the discharge. Due to
the residual heat near the surface, the shock wave propagation velocity
reduces in subsequent pulses after a long time (e.g., the 10 000th pulse,

or after 10's). This reduction in shock wave velocity is also substantiated
in the overpressure measurements, presenting a longer time for the
peak pressure to arrive at the sensor.

The overpressure of the induced shock can be captured as an
abrupt pressure rise by the dynamic pressure sensor that remains at
zero until the shock wave arrives at the monitoring points [Fig. 13(c)].
After the overpressure peak, there is a quick pressure drop, which is
attributed to the rarefaction wave following the shock. This rarefaction
wave is then reflected from the surface and catches up to the induced
shock wavefront. Finally, the induced shock wave is weakened and
decelerates to a sonic wave due to the interaction with the rarefaction
waves.”* The second peak at approximately 210 us that is shown in Fig,
13(c) is the reflection of the first shock wave between the copper shield
over the sensor and the dielectric surface. To estimate the shock wave
propagation velocity, the curve fitting was used by a displacement—
time diagram. Figure 13(b) shows the wave propagation velocity
through the Schlieren images, and the points indicate the shock front
vertical positions above the anode-cathode edge, which are same as
the measurement points of the pressure sensor. The darkest point with
a local maximum intensity along the semicylindrical shock is identified
as the shock front. The induced shock wave propagates at approxi-
mately 390 m/s (Ma = 1.13) at the beginning and rapidly attenuates to
a sonic wave at 345 m/s under the interaction of the reflected rarefac-
tion wave. The lower applied voltage amplitude of 25kV leads to a
lower initial velocity of 374m/s (Ma= 1.08), which agrees with the
observation of peak overpressure measurements. Due to the intense
electromagnetic interference (EMI), the overpressure in the vicinity of
the plasma region has rarely been reported in detail. The pressure
profile can provide more information on the shock wave strength
and further imply the interaction of shock and the surrounding gas.
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FIG. 13. (a) Schlieren images showing the induced shock structures and the residual heat in a repetitive case of 35kV, 1kHz; (b) the displacement vs time diagram of the
peak overpressure with a curve fitting of shock velocity in Schlieren images; (c) the overpressure at H=25mm, V= 35kV with curve fitting of Friedlander equation; (d) the

peak overpressure as a function of the propagation time under a standard atmosphere.

Due to the protection provided by the copper shield, the minimum
distance of the pressure sensor from the NSDBD actuator can be set to
5mm in this study. However, a large negative signal remains in the
measurement at the beginning of the activation and is likely caused by
EMI noise that lasts approximately 5 us. Figure 13(d) shows the peak
pressure of the induced shock wave created by the NSDBD plasma
actuator vs the propagation time at a standard atmosphere, implying
that the overpressure drops in an exponential fashion approximately
as the shock propagates. Here, the values are the average peak over-
pressure for all pulses over the first 4 s. The pressure measurement for
each case was repeated five times to fit the experimental repeatability.
The peak pressure values are averaged over 1000 pulses at 1 kHz, and
the standard errors are marked in the figure. The maximum value of
the pressure peak is approximately 11 000 Pa at 35kV with Kapton as
the dielectric material and drops to 7000 Pa at a lower voltage ampli-
tude. Another dielectric material of PMMA with the same thickness
was used, and results showed that the different dielectric properties
strongly affect the overpressure but with the same trend. Zhao et al.”’
believed that the shock wave generated by the NSDBD plasma actua-
tor is fundamentally a blast wave, the strength and attenuation of
which are strongly dependent on the voltage amplitude of the applied
pulse. The time evolution of the shock pressure profile follows
the Friedlander equation fairly well, as shown by the red curve in
Fig. 13(c). This good fit indicates that the NSDBD plasma discharge
actually exhibits a microblast wave.

Figure 14 shows the attenuation of the peak overpressure with
time at different air pressures. The properties of varying air pressure
shown in overpressures are consistent with the thermal performance
associated with the discharge mode. First, in filamentary mode, the
strength of the induced shock wave scarcely changes with air pressure
under a lower voltage amplitude of 25kV [see black, red, and blue lines
in Figs. 14(a)-14(c)] but deviates markedly at 35kV. Second, in the
transition mode, the peak overpressure quickly decreases, accompa-
nied by a larger fluctuation that indicates an unsteady discharge state.
Third, in the diffuse mode at 0.1 bar pressure, the strength of the
induced shock wave drops below 1000 Pa, which is only one-eighth of
that at standard pressure, at both voltages. This similarity to thermal
features also indicates that the induced shock wave is generated by the
fast-heating process; the PRF does little work on the strength of
overpressure.

