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CHAPTER 1

Introduction

Plasma actuators refer to a number of devices that use atmospheric pressure elec-

trical discharges. Types of discharges included in the plasma actuator category are

glow discharges (such as one atmosphere uniform glow discharge plasma, OAUGDP),

corona discharges, and dielectric barrier discharges (DBDs). DBD plasma actuators

are of particular interest in the current study and are shown in Fig. 1.1; they consist

of one electrode exposed to the atmosphere, and one electrode embedded under a di-

electric material. Plasma is created along the interface of the electrodes by applying

a high voltage, high frequency ac signal to the actuator to ionize the surrounding air.

This region of plasma creates a body force on the surrounding air which induces a

near wall jet. The intensity of the jet created is controlled by the input signal (as

seen in Fig. 1.2 by varying the input power), dielectric material, electrode width,

electrode gap, etc, while the type of jet produced is controlled by the arrangement of

the plasma actuator. A number of researchers have studied the linear plasma actu-

ator, but several other geometries have been studied, including annular, cylindrical,

and chevron geometries, among others. Plasma actuators have been shown to be

effective flow control devices primarily in the near wall region, adding momentum to

the boundary layer, suppressing or delaying separation. Arrangements of the plasma

actuator which affect the flow away from the near wall region have been studied in

recent years, and will be the primary focus of the current study.

Similar in application to plasma actuators, conventional synthetic jet actuators,

which create zero net mass flux jets, have been shown to be useful in certain flow con-
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Figure 1.1: Linear plasma actuator cross section schematic.

Figure 1.2: Plasma region generated by a plasma actuator
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Figure 1.3: Jet vectoring plasma actuator cross section schematic.

trol applications [1]. Synthetic jet actuators utilize an oscillating diaphragm mounted

inside of a cavity which alternately suck air in and blow air out of the cavity. While

synthetic jet actuators are useful, with much higher jet velocities than that of plasma

actuators, there are drawbacks when compared to plasma synthetic jet actuators

(PSJAs) in that they have moving parts and require volume in which to be mounted.

The current study investigates the plasma actuator arranged such that it utilizes

a single embedded electrode and an electrode exposed to the atmosphere on either

side of the embedded electrode (shown in Fig. 1.3). Arranging the plasma actuator

in this manner produces a synthetic jet similar to that of a conventional synthetic jet

actuator. The plasma actuator investigated in the current study is shown to vector

thrust over the entire spectrum from -90◦ to 90◦ in quiescent conditions, as well as

create pulsed vortex generating jets in external flow, as shown in Fig. 1.4.
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Figure 1.4: Vortex generation using jet vectoring plasma actuator.
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CHAPTER 2

Previous Work

2.1 Plasma Flow Control

A number of researchers have investigated the use of plasma actuators as flow con-

trol devices, primarily for the addition of momentum to the boundary layer during

separation. Some early work in the field of plasma flow control was done by Malik

et al. [2]. The study used ionic wind produced by a dc corona discharge as a flow

control device to modify the boundary layer over a flat plate. They found that at

low speeds, up to 30 m/s, there were drag reductions of 20% for an applied voltage

of 15 kV. Plasma flow control has since come to include dielectric barrier discharges,

glow discharges, and arc discharges as well as the dc corona discharges investigated

by Malik et al. .

Enloe et al. made several findings on the behavior of plasma actuators [3, 4].

In these two studies, they made numerous conclusions about the characteristics of

the plasma actuator. In the paper covering plasma morphology, they found that the

thrust provided by the actuator is directly proportional to the input power, which

is proportional V7/2. They also clearly determined that the aerodynamic plasma

actuator produces a dielectric barrier discharge, and discounted bulk heating as a

mechanism for affecting the flow. Their final conclusion in the paper over plasma

morphology was that an electrostatic body force is created by the plasma actuator

which is proportional to the net charge density and the strength of the electric field;

the body force is given by f = ρE = − ε0
λ2

D
φE where ε0 is the permittivity of free

space and λD is the Debye length. In their paper over the geometric effects of plasma
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actuators, they found that the largest force density is in a small region adjacent to

the exposed electrode and that the exposed electrode edge has a considerable impact

on the performance of the actuator.

The force created is a critical parameter in examining the effectiveness of the

plasma actuator, and has been studied by Porter et al. [5], Gregory et al. [6], and

Baughn et al. [7]. Porter et al. measured both the time-averaged force and the

temporal force while varying operating frequency and voltage. They found that for

constant voltage, the time-averaged body force and power dissipation are proportional

to the frequency, but that the impulse during one cycle, energy dissipation during one

cycle, and efficiency are independent of frequency. They also found that their data

supports the theory of Font [8], that is, the plasma actuator produces one relatively

large ”push” and one relatively small ”pull” (force in the opposite direction) during

a cycle. Gregory et al. investigated the effects of pressure on the force created by

the plasma actuator, and found that the efficiency of the actuator decreases linearly

with decreasing pressure. Baughn et al. measured velocity profiles upstream and

downstream of the actuator, and observed that for low freestream velocities (on the

order of a few m/s), the force created by the actuator was not affected by the crossflow.

Corke and Post [9] presented an overview of several different flow control tech-

niques using plasma actuators including leading-edge separation control on a wing

section, separation control for low-pressure turbine blades, and control of dynamic

stall on oscillating airfoils. They found that using the plasma actuator for leading-edge

separation flow control at angles of attack well beyond stall increased the lift-to-drag

ratio by as much as 400%. They also found that applying the plasma actuator near

the leading edge of an oscillating airfoil improved the cycle-integrated lift by as much

as 13%, and that the plasma actuator completely suppressed separation that occurs

near the mid-chord of blades in a linear cascade. Finally, Corke and Post found that

the plasma actuator operated with a short duty cycle was more effective than steady
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actuation, which is particularly important to the current study.

Post and Corke [10] conducted a set of experiments, observing the effects of a

leading-edge plasma actuator operated under steady and unsteady conditions for

open- and closed-loop control. The actuator was placed on a NACA 0015 airfoil.

They found that pulsing the actuator at 20 Hz gave a 10.1% improvement in lift,

and using closed-loop ’smart’ control improved the lift by 12.6%, each compared to

the case with the actuator off. Experiments carried out by Corke et al. [11] attained

similar results using leading-edge separation control on a NACA 0009 airfoil, and

showed that the stall angle was increased.

