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Abstract The term ‘‘plasma actuator’’ has been a part of

the fluid dynamics flow control vernacular for more than a

decade. A particular type of plasma actuator that has

gained wide use is based on a single dielectric barrier

discharge (SDBD) mechanism that has desirable features

for use in air at atmospheric pressures. For these actuators,

the mechanism of flow control is through a generated body

force vector that couples with the momentum in the

external flow. The body force can be derived from first

principles and the plasma actuator effect can be easily

incorporated into flow solvers so that their placement and

operation can be optimized. They have been used in a wide

range of applications that include bluff body wake control;

lift augmentation and separation control on a variety of

lifting surfaces ranging from fixed wings with various

degrees of sweep, wind turbine rotors and pitching airfoils

simulating helicopter rotors; flow separation and tip-casing

clearance flow control to reduce losses in turbines, to

control flow surge and stall in compressors; and in exciting

instabilities in boundary layers at subsonic to supersonic

Mach numbers for turbulent transition control. New

applications continue to appear through programs in a

growing number of US universities and government labo-

ratories, as well as in Germany, France, England,

Netherland, Russia, Japan and China. This paper provides

an overview of the physics, design and modeling of SDBD

plasma actuators. It then presents their use in a number of

applications that includes both numerical flow simulations

and experiments together.

List of symbols

C capacitance

CD drag coefficient

CL lift coefficient

D drag force

E electric field

Eb breakdown electric field

Es sustaining electric field

F? reduced frequency = fLsep/U?

I current

Ic conduction current

Id displacement current

L lift force

Lsep streamwise extent of separation region

P power

R resistance

Rec Reynolds number based on chord length and

free-stream velocity

T period of ac cycle

Tmax maximum thrust

U mean streamwise velocity

U? free-stream velocity

u0 root-mean-square of streamwise velocity

fluctuations

V plasma actuator voltage

Vac ac voltage

Vp–p ac peak-to-peak voltage

c wing chord

fac ac excitation frequency of unsteady plasma actuator

fb body force

q dynamic pressure
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rf radio frequency

x, y axial coordinates

t time

a angle of attack

as stall angle of attack

a0 L zero lift angle of attack

e0 universal charge in a vacuum

kD Deby length

/ phase shift

x 2p/fac

qc charge density

u electric potential

1 Background

Interest in dielectric barrier discharges (DBD) ‘‘plasma

actuators’’ for flow control has seen a tremendous growth

in the past ten years in the US and around the world. The

reasons for this are likely based on their special features

that include being fully electronic with no moving parts,

having a fast time response for unsteady applications,

having a very low mass which is especially important in

applications with high g-loads, being able to apply the

actuators onto surfaces without the addition of cavities or

holes, having an efficient conversion of the input power

into fluid momentum (Enloe et al. 2004b; Post 2001; Post

2004), and the easy ability to simulate their effect in

numerical flow solvers (Corke et al. 2006a). Details for

these claims are covered in a discussion of the plasma

actuator physics in Sect. 2.

The DBD plasma actuators consist of two electrodes,

one exposed to the air and the other covered by a

dielectric material. An example configuration is shown in

Fig. 1. The electrodes are supplied with an ac voltage that

at high enough levels, causes the air over the covered

electrode to ionize. In the classic description, the ionized

air is a ‘‘plasma,’’ which is why these are referred to as

‘‘plasma actuators’’ (Cavalieri 1995; Corke et al. 2001;

Corke and Matlis 2000). The ionized air appears blue

(Davidson and O’Neil 1964). The emission intensity is

extremely low, requiring a darkened space to view by

eye. The plasma is captured in the photograph in the

bottom part of Fig. 1.

The ionized air, in the presence of the electric field

produced by the electrode geometry, results in a body force

vector that acts on the ambient (neutrally charged) air. The

body force is the mechanism for active aerodynamic con-

trol. If operated optimally, there is very little heating of the

air (Iqbal et al. 2007; Orlov 2006). The underlying physics

behind their operation will be discussed in detail in later

sections.

The word ‘‘plasma’’ was introduced into the physics

literature by Langmuir (1926) to denote an electrically

neutral region of gas discharge. This definition has in time

been broadened and now refers to a system of particles

whose collective behavior is characterized by long-range

coulomb interactions (Kunhardt 2000). One description

typically added to highlight another property of plasmas is

‘‘collisional’’, where the electron-neutral collision fre-

quency is of the order of, or greater than, the plasma

frequency. This is a property of the regime that is relevant

to the DBD plasma actuators.

A gas discharge is created when an electric field of

sufficient amplitude is applied to a volume of gas to gen-

erate electron-ion pairs through electron impact ionization

of the neutral gas (Kunhardt 1980; Kunhardt and Luessen

1981; LLewellyn-Jones 1966; Raizer 1991). This requires

the presence of an initiating number of free electrons which

can either be present from ambient conditions, or intro-

duced purposely (Kunhardt 1980; Kunhardt and Luessen

1981).

A traditional (industrial) arrangement for creating a self-

sustained gas discharge at low pressures of a few Torr or

less has involved separated facing electrodes. The electric

field established by the two electrodes can either be by

direct current (dc) or alternating current (ac). The plasma is

generated by increasing the amplitude of the electric field

above the breakdown electric field, Eb, which is the value

needed to sustain electron-ion pairs in the gas in the

absence of space-charge fields (Kunhardt 1980; Kunhardt

and Luessen 1981; LLewellyn-Jones 1966; Raizer 1991).

The minimum breakdown electric field is a function of the

driving frequency. At atmospheric pressure, Eb is generally

lower for an ac input. The optimum ac frequency depends

on the static pressure and the particular gas. Once created,

the electric field needed to sustain the plasma, Es, is lower

than Eb. The difference between the breakdown and sus-

taining electric fields is a function of the operating conditions

(Llewellyn-Jones 1966; Raizer 1991; Nasser 1971; Meek and

Craggs 1978).

Fig. 1 Schematic illustration of SDBD plasma actuator (top) and

photograph of ionized air at 1 atm. pressure that forms over electrode

covered by dielectric layer (bottom)
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As a consequence of the plasma conductivity, there is a

current, I, that flows between the electrodes. A region is

formed between the plasma and the cathode electrode

whose role is to provide current continuity at this inter-

face. The current in the boundary region consists of two

components: the conduction current, Ic, and the dis-

placement current, Id. For dc fields, Id is zero, and the

remaining conduction current consists of electron and ion

components. For ac fields, the contribution of the dis-

placement current to the total current increases with

frequency.

When the operating conditions (applied field, electrode

cross-section area, and static pressure) are such that the

current density in the boundary region near the cathode is

independent of the current flowing in the circuit, the

discharge is called a ‘‘normal glow discharge’’ (LLewel-

lyn-Jones 1966; Raizer 1991; Kunhardt and Luessen

1981; Nasser 1971; Meek and Craggs 1978). For constant

current, the current density in a normal glow discharge

scales with the square of the static pressure. Therefore the

cross-section area of plasma decreases with increasing

pressure at constant current. As the static pressure

increases at constant current, the current density increases

until the threshold for the development of instabilities

leading to a transition to an ‘‘arc’’ phase is reached. The

threshold current for the development of the ‘‘glow-to-

arc’’ transition depends on the operating conditions of the

discharge.

Many aerodynamic flow control applications would

require plasma actuators to operate near atmospheric

pressure. This favors ac operation over dc. In addition, any

gains they might provide in efficiency need to factor in the

power they require to operate. Thus there is a need to

consider their most efficient operating conditions that

maximize their effect with respect to input power.

A technique for generating steady-state, high-pressure

diffuse plasmas uses a dielectric barrier on the surface of

one or both electrodes. An early reference to this

approach is due to Okazaki and co-workers (Kanazawa

et al. 1988, 1989, 1990; Yokoyama et al. 1990; Okazaki

et al. 1993; Kogoma and Okazaki 1994). In this case

because of the dielectric layer, the electrodes must be

supplied with an ac field. Barrier-electrode discharges

have been operated historically in the ‘‘micro-discharge’’

mode (Eliasson and Kogelschatz 1991; Kogelschatz

1977). In this mode, the discharge consists of a number of

parallel filaments, each of which have a limited lifetime.

The filaments are essentially streamer discharges whose

lifetime is governed by the capacitance of the dielectric

barrier (Eliasson and Kogelschatz 1991). The passage of

the streamer across the discharge gap locally charges this

capacitance, reversing the local field and thus terminating

the filament.

In sinusoidally driven DBD, the plasma forms in ‘‘non-

thermal equilibrium,’’ in which the electrical energy cou-

pled into the gas is mainly used to produce energetic

electrons while the gas remains at ambient temperature.

This is due to the self-termination of the discharge which

prevents micro-discharges from degenerating into a ther-

mal arcs (Falkenstein and Coogan 1997). The process of

self-termination results from the accumulation of electrons

at the dielectric surface facing the cathode. The internal

electric field caused by the accumulation of electrons on

the dielectric surface reduces the local field strength, and

the micro-discharges choke themselves as the extinction

field is reached (Falkenstein and Coogan 1997).

For a single dielectric barrier discharge (SDBD), during

one-half of the ac cycle, electrons leave the metal electrode

and move towards the dielectric where they accumulate

locally. In the reverse half of the cycle, electrons are supplied

by surface discharges on the dielectric and move toward the

metal electrode. The time scale of the process depends on the

gas composition, excitation frequency and other parameters.

In air at atmospheric pressure, it occurs within a few tens of

nanoseconds (Falkenstein and Coogan 1997).

