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Abstract

®

CrossMark

Surface dielectric barrier discharge (SDBD) actuators driven by the pulsed-DC voltages are
analyzed. The pulsed-DC SDBD studied in this work is equivalent to a classical SDBD driven
by a tailored fast-rise—slow-decay (FRSD) voltage waveform. The plasma channel formation
and charge production process in the voltage rising stage are studied at different slopes using a
classical 2D fluid model, the thrust generated in the voltage decaying stage is studied based on
an analytical approach taking 2D model results as the input. A thrust pulse is generated in the
trailing edge of the voltage waveform and reaches maximum when the voltage decreases by
approximately the value of cathode voltage fall (= 600 V). The time duration of the rising and
trailing edge, the decay rate and the amplitude of applied voltage are the main factors affecting
the performance of the actuator. Analytical expressions are formulated for the value and time
moment of peak thrust, the upper limit of thrust is also estimated. Higher voltage rising rate
leads to higher charge density in the voltage rising stage thus higher thrust. Shorter voltage
trailing edge, in general, results in higher value and earlier appearance of the peak thrust. The
detailed profile of the trailing edge also affects the performance. Results in this work allow us to
flexibly design the FRSD waveforms for an SDBD actuator according to the requirements of

active flow control in different application conditions.

Keywords: surface dielectric barrier discharge, pulsed-DC, thrust, fluid plasma model, analytical

model

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

1. Introduction

Surface dielectric barrier discharges (SDBD) have been
widely studied in aerodynamics community since 2000 [1—
4]. A typical SDBD device consists of a high-voltage elec-
trode placed above the dielectric surface, and a low-voltage
electrode (typically grounded or at constant potential) placed
below the dielectric surface. For a SDBD actuator driven
by a sinusoidal voltage with voltage amplitude ~ 10kV and

1361-6463/20/465202+13$33.00

frequency ~ 10kHz at atmospheric pressure, micro-discharges
appear stochastically in the vicinity of the high-voltage elec-
trode and develop into streamers propagating along the dielec-
tric surface, generating body force and inducing gas flow
acceleration near the surface (also known as ionic wind).
Some comprehensive reviews about plasma—fluid interaction
can be found in [5] and [6], the mechanism of flow control
by SDBD is thrust generation coupled with the external flow.
When the high-voltage pulses are shorten to tens or hundreds
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of nanoseconds, a micro perturbation wave will be generated
near the high-voltage electrode due to fast gas heating by the
quenching of electronically excited states [7—11]. The features
of ionic wind generation and fast gas heating are essential in
separation flow control [12—-14], boundary-layer transition and
shock/boundary-layer interaction control [15-18] and skin-
friction reduction in boundary/mixing layer [19-22] et al.

To deepen the understanding of SDBD in plasma-—assisted
flow control, and offer reference and basis for engineering
design, some numerical investigations were also conducted in
different conditions. Boeuf et al [23] presented a parametric
study of the electrohydrodynamic force generated by SDBD
plasma actuators in air for sinusoidal voltage waveforms. Their
2D simulation results revealed that momentum was transferred
from the charged particles to the neutral species in the same
direction during both positive and negative parts of the cycle.
The momentum transfer is due to positive ions during the pos-
itive part of the cycle, and to negative ions during the negat-
ive part of the cycle. Moreover, the contribution of negative
ions tends to be dominant at low voltage frequencies and high
voltage amplitudes. Soloviev [24, 25] derived an analytical
estimation for the thrust induced by a set of micro-discharges
in SDBD configurations based on a phenomenological model.
He confirmed Boeuf’s perspectives [23] on the domination of
negative ions in thrust generation, and further pointed out the
origin of the force was the accumulation of volumetric neg-
ative charge carried by negative long-lived O, and O3 ions.
Above two studies all focused on the discharge properties in
static air environments, recently Kinefuchi et al [26] numer-
ically studied the shock-wave/boundary-layer separation con-
trol with two nSDBD configurations(parallel and canted with
respect to the flow velocity vector) by large-eddy simulation
(LES) and an energy deposition model for plasma actuator.
A definite difference between the parallel and canted elec-
trodes was founded: the former caused excess heating and
increased the strength of the interaction, while the latter leaded
to a reduction of the interaction strength, with a corresponding
thinning of the boundary layer due to the momentum transfer.