2. Development of the heated fluid

The starting vortex is also an important characteristic of the
induced flow caused by the plasma actuator. The development of the
starting vortex is described in Fig. 15. The multiple repeated measure-
ments indicate that the development process is similar in the same
case. Therefore, only is one evolution sequence of each case shown
hereinafter. When the plasma is generated, the residual heat is
deposited rapidly in the discharge region. As shown in Fig. 15(bl)
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FIG. 14. Time-averaged peak overpressure under different air pressures of the 25kV cases at (a) 1, (b) 2, and (c) 3 kHz and the 35kV cases at (d) 1, (e) 2, and (f) 3 kHz.

(Multimedia view), the heat transfers to the surrounding air and forms
a hotspot area that is completely decoupled from the induced com-
pression waves. Each single pulse intensifies the heating in this region
and expands thermally to the vicinity.”” The hotspot area is concen-
trated upstream of the discharge streamer, which is consistent with the
regions of the maximum luminosity and fastest temperature increase.
The ionized particles move toward the dielectric surface under the
body force produced by the strong electric field. Due to the short effect
time of the electric field (nanosecond scale for each pulse), the move-
ment of thermal fluid is more sluggish than the deposition of heat. To
replenish the fluid that was ejected downstream, the fluid upstream of
the plasma region is entrained and rolls up to form a starting vortex
in the jet front, as shown in Fig. 15(a2). The vorticity originates at
the transient front, which is similar to a wedge of vorticity intruding
into an inviscid region.”® The vorticity fronts form in a shear flow as
the result of fast patches of fluid catching up with slower ones.

The front of the nose steepens and propagates later, “backward” wave
breaking occurs, and outer irrotational fluid is entrained.”® Due to the
velocity gradient near the wall, negative vorticity was observed at the
wall. Conlon and Lichter’” believed that the wall will cause a bias to
the initial shear layer where the circulation associated with the positive
vorticity will be greater than that associated with the negative vorticity.
The initially quiescent domain exerts its influence on the relative
amounts of positive and negative vorticities through the proximity of
the jet to the boundary. Due to the growth of the secondary vorticity
and the interaction between positive and negative vorticities, the posi-
tive vortex will be pushed into the outer irrotational ambient flow.”
The vortex generation in the vorticity front and separation of the jet
from the wall arise, not from vorticity diffusing in from the boundary
or from a Kelvin-Helmholtz instability, occurs for a steady wall jet.”’
Because the high-temperature fluid will move downstream to form a
vortex and cause a change in the density gradient, the formation of the

(al) (a2) (a3) (ad)
Entrainment ) Vortex Starting vortex
[ ] Residual heat Entrainment  formation Entrainment Entrainment
Y e B ; f \‘\< X { ) g d \\4 \\4 Thermal jet
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FIG. 15. (a) Schematic of the development of the starting vortex and thermal jet and (b) Schlieren images in the case of 35kV and 3 kHz at standard atmosphere. Multimedia

view: https://doi.org/10.1063/5.0127251.2
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FIG. 16. Evolution of residual heat of the NSDBD of 35kV at (a1)—(a5) 1 kHz, (b1)—~(b5) 2 kHz, (c1)—(c5) 3 kHz, and (d1)—(d5) 3 kHz of 25kV at a standard atmosphere.

starting vortex can be captured by the Schlieren images in Figs. 15(b2)
and 15(b3). Estimated from the Schlieren images, the vortex structure
propagates with a velocity of approximately 0.3 m/s and remains for a
period longer than 80 ms. To preserve the no-slip boundary condition,
secondary vorticity is generated at the wall and wraps around the start-
ing vortex to steer the trajectory away from the wall,” as shown in
Fig. 15(b3). The starting vortex becomes weaker and repeatedly breaks
down under the impact of the induced shock waves. Finally, a steady
wall jet with a high temperature is formed, similar to an ACDBD
plasma actuator.”’ Zhao et al”’ measured the transient flow behind
the moving shock wave at a speed of up to 35m/s. The induced jet
becomes turbulent, which can be attributed to the combined effects of
the impact of induced flow moving with the shock wave, the localized
convection caused by the heated actuator surface, and the pulsed
energy thermalization in the discharge filaments.”’ The maximum
velocity of the induced jet is typically no more than 1m/s, which is

markedly smaller than that generated by the ACDBD plasma actuator
of 8 m/s. The additional momentum caused by the induced jet no lon-
ger plays the dominant role in the flow control using the NSDBD
plasma actuator.