Kline et al. (2001) have studied time-resolved images of

spatio-temporal patterns in a one-dimensional dielectric-

barrier discharge system. They obtained images of plasma

filaments that revealed ‘‘discharge stages’’ that lasted only

approximately 100 ns. They found that several discharge

stages could occur during a half-cycle of the driving

oscillation, each producing a distinct filament pattern. They

found that in some discharges there was a temporal struc-

ture but spatial disorder, and in others there was both

temporal and spatial disorder in the discharges.

The dielectric barrier configuration will also support a

uniform diffuse discharge operation as shown by Okazaki

(Kanazawa et al. 1988). The mechanisms that play a role in

this are well understood from a number of investigators

(Roth 1995a; Decomps et al. 1994; Massines et al. 1995;

Trunec et al. 1998; Massines et al. 1998b). The stability of

the diffuse mode depends on the ac frequency, the gas type

and the excitation power. The discharge is most stable in

Helium and mixtures that contain Helium, although other

gases have been used including air (Kanzawa et al. 1990;

Roth 1995a; Decomps et al. 1994; Massines et al. 1995,

1998; Trunec et al. 1998). The electrode separation is

usually small, of the order of a few centimeters. The

electron density of the plasma generated by this mode is of

the order of 1010 cm-3.

Radio frequency (rf) glow discharges are used in micro-

electronic device fabrication and gas laser excitation. For

high pressure gas laser excitation, dielectric-covered elec-

trodes are particularly employed to achieve higher stability

and homogeneity compared to metallic electrodes with dc

discharges (Kakuta et al. 1995). In industrial systems, the
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rf discharge is driven at 13.56 MHz which is the value

regulated by the Federal communication commission

(FCC). Optical emission spectroscopy of rf discharges is

one of the conventional and nonintrusive diagnostic tech-

niques used to study barrier discharges of this type. Boeuf

(1987) provided one of the earlier models for rf glow

discharges of this type.

A one-dimensional model for the dielectric barrier dis-

charge dynamics was developed by Massines et al.

(1998a), Rabehi et al. (1994) and BenGadri et al. (1994). It

was based on the numerical solution of the electron and ion

continuity and momentum transfer equations coupled to

Poisson’s equation. As is typical in high pressure dis-

charges, the electrons and ions were assumed to be in

equilibrium with the electric field. Their model gave space

and time variations in the electric field, and the electron

and ion densities. The charge accumulation on the dielec-

tric as the discharge develops was taken into account, and

the voltage boundary conditions for dielectrics were

derived by considering an equivalent circuit of the gas gap

in series with the equivalent capacitor of the dielectric.

One of the earliest uses of plasma actuators for flow

control was by Kosinov et al. (1990) to excite Tollmein-

Schlichting (TS) modes in a Mach 2.0 boundary layer over

a flat plate. The plasma was formed between two electrodes

located in a cavity below the plate surface. The driving ac

frequency was selected to be in the range of the most

amplified TS frequency. This provided a phase reference

from which streamwise and spanwise wavelengths of the

amplified disturbances could be derived. With a similar

intent, Cavalieri (1995) and Corke et al. (2001) used an

azimuthal array of plasma actuators on the surface of a

sharp-tipped circular cone in a Mach 3.5 flow. The ac input

to the individual electrodes was phase shifted to excite

particular azimuthal wave numbers of Tollmien-Schlich-

ting (TS) modes in the boundary layer.

In one of the earliest low-speed applications, Roth,

Sherman and Wilkinson (Roth et al. 1998, 2000) utilized

an array of electrodes separated by a glass-epoxy printed-

circuit board to manipulate the boundary layer flow over a

flat plate at free-stream velocities from 4 to 26 m/s. They

investigated a number of electrode geometries. One of

these was similar to the one shown in Fig. 1. With this

electrode configuration, they observed using smoke visu-

alization that ambient air was drawn towards the covered

electrode. A similar photograph recorded by Post (2001) is

shown in Fig. 2. In this case, the electrodes are aligned

parallel to the mean flow direction. This accentuates the

width of the streamtube that is drawn towards the wall by

the actuator. Velocity surveys of the actuator induced flow

by Roth et al. (1998b, 2000) documented a wall-normal

mean velocity profile that was similar to what might be

produced by a tangential wall jet.

Corke and Matlis (2000) investigated an array of SDBD

plasma actuators that were phased to produce a traveling

wave effect. It was applied to a flat surface as well as to the

inside wall of a circular nozzle where it was used to excite

helical instability modes in a jet flow. Post 2001 and Post

et al. 2001 used the flat surface array to study its effect on

the wall in a turbulent boundary layer. Later Hultgren and

Ashpis (2003) utilized a similar phased-array approach for

separation control in an adverse pressure gradient simula-

tion of a low-pressure turbine blade.

Following this early development, the design of the

SDBD plasma actuator has primarily settled on the asym-

metric electrode geometry used either singly, or in linear

arrays. As part of a fundamental study on plasma actuators

of this geometry, Post (2004) documented the flow induced

by a single actuator in still air using both particle image

velocimetry (PIV) and Pitot probes. Velocity vectors

obtained using PIV are shown in Fig. 3. The actuator was

operated by supplying separate ac inputs to the exposed

and covered electrodes. The frequencies of the two ac

inputs differed by 1 Hz. This produced an ac potential

across the electrodes that was amplitude modulated at the

difference frequency. As a result, the actuator smoothly

turned on an off with a period of 1 s. A trigger signal was

constructed from the modulated amplitude and used to

phase-lock velocity ensembles from the PIV system. Fig-

ure 3 shows four such ensemble averages corresponding to

modulation period phase angles of / = 0, 90, 180 and

270�. The edge of the exposed electrode facing the covered

electrode is located at x = -26 mm in the plots.

At / = 0 (top-left plot) the actuator is just being acti-

vated. Just upstream of the actuator location, the velocity

vectors are directed towards the wall. This is visible in all

of the plots at all of the phase angles, and is consistent with

the downward-bent smoke streakline that was observed

upstream of the plasma actuator by Roth et al. 1998b, 2000

Fig. 2 Photograph of smoke tube introduced at the edge of a

boundary layer that is bent towards the wall by a plasma actuator

oriented so that the electrodes are parallel the streamwise direction.

(from Post 2001)
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and Post 2001. Close to the wall, the vectors indicate that

the flow is accelerating and moving parallel to the wall in

the direction away from the actuator. Because the actuator

is in still air, the initiation of the plasma produces a

‘‘starting vortex’’ similar to an impulsively moved wall.

The velocity vectors at subsequent phase angles document

the vortex as it convects out of the measurement area. The

last remnant of it is observed in the vectors near the far-

right boundary at / = 0 (top-left plot).

Post and Corke (2004) compiled the PIV velocity data to

construct a wall-normal profile of the velocity component

parallel to the wall (U). This is shown in Fig. 4. Included as

a check are two sets of measurements obtained using a pitot

probe. The dashed curve is from an early simulation of the

actuator that will be discussed in a later section.

These results serve to denote the fundamental features of

asymmetric-electrode SDBD plasma actuators, namely:

1. an induced net downward flow towards the edge of the

exposed electrode in the direction of the covered

electrode, and

2. a jetting of the flow towards the far edge of the covered

electrode.

The physics of its operation and how it might be opti-

mized, is the topic of the following sections.

2 SDBD actuator physics

This section examines the physics behind the SDBD

plasma actuator configurations that are most commonly

used in flow control. Although dielectric-barrier discharge

plasma generators have been used for many years for

industrial purposes (Roth 1995), they generally use facing

plate electrodes, and operate with gases other than air and

at low pressures well below atmospheric. The need for flat

configurations that can be placed on a single surface in air

at near atmospheric pressures makes their operation

somewhat different from the classic industrial DBD plasma

generators in the literature.

Fig. 3 Ensemble-averaged velocity vectors obtained using PIV that

illustrate the flow induced by an SDBD plasma actuator like that

illustrated in Fig. 1 in still air. Vector plots (from top-left to bottom-

right) correspond to phase angles of 0, 90, 180, and 270� of a 1 Hz

amplitude-modulated input. (from Post 2004)

Fig. 4 Mean velocity profiles of the velocity component parallel to

the wall (U) of flow induced by an asymmetric-electrode SDBD

plasma actuator like that illustrated in Fig. 1 in still air (from Post and

Corke 2004)
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2.1 Experimental observations

The SDBD plasma actuators are driven by an ac input. In

classic DBD processes, the input waveform is sinusoidal.

When the ac amplitude is large enough so that the electric

field exceeds Eb, the air ionizes. The ionized air is always

observed to form over the electrode that is covered by the

dielectric. In addition to the unaided eye, the ionized air

appears to be uniform in color and distribution. The pho-

tograph in Fig. 1 is a typical example. Time resolved

images of the ionization process however indicate it to be a

highly dynamic, spatially evolving process with features

that develop on the time scale of the ac period (mili-sec-

onds) or less.

Enloe et al. (2004a) studied the space-time evolution of

the ionized air light emission over a surface mounted

SDBD plasma actuator using a photo-multiplier tube

(PMT) fitted with a double-slit aperture to focus on a

narrow 2-D region of the plasma. The slit was parallel to

the edge of the exposed electrode and could be moved to

different locations over the electrode covered by the

dielectric. A similar arrangement was done by Orlov

(2006), a schematic of which is shown in Fig. 5.

A sample time series from Orlov (2006) of the PMT

output that was acquired phase-locked with the ac input to

the actuator is shown in Fig. 6. Also shown for reference is

the ac input supplied to the electrodes. The light emission

is taken as an indication of the plasma density, which is a

good assumption based on the disparate time scales

between the recombination time (order of 10-8 s) (Vidmar

and Stalter 2003) versus the discharge time scale (order of

10-3 s).

There are several fundamental features of light emission

time series. The first is that the air is ionized only over part

of the ac cycle. When it does ionize, its character is dif-

ferent between the first and second halves of the ac cycle.