While many researchers investigating the use of plasma actuators as leading-edge

separation control devices primarily focus on adding momentum to the boundary

layer, Porter et al. [12] argue that the plasma actuator is more useful when used as

a boundary layer trip. They found that in laminar flow, the plasma actuator can

sufficiently trip the boundary layer at a duty cycle of 10%. This is done by stealing

momentum rather than adding it to the boundary layer to suppress separation.

Most of the research on plasma actuators completed thus far has been focused on

using the actuator within the boundary layer, while there are some researchers, in-

cluding Segawa et al. [13]and Santhanakrishnan and Jacob [14], that have investigated

the use of plasma actuators outside of the boundary layer. Segawa et al. studied

an arrangement of the linear plasma actuator that they found clearly created mush-

room cloud plumes at temperatures of 20 and 200◦C. Santhanakrishnan and Jacob

investigated a plasma actuator that consists of an inner embedded circular electrode

and an outer exposed annular electrode. The jet created by this actuator is normal

to the wall with similar flow characteristics to that of a conventional synthetic jet

actuator, and is referred to as a plasma synthetic jet actuator (PSJA). They found

that the maximum jet velocity was on the order of 1 m/s and that the effectiveness

of the PSJA decreased with increasing Re.
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One Atmosphere Uniform Glow Discharge Plasma (OAUGDP), studied by Roth et

al. [15], are glow discharge plasma actuators. They studied the OAUGDP in spanwise

and streamwise arrays in laminar, transitional, and fully turbulent boundary layer

flow over an operating frequency range of 2 kHz to 10 kHz. It was shown that drag

is increased using a symmetric streamwise array compared to that of an asymmetric

spanwise array.

Jacob et al. [16] studied boundary layer flow control using plasma actuators. They

noted that to maximize the plasma output, the horizontal spacing between the em-

bedded and exposed electrodes should be zero. They placed the actuator on a low

pressure turbine blade at low Re to eliminate separation. Another investigation. done

by Jacob et al. [17], examined plasma generation under ac and pulsed dc sources. They

showed that using pulsed dc allows higher peak power levels compared to that when

using an ac signal.

Roth and Dai [18] make detailed investigations on the effects of several dielec-

tric and input signal parameters including dielectric material, electrode horizontal

spacing, embedded electrode width, input frequency, and input voltage on the flow

velocity induced by the OAUGDP actuator. They noticed that the choice of dielec-

tric material affects the plasma volume, distribution of electric field lines, and heating

power loss (the fraction of total input power dissipated as dielectric heating for a sin-

gle plasma actuator was found by Roth et al. [19] to range from 48% to 100%). Roth

and Dai stated that the optimum dielectric material would have a higher dielectric

constant value, higher dielectric strength , and a lower heating loss factor. They found

that using Teflon as the dielectric created a stronger jet when compared to quartz,

and proceeded with the remainder of their experiments using Teflon as the dielectric

material. The width of the embedded electrode was found to have a negligible ef-

fect on both the maximum induced velocity and input power required for the given

actuator. The horizontal distance between the edge of the exposed and embedded
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electrodes was adjusted to have a slight gap, zero gap, and slight overlap between

electrodes. It was found that this variation had a significant effect on the induced

velocity, and a 1 to 2 mm gap width was discovered to produce the maximum output

for the particular actuator used. At constant frequency, it was found that increasing

voltage to the actuator resulted in higher induced velocities. At constant voltage,

the input frequency was varied, and they found that as the frequency was increased,

the induced velocity would increase to a maximum, then drop with any increase in

frequency beyond that.

Porter et al.[20] made measurements in quiescent conditions on a steady jet vec-

toring plasma actuator with by changing the voltage applied to one of the exposed

electrodes. They found that by controlling the voltage differential between the two

exposed electrodes, the angle of the jet can be controlled. Bolitho and Jacob [21] made

similar measurements in quiescent flow, as well as measurements of the jet vectoring

plasma actuator while being pulsed. They found that the angle of the jet produced

by the actuator can be controlled by changing the power, operating frequency and

duty cycle of one side of the jet vectoring plasma actuator. They also found that by

varying the pulsing frequency, the type of jet produced by the actuator changes.

2.2 Vortex Generator Jets

Pulsed vortex generator jets (VGJs) have been used by researchers to reattach sepa-

rated flow, commonly applied to low pressure turbine blades. McQuilling and Jacob

[22] studied the use of VGJs applied to low pressure turbine blades placed at 69%

and 10.5% of the suction surface length. They investigated both steady and pulsed

VGJs, where the duty cycle of the pulsed VGJs was varied. They found that the case

with the VGJ placed at 69% of the suction surface length under steady operation

controlled separation the entire time, while pulsed blowing of 10% and 50% duty

cycles were also effective at the same location. They investigated the second location
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to explore the possibility of controlling separation with VGJs near the leading edge.

When placed at this location, they were found to be ineffective. It was also noticed

that the average diameter of the vortices created at the 69% location was 0.51 cm,

while the average size of the vortices created at the 10.5% location was 0.39 cm,

creating much less vorticity.

Gross and Fasel [23] studied the effects of pulsed vortex generator jets (PVGJs)

and harmonic blowing applied to low pressure turbine blades at low Re. They showed

that PVGJs trigger earlier flow transition which increases the turbulent momentum

and allows the boundary layer to better deal with the adverse pressure gradient,

therefore proving that this method effectively controls separation.

Bons et al. [24] conducted experiments in which they created strong vortices

using VGJs and PVGJs for Re = 25000 to Re = 100000 applied to low pressure

turbine blades. Similar to the findings of Gross and Fasel, they found that PVGJs,

as well as VGJs, initiate early transition, effectively attaching the flow on the aft

section of the suction side of the blade. They also discovered that the pulsed case

provides separation control comparable to that of the steady case, but with an order

of magnitude less required mass flow.

Using PIV measurements, McQuilling et al. [25] study the effects of VGJs and

PVGJs applied to a low pressure turbine blade for Re = 30000 to Re = 300000. They

observed that the location of separation without control is between 63.4% and 67.6%

of the suction side length. With the location of the ejector nozzles set at 46% of

the suction side length, when either VGJ or PVGJ control is applied, separation was

completely eliminated for all the cases they examined.
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CHAPTER 3

Experimental Setup

3.1 Plasma Actuator Construction

The plasma actuator arrangement studied in the current investigation consists of a

single embedded electrode with an electrode on either side exposed to the atmosphere.