Recent experimental investigations reveal that, a SDBD
plasma actuator driven by a pulsed-DC voltage waveforms can
effectively achieve the skin friction drag reduction in turbu-
lent boundary layers [27-31]. The so-called pulsed-DC SDBD
plasma actuators have the same configurations with ordinary
SDBD, but the applied voltage waveforms and its applying
mode differ: an almost constant voltage was powered on the
exposed electrode, while a voltage pulse with a sharp fall-
ing stage (<20 ps) and a very slow rising stage (O(1) ms)
was powered on the buried electrode. These two different
voltage waveforms were achieved by two DC sources, one for
exposed electrode kept constant and the other for the buried
electrode was periodically grounded for very short instants
of time (DC-pulse width, O(20) us) by a solid—state switch.
The characteristics of the body—force—induced mean flow pro-
duced by the pulsed-DC actuator in static air were studied by
Pitot probe and sample hot—wire measurements. The devel-
opment of a transient velocity pulse showed approximately
6 m s~! peak magnitude, and the time instant correspond-
ing to the peak value coincided with the DC-pulse width.

Moreover, the pulsed-DC actuator flow control arrays in the
drag reduction experiments performed over the Mach number
range of 0.05 < M., < 0.15 achieved unprecedented levels of
drag reduction in excess of 70%. Initial experiments of the
ACSDBD, nanosecond pulsed SDBD and pulsed-DC SDBD
actuators have also been carried out in our group to study their
effects on skin friction drag reduction in viscous turbulence
boundary layers on airfoils, the results show that, a pulsed-DC
SDBD device is more effective comparing with the other two
actuators at the same voltage. Despite the impressive perform-
ance of pulsed-DC actuators in turbulence drag reduction, the
underlying mechanisms are still unclear.

The pulsed-DC SDBD can be considered as a classical
SDBD device driven by a tailored voltage characterized by the
fast-rise—slow-decay (FRSD) waveform on the exposed elec-
trode. The aim of this paper is to have a deeper understanding
of the pulsed-DC SDBD (or the fast-rise—slow-decay SDBD,
FRSDBD) actuator, in the view of discharge and thrust, by the
combination of numerical and analytical approaches. A clas-
sical 2D fluid model is used to reveal the discharge proper-
ties at the voltage rising stage. An analytical model developed
based on [24, 25] is used to study the performance of the
SDBD in the voltage decaying stage together with 2D results.

2. Model description

The 2D PASSKEy (PArallel Streamer Solver with KinEtics)
code is used. The code was used in modeling of nanosecond
pulsed surface discharges [32-34] and validated by meas-
ured discharge morphology, propagation velocity, voltage—
current curves of experiments, and by a point-to-plane model
benchmark [35]. Detailed mathematical formulations and val-
idations can be found in paper [32, 34]. In this section we
briefly present the equations solved, and introduce the analyt-
ical model used for estimation of thrust in this work.

2.1. Fluid model formulation

The classical fluid model is used, drift-diffusion-reaction
equations for species, Poisson equation for electric field,
Helmholtz equations for photoionization are coupled. The
drift—diffusion-reaction equations are:

8”,' .
ot +V'I‘i:Si+Sphal:1727"‘7N101al7 (1)
Ti=—=DVn;—(qi/|qil)piniV®,i =1,2,..., Nenarge, ~ (2)

where @ is the electric potential, n;, ¢;, and S; is the number
density, charge and source function for species i, respectively.
The source function S; includes production and loss terms due
to gas phase reactions and is calculated with detailed kin-
etics, and the kinetics scheme used in this paper has been
validated in [32, 33] (including 15 species and 34 reac-
tions, see [33] for reaction list), Sy, is the photoionization
source term for electrons and oxygen ions. D; and p; are
the diffusion coefficients and mobility of charged species, the
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electron swarm parameters and the rate coefficients of elec-
tron impact reactions are represented as explicit functions of
the reduced electric field E/N based on local field approxima-
tion (LFA). The diffusion coefficient and mobility for ions and
other charged heavy species are founded from experimental
data [36]. In the code, V - I'; = 0 for neutral species is pos-
tulated. Nyyr and Nejarge are the number of all species and
charged species, respectively.

Photoionization affects the propagation and morphology of
the surface streamer. An efficient photoionization model based
on three-exponential Helmholtz equations [37, 38] is used to
calculate S,;,. We assume that the photoelectrons come from
the ionization of oxygen molecules by VUV-radiation coming
from electronically excited Ny in b'IL,, b’'3], ¢’ 1S} states
[39].