This is the second fundamental feature. The final funda-

mental feature is that the light emission is made up of

narrow spikes that might indicate numerous micro-

discharges. Similar observations have been documented by

Enloe et al. (2004a), Massines et al. (1998a), and Eliasson

and Kogelschatz (1991) and Kogelschatz (1977), which

generally characterize this process as a dielectric barrier

discharge (DBD).

The most important property of the DBD is that it can

sustain a large volume discharge at atmospheric pressure

without the discharge collapsing into a narrow constricted

electrical arc. This is governed by the build-up of charges

on the dielectric surface. The process for this is illustrated

in Fig. 7. The left part of the figure corresponds to the half

cycle of the discharge where the exposed electrode is more

negative than the surface of the dielectric covering the

other electrode. In this case when the electric potential is

large enough, electrons are emitted from the exposed

electrode and deposited onto the dielectric surface. As the

charge on the dielectric builds up, it opposes the applied

voltage on the bare electrode. The discharge will eventu-

ally stop unless the magnitude of the applied voltage

continues to increase. This is not the case for a periodic

input in which the potential reverses. The blue rectangle

shows the portion of the ac cycle where the air would

ionize. This is initiated at (a) when the potential between

the bare electrode and dielectric surface is large enough so

Fig. 5 Photo-multiplier arrangement for documenting the space-time

evolution of ionized air light emission over the dielectric surface of

SDBD plasma actuator

Fig. 6 Time series of PMT output (top) that is viewing ionized air light

emission at one location over electrode covered by dielectric, and

corresponding ac input (bottom) to plasma actuator (from Orlov 2006)

6 Exp Fluids (2009) 46:1–26

123



that the electric field exceeds Eb. The ionization stops at (b)

when the voltage on the bare electrode stops becoming

more negative, which is needed to overcome the buildup of

charge on the dielectric.

The behavior of the discharge is similar on the opposite

half of the ac cycle which is illustrated on the right part of

Fig. 7. In this case, the exposed electrode is more positive

than the surface of the dielectric which is now holding the

deposited electron charge. When the potential difference is

large enough, the electrons will be emitted from the

dielectric surface to the bare electrode (c). Again the blue

rectangle shows the portion of the ac cycle where the air

would ionize. The ionization stops (d) when the voltage at

the bare electrode stops becoming more positive and the

electric field falls below Eb.

Focusing back on light emission time series in Fig. 6,

the air was ionized in the expected parts of the ac cycle. In

addition, the time series indicates that the discharge is

much more irregular in the positive-going half cycle than in

the negative-going half cycle. This is consistent with the

literature for DBDs with a single dielectric barrier (Gibalov

and Pietsch 2000b; Pashaie et al. 1994), and was also

observed by Enloe et al. (2004a). The explanation for the

difference in the emission character in the two half-cycles

is associated with the source of electrons. During the

negative-going half cycle, the electrons originate from the

bare electrode, which is essentially an infinite source that

readily gives them up. In the positive-going half cycle, the

electrons originate from the dielectric surface. These

apparently do not come off as readily, or when they do,

they come in the form of micro-discharges. This asym-

metry plays an important role in the efficiency of the

momentum coupling to the neutrals. It further suggests

some optimization can come in the selection of the ac

waveform to improve the performance of the plasma

actuator. For example, a sawtooth with the long rise time

corresponding to the portion of the ac period when the

electric potential direction is depositing electrons on the

dielectric has been show to produce more induced thrust

when compared to sine waves (Enloe et al. 2004a). In

general, triangle waves are more optimal than sine waves,

and square waves or rectangular pulses are least favorable

in ionizing the air for SDBD plasma actuators.

The light emission time series that was shown in Fig. 6

corresponded to observing a single narrow slit at a fixed

location over the dielectric. A composite of light emission

time series measured at different positions over the

dielectric surface that were obtained by Orlov 2006 and

Orlov et al. 2006 are shown in Fig. 8. These are shown as

contours of constant light intensity for one period, T, of the

ac cycle. The x axis is the distance over the covered

electrode measured from the edge of the bare electrode at

the interface of the covered electrode.

The space-time character of the plasma light emission

over the covered electrode has a number of interesting

features. For example, there is a sharp amplitude peak near

the edge of the exposed electrode at the first initiation of

the plasma. As time increases, the plasma sweeps out from

the junction to cover a portion of the encapsulated elec-

trode. This was similarly noted by Gibalov and Pietsch

(2000a). As the plasma sweeps out away from the edge of

the exposed electrode, its light emission appears to become

less intense. Estimates (Enloe et al. 2004a; Orlov 2006;

Orlov et al. 2006) indicate that the intensity decreases

exponentially from the junction. This led to the use of an

exponential weighting for correcting the spatial depen-

dence of the plasma actuator body force in earlier flow

simulations (Orlov et al. 2003; Orlov and Corke 2005;

Voikov et al. 2004). Two of the global features of the

Fig. 7 Illustration of electron drift that dictates portions of ac period

where air ionizes in SDBD process
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Fig. 8 Space-time variation of the measured plasma light emission

for SDBD plasma actuator corresponding to one period, T, of the

input ac cycle. (from Orlov 2006; Orlov et al. 2006)
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space-time evolution of the plasma formation are the

velocity at which the plasma front moves across the

dielectric, and the maximum extent of the plasma during

the ac cycle. The velocity is represented by the slope, dx/dt,

of the front. In Fig. 6, the velocity of the fronts is

approximately the same for the two halves of the ac cycle,

but the plasma extent differs.

Enloe at al. (2004a) determined that the propagation

speed of the discharge increased with the applied ac volt-

age. In addition they found that the propagation speed was

essentially the same during the ionization that occurs in

both halves of the ac cycle. On this basis, both halves of the

ac cycle are equivalent.

Orlov (2006) investigated the effects of voltage and ac

frequency on the extent and propagation velocity of the

discharge. The effect of the input voltage level is shown in

Fig. 9. The left plot corresponds to the maximum extent of

the plasma as it sweeps out from the edge of the bare

electrode onto the dielectric covered electrode. This indi-

cates that the maximum extent varies linearly with the

voltage amplitude. The right plot shows the velocity of the

plasma front as a function of the applied voltage. Orlov

(2006) determined the front velocity by measuring the

slope, dx/dt, of the edge of the light-emission in contour

plots like the one shown in Fig. 8. Enloe et al. (2004a)

determined the front velocity by measuring the time delay

to when the light emission was first observed in a viewing

slit located various distances from the bare electrode edge.

As a result of the larger amount of scatter, Enloe et al.

(2004a) estimated that the plasma velocity was approxi-

mately constant with applied ac voltage. With somewhat

less scatter, Orlov (2006) found it to increase with voltage.

The line through the data is a linear curve that is the best fit

to the combined sets of data. Also included in these two

plots are the results from the lumped-circuit model of Or-

lov (2006) that is discussed in Sect. 2.2 on the SDBD Body

Force Model.

The effect of the ac frequency on the extent and prop-

agation velocity of the discharge is shown in Fig. 10. This

result is taken from Orlov (2006). The left plot shows the

plasma extent. Aside from the value at the lowest fre-

quency, it indicates that there is no dependence of the

plasma extent on the ac frequency. In contrast to this, the

right plot indicates that the plasma velocity increases

Fig. 9 Effect of input voltage

on the extent (left) and velocity

(right) of the plasma discharge

edge for SDBD actuator. (from

Orlov 2006; Orlov et al. 2006)

Fig. 10 Effect of input ac

frequency on the extent (left)
and velocity (right) of the

plasma discharge edge for

SDBD actuator. (from Orlov

2006; Orlov et al. 2006)

8 Exp Fluids (2009) 46:1–26

123



linearly with the ac frequency. The curve corresponds to a

best fit straight line through the points. Since the extent of

the plasma only depended on the voltage, these results

indicated that as the ac frequency increased (corresponding

to a decreasing ac period), the time needed for the plasma

to reach its maximum extent within each half of the ac

period decreased. Therefore, the propagation velocity of

the plasma increased in proportion to the ac frequency.

Results from the lumped-circuit model of Orlov (2006) that

is discussed in Sect. 2.2 have been included in these two

plots.

The results of these two figures has a direct implication

on the design of the covered electrode. For example Post

(2004) and Enloe et al. (2004b) showed that with

increasing ac amplitude, the maximum velocity induced by

the plasma actuator was limited by the streamwise (x)

extent of the covered electrode. This is illustrated in

Fig. 11 for two input voltages. Thus the dielectric area

needed to store charge can be too small to take full

advantage of the applied voltage.

The final aspect of the SDBD plasma actuator physics is

the manner that it induces flow in the neutral air. As pre-

viously shown in Fig. 4, the asymmetric electrode

configuration results in a flow with a velocity profile not

unlike a wall jet. In their second paper, Enloe et al. (2004b)

sought to correlate the magnitude of the induced flow by

measuring the induced reaction thrust force acting on the

actuator. This was done by mounting the actuator on a

fulcrum to increase the resolution of the thrust so that it

could be measured on an electronic force scale. A similar

experiment was performed by Iqbal et al. (2007). The

design of those actuators produced an order of magnitude

larger thrust so that the force could be directly measured by

mounting the actuator on an electronic scale. This is

illustrated in the left part of Fig. 12. The right part of the

figure shows the measured force as a function of the

applied ac voltage.

The induced thrust versus voltage is plotted on log-log

axes because the first measurements of Enloe et al. (2004b)

indicated that the thrust force produced by the actuator was

proportional to Vac
3.5. The line through the data in Fig. 12 is

the best fit of the function T = C1 V3.5 to the data, where

C1 is the fitted parameter. This confirms the original

observation. Post (2001, 2004) verified a similar depen-

dence of the maximum velocity in the wall-normal profile.