The evolution of residual heat with different PRFs is plotted in
Fig. 16 at a standard atmosphere. Increasing PRF results in a quicker
fluid movement downstream, a larger residual heat region, and heat
convection reduction to the upstream fluid. A more extended thermal
jet, which is markedly longer than the insulated electrode length, can
be observed with a high PRF [Figs. 16(a5), 16(b5), and 16(c5)]. A large
portion of the heat is convected downstream under the ionized wind.
The lower applied voltage case with the same PRF shares a similar evo-
lution but has an marked contractible residual heat region. The case of
25kV at 3kHz is considered to demonstrate the evolution of residual
heat at the different air pressures, as shown in Fig. 17. When the dis-
charge is shifted to the diffuse mode at 0.4 bar, the residual heat prefers

FIG. 17. Evolution of residual heat generated by the NSDBD plasma actuator, which is operated at 3 kHz of 25kV under ambient pressures of (a1)-(a4) 0.1 bar, (b1)-(b4)

0.2 bar, (c1)~(c4) 0.4 bar, (d1)—(d4) 0.6 bar, and (e1)—(e4) 0.8 bar.
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FIG. 18. Schematic of the energy budget of an NSDBD plasma actuator.

to convect vertically from the surface (larger residual heat region) due
to a thicker plasma region, which also explains the reduction in heat
convection on the dielectric surface. The thermal jet lifts off from the
wall surface because the fluid in the discharge region has a lower den-
sity through the fast-heating process and then accelerates under the
electric field. Therefore, the heat convection in the far-field region on
the wall surface plays a relatively minor role in the surface temperature
increase. However, because the Schlieren images measure the density
gradient normal to the knife direction, the low air density will directly
affect the measurement sensitivity. Therefore, the changes under
0.1 bar are debatable. However, the discharge is strongly weakened at a
lower air density.

E. Heat efficiency

The definition of the energy stages was clarified by Kriegseis
et al” and improved by Liu et al.,”® as shown in Fig. 18. The efficiency
of the first operational stage is defined as the ratio between the dis-
charge energy E, and the electrical input energy Ej,.”” The efficiency
of the second stage is defined as the ratio between the output energy
(kinetic and thermal energy) and discharge energy. Because the
control mechanism of an NSDBD plasma actuator is based on a ther-
mal effect, this study aims to estimate the thermal energy efficiency,

@201 1 T T
s
= | | : | |
LR .
& | | s 1 s
| 2 | s |
O [Somecemcs femsmaneay e fremmees HlowrkHz |
i | | e 2kHz
3 A 3kHz
0 i i i 1

0 0.2 0.4 0.6 0.8 1.0
P (bar)

which is necessary for engineering such as anti-icing. The heating effi-
ciency is defined as the ratio of thermal energy on the dielectric surface
Ejear and total energy input E;,, as shown in Eq. (2). In this study, E},ea
includes the heat convection from the gas to the surface (Es) and heat
generation by the dielectric losses:

_ Epear
Nheat E.

mn

7)

The surface heating efficiency #,,,,, was calculated by Eq. (7) using the
integration of heat flux on the dielectric surface. The 7, shown in
Fig. 19 is the average value of repeated measurements. #pe, is small,
ranging from 0.5% to 2% with an uncertainty of 0.046% (~2.8% of the
mean value), similar to the observation of Liu et al.’® As shown in
Fig. 19, the reduction in air pressure would heavily affect the heating
efficiency, with the heating process being more efficient at high air
pressure. Under a relatively low voltage, the figure shows two states
that are relevant to the discharge mode. The air pressure change in the
respective discharge mode would not influence the heating efficiency.
However, at high voltage, the heating efficiency decreases with thinner
air in filamentary mode due to the weaker discharge filaments. PRF
rarely affects the heating efficiency, although the absolute heat strongly
increases with a high PRF. In the diffuse mode at 35kV, a high PRF
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FIG. 19. Surface heating efficiency e, under different air pressures at (a) 25kV and (b) 35kV.
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marginally decreases the heating efficiency. Aleksandrov et al*’
reported that most of the thermal energy generated in the plasma is
stored in the gas layer near the surface. The thermal energy efficiency
nth from the discharge is relatively higher and varies from 40% to
90%.'**** In this study, the large fluctuation range of 7y, is caused
by the uncertainties in measuring the thermal energy of hot gas by dif-
ferent authors. Due to the low heating efficiency on the surface, it
remains a challenge in real applications of NSDBD plasma actuators,
such as icing mitigation on aircraft.