Poisson equation is solved for the entire computational
domain:

Neharge

Z qini = pe; 3

where ¢ is the permittivity of vacuum space and ¢ the relative
permittivity of the dielectric (¢, =4) and air (¢, = 1.0), and p.
is the surface charge density satisfying the continuing equation
for charges on surfaces:

V(g0eVP) =

Nenarge

dp.
apt = > g~V Ty )
=1

The propagation length of the streamer is an important para-
meter necessary for the following analytical model. When the
voltage rising time is very short (from several nanoseconds
to tens of nanoseconds) the calculated streamer propaga-
tion length could significantly exceed the reasonable value
observed in the experiments (or analytically estimated value
calculated by the open-source program SDBDesigner [40]
based on the theory of [41]), at such conditions an ‘ion sink’
term has to be added to the right-hand side of drift-diffusion-
reaction equations (1) for positive ions to correctly model the
ions dissipation under the action of z—component of electric
field [42] (only x and y directions are taken into account in 2D
modeling). For cases with longer voltage rising time like in
this case, the ions have enough time to dissipate and the cor-
rection term is no longer needed. We have conducted two test
cases and confirmed this point.

2.2. Analytical model

The momentum source due to charged particle collisions with
neutral gas molecules (thrust) can be expressed as [24, 43]:

F=e(n, —n; —n,)Ey, &)
where n,, n; and n, are the number density of positive ions,
negative ions and electrons, respectively, e is the elementary
charge and E,; is the electric field in x direction (the flow

direction). In this paper, we only take the x—component of
body force into account for two reasons: (i) for FRSDBD
waveforms, the generated vertical force was experimentally
confirmed much weaker than that of nanosecond pulsed dis-
charge in our group, the FRSDBD still showed a good per-
formance in skin friction reduction (not formed drag) in vis-
cous turbulent boundary layers, thus we believe that the gen-
erated body force parallel to the surface is of more import-
ance; (ii) the experimental group of Corke has mentioned in
their work that pulsed-DC SDBD actuator is mainly used to
induce spanwise near-wall flow (parallel to the surface) [30,
31]), which indicates that body force parallel to the surface is
more important.

The integration of body force over space and its averaging
over time give the thrust per unit electrode length [24, 25]:

/ /ft x,y)dxdydt, 6)

where T, is the period of the applied voltage.

Previous experimental or simulation investigations
(see [24] for details) reveal that the main contribution to
momentum source occurs at when the slope of applied voltage
is negative; body force is primarily due to the accumulation
of volumetric negative charge, the main origin is O, [23, 24].
After the end of a discharge, the electrons decay mainly by
three-body electron attachment process:

Frean =

e+0,+0; — 0, +0,. (7

The residence time of negative ions inside the discharge zone
can be characterized by:

ATq ~ Z/Vdri = l/ﬂiExla (8)

where [ is the discharge length, y; is the mobility of ions, in
this work we use the same ion drift velocity V;,; = 100 m - s~ !
as [24, 25], the value is chosen based on the numerical simula-
tion [44]. The accumulated negative charge per unit electrode
length obeys the equation [24]:

dg,(1) ~ _q"(t)
dr Aty’

®

The term on the right-hand side of above equation is the sink
term due to negative ions drifting onto the dielectric surface.
The solution of equation (9) with initial condition ¢,(0) = go
reads

4a(1) ~ quexp (—AIT> , 10)
q

where g is the the total charge of electrons at the beginning
of the thrust generation stage, obtained from the classical fluid
modeling. The x—component of electric field E,; is determined
by analytically solving Laplacian equation for electric field
near the electrode edge created by the applied external voltage
and the surface charge layer, using the potential of exposed
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Figure 1. Geometry, computational domain and mesh distribution
(units in mm) for different equations. Exposed electrode: red
domain; The dielectric: dark green domain. Transport equations:
light blue domain (plasma domain); Poisson equation and
Helmbholtz equations: entire domain.

electrode and surface charge layer as boundary condition (see
appendix of [24] for details of derivation):

eVs
20’

Eq= Y
where V; is the potential of dielectric surface charge layer, € is
the relative permittivity of the dielectric. Note that there is only
one pulse in our case, and the discharge length and the length
of surface charge layer is considered to be the same, the value
is used in equations (11) and (8). Substituting formula (11)
into equation (5), the thrust at time instant ¢ equals to

eVi(1)

2 (12)

F=qu(t)Eq(t) = qa(t)
Substituting equation (12) into (6) we can obtain the time—
averaged thrust.

The analytical model proposed in [24, 25] is originally used
for ACSDBD thrust estimation, which is generalized to estim-
ate the thrust characteristics of pulsed-DC SDBD actuator in
this work. Despite the same contribution origin for thrust (neg-
ative ions), there are two differences need to be noted for
the generalization of analytical model: (i) no negative going
potential stage for pulsed-DC SDBD, only voltage rising stage
and trailing edge. (ii) the reason for electric field reversal for
pulsed-DC SDBD is not same as that for ACSDBD, the differ-
ent mechanism for field reversal and thrust generation would
be discussed in section 3.2.