The embedded electrode is separated from the exposed electrodes by a dielectric ma-

terial. The dielectric material used in the current study is either 1/16 in thick Teflon

or 0.025 in thick alumina. Teflon is used in the benchtop experiments, and alumina is

used in the wind tunnel tests due to its robustness. For all tests, copper tape of width

1/2 in is utilized for the exposed electrodes, while the embedded electrode is 1/4 in,

1/2 in, 3/4 in, or 1 in width copper tape. The embedded electrode is grounded, and

two separate high voltage (approximately 80kV PP), high frequency (5 to 10 kHz) ac

signals are sent to each of the exposed electrodes.

3.2 PIV Measurements

Particle image velocimetry (PIV) is used to examine the entire flow field of a 2-D

cross section of the flow above the plasma actuator. The flow field is seeded with

particles on the order of 1 micron diameter, produced by a Turbofog fog generator.

A laser light sheet is projected over the cross section of the plasma actuator, using a

dual-head Nd:YAG laser from Big Sky Lasers pulsed in sync with a high speed, high

resolution Kodak Megaplus ES 1.0 CCD camera using a Quantum Composer timing

box. The camera being used for PIV measurements aquires images that are 1008 x
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1018 pixels, captured using Epix frame grabbing software. The laser sheet is created

by passing the laser emitted from the Big Sky laser through a set of three lenses. The

first lense, a converging lense, is used to focus the laser. The second, a diverging lens,

is placed at the focal length of the first lens and creates a more concentrated, thinner

beam. The final lens, a cylindrical lens, is used to spread the beam into a 2-D laser

sheet. Pairs of laser sheets are pulsed at 10Hz, while the delay between the two laser

pulses within a pair is 50 or 100 microseconds. The field of view being examined is 5

to 6 cm, with a resolution of 125 to 205 pixels per cm. For each PIV run, 63 or 191

image pairs are captured, and averaged over each run.

The PIV algorithm used herein utilizes the wall adaptive Lagrangian parcel track-

ing algorithm (WaLPT), developed by Sholl and Savas [26]. This algorithm treats

the seeding as fluid parcels and determines their translations and deformations. Fluid

parcels registered by CCD pixels with individually estimated velocities and acceler-

ations. A standard DPIV algorithm is used to determine the initial velocity field,

and the routines in WaLPT allow for highly accurate measurements of velocities near

surfaces by mirroring the flow about the wall using an image parity exchange routine.

Velocity and vorticity, of specific interest, are calculated as part of the PIV algorithm

and are scaled accordingly. Vorticity is determined spectrally and does not suffer from

typical numerical differentiation problems. A typical raw PIV image can be seen in

Fig. 3.1. Further details of the algorithm and error estimates are provided elsewhere

[27].

3.3 Benchtop Setup

Using the PIV techniques described, the jet vectoring plasma actuator is characterized

in a quiescent environment. The actuator is placed within a clear 20 in x 10 in x 12

in glass container, and fog is ducted into the container. The laser sheet is passed over

the midspan of the actuator, which is placed perpindicular to the laser sheet such that

12



Figure 3.1: Raw PIV image from benchtop testing.

a cross section of the jet produced can be captured. The Kodak Megaplus camera is

placed perpendicular to the laser sheet, as shown in Fig. 3.2. For all benchtop tests,

the pulse delay between lasers within a single pair is 50 microseconds. 191 image

pairs are captured for each run and averaged over the entire run. The field of view

for all benchtop tests is approximately 6cm, with a resolution of approximately 165

pixels per cm.

3.4 Wind Tunnel Setup

The wind tunnel experiments utilize a low speed wind tunnel. The plasma actuator is

placed near the front (upstream side) of the 12 in x 12 in test section, while the laser

and camera equipment are placed outside of the wind tunnel. The fog is generated

and diffused near the inlet of the wind tunnel, then passes through the wind tunnel

and over the actuator. The laser sheet is passed over the actuator, perpendicular

to the direction of the wind tunnel flow. A prism is placed inside the wind tunnel,

13



Figure 3.2: Schematic of benchtop experimental setup.

downstream of the plasma actuator, to allow the Kodak Megaplus camera to be

mounted outside of the tunnel, as seen in Fig. 3.3. For all wind tunnel tests, the

delay between laser pulses within a single pair is 100 microseconds. The field of view

for the tests carried out in the wind tunnel is approximately 5 cm to 6 cm, with a

resolution of 165 to 205 pixels per cm. The images captured in the wind tunnel tests

contain small circular flow structures most likely due to the small amount of mixing

at low wind tunnel speeds; this can be seen in the raw PIV image, shown in Fig. 3.4.

Due to the WaLPT algorithm used, the flow structures did not present themselves

as a problem, with correlations in wind tunnel tests similar to those of the benchtop

tests.

3.5 Power Measurement

Power measurements are taken by measuring the current and voltage with a NK

Technologies AC current transducer and a North Star PVM-11 1000:1 high voltage
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Figure 3.3: Schematic of wind tunnel experimental setup.
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Figure 3.4: Raw PIV image from wind tunnel testing.

probe, respectively. Values of current and voltage are attained using an oscilloscope.

Sample current and voltage readings are shown in Fig. 3.5 and Fig. 3.6, respectively.

Average power consumption is calculated with the product of the means of current

and voltage. Throughout this study, the input power is not varied extensively.

3.6 Derived Quantities

Several flow field parameters are calculated and shown throughout this study, includ-

ing momentum flux, and circulation. These values are calculated using the velocity

and velocity gradients output by the PIV algorithm. Momentum flux is particularly

studied during the benchtop testing, while circulation is used to characterize the flow

field created while the actuator is used for vortex generation in the wind tunnel.

The momentum flux is calculated for the plasma actuator while it is under sym-

metric operation by Eq. 3.1. Since this is only calculated under symmetric time

averaged conditions and the control volume is outside of the plasma actuator, the
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Figure 3.5: Current measurement of jet vectoring plasma actuator.

Figure 3.6: Voltage measurement of jet vectoring plasma actuator.
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momentum flux contribution from the left and right sides of the control volume can-

cels. Additionally, the momentum flux at the bottom boundary of the control volume

is zero due to the wall. Therefore, only the top of the control volume contributes

to the momentum flux. Considering the momentum flux per unit span and discrete

values, Eq. 3.1 becomes Eq. 3.2. Where dx is the space between two adjacent velocity

vectors.