IV. CONCLUSION

In this paper, the characteristics of an NSDBD at different air
pressures are investigated in detail to explore the engineering potential
for flow control. Comparisons in the cases of air pressure ranging
from 0.1 to 1bar at 25 and 35kV with PRFs of 1, 2, 3 kHz are made.
Detailed results are summarized as follows:

(1) By measuring the applied voltage and current, results show that
energy input increases with the applied voltage and only slightly
depends on the gas pressure. By observing discharge features,
the transition from a filamentary mode to a diffuse mode with
decreasing air pressure is described. The filamentary streamers
extend along the radius direction, forming a more stable, uni-
form, thicker plasma region because the ionized volume should
be increased due to the sparse air to maintain the high values of
the reduced electric field. Although the PRF plays an important
role in the flow control, it only slightly affects the streamer dis-
tribution, luminosity, and discharge mode transition with
changes in air pressure.

(2) The spatiotemporal temperature distribution on the surface
indicates that the heated surface can be divided into three typi-
cal regions in the streamwise direction: the plasma region, the
insulated electrode region, and the far-field region distinguished
by two inflection points. Because gas heating is generated dur-
ing quenching of the excited molecules, the maximum tempera-
ture increase on the surface occurs in the plasma region and
attenuates downstream. The surface temperature increase is pri-
marily caused by heat convection from the residual heat in
plasma and the heat generated by the dielectric losses.

(3) The thermal effects are strongly associated with the discharge
mode. Compared to the diffuse mode, the gas heating process is
more acute in a filamentary mode. At 25 kV, when the air pres-
sure drops below a critical value, the heat transfer will jump
from a high to low value. However, at a higher voltage of
35 kV, the surface heat transfer decreases with the air pressure
drop accompanied by the attenuation of filaments and then
remains at a value in the diffuse mode. Choosing the most
appropriate applied voltage and PRF based on discharge char-
acteristics will strongly increase the control efficiency. In the
future, better performance cases will be used for continuing
study, especially how to increase gas heating efficiency further.

(4) The hydrodynamics of the induced shock wave and its strength
are also investigated. Results show that the overpressure drops
approximately exponentially with the shock spread. The
induced shock wave propagates at approximately 390 m/s (Ma
= 1.13) at the beginning and rapidly attenuates to a sonic wave
at 345 m/s under the interaction of the reflected rarefaction
wave. The time evolution of the shock pressure profile generally

ARTICLE scitation.org/journal/phf

follows the Friedlander equation and indicates that the NSDBD
plasma discharge actually achieves a microblast wave character-
istic. The similarity between the overpressure strength and ther-
mal features also shows that the induced shock wave is
generated from the fast heating process. The evolution of a
starting vortex and a steady wall jet is similar to that of an
ACDBD plasma actuator. In diffuse mode at 0.4 bar, the resid-
ual heat prefers to convect vertically from the surface with a
larger residual heat region due to a thicker plasma region.
Eventually, the thermal jet lifts off from the wall surface because
the expanded thermal fluid accelerates under the electric field.

(5) The results indicate that the heating efficiency on the surface
ranges from 0.5% to 2%. The low heating efficiency on the sur-
face suggests that there is still a challenge for the application of
NSDBD plasma actuators.

The results in this study can also help establish a more exact ther-
modynamic model of NSDBD plasma actuation, particularly in the
extreme cases of high voltage and PRFs. The results of this study also
provide references for the mechanism detection of icing mitigation and
flow control based on NSDBD plasma actuators. In future work, the
variation characteristics of the spatial temperature field should be inves-
tigated in more detail to quantitatively evaluate the heat in the gas.
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