2.3. Geometry, initial/lboundary conditions

The studied SDBD actuator in the experiment conducted by
our group has a typical configuration as mentioned in the
introduction: a low-voltage electrode located at y=0, the

dielectric (Kapton film, the relative permittivity € is 4) with
120 pm thickness and a exposed electrode with 50 pm thick-
ness. The discharge experiment was operated in atmospheric
air at ambient temperature. The geometry, air pressure and
temperature used for PASSKEy code are same as these in the
experiment. A computational domain of size 3 cm x 3 cm is
assigned, the reduced computational domain and refined mesh
distribution is shown in figure 1. An uniform mesh size of 5 ym
is assigned for plasma domain, beyond the plasma domain the
mesh size grows exponentially until the end of the entire com-
putational domain.

The initial condition is given by setting a background
electron density of n, = 10* cm—3 across the entire plasma
domain. The initial ions density is set based on quasi-
neutrality. The details of the boundary conditions of the Pois-
son equation, Helmholtz equations and transport equations in
the PASSKEYy code are described in [32, 33]. The boundary
conditions of Poisson equation for two metallic electrodes are
Dirichlet boundary conditions given by powered voltages on
them. The experimental voltages are used as the input to PASS-
KEy code. The measured voltage applied on low-voltage elec-
trode is shown in figure 2 (the black line), and the high-voltage
electrode is powered by constant voltage 5.7 kV.

Our simulations have confirmed that, the discharge dynam-
ics, the discharge currents, the breakdown voltages and their
corresponding time instants are totally the same in the follow-
ing two configurations of SDBD.

Configuration (i): both electrodes are powered by DC
voltages with the buried electrode periodically grounded to
generate a pulse. The term ‘pulsed-DC’ comes from this exper-
imental configuration.

Configuration (ii): only the exposed electrode is powered
by the ‘equivalent voltage’ (the so called tailored FRSD
voltage) drawn in figure 2 (blue line) while the buried elec-
trode is grounded as in classical SDBD configurations.

The equivalence of above configurations simplifies our
modeling and theoretical analysis. Discussions in the follow-
ing sections are all based on the configuration (ii), i.e. the
‘voltage rising stage’ in configuration (ii) is equivalent to the
‘voltage decaying stage’ in configuration (i).

3. Results and discussion

3.1. Formation of plasma channel in voltage rising stage

Temporal evolution of measured and calculated discharge cur-
rent is presented in figure 3(a). The breakdown takes place
at applied voltage of 1040 V with a sharp increase of current
value, the peak calculated current is 9.43 A, close to the meas-
ured value 8.76 A. The primary difference between the calcu-
lated and measured currents are the temporal profiles after the
peak moment. The slowly decaying part in experimental cur-
rent is the displacement current (which is not calculated in the
code), the formula to characterize displacement current dens-
ity can be written as follows:

. OE
J:Jc+5077

% (13)
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Figure 2. The experimentally measured voltage (for low-voltage electrode) and current waveform.
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Figure 3. Temporal profiles of the measured and calculated current, and the derivative of measured applied voltage dU(¢)/dt in time scale
of (a) 7 us and (b) 0.2 ms. The derivative is determined by smoothed measured voltage.

where J is total current density, j, is the conductive current
density and £0OE /0t is the displacement current. Here we
calculate dU(¢)/dr as a rough estimation of dE/d¢ assuming
that |E| is approximately proportional to the applied voltage
U(t) (JE| < U(z)). In other words, the value of the displace-
ment current is estimated by the derivative of applied voltage
dU(t)/dt. We plot the estimated ‘displacement current’ in fig-
ure 3(a) and (b) and compare the profile with the measured
current in the decay region. The overlapping of the profiles
of dU(r)/dt and current values confirms our guess. Actually,

in [31], a similar experiment on a pulsed-DC SDBD actu-
ator with the same voltage frequency and similar waveform
and trailing edge was conducted, a current spike was found to
occur on a much shorter time scale O(10~7) s comparing with
DC-pulse width (20 ps). Our calculated current spike occurs in
time range 490 ns, qualitatively agrees that measured in [31].

The spatial evolution of electron density at time instants
25, 75, 150 and 300 ns are shown in figure 4. The streamer
has propagated 0.9 mm at 25 ns and a plasma channel
with the thickness of about 50 ym is formed. The electron
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Figure 4. The evolution of electron density at time instant 25, 75, 150 and 300 ns (units in m’3).

density in the channel is on the magnitude of 10'® m=3,

with a higher level of about 10*' m~3 in the region about
16 pum above the dielectric surface, the magnitude of elec-
tron density is in reasonably agreement with other calcula-
tions on surface streamers [45]. The total propagation dis-
tance is 4.3 mm, close to the analytical estimation 4.5 mm
according to [41]. The electron density in the channel decays
when 7> 25 ns, results in the decrease of conductive current, as
shown in figure 3(a) and it decreases to a level below 10'® m—3
within 275 ns.