F =
∫ ∫

ρ V (V · n̂)dA (3.1)

F/z = Σ ρ V (V · n̂)dx (3.2)

The circulation is calculated by Eq. 3.3.

Γ =
∫

~ω · dÂ (3.3)

Using discrete values for vorticity output by the PIV algorithm, Eq. 3.3 can be written

as Eq. 3.4.

Γ = Σ ωzdxdy (3.4)

The circulation results are shown as a function of the radius of the vortex.
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CHAPTER 4

Jet Vectoring Plasma Actuator

4.1 Benchtop

It is of interest, for the current study, to know how each parameter of the input signal

and exposed electrode spacing affects the flow field induced by the jet vectoring

plasma actuator. This is done by varying input power, operating frequency, duty

cycle, pulsing frequency, and exposed electrode spacing independently. The results

are obtained using PIV, either averaged over the entire run or instantaneous. The

dielectric used in all benchtop tests is 1/16 in thick Teflon (ε ∼ 2.1), the exposed

electrodes are 1/2 in wide copper tape, the embedded electrode is 1/2 in copper tape,

except where it is specified to be 3/4 in or 1 in wide copper tape, and the horizontal

spacing between the embedded electrode and exposed electrodes is nominally 0 in.

Throughout the experimental results, several vorticity contours are shown, and are

measured in units of 1/s.

4.1.1 Steady Actuation

Power

As a preliminary test, to determine the usefulness of varying the input signal parame-

ters and to prove the jet vectoring concept, the power to each side of the jet vectoring

plasma actuator is varied independently. The body force induced by linear plasma

actuators has been shown by a number of researchers to scale linearly with input

power. Fig. 4.1 shows the concept of using symmetric and asymmetric input power
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Figure 4.1: Example of jet vectoring using plasma actuators

Figure 4.2: Instantaneous PIV results for equal power to each side.

to the jet vectoring plasma actuator. Fig. 4.2 shows an actuator being operated under

symmetric power, both sides of the actuator have equal input power. By lowering

the input power to one side of the actuator, a jet such as the one shown in Fig. 4.3

is produced. By operating only one side of the actuator, a near wall jet (-90◦ or 90◦)

is produced as seen in Fig. 4.4 and Fig. 4.5. By varying input power only, the jet

vectoring plasma actuator produces a jet angle from -90◦ to 90◦ with respect to the

normal to the wall.
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Figure 4.3: Instantaneous PIV results for slightly asymmetric power.

Figure 4.4: Instantaneous PIV results for highly asymmetric power.
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Figure 4.5: Instantaneous PIV results for highly asymmetric power.

Operating Frequency

By varying the operating frequency of a plasma actuator, the strength of the plasma

can be controlled, hence the strength and direction of the jet produced by the jet

vectoring plasma actuator. For the plasma actuator investigated currently, there is

some case in which the jet produced is normal to the wall, as in the symmetric case

shown in Fig. 4.2. By changing the operating frequency of either side of the actuator,

the jet produced is not normal to the wall, as in the asymmetric case in Fig. 4.3. The

baseline, or symmetric case, is shown in Fig. 4.6, which shows averaged PIV results.

In this case, the operating frequency of each side is adjusted until the maximum

plasma strength is obtained, as determined by the strength of the glow emitted by

the actuator. The following cases, shown in Fig. 4.7 - Fig. 4.11, show how the flow

field is affected when the driving frequency of the actuator on the right is decreased

up to 1500 Hz away from its maximum plasma generation in steps of 250 Hz. These
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Figure 4.6: Averaged PIV results for the baseline (equal plasma) case.

figures show that as the driving frequency of the actuator on the right is decreased

away from its maximum output, the angle of the jet becomes increasingly skewed

toward the weaker side of the jet vectoring plasma actuator.
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Figure 4.7: Averaged PIV results for operating frequency of one side 250Hz below

maximum output.
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Figure 4.8: Averaged PIV results for operating frequency of one side 500Hz below

maximum output.
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Figure 4.9: Averaged PIV results for operating frequency of one side 750Hz below

maximum output.
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Figure 4.10: Averaged PIV results for operating frequency of one side 1000Hz below

maximum output.
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Figure 4.11: Averaged PIV results for operating frequency of one side 1500Hz below

maximum output.
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Figure 4.12: Angle of jet produced by decreasing the operating frequency of one side

of the jet vectoring plasma actuator.
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Figure 4.13: Smoke flow visualization of a pulsed jet vectoring plasma actuator.

It is shown that by decreasing the operating frequency of one side of the actuator

away from its optimum, and holding the other side at a constant frequency, the

angle of jet is changed. Fig. 4.12 shows how the angle is changed while changing the

frequency of one side of the actuator. The relationship between the angle of the jet

and the frequency differential, over the span studied, is approximately linear.

4.1.2 Unsteady Actuation

Jet vectoring through unsteady actuation is achieved, in the current study, by pulsing

each side of the jet vectoring plasma actuator alternately. Fig 4.13 shows an example

of smoke flow visualization of a jet vectoring plasma actuator while being pulsed.

It shows that a jet is induced by one side of the actuator which is then redirected

upward as the other side of the actuator is turned on. The effects of pulsing frequency,

duty cycle, and exposed electrode spacing (embedded electrode width) on the jet

characteristics are investigated.

Modulation Frequency

For the investigation of the effects of modulation frequency, the duty cycle of both

channels (both sides of the actuator) is held at 50%, the phase angle between the two

channels is 180◦, and the driving frequency is 7kHz. The pulsing frequency is varied

from 10 Hz to 500 Hz.
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Figure 4.14: Averaged PIV results for pulsing frequency of 10Hz, 1/2in spacing

Characteristic instantaneous PIV results are shown for several different pulsing

frequencies in Fig. 4.14 - Fig. 4.20. At low frequencies, a near wall jet is created, at

high frequencies, a wall normal jet is produced, and at mid range pulsing frequencies,

there is very little created by the plasma actuator.

To examine the effects of exposed electrode spacing on the jet produced by the jet

vectoring plasma actuator, the embedded electrode width was varied simultaneously

with the electrode spacing. In addition to the 1/2 in embedded electrode width

studied, embedded electrode widths of 3/4 in and 1 in are also investigated. The

duty cycle of each channel is again held at 50%, the operating frequency is 7kHz, and

the phase angle between the two channels is 180◦. The pulsing frequency is varied

from 10Hz to 500Hz.