These measurements were performed at a sufficient dis-

tance from the edge of the bare electrode where the

velocity profiles were verified to be self similar. Therefore

the maximum velocity was consistent with the momentum

in the induced flow found by integrating the velocity

Fig. 11 Effect of covered electrode width on velocity induced by

plasma actuator. (from Post 2004)

Fig. 12 Schematic of

experimental setup for

measuring induced thrust from

SDBD plasma actuator (left)
and measured thrust versus

applied ac voltage (right). (from

Iqbal et al. 2007)
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profile, which should equal the thrust. Iqbal et al. (2007)

verified consistency between the momentum found by

integrating the profiles and the measured thrust force.

Enloe et al. (2004a) computed the power dissipation in

the discharge by sampling the voltage and current wave-

forms across the electrodes and numerically integrating the

product of the waveforms over one period of the discharge

to integrate out the reactive power and account exclusively

for the power dissipated in the plasma. They observed that

the dissipated power also followed Vac
3.5, indicating a direct

proportionality with the induced velocity or momentum.

They considered a model for the air above the dielectric

material covering the electrode that consisted of a capacitor

and resistor in series. Figure 13 shows this model for the

SDBD plasma actuator. Before the air ionized, the capac-

itor, C1, corresponds to the value for air. When the air

ionizes, this capacitor effectively becomes a short circuit.

The remaining circuit elements, R1 and C2 then form a

voltage divider. The impedance, Z2, of the capacitance, C2,

is given as Z2 = -i/x C2, where x = 2p/fac and fac is the

ac frequency. For a fixed frequency, C2 would be a con-

stant. Then one might expect that the electrical power

dissipated by the plasma would be Vac
2 /R1, or generally be

proportional to Vac
2 . Experiments (Enloe et al. 2004a)

however indicate that this is not the case.

Reasons why the power dissipated by the plasma is not

proportional to Vac
2 include:

1. C2 is not constant but increases with the applied ac

voltage,

2. R1 decreases with increasing applied ac voltage,

3. both of the above.

In fact, the previous results have shown that the sweep-

out velocity of the plasma front increases with increasing

voltage as was illustrated in Fig. 9. Thus the area over the

dielectric that makes up the capacitance, C2, increases

faster with increasing voltage. Therefore the value of C2 is

not constant but increases in proportion to Vac. With regard

to R1, numerical simulations of the circuit in Fig. 13 that

were intended to reproduce the output waveforms observed

in experiments, indicated that the resistance needed to vary

inversely with the applied voltage (Enloe et al. 2004a).

Therefore both effects are in play.

The dependence of the dissipated power in the plasma

and the induced momentum on the applied voltage is an

important characteristic that any physical model needs to

replicate. These results indicate that it must include the

dynamics of the plasma initiation and sweep-out over the

dielectric covered electrode that occurs twice during the ac

period. An electrical model for dielectric barrier discharge

by Naude et al. (2004) has addressed this with the addition

of electrical elements (Zener diodes) that switch the current

path between different passive circuit elements to control

the characteristics with voltage and frequency.

2.2 SDBD body force models

The SDBD plasma actuator designs of the type shown in

Fig. 1, have been demonstrated to induce motion in the

neutral fluid that can be directly measured in terms of a

reaction force on the actuator. For this to occur, there must be

an electro-mechanical coupling between the moving air and

the actuator. Because this coupling only occurs when the

plasma is present, it can be assumed that the plasma is the

intermediary. The manner that this can occur is via the electric

field interactions with the charged particles in the plasma.

One of the first models for a DBD plasma actuator was

developed by Massines et al. (1998a). It was a one-

dimensional model based on a simultaneous solution of the

continuity equations for charged and excited particles, and

the Poisson equation.

Paulus et al. (1999) developed a particle-in-cell simu-

lation to study the time-dependent evolution of the

potential and the electrical field surrounding two-dimen-

sional objects during a high voltage pulse. The numerical

procedure was based on the solution of the Poisson equa-

tion on a grid in a domain containing an L-shaped electrode

to the determine the movement of the particles through the

grid. The simulation showed that the charged particles

move towards the regions of high electric potential, cre-

ating a high electric-field strength near the electrode’s

edges. In addition it showed that the plasma builds up on a

very short, micro-second, time scale.

A model for the body force produced by the plasma on

the neutral air was presented by Roth et al. (2000). This

model was based on a derivation of the forces in gaseous

dielectrics given by Landau et al. (1984). In this model, the

body force is proportional to the gradient of the squared

electric field, namely

fb ¼
d

dx

1

2
e0E2

� �
: ð1Þ

Enloe et al. (2004b) criticized this model because the body

force does not account for the presence of the charged

Fig. 13 Lumped element circuit model of the SDBD plasma actuator.

(from Enloe et al. 2004a)
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particles. For example in the absence of charged particles,

which might be due to the electric field being below that

needed to ionize the air, the body force calculated using

Eq. 1 is not zero, which is an obviously non-physical result.

Boeuf and Pitchford (2005) raised the same warning in

their derivation of Eq. 1.

Enloe et al. (2004b) went on to show that the body force

given by Eq. 1 is only correct in the special case of a one-

dimensional condition where E~ ¼ Exî and Ey = Ez = 0, and

q/qy = q/qz = 0. This special case is not relevant to the

aerodynamic applications that are presented in a later

section.

Another model for the body force was given by Shyy

et al. (2002). A basic assumption of the Shyy et al. model

was that the electric field strength, E, decreased linearly

from the edge of the bare electrode towards the dielectric-

covered electrode. This assumption is not consistent with

the spatial illumination measurements of the discharge

process made by Enloe et al. (2004b), Orlov (2006) and

Orlov et al. (2006) which show an exponential spatial

decay.

Suzen et al. (2005) and Suzen and Huang (2006) utilized

the electrostatic model with the exponential weighting

described by Orlov (2006) and Orlov et al. (2006) to

compute the plasma body force using the Enloe et al.

formulation (Enloe et al. 2004a, b). In their work, they

proposed to split the electrostatic equations into two parts:

the first one being due to the external electric field, and the

second part due to the electric field created by the charged

particles. Orlov (2006) suggests that this makes the prob-

lem unnecessarily complicated because it is known that the

electric fields can be superimposed. This idea was used in

his formulation (Orlov 2006).

Boeuf and Pitchford (2005) considered a collisional

discharge in a numerical estimation of the force acting on

gas molecules in a 2-D asymmetric surface DBD. For this

they considered nitrogen at atmospheric pressure. They

concluded that the asymmetry in the electrode configura-

tion induces an asymmetry in the flow, comparable to a dc

force in surface corona discharges.

There have been numerous models developed for DBD

in air that include very complicated chemistry. These

models usually include 20-30 reaction equations, each

with different reaction times and energy outputs. These

equations account for electron, ion-neutral, and neutral-

neutral reactions in different gases that are present in the

air (Gibalov and Pietsch 2000b; Golubovskii et al. 2002;

Kozlov et al. 2001; Pai et al. 1996; Madani et al. 2003).

For the most part, these models were developed for simple

one-dimensional geometries consisting of axisymmetric

facing electrodes. Recently to simplify the chemistry, Font

(2004) and Font and Morgan (2005) considered the plasma

discharge in a 2-D asymmetric plasma actuator that

included only nitrogen and oxygen reactions. With this

model, they were able to simulate the propagation of a

single streamer from the bare electrode to the dielectric

surface and back.

There is also a group of simplified models in which the

chemical reactions are not considered, but the gas is still

considered to be a mixture of ions, electrons and neutral

molecules. These models were first derived for a simple

one-dimensional discharge (Roy et al. 2003; Roy and

Gaitonde 2004), and later extended to include two-

dimensional DBD (Poggie 2005; Roy and Gaitonde 2005;

Gaitonde et al. 2005b).

Likhanskii et al. (2006) modeled the weakly ionized air

plasma as a four-component mixture of neutral molecules,

electrons, and positive and negative ions, that included

ionization and recombination processes. Their simulations

indicated the importance of the presence of negative ions

in the air. They also suggest that the charging of the

dielectric surface by electrons in the cathode phase was

critical, where they believe it acts as a ‘‘harpoon’’ pulling

positive ions forward and accelerating the gas in the

anode phase.

Generally speaking, the charged particle models can

precisely describe all of the different processes involved

in the plasma discharge. However they are computation-

ally time-consuming and require significant computer

resources. This is especially true if applied to air at near-

atmospheric pressures. Such simulations are not suitable

to be a part of a design tool that would be used in the

iterative optimization of the plasma actuators, and the

design of flow-control applications based on plasma

actuators.

Orlov (2006) and Orlov et al. (2006) addressed the need

for an efficient method for predicting the body force field

of SDBD plasma actuators by developing a space-time

lumped-element circuit model that is a variation of the one

proposed by Enloe et al. (2004a) that was shown in

Fig. 13.

A schematic of the Orlov et al. (Orlov 2006, Orlov et al.

2006) model is shown in Fig. 14. The unique aspect of this

model is the division of the domain over the covered

electrode into N parallel networks. The properties of each

parallel network depend on its distance from the exposed

electrode. These were designated parallel network 1 which

is closest to the exposed electrode, to parallel network N,

which extends the farthest distance over the covered

electrode.

Each parallel network consists of an air capacitor, a

dielectric capacitor, and a plasma resistive element as in

the earlier model (Enloe et al. 2004a, Orlov 2006). Zener

diodes were added to set a threshold voltage level at which

the plasma initiates, and to switch into the circuit the dif-

ferent plasma resistance values based on the current
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direction which experiments had shown to be important.

The N-circuit arrangement is shown in Fig. 14.