To study the thrust during the voltage rising stage, 2D-plot
of electric field at 50 ns, as well as the spatial distribution of
x—component of electric field E,; and charge density located at
horizontal line y = 150 pm at four successive time instants are
presented in figure 5(a) and (b). The charge density along the
line is negative except in the region at the front of the streamer
head, while E,; in the whole channel is positive. The oppos-
ite signs between E,; and charge density means the thrust is
negative and rather short in time scale. In other words, the
thrust in the voltage rising stage does not contribute to flow
control.

In fact, the plasma discharges essentially are highly tran-
sient and three-dimensional. The 3D effects on our results
can be concluded to two facts: (i) 3D effect mainly affects
discharge length, the 2D model would overestimate the dis-
charge length according to [42], due to sink of ions onto the
dielectric surface under the action of E; (in 2D model, only
x and y component of electric field are taken into account).
The discharge length would influence two aspects: deposited
energy density and formed thrust. The former would affect the

chemical kinetics, and the latter is our focus. In this work,
rising time is much longer than time range of current spike
(6 us vs ns), discharge length can be estimated well by 2D
model (see discussions in the last paragraph of section 2.1).
(i1) Except for the effects on the streamwise direction, the 3D
effects also take place on spanwise direction: there are dis-
tances between microdischarge filaments, especially when the
frequency exceed 1 kHz [13], the discharge will be saturated
and the 3D filamentary can be clearly seen due to electric field
screening by the surface charge [24]. This is not the case of our
work: a single microdischarge driven by a fast-rising pulse is
one of the best ways to avoid filamentary discharges. Based on
above analysis, we studied the pulse-DC SDBD using the 2D
approximation.

The influence of voltage rising time on the discharge prop-
erties and thrust are also of interest. Here we conducted a para-
metric calculation of different voltage rising time at a fixed
voltage amplitude (5 kV used in this work): 6.8 us (experi-
mental voltage in this work), 1 us, 100, 10 and 1 ns. The results
are shown figure 5(c). The decreased rising edges shorten the
time for the voltage to reach the breakdown field and increase
the electric field in streamer heads in the same moment. Dur-
ing the streamer development stage, the electrons are absorbed
into the ionization head while the positive ions remain behind,
creating a dipole with the characteristic length 1/ar (ar is
Townsend ionization coefficient) and electron density n,(x) =
nepexp(arx) (x is the distance from high-voltage electrode),
the value of 7, in on the order of 10'® ~ 102! m~3 [46]. The
elevated streamer head field at a shorter rising slope results in
higher Townsend ionization coefficient, thus higher electron
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corresponding to time moments when the maximum electron density

density: at experimental rising edge the electron density is on
the order of 10'” m~3, when the rising time is reduced to 1 ns
the produced electron density grows by two orders of mag-
nitude, to 102! m—3,

According to equations (10) and (12), the thrust is
proportional to initial charge, therefore higher thrust could be
achieved in case of higher initial charge density using shorter
voltage rising time. A significantly high charge density may
shield the electric field inside the the plasma channel, but the
thrust is generated mainly in the voltage decaying stage in time
scales of microseconds, at this time scale the electrons have
already attached to the molecules and atoms and the shielding
effects are strongly weaken.

In this work, the fluid responses due to fast gas heating are
not taken into account. Indeed, fast gas heating has significant
implications on the kinetics and reactions rates in the afterburn
phase, especially for those cases with quite high energy depos-
itions (e.g. the ultrafast nanosecond pulsed discharge [47, 48]
or the three-electrode sliding nanosecond SDBD [49]). How-
ever, despite the experimentally observed shock waves both
our group and reported in [31], we do not consider fast gas
heating in this work based on two facts: (i) experimentally, we
have conducted tests at the same geometry using nanosecond
pulse and pulse-DC voltage waveforms. The results showed
that, an ultrafast nanosecond pulse (< 50 ns) generated much
stronger shock wave, but this shock wave (caused by fast gas
heating) does not provide better friction reduction perform-
ance, according to the theory/analysis of [5, 31], it is believed
that the transient thrust generated in the pulse-DC SDBD plays
a dominating role. (ii) theoretically, the specific energy depos-
ited in our case is lower than 0.01 eV/mol (~ 10° J-m™3), at
this level, the kinetics in the afterglow can be classified and
justified just using ‘classical kinetics scheme’ [50, 51], the

is reached in the channels.

density evolution of charged species will not be affected by
the increased temperature or collisions between molecules.