Averaged PIV results for the 3/4 in and 1 in embedded electrode width can be

seen in Fig. 4.21 - Fig. 4.28 and Fig. 4.29 - Fig. 4.36, respectively. At higher pulsing

frequencies, the jet created is normal to the wall, and at very low pulsing frequencies
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Figure 4.15: Averaged PIV results for pulsing frequency of 50Hz, 1/2in spacing

Figure 4.16: Averaged PIV results for pulsing frequency of 100Hz, 1/2in spacing
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Figure 4.17: Averaged PIV results for pulsing frequency of 150Hz, 1/2in spacing

Figure 4.18: Averaged PIV results for pulsing frequency of 200Hz, 1/2in spacing
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Figure 4.19: Averaged PIV results for pulsing frequency of 250Hz, 1/2in spacing

Figure 4.20: Averaged PIV results for pulsing frequency of 500Hz, 1/2in spacing
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Figure 4.21: Averaged PIV results for pulsing frequency of 10Hz, 3/4in spacing

the jet created is parallel to the wall. Each of the different actuator sizes (1/2 in, 3/4

in, and 1 in embedded electrode width) has a unique pulsing frequency at which a

wall normal jet is produced.

Fig. 4.37 and Fig. 4.38 show the momentum flux produced for the actuators with

exposed electrode spacing sizes of 3/4 in and 1 in against the vertical distance from

the actuator. Each actuator produces its peak momentum flux at 50Hz, below which

there is a very small amount of momentum flux. Beyond 50Hz, in both cases, the

actuators have a lower peak momentum flux, but affect the air over a greater vertical

distance from the actuator.

Duty Cycle

While the investigation of the effects of pulsing frequency primarily focused on the

type of jet produced, the investigation of duty cycle variation is focused on the angle

of jet created by the plasma actuator. While holding the duty cycle of one channel
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Figure 4.22: Averaged PIV results for pulsing frequency of 25Hz, 3/4in spacing

Figure 4.23: Averaged PIV results for pulsing frequency of 50Hz, 3/4in spacing
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Figure 4.24: Averaged PIV results for pulsing frequency of 100Hz, 3/4in spacing

Figure 4.25: Averaged PIV results for pulsing frequency of 150Hz, 3/4in spacing
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Figure 4.26: Averaged PIV results for pulsing frequency of 200Hz, 3/4in spacing

Figure 4.27: Averaged PIV results for pulsing frequency of 250Hz, 3/4in spacing
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Figure 4.28: Averaged PIV results for pulsing frequency of 500Hz, 3/4in spacing

Figure 4.29: Averaged PIV results for pulsing frequency of 10Hz, 1in spacing
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Figure 4.30: Averaged PIV results for pulsing frequency of 25Hz, 1in spacing

Figure 4.31: Averaged PIV results for pulsing frequency of 50Hz, 1in spacing
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Figure 4.32: Averaged PIV results for pulsing frequency of 100Hz, 1in spacing

Figure 4.33: Averaged PIV results for pulsing frequency of 150Hz, 1in spacing

41



Figure 4.34: Averaged PIV results for pulsing frequency of 200Hz, 1in spacing

Figure 4.35: Averaged PIV results for pulsing frequency of 250Hz, 1in spacing
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Figure 4.36: Averaged PIV results for pulsing frequency of 500Hz, 1in spacing

Figure 4.37: Vertical momentum flux induced by a jet vectoring plasma actuator with

1in exposed electrode spacing.
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Figure 4.38: Vertical momentum flux induced by a jet vectoring plasma actuator with

3/4in exposed electrode spacing.

at 50%, the duty cycle of the second channel was varied from 0% to 50%, with the

phase angle between the two channels at 180◦ and the operating frequency at 7kHz.

Fig. 4.39 - Fig. 4.44 show averaged PIV results for several different duty cycles.

While both channels have a duty cycle of 50%, the jet produced is approximately

normal to the wall; the jet is slightly skewed to one side of the actuator in this

case, most likely due to a small variation in input power or asymmetric actuator

construction. As the duty cycle of one side of the actuator is reduced from 50% to

about 40%, the angle of the jet is quickly changed. As the duty cycle of one side of

the actuator is decreased from about 40%, the jet direction slowly changes direction.

By varying the duty cycle, one can control the angle at which the jet is produced

while decreasing the input power. Fig. 4.45 shows the relationship between the ap-

proximate angle, measured from the normal to the wall, and the duty cycle of the

second channel, while the first is held at 50%. Near symmetric operation, there are

large changes in the angle of jet produced with any change in duty cycle, but lowering
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Figure 4.39: Averaged PIV results for duty cycles of 50% and 50%

the duty cycle beyond about 40% shows very little change in the angle of jet created.

4.1.3 Critical Pulsing Frequency

At some pulsing frequency neither a near wall or wall normal jet is created. The

pulsing frequency at which this occurs is referred to as the critical pulsing frequency

herein. When the pulsing frequency is below the critical pulsing frequency, the flow

field produced is similar to two linear plasma actuators acting independently, unaf-

fected by one another, as shown in Fig. 4.52. As one side of the plasma actuator is
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Figure 4.40: Averaged PIV results for duty cycles of 50% and 45%
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Figure 4.41: Averaged PIV results for duty cycles of 50% and 40%
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Figure 4.42: Averaged PIV results for duty cycles of 50% and 35%
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Figure 4.43: Averaged PIV results for duty cycles of 50% and 30%
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Figure 4.44: Averaged PIV results for duty cycles of 50% and 25%
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Figure 4.45: Jet angle produced with varying duty cycle.

turned on, it creates a vortex which advects downstream. After the original vortex

moves beyond the other side of the plasma actuator, another vortex is created when

the second side of the plasma actuator is turned on. This vortex then moves down-

stream beyond the other side of the actuator, and the process repeats, creating two

nearly independent near wall jets.