The value of the air capacitor in the nth sub-circuit is

based on its distance from the edge of the exposed elec-

trode. The resistance value in the nth sub-circuit is

similarly based on its distance from the exposed electrode.

The value of the dielectric capacitor for each sub-circuit is

similar to the air capacitance except that it is based on the

properties of the dielectric material.

Assuming that the paths are parallel to each other, and

the length of path, ln, is proportional to its position number,

n, it then follows that the the air capacitance of the nth sub-

circuit, Can, is proportional to 1/n, and the air resistance of

the nth sub-circuit is proportional to n. Based on this, sub-

circuits that are furthest from the edge of the electrodes

have the lowest air capacitance and the largest air

resistance.

For a time-varying (ac) applied voltage, the voltage on

the surface of the dielectric at the nth parallel network is

given by Eq. 2 as

dVnðtÞ
dt
¼ dVappðtÞ

dt

Can

Can þ Cdn

� �
þ kn

IpnðtÞ
Can þ Cdn

; ð2Þ

where Ipn (t) is the time varying current through the plasma

resistor. In Eq. 2, the diodes are represented by the variable

kn. When the threshold voltage is exceeded, kn = 1.

Otherwise kn = 0.

The current through the plasma resistance, Ipn tð Þ is given

by Eq. 3 as

Ipn
ðtÞ ¼ 1

Rn
VappðtÞ � VnðtÞ
� �

ð3Þ

where Rn = Rnf or Rn = Rnb based on the current direction.

The ratio of the two plasma resistances used by Orlov

(2006) and Orlov et al. (2006) were Rnf/Rnb = 5, which

was based on the difference in the currents measured in

experiments (Orlov 2006).

The chief advantage of this formulation is that it is

temporal. Therefore the effect of the ac frequency or

waveform shape can be examined. The ionization dynam-

ics such as the sweep-out velocity of the plasma can then

be determined a priori.

The solution of the model equations gives the voltage on

the surface of the dielectric, Vn(t), and the current, Ipn tð Þ; for

each parallel circuit element. Figure 15 shows contours of

the rectified current Ipn
ðtÞ

�� �� from this space-time model for

a 5 kVp-p, 5 kHz sine wave that simulates the experimental

conditions of Fig. 8. The current waveform is rectified to

produce the equivalent of the space-time varying plasma

illumination. This lumped element model reproduces many

of the quantitative features of the plasma development

during the ac cycle including the maximum sweep-out

distance and velocity as a function of the voltage amplitude

and frequency (Orlov 2006; Orlov et al. 2006). These

characteristics taken from the model were plotted as a

validation against the experiments in Figs. 9 and 10.

The space-time dependent voltage, Vn(t), from the

lumped element model is necessary to obtain the plasma

body force exerted on the neutral fluid. In particular, Vn(t)

on the surface of the dielectric serves as the time-dependent

Fig. 14 Space-time lumped element circuit model for SDBD plasma

actuator that divides region over covered electrode into N sub-regions

(left) that each represent a parallel arrangement of circuit elements

(right) (from Orlov 2006, Orlov et al. 2006)
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Fig. 15 Space-time variation of rectified current obtained from

lumped circuit model for SDBD plasma actuator corresponding to

one period, T, of the input AC cycle. (from Orlov 2006, Orlov et al.

2006)
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boundary condition for the electric potential, u, found in

the solution of the electrostatic equation

rðeruÞ ¼ 1

k2
D

u: ð4Þ

The time-dependent extent of the plasma on the surface of

the dielectric, x(t), specifies the region of the presence of

charges above the covered electrode. This defines a moving

boundary as shown in Fig. 16. The boundary value of the

electric potential on the bare electrode is the applied

voltage Vapp(t). At the outer boundaries at ‘‘infinity’’, the

boundary conditions are u = 0.

The electric potential, u(t), is determined at small time

steps of the ac cycle. This is then used to calculate the

time-dependent body force produced by the plasma, given

by

f~bðtÞ ¼ qcEðtÞ~ ¼ � e0

k2
D

 !
uðtÞEðtÞ~ : ð5Þ

As a result of the ac input to the actuator, the body force is

periodic. This has been evident by a common observation

of an acoustic ‘‘tone’’ related to the ac frequency of the

plasma actuator when operating (Enloe et al. 2004a; Porter

et al. 2006). Figure 17 shows the computed space variation

of the normalized body force magnitude, |fb|/|fbmax|, and the

corresponding vectors at two instants in the ac cycle that

were obtained from the Orlov (2006), Orlov et al. (2006)

model. The time instants are indicated by the dots over the

ac waveform. These are in the center of the blue bands

where the air is ionized as discussed with reference to

Fig. 7. The region a–b is where electrons efficiently move

from the bare electrode to the dielectric. The region c–d is

where the electrons move from the dielectric to the bare

electrode which is less efficient. For the former, body force

magnitude extends further over the region of the covered

electrode. For the latter, the extent is less. Both these are

consistent with the distribution of the light emission during

the ac cycle.

One observes that the largest magnitude of the plasma

body force is near the edge of the bare electrode closest to

the covered electrode, x = 0. From that location, the

magnitude decays rapidly over the surface of the dielectric.

A curve fit of the spatial decay by Orlov (2006) indicated

that it was exponential.

Fig. 16 Computational domain for calculation of unsteady plasma

body force

Fig. 17 Body force magnitude

and vector at two points in the

ac cycle for generic asymmetric

electrode configuration like that

in Fig. 1. (from Orlov 2006,

Orlov et al. 2006)
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In the Orlov (2006), Orlov et al. (2006) model the val-

ues of the lumped circuit elements are only a function of

the electrode geometry. There are experiments ongoing

that are investigating how these might change with dif-

ferent conditions including pressure and gas composition.

There is no evidence that incompressible flow speeds

(0 B M B 0.5) modify the behavior of the actuator effect.

Compressibility effects are an open question.

A frequently discussed topic is the vector direction of

the plasma body force during the ac cycle. The formulation

given in Eq. 5 indicates that throughout the ac cycle, the

body force is always oriented in the direction from the bare

electrode towards the covered electrode. This could be the

result of the assumptions made in the formulation of the

model, in particular the ‘‘quasi-steady’’ assumption that the

time scale of the electron and ion movement is much

smaller than the ac period.

This is certainly true for the electrons. The question is

whether it is true for the ions. The charged particle simu-

lations of Font (2004) and Font and Morgan (2005) that

included nitrogen and oxygen reactions, followed the

propagation of a single streamer from the bare electrode to

the dielectric surface and back. They suggested that during

the ‘‘forward discharge’’ when the electrons are pushed

away from the bare electrode and the positive ions are

pulled back towards the bare electrode, the net momentum

is not zero, but favors the ions so that there is a net

momentum towards the bare electrode. In the ‘‘back dis-

charge’’ when the electric field is reversed, the Font et al.

simulations have a resultant force that is away from the

bare electrode, towards the dielectric (as in the Orlov 2006;

Orlov et al. 2006 model). The magnitude of body force in

the ‘‘back discharge’’ was significantly larger than in the

‘‘forward discharge’’ so that the cycle-averaged vector

from the simulation was overwhelmingly towards the

dielectric, as observed in the time-averaged experiments

(Iqbal et al. 2007).

This scenario of Font (2004) and Font and Morgan

(2005) might be categorized as ‘‘PUSH-pull’’ where the

upper or lower case signifies the relative magnitude. The

Orlov (2006) and Orlov et al. (2006) model would indicate

‘‘PUSH-push’’. What is the experimental evidence?

Forte et al. (2006) performed time resolved LDV mea-

surements of the flow induced by an SDBD plasma

actuator similar to Fig. 1, in a quiescent neutral flow. With

this, they were able to capture the streamwise and wall-

normal velocity components within a period of the AC

input. Of particular interest to this discussion is the

streamwise (u) velocity component. The LDV measure-

ments indicated that during the ac cycle the u-component

oscillated between a large-positive u and a small but

positive u, and was never negative. This result supports

a ‘‘PUSH-push’’ scenario. Recent experiments by Enloe

et al. (Porter et al. 2007) indicate a ‘‘PUSH-push’’ scenario,

although the magnitude of the smaller push may be

somewhat less than predicted by the Orlov (2006) and

Orlov et al. (2006) model.

2.3 Optimization

The insight that comes from developing a better under-

standing of the physics behind the SDBD plasma actuator

can suggest approaches to optimize its performance. For

example, the observations that the ionization occurs as long

as the difference between the instantaneous ac potential

and the charge buildup on the dielectric exceed a threshold

value suggest that there are ac waveforms that are optimal.

For example, a square wave is least optimum, a sine wave

is better, and a triangle wave is better yet. This can be

extended further by considering a waveform that empha-

sizes the time given to the ‘‘PUSH’’ and minimizes the time

of the ‘‘push’’. This waveform is a sawtooth whereby the

sloping part should correspond to when the potential is

such that the electrons are being deposited onto the

dielectric. Enloe et al. (2004a) verified this experimentally.

As was shown in Fig. 11, the surface area of the

dielectric over the covered electrode is a factor in the

maximum body force. In contrast to this, the area of the

exposed electrode is not a factor. However, the thickness,

or rather sharpness of the electrode edge facing the covered

electrode, strongly affects the body force. This was dem-

onstrated in experiments by Enloe et al. (2004b) who

compared bare electrodes consisting of flat copper tape of

different thicknesses (0.08–0.64 mm), or metal music wire

of different diameters (0.36–0.98 mm), on the induced

thrust produced by the actuator. In general, the thrust per

unit power was larger when the thickness or diameter of the

bare electrode was smaller (sharper). The reason for this is

that the sharper edge concentrates electric field lines which

locally increases the electric field, and thereby the body

force.