3.2. Generation of the thrust in the voltage decaying stage

We have known that the charge density in the plasma channel is
negative, thus the positive thrust can only be generated when
the x—component electric field E,; changes its direction. As
shown in figure 2, the current changes its sign when the applied
voltage reaches its peak value about 5000 V and the current
decreases to 0, this reversion indicates E,; has changed its sign,
positive thrust starts.

The field reversal during voltage decay stage makes the
positive-polarity pulsed-DC SDBD show the similar charac-
teristics with negative-polarity surface discharges. The cath-
ode layer, which forms near the electrode edge at a dis-
tance in the order of the ionization length, characterized
with high electric field (1000 ~ 3000 Td in atmospheric air,
dependent on applied voltage amplitude) and thickness of
about 0.01 mm, given a cathode voltage fall ranging from
250 to 750 V, according to comprehensive numerical mod-
eling on fine discharge structure of nanosecond SDBD [52].
The value of cathode voltage fall is a key parameter to our
upcoming analysis, according to [53], its value is given as
follows:

1
=),
v

eB
AV, = —1
N n

(1+ (14)
where e is value of the base of natural logarithms (e =2.718...),
~ the second electron emission coefficient (0.01 in this work),
A and B is two parameters to fit the Townsend ionization
coefficient oy = Apexp(—Bp/E), A =15 cm~' Torr~! and
B =365 cm~! Torr™! are given in [53], and A is modified
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Table 1. Parameters of formula (15) describing the applied voltages.

Vin(kV) T trailing (MS) @ 38 Reference
5 0.6 0.4662 0.1345 This work
4 1.92 0.468 5 0.2623 [31]

in [24] (A=7.5 cm~! Torr™', the value used in this work)
to provide a better approximation for ay for SDBD evolution
in atmospheric air.

Apart from above mentioned numerical and theoretical
evidences, we have also find support from the experiment, as
shown in figure 2, after 0 time moment, the current is increas-
ing in negative direction due to the potential difference in the
cathode. The growth rate is decreasing as the potential on the
electrode is decreasing and the cathode fall is decreasing. Once
the voltage decreases by approximately 600 V, the current no
longer increases as the potential difference between the elec-
trode and plasma channel disappears. The evidences from the
theory, the simulation and the experiment make us decide to
take this 600 V as a global value for the atmospheric SDBD.

We denote the time moment of peak negative current as
tpeak> then if ¢ > .1, the current value will drop as the charge
keeps following equation (9).

The potential of dielectric surface charge layer, Vj, is the
key value to calculate the thrust of SDBD according to equa-
tion (12). If > t,eak, we will have Vi =V — AV, = V—600.
The applied voltage V can be expressed as the sum of two
exponential functions:

In(a Vi)t

V(l‘) = Ve Pluaing 4 (1—a)V,e

_ In((1—e) Vi)t
Ttmiling

15)

where V,, is the maximum value of applied voltage, o and
(a, B < 1) are two parameters representing how fast the voltage
drops, Tiailing is the time duration of the trailing edge of
applied voltage determining by the sub-voltage falling more
slowly (the latter term in equation (15)). These 4 parameters
in equation (15) can be determined by fitting the measured
voltage waveform. We summarize in table 1 the values of these
parameters for the voltage profiles used in this work (the one
shown in figure 2) and in [31]. If # < #,4, the thrust in this short
time scale can be simplified as a linear function. Combining
equation (10), (12) and (15), the thrust F(¢) (units in N - m~")
in the voltage decaying stage can be written as a piece-wise
function of time:

F(t) = Fpear!/tpea !'< fpeak
eqo(V(r) +600)exp(—t/AT,) /21 1> tpeak

(16)

Fpeak = EqOVmeXp(—tpeuk/ATq)/ZI. (17)

To simplify the problem thereby focus on dominating
factors involved with thrust performance, assuming all charges
of electrons was converted to negative ions by three-body
attachment process (7). The validity of this assumption can be
estimated by an ordinary differential equation characterizing

three-body attachment process when initial electron density is

Neo-
dn,
dr

= —kzanhe [02] [OZ]ane = ne()exp(kaatt[OZ} [Ozm, (18)

where ks, is the rate coefficient of above process and approx-
imately equals to 10~%> m'2 s~! when electric field is O(10) Td
(typical values of field in streamer body for positive surface
streamer), then time scale of three-body attachment process
can be simply estimated as T3, = 1/k34,[02][02] = 41.6 ns,
much shorter comparing with voltage rising time (6 us, see
discussions in section 3.1 and figure 3(a)). The remaining time
of the positive pulse are just for production of negative ions.
During voltage decay stage, some electrons will no doubt be
lost onto the dielectric, but the loss of electrons does not affects
too much the base of the analytical estimation: on the one hand
the x—component of electric field is dominating in the whole
channel, on the other hand this assumption has been validated
in various publications.