As the pulsing frequency increases from 10Hz to 150Hz, the absolute maximum

jet velocity decreases. As the pulsing frequency increases from 150Hz to 500Hz, the

absolute maximum jet velocity increases. It can also be seen that the decay of velocity

is slower for higher pulsing frequencies, especially 500Hz. While the pulsing frequency

is low, below 150Hz, the maximum jet velocity is fairly high, but only affects the flow

near the wall. As the pulsing frequency approaches 150Hz, the area of flow affected

is still only near the wall, and the maximum jet velocity is very low. As the pulsing

frequency increases beyond 150Hz, the area of the flow field affected extends well

beyond that of the lower frequencies.

Fig. 4.50-Fig. 4.51 show how the centerline vertical jet velocity decays over a
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distance from the jet vectoring plasma actuator. The three different actuator sizes

– 1/2 in, 3/4 in, and 1 in spacing – are shown with the nondimensional vertical jet

velocity (Uy,CL/Uy,MAX) against the nondimensional length (scaled with the exposed

electrode spacing). For all sizes at low pulsing frequency, 50 Hz, the area affected

by the jet is near the wall. As the pulsing frequency is increased beyond the critical

frequency, the actuators with 3/4 in and 1 in spacing first begin to affect the flow

field farther from the actuator. The actuator with 1/2 in exposed electrode spacing

affects only the flow near the wall until much higher frequencies, 250 Hz or 500 Hz.

This is especially evident in the 500 Hz case where each of the three cases have very

similar centerline velocity decay profiles, reducing to only 0.65-0.75 of the maximum

jet velocity at 2.25 actuator widths.

The flow field created when the pulsing frequency is at the critical pulsing fre-

quency is shown in Fig. 4.53. In this case, as one actuator is turned on, a vortex is

created, similar to the lower frequency. Unlike the lower pulsing frequency case, a

second vortex is created by the other side of the plasma actuator before the first vor-

tex has traveled downstream beyond the other side of the actuator. The two vortices

impinge on one another, and create neither a near wall or wall normal jet.

To create a jet that affects the flow beyond the near wall region, it can be seen

that the pulsing frequency must be above the critical pulsing frequency, as seen in

Fig. 4.54. As in each of the previous two cases, a vortex is created when one side

of the actuator is turned on. The other side of the plasma actuator is then turned

on, which creates a vortex in the opposite direction. This vortex pushes the original

vortex upward; alternately, the first side of the plasma actuator is turned on again,

and pushes the previous vortex upward. This continues, quickly producing a wall

normal jet.
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Figure 4.46: Maximum vertical jet velocity decay for 50 Hz pulsing frequency.

53



Figure 4.47: Maximum vertical jet velocity decay for 100 Hz pulsing frequency.
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Figure 4.48: Maximum vertical jet velocity decay for 150 Hz pulsing frequency.
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Figure 4.49: Maximum vertical jet velocity decay for 200 Hz pulsing frequency.
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Figure 4.50: Maximum vertical jet velocity decay for 250 Hz pulsing frequency.
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Figure 4.51: Maximum vertical jet velocity decay for 500 Hz pulsing frequency.
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Figure 4.52: Schematic of jet produced at low pulsing frequencies.

Figure 4.53: Schematic of jet produced at pulsing frequencies near the critical fre-

quency.
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Figure 4.54: Schematic of jet produced at high pulsing frequencies.

4.2 Wind Tunnel

Building on the results gathered from the benchtop experiments, the jet vectoring

plasma actuator is tested in a low-speed wind tunnel to determine its effectiveness

as a vortex generator jet (VGJ). While the geometry of the actuator is identical for

both the benchtop and wind tunnel experiments, the dielectric material used for the

wind tunnel tests, for increased robustness, is 0.025 in thick alumina (ε ∼ 10). The

jet vectoring plasma actuator used in the wind tunnel experiments is made up of 1/2

in copper strips for both the embedded and exposed electrodes, with a 1/2 in spacing

between the two exposed electrodes. The effects of duty cycle, modulation frequency,

yaw angle, and wind tunnel speed on the effectiveness of the jet vectoring plasma

actuator as a VGJ are investigated separately. Only unsteady actuation of the jet

vectoring plasma actuator is studied for the wind tunnel experiments.
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Figure 4.55: Averaged PIV results for both channels operated at 50% DC.

4.2.1 Duty Cycle

To study the effects of duty cycle on the vortex formed by the jet vectoring plasma

actuator as a VGJ, the duty cycle of one side of the actuator is held at 50% while the

duty cycle of the other side is varied from 10% to 50%. The actuator is placed in the

wind tunnel test section with a small yaw angle, approximately 5◦, with respect to

the direction of flow. The phase angle between the two channels, pulsing frequency,

operating frequency, and wind tunnel speed are 180◦, 250Hz, 5kHz, and 1.7m/s,

respectively.

Fig. 4.55 - Fig. 4.59 show averaged PIV results while the actuator operated while

the duty cycle of one channel is varied. The strongest vortex is created when both

channels have a duty cycle of 50%, as seen in figure Fig. 4.55. By lowering the duty

cycle of one channel, the vortex created is shifted spatially, as shown in Fig. 4.56 -

Fig. 4.59

Fig. 4.60 shows the circulation induced by the actuator against radial distance
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Figure 4.56: Averaged PIV results for one channel at 50% and the other at 40% DC.

Figure 4.57: Averaged PIV results for one channel at 50% and the other at 30% DC.
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Figure 4.58: Averaged PIV results for one channel at 50% and the other at 20% DC.

Figure 4.59: Averaged PIV results for one channel at 50% and the other at 10% DC.
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Figure 4.60: Circulation induced by the jet vectoring plasma actuator at a 5◦ sideslip

angle for different duty cycles.
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from the center of the vortex. The maximum amount of circulation is attained while

the actuator is operated symmetrically.

4.2.2 Pulsing Frequency

The effects of pulsing frequency are studied by varying the pulsing frequency from

1Hz, below the critical frequency, to 250Hz, above the critical pulsing frequency. The

two sides of the plasma actuator are varied simultaneously such that each channel

has the same pulsing frequency for each run. The actuator is placed in the wind

tunnel such that the yaw angle of the actuator relative to the direction of flow is

0◦. The phase angle between the two channels, duty cycle of each channel, operating

frequency, and wind tunnel speed are 180◦, 50%, 5kHz, and 1.7m/s, respectively.

Fig. 4.61, Fig. 4.62, and Fig. 4.63 show the velocity vectors and vorticity contours

of averaged PIV results for three different pulsing frequencies, 1Hz, 100Hz, and 250Hz.