Forte et al. (2006) experimentally examined the effect

of the amount of overlap between the bare and covered

electrodes in an asymmetric arrangement like that in Fig. 1.

They defined the gap spacing, g, to be positive when there

was a non-overlaping distance between the edges. Inter-

preting their results, and normalizing the gap by the width

of the covered electrode Lce, which must be a factor, they

found that there was little effect on the maximum induced

velocities for 0 B g/Lce B 2. For larger (positive) gaps or

overlap, the effectiveness of the plasma actuator dropped

off rapidly.

Forte et al. (2006) also investigated multiple actuators in

series. For their maximum number of four actuators, they

found a constant increase in velocity past each actuator.

This was consistent with the results of Post (2004) and
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Corke et al. (2007a) as well as the underlying physics that

the effect of the plasma actuator on the neutral flow is that

of a body force, which is additive. Forte et al. investigated

only one configuration of series actuators. One can expect

that there is an optimum spacing that scales with the length

of the covered electrode, Lce, and dielectric material

thickness. This has been investigated by Iqbal et al. (2007).

Orlov (2006) and Orlov et al. (2006) examined the

effect of the ac frequency and dielectric material properties

on the plasma body force and heat generated by the plasma.

An example is shown in Fig. 18. This is based on simu-

lations using the SDBD model discussed in the previous

section. The bottom plot shows the effect of the ac fre-

quency on the body force for dielectric layers with three

different dielectric coefficients, e. The top plot shows the

power dissipated by the plasma for one of the dielectric

coefficients, e = 100.

The simulations indicate that for a given SDBD design,

there is an optimum frequency at which the body force

magnitude is a maximum. In contrast, the dissipated power

increases monotonically as the ac frequency increases. This

indicates that the optimum performance of the actuator

requires the proper selection of the driving ac frequency. If

the frequency is too low, the body force will be low. If the

ac frequency is too high, past the optimum, the power that

would nominally go into producing the body force will

instead go into heating the air.

The optimum frequency of the plasma actuator depends

on the dielectric properties of the material, or more spe-

cifically on the bulk capacitance of the actuator. The

capacitance is proportional to e/h, where h is the thickness

of the dielectric. In the example, only the dielectric coef-

ficient was changed to change its capacitance. It could have

been changed through the thickness of the dielectric or in

combination with e. For the large range of values exam-

ined, the optimum ac frequency to achieve the maximum

body force changed from approximately 10–1,000 Hz. For

Kapton with e = 3.3, and the typical thicknesses of

0.15 mm, the optimum ac frequency is in the range of

5 kHz.

There are two important properties of the dielectric

material: the breakdown voltage per thickness (volts/mm),

and the dielectric coefficient, e. The minimum thickness of

the dielectric needs to be sufficient to not break down at the

applied voltage. Although for some materials, this can be

accomplished with only a fraction of a milimeter of

thickness (0.05 mm typical for Kapton). Recent evidence

(Iqbal et al. 2007) shows a benefit in using thicker

dielectric layers made of materials that have lower

dielectric coefficients. Figure 19 shows the thrust measured

with different dielectric materials having different thick-

nesses from Iqbal et al. (2007). The thrust was measured as

previously shown in Fig. 12. In each case in Fig. 19, except

for the 12.70 mm thick Teflon, the point with the highest

induced thrust corresponded to the power limit of the

actuator power supply. For the 12.70 mm thick Teflon, the

highest thrust corresponded to the maximum voltage that

could be produced by the power supply.

In general, the thicker material caused the threshold

voltage needed to ionize the air to increase. Thus the

voltage required to produce the same thrust increased with

increasing material thickness.

The SDBD plasma actuators are voltage driven devices,

with the thrust being proportional to the voltage to the 3.5

power as was shown in Fig. 12. When the actuators

reached their thrust limits, it was because the current

Fig. 18 Effect of dielectric properties on body force (bottom) and

power dissipated (top) for a SDBD plasma actuator. (from Orlov et al.

2006, Orlov et al. 2006)

Fig. 19 Induced thrust from SDBD plasma actuator for different

dielectric thickness and materials. (from Iqbal et al. 2007)

Exp Fluids (2009) 46:1–26 15

123



became too large, which prevented any further increase in

voltage at the fixed maximum supply power. Comparing

the Teflon dielectric material, the thicker material resulted

in larger maximum thrust (the 12.70 mm Teflon would

have exceed the others had the voltage been higher). For

the same thickness (6.35 mm) of Teflon and glass, the

Teflon could achieve a larger voltage (at fixed power) and

therefore had a higher maximum thrust. The difference

between these two was the dielectric coefficients, e = 2.0

for Teflon and e = 3.8 for glass. Therefore for the same

thickness, the capacitance of the Teflon actuator was

almost half that of the glass actuator. Note these were

operated with ac frequencies that were different and opti-

mized for maximum thrust (Orlov 2006; Orlov et al. 2006).

The dielectric coefficient for Kapton is 3.3. This coupled

with the small thickness made its capacitance approxi-

mately 70 times that of the 6.35 mm thick Teflon actuator.

The impact is that its maximum thrust is approximately 10

times less than the Teflon actuator! Almost all of the past

SDBD plasma actuator flow control was performed with a

thin Kapton dielectric material (Corke et al. 2002, 2004,

2006b; Nelson et al. 2006a; Patel et al. 2006; Huang 2005;

Huang et al. 2006a, 2006b; List et al. 2003; Suzen et al.

2007; Rizzetta and Visbal 2007; Rivir 2007; Post and

Corke 2003, 2004, Post 2004). Although these were suc-

cessful in their applications, the flow control potential is

considerably better with these more optimized actuator

designs.

As pointed out by Orlov (2006) and Orlov et al. (2006),

the choice of the driving ac frequency is critical to attaining

the maximum body force. This was investigated by Iqbal

et al. (2007) using a 6.35 mm thick glass dielectric actua-

tor. The results are shown in Fig. 20. The plot on the left

side of the figure shows thrust produced by the SDBD

plasma actuator as a function of the applied ac voltage. The

different cases correspond to different ac frequencies of the

applied voltage. The images on the right side of the figure

show the ionized air. The lower image is representative of

the uniform ionization that occurs within the voltage range

where the thrust is proportional to voltage to the 3.5 power.

The other four images correspond to the maximum thrust

point at the respective ac frequencies in the plot on the left.

For this actuator design, the 8 kHz ac frequency has the

lowest maximum thrust and the 1 kHz has the highest

thrust. Again at fixed power (i 9 V), if the current (i) is too

large, the applied voltage (V) will decrease and the body

force (thrust) will decrease. The visible indication of the

increased current is the appearance of the bright filaments

in the plasma. The spacing between filaments appears to be

somewhat uniform and proportional to the inverse of the ac

frequency. As mentioned in Sect. 1, Kline et al. (2001)

observed distinct filament patterns that sometimes were

regular. It is interesting to note that the voltage where these

first occurred varied linearly with frequency. This is

indicated by the dashed line in the plot and signifies that

Tmax � f-1
ac.

Fig. 20 Induced thrust from SDBD plasma actuator for 6.35 mm thick glass dielectric for different frequencies (left) and corresponding images

of plasma for each frequency at maximum thrust (right). From Iqbal et al. (2007)
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The SDBD plasma actuator power systems used for the

thick dielectric experiments by Iqbal et al. (2007) were

designed to develop large ac voltages at the optimum fre-

quencies, which tended to be lower than with the thin

Kapton film actuator design. They consisted of a low power

function generator, signal amplifier and a step-up trans-

former. The signal amplifier needed to have sufficient

power to drive the transformer. The transformer was the

most critical element since it needed to be designed with a

high enough winding ratio to reach the desired voltage, and

to operate efficiently at the relatively low (order 1–2 kHz)

frequencies that were optimum for the thick dielectric

actuators. These transformers were custom made for this

application by Corona Magnetics, Inc.1

3 Example applications

3.1 Turbulent boundary layer separation control

The effect of the plasma actuator is incorporated into

numerical flow solvers by adding the actuator body force

into the momentum equation. Numerically, this is a par-

ticularly efficient approach because the body force is not

coupled to the flow parameters and therefore can be cal-

culated off-line for the particular geometry. As an example,

the steps associated with this are presented for a geometry

consisting of a wall-mounted hump that was used in a 2004

NASA Langley CFD validation workshop on canonical

turbulent separated flows. The hump has a relatively long

fore-body and an aft portion with a short concave ramp

where flow separation occurs. Experimental data for this

geometry are well documented (Greenblatt et al. 2004).

Figure 21 shows a photograph of the hump model used in

the experiments of He (2008) and He et al. (2007). The

exposed electrode of a spanwise plasma actuator is noted in

the photograph. The location was at x/c = 0.66 (c = total

length of the model = 420 mm), which was just upstream

of where the boundary layer flow separated.

The Orlov (2006) SDBD model described in the previ-

ous section was used to calculate the body force vectors

produced by the actuator. In order to replicate the experi-

ment, the electrodes were 1/2 inch wide, and the dielectric

material was a 0.006 inch thick Kapton. The ac-cycle-

averaged body force vectors are shown in the top part of

Fig. 22.

The body force effect of the plasma actuator has been

included in a number of flow solvers including NASA’s

CFL-3D (Corke et al. 2006a), FLUENT (Orlov 2006;

Orlov et al. 2006), and WIND-3D (Nelson et al. 2006b), as

well as other general Navier–Stokes codes (Gaitonde et al.

2005a; Suzen et al. 2005; Suzen and Huang 2006; Rizzetta

and Visbal 2007). The flow simulations for the hump

model were performed by He (2008) using FLUENT.

This utilized a segregated solver to solve the two dimen-

sional Reynolds-averaged Navier–Stokes equations with

a user-defined module for adding the body force distri-

bution to account for the plasma actuator effect. The

computation was done on a 412 9 46 (x 9 y) grid. The

computational grid used by He is shown in the bottom part

of Fig. 22.