The initial charge density can be estimated as ¢~
€ Nepax - 1;-6=1.6-10712 % 10> x0.9- 1072 x 16-1076 =
2.3-107° C-m~! (e, nepmay, I; and & represent the element-
ary charge, electron density, discharge length, and the thick-
ness of region with magnitudes of electron density 7., at
25 ns, respectively, values were obtained by 2D calculation).
[=4.3 mm is the total discharge length obtained in 2D model,
A7, =1/V4i =43-1077s.

Temporal profiles of thrust g,(¢)Ey, applied voltage V(r),
charge ¢,(t), x—component of electric field for our experi-
mental voltage are plotted in figure 6. The thrust reached its
peak value at 2.6 us and then decreased to below 1 N-m™!
within 40 us. The evolution of thrust after the peak time
was dominated by g,(f) due to the fast charge decay rate.
For example, when =100 us, g,(f) had decreased by 1 —
e 100/%3 2 90% of the initial charge according to equa-
tion (10).

Based on the 2D calculation and equation (16), the most
interesting questions concerning the pulsed-DC SDBD (or the
FRSDBD) can be answered.

(1) The mechanism of thrust generation. The thrust is gen-
erated due to the motion of negative charged ions in the
voltage decaying stage. Different from traditional SDBD actu-
ator driven by sinusoidal voltage waveforms, the charge is
produced in only one pulse. The transient thrust F(¢) gener-
ated at different voltage trailing edges 7 yiiing (keep o and
unchanged) are plotted in figure 7(a), it is clearly shown that
the thrust is a pulse, and the pulse terminates before 0.1 ms
when the charge is finally dissipated. In [31], the induced
transient velocity measured by hot-wire was also found to
be a pulse. Plotting the experimentally measured velocity
curve (red dashed line) together with the calculated normal-
ized thrust under voltage waveform extracted from [31] in fig-
ure 7(b), we can find that the peak time of velocity and the
thrust are in good agreement [5, 6].

(2) The theoretical upper limit of the thrust Fj;,;;. The max-
imum peak thrust can be deduced from formula (17) assuming
tpeak =0, Which gives Fiimir = €qoV,,/21. Note that this value
cannot be achieved as the time required for the potential gap
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reference. Parameters in equation (15) describing the voltage waveforms in [31] are shown in table 1. Reproduced from [31]. © IOP

Publishing Ltd. All rights reserved.

between the electrode and potential increase to 600 V is always
non-zero. Nevertheless the physical upper limit of the thrust of
the pulsed-DC actuator is estimated.

(3) The value and time moment of the peak thrust. These
two parameters, Fpoq and fpeq, decide how and when the
actuator can affect the air flow. Both parameters can be writ-
ten as functions of trailing edge T ailing. Fpeax appears when
V(t) = V,, — AV, =V,, — 600, with equation (15) we have fol-
lowing approximate expression for f,u:

e S0
peak ~ V (0)
_ 600 .
~ aVuln(aV,)/B+ (1 —a)Vuln((1—a)V,) """

19)

substituting the expression of #,. into formula (17) we can
obtain the value of peak thrust F,eq:

Tirailing
Arg |

600
£90 ) o~ ST BF (e (= V)
2 e

F peak ~

(20)

In equations (19) and (20), there are five key factors: charge
density qg, voltage amplitude V,,, time duration of voltage
trailing edge 7T 'iiing and voltage profile parameters o and 3.
The charge density can be enlarged by shorten the rising slope
or raise the voltage amplitude.

According to equation (19), the time of peak thrust #,.4 is
a linear function of T'zine, While from equation (20) we see
the value of the peak thrust F,.; decreases exponentially with
T traiting- Thus, shorter voltage trailing edge, in general, res-
ults in higher value and earlier appearance of the peak thrust.
Here we consider two extreme cases as examples to illustrate
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Figure 8. The function of peak thrust time #,cq, peak thrust Fex and average thrust Feq, during trailing edge stage derived from
equation (6) as  and 3. The period of applied voltage 7', in equation (6) equals to T'ijing (0.6 ms).

the influence of Tyiing: (i) if the trailing edge is too long
(T traiting > 100 ps), the transient thrust would be too small to
affect the flow, which is often the case of positive period in an
acSDBD; (ii) if the trailing edge is too short (T ygiting <1 ps),
although higher transient thrust can be achieved, the time
moment of peak thrust could be even smaller than the char-
acteristic fluid response time (1 us~1 ms), thus the effect of
active flow control could still be weak, which is often the case
of a nanosecond pulsed SDBD.