It was determined during the benchtop tests that the critical pulsing frequency for

an actuator with 1/2 in exposed electrode spacing is approximately 100Hz. Fig. 4.61

shows that while the pulsing frequency is below the critical pulsing frequency, the

jet produced is similar to that found during benchtop testing. The two sides of the

actuator produce vortices that advect beyond the other side of the actuator before

another vortex in the opposite direction is created. This creates two near wall jets

in opposite directions that interact minimally with each other. While the pulsing

frequency is at or near the critical pulsing frequency, as in Fig. 4.62, there is very

little vorticity produced. The vortices created by each side of the actuator impinge

on one another, and create a very small amount of vorticity in comparison to other

pulsing frequency cases. For pulsing frequencies above the critical pulsing frequency,

as seen in Fig. 4.63, the jet produced is approximately normal to the wall.

The circulation produced by the plasma actuator for several different pulsing fre-

quencies is shown in Fig. 4.64. For each case, the peak circulation is in approximately
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Figure 4.61: Averaged PIV results for 1Hz pulsing frequency (below critical fre-

quency).

Figure 4.62: Averaged PIV results for 100Hz pulsing frequency (near critical fre-

quency).
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Figure 4.63: Averaged PIV results for 250Hz pulsing frequency (above critical fre-

quency).

the same location, showing that the size of the vortices are similar while the strengths

vary. The most circulation produced is while the actuator is pulsed at 500 Hz, about

twice that of the lowest pulsing frequency, 10 Hz.

4.2.3 Sideslip Angle

The effects of sideslip angle on the vortex produced by the jet vectoring plasma

actuator is examined by varying the sideslip angle from 0◦ to 10◦. While the pulsing

frequency is held at 250 Hz, the actuator is tested for two duty cycle conditions, the

first is 50% on both channels, and the second is 50% duty cycle on one channel and

20% on the other. The sideslip angles tested are 0◦, 5and◦, 10◦. Figures 4.65 - 4.67

show the velocity vectors and vorticity contours for the jet vectoring plasma actuator

operated under duty cycles of 50% and 50% at different sideslip angles. The same is

shown in Fig. 4.68, Fig. 4.69, and Fig. 4.70, except for duty cycles for the two

channels of 50% and 20%.
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Figure 4.64: Circulation induced by the jet vectoring plasma actuator at a 5◦ sideslip

angle for different pulsing frequencies.
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Figure 4.65: Averaged PIV results for both channels at 50% DC, 0◦ yaw.

Fig. 4.65 shows that with symmetric operation and no sideslip, the jet created is

normal to the surface, created a small amount of vorticity. As the sideslip angle is

increased to 5◦ and 10◦, the maximum vorticity increases, but when the sideslip angle

is increased to 20◦, the maximum vorticity decreases. The type of jet produced is

also changed from a wall normal jet to a single streamwise vortex.

It is shown in Fig. 4.68 that even at no sideslip, a single streamwise vortex

is formed when the actuator is operated with one side at 50% duty cycle and the

other at 20%. As the sideslip angle increases to 5◦ and 10◦, the maximum vorticity

increases, and the size of the vortex is reduced. As the sideslip angle increases to 20◦,

the vorticity decreases, similar to that of the previous case. It is observed that at no

sideslip, the vortex has the opposite sign of all other cases where sideslip is greater

than 0◦.

Fig. 4.71 and Fig. 4.72 show the circulation produced by the actuator at three

different sideslip angles, and under two different duty cycles. In the case of symmetric

operation, there is very little circulation produced with no sideslip, and the highest
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Figure 4.66: Averaged PIV results for both channels at 50% DC, 5◦ yaw.

Figure 4.67: Averaged PIV results for both channels at 50% DC, 10◦ yaw.
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Figure 4.68: Averaged PIV results for two channels at 50% and 20% DC, 0◦ yaw.

Figure 4.69: Averaged PIV results for two channels at 50% and 20% DC, 5◦ yaw.
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Figure 4.70: Averaged PIV results for two channels at 50% and 20%, 10◦ yaw.

amount of circulation occurs at a small sideslip angle. The trend is similar for the

actuator under asymmetric operation, with the most circulation being produced at a

small sideslip angle. Beyond the small sideslip angle of 5◦, the amount of circulation

produced decreases.

4.2.4 Wind Tunnel Speed

To determine the effects of tunnel speed, two cases cases are studied under two differ-

ent wind tunnel speeds, 1.7 m/s and 3.4 m/s, giving a Ujet/U∞ of approximately 0.52

and 0.26, respectively. For all cases in the wind tunnel speed investigation, the two

channels of the plasma actuator are pulsed alternately at 250 Hz, and the yaw angle

is 0◦. The duty cycles of the two channels are 50% and 50% for one case, and 50%

and 20% for the other case. Fig. 4.73 and Fig. 4.74 show how the wind tunnel speed

affects the jet created by symmetric operation of the jet vectoring plasma actuator.

Fig. 4.75 and Fig. 4.76 show the performance of an asymmetrically powered jet

vectoring plasma actuator at the two tunnel speeds. For both the symmetric and
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Figure 4.71: Circulation induced by the jet vectoring plasma actuator at different

sideslip angles under symmetric operation.
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Figure 4.72: Circulation induced by the jet vectoring plasma actuator at different

sideslip angles under asymmetric operation (50% and 20% duty cycles).
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Figure 4.73: Averaged PIV results for both channels at 50%, 1.7m/s tunnel speed.

asymmetric cases, the effectiveness of the plasma actuator is noticeably decreased

with an increase in wind tunnel velocity.

Fig. 4.77 shows how the tunnel speed affects the circulation produced by the

plasma actuator. While the actuator is operated asymmetrically, the tunnel speed is

increased, reducing the circulation created by the actuator. By doubling the tunnel

speed, the peak circulation, in this case, is reduced by about half.
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Figure 4.74: Averaged PIV results for two channels at 50%, 3.4m/s tunnel speed.

Figure 4.75: Averaged PIV results for two channels at 50% and 20%, 1.7m/s tunnel

speed.
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Figure 4.76: Averaged PIV results for two channels at 50% and 20%, 3.4m/s tunnel

speed.
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Figure 4.77: Circulation induced by the jet vectoring plasma actuator at different

tunnel speeds, under asymmetric operation (50% and 20% duty cycles).
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CHAPTER 5

Summary and Conclusions

The effects of input signal and plasma actuator geometry on the type of jet or vortex

produced are studied in quiescent conditions as well as a low speed wind tunnel. Both

steady and unsteady actuation were studied on the benchtop, while only unsteady

actuation was studied in the wind tunnel. The benchtop tests focused on the type

of jet produced and angle at which it was produced by varying the input power,

operating frequency, duty cycle, exposed electrode spacing, and pulsing frequency.