A comparison between the experiment and simulation of

the pressure coefficient distribution on surface of the hump

model is shown in Fig. 23. The base flow with the plasma

actuator off is shown as the circle symbols for the exper-

iment, and as the solid-thick curve for the simulation. He

(2008) and He et al. (2007) investigated a number of dif-

ferent turbulence models and found that a k-e model had

the best agreement with his and other published (Greenblatt

Fig. 21 Photograph of hump model used for the study of turbulent

boundary layer separation control using SDBD plasma actuators

(from He 2008; He et al. 2007)
Fig. 22 Time-averaged plasma actuator body force vector distribu-

tion used in flow separation control simulation (top) and

computational grid (bottom) used in numerical flow solver that

includes body force. (from He 2008)

1 201 Corporate Terrace, Corona, CA.
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et al. 2004) experimental data. This was the turbulence

model used with both the base-flow and plasma actuator

flow simulations.

For the base flow, the up-turn in the pressure distribution

at x/c = 0.66 is indicative of the flow separation. Re-

attachment occurs where the pressure distribution becomes

flat near x/c = 1.25. The flow separation causes a flow

recirculation region that is evident it the streamline pattern

from the simulation results shown in Fig. 24a.

The Cp distribution with the square symbols in Fig. 23

shows the experimental results with the plasma actuator

operating. This indicates that there is a good degree of

pressure recovery, and an upstream movement of the

reattachment location to approximately x/c = 1. The

results from the simulation are shown as the dashed curve.

The agreement is relatively good. The streamline pattern

from the simulations with the plasma actuator operating,

that correspond to this Cp distribution, is shown in

Fig. 24b. These show a clear reduction on the size and

extent of the recirculation zone. These results were for

‘‘steady’’ operation of the plasma actuator. He (2008) has

examined so-called ‘‘unsteady’’ operation in which the

plasma actuator is periodically turned on and off at a fre-

quency that is much lower than the ac frequency used to

ionize the air. The choice of the unsteady frequency is

based on the extent of the separation bubble and free-

stream speed. He (2008) for airfoil leading-edge separa-

tion, and Huang et al. (2006b) for laminar boundary layer

separation verified that there was an optimum frequency

corresponding to a dimensionless frequency, F? = fLsep/

Uo = 1, that would produce the maximum pressure

recovery. In the dimensionless frequency, Lsep is the length

of the flow separation region, and Uo is the local outer

mean velocity.

For the hump model, He (2008) has also investigated

plasma actuators with electrodes oriented in the streamwise

direction. These were designed to act as delta-tab stream-

wise vortex generators. They were found to reduce the

separation region similar to the spanwise-oriented plasma

actuator, and the flow simulations with and without the

plasma actuator operating were found to agree well with

the experiment.

3.2 Steady airfoil leading-edge separation control

Plasma actuators have been used extensively to control

leading-edge separation at high angles of attack (Post 2004;

Post and Corke 2003; Corke et al. 2004; Goeksel et al.

2006; Goeksel and Rechenberg 2004). This has been

demonstrated on a number of 2-D airfoil shapes including

NACA 0009, 0012, 0021, 663-018, and a HS3412, as well

as highly swept 3-D wing models such as the NASA 1303

planform (Patel et al. 2007a, b, 2008). The chord Reynolds

numbers in these experiments ranged from 0.077 9 106 to

1.4 9 106, and encompassed free-stream speeds from 10 to

90 m/s.

The approach has been to locate an actuator directly on

the leading edge, whereby the body force induces a flow

towards the suction side of an airfoil. This is illustrated in

the left part of Fig. 25 for a NACA 0015 airfoil. The

dielectric layer in this case is Kapton film. The right part of

the figure shows the averaged body force vectors computed

from the SDBD actuator model.

An example of leading-edge separation control is shown

in Fig. 26. This shows the lift coefficient versus angle of

attack with the plasma actuator off and on in ‘‘steady’’

x/c

C
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Fig. 23 Comparison between the surface pressure pressure distribu-

tion over the hump model of the experiments and simulations with

and without the plasma actuator operating. (from He 2008; He et al.

2007)
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Fig. 24 Streamline patterns for flow over hump models from

numerical simulations of the (a) base flow and (b) with SDBD

plasma actuator located at x/c = 0.66. (from He 2008; He et al. 2007)

18 Exp Fluids (2009) 46:1–26

123



operation. The measurements, obtained using a force bal-

ance, correspond to the symbols. The curves correspond to

numerical flow simulations using a modified version of

CFL3D (Voikov et al. 2004) that incorporated the actuator

body force effect.

With the actuator off, the lift increases linearly up to the

stall angle, which is approximately a = 14�. The solid

curve is the numerical prediction without the actuator. Stall

corresponds to full leading-edge separation, with a sepa-

ration bubble that covers the total suction surface of the

airfoil. This is documented in the top photograph in the

right part of Fig. 26, which shows smoke streaklines over

the airfoil at a post-stall, a = 16�.

When the actuator is on in ‘‘steady’’ operation, the

bottom flow visualization photograph shows the flow to be

attached at a = 16�. Lift measurements indicated that the

stall angle increased to 18�. This agreed well with the

numerical flow simulation (dashed curve) from Voikov

et al. (2004).

The effect of the actuator on separation prevention is

enhanced when the actuator is impulsively cycled on and

off at a frequency, f, corresponding to F? = fc/Uo = 1,

where c is the airfoil chord length. This is demonstrated in

Fig. 27 which compares the lift versus angle of attack

between the steady and unsteady plasma actuator

conditions.

The unsteady actuator at F? = 1 substantially increased

CLmax
and astall, and maintained lift to a = 22�, which was

7� past the natural stall angle of attack, and 4� past that of

the steady actuator operation. The numerical simulations of

the unsteady actuator (Voikov et al. 2004) agreed well with

the experiments. In this case the effect of the unsteady

actuation was included by turning the body force on and off

at a specified interval in the computational time steps that

corresponded to the F? used in the experiment.

3.3 Oscillating airfoils dynamic stall control

The same NACA 0015 section shape was used by Post

(2004) to investigate the control of dynamic stall on an

oscillating airfoil. The application was helicopter rotors. In

that study, the airfoil went through a periodic pitching

cycle with an angle of attack given by a(t) = amean ?

aampsin (x t). Post examined a range of combinations of

mean angle of attacks and pitch angle amplitudes. An

example of these are shown in Figs. 28, 29, 30, which

correspond to amean = 10� and aamp = 5�. The oscillation

frequency expressed as a reduced frequency, k = xc/2U?,

was 0.08. Flow with k [ 0.05 is considered unsteady. In a

typical helicopter, 0.07 B k B 0.15.

The airfoil was oscillated about its quarter chord loca-

tion. The motion was driven by a programmable servo

motor. Two output encoder signals provided feedback on

the instantaneous angle of attack during the pitching cycle.

The airfoil was instrumented with an array of surface

pressure ports that were used to determine the static pres-

sure distribution, and integrated to obtain the lift during the

pitching cycle. Flow visualization similar to that used to

Fig. 25 Photograph of NACA 0015 airfoil model with the plasma

actuator applied onto the surface of the airfoil at the leading edge

(left) and the computed body force vectors produced by actuator

(right) [from He (Corke et al. 2004)]

Fig. 26 Lift coefficient versus

angle of attack for NACA 0015

airfoil with leading-edge

actuator off and on (steady)

from Corke et al. (2004), and

corresponding visualized flow at

a = 16�; from Post (2004).

Curves are from numerical

simulations by Voikov et al.

(2004). Rec = 0.217 9 106
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produce the flow images in Fig. 26 was used to record the

flow field at different angles of attack in the pitching cycle.

These are shown for the baseline (no flow control) condi-

tion in Fig. 28.

The image in the top left of Fig. 28 at a = 5� corre-

sponds to the beginning of the periodic cycle. The

subsequent images record the flow as the airfoil pitches to

higher angles of attack, reaching the maximum angle of

15�. The airfoil then proceeds to pitch down in the cycle

until it reaches its minimum at a = 5�, where the cycle

repeats. During pitch-up, the flow appears to remain

attached. During pitch-down, the flow appears to initially

separate at the maximum thickness point and progress

forward towards the leading edge. It only appears to fully

re-attach at the start of the pitch-up portion of the cycle

beginning at a = 5�.

Figure 29 shows flow visualization records for the

same conditions of Fig. 28 except with the addition of a

SDBD plasma actuator at the leading edge. The plasma

actuator configuration was identical to that used in the

fixed angle of attack example illustrated in Fig. 25. The

plasma actuator operated continually throughout the

pitching cycle. Examining the images in this case, one

observes that the flow remains attached throughout the

cycle.

The impact of the flow control on the pitching airfoil can

be quantified by the effect on the lift force. This is docu-

mented in Fig. 30 which shows the lift coefficient during

pitching cycle for the cases without and with the plasma

actuator operating. In each case, the Cl versus a cycle loops

in the clockwise direction. The interior of the loop for the

baseline case is larger owing to the flow separation

(dynamic stall) on the pitch-down portion, causing a loss of

lift. The plasma actuator maintains an attached flow over

the whole cycle. This has the effect of closing the loop and

achieving virtually linear lift versus angle of attack

behavior in pitch-up and pitch-down that is associated with

Fig. 28 Visualization of the

base flow over a periodic

pitching NACA 0015 airfoil

captured at different angles of

attack in the cycle. (from Post

2004)

Fig. 27 Lift coefficient versus angle of attack with leading-edge

actuator off and on at optimum unsteady frequency, from Corke et al.

(2004). Curves are from numerical simulations by Voikov et al.