The detailed profile of the trailing edge also affects the per-
formance. o and 3 are two parameters characterizing the decay
rate of voltage. The contour maps of peak thrust time, peak
thrust and average thrust as functions of « and [ are plotted

in figure 8 according to equation (19) and (20), the value of
T 1railing 1s fixed as 0.6 ms. As can be seen, the larger « (or the
smaller ), the faster decay rate, thereby the shorter time to
decrease by 600 V (so-called peak thrust time, see figure 8(a)),
while peak thrust value shows the opposite trend (figure 8(b)).
The maximum average thrust appears when both « and /3 are
small or large (figure 8(c)), which means that if the amplitude
of one sub-voltage (the first term in right side of equation (15))
is large, its trailing edge (BT jy4iiing) should also be chosen lar-
ger to maintain a longer duration for high thrust, and vice
versa.

To perform engineering CFD calculations (usually phe-
nomenological models to characterize plasma discharges
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rather than drift-diffusion equations due to expensive
computational cost) for SDBD plasma actuation of flows,
simple analytical expressions for spatial distribution of
momentum source are needed. An expression for momentum
source f(x,y) (body force) in normal density air is given
in [25]:

fln) = 05) -~ —x @
where F is total force per unit electrode length given by
equations (12) and (16), xo and y, is x and y coordinates of
the force maximum point (be proportional to applied voltage
amplitude), 0(x) is Heaviside function. Details for symbols
and parameters in equation (21) can be found in [25]. The
coordinate of interface point of the exposed electrode edge
and dielectric surface is (0,0), xop and y are usually obtained
by experimental measurements, values of xy and y, concluded
in [25] are xo = 1.1 mm and y, =0.1 mm for V,, =4 kV, and
0(x) = 1(x > 0),6(x) = 0(x < 0). Substituting equations (16)
into (21) we have following formulas for spatial distribution
of thrust for FRSDBD in this work:

Fpmk r——

) = o et )
9(5() eqo(V(1)+ Zlee)zP(_’/ Tt/)xye*(ﬂr)’) 1> theqk.
(22)

We do not consider the time gap between fluid model and
the analytical model in this work due to the limitation of com-
puting capability. It is possible to introduce some numerical
approaches like adaptive mesh refinement or simplify the kin-
etics in the stable stage in the future. However both approaches
may reduce the accuracy of the existing model and needs fur-
ther check.

4. Conclusions

The pulsed-DC SDBD (FRSDBD) actuators are studied with
the help of a 2D fluid model and an analytical model. The dis-
charge characteristics during the voltage rising (pulse) stage,
and thrust generation during the voltage decaying stage, as
well as the factors influencing the thrust are analyzed in detail.
The following conclusions can be drawn:

(1) the fast voltage rising stage is responsible for plasma
channel formation and charge production. The thrust in this
stage is negative. The breakdown takes place when the applied
voltage is 1040 V, a plasma channel with the length of 4.3 mm
and thickness of 50 pum is formed. A current spike appears
at breakdown moment then drop within 490 ns, much shorter
than the DC-pulse width. The charge density in the channel is
negative, while the x—component of electric field E,; is posit-
ive. Shorter rising slopes lead to higher electron density (thus
charge density). No positive thrust is generated in this stage.

(2) During the slow voltage decaying stage, the x—
component of electric field E,; changes its direction and pos-
itive thrust starts due to collisions of negative ions and neutral
molecules. The thrust reaches its maximum when the applied

voltage decreases by about 600 V from the peak value; then
the evolution of thrust in subsequent times is dominated by
charge due to the fast deposition of negative ions on dielectric
surface.

(3) The lasting time of the trailing edge T';4iing, the decay
rate of applied voltage (described by two parameters o and
B), and voltage amplitude V,, are the main factors deciding
the peak thrust time and value. Analytical expressions are for-
mulated for the peak thrust value and time moment based on
these parameters and input from 2D simulations.

(4) The time moment of peak thrust 7, increases linearly
with the length of the trailing edge T'j4ijing, While peak thrust
value F,4 is an exponentially decreasing function of T'sising.
The upper limit of F .4 value is obtained. A 2D contour map
describing the peak thrust value and time, and the average
thrust is drawn. Our results show that, smaller voltage decay
rate at the beginning results in a delayed peak thrust time and a
smaller peak thrust value. The average thrust in one duty cycle
decreases with the decay rate of applied voltage.

The conclusions drawn above allow us to flexibly design
the FRSD waveformes for an SDBD actuator according to
the requirements of active flow control in different application
conditions.
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