The wind tunnel tests focused on the generation of vortices using the jet vectoring

plasma actuator by varying duty cycle, pulsing frequency, and sideslip angle.

It has been shown that the strength of the plasma is directly proportional to

the input power; therefore, by varying the input power of one or both sides of the jet

vectoring plasma actuator, the resultant induced velocity varies. Using this technique

to control the angle of the jet produced results in a jet of any angle over the 180◦

spectrum. Operated under asymmetric power, the actuator produces a wall normal

jet. When the actuator is operated with asymmetric power, the jet produced is either

at some non-perpindicular angle to the wall, or parallel to the wall (when only one

side of the actuator is powered).

By varying the operating frequency of the plasma actuator, the strength of the

plasma is controlled. Similar to varying the input power, this technique produces a

wall normal jet during symmetric operation, and a jet non-perpindicular to the wall

under asymmetric operation. It is shown that by lowering the operating frequency of

one side of the jet vectoring plasma actuator away from its point of maximum plasma
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generation (while the other side is held at its point of maximum plasma generation),

the angle of the jet produced can be controlled. The momentum induced by the jet is

also shown to be affected by the operating frequency of the actuator. By lowering the

operating frequency of one side of the actuator, the momentum decreases linearly.

The effects of duty cycle on the jet produced are investigated, and shown to control

the angle of jet. While one side of the jet vectoring plasma actuator has a duty cycle

of 50%, the other side is varied from 20% to 50%. The angle of the jet produced

while varying the duty cycle of one channel was shown to cover the entire span of

-90◦ to 90◦. The jet was shown to attach to the wall quickly after after about 30%

duty cycle.

Pulsing frequency was varied to each side of the jet vectoring plasma actuator

simultaneously, to investigate the effects it has on the type of jet produced. At very

low pulsing frequencies, the jet produced is two near wall jets in either direction that

are nearly independent of each other. As the frequency is increased to the critical

frequency, the vortices formed by either side of the actuator impinge on one another

and nearly cancel, producing neither a near wall jet or wall normal jet. As the pulsing

frequency is increased beyond the critical frequency, the jet produced is normal to

the wall, and resembles a jet under steady operation. Exposed electrode spacing was

investigated with the pulsing frequency. It was shown each spacing had a unique

critical frequency at which the vortices produced by either side of the actuator would

nearly cancel. It was also shown that while the pulsing frequency does not affect

the amount of momentum induced by the actuator, the momentum increased as the

exposed electrode spacing increased (over the span investigated in the current study).

The investigation conducted in the wind tunnel while varying duty cycle focused

on the amount of vorticity created. While keeping the duty cycle of one side of the jet

vectoring actuator at 50%, the other side was varied from 10% to 50%. It was shown

that the maximum vorticity created was not changed significantly with changes in
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duty cycle, but the size and location of the vortex changed with changes in duty cycle.

The effects of sideslip on the vortex produced by the jet vectoring plasma actuator

in the wind tunnel were investigated. It was shown that the maximum vorticity

increased for all cases of duty cycle (between 10% and 50%) when the sideslip angle

was nonzero.

The wind tunnel speed was varied to investigate the effectiveness of the jet vec-

toring plasma actuator as the speed was increased. Two cases were studied, one in

which both channels had a duty cycle of 50% and the second case had 50% duty cycle

on one channel and 20% on the other. It was shown that by increasing the tunnel

speed, the effectiveness of the actuator diminished.
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APPENDIX A

Appendix

A.1 PSJA Arrays

Plasma actuators can be readily arranged such that complex flow structures are cre-

ated. Fig. ?? shows the creation of a plasma induced synthetic jet by using an annular

plasma actuator. These can be pulsed to create vortex rings or run continuously to

create a steady zero net mass flux (ZNMF) jet. Unlike synthetic jets, they can easily

be reversed to act as suction devices. By modifying the actuator geometry, the plasma

induced jets can be arranged such that they create an upward synthetic jet structure

or an inverted jet with a downward-then-outward flow, as shown in Fig. A.1.

Also of interest is the use of staging in PSJAs. Currently, with a single actuator

under the present configuration, we can achieve velocities in of O(1 m/s). To increase

the peak velocity, we are using a staged actuator design where a successive arrange-

ment of concentric actuators is used to continually accelerate the flow to a higher

velocity. A cross-section of a 3 stage actuator design is shown in Fig. A.6. Here the

letters indicate the annular ring index. A is the outermost ring, B is interior to A,

Figure A.1: (a) Plasma ring created by pulsed annular actuator in blowing configu-

ration. (b) Plasma ring created by pulsed annular actuator in suction configuration.
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Figure A.2: (a) Vortices induced by chevron actuator. (b) Cross-stream vortex struc-

tures.

Figure A.3: PIV data of right side of PSJA in suction configuration. Left: phase-

locked at t = 13 ms. Right: time-averaged.

Figure A.4: Array of PSJAs: construction (left) and actuation (right).
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Figure A.5: Grid of alternating blowing and sucking PSJAs.

Figure A.6: Cross section of a staged PSJA.

and C is the innermost ring. There are several obvious ways in which that actuator

can be actuated. One is to simply have all of the rings actuate simultaneously. In

this form, fluid is continually accelerated from the outer region of A to C while both

B and C draw additional fluid in from above. In a phased configuration, the A, B

and C rings are sequentially actuated, where A is actuated first followed by B and

finally C. In this arrangement, the phase lab is determined by the length of time it

takes the accelerated fluid parcel to travel from A to B and then from B to C. Note

that since this is an annular configuration and the circumference is being reduced as

one travels inward, the fluid velocity may increase and thus phase lags are not purely

a function of spacing alone. A 2 stage PSJA is shown in Fig. A.7. The outer plasma

ring is not continuous to allow the inner ring conductor to pass through without cre-

ating non-annular plasma structures. Note that the inner plasma ring is nearing the

formation of a plasma disk.
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Figure A.7: 2 stage PSJA.
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