(2004). Rec = 0.217 9 106. Example of time series used as input to

actuator for unsteady operation shown at the left
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a steady airfoil. The improvement in the cycle-integrated

lift in this case was approximately 30%. Post (2004) has

demonstrated similar improvement in the lift for a range of

oscillating airfoil conditions using steady and unsteady

plasma actuator operation.

3.4 Circular cylinder wake control

Thomas et al. (2008) applied SDBD plasma actuators on a

circular cylinder to suppress the VonKarman vortex street.

The application is to lower the acoustic levels originating

from the main landing gear strut of commercial aircraft. A

schematic of the plasma actuator arrangement used on the

cylinder is shown in the left part of Fig. 31. The cylinder

was made from a 7.62 cm diameter hollow glass tube. The

wall thickness of the glass cylinder, which served as the

dielectric, was 6.35 mm. A similar thickness glass dielec-

tric was one of the cases examined in the thrust

experiments presented in Figs. 19 and 20.

Four plasma actuators were used. These were located on

the downstream half of the cylinder starting at 90�, 135�,

225� and 270� as measured in the clockwise direction from

the stagnation line on the upstream side of the cylinder.

The plasma actuator locations were defined to be at the

downstream edge of the exposed electrodes. The actuators

were like the asymmetric electrode design shown in Fig. 1.

The dielectric between the electrodes was the glass wall of

the cylinder. The pairs of electrodes at 90� and 270�, and

135� and 225� could be operated separately.

The right part of Fig. 31 shows the visualized flow

around the cylinder at ReD = 30,000. The flow visualiza-

tion used a vertical array of smoke streaklines that were

Fig. 29 Visualization of the

flow over a periodic pitching

NACA 0015 airfoil captured at

different angles of attack in the

cycle with a leading-edge

plasma actuator. From Post

(2004)

Fig. 30 Lift coefficient versus angle of attack for a periodic pitching

NACA 0015 airfoil with a leading-edge plasma actuator off and on

corresponding to the flow visualization in Figs. 28 and 29, respec-

tively. (from Post 2004)
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introduced upstream of the contraction of the open-return

wind tunnel. The top photograph corresponds to the base

flow with the plasma actuators off. The camera time-

averaged the image, however traces of the alternate vortex

shedding are evident, along with an indication of the

overall wake width. The bottom photograph corresponds to

when all four plasma actuators were operating. In this case

the vortex shedding had been completely suppressed.

Thomas et al. (2008) has investigated steady and unsteady

plasma actuator conditions. The bottom photograph cor-

responds to a steady actuator condition. As with other

separated flows (Corke et al. 2004; Huang et al. 2006b),

Thomas et al. observed an optimum unsteady frequency at

F? = 1, where the separation length used in scaling the

unsteady frequency was the cylinder diameter.

Matlis and Corke (2008b) have applied the same

approach to controlling the wake on a cylinder in a Mach

1.4 free-stream. The Schlieren photograph of the flow

around the cylinder is shown in left part of Fig. 32. The

cylinder consisted of a ceramic tube with two internal

passages that were equally spaced from the outside radius

of the cylinder. The cylinder was oriented so that the

internal holes were aligned in the vertical direction and

perpendicular to the flow direction. Wires ran through the

internal passages to form the covered electrodes of a pair of

plasma actuators. The wall of the ceramic cylinder acted as

the dielectric material. Ceramic is an excellent dielectric

material, and also one of those represented in Fig. 19. Two

narrow strips of 0.025 mm thick copper tape were affixed

to the outside of the cylinder, spanning the length of the

cylinder. These acted as the exposed electrodes. The

downstream edges of the copper strips were located at

±90� from the upstream stagnation line on the cylinder.

The cylinder was held in the stream by two posts. The posts

were 7.62 cm apart. The test section inside dimensions

were 10.2 by 12.7 cm. The Schlieren photograph shows the

shock pattern coming off of the cylinder and reflected

shocks from the tunnel ceiling and floor.

A photograph of the plasma (blue) with the actuator

operating in the Mach 1.4 flow is shown in the bottom-right

Fig. 31 Arrangement of SDBD

plasma actuators for

suppressing the VonKarman

vortex street behind a circular

cylinder (left) (1. Glass wall

dielectric, 2. Exposed

electrodes, 3. Covered

electrodes, 4. Insulation, 5.

Ionized air.) and visualization

images of the base flow around

a circular cylinder at

ReD = 30,000 (right-top), and

with plasma actuators operating

(right-bottom). (from Thomas

et al. 2008)

Fig. 32 Schlieren photograph

of the flow around a 3.1 mm.

diameter circular cylinder in a

Mach 1.4 free-stream (left), and

photographs of the visualized

near wake region of the cylinder

with plasma actuators off and on

(right). ReD = 44,000. (from

Matlis et al. 2008b)
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part of Fig. 32. The dark regions approximately 25% of the

way in from either end are the locations of the posts that

were holding the cylinder. The thin dark horizontal line is

the demarcation between the two plasma actuators at the

±90� locations.

The flow behind the cylinder was made visible by

introducing atomized oil particles upstream of the con-

traction of the open-return tri-sonic wind tunnel. The

particles were made visible using a light sheet from a 5W

Argon laser. The light sheet was thin in the cross-flow

direction and fanned out in the flow direction. The right-

most photograph shows the particles in the wake with the

plasma actuator off. The camera exposure time averages

the image, with the dark region indicative of the average

wake width. The wake width in the case with the plasma

actuator off is indicated by the white dashed lines. When

the plasma actuators are on, there is a noticeable reduction

in the width of the wake, that is similar to that observed in

the low-Mach-number cylinder flow visualization images

in Fig. 31.

4 Further applications

The previous examples of applications of SDBD plasma

actuators are a tiny representation of the ever growing

number that have appeared in the literature (Corke et al.

2007b; Moreau 2007). A partial list of these includes

exciting boundary layer instabilities on a sharp cone at

Mach 3.5 (Kosinov et al. 1990; Corke et al. 2001; Matlis

2004), lift augmentation on a wing section (Corke et al.

2002, 2006b; Nelson et al. 2006a; Patel et al. 2006;

Goeksel et al. 2006, Goeksel and Rechenberg 2004), low-

pressure turbine blade separation control (Huang 2005;

Huang et al. 2006a, 2006b; List et al. 2003; Suzen et al.

2007; Rizzetta and Visbal 2007; Rivir 2007), turbine tip

clearance flow control (Morris et al. 2005; Douville et al.

2006; Van Ness et al. 2006), bluff body flow control

(Thomas et al. 2006; Asghar et al. 2006; Do et al. 2007),

turbulent boundary layer control (Wilkinson 2003; Hult-

gren and Ashpis 2003; Balcer et al. 2006; Porter et al.

2007), unsteady vortex generation and control (Visbal and

Gaitonde 2006; Nelson et al. 2007), and airfoil leading-

edge separation control (Post and Corke 2003, 2004, Post

2004; Corke et al. 2004). New applications continue to

appear as more investigators gain experience in using these

flow actuators. Besides a number of U.S. universities and

government laboratories, there are active programs in DBD

plasma flow control that we know of in Germany, France,

England, Russia, Japan and China.

In addition to flow control, a new ac ‘‘plasma sensor’’

for velocity measurements has recently been developed by

Matlis and Corke (2005). Although it was originally

intended for high Mach number, high enthalpy flows, it is

quite suited for low-speed flows, or applications in which

harsh conditions make more conventional flow sensors

unusable. A recent example of its use includes detecting

traveling stall cells in a transonic compressor stage (Matlis

et al. 2008a). This technology offers the unique opportu-

nity for combined plasma actuators and sensors that could

be beneficial for closed-loop feedback control in a single

element.

5 Summary

The background to flow control based on the use of SDBD

plasma actuators has been presented. The basis of the

actuators is the generation of a body force vector that

results from the combination of the local ionization of the

air over the actuator, and the electric field produced by the

geometric design of electrodes and dielectric layer. The

dielectric layer between the electrodes is an essential part

of the actuator and distinguishes it from dc-based plasma

actuators, and those that rely exclusively on the dielectric

properties of an air gap between the electrodes. The charge

build-up on the dielectric layer provides a self-limiting

capability that prevents micro-discharges from degenerat-

ing into thermal arcs. As a result, most of the energy goes

into the body force, with very little thermal heating. The

ionization of the air by the ac input is a highly dynamic

process. Predictions of the actuator effect and its optimi-

zation, rely on a fundamental understanding of these

processes. Plasma actuator simulations that make use of a

combination of first principle conservation laws and com-

putationally efficient ionization models have shown

remarkable agreement with experiments, and point to

improved designs and operation. Recent optimization of

the actuators produced by better choices of thick dielectric

materials, and ac input frequencies and waveforms have led

to order of magnitude improvements in their performance

compared to earlier designs that used thin Kapton film.

Simplified models have compared well to experiments at

incompressible Mach numbers. Experiments to implement

the effects of large variations in static pressure and gas

composition are ongoing by a number of investigators.

Although the actuators have been shown to be effective at

supersonic Mach numbers, model validation in this regime

needs to be investigated. Within the parameter space of

0 B M B 0.3 and near-atmospheric pressures where simu-

lations and experiments where compared, the actuator body

force effect on the local flowfield was well predicted. A

singular advantage of plasma actuators compared to other

flow control actuators that eject fluid, is that the actuator

effect is by first principles, represented as a body force. This

makes investigating the parameter space in numerical flow
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simulations significantly more efficient. This has a para-

digm changing capability whereby numerical simulations

can be used to efficiently explore aerodynamic shapes and

plasma actuator arrangements that optimize performance

metrics. Such a ‘‘flow control by design’’ approach is the

ultimate potential of this technology